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Abstract

In this thesis we study type IIB superstring compactifications in the presence of
space-time filling D-branes while preserving N' = 1 supersymmetry in the effec-
tive four-dimensional theory. This amount of unbroken supersymmetry and the
requirement to fulfill the consistency conditions imposed by the space-time filling
D-branes lead to Calabi-Yau orientifold compactifications. For a generic Calabi-Yau
orientifold theory with space-time filling D3- or D7-branes we derive the low-energy
spectrum. In a second step we compute the effective N = 1 supergravity action
which describes in the low-energy regime the massless open and closed string modes
of the underlying type IIB Calabi-Yau orientifold string theory. These NV = 1
supergravity theories are analyzed and in particular spontaneous supersymmetry
breaking induced by non-trivial background fluxes is studied. For D3-brane scena-
rios we compute soft-supersymmetry breaking terms resulting from bulk background
fluxes whereas for D7-brane systems we investigate the structure of D- and F-terms
originating from worldvolume D7-brane background fluxes. Finally we relate the
geometric structure of D7-brane Calabi-Yau orientifold compactifications to N' = 1
special geometry.

Zusammenfassung

In dieser Doktorarbeit untersuchen wir Typ IIB Superstring Kompaktifizierungen
mit raumzeitfiillenden D-Branen, so dass N’ = 1 Supersymmetrie in der effektiven
vier dimensionalen Theorie erhalten bleibt. Die ungebrochene Supersymmetrie und
die Erfiillung der Konsistenzbedingungen, die von den raumzeitfiillenden D-Branen
herriihren, fithren zu Calabi-Yau Orientifold Kompaktifizierungen. Fiir eine allge-
meine Calabi-Yau Orientifold Theorie mit raumzeifiillenden D3- oder D7-Branen
leiten wir das Niedrigenergie-Spektrum her. AnschlieBend berechnen wir die effek-
tive N/ = 1 Supergravitationswirkung, welche im Bereich kleiner Energien die zu
Grunde liegende Typ IIB Calabi-Yau Orientifold String Theorie beschreibt. Dann
werden diese N/ = 1 Supergravitationstheorien analysiert und insbesondere die
durch Hintergrundfliisse induzierte spontane Supersymmetriebrechung untersucht.
Fiir D3-Branen berechnen wir die soft-supersymmetry-brechenden Terme, die durch
Bulk-Hintergrundfliisse entstehen. Desweiteren untersuchen wir fiir eine D7-Brane
die Struktur der D- und F-Terme, die durch Hintergrundfiiisse auf dem Worldvol-
ume der D7-Brane induziert werden. Abschlieend setzen wir die Geometrie der
Calabi-Yau Orientifold Kompaktifizierungen mit einer D7-Brane mit der NV = 1
Special-Geometry in Beziehung.

i



Acknowledgments

First of all I am deeply grateful to my supervisor Jan Louis not only for teaching me
countless many things in physics but also for his constant support, guidance and en-
couragement during the last three years. I am also thankful to Mariana Grana and
Thomas Grimm for many fruitful discussions and for the enjoyable collaboration.
I want to say thank you to David Cerdeno, Paul Heslop, Boris Kors, Paolo Mer-
latti, Henning Samtleben, Sakura Schafer-Nameki, Michelle Trapletti, Silvia Vaula,
Martin Weidner, Mattias Wohlfarth, and especially to my office mates Iman Ben-
machiche, Thomas Grimm, Olaf Hohm, Anke Knauf, Andrei Micu and Michele
Salvadore for many explanations and for creating a nice atmosphere here in Ham-
burg. I am also thankful to Jacques Distler, Michael Haack, Wolfgang Lerche, Peter
Mayr, Stefan Pokorski, Uwe Semmelmann, Stephan Stieberger and Angel Uranga
for interesting and stimulating discussions. Finally I am indebted to my parents for
their support and to Claudia for her patience and her encouragements.

il



v



Contents

(I _Introduction|

(1.1 Towards string theory compactifications| . . ... ... ... ... ..

(1.2 D-branes in orientifold compactifications| . . . . . . . . . . . ... ..

(1.3 Organization of this thesis| . . . . . . . .. ... ... ... ......

PEA . I ons

2.1  Type Il superstring spectrum in D =10[ . . . . . .. ... ... ...

[2.2  Open superstrings and D-branes| . . . . . . . . ... ... ... ....

2.3 Dp-brane action| . . . . . . . . ...

[2.3.1 Abelian Dp-brane action| . . . . . . . . . ... ... L.

[2.3.2  Non-Abelian Dp-brane action| . . . . . . ... ... ... ...

[2.3.3  Super Dp-brane action| . . . . ... ..o

D-branes in Calabi-Yau compactifications|

[3.2 Calabi-Yau compactifications| . . . . . .. .. ... ... ... ....

(3.3 BPS-Dp-branes in Calabi-Yau orientifolds] . . . . . .. .. ... ...

[3.3.1 x-Symmetry, BPS-branes and calibration conditions|. . . . . .

[3.3.2 Tadpoles and O-planes| . . . . .. ... ... ... .......

[3.4  D-brane spectrum in Calabi-Yau orientifolds . . . . . . . .. ... ..

[3.4.1 Da3-brane spectrum in Calabi-Yau orientifolds| . . . . . . . ..

[3.4.2  D7-brane spectrum in Calabi-Yau orientifolds| . . . . . . . ..

12
12
13
15



CONTENTS

[4 Effective supergravity action| 41
[4.1  Type IIB supergravity in D=10 . . . . . . . . ... ... ... .... 41
[4.2 N =1 supergravity action in four dimensions| . . . .. ... ... .. 42
4.3 Orientifold bulk for O3/O7-planes| . . . . . .. ... ... ... .... 44

4.3.1 Massless bulk spectrum of O3/O7 orientifolds| . . . . . .. .. 44
[4.3.2  Democratic low energy effective action| . . . . . . . . . . ... 47
[4.4  Normal coordinate expansion| . . . . . ... .. .. ... ... .... 49
4.5 Calabi-Yau orientifolds with D3-branes| . . . . . . ... ... ... .. 50
4.5.1 Bosonic D3-brane actionl . . . . . . .. ..o 51
4.5.2 Bosonic D3-brane action in chiral coordinates| . . . . ... .. 53
[4.5.3 N =1 supergravity description| . . . . . . ... ... .. ... 56
4.6 Calabi-Yau orientifolds with D7-branes| . . . . . . . .. ... ... .. 58
4.6.1 Bosonic D7-brane and bulk actionl . . . . . ... ... ... .. 58
[4.6.2 N =1 supergravity description| . . . . . . .. ... ... ... 62
[4.6.3 Instructive examples| . . . . . ... ..o 64
M7 Discussion| . . . . . . . Lo 65

[> Background fluxes and supersymmetry breaking| 67

[>.1 D3-branes and bulk background fluxesf . . . ... ... ... ... .. 67
[>.1.1  Bulk background fluxes/. . . . . . . ... ... ... ... ... 68
[5.1.2  Flux-induced D3-brane couplings| . . . . ... ... ... ... 70

- i- ienti -branes . . . .. 72
B.14 Discussionl . . . . . ..o 75

0.2 D7-branes with internal D7-brane fluxes . . . . ... ... ... ... 76
[6.2.1  Internal D7-brane fluxes . . . . .. ... ... ... ... ... 76
0.2.2 Bosonic effective action with D7-brane fluxes/. . . . . . . . .. 78

- - -termsl ... ... 79
b.2.4  Discussionl . . . . . ..o Lo 82

(5.3 The holomorphic Chern-Simons theoryl . . . . . . .. ... ... ... 84

[6 Geometry of the D7-brane moduli spaces| 87
[6.1 Variation of Hodge structure . . . . . . . . . .. ... ... ... ... 87
[6.2  Extended Kahler and superpotential . . . . .. .. ... ... .. .. 90

vi



CONTENTS

[A.2 Open superstrings|. . . . . . . . . . . . Lo

[A.3 Spin representations and Dirac gamma matrices| . . . . . . . . . . ..

[A.4 BPS D-branes from x-symmetry|

[A.6 Warped Calabi-Yau compactifications| . . . . . . . .. ... ... ...

[A.7 Geometry of Calabi-Yau orientifolds|

[A.8 Normal coordinate expansion|

[A.9 Dualization procedure|

[A.10 Soft supersymmetry breaking terms|

[A.12 Relative cohomology and relative homology| . . . . .. .. ... ...

(Bibliography|

vii

93

97

97

97
102
104
106
108
110
112
113
114
117
117

119



CONTENTS

viil



Chapter 1

Introduction

1.1 Towards string theory compactifications

Quantum field theories have emerged as the appropriate framework to describe high
energy particle physics. The strong, weak and electromagnetic interaction of quarks,
leptons and gauge bosons, which constitute all present-day known elementary par-
ticles, are realized in the SU(3) x SU(2) x U(1) standard model of particle physics.
The standard model is in fantastic agreement with experimental observations made
at today’s generation of accelerators and describes adequately interactions of quarks
and leptons mediated by the gauge bosons up to energy scales of approximately one
hundred GeV. However, despite of its success there are also many questions which
cannot be addressed in the context of the standard model. On the one hand there
are experimental data, for instance small neutrino masses or the presence of dark
matter in the universe, which is not captured within the standard model. On the
other hand there are also theoretical aspects of the standard model, which are not
answered satisfactorily, such as the origin of the observed particle spectrum or the
presence of many parameters which are not predicted by theory.

The forth known interaction in nature is gravity which is described by Einstein’s
theory of general relativity. It is a description of gravity by means of geometry
that is to say the Einstein equations relate the energy momentum tensor of matter
with the Ricci curvature tensor of the space-time geometry. Due to its geometric
origin general relativity is a classical theory in the sense that it does not capture any
quantum effects in gravity. As of today general relativity is also experimentally well-
tested and serves as the basis of our present understanding of cosmology. However,
also general relativity faces difficulties. Often solutions to the Einstein equation
are plagued with singularities, which cannot be treated within general relativity
itself. Moreover, as already mentioned general relativity is conceptually rather dif-
ferent from the approach taken by quantum field theories. But eventually for highly
curved space-times and at length scales where the quantum nature becomes relevant
quantum effects are also expected to enter the description of gravity. This clash of
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classical versus quantum mechanical physics can already be observed at the level of
the Einstein equation because it equates the Einstein tensor with the energy mo-
mentum tensor. In general relativity the former tensor is a purely geometrical and
hence a classical quantity whereas the energy momentum tensor of matter arises
from quantum field theory and as such is a quantum mechanical object.

Thus eventually the three interactions of the standard model should be unified
with the gravitational interaction of general relativity, and then in the resulting
theory both the standard model and classical general relativity have to emerge as
appropriate limits. This can partially be achieved in the context of quantum field
theories on curved space-times, where the mediator of gravity is a spin 2 particle
called graviton. Unfortunately these quantum gravity field theories are usually non-
renormalizable. This indicates that they do not provide for a valid description
beyond the Planck scale which is the energy scale characteristic for gravitational
interactions. However, quantum gravity field theories can still serve as an effective
low energy description of some more fundamental theory which regulates the theory
in the ultraviolet regime.

A (perturbatively) consistent regulator of quantum gravity field theories is given
by string theory [1]. The basic idea of string theory is to replace the worldline of a
particle by the worldsheet of a spatial one-dimensional quantized string. At energy
scales corresponding to the string length this procedure smears out the ultravio-
late divergencies encountered in the point-like description of quantum field theory,
whereas at low energy scales the spatial extension of the string becomes invisible and
then the effective theory reduces to the particle behavior of quantum field theory.
Moreover the low energy spectrum of string theories always contains a graviton and
thus describes (at least perturbatively) gravity consistently.

The stable tachyon-free string theories are supersymmetric and are called super-
string theories, which predict in the weak coupling limit a ten-dimensional space-
time target space. The class of ten-dimensional consistent superstring theories is
comprised of five different types. There are the oriented closed type ITA and type IIB
superstring theories with N' = 2 supersymmetry. The closed oriented heterotic su-
perstring with NV = 1 supersymmetry, which contains matter fields transforming
either under Eg x Eg or SO(32). Finally the type I superstring with N' =1 super-
symmetry, which is unoriented and consists of closed and open strings. In type I
the open string states transform in the adjoint representation of SO(32). All these
superstring theories do not have any free parameters and are related by a web of
string dualities [2, 3].

From a theoretical and mathematical point of view the unique structure of su-
perstring theories in ten-dimensions is very appealing. Furthermore the framework
of superstrings allows for many attractive ideas such as supersymmetry, grand unifi-
cation or Kaluza-Klein reduction of extra dimensions. On the other hand in order to
make contact with the success of the standard model in particle phenomenology it
is necessary to specify a string theory which allows for an effective four-dimensional
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description, which resembles the standard model or some generalization thereof. In
the weak coupling regime of string theory this can be attempted by compactifying
the ten-dimensional superstring theory on a six-dimensional compact manifold. In
the ten-dimensional field theory limit this amounts to a Kaluza-Klein reduction to
four space-time dimensions.

Unfortunately the guiding principles for constructing string theories which are
effectively four-dimensional are not at all as stringent as the construction of the five
superstring theories in ten space-time dimensions. This is due to the fact that there
are many possible choices for the compact internal space and at present there is no
theoretical argument which singles out one internal space in favor of the others. This
huge amount of possibilities to compactify string theory to four dimensions has even
led to statistical examinations of the set of all (metastable) four-dimensional vacua
called the landscape of string theory [4,5]. However, the derivation and investigation
of particular four-dimensional string compactifications teaches us how to overcome
generic difficulties in obtaining phenomenologically viable theories. Hopefully the
tools developed along these lines also improve our at present limited understanding
of this string theory landscape.

1.2 D-branes in orientifold compactifications

In order to obtain phenomenological interesting four-dimensional theories the string
compactification should fulfill certain criteria. First of all the compactification space
should be of the form My x K¢ where M, is a maximally symmetric four-dimensional
space-time manifold and Kj is some compact six-dimensional internal space. Fur-
thermore as non-supersymmetric models generically suffer from instabilities, some
supersymmetry should remain unbroken at the Planck or compactification scale.
The current paradigm of particle phenomenology prefers an N’ = 1 supersymmetric
matter sector spontaneously broken at low energies. Finally the four-dimensional
low energy effective spectrum should have a fermionic matter spectrum which comes
in representations of realistic gauge groups.

Traditionally the contact of string theory with four-dimensional particle physics
focused on the compactification of the heterotic superstring as first proposed in
ref. [6]. This is due to the fact that the gauge group Eg x Eg of the heterotic string
is phenomenological interesting as it has SU(3) x Es as a subgroup and FEjg is a
natural grand unified group in four dimensions [7]EI

However, after the discovery of D-branes as non-perturbative BPS objects in
string theory [8] it has been realized that D-branes also serve as new ingredients in
constructing four-dimensional phenomenological interesting models. Since D-branes
are part of the non-perturbative spectrum of type Il superstrings, compactifications

In compactifications on manifolds with SU(3) holonomy the SU(3) factor is needed to embed
the spin connection in the gauge connection.



1.2. D-BRANES IN ORIENTIFOLD COMPACTIFICATIONS

of these theories in the presence of D-branes have emerged as a possible alternative
to the earlier heterotic superstring models. This is due to the fact that Dp-branes are
extended objects with gauge theories localized on their (p + 1)-dimensional world-
volume, that is to say a stack of N D-branes which fill the space-time manifold
M, gives rise to non-Abelian gauge groups such as U(N) in four dimensions.ﬂ Uti-
lizing this property it is possible to construct out of several stacks of D-branes
models with chiral fermions in representations similar to the standard model group

SU(3) x SU(2) x U(1) [9].

In order to engineer four-dimensional effective theories which leave N = 1 su-
persymmetry unbroken it is necessary for the compactification space Kg and the
D-branes to fulfill certain conditions. Type II superstring theories compactified
on a Calabi-Yau manifold result in N' = 2 supersymmetric four-dimensional theo-
ries [10]. Introducing space-time filling BPS D-branes reduces supersymmetry fur-
ther to N/ = 1. However, as soon as D-branes are added consistency requires also
the presence of appropriate orientifold planes, which are in contrast to D-branes
non-dynamical extended objects in string theory [11-16]. These orientifold planes
constitute unoriented strings, which are capable to cancel tadpoles originating from
space-time filling D-branes [16,17]. Therefore consistent N' = 1 setups with space-
time filling D-branes can be arranged by compactifying on six-dimensional Calabi-
Yau orientifolds [18-22], which are compact six-dimensional Calabi-Yau manifolds
with orientifold planes.

The complications arising from space-time filling D-branes in compact Calabi-
Yau spaces are often circumvented by focusing on the local geometry in the vicin-
ity of space-time filling D-branes [23-26]. This approach is sometimes referred to
‘non-compact compactifications’. In these scenarios gravity is decoupled and it is
therefore not possible to deduce a low energy effective description of (super-)gravity.
Instead one focuses on the derivation of holomorphic N' = 1 supersymmetric terms
such as the superpotential [25-27]. Space-time filling D-branes in the context of
compact internal spaces are mainly discussed in the literature in terms of toroidal
orbifold/orientifold compactifications where the spectrum and other features are ex-
tracted [28-31], or more recently where the low energy effective supergravity action
is computed [32-38]. In this thesis we focus on space-time filling D-brane configu-
rations in the context of more general N' = 1 superstring compactifications, namely
on D3/D7-branes in generic type IIB Calabi-Yau orientifolds. First we derive the
four-dimensional massless D-brane spectrum and then we turn to the computation
of the low energy effective supergravity action depending also on the bulk moduli
fields [39,40]. For a generic Calabi-Yau orientifold theory this has not been spelled
out in detail previously.

However, eventually for phenomenological reasons N/ = 1 supersymmetry needs
to be broken spontaneously, which can be achieved by turning on background fluxes
in the orientifold bulk [17,41-49]. These bulk background fluxes are vacuum expec-

2In unoriented string theories also the gauge groups SO(N) and USp(N) can appear.
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CHAPTER 1. INTRODUCTION

tation values for anti-symmetric tensor fields arising from the closed string sector or
in other words arising from the bulk theory. In the presence of these supersymmetry
breaking fluxes the couplings of the bulk fields to the D-brane matter fields commu-
nicate the breaking of supersymmetry to the matter sector and soft supersymmetry
breaking terms are generated [35,37-39,50-56]. Here we also thoroughly discuss
the flux-induced soft-terms for the D3-brane matter fields for generic Calabi-Yau
orientifold compactification [39)].

Typically superstring compactifications do not only yield matter fields but also
feature numerous neutral fields which parametrize a continuous family of vacua.
These fields are called moduli and their target space or the set of vacua is called
the moduli space. In order to obtain a realistic four-dimensional vacuum these
moduli fields must be stabilized because within today’s bounds the observed particle
spectrum does not contain any massless neutral scalar fields. Bulk background fluxes
do not only break supersymmetry but also provide for a mechanism to stabilize these
moduli fields [17,29,31,42,46,57,58]. However, generically not all flat directions of
the moduli are lifted by background fluxes. The remaining moduli can be fixed,
for example, by non-perturbative contributions such as gaugino condensation on a
stack of hidden sector D7-branes or by Euclidean D3-brane instantons [5,59-61].

Interesting string compactifications should not only meet the requirements of par-
ticle physics but in addition should also address the demands of cosmology such as
the appearance of a deSitter ground state. More recently space-time filling D-branes
have also been introduced in string cosmology [62]. In particular D3-branes and
anti-D3-branes in type IIB Calabi-Yau compactifications can lead to (metastable)
deSitter vacua [59,60]. However, the simultaneous inclusion of D-branes and anti-
D-branes breaks supersymmetry explicitly. Alternatively it is possible to replace
anti-D3-branes by D7-branes with internal background fluxes. These fluxes are non-
trivial vacuum expectation values for the field strength of the gauge theory localized
on the worldvolume of the D7-brane. Turning on these fluxes can break supersym-
metry spontaneously and has been anticipated to provide for another mechanism to
generate the positive energy needed for (metastable) deSitter vacua [63]. With the
low energy effective supergravity action of D7-brane Calabi-Yau orientifold compact-
ifications at hand we check this suggestion explicitely and find that under certain
circumstances D7-brane fluxes do indeed provide for a positive energy contribu-
tion [64].

1.3 Organization of this thesis

The main focus of this thesis is to derive the low energy effective N' = 1 supergravity
action for Calabi-Yau orientifold compactifications with space-time filling D-branes.
We concentrate on type IIB Calabi-Yau orientifolds and discuss space-time filling D3-
and D7-branes [39,40,64]. Instead of specifying a particular Calabi-Yau orientifold

5
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with a specific D-brane configuration, the computations are performed for generic
setups. The resulting four-dimensional field theories are analyzed and discussed.

In chapter [2| we introduce D-branes in a ten-dimensional Minkowski background
from an open string perspective. This guides us towards a low energy effective
description of the D-brane spectrum. In particular we discuss the bosonic effective
action of a single D-brane and its non-Abelian generalization describing a stack of
D-branes [13,65,66], and finally we introduce the supersymmetric effective D-brane
action [67-69].

Then in chapter 3| we turn to space-time filling D-branes in the context of Calabi-
Yau compactifications. Consistency conditions take us to the discussion of orientifold
planes and in particular we analyze the requirements for unbroken N = 1 supersym-
metry in Calabi-Yau orientifold compactifications [64,70]. Then finally the massless
four-dimensional D-brane spectrum for D3- and D7-branes in Calabi-Yau orientifold
compactifications is derived.

In chapter [4] the four-dimensional low energy effective N' = 1 supergravity actions
for D3- and D7-brane Calabi-Yau orientifold compactifications are computed. This
is achieved by performing a Kaluza-Klein reduction of the ten-dimensional type 1IB
supergravity bulk theory and by a normal coordinate expansion of the D3- and D7-
brane action [21,39,40]. The resulting four-dimensional supergravity theories are
discussed in terms of the Kahler potential, the gauge kinetic coupling functions and
the superpotentials.

Then in chapter |5l we turn to the analysis of non-trivial background fluxes and
their role for spontaneous supersymmetry breaking. First of all in Calabi-Yau
orientifold compactifications with a stack of D3-branes the effects of bulk back-
ground fluxes are discussed. By performing a soft-term analysis we examine how
supersymmetry breaking is communicated to the charged ‘matter sector’ arising form
the stack of D3-branes following ref. [39]. In the second part we switch to the discus-
sion of D7-branes with non-trivial worldvolume fluxes in the context of Calabi-Yau
orientifolds. We find that there are different kind of D7-brane fluxes which generate
D- and F-terms [56, 64, 71|, and we briefly comment on their relevance for string
cosmology [59, 60, 63,64, 71].

The geometric structure arising from D7-branes in Calabi-Yau orientifolds is
related to the variation of Hodge structure of relative forms in chapter [6] along the
lines of refs. [26,72]. We proceed in two steps, namely first we introduce the necessary
mathematical machinery, which is then applied to the D7-brane supergravity theory
of the previous chapters [40].

In chapter [7] we present our conclusions and suggest some directions for future
investigations. Finally some further background material and some technical details
are relegated to several appendices.



Chapter 2

D-branes in ten dimensions

The existence of Dp-branes in string theory has been an essential constituent in
studying string dualities and in gaining insight into non-perturbative aspects of
string theories. On the other hand Dp-branes have also provided for new ingredients
in constructing phenomenological appealing string models as they give rise to non-
Abelian gauge groups in type II superstring theories.

Also in this thesis D-branes play a central role. The aim of this chapter is to
introduce D-branes in the context of type II superstring theory in ten-dimensions.
In order to set the stage the massless ten-dimensional type II spectrum of closed
superstring excitations is reviewed in section Then in section |2.2| we turn to the
open superstring sector, which allows us to introduce D-branes embedded in ten-
dimensional Minkowski space. It is further argued that D-branes can be interpreted
as dynamical objects itself. Therefore we describe of D-branes in terms of their
effective action in section 2.3l We discuss the action of a single D-brane and of a
stack of D-branes, and finally the supersymmetric D-brane action.

2.1 Type II superstring spectrum in D = 10

The spectra of type ITA and type IIB superstring theories in ten space-time di-
mensions are supersymmetric and consist of a finite number of massless states and
an infinite tower of massive states which all originate from closed superstring ex-
citations. In the low energy regime, that is to say below the string scale which is
the mass scale for the higher string excitations, the massive tower of string states
is not relevant. Therefore for these energies we can concentrate on the massless
string modes, which for type II superstring theories are encoded in a single N = 2
supermultiplet of type ITA or type IIB supergravity respectively.

The fermionic fields of the N/ = 2 supermultiplet of type IIA are given by two
Majorana-Weyl spinors and two Majorana-Weyl gravitinos both of opposite chiral-
ity, whereas their bosonic superpartners are the graviton, one scalar field ¢q called

7
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dilaton, one vector boson C'"), one anti-symmetric two-tensor B, and one anti-
symmetric three-tensor C®). This spectrum can also be deduced by dimensional re-
duction of the maximal supersymmetric N' = 1 supermultiplet of eleven-dimensional
supergravity.

In type IIB on the other hand the N' = 2 supermultiplet consists of two Majora-
na-Weyl gravitinos and two Majorana-Weyl spinors all of the same chirality in the
fermionic sector, whereas their bosonic superpartners are comprised of the graviton,
two scalar fields called dilaton ¢y and axion C'©), two anti-symmetric two-tensor B
and C'?, and the self-dual four-form tensor C®. Note that this spectrum is chiral
and hence cannot be obtained by dimensional reduction of the eleven-dimensional
N = 1 supermultiplet.

In quantizing the superstring worldsheet of type II superstring theories in ten
dimensions using the Ramond-Neveu-Schwarz formalism the fermionic fields arise
from the NS-R and the R-NS sector and the bosonic fields from the NS-NS and the
RR sector. Here we concentrate on the bosonic field content because the fermions
can always be reconstructed by supersymmetry. For both type IIA and type IIB
superstrings the RR sector gives rise to the ten-dimensional metric g;q9, the anti-
symmetric two-tensor B and the dilaton ¢1y9. The RR sector differs for type ITA
and type IIB. In the type ITA case the RR sector contributes all odd dimensional
anti-symmetric tensors, i.e. the form fields CM, C®) C®) and C, whereas in
type 1IB the RR sector provides for all even dimensional anti-symmetric tensors,
namely the form fields C©, C®, C@W, C©® and C®. Note that in the RR sector
we have obtained more anti-symmetric tensors than previously described in the ten-
dimensional NV = 2 multiplets. The reason is that in order to obtain the right number
of physical degrees of freedom we need to take into account the duality relations
among the RR anti-symmetric tensors, which we further discuss in section [4.1} Here
we just state that in type IIA the dual pairs are C1) ~ O, CG) ~ CO) whereas in
type IIB the pairs C(© ~ C® C® ~ C© are dual and the tensor C® is self-dual.

2.2 Open superstrings and D-branes

One of the first encounters of D-branes in string theory is obtained from an open
string perspective. Open strings are spatially one-dimensional intervals which in
time sweep out a two-dimensional surface in the target space-time manifold. These
surfaces are called worldsheets. Since we are interested in supersymmetric space-
time theories the starting point are open superstrings, which exhibit supersymmetry
on these two-dimensional worldsheets. Then this worldsheet supersymmetry is in-
directly linked to space-time supersymmetry [73].

In order to illustrate the relation of open superstrings to D-branes we start with
a ten-dimensional Minkowski space-time background. This Minkowski space-time
background is parametrized by the flat space-time coordinates XM, M = 0,...,9,
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and the dynamics of open superstrings is governed by a worldsheet action recorded
in (A.5). The main difference of closed superstrings compared to open superstrings
is the fact that one has to specify boundary conditions for their endpoints. The
effects of these boundary conditions are carefully examined in appendix where
one finds that one can either have Dirichlet or Neumann boundary conditions .
For concreteness let us assume that the open superstrings under consideration obey
Neumann boundary conditions along the coordinate directions X with a =0,...,p
and Dirichlet boundary conditions along the remaining ten-dimensional space-time
coordinates. This means that their endpoints are attached to X" = 2" with n =
p+1,...,9 and as a consequence the open superstrings are confined to the (p + 1)-
dimensional plane W = {XM|X™ = z"}. This plane is called Dp-brane and the
geometric locus W is called worldvolume on which open superstring endpoints can
freely propagateﬂ The quantization of the open superstring worldsheet action (|A.5))
is sketched in some detail in appendix [A.2] The massless open superstring modes
for open strings attached to a single Dp-brane turn out to be (c.f. eq. )

A(k) =02 lk)ns X"(k) =" olk)ns O(k) = |k, O)r (2.1)

with contributions from both the Neveu-Schwarz (NS) and the Ramond (R) sector
of the open superstring. Due to eq. the momentum k& of these open-string
modes has only non-zero components k% in the worldvolume directions, and hence
this confirms on the quantum level that open strings do only propagate in the
worldvolume of the Dp-brane. In this thesis most of the time the higher string
excitation are not considered as we mainly work in the supergravity limit o/ — 0, in
which these states become heavy and hence are negligible in the low energy regime
of supergravity.

The first Neveu-Schwarz state A% in ([2.1) corresponds to a massless vector on
the worldvolume of the Dp-brane. It gives rise to the U(1) gauge theory localized on
the Dp—brane.ﬂ The other Neveu-Schwarz states X™ carry space-time indices in the
normal direction of the Dp-brane. These fields are often denoted as the Dp-brane
‘matter fields’.

Finally let us turn to the massless states © in the open superstring Ramond
sector. As demonstrated in appendix the modes O transform in the Majorana-
Weyl representation 16’ of the ten-dimensional space-time Lorentz group SO(9,1)
and due to the restriction of the momentum & to the worldvolume directions they
give rise to worldvolume spinors, which are obtained by decomposing © into repre-
sentations of

SO(9,1) — SO(p,1) x SO(9—p) . (2.2)

Note that p denotes only the number of spatial dimensions of the Dp-brane, whereas the
space-time dimensions of the worldvolume is (p + 1)-dimensional.

2In the BRST quantization formulation of the open superstring, the local U(1) gauge freedom
of the vector boson corresponds to the choice of the BRST cohomology representative.
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Here SO(p,1) is the worldvolume Lorentz group and SO(9 — p) is the symme-
try group for the normal directions of the Dp-brane. For Dp-branes with even-
dimensional worldvolume, i.e. for p = 2] + 1, which are the relevant cases in this
thesis, the spinor representation 16’ decompose under as

16’ — (2,27 @ (27,2371 . (2.3)

Thus the fermionic field © becomes a worldvolume spinors x®, where the spinor
index « transforms under the symmetry group SO(9 — p).

The bosonic and fermionic worldvolume fields A%, X™ and x® furnish precisely
the spectrum of a single (p+ 1)-dimensional vector multiplet associated to a (p+ 1)-
dimensional supersymmetric theory with 16 supercharges. Indeed the worldvolume
theory of a Dp-brane in flat Minkowski space gives rise to a super U(1) Yang-Mills
theory with 16 supercharges [3], in which SO(9 —p) becomes the R-symmetry group
acting on the spinors x® and the scalars A".

However, before the relation of space-time and worldvolume supersymmetry is
further investigated, the open superstring spectrum (2.1)) is generalized to the case
of several Dp-branes. For N Dp-branes which are all spatially separated we obtain
for each Dp-brane a copy of the massless states . In addition there are open
superstrings stretching from one Dp-brane to another Dp-brane. However, due to the
mass formula all the resulting modes of these open superstring are massive
as long as the Dp-branes are separated by the order of length scale Vo and thus
these fields are not considered in the supergravity limit o/ — 0. Then the gauge
symmetry for these N Dp-branes is U(1)". If, instead, these N Dp-branes coincide,
i.e. if one considers a stack of N Dp-branes, there do arise additional massless modes
from open strings stretching among different Dp-branes in the stack. To keep track
of these different open string modes, the endpoints of open superstrings are marked
by labels ¢ = 1,..., N called Chan-Paton indices. They specify the D-branes to
which the open-superstrings are attached. Then including the Chan-Paton indices
the massless spectrum becomes

Agj(k> = ¢g1/2|k7ij>NS ) er;(k) = 772)21/2|k37ij>1\15 ) @Zj(k) = |k397ij>R . (24)

A closer look at open superstring scattering amplitudes reveals that these non-
dynamical Chan-Paton labels respect a global U (V) symmetry on the worldsheet [3].
Under this symmetry the massless states transform in the adjoint representa-
tion. This global U(N) worldsheet symmetry becomes a local U(N) worldvolume
symmetry [11,12], such that the U(1)" gauge symmetry for N spatially separated
Dp-branes is enhanced to U(N) for N coinciding Dp-branes [74].

As we have seen the Dp-brane ‘matter fields’ X" (k) in the massless spectrum
carry space-time indices in the normal direction of the worldvolume. These modes
parametrize the shape of the Dp-brane or in other words these states correspond
to marginal operators [75], which deform the worldvolume W of the Dp-brane in

10
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the normal direction. This observation implies that the Dp-brane is not a rigid ob-
ject in string theory but instead should be viewed as a dynamical extended object
itself [12]. In the absence of D-branes the ten-dimensional space-time manifold is
governed by the type II closed string sector, and the ten-dimensional space-time
theory has N' = 2 supersymmetry which corresponds to 32 supercharges. Now we
should view D-branes as additional non-perturbative states in type II superstring
theory [8]. In the presence of a Dp-brane some of the symmetries of the bulk theory
are spontaneously broken. On the one hand the Dp-brane breaks translational in-
variance for the directions normal to its worldvolume, and the open string states X"
can be viewed as the goldstone bosons of these spontaneously broken translation
symmetries. On the other hand it is also expected that D-branes break supersym-
metry. Then analogously to the goldstone bosons we can view the fermions y* in the
open superstring spectrum as the goldstinos for spontaneously broken supersymme-
try. However, these fermionic modes can only account for 16 broken supercharges,
which is an indication that a Dp-brane in the ten-dimensional Minkowski space
breaks not all but only half of the amount of the bulk supersymmetry. It indeed
turns out that the discussed Dp-branes saturate a BPS bound and hence correspond
to non-perturbative BPS states of the type II superstring theory [8].

Since we have just anticipated that Dp-branes are BPS states, it should be pos-
sible to identify the corresponding BPS charges. As discussed in section the
perturbative type II superstring spectrum contains in the RR sector of type ITA su-
perstring theory all odd-degree anti-symmetric tensors C?¢*1) | and in the RR sector
of type IIB superstring theory all even-degree anti-symmetric tensors C?9. Note
that a Dp-brane as a (p + 1)-dimensional extended object naturally couples to such
a (p+ 1)-form tensor CP*Y) via

fhy = / o (2.5)
W,

p+1

This worldvolume integral coupling is indeed identified as the BPS-charge p, of the
Dp-brane [8]. Note that this fact also allows us to specify the type of Dp-branes
which appear in closed string theories. Due to the presence of odd-degree RR-
forms in type ITA superstring theory only odd-dimensional Dp-branes can appear,
namely DO-, D2-; D4-, D6- and D8-branes, whereas in type IIB superstring theory
one has D1-, D3-, D5- and D7- and D9-branes, which couple to the even-degree
RR-forms. In this thesis we focus on type IIB superstring theory and hence on the
even-dimensional Dp-branes.

To conclude this section let us emphasis again the important observation of ref. [§]
that Dp-branes should be viewed as dynamical objects itself. As a consequence from
a space-time perspective these extended objects should also be describable by a low
energy effective action, which we discuss in the next section. From the open string
point of view this low energy effective action for Dp-branes reproduces the string
scattering amplitudes of open string states [13].

11
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2.3 Dp-brane action

As dynamical objects D-branes have a low-energy effective description which can
be captured by a low energy effective action. The action of D-branes in type II
superstring theories consists of the Dirac-Born-Infeld and the Chern-Simons action.
In section 2.3.1] we review the bosonic Abelian Dirac-Born-Infeld action and Abelian
Chern-Simons action. These two actions describe the dynamics of the bosonic part
of a single D-brane in a type II string theory background. In section the
non-Abelian extension of the Dirac-Born-Infeld and Chern-Simons action is intro-
duced following ref. [66]. The non-Abelian D-brane action describes not just a
single D-brane but a stack of D-branes. Finally in section we discuss the super
Dirac-Born-Infeld and super Chern-Simons action of a super-D-brane [67,68]. This
amounts to introducing an action for both the bosonic and the fermionic D-brane
degrees of freedom.

2.3.1 Abelian Dp-brane action

The bosonic part of the low-energy effective action of a single Dp-brane in a type II
superstring background consists of two parts. The Dirac-Born-Infeld action captures
the couplings of the D-brane fields to the closed string NS-NS fields, whereas the
Chern-Simons action describes the couplings to the closed string RR-form fields of
type II string theories.

First we turn to the Dirac-Born-Infeld action of a single Dp-brane, which reads
in the string frame [13,65]

Shp1 = _Tp/ dPtie e ? 00\ /—det (p*(g10 + B)ar — (Fup) (2.6)
w

where ¢ = 27a/ and the constant 7}, is the Dp-brane tension. The Dirac-Born-Infeld
action is integrated over the (p+1)-dimensional worldvolume W, which is embedded
in the ten-dimensional space-time manifold M via the embedding map

0 W — M, £ XM(¢) a=0,...,p, M=0,...,9, (2.7)

where XM are the coordinates of the ten-dimensional ambient bulk space whereas
&* parametrize the worldvolume of the Dp-brane. In the Dirac-Born-Infeld action
the massless bulk NS-NS fields of type II string theory, i.e. the dilaton ¢,
the metric g1 and the anti-symmetric two-tensor B, are pulled back with ¢* to the
worldvolume of the Dp-brane, i.e.
M oy N M gy N
(g0 = 30X e i+ Bl = Bun (05 G - (28)

As explained in section the Dp-brane is a dynamical extended object, which
means geometrically that the embedding map ¢ is not rigid, but changes dynami-
cally. In the Dirac-Born-Infeld action ({2.6)) this dynamics is encoded implicitly in the
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pull-back of the NS-NS fields to the worldvolume W of the Dp-brane. Therefore the
coordinates XM (¢) in should be viewed as dynamical target-space fields of the
action which parametrize the geometric shape of the worldvolume VW and which
correspond to geometric deformations of the embeddings map (. The independent
degrees of freedom of these deformations are extracted systematically by performing
a normal coordinate expansion. This procedure is studied thoroughly in section [4.4]
The massless modes of the deformations correspond to bosonic worldvolume scalar
fields X" (k) in eq. (2.1).

In addition to the couplings to NS-NS bulk fields the action contains a U(1)
field strength F', which describes the U(1) gauge theory of the worldvolume gauge
boson A%(k) defined in ([2.1)). The non-linear action captures the couplings of
the field strength to all orders in o’ F' [13]. To leading order in F', the gauge theory
reduces to a U(1) Yang-Mills theory on the worldvolume W of the brane.

As noted in section Dp-branes carry RR charges [8], and they couple as
extended objects to appropriate RR forms of the bulk, namely the (p+1)-dimensional
worldvolume couples naturally to the bulk RR form C®*Y). These couplings are
captured in the Chern-Simons action of the Dp-brane which in the case of a single

D-brane read<
Scs = :“p/ Z Pt e (2.9)
w
q

where the coupling constant p, is the RR charge of the brane. Moreover, generically
D-branes contain lower dimensional D-brane charges, and hence interact also with
lower degree RR-forms [76]. All these couplings to the bulk are implemented in the
Chern-Simons action in a way compatible with T-duality. In type ITA string theory
there are only odd degree RR-forms C@ and hence the sum in runs only over
odd forms, whereas in type IIB string theory with all even degree RR-forms in the
massless RR spectrum the sum in ([2.9) is taken over even forms.

For BPS Dp-branes the energy density, i.e. the Dp-brane tension T, is entirely
determined by its RR charge 11,. Two static and parallel BPS D-branes of the same
charge do not feel a net force. Therefore the attraction due to the exchange of closed
string NS-NS modes must be canceled by the repulsion resulting from closed string
RR modes. This requirement relates the D-brane tension 7), to its RR-charge [3]

po="T: = uE (47a)® P . (2.10)

2.3.2 Non-Abelian Dp-brane action

In order to describe a stack of Dp-branes the Abelian action (2.6) and (2.9) must
be generalized. For coinciding D-branes the U(1) gauge theory on the worldvol-

3The exponential function is a formal power series in the worldvolume two-form ¢F — ¢* B, and
the integrand of the Chern-Simons action is a formal sum of forms of various degree. The integral
taken over the worldvolume W, however, is only non-vanishing for (p + 1)-forms.
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ume of a single D-brane is enhanced to a non-Abelian gauge theory localized on
the worldvolume of the stack of D-branes [74]. As proposed in ref. [77] the target
space coordinates XM (¢) of should be promoted to matrix valued coordinates
Xf‘f (£) and the derivatives 9,X* should be replaced by appropriate covariant deriva-
tives DGX% [78]. These modifications can be confirmed by studying open string
scattering amplitudes [79] and therefore must be implemented into the non-Abelian
generalization of the Dirac-Born-Infeld and Chern-Simons action (12.9)).

In type IIB compactifications with orientifolds, the possible gauge groups turn
out to be U(N), SO(N) and USp(N) and the matrix valued target-space coordinates
Xf\f are in the adjoint representation of the respective gauge group. For D-branes
which coincide with orientifold planes the gauge groups are either SO(N) or USp(N)
depending on the type of orientifold plane [19]. D-branes that are not on top of an
orientifold plane have U(N) as a gauge group. In this thesis most of the time we
limit our analysis to the latter case.

The non-Abelian extension of the Dirac-Born-Infeld action ({2.6|), which repro-
duces open string scattering amplitudes and which is also in agreement with T-
duality, was derived in ref. [66] and reads in the string frame

St = —T, / dPTIE Str em¢ 0w \/ —det [(¢*P)ap — £F,p) det QN (2.11)
w
where
QN :5%+%[XM7XL]ELN ., Pun=Eun+Eup(Q! —1)]}$ ) (2.12)

with Eyn = groyn + Buwn. This expression of the non-Abelian Dirac-Born-Infeld
action needs some explanation. First of all the terms are expressed in ‘static
gauge’. This means that the coordinates X* are chosen (locally) in such a way that
the center of mass of the stack of branes is located at X* = 0. Then the ‘matrix
valued fluctuations’ XYM parametrize the deformations of the stack of branes around
this static center of mass configuration at X* = 0. Now the non-Abelian Dirac-
Born-Infeld action should be viewed as an action which can be expanded into
the non-Abelian Dp-brane fluctuations X which transform in the adjoint represen-
tation of the gauge theory localized on the stack of D-branes and which parametrize
the deformations of the worldvolume of the stack in the normal direction. These
degrees of freedom correspond to the modes AJj(k) in (2.4). Fy is the field strength
for this gauge theory and hence also matrix valued, namely Fj;, transforms also in
the adjoint representation. This is the field strength of the gauge boson Ag(k) in

E9).

Finally due to the non-Abelian nature of the deformation parameters X and
the field strength F}, it is necessary to specify an ordering prescription in for
these matrix valued fields. This is achieved by using the symmetrized trace ‘Str’
with respect to the matrix valued terms D, XM [AM XN] and F; [80], which means
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that these matrix valued terms are first symmetrized and then in a second step the
trace of the resulting expression is taken.

In the same spirit the Abelian Chern-Simons action (2.9) needs to be modified
and becomes [66]

Scs = ,up/ Str ¢* (ezi"i’f ZC(q)eB> et (2.13)
W
q

Here iy denotes the interior multiplication of a form with A which yields, for in-
stance, for the g-form C'9 in local coordinates
RN (a) T
IO = =N (—)MAMOY o, A2 AN A deNe (2.14)
T k=1

where the differential with the hat ~ is omitted. Also the non-Abelian generaliza-
tion of the Chern-Simons action should be viewed as an expression in ‘static
gauge’ which can be expanded into the matrix valued fields X and F,, and for
which also the symmetrized trace gives the appropriate ordering prescription. In the
Abelian limit iyiy yields always zero since the interior multiplication has odd de-
gree. However, this is not the case for non-Abelian X. Therefore in reducing U(N)
to U(1), i.e. in the transition from a stack of N D-branes to a single D-brane, the

non-Abelian enhancement disappears and the Chern-Simons action ([2.13)) simplifies
to the Abelian expression (2.9).

Already in the Abelian case one expects additional corrections in o’ involving
derivative terms beyond second order. However, the Abelian Dirac-Born-Infeld ac-
tion is expected to capture all o/ corrections in F,, for ‘slowly-varying’ Fy, (i.e.
all derivative independent terms in F,). In the non-Abelian case the distinc-
tion between the field strength and its covariant derivative is ambiguous since
Dy, Dyl Frg = [Fup, Feq]- The symmetrized trace proposal of ref. [80] treats the
matrices Fy, (as well as DoA™ and [XM, XN]) as if they were commuting, leaving
out all commutators among these. This proposal is shown to be reliable only up to
fourth order in Fy, [81], but this is sufficient for our purposes.

2.3.3 Super Dp-brane action

In this section we introduce the effective action of a single Dp-brane, which in
addition to the bosonic modes also captures the fermionic degrees of freedom O (k)
of the open superstring spectrum . The resulting effective action is called the
super-Dp-brane action. A generalization to the non-Abelian case as for the bosonic
part in section is not known for the supersymmetrized version.

Here we concentrate on Dp-branes in type IIB superstring theory as in this
thesis we focus on the type IIB side. In superspace the corresponding type IIB
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supergravity theory is formulated on the supermanifold M with ten ‘bosonic’
dimensions and two ‘fermionic’ dimensions. Locally this supermanifold is described
by the superspace coordinates ZM = (2™, 5) with the ten bosonic coordinates
and the pair of fermionic coordinates 6 = (6%, 62). As type IIB string theory is chiral
with N’ = 2 supersymmetry in ten dimensions the pair of fermionic coordinates ]
consists of two Majorana-Weyl spinors of SO(9,1) with the same chiralityﬁ Hence
0! and 62 are related by the SO(2) R-symmetry of type IIB supergravity [82].

Now in this formulation the super-Dp-brane appears as the embedding of the
(p + 1)-dimensional worldvolume W in the supermanifold M?!2. The embedding
@ W — M»' is now described by the supermap ¢ which maps a point in the
worldvolume W to a superpoint in the target space supermanifold M2,

The super Dirac-Born-Infeld action for a single super-Dp-brane becomes in the
string frame [67-69]

S]%fBI = _Tp/ dp“fe_q’*qu \/_ det (90* (910 + B)ab - eFab) ) (2-15)
W

whereas the super Chern-Simons action reads
scs=py [ Yot (€W)erE (2.16)
W
q

Both actions resemble their bosonic analogs and but the bulk fields g9, B,
10 and C@ have been promoted to bulk superfields with their lowest components
being the corresponding bosonic fields. These superfields are then pulled back with
the supermap go.E| The gauge field strength F; on the D-brane, however, remains a
bosonic object.

Since the super-Dp-brane is a BPS state in the ten-dimensional N = 2 super-
symmetric type IIB bulk theory, the amount of preserved supersymmetry in the
presence of a super-Dp-brane must be N' = 1. This in particular implies that the
bosonic on-shell degrees of freedom arising from the Dp-brane must be equal to the
fermionic on-shell D-brane degrees of freedom. As discussed in section the
bosonic modes arise from the Dp-brane fluctuations, which give rise to 10 — (p 4 1)
bosonic degrees of freedom due to the dimensionality of the normal space of the
worldvolume W. In addition there are p — 1 bosonic on-shell degrees of freedoms
arising from the U(1) gauge boson A® localized on the worldvolume of the Dp-brane.
Thus there is a total number of 8 bosonic degrees of freedom. In the effective ac-
tion formulation of the super-Dp-brane the fermionic degrees of freedom appear as
fluctuations of the embedded worldvolume along the odd coordinates 5, which cor-
responds to 32 real parameters. The linear Dirac equation reduces the degrees of

4For type ITA string theories the two fermionic coordinates have opposite chirality.

SNote that the pulled-back quantities ¢*(-) contain no odd components because ¢ is a map
from an ordinary manifold into a supermanifold. As a consequence the integrals in and
are integrals only over bosonic coordinates.
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freedom by 1/2 and thus we obtain 16 real degrees of freedom. However, in order to
obtain a supersymmetric spectrum the fermionic modes need to be further reduced.
A closer examination of the super-Dp-brane action reveals a local fermionic gauge
symmetry called xk-symmetry which removes half of these remaining fermionic de-
grees of freedom [69,83,84], and hence the bosonic and fermionic on-shell degrees of
freedom are indeed both equal to eight. They correspond to the open-superstring
fermionic modes O(k) in (2.1)).
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Chapter 3

D-branes in Calabi-Yau
compactifications

In the previous chapter D-branes are introduced as non-perturbative objects in flat
ten-dimensional Minkowski space. In this chapter we want to analyze D-branes in
more general backgrounds. We require the low energy effective theory to be four-
dimensional and to preserve N/ = 1 supersymmetry. In several steps this eventually
leads us to Calabi-Yau orientifold compactifications with space-time filling D-branes.

In section [3.1| we first review the idea of Kaluza-Klein compactifications or more
specifically in section of Calabi-Yau compactifications. Then in section for
D-branes in Calabi-Yau spaces we discuss supersymmetry and the consistency re-
quirements imposed by tadpole cancellation conditions. This naturally leads us
to O-planes and orientifold Calabi-Yau compactifications. Then in section we
compute the D-brane spectrum in Calabi-Yau orientifold compactifications, which
in this class of compactifications constitutes for the matter sector in the effective
four-dimensional theory.

3.1 Kaluza-Klein reduction

First we briefly review the idea of Kaluza-Klein reduction. The details of this pro-
cedure are rather involved and are described thoroughly in ref. [85]. Here we focus
on the features relevant for the analysis in this thesis.

The starting point is a gravity theory on a product manifold
Mot = M3 x K | (3.1)

where M3! is called the space-time manifold and Kj is the internal compact mani-
fold. For concreteness and in order to be suitable for this thesis we choose the space-
time manifold M3 to be four-dimensional whereas the internal manifold K4 should
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be six-dimensional. The ground state background metric for the ten-dimensional
product manifold M also obeys the product structure

ds?y = gropn(X) AXMAXY = h, (2)d2dz” + gomn(y)dy™dy™ | (3.2)

with the four-dimensional Lorentzian metric h,, and the six-dimensional Euclidean
metric gpu,.

The philosophy of the Kaluza-Klein reduction is now to expand the fields on the
manifold M*%! in appropriate Fourier modes of the internal compact manifold K.
Let us illustrate this procedure explicitly for a massless scalar field ®(x,y) for which
the equation of motion reads

DIOCI)(*I’ y) = (D4 + AG)Q)(:E? y) =0 ’ (33)

where [ is the ten-dimensional d’Alembert operator, which for the metric ansatz
splits into the four-dimensional d’Alembert operator [, and into the six-
dimensional Laplace operator Ag. Then the Hodge theorem guarantees that the
scalar field ®(x, y) can be uniquely expanded into eigenfunctions of Ag of the inter-
nal manifold as

O(x,y) =D onlz) - frly) (3.4)

where fj(y) are the eigenfunctions of Ag with eigenvalue m2. Note that the constant
function fy(y) = 1 is always an eigenfunction of Ag with eigenvalue zero. The
Hodge theorem further implies that the eigenvalues on compact manifolds are always
discrete and non-negative, and therefore we assume the order 0 = m3 < m? <mj. ..
for the eigenvalues. Inserting the ansatz into yields for the space-time

modes ¢k (x) the equations of motions
Oy @) +mi gp(x) =0 . (3.5)

Thus the different Fourier modes are governed by Klein-Gordon equations in which
the eigenvalues m? appear as masses, and in particular ¢o(x) becomes a massless
scalar field.

The idea is now to perform this Kaluza-Klein expansion for all fields in the ten-
dimensional theory, that is to say for all bosonic fields, including the p-form fields and
the metric perturbations d¢g10,, of the background ansatz , as well as for the
fermionic fields in the theory. Let us further assume that the ten-dimensional gravity
theory is formulated in terms of an action functional Syo[®®)(z,y)] where &) (z, y)
symbolically denotes all the fermionic and bosonic fields in the theory. Then by
inserting the Kaluza-Klein expansion for all these fields ®(®)(z,y) and performing
the six-dimensional integral in the action Sig we arrive at an four-dimensional ac-
tion functional 84[¢,(€a) ()] where now (b,(f) (x) refer again symbolically to all the
Kaluza-Klein modes in the expansion. Thus we have arrived at a four-dimensional
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formulation of the original ten-dimensional gravity theory, at the cost of introducing
an infinite Kaluza-Klein tower of massive Kaluza-Klein modes.

Let us analyze the scaling behavior of these Kaluza-Klein masses. For simplicity
we return to the simple example of the scalar field ®(z,y) introduced in the previ-
ous paragraph. The internal Laplace operator Ag scales with R72 in terms of the
‘radius’ R of the internal manifold K, i.e. vol(Kg) ~ RS. Thus this implies for the
Kaluza-Klein masses mj

mi; ~ R fork>0. (3.6)

Therefore in the limit of small internal manifolds Kg the higher Fourier modes, also
denoted higher Kaluza-Klein modes, of the scalar field become very massive. This
scaling behavior is not just typical for the scalar field Kaluza-Klein masses but is
a generic feature of the masses of more general fields. Therefore it is tempting to
truncate the theory in the limit of small internal manifolds K4 to the zero-modes
in the Kaluza-Klein expansion, that is to say we take the action 84 but neglect all
the massive Kaluza-Klein modes in this theory, and work instead with the four-
dimensional effective action S§T of the massless Kaluza-Klein modes. Physically,
however, it is not quite correct to simply set the massive modes to zero [85]. Instead
all the massive modes should be integrated out, which generically modifies the inter-
action terms of the massless fields. In principal these modifications are calculable.
In practice, however, in most cases it is inconceivable to compute these non-linear
interactions. In particular for Calabi-Yau compactifications, which we discuss in
the next section, the explicit expression for the internal Ricci flat metric is not
known, and thus it seems impossible to perform such a computation. However, in
the context of Calabi-Yau compactifications it has been argued in refs. [86] that due
to the structure imposed by supersymmetry the truncation is consistent in the low
energy effective description of M3!. In addition the consistency is also confirmed
by string computations [87]. Therefore in this thesis we take the practical approach
and perform the Kaluza-Klein reduction of all fields in the ten-dimensional theory
and truncate the spectrum to the massless Kaluza-Klein modes. Then we derive the
effective four-dimensional theory on M3 by inserting the Kaluza-Klein zero-modes
into the effective ten-dimensional action and integrate out the internal space K.

3.2 Calabi-Yau compactifications

In the previous section we have discussed general features of Kaluza-Klein reduc-
tions. Here, we want to consider a Kaluza-Klein ansatz for type IIB super-
gravity which leaves some amount of supersymmetry unbroken. The amount of
supersymmetry preserved by a given background is determined by analyzing the su-
persymmetry variations of the fermions. The amount of unbroken supersymmetry
in the vacuum is given by the number of independent supersymmetry parameters
for which the fermionic supersymmetry variations vanish. For type IIB supergravity
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compactifications without bulk background fluxes the non-trivial fermionic variation
arises form the ten-dimensional gravitinos [3]

52U = V€. (3.7)

Here V is the spinor covariant derivative with respect to the background metric (3.2)
and U, = (Ul,, ¥2,) is the ten-dimensional Majorana-Weyl gravitino pair of the
type IIB spectrum introduced in section which transforms under the SO(2)
R-symmetry of type IIB supergravity [82]. The two Majorana-Weyl gravitinos of
type IIB string theory have the same chirality. In other words

[0y =—Uy , (3.8)

in terms of the ten-dimensional chirality gamma matrix I" defined in eq. (A.22)).
The supersymmetry parameters € in (3.7) are also Majorana-Weyl spinors both
transforming in the spinor representation 16, i.e. '€ = —¢.

In order to find the number of unbroken supercharges we need to evaluate the
condition for vanishing gravitino variation. According to eq. this amounts to
determining the number of covariantly constant spinors in the Kaluza-Klein back-
ground. For the Kaluza-Klein ansatz the structure group SO(9,1) is reduced
to SO(3,1) x SO(6) and the spinor representation 16" decomposes into

16" — (2,4) @ (2,4) . (3.9)

Thus on a generic internal manifold Kg there are no spinor singlets in the internal
space, which potentially give rise to covariantly constant supersymmetry parame-
ters in the effective four-dimensional Minkowski space. In order to obtain spinor
singlets 1 the internal manifold must have SU(3) structure since the 4 of SO(6)
decomposes for the subgroup SU(3) into 3@ 1. However, for a vacuum with unbro-
ken supersymmetry we need not only a globally defined spinor singlet but moreover
a globally covariantly constant spinor [6]. This is fulfilled if the internal manifold
has not only SU(3) structure but even SU(3) holonomy, which guarantees that the
globally defined spinor singlet is covariantly constant [88].

The requirement for the six-dimensional internal manifold to have SU(3) holon-
omy is very strong, namely this is the case if and only if it is Kéhler and Ricci-
flat [89]. Such manifolds are called Calabi-Yau threefolds and therefore we choose
as our compactification ansatz

MPP =R x Y | (3.10)

with the internal six-dimensional Calabi-Yau manifold Y. The corresponding metric
ansatz takes the form[]

ds}y = Audada” + 2g,;,dy'dy’ | (3.11)

IThe hat “indicates that the quantity is in the string frame.
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with the four-dimensional Minkowski metric 77 and the six-dimensional internal
Ricci-flat metric g;; of Y. As Calabi-Yau manifolds are Kéhler the metric g,; is

also related to the closed Kahler form J of Y by

Jiz = iz - (3.12)

As discussed in the previous paragraph this choice for the Kaluza-Klein ansatz
guarantees the existence of covariantly constant spinors. In order to obtain the
least amount of preserved supersymmetry we require that the Calabi-Yau threefolds
has exactly SU(3) holonomy and not a subgroup thereof.ﬂ In this case there is a
single covariantly constant spinor € and its conjugate &' [88]. As a consequence the
variation vanishes for the supersymmetry parameters

E=10y) +7x< (y), (3.13)

where 77 = (n',n?) are the four-dimensional supersymmetry parameters obeying
47 = +ij and 47 = —1 in terms of the four-dimensional chirality gamma matrix 4

defined in eq. ((A.26]).

Since one finds in Calabi-Yau compactifications two complex four-dimensional
Weyl supersymmetry parameters 7, Calabi-Yau compactifications preserve eight su-
percharges or in other words N' = 2 supersymmetry in four dimensions. That is
to say the complex supersymmetry parameters 7,1, fulfill 6,1 (fermions) = 0 and
9,2 (fermions) = 0.

Before we conclude this section let us summarize some properties of Calabi-Yau
threefolds which are relevant in this thesis. A Calabi-Yau threefold has exactly one
holomorphic (3,0)-form €2 which is nowhere vanishing and is covariantly constant
with respect to the Ricci-flat Kéhler metric. For Calabi-Yau threefolds the first Betti
number vanishes which implies that also the Hodge numbers A" and h%' vanish ]
Moreover the Hodge numbers in Calabi-Yau threefolds obey

hPO = p3-20 AP — p3—P3—q (3.14)

This implies that A*! and h?! determine all Hodge numbers of a Calabi-Yau three-
fold, which can be conveniently summarized in the Hodge diamond of Calabi-Yau

2In the following Calabi-Yau threefolds always refer to six-dimensional manifolds which have
exactly SU(3) holonomy.

3The Hodge number hP+9 is the dimension of the Dolbeault cohomology group H gj ) (Y) defined
on complex manifolds with respect to the Dolbeault operator 0.
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threefolds
RO 1
hl,O h(],l 0 0
p20 Ll 02 0 Bl 0
RO pEL g2 pos SR 1 RN B2 1. (3.15)
h3,1 h2’2 h1,3 0 hl,l 0
W32 p2 0 0
B 1

From a physics point of view the Hodge numbers are important as they are in one-to-
one correspondence with the number of linear independent harmonic forms, which
then are needed to determine the massless modes in the Kaluza-Klein expansion of
the anti-symmetric tensor fields (c.f. section [3.1).

3.3 BPS-Dp-branes in Calabi-Yau orientifolds

So far Dp-branes have been discussed as extended objects embedded in ten-dimen-
sional Minkowski space. In this ten-dimensional context Dp-branes saturate a BPS-
bound and hence reduce the amount of supersymmetry by one-half. Ultimately, how-
ever, we are interested in space-time filling D-branes which preserve some amount
of supersymmetry in the context of Calabi-Yau compactifications. Therefore in sec-
tion we examine the conditions for preserved supersymmetries in the presence
of D-branes in Calabi-Yau manifolds and find that as in the flat case BPS-D-branes
reduce supersymmetry by a factor one-half while fulfilling certain calibration condi-
tions. In section the consistency conditions for space-time filling D-branes in
Calabi-Yau manifolds are stated. Consistency requires the introduction of an addi-
tional ingredient, namely orientifold planes, which then further modify the D-brane
calibration conditions.

3.3.1 k-Symmetry, BPS-branes and calibration conditions

In section we have argued that if the supersymmetry variations of all fermions
vanish for a supersymmetry parameter then the chosen background preserves some
amount of supersymmetry. If a super-Dp-brane is included into a Calabi-Yau com-
pactifications, the new fermionic degrees of freedom © = (O, ©2) of the D-brane also
vary with the supersymmetry transformations 7 of eq. (3.13)), but in general obey
neither 6,60 = 0 nor 6,26 = 0. However, as discussed in section the super-Dp-
brane has an extra local fermionic gauge symmetry called x-symmetry [68,69,90,91].
Hence supersymmetry is unbroken if it is possible to compensate the supersymmetry
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variation by a k-symmetry gauge transformation [83,92]
66 =66 +6,06 =0, (3.16)

where € is some linear combination of €' and €. If this condition can be fulfilled
for some parameter € then the super-Dp-brane breaks only half of the supercharges
and saturates a BPS bound. The details of this condition (3.16|) are elaborated
in appendix . The result of this analysis yields that for space-time ﬁllinéﬂ D3-
and D7-branes the condition can be fulfilled for the linear combination of
supersymmetry parameters given by the projection Pps/pr

n = PDg/D7ﬁ ; PDS/D? = %(1 + 62) ) (3‘17)

in terms of the Pauli matrices &', 5%, &3 which act on the four-dimensional su-

persymmetry parameter pair 77 introduced in eq. (3.13). On the other hand for
space-time filling D3- and D9-branes the preserved linear combination is given by
the projection Pps/ng

n= PD5/D977 y PD5/D9 = %(1 + 5-1) ) (3‘18)

Note that the projectors Pps/p7 and Pps/pg are not compatible, e.g. they do not
commute. Physically this means that it is not possible to preserve some supersym-
metry in a Calabi-Yau background which contains simultaneously D3-/D7-branes
and D5-/D9-branes. On the other hand for backgrounds with either D3-/D7-branes
or D5-/D9-branes there is a linear combinations of 77 namely 7 given by either
or (|3.18)) which fulfills the supersymmetry conditions .

As further analyzed in appendix[A.4]in addition to the projections (3.17)) or (3.18)
the BPS D-branes must also be calibrated with respect to the Kéahler form (3.12]) of
the ambient Calabi-Yau manifoldd]

_ - I ps

dP73¢/det g = (Zﬁ)‘J T . (3.19)
5 )!

This is a non-trivial condition on the D5- and D7-branes and which requires the

internal cycles of the D5- and D7- to be holomorphically embedded into the ambient

Calabi-Yau manifold Y.

So far the BPS conditions are derived without including the couplings to the
closed string anti-symmetric NS-NS two-tensor B and without turning on internal
D-brane fluxes f. D-brane fluxes are topologically non-trivial backgrounds for the
field strength F' of the worldvolume gauge theory. Since we want to maintain four-
dimensional Poincaré invariance we only turn on background fluxes f for the internal

4This thesis focuses on space-time filling D-branes in order to maintain four-dimensional
Poincaré invariance.

5For ease of notation we use the letter J for both the Kéhler form J of the Calabi-Yau mani-
fold Y and for the pull-back Kahler form :*J with respect to the embedding map ¢ of the internal
worldvolume cycle. Similarly the metric § stands for § as well as ¢*g.
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part of the D-brane worldvolume. Here we include the couplings to the NS-NS B-
field and the possibility of non-trivial internal background fluxes f in the calibration
condition, but postpone a detailed discussion of D-brane fluxes to section [5.2

In this thesis we mainly concentrate on the D3/D7-brane case and state ex-
plicitly the calibration condition for BPS-D7-branes wrapped on the internal four-
cycle S. For space-time filling D7-branes the calibration condition including back-
ground fluxes f on the internal four-cycle S is worked out in detail in ref. [70]

d%W:%e—i@ <f+i}">/\<j+i]-"> . F=B-(f. (3.20)

Here the real constant f parametrizes the unbroken supersymmetry variation as a
linear combination of €' and €? defined in eq. (3.13). B is the anti-symmetric NS-NS
two-tensor pulled back to the internal cycle S, and f are the internal D7-brane fluxes
associated to the U(1) field strength F'. The condition (3.20) must be realized on
the whole cycle S in order for the D7-brane to be a BPS state.

Note that the left hand side of is real, and hence for vanishing F, i.e. for
vanishing B and trivial background fluxes f, we find # = 0 and therefore recover the
calibration condition . For this particular case the unbroken supersymmetries
are given by . Therefore the parameter § measures the flux-induced deviation
from the condition (3.17]).

3.3.2 Tadpoles and O-planes

In the presence of space-time filling Dp-branes their arise to two kinds of tad-
poles, namely RR tadpoles and NS-NS tadpoles. The RR tadpoles are due to their
RR charge or more generally due to the couplings to the bulk RR fields as
captured in the Chern-Simons action of the Dp-brane . These RR tadpoles
for D3- and D7-branes are readily deduces from the Chern-Simons action (2.9)) [93].
For space-time filling D7-branes wrapped on the internal Calabi-Yau four-cycles Sim
with internal two-form fluxes fim and for space-time filling D3-branes located at 3,(:’)
in the internal Calabi-Yau space the tadpoles readﬁ

ZM?/ c® Z/Mf/ CO A
’ i i R

p R3.1x g™ 3’1><Si(7) (3 21)
Zu7£2/ 0(4) A fz(7) A fz(7) + Z:u?)/ 0(4) )
P R3:1 XSEU L R3:1 x{sl(f)}

These are RR eight-form, RR six-form and RR four-form tad})oles resulting from
D3- and D7-branes. Note that the internal D7-brane fluxes f; ") contribute to the
D5-brane and D3-brane RR charge. Therefore D7-brane fluxes should be seen as
D3-brane charges smeared out over the worldvolume of the D7-branes [76].

6Bulk background fluxes do also contribute to the RR tadpoles.
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Consistency requires these RR tadpoles to disappear [93]. Physically this
can be understood as follows. Since the considered D-branes are space-time filling
extended objects, their RR-charges are sources in the compact internal Calabi-Yau
space. However, due to the compactness of the internal space such a configuration
is only consistent if the RR sources are compensated by corresponding RR sinks.
This is a generalization of the Gauss’ law in electrodynamics applied to charges on
compact manifolds.

In addition to RR tadpoles these space-time filling D-branes also generate NS-
NS tadpoles. While the appearance of the RR tadpoles render the theory incon-
sistent, the divergencies of NS-NS tadpoles give rise to potentials for NS-NS fields
[94,95] and can be absorbed in the background fields via the Fischler-Susskind
mechanism [96]. The NS-NS tadpoles arise form the couplings of D-branes to the
NS-NS graviton and the NS-NS dilaton due to their energy density. If the NS-NS
tadpoles do not vanish it is an indication that the chosen background does not cor-
respond to a stable ground state. In this case the Fischler-Susskind mechanism is a
process which drives the theory towards a stable vacuum configuration.

Thus in order to cancel both the RR tadpoles and the NS-NS tadpoles we
need sources with negative RR charges and negative tension, i.e. ‘negative NS-
NS charges’. Fortunately string theory provides for extended objects with these
properties, which are called orientifold planes or O-planes [11,12,15,16]. Analo-
gously to the nomenclature of Dp-branes an Op-plane denotes a (p+ 1)-dimensional
orientifold plane.

These O-planes arise in orientifold superstring theories through gauging a dis-
crete Zo-symmetry which contains the worldsheet parity transformation €, [16].
This parity transformation exchanges right- and left-movers of the closed super-
string worldsheets. Due to the same chiralities in the right- and left-moving sectors
of type IIB superstring theory the parity transformation €2, is a symmetry of type 11B
superstring theory itself. Gauging this symmetry leads to the unoriented type I su-
perstring theory [3], which can be viewed as an orientifold superstring theory with
O9-planes.

However, for type IIB string theory compactified on Calabi-Yau manifolds generi-
cally there is a greater variety of discrete Z, parity symmetries which can be gauged[’]
For the Z,-generator we take as an ansatz O = ),h, where h in general also contains
a non-trivial Z, action acting geometrically on the internal Calabi-Yau space Y. This
geometric part in the following is specified by the diffeomorphic map o on Y. In order
for this map to generate a Zs-action the diffeomorphism o must clearly be an invo-
lution, i.e. 02 = 1. In addition in order for the orientifold action to preserve some
space-time supersymmetry, the involution must be isometric and holomorphic [19].
This in particular implies for the Kahler form of the Calabi-Yau manifold Y to obey

J=0c"J. (3.22)

"In general the orientifold group can be more complicated [16].
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As a consequence of the holomorphicity of o the pullback o* always maps (p, ¢)-forms
of Y to (p,q)-forms. This is also true on the level of cohomology as the Dolbeault
operator d commutes with the pullback of ¢*. This implies

HYO(Y) = HIP(Y) @ HPO(Y) . (3.23)
In particular the unique holomorphic (3, 0)-form Q must be an eigenform of ¢* and
due to the involutive property of o* with possible eigenvalues +1. To infer the
relevance of the sign of the eigenvalue it is necessary to go through some rather

technical considerations which are relegated to appendix [A.5 Here, instead, we
present the result of this analysis.

The precise structure of the orientifold projection O is determined by the eigen-
value of the holomorphic three-form with respect to ¢* according to . Fur-
thermore, in order to preserve some supersymmetry in the four-dimensional effective
theory it is necessary that the orientifold projection is in accord with the supersym-
metry preserved by the space-time filling D-branes. This implies that the orientifold
projection must keep the four-dimensional gravitinos in the spectrum which cor-
respond to the supersymmetries preserved by the D-branes. By comparing the

projections (3.17) and (3.17)) with the gravitino projection (A.54]) one deduces that
for D3/DT7-brane systems the Z, orientifold generator should read

O = (-1)f*Q,o" , Q=—-0"Q, (3.24)
whereas for D5/D9-systems one obtains
O=Q,0", Q=0"Q. (3.25)

Here F, denotes the space-time fermion number for the left-movers.

The O-planes in these theories arise as the fix-point locus of the geometric in-
volution o. In the vicinity of such a fixed point p; in the internal Calabi-Yau space
and by choosing appropriate coordinates the action of o* on Q = dz* A dz? A d2¥, ;
can be written as

o*(dz' Adz? A d2")],, = £d2’ Aded AdR,, (3.26)

This means that at the fixed point py either an even or an odd number of differ-
entials dz’ have to change the sign. As a consequence for an even number, that
is for 0*Q) = (), the internal fixed point locus is two- or six-dimensional, whereas
for an odd number corresponding to ¢*2 = —€), the fixed point locus is zero- or
four-dimensional. Therefore the orientifold projection in accord with D5/D9-branes
generates O5/09-planes whereas the orientifold projection for D3/D7-branes allows
for O3/0O7-planes. In this thesis we mainly examine D3/D7-brane systems and
therefore from hereon we concentrate on the O3/O7-plane case, which means that
we use the orientifold projection .
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Originally the appearance of tadpoles in the presence of space-time filling D3/D7-
branes led us to Calabi-Yau orientifold compactifications. With the introduction of
03/07-planes there are additional contributions to the RR tadpoles and the
NS-NS tadpoles due to the charge and negative tension of the orientifold planes [17].
The contributions of the O3/O7-planes to the RR tadpole condition is ob-
tained form the analog of the Chern-Simons action for orientifold planes [97], which
encodes their share of RR charges also in terms of topological expressions. For O7-
planes wrapped on O and O3-planes located at 01(3) we find altogether two tadpole
cancellation condltlonsﬁ 93]

Ozzim/

& 4 g e c®
R3:1x 57 ; R3:1x 0"
1 J

0=t [ N AL (3:27)

+Zu3/ +Z /

P’ R&lx{sf)}
Here v and v are the RR charges of the O-planes. Note that there are no six-form
tadpoles anymore because the transition to orientifold Calabi-Yau compactifications
also requires for each D-brane to include its image-D-brane with respect to the
involution a.ﬂ This requirement automatically cancels all RR six-form tadpoles in

eq. [95].

In the following as we are not considering a specific orientifold compactification
we cannot explicitly check the conditions . Instead we assume that we have
appropriately chosen a Calabi-Yau manifold Y with involution ¢ and with D3/D7-
branes such that the RR tadpole conditions are fulfilled.

In ref. [95] it is argued that all NS-NS tadpoles arise as derivatives of a D-term
scalar potential with respect to the corresponding NS-NS fields. In the supersymmet-
ric case the NS-NS tadpoles vanish as they are related to the RR tadpole conditions
via supersymmetry. This corresponds to the vanishing of the D-term [37,93] and
thus the potential arising form the Dirac-Born-Infeld action of the D-branes
has to be canceled by the negative tension of the orientifold planes. If the NS-
NS tadpoles do not vanish a D-term is induced leading generically to an unstable
background. We discuss the appearance of various D-terms as we go along.

Before concluding this section we come back to the calibration condition
for space-time filling D7-branes. In section|3.3.1]we argued that the real parameter ¢
in (3.20) parametrizes the linear combination of supersymmetry parameters. In the
absence of O-planes the constant 6 can freely be adjusted such that half of the

3 1><{O(3)}

8The indices 4, j , k and [ account for several D7-branes, O7-planes, D3-branes and O3-planes
respectively. Sim and O§7) are four-cycles whereas 51(5)) and 01(3)
manifold.

9This is the orientifold picture in the covering space.

are points in the Calabi-Yau
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amount of supersymmetry is preserved. However, as we have seen in the presence of
orientifold planes only a particular linear combination of supercharges is preserved

and which corresponds to # = 0. Therefore the calibration condition (3.20)) for
orientifold theories becomes [40]

d*¢/det (+F) =L2IANJ - LFAF, F=B-(f. (3.28)

Note, however, that this calibration condition in the context of orientifolds is only
valid for R
JANF =0, (3.29)

which is the condition for the D7-brane to be calibrated with § = 0 or in other words
to be calibrated with (3.28)). If is not fulfilled than supersymmetry is spon-
taneously broken by the D7-brane configuration. This is related to the w-stability
condition J A F = const. J A J of refs. [98,99] which is imposed by supersymme-
try. In orientifolds F is odd and J is even with respect to the involution o whence
J A F = 0 becomes the w-stability condition. Moreover it is argued in ref. (98],
that w-stability gives rise to a D-term constraint in the low energy effective action,
i.e. if supersymmetry is broken w-stability is not fulfilled and the non-vanishing
D-term breaks supersymmetry spontaneously. Conversely, a w-stable configuration
corresponds to a vanishing D-term in field theory. Thus in the low energy effective
theory we expect a D-term of the form

Dw/j/\}", (3.30)
S

where S is the four-cycle in the internal space Y, which is wrapped by the D7-brane.
The corresponding D-term scalar potential Vp has the form

Vp ~ (/SjAF>2 : (3.31)

In the forthcoming derivation of the low energy effective action we use the cali-
bration condition , but we are aware that we do not capture terms proportional
to J AF, in particular we do not obtain directly the D-term scalar potential ([3.31]),
but instead have to rely on supersymmetry to rigorously compute this potential.

3.4 D-brane spectrum in Calabi-Yau orientifolds

In this section we compute the spectrum arising from D-branes in orientifold theories,
namely we examine the spectra arising from D3-brane and D7-brane systems. The
low energy spectrum of a stack of D3-branes does not dependent on the precise
structure of the internal space, which is due to the fact that space-time filling D3-
branes only constitute a point in the internal compactification space. On the other
hand, however, the spectrum of a D7-brane depends on the topology of the four-cycle
in the internal space, which is wrapped by the internal part of the D7-brane.
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3.4.1 D3-brane spectrum in Calabi-Yau orientifolds

Before entering the discussion of the spectrum arising from a stack of N D3-branes
let us clarify the geometric picture which one should have in mind. The internal part
of the stack of D3-branes comprises just a point p in the Calabi-Yau orientifold Y.
However, in addition to the point p there is also an image stack of N D3-branes
at the orientifold image p = o(p) of p. If the stack of D3-branes resides on an
orientifold fixed point, i.e. p = p, then the gauge group on the worldvolume of the
D3-brane is either SO(N) or USp(N )F_U] Otherwise the gauge group of the stack
of N D3-branes is U(N). In the following we concentrate on the latter case and
further assume that the D3-branes are separated far enough from their image D3-
branes, i.e. dist(p,p) > Vo/, such that no additional light modes arise from open
strings stretching from the D3-branes to the image D3-branes. Note that the above
description captures the geometry in the covering space of the orientifold theory.
On the orientifold space Y/O the D3-branes coincide with their image D3-branes
and combine to a single stack of D3-branes.

For simplicity we first focus on the four-dimensional massless spectrum of a single
space-time filling D3-brane located at p. First of all the four-dimensional bosonic
spectrum consists of the vector boson A,(x) of the U(1) gauge theory localized
on the worldvolume of the D3-brane. Second there arise D3-brane matter fields
which describe the geometric fluctuations ¢(z) of the locus of the D3-brane in the
internal Calabi-Yau space Y. These fluctuations ¢(x) are space-time dependent
vectors in the tangent space T,Y of the internal SpaceE-I Since dimg T))Y = 6 the
fluctuations ¢(z) gives rise to six real scalar fields ¢"(z) in four dimensions, i.e.

o(x) = ¢"(z) Onlp n=1,...,6. (3.32)

Here 0,,|, denotes a basis of T,Y".

According to section D3-branes in Calabi-Yau orientifolds with O3/07-
planes preserve A/ = 1 supersymmetry and thus the bosonic fields appear in N' = 1
supermultiplets. The U(1) gauge boson A, (z) is the bosonic part of a U(1) vector
multiplet whereas the six real scalar fields ¢"(z) combine to three complex scalar
fields ¢*(z) with respect to the complex structure inherited from the ambient Calabi-

Yau space YF_Z] Then in terms of complex fields (3.32)) becomes
o(x) = ¢'(2) Ol + & (2) 0y, ,  i,7=1,2,3. (3.33)

As discussed in section [3.2] the internal Calabi-Yau manifold Y has SU(3)-structure,
the frame bundle of Y admits a SU(3) principal subbundle. Then one can view the
complex fields ¢'(x) as defined with respect to a basis d;|, of this subbundle at p.

10The precise gauge group depends on the type of the orientifold plane [19,100].

L Alternatively, we can also view the D3-brane fluctuations as section of H%(p, Np). This inter-
pretations is useful as it naturally generalizes to space-time filling D7-brane (c.f. section .

12The precise complex structure for the fields ¢” will be discussed in section m
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The complex fields ¢'(z) with respect to a different basis d|, are related to ¢'(z) via
a SU(3) transformation. Therefore the fields ¢’(x) transform in the fundamental
representation 3 (and analogously ¢/ in the anti-fundamental representation 3) with
respect to the SU(3) structure group on the Calabi-Yau space Y.

The next task is to determine the fermionic fields in the A/ = 1 supermultiplets.
They arise from fermionic fluctuations of the embedding of the super-D3-brane ac-
tion in the type IIB supergravity supermanifold A/%!2. Therefore for the
ansatz (3.10) the fermionic spectrum is obtained by decomposing the odd coordi-
nates transforming as 16" of SO(9, 1) into representations of the subgroups

S0(9,1) — SO(3,1) x SO(6) — SO(3,1) x SU(3) , (3.34)

where the first decomposition of the ten-dimensional Lorentz group is due to the
compactification ansatz while the SU(3) structure group of complex threefolds
brings about the second decomposition. Correspondingly the spinor representation
16’ splits into

16’ - (2,3) @ (2,4) — (2.3) @ (2,1) @ (2,3) 2 (2,1) . (3.35)

2, 2 are the two Weyl spinors of SO(3,1), 4, 4 are the two Weyl spinors of SO(6), 3,
3 are the fundamentals and anti-fundamentals of SU(3), and finally 1, 1 are SU(3)
singlets.

Note, however, as discussed in section the super-D3-brane action possesses
the local fermionic k-symmetry, which reduces the fermionic degrees of freedom by
one-half. As a consequence the physical fermionic degrees of freedoms arise from
the decomposition of a single odd coordinate transforming in the 16’ of SO(9,1) in
agreement with the fermionic open string spectrum (2.3). Hence, from one
readily reads off the massless fermionic four-dimensional spectrum arising from the
D3-branes. On the one hand there is a Weyl fermion A(x), which arises from the
SU(3) singlet and is identified as the superpartner of A,(z) with the gaugino in the
N =1 vector multiplet. On the other hand there are the three Weyl fermions 1*(z)
which appear in the fundamental 3 of SU(3). They are the superpartners of the
bosonic fields ¢* and form three N' = 1 chiral multiplets. Hence the explicit decom-
position of fermionic D3-brane fluctuations ©(¢) reads

O(&) = Ny A(z) ® & + Nx Mz) ® & + Ny X' (2) ® %, + Ny ¥ (2) ® 3¢, (3.36)

where ép and «f; are the covariantly constant spinor singlets (A.47) of the Calabi-
Yau manifold Y restricted to the D3-brane locus p. N, and N,: are normalization
constants to be determined in section [5.1.2]

This completes the analysis of a single space-time filling D3-brane. For a stack
of N D3-branes the U(1) gauge theory is enhanced to U(N) [74], and then the gauge
boson A, (x) and the gaugino A\(x) transform in the adjoint representation of U (V).
Moreover, the bosonic and fermionic fluctuations become ‘matrix valued fields” and
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bosonic fields | fermionic fields | multiplet | multiplicity

A, A A vector 1

o, ¢ Wi a7 chiral 3

Table 3.1: Massless D3-brane spectrum in A/ = 1 multiplets

also transform in the adjoint representation of U(N) [77]. This enhancement of
the D3-brane fields is discussed in some detail in section from an open string
perspective.

In Table the massless four-dimensional spectrum is summarized in terms
of the resulting four-dimensional N/ = 1 multiplets, namely the vector multiplet
(A,,A) and the three chiral multiplets (¢*, "), which all transform in the adjoint
representation of U(N). Thus the D3-brane spectrum is non-chiral and can be
assembled in a single U(N) N = 4 gauge multiplet["| This is not very surprising
as type IIB orientifold compactifications on a six torus with space-time filling D3-
branes preserve AN/ = 4 in four dimensions. In this case both the bulk spectrum and
the D3-brane spectrum assemble themselves into N' = 4 supergravity multiplets.
The spectrum of a stack of D3-branes depends only on the tangent space in the
vicinity of p. Locally, however, the tangent spaces of all six-dimensional manifolds
are isomorphic, and hence the spectrum arising from a stack of space-time filling
D3-branes in type IIB orientifolds is always N = 4 supersymmetricFE] However, as
we will see in the next chapter this does not imply that the Yang-Mills theories on
the worldvolume of the D3-brane is N/ = 4 since also the metric of the manifold in
the vicinity of p enters in the effective gauge theory.

3.4.2 D7-brane spectrum in Calabi-Yau orientifolds

The geometry of space-time filling D7-brane in Calabi-Yau orientifold compactifica-
tions is somewhat richer compared to the geometry of space-time filling D3-branes.
This is due to the fact that the D7-brane wraps a four-cycle, whereas a D3-brane
simply constitutes a point in the internal space. The internal four-cycle in the
Calabi-Yau manifold Y, which is wrapped by the worldvolume of the D7-brane, is
denoted by S™. Since we are working with an orientifold theory we must in addition
to the D-brane on S also include its image under the orientifold involution o, i.e.

BN = 4 gauge multiplets in four dimensions consist of a vector, four Weyl fermions and six real
scalars, which all transform in the adjoint representation of the gauge group. Under the N' = 4 R-
symmetry group SU(4)r the vector is a singlet, the Weyl fermions transform in the fundamental 4,
and the scalars transform in the rank 2 anti-symmetric [6].

14This does not hold for D3-branes at singularities [23].
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description cycle relation | Poincaré dual
D7-brane (cov. space) SW e Hy(Y,Z) | (52 + 8P) | wq € Hgvl)(y)
D7-image-brane (cov. space) | S@ € Hy(Y,Z) %(SA —SP) | we) € Hg’l)(y)
D7-brane (orientifold Y') She Hy(Y,Z) | SW4+85@ | w, e Hgi)(y)
D7-pair (opp. orientation) SP e Hy(Y,Z) | SV —S@ | wpe Hg’_l)(Y)

Table 3.2: D7-brane cycles

we have an image D7-brane on the Calabi-Yau manifold Y wrapped on the four-
cycle S@ = ¢(SM). Hence it is convenient to introduce the four-cycle S* which is
the union of the cycles SM) and S® in the Calabi-Yau manifold Y. S* obeys

o(Sh) =sA . (3.37)

The Poincaré dual two-form wy of S* is an element of H2(Y) in terms the parity
graded cohomology groups defined in eq. . By referring to the D7-brane we
mean in the following the object which wraps the internal cycle S* and thus describes
both the D7-brane and its image of the Calabi-Yau orientifold. For later convenience
we further define S* as the union of the cycle S(V) and its orientation reversed image
—S@_ This cycle obeys

o(ST) = —-5" | (3.38)

and has a Poincaré dual two-form wp in H2(Y). In Table all these different
D7-brane four-cycles are listed with their associated Poincaré dual two-forms. Note
that this is the geometry in the covering space of the orientifold theory. As in the
case of D3-branes the D7-brane and its image D7-brane coincide and represent a
single object in the orientifold covering space Y/O.

In the above analysis we have implicitly assumed that the D7-brane does not
coincide with any orientifold O7-plane, because this would imply that S and S
represent the same cycle and that the gauge group of the worldvolume theory is
SO(N) or USp(N) [3]. Additionally we require that the involution ¢ does not have
any fixed points in SO since this would give rise to extra massless states in the
twisted open string sector [101].

The bosonic spectrum of the D7-brane is comprised of two parts. The first part
corresponds to fluctuations of the embedding of the internal four-cycle S* in the
Calabi-Yau orientifold Y, and the second part describes Wilson lines of the U(1)
gauge field on the four-cycle S». Both types of degrees of freedom give rise to
bosonic components of chiral multiplets in the effective four dimensional low energy
theory. The former complex bosons are members of the ‘matter’ multiplets and we
denote them by ((z). The latter Wilson line moduli are denoted by a(x).
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The fluctuations of the D7-brane arise as deformations of the worldvolume in the
normal directions with respect to the ambient space. Moreover, since the D7-brane
is space-time filling all normal directions lie in the internal Calabi-Yau space Y.
Therefore the ‘matter’ multiplets arise from an appropriate expansion of the sections
((x,y) of the normal bundle NS*. On the other hand the Wilson line moduli fields
arise from non-trivial background configurations of the gauge boson A(z,y) and
therefore are related to non-contractible loops in the internal cycle S*. The massless
modes of the fields ((z,y) and A(x,y) are in one-to-one correspondence with global
sections of the cohomology groupﬂ 26,40, 75,102]

¢ € HO(S* NS | ae H(SY) (3.39)

where H°(S*, NS%) is the space of global sections of the holomorphic normal bundle
of SA.

Note, however, that in the truncation due to the orientifold projection is
not yet taken into account. In order to truncate the spectrum consistent with the
orientifold projection O the action of O on the open string states has to be exam-
ined. The result of this technical analysis yields the truncation of the cohomology

groups (3.39)) to [14, 16,23, 40]
¢ e HY(S",NSH) | a€ Hy(SY) . (3.40)

More generally for a stack of N D7-branes wrapped on S* the gauge theory on
the worldvolume of these branes is enhanced to U(N) [74]. As a consequence the
massless fields ¢ and a transform in the adjoint representation of U(N), i.e. ( is a
U(N) Lie algebra valued section of the normal bundle and a is a U(NV) Lie algebra
valued one-form [77,103].

In the following we consider just a single D7-brane wrapped on S* with the
spectrum given by ([3.40)). In this case the expansion of ((z,y) into massless four-
dimensional modes yields

C(w,y) = M) saly) + @) saly) . A=1,...,dim HY(S*NSY) | (341)

where s4 is a basis of HY (S NS*). As discussed in refs. [26,104], we can map
sections ¢ of HY(S* NS*) isomorphically to H g’_o)(SA) via the Poincaré residue
map. In practice this map is simply given by contracting ¢ with the holomorphic
three-form € of the Calabi-Yau manifold Y [26]

Q: HO(SYNSY) — HIO(SY), ¢ i (3.42)

15In general, D-branes are described by sheaves that are supported on the worldvolume of the
brane. Then the spectrum of marginal open string modes of strings stretching from a D-brane
specified by the sheaf £ to a D-brane specified by the sheaf F is given by the Ext-group Ext! (&£, F)
[75]. However, if the tangent bundle of the Calabi-Yau restricted to the wrapped four-cycle splits
holomorphically, which we always assume in the following, the Ext-group reduces to the sheaf
cohomology description, and in the case of open strings with both ends on a single brane, we have

the above spectrum (3.39).
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multiplet bosonic fields geometric space | basis
matter ¢4 A=1,...,dim H (5% NSY) HI(S* NSY) SA
HPO(SM) 5
vector A, HO(S%) P_
Wilson lines | a7, I =1,...,dim Hé?f)(SA) Hg?f)(SA) Al

Table 3.3: Massless D7-brane spectrum

Hence the Poincaré residue map also allows us to rewrite the basis elements s4
and sz into basis elements 54 and Sz of Hg’_o)(SA) and H(%O’_Q)(SA), and then the
expansion (3.41)) can be mapped to an expansion in two-forms of S*.

Analogously for the U(1) gauge boson A(x,y) the expansion becomes

A(z,y) = Ay(x)da” P_(y) + ar(z) A'(y) + az(z) A (y) , (3.43)

with A as a basis of H g)’_l)(SA). P_ is the harmonic zero form of S* given by

1 ye SW
P_(y) = {_1 ye 5@ P_ec H°(SY) . (3.44)

Note that in addition to the Wilson line moduli a;(z) the expansion yields the
four-dimensional gauge boson A,(x).

In Table the massless open string spectrum resulting from the D7-brane is
summarized. The table shows the cohomology groups, which describe the spectrum
in geometric terms, and lists the basis elements thereof. Note that for the mass-
less ‘matter fields’ ¢ there are the two alternative descriptions related by as
described above.

After the discussion of the bosonic spectrum we now turn to the fermionic
fields arising form the D7-brane. As discussed in section the fermionic spec-
trum can again be understood from the embedding of the super-D7-brane into
the type IIB supergravity superspace M 9112 parametrized by the superspace co-
ordinates ZM = (2™ §). Then the fermionic spectrum arises from fluctuations of
the embedding supermap ¢ along the odd superspace coordinates 5, which for the
fermionic fluctuations takes the simple form [105]

0 W — MY e (w(g),é({:)) . (3.45)

Hence the pullback with respect to this supermap simply amount to replacing the
superspace coordinates 6 by ©(£) [50,51,106]. Due to the dependence on £ the
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fermionic fields ©(¢) are localized on the worldvolume W of the D7-brane and con-
tain all the fermionic degrees of freedom of the super-D7-brane. Note that é(f ) has
the same transformation behavior as the odd supercoordinates 5, that is to say they
are Majorana-Weyl spinors transforming in the Weyl representation 16" of SO(9, 1).

The next task is to study how 16’ decomposes on the worldvolume of the D7-
brane into representations of appropriate subgroups of SO(9,1). For the fields lo-
calized on the D7-brane the structure group SO(6) of the tangent bundle of the
internal six-dimensional space splits into SO(4) x SO(2). Here SO(4) is the struc-
ture group of the tangent bundle of the four-dimensional internal D7-brane cycle S*,
whereas SO(2) is the structure group of the two-dimensional normal bundle of S*.
Moreover for the D7-branes under consideration we always assume that the pullback
tangent bundle :*TY splits holomorphically into the direct sum TS* @ NSA i.e. the
structure group of the tangent and normal bundle reduces to U(2) x U(1). Hence
we have the following chain of subgroups

HFTY -TSAGNSA

SO(3,1) x SO(6)

SO(3,1) x SO(4) x SO(2)
O, SO(3,1) % (SU(2) x U(1)) x U(1) , (3.46)

which tells us that the D7-brane worldvolume fields are appropriate representations
of SO(3,1) x SU(2) x U(1) x U(1). Then the ten-dimensional spinor representation
decomposes under SO(3,1) x SO(4) x SO(2) according to

16’ — (2,2, 1)@ (2,2, 1)@ (2,2,1) & (2,2, 1) , (3.47)

with the two Weyl spinors 2 and 2’ of SO(4) and the SO(2) complex conjugated
singlets 1, 1.

As reviewed in appendix in the context of complex manifolds the SO(4)
gamma matrices 7" corresponding to the tangent bundle T.S? can be combined to
complex gamma matrices 7*, 77 and then they are interpreted as raising and lowering
operators which are used to construct the ‘ground states’ £ and the ‘conjugate ground
state’ &1

YE=0, &y =0. (3.48)
These ‘ground states’ are SU(2) spinor singlets of the same chirality[f]
7€ =+¢ gy =+¢', (3.49)

where 7 is the chirality gamma matrix of SO(4).

16The singlets ¢ and &' have the same chirality for structure groups U (2k) and different chiralities
for structure groups U(2k + 1) because the ‘conjugate ground states’ ¢ is also obtained by acting
with all raising operators on the ‘ground state’ £. Thus for the group SU(2k) there is an even
number of raising operators which yields for ¢ and ¢' the same chirality, whereas for SU(2k + 1)
the odd number of raising operators results in different chiralities for & and ¢F.
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In order to study the spinors on the D7-brane cycle S*, we need to analyze
sections of the U(2) = SU(2) x U(1) tangent bundle. Locally there are two spinor
singlets ¢ ® £* and ¢ ® £, where £ and £* denote sections of the line bundles
associated to the U(1) part in U(2), or in other words to the U(1) part of the spin
connection. In general these line bundles are non-trivial as S* need not be a Calabi-
Yau manifold with trivial first Chern class. However, the spinors of S* relevant for
our analysis transform under the induced spin connection of the ambient space Y
which is a connection with respect to both the tangent and the normal bundle of S*.
Therefore due to the triviality of the U(1) part of the spin connection in the ambient
space Y the overall U(1) ‘charge’ of the induced spinors must also be trivial and as
a consequence the line bundles associated to the structure group U(1) of the normal
bundle NS* must be dual to the line bundles of the U(1) part in the structure group
of the tangent bundle TS®. Hence there are two induced spinors which are global

sections of SU(2) x U(1) x U(1), i.e.
E®L)eL=E, L)Lz, (3.50)

which behave like ‘neutral” spinors with respect to the U(1) part of the induced spin
connection['’] Note that the chiralities of the sections £ and £* with respect of the
SO(2) structure group of the normal bundle NS are

AL = +L Lt =L (3.51)

in terms of the chirality gamma matrix 7 of SO(2) as introduced in appendix [A.3]

The next task is to determine the massless Kaluza-Klein modes resulting from
the Majorana-Weyl spinors ©(€) compactified on the worldvolume R*! x $*. How-
ever, only one linear combination of é(£ ) is invariant with respect to the orientifold
projection O. The fermions é(ﬁ) are the fluctuations of the odd superspace coor-
dinates 5, which in turn correspond to the infinitesimal supersymmetry parameters
for supersymmetry variations. Since the gravitinos are the gauge fields for local
supersymmetry the supersymmetry parameters 6 and their fluctuations © trans-
form exactly like the gravitinos under O. Thus the projector % (1 + O) acting on o

becomes 3 (1 + 52) as in (3.17)), and we define
06 = 1(1+0) 6(e) . (3.52)

Then the projected ten-dimensional Majorana-Weyl spinor ©(§) transforming as
16’ of SO(9,1) needs to be decomposed into representations of the subgroups in

eq. (3.46) according to (3.47)).

Since ¢ and £T are constant sections on S* (or zero-forms) we can identify v°¢
and £74% with (0, 1)-forms and (1, 0)-forms and 7v*47¢ and &7y%y7 with (0, 2)-forms

"Mathematically this neutrality is a consequence of the Whitney formula for the first Chern
class. Since (*TY 2= TS™ @& NS holomorphically, the Whitney formula applied to the Calabi-Yau
manifold Y yields 0 = 1*¢;(TY) = ¢;(TS?) + ¢;(NS?). Thus the line bundle associated to the
tangent bundle must be dual to the line bundle associated to the normal bundle.
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bos. fields | ferm. fields | multiplet | multiplicity
A, A A vector 1

A, CA YA, ¥4 chiral | dim H{"? (")

ar, ay X1, XTI chiral dim Hév’_)(SA)

Table 3.4: D7-brane spectrum in four dimensions and A" = 1 multiplets

and (2, 0)-forms. Furthermore, we need to expand ©(&) into fermionic modes which
are invariant under the orientifold projection O. By supersymmetry we already
know that the invariant fermionic modes are only identified with negative parity
forms in order to match the negative parity of their bosonic superpartners (c.f. .
Finally, we only keep massless fermionic excitations, which are zero-modes of the
internal Dirac operator. As explained in the previous paragraph the relevant Dirac
operator is induced from the ambient Calabi-Yau space Y for which the U(1) part of
the spin connection is trivial, and in this case the square of the Dirac operator can
be identified with the Laplace operator. This implies that the massless fermionic
excitations are in one-to-one correspondence with the global odd harmonic (p, q)-
forms. Using and this leads to the Kaluza-Klein expansion

0(&) = Ny A(z)® P&+ Ny Mz) @ P_¢
+ Ny, xr(z) ® Aly€ + Ny, xr(z) ® Ajély (3.53)
+ Nea X (@) ® 38445679 4+ Noa X (@) ® $52,,77€

where \(), xr(x), x(x) are four-dimensional Weyl spinors. P_ is the harmonic zero
form of S* defined in (3.44). A’ is a basis of odd (0,1)-forms on S* while 54 is a
bases of odd (2,0)-forms, both of which we already introduced in Table [3.3] For the
moment we also included a set of normalization constants Ny, N,a and N,, which
are determined in the next chapter. Note that the Majorana property of the spinor
©(¢) implies that the decomposition must fulfill a reality condition. This is
reflected in the expansion in that for each term the complex conjugate term
also appears.

Thus altogether we conclude that the four-dimensional massless fermionic modes
invariant under O are identified with the negative harmonic forms of the cycle S*,
which justifies the expansion of into the forms P_, 54 and A’. As a con-
sequence the massless fermionic modes in (3.53|) pair up with the bosonic fields
in Table [3.3] to form four-dimensional N' = 1 multiplets. Note that the D7-brane
spectrum is not N/ = 4 supersymmetric anymore as in the D3-brane case, since it
depends on the topological data of the cycle SA.

39



3.4. D-BRANE SPECTRUM IN CALABI-YAU ORIENTIFOLDS

40



Chapter 4

Effective supergravity action

The aim of this chapter is to compute the low energy effective action for Calabi-
Yau orientifold with D3- or D7-branes. In section the ten-dimensional type II1B
supergravity action is reviewed as it serves as the starting point for the discussed
compactifications, and finally in section .2 the generic form of a A" = 1 supergravity
action is given because this is the class of low energy effective theories obtained from
compactifications of orientifold theories with D-branes. In section the Kaluza-
Klein reduction of the bulk theory is carried out. In order to include D-branes a
normal coordinate expansion as described in section as to be employed. This
technique allows us to enhance the bulk effective action by the D3-brane fields in
section and by the D7-brane fields in section [4.6] The resulting Lagrangians are
N = 1 supersymmetric and therefore they are treated in terms of the specifying
data of a N/ =1 (gauged) supergravity in four dimensions.

4.1 Type IIB supergravity in D=10

The spectrum of type IIB supergravity, which consists of the massless modes of
type IIB superstring theory, has been introduced in section 2.1 The aim of this
section is to describe the low energy dynamics of these fields in terms of the type I1B
low energy effective supergravity action in ten dimensions.

The massless modes of the RR sector of type IIB superstring theory are the
even dimensional anti-symmetric tensors, i.e. the form fields C(©, C? ¢C® C©)
and C® . The field strengths of these form fields, as they appear in the low energy
effective action, are given by [107]

a0 _ dc© p=1 41
1dCe®D) —dB A CP2  else . 1)

Note, however, in order to obtain the right number of bosonic degrees of freedom
as encoded in the ten-dimensional N = 2 multiplet we need to impose duality
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conditions on the RR field strength[T]
G(l) = *10G(9) s G(S) = (-1) *10 G(7) s G(s) = *10G(5) . (42)

These duality conditions tell us that for counting physical degrees of freedom one
should only keep the self-dual part of the RR four-form C'®, and one can eliminate
the RR eight-form C® in favor of its dual axion C®) and the RR six-form C©® in
favor of its dual RR two-form C®. Then one obtains together with the massless
NS-NS fields the bosonic spectrum of the ten-dimensional A/ = 2 multiplets stated
in the conventional form.

However, we do not yet impose the duality conditions and proceed with
the type IIB supergravity action in ten dimensions, which contains all RR forms of
I1B supergravity C(©), C® the self-dual RR four-form C'¥, and the dual RR forms
C©) and C®. This action is called the democratic formulation of type IIB super-
gravity in ten dimensions as state in ref. [107]. The bosonic part of the action reads

IIB =—F /dlo —d10 € 2¢10R 4/4/ /e_2¢10 (8 d¢10 A *10d¢10 —HA *10H)
8 ) / Z G(p A *10G
K p=1,3,5,7,9

(4.3)

where H is the field strength H = dB. Note that x is not the gravitational coupling
constant but instead Ki9p = Kk e = k g, which depends on the string coupling
constant, or in other word on the vacuum expectation value of the dilaton ¢,

In this democratic formulation the equations of motion resulting from this action
must be combined with the duality constraints (4.2). Note that already for the
conventional used ten-dimensional I1B supergravity the same phenomenon appears,
namely for the four-form C'¥ the self-duality condition on its five-form field strength
must be imposed by hand [108].

4.2 N =1 supergravity action in four dimensions

Eventually we are interested in the effective four-dimensional description of the
Kaluza-Klein reduced orientifold theory with space-time filling Dp-branes. As pre-
sented in section and section we always choose a configuration which

Tn ten dimensions the massless spectrum falls into representations of the little group SO(8).
The massless RR fields of type IIB string theory are given by the tensor product of the two Weyl
spinors of 8 @ 8 which decomposes into the irreducible anti-symmetric tensors [0] @ [2] © [4]+
or equivalently [4]_ @ [6] @ [8], where [4]L are the self-dual and anti-self-dual anti-symmetric
four-tensor of SO(8).

2The coupling  is proportional o’ % and the proportionality constant depends on the conven-
tions.
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preserves some space-time supersymmetry in the resulting four-dimensional effec-
tive theory. In this thesis we focus on theories with NV = 1 supergravity in four
dimensions. Therefore we recall here the generic form of a four-dimensional N' = 1
supergravity action.

A N = 1 supergravity theory with chiral multiplets M and vector multi-
plets V' is completely specified in terms of the Kéhler potential K, the holomor-
phic superpotential W and the holomorphic gauge kinetic coupling functions fra
[109,110]. The on-shell degrees of freedom of one chiral multiplet M™ = (MM M)
arise from one complex scalar M* and one complex Weyl fermion x*, whereas the
vector multiplet V' = (VT AT) consists on-shell of one vector boson V' and one
complex Weyl fermion A''. In addition to these multiplets there is always the gravity
multiplet, which contains the graviton and a complex Weyl gravitino 1, as fermionic
superpartner. Note, however, that the defining date namely the Kahler potential K,
the superpotential W and the gauge kinetic coupling functions fra can already be
unambiguously read off from the bosonic part of this supergravity action

1 o
Stosons = ~ 3.3 / de /=7 (R +2 Ky gV MMVA Y 4 Vp + VF>
4
(4.4)
1 1
- T3 /d4$ V=1 (Re fraF, F*" & + == /(Imf)mFF ANF2
4Ky 27

Here FT refers to the field strength of the vector boson V! and K,y = 005K is
the Kahler metric of the Kahler potential K. The F-term scalar potential V& and
the D-term scalar potential Vp is given by

N - 1
Ve = oK (KMNDMWDNW - 3\W|2) . Vo=5(ReN)™DrDs,  (45)
where Vg is expressed in terms of the Kéahler covariant derivatives Dy W = oy W +
(Op K) W of the superpotential.

The D-term potential Vp involves the inverse matrix (Re f )FA of the real part of

the coupling matrix fra. The D-term itself is computed from the equation [110]
N0 K XM =i0yDr . (4.6)
Here Xt = X}, is the holomorphic Killing vector field of the corresponding

gauged isometry of the target space Kahler manifold.

Although the bosonic part of the N’ = 1 supergravity action determines by su-
persymmetry the whole N' = 1 supergravity Lagrangian, some data are encoded in
the fermionic part of the supergravity action in a more direct way. For instance the
superpotential W and the D-terms enter the bosonic scalar potential quadrat-
ically whereas they appear linearly in the fermionic terms.
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In the conventions of ref. [110] the kinetic terms of the fermions in the super-
gravity action read

1 _ _
SFermions = - ? / d4£L‘ Yot/ |: <_€uyp7w,u5l/va‘r + iKMN)ZNa—MVuXM) (47)
4

i - . 1 _

+ 5(Re fra (A'o"V, A% + ATGHV A2 — 5(Im frav, ()\FU“AA)} :
with appropriate covariant derivatives V,. Out of the fermionic couplings we only
record here those which are relevant for this thesis, namely these are the couplings
of the gravitinos v, to gauginos A* and to the fermionic matter fields x*, and the
mass terms of the matter fields y* and of the gauginos A*

1 _ _
SCouplings = - ﬁ /d4ZL’ V1 |:DF ¢,u0-u/\r - DF ¢M5_u/\1"
4
T (\/51 DaWxMotah, + 2W 0", + h.c.> (4.8)

1 1 Y =
+eK/2 (§DMDNWXMXN — ZKMND]\_fwaMfFA + hC) + .. :| ,

where ... denotes all the omitted fermionic coupling terms.

4.3 Orientifold bulk for O3/07-planes

In this section the closed string sector, i.e. the bulk theory, of Calabi-Yau orientifold
compactifications of the type IIB superstring is examined in order to set the stage
for introducing space-time filling D-branes in the forthcoming sections. As argued in
section in order to preserve N/ = 1 supersymmetry in the presence of D3/D7-
branes the four-dimensional bulk theory must be an orientifold compactification
with O3/07 planes.

The first task is to perform the Kaluza-Klein reduction of the ten-dimensional
theory on a Calabi-Yau orientifold space. As we work in the supergravity limit,
that is to say in the limit where the string coupling constant o’ becomes small,
the starting point for the Kaluza-Klein reduction is the ten-dimensional type 11B
supergravity of section[4.1] In a second step the four-dimensional effective theory for
the massless Kaluza-Klein modes are determined by inserting the massless Kaluza-
Klein modes into the ten-dimensional supergravity action and by integrating out
the internal space.

4.3.1 Massless bulk spectrum of O3/07 orientifolds

In order to perform a Kaluza-Klein reduction of the ten-dimensional spectrum the
background ansatz (3.1]) with its metric (3.2) for the ten-dimensional type IIB su-
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pergravity theory needs to be specified, i.e.
R*!' x Y/O , ds}y = N dz'dz” + 2 gi;(y) dy'dy’ . (4.9)

Here R*! is the four-dimensional Minkowski space while Y/O denotes the internal
Calabi-Yau orientifold. That is to say we consider the Calabi-Yau manifold ¥ moded
out by the orientifold projection O introduced in eq. [18,19]. Recall that O
contains a geometric action ¢*, where ¢ is an isometric holomorphic involution on
the Calabi-Yau manifold Y, which has the O3/O7-planes as its fixed point locus. In
the ansatz for the background metric , 7 denotes the flat metric of the four-
dimensional Minkowski space and §;;(y) is the metric of the internal Calabi-Yau
manifold Y. This ansatz for the metric, however, is a little subtle. One really has
to make a warped ansatz for the metric so as to capture the back-reaction of these
localized sources to geometry [17,111,112]. This approach is beyond the scope of
this thesis. Instead, as mentioned in the previous section and as further discussed
in appendix the analysis is performed in a regime, where the internal space is
large enough such that this back-reaction can be treated as a negligible perturbation
to our product ansatz (4.9).

As we have seen in section the Kaluza-Klein zero modes are governed by
the harmonic forms of the compactification space Y.E| These harmonic forms of the
Calabi-Yau manifold Y are in one-to-one corresponds to elements of the cohomology
groups H ép & (Y), which due to the holomorphicity and the involutive property of o

split into even and odd eigenspaces H g’ f)(Y) and H g’ 9 (YY) according to eq. (3.23).
In order to carry out the compactification we need to choose basis elements for the
various harmonic forms, which are listed in Table

Now with all ingredients for the Kaluza-Klein reduction at hand the next task is
to expand type IIB supergravity modes into harmonics invariant under the orienti-
fold projection O = (—1)"2Q,0* of eq. (3.24). Among the NS-NS fields the anti-
symmetric two-tensor B has odd parity with respect to the operator (—1)(Q,,
whereas the dilaton ¢;p and the metric g;p are even [21]. Hence also the Kéhler
form J which is proportional to the internal metric g;; is evenﬁ Therefore the
expansion of the NS-NS fields invariant under the involutive orientifold symmetry
(13.24)) yields

J =0v"(x) wy , B =b(x)w, , P10 = P + () . (4.10)

Note that we have included a vacuum expectation value ¢, for the dilaton ¢, which
determines the string coupling constant g byﬂ

gs =™ . (4.11)

3In the following for ease of notation the Calabi-Yau orientifold and the Calabi-Yau manifold
are both denoted by Y.

4J and g;; are the Kéhler form and the Calabi-Yau metric in the ten-dimensional Einstein
frame.

°In the following we set gs = 1. In the ten-dimensional supergravity action the dimension-
less constant g can be absorbed into the coupling constant  if G(P) is rescaled accordingly.
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space basis dimension space basis | dimension
ng)(y) wo |a=1,... ht? Hgf)(Y) wa |a=1,... m
DY) | @ Ja=1.. K7 || HPP(Y) | @ |a=1,... K

H3(Y) | B% | a=1,... 02" || H3Y) |08 |a=0,... 1
H((;f)(Y) Xa |a=1,...h Hg?’_”(y) va |a=1,...,n%
HIP(Y) | xa |a=1...03" | HM?PY) | v a=1...0"
HEOY) | - 0 HYO(Y) | Q 1
oI (YV) | - 0 YY) | Q 1

Table 4.1: Cohomology basis of the Calabi-Yau orientifold Y

Analogously to the NS-NS fields the RR fields are also expanded into appropri-
ate harmonic forms. For Calabi-Yau orientifolds with O3/O7-planes the RR zero-
form C'©, four-form C® and eight-form C'® are even with respect to the operator
(=1)FeQ, and the two-form C® and six-form C® are odd [21,40]. As a consequence
the RR fields enjoy the expansion

- QAQ
cO = C® = [@(g) A L0
(@), DA g
C® = "(2) w, , CO® =D () Ao* (4.12)

CW = D& (x) Awa + V() Aag + Us(z) A B + palz) AD° .

In the effective four-dimensional theory v*(z), b%(z), ¢(x), pa(x), ¢*(x) and [(x) are
scalar fields, V4(z) and Us(x) are vector fields, and {?)(z), &2 (x) and Dy (x) are
two-form tensor fields.

In addition to the above fields we have complex scalars, which arise from the
complex structure deformations of the internal Calabi-Yau orientifold space. For
the case of O3/07 orientifold compactifications the complex structure deformations
are in one-to-one correspondence with the elements of H (,(;2’_1)(Y) [19,113], and we
denote the corresponding four-dimensional scalar fields b§; 2% To lowest order a
complex structure deformation changes the internal Calabi-Yau metric by

5gy(2%) = — o 2 Xauk PNy, 695(27) = T 2 X p Vg, (413)

122 ! ’ ! Q- Y !

where ||QH2 = %Q”le]k’
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multiplet | multi. | bos. fields || multiplet | multi. | bos. fields
gravity 1 G chiral ht! (b, %)
vector h2t Ve chiral At (Pa, V%)
chiral 1 (1,9) chiral h>t 28

Table 4.2: N' = 1 multiplets

The resulting four-dimensional AN/ = 1 supergravity spectrum of the 03/07
orientifold model is summarized in Table 4.2l Note that in this table only the
physical degrees of freedom are listed, i.e. the duality conditions are taken
into account. In four dimensions this duality relates a massless scalar to a massless
two-form or a gauge boson to its magnetic dual. In terms of the fields given in
eqs. the duality corresponds to the dual pairs [?)(z) ~ I(z), 5a2)(a:) ~
(@), Dy (2) ~ palw), VA(@) ~ Us(x).

4.3.2 Democratic low energy effective action

In this section we want to derive the effective four-dimensional action for the bosonic
bulk spectrum of Calabi-Yau orientifolds with O3/O7 planes. Instead of computing
the effective action for only the physical degrees of freedom [21], we choose to com-
pute the four-dimensional effective action in the democratic formulation [40]. This
means we seek an action in four dimensions which describes both the fields [(x),

¢(z), pa(x), V&(z) and their dual partners [ (z), & (), Dy () simultaneously.
Then the equations of motion of this democratic action need to be supplemented
by the duality conditions of these fields. The advantage of this formulation is that
it facilitates to couple D-branes to this democratic bulk theory because D-branes

generically couple to all RR forms.

In order to compute the effective action for the massless four-dimensional fields
arising from the Calabi-Yau orientifold compactification on Y we insert the mass-
less Kaluza-Klein modes and into the ten-dimensional democratic su-
pergravity action and then in a second step by performing the internal six-
dimensional part of the ten-dimensional integral in (4.3). This procedure yields
an effective four-dimensional action, which, however, is not given in the Einstein
frame. In order to cast the four-dimensional action in the Einstein frame one needs
to perform a Weyl rescaling of the metric (4.9))

. 6 .
o= =en, g = ¢e?g. (4.14)

Then the effective four-dimensional action Weyl-rescaled to the Einstein frame is
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found to be
1 - .
Bulk “2 / [—R sg 142G ;d2" A sgdz” 4 2Gapdv® A x4do”

+ %d(ln K) A x4d(In K) + %dgb A x4d¢p + 267G opdb® A dB°

+ iewdl A #qdl 4 e?Gp(de® — 1db™) A *4(dc” — 1dbP)

+ %G“ﬂ (dpa — Kapedb® A cc) A %4 (dpﬁ — Kpaedb® A Ce) (4.15)
n %e_%’ (A7 b A &) Aowy (I 4t £ )

1
22 0 0G (A8 — Kooy dt A D)) Ay (A6 — Kpasdb? A Dy )

16
K2 3
+ %Ga/@dD(2) /\ *4dD(2)
1 5 Y Y J 3
+ ZBdBdVa A *4d\/5 - anﬁdUd A *4dUB — §ABadU& VAN *4dVﬁ] .

k4 is now the four-dimensional gravitational coupling constant related to the ten-
dimensional coupling constant k19 by k4 = K1 Vol(Y)fl/ > The triple intersection
numbers Ko, and Kgpy, the metrics G, Gop and G5, the matrices A Bd’ B of and

Cceb , and KC arise from certain integrals over the internal Calabi-Yau space Y. Their
definitions are spelled out in appendix [A.7]

In the four-dimensional democratic action we could now impose the (di-
mensional reduced) duality condition by adding Lagrangian multiplier terms
and then integrate out the redundant degrees of freedom as demonstrated in ap-
pendix Depending on whether one eliminates the space-time two-forms or
their dual scalars, one obtains the effective orientifold action of ref. [21] either in
terms of chiral multiplets or in terms of linear multiplets [21,114,115]. However, as
there arise additional couplings of the D-brane fields to the RR forms, we postpone
this dualization procedure until we have added the D-brane effective action to the
orientifold bulk theory.

Before this section is concluded let us pause to consider the mass scales relevant
so far [111,116]. A priori in string theory the only parameter is o/ with dimension
[length]?. Tt gives rise to the string scale My ~ o’ -l ?_ which is the mass scale for
the massive modes in the tower of string excitations. Therefore M is a natural
cut-off scale for the low energy effective description of the massless string modes.
On the other hand in order to treat string theory perturbatively such that the
low energy effective action (4.3]) yields a reliable description, string theory must be
weakly coupled. This in turn implies for the string coupling constant gy to satisfy
gs < 1, which due to ¢g = In g5 is a condition on the vacuum expectation value ¢q
of the ten-dimensional dilaton ¢19. In this weakly coupled regime one finds with
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Kio ~ gso' % for the ten-dimensional Planck mass Mélo) = k19~ /4 the relation
M > M, . (4.16)

This confirms that M is indeed a good cut-off scale for the ten-dimensional effective
supergravity action (4.3)).

The compactification on the Calabi-Yau orientifold Y introduces yet another
scale, namely the Kaluza-Klein scale Mgy, which is the mass scale for the tower of
the massive Kaluza-Klein modes. In terms of the ‘radius’ R of the internal space,
i.e. vol(Y) ~ R® the Kaluza-Klein masses are of the order Mxx ~ R™'. In order
to be able to treat the internal manifold semi-classically and in order for string
winding modes to be irrelevant it is necessary to work in the large radius limit.
This implies that the string length v/o/ must be small compared to the size of the
internal compactification space, that is to say va/ < R. As ks ~ kioR™® the
four-dimensional Planck scale MI(,4) is given by

R3
4
MIE )~ gsa’Q .

(4.17)

Altogether one finds for a regime, where the low energy effective description (4.15])
is applicable, that the discussed mass parameters obey

Myx < My < MY (4.18)

4.4 Normal coordinate expansion

In section [3.1] we have described the Kaluza-Klein reduction of the ten-dimensional
field theory to an effective four-dimensional field theory. In this thesis, however, in
addition to the bulk action we also want to discuss the effective action of D-branes.
In principal localized sources such as D-branes and O-planes cannot simple be added
to the bulk theory, as they cause a back-reaction to the bulk geometry and hence
also alter the Kaluza-Klein reduction alluded in section [3.1 However, in this thesis
we consider the localized sources in the probe limit. That is we add the D-branes
and O-planes and neglect the back-reaction to geometry. This approach is valid
as long as the localized sources are added in a controlled fashion that is to say in
a way such that the consistency conditions of section [3.3.2] are fulfilled. Secondly,
the internal Calabi-Yau space needs to be large enough such that back-reaction to
geometry only effects the vicinity of the localized sources and not the whole internal
bulk space.

In the orientifold Calabi-Yau limit under consideration the O-planes arise as the
fixed point locus of the involution o. Even though these O-planes contribute tension
and hence also trigger a back-reaction to geometry, they are not dynamical objects
by themselves and hence do not give rise to additional four-dimensional effective
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fields [19]. On the other hand as argued in section D-branes are dynamical objects
which (again in the probe limit) are described by the effective action introduced in

section 2.3]

In the process of performing a Kaluza-Klein reduction as performed in the pre-
vious section there appear in addition to the Kaluza-Klein modes of the bulk theory
also the Fourier modes of the D-brane worldvolume fields. The D-brane worldvol-
ume gauge boson Kaluza-Klein-reduced along the lines of the bulk fields yields as the
massless modes the four-dimensional vector boson and possibly Wilson line moduli
fields arising in the case of non-trivial fundamental groups for the internal D-brane
cycle. The other D-brane fields parametrize deformations of the embedding of the
D-brane into the bulk theory. That is to say we start with an ansatz for the D-brane
configuration given by the ‘embedding map’ ¢ : W «— M of the worldvolume W
into the bulk theory as discussed in section [2.3] In the bulk theory this corresponds
to choosing the ground state background metric (3.2)). But in order to capture
all the fields arising from the space-time filling D-branes one also has to allow for
perturbations to the ‘background map’ ¢, namely

o= p+dp. (4.19)

The normal coordinate expansion then amounts to expressing a general fluctua-
tion dp in terms of a vector field in the normal direction of the worldvolume of
the D-brane. This procedure is further discussed in appendix [A.8 The normal
coordinate expansion yields the kinetic terms for the fields parametrizing the fluctu-
ations around the ‘background embedding’ ¢. Now for obtaining an effective four-
dimensional description of the massless modes one has to perform a Kaluza-Klein
reduction of these kinetic terms to four dimensions.

In the above analysis we have only discussed the kinetic terms arising from the
D-branes. In principal there are also additional potential terms arising from obstruc-
tions to deformations in the normal direction due to the neglected back-reaction to
geometry and due to higher order obstruction to the deformations [98,117]. As we
go along some of these potential terms are derived by means of supersymmetry.

4.5 Calabi-Yau orientifolds with D3-branes

Now we turn to the discussion of the low energy effective action of the massless
D3-brane spectrum. The first task is to derive the four-dimensional effective action
for the bosonic fields which are obtained by a normal coordinate expansion and a
subsequent Kaluza-Klein reduction of the Dirac-Born-Infeld action and the
Chern-Simons action (2.9)) or, as adequate for a stack of D3-branes, from the re-
duction of the non-Abelian generalized actions and (2.13). We identify the
bosonic components of the D3-brane ‘matter fields’. Finally the effective D3-brane
action is combined with the bulk and is cast into the standard N' = 1 supergravity
form introduced in section E.2
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4.5.1 Bosonic D3-brane action

The bosonic D3-brane action consists of the Dirac-Born-Infeld action and the Chern-
Simons action. First the terms resulting from the Dirac-Born-Infeld action are
discussed. For simplicity we start with the Abelian action and then include
the modifications which are necessary to implement the non-Abelian nature of a
stack of D3-branes.

In order to derive the kinetic terms resulting from the action we first need
to evaluate the pullback of the metric and of the anti-symmetric two-tensor B
to the worldvolume W of the D3-brane in a way that captures the dynamics of the
D3-brane. This is achieved by the normal coordinate expansion of section [£.4] with
the technical details collected in appendix[A.8 Here we apply the pullback formulae
to the metric and to the two-form field B which yield up to second
order in derivatived?]
0 g0 = Ndatdz” + Gy, D, ¢" D¢ " datda” + ...,

4.20
¢*B = B,,,D,¢"D,¢"datda” + ... . (420)

Note that in this expansion many terms of the formulae (A.76]) and (A.77)) do not
appear due to the product ansatz (4.9) and due to the form of the expansion of the

B field according to (4.10)).

The next task is to expand the square root of the determinant in the Dirac-Born-
Infeld action (2.6) by using the Taylor series

det (A + tB)
vdet A

Here according to (4.20)) and ({2.6|) one sets
A = —Nuw B = _gmnDu¢mDV¢n - anD,u(meu(bn + KF}U/ 5 (422)

2
=1+ %tr%ll% + % [(tr%l*l%)2 —2tr (91*1%)2} e (421)

and by just keeping terms up to second order in derivatives one obtains the kinetic
terms for the D3-brane fields. However, before we perform this step let us comment
on the modifications necessary for a stack of D3-branes.

Instead of applying a normal coordinate expansion to the Abelian Dirac-Born-
Infeld action EI} the same techniques are adopted to the non-Abelian Dirac-Born-
Infeld action E[) The non-Abelian nature of the ¢ and F' are taken into account
by utilizing a non-Abelian Taylor expansion for the background fields [66, 77, 79],
which yields for the determinant of Q3 in the non-Abelian Dirac-Born-Infeld action

39, 51]

VAOQY = 14 6™ "1 0, B + gl "0 7]+ (4.23)

6By slight abuse of notation the worldvolume indices a, b of D3-brane are identified with the
indices pu, v of the space-time manifold.
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where ... denotes terms which vanish after taking the symmetrized trace in the
action |D Assembling all terms we arrive after Weyl-rescaling with (4.14]) at

the action in the four-dimensional Einstein frame [51]

E 4 36 02 —¢ "
3 MV AT 9 €¢ m. p q n
+ EgmnDu¢ DHFo™ + ngngpq (0™, ¢"][0%, 0" ) , (4.24)

where for the D3-brane coupling constant the BPS relation has been inserted.
The first term, not containing any derivatives, is the NS-NS tadpole of the stack
of D3-branes. As we will see in the next two paragraphs it is compensated in the
supersymmetric case due to the presence of O3-planes. Then there is the standard
kinetic term for the D3-brane fields ¢ and the kinetic term for the U (N) field strength
F. Finally there appear quartic couplings of ¢, which vanish in the Abelian limit of
a single D3-brane.

Our next task is to expand the non-Abelian Chern-Simons action for
which we need the pull-back formula and as before the non-Abelian nature
of the D3-brane fields with the symmetrized trace over appropriate non-commuting
quantities must be taken into accountﬁ Altogether this yields the expanded Chern-
Simons action in the four-dimensional Einstein frame [39]

36
SEs :,u3/d4§ —detn tr <ﬁ1>

+Z tr (¢ Duqb)wamnda:“/\dD(Q)jLT Ltr (FNF) .

(4.25)

The first term in (4.25)) requires some further explanation. Recall that the presence
of localized sources such as D3-branes actually requires a modification of the metric
ansatz by including a non-trivial warp factor (A.55)). This warped ansatz is
valid if the tadpole cancellation conditions of section are fulfilled [17]. However,
as argued in appendix in the large radius limit the warp factor approaches 1.
But the analysis of the warped compactification tells us that for a consistent setup
the appearance of the warp factor requires the simultaneous introduction of a flux
parameter « for the self-dual five-form field strength G® as stated in eq. .
This parameter enter also in the effective D3-brane action via the RR couplings
in the Chern-Simons action . In the large radius regime a becomes constant
according to and generates the first term in as a remnant of the warped
ansatz ((A.55)).

"The non-Abelian enhancement of Ex;n = g10px + By to Py as defined in eq. (2.12)) does
not give a contribution at the order considered in this expansion.
8c.f. section
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Now we can combine the Dirac-Born Infeld action (4.24]) and the Chern-Simons
action (4.25]) to arrive at

I e
S == B [ diey/=detne e P F, + B [ 1w (FAF)

+ 13 / d*+/—detn tr (% gmanmeﬁ)

M3 m n o
+ vy tr (¢"'Dyo") Wa mn dz A dDfy,

(4.26)

¢
—,ug/d4§ —detn tr (% gmngpq[¢ma¢p][¢q,¢n]> :

Note that the tadpole terms in and exactly cancel each other as a
consequence of expanding around a consistent background. The computed action
for a stack of N D3-branes contains the standard kinetic term and ©-angle
term for U(NV) field strength F'. The next terms is the kinetic term for the six real
scalar matter fields ¢™ transforming in the adjoint representation of U(NN). These
matter fields couple to the bulk RR two-form D(Q) and appear in the non-Abelian
quartic couplings.

4.5.2 Bosonic D3-brane action in chiral coordinates

Since the ¢™ are the scalar components of the N' = 1 chiral multiplets given in
Table they have to combine to complex variables. Then we also need to rewrite
the action in terms of these complex fields. Or in other words we have to
find the complex structure compatible with A/ = 1 supersymmetry. From the action
(4.26)) we see that the o-model metric of the ¢™ coincides with the Calabi-Yau metric
gmn- Thus a natural guess is to choose the complex structure J of Y also as the
complex structure for the o-model metric of the low energy effective action. For
fixed complex structure we just rewrite all equations in terms of complex indices,
i.e. we choose a basis in which the complex structure J is block diagonal

J = (*il _ﬂ) . (4.27)

Including the complex structure deformations to lowest order we have to perturb J
according to [118]

+11 Z&pa . i ikl
Z%0q —il) with Yaz = HQHQ 0 Xakly > (4.28)

T(z) =T +06J(z) = (

where @; is an element of H} (Y, TY) related to the basis elements x; of H @, 1)(Y)
defined in Table [4.1]
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As we perturb the complex structure J to J the eigenvectors of J are also
modified. To first order the perturbed eigenvectors read

(@ - (—%zq; a¢) ’ (2@) - (ézf ‘“5) : (4.29)

with ¢ a vector of TH?Y and ¢ a vector of TOVY with respect to the fixed complex
structure J. Furthermore p; maps a tangent vector of type (0, 1) to a tangent vector
of type (1,0) and g vice versa. Hence the complex structure deformations act (up
to first order) on the total vector ¢"0, = ¢'0; + (576?]— in component notation as

. A T R
o' = o'+ 5 0as & =& =57 0 (4.30)

Now we are ready to rewrite the action in terms of the complex fields
¢' and simultaneously include the complex structure deformations 2% up to linear
order. For the kinetic term of the ‘matter fields’ ¢ the target-space metric g,
and the fields ¢™ need to be expressed in terms of complex coordinates. Then the
complex structure deformations 2% are included to linear order by perturbing the
metric g;; with eq. and by substituting the complex ‘matter fields’ ¢' by
eq. (4.30). Altogether these steps amount to [39)]

1 iy 77 .- iy 77
égmnDu¢mDu¢n - gijDu¢2DM¢] =~ (x)wa ijDu¢ DMW ) (431>
where in the last step we also used g;; = —iv*(2)wq ;. The covariant derivatives are
defined as
i i 0 a il 17 5 Vo aio g
D,¢' =Duo" + 50;/5 (Xa)z¢l ) D¢’ = D¢’ — 58#2 (Xa)] ¢, (4.32)

and hence introduce additional (derivative) couplings to the complex structure de-
formations z% Note that the definition of the covariant derivative D contains both
a connection of the gauge group U(N) and the newly added connection to include
complex structure fluctuations z°.

Similarly, the derivative couplings of ¢ to the bulk RR two-forms D?‘Q) are mod-
ified accordingly
tr (" Dy¢") Wamn Az’ A dDGy) — tr (¢'Dud’ — ’Dyd’) wa i3 dat A dDfyy ,  (4.33)
whence there also appear couplings between complex structure deformations 2%, the
‘matter fields’ ¢ and the RR two-forms DE’Q).

The final chore is to express the non-Abelian quartic terms in the action (4.26))
in terms of complex chiral variables

gm”gPQ[¢m7 ¢p] [qbqv ¢n] - 2gijgkf[¢i7 ¢k] [¢l7 (5]_] + 2gijng[¢k7 Q_sj] [¢17 Q_ﬁl_] . (434>
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Note that we have not included any dependence on the complex structure in this
expression, simply because we have performed the Kaluza-Klein reduction only to
fourth order in ¢, which are considered to be small. Due to the linear approximation
of the complex structure deformations in eq. , 2% is also taken to be small and
hence the inclusion of the complex structure in the quartic terms would not be
consistent with the order of the Kaluza-Klein reduction.

Finally, substituting egs. (4.31]) and (4.34)) into the D3-brane action (4.26|) yields
in terms of the complex fields ¢’ and the complex structure deformations z%

EQ 62
SEOS:—'M?T d4§\/—detne_¢trF“”FW—|—ugT [ tr(FAF)

+u3/d4§ —detn tr <% V¥ Wq iﬂ%(bil)“(ﬁ]) (4.35)

+% tr (6D — FDud’) wayyda? A dDY,

¢ . P B
[ atey/=dot e |55 (asaale’ 4161 71 + g, et 1) |

Now this action has to be added to the democratic bulk action (4.3) and in order
to obtain a conventional effective action the duality conditions (4.2) must be im-
posed to eliminate redundant degrees of freedoms. This is achieved by applying the

techniques described in appendix |A.9| to the two-forms I, &2 and D(°‘2) succinctly.

The resulting low energy effective action is reads [39]

1 B N
53 — 2_/@21 / [— x4 R+ 2G;dz A s, dz0 + 2G opdv™ A x,dv”
2

1 1 ¢
+ 5d( k) A xed(InK) + 56 A wad + %dl A sqdl

12i . —
+ %Fui,ug VWq i tr DY A %4D¢’

+ 26 Gopdb® A #4db” + 26 Gp (dc® — 1db™) A %4 (dc” — D)
9 - R
+ 2—IC2GO‘5 (dpa — Kopec®db® + ,ug,,'ff1 We iz tr ((b]DqSZ — qﬁngbj)) A
%y (dpg - ngabc“dbb + uglii Wa i7 tT (gz_ﬁngbi — QSZDQ_SJ_))
+ K2zl e tr F A sy F + k2 uslP ltr FAF

1 : ; 1 : ;
+ 5 (M M) gV A xgdVP 4 S (Re M) 5 5d V7 A dVE

362150? T -
o g (gmgkl—[(bqu’“nqﬁl,qsf]+gugkl—[¢>’“,¢f][¢a¢l])] o 430)

Note that the D3-brane action (4.35) contains a coupling to the space-time two-
forms Dé). Eliminating these two-forms amounts to a shift of the derivative of the
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dual scalars p, according to

Oupa — Oupa + [3K2 We g tr (éjDuqﬁi — qSiDM(Ej) ) (4.37)
This modification to the derivatives 0,p, was also introduced in ref. [32], where it
was argued to emerge from a modified five-form Bianchi identity due to the source
terms of the charged D3-branes. In our analysis the enhancement of these derivatives
arise naturally from RR couplings of the Chern-Simons action ([2.13)) to the space-

time two-forms Df‘?). Furthermore, here the modification also includes couplings to
the complex structure deformations.

4.5.3 N =1 supergravity description

In the previous section the derivation of the effective action for the D3-branes in
Calabi-Yau orientifolds is sketched. The resulting four-dimensional bosonic low en-
ergy effective supergravity action is recorded in eq. . From the general consid-
eration about supersymmetry in chapter [2] we already know that the derived action
exhibits A = 1 supersymmetry, and therefore it must be possible to cast the action
into the standard N' = 1 supergravity form reviewed in section [4.2]

In order to specify the Kahler potential in the standard form, we must first
identify the correct Kahler variables, which are the lowest components in the N' = 1
chiral multiplets. Then in terms of these variables the metric of the scalar fields in
becomes manifest Kahler. Geometrically this step corresponds to identifying
the correct complex structure of the Kahler manifold, which is the target space of the
scalar fields. We know already that the metric G;; of the complex structure moduli
fields 2% defined in ([A.67) is Kahler [113], and thus the complex scalar fields 2z are
good Kahler coordinates. As analyzed in section the fields ¢° also serve as
Kahler coordinates. For the remaining fields it is not so obvious how they combine
to Kéhler variables. However, guided by refs. [21,48,119] altogether the set of chiral
fields turn out to be 7, G%, T,,, 2% and ¢*, where 7, G* and T, are defined as

T:l+ie_¢a Ga:ca_Tba’
31 c (Vi iza-J
T, = 92 (Pa = 3KabecV + pakiwa iy tr &' (¢ — §2°0a1¢")) (4.38)
3 3i =
—ICa_—ICach G-G)°.
* 4 At —7T) b )

In terms of these Kahler coordinates the Kéhler potential for the supergravity

action (4.36) is found to be
K(1,G,T,2,¢) = Kcs(z) —In[—i(7 — 7)] = 2In [4K(7, G, T, ¢, 2)] . (4.39)

Here K = Kagvvavﬁ v7 is proportional to the volume of the internal Calabi-Yau space
and Kcg(z) is the Kahler potential for the complex structure deformations [113]

Kcg(z,2) = —In (—i/yQ(z) A Q(z)) . (4.40)

o6



CHAPTER 4. EFFECTIVE SUPERGRAVITY ACTION

The Kéahler potential reproduces all the kinetic terms of . However, it
is given as an implicit expression since K is explicitly only known in terms of v®
which are no Kéhler coordinates. Instead they are determined in terms of 7, G, T,,
2% and ¢' by solving for v*(7, G%, T,, ¢"). Unfortunately, this solution cannot
be given explicitly in general.

Note that the definition of the Kahler variables strongly resembles those specified
in ref. [21] for the pure bulk theory. The new feature due to the presence of the stack
of D3-branes is the modification of the definition of the Kahler variables T}, by the
D3-brane ‘matter fields’ ¢¢. This adjustment is due to the fact that the D3-branes
couple to the RR four-form C®, which in the expansion (4.12)) gives rise to the
four-dimensional scalar fields p, and their dual two-form fields Dé). Hence, after
eliminating the two-forms Df,, the scalar fields p, are shifted according to ,
which is reflected in the definition of the chiral variables T,.

In order to gain further insight into the implicit definition of the Kahler potential
(4.39) let us consider a simple model with a single (radial) Kahler modulus v!(x).
Then one has K = K111 (v!)? and eq. (4.38)) can be solved explicitly, namely

2 _ _ _
2K =32 | Ty + T + Kia(G* — G*)(G® — G*)

3i
AT —T)

: i 3 =a =7 i
+ 31#3&)1 ijtl"(¢ ¢]) +ZM3 (w1 77 p&g tr(¢ ¢l> -+ hC) . (441)

Note that in this case for frozen complex structure moduli fields 2% the Kihler poten-
tial is of the sequestered form, which means that IC splits into a sum K(7, G, T, ¢) =
Khidden (T, G, T) + Kons(¢) [120], where Kpiggen depends only on the hidden sector
fields whereas K55 on the observable fields. Moreover, for vanishing couplings G* a
similar structure of the Kahler potential has been suggested in ref. [60, 111].

The kinetic terms for the A/ = 1 vector multiplets are governed by the holomor-
phic gauge kinetic coupling functions. From the action we can read off the
gauge kinetic functions for the bulk vector fields V¢ arising form the expansion of
the bulk RR four-form . Their gauge kinetic coupling matrix f,; is given by

fap = —5Map : (4.42)

P :ZB =0

Here M denotes the V' = 2 gauge kinetic matrix defined in (A.72). Due to the fact
that the subset 2% of bulk complex structure deformations of Calabi-Yau manifolds
is projected out by the orientifold involution o, it is necessary to evaluate in the
N =1 orientifold context the matrix M at z* = z% = 0. The coupling matrix does
not depend on the D3-brane ‘matter fields’ ¢* and appears already in this form in the
Calabi-Yau orientifold compactifications. In ref. [21] it is demonstrated that
is indeed a holomorphic matrix depending on the complex Kahler coordinates 2.
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The holomorphic coupling constant for the four-dimensional U(N) gauge boson
arising from the U(N) gauge theory of the stack of D3-branes can be read off from
the action (4.26))

fP% = —ikjusl?r . (4.43)

Note that due to (2.10) the proportionality constant p3¢* is dimensionless. Further-
more recall that for a stack of N D3-branes the ‘matter fields’ ¢* transform in the
adjoint representation of U(N) and hence gives rise to a D-term potential. Using

(4.6) one determines
61 R
D=~ o, of6r, 3. (4.44)

According to eq. this D-term gives rise to a non-Abelian scalar potential, which,
after using the Jacobi identity, can be identified with some of the quartic couplings
in the action (4.26). The remaining quartic terms are traced back to F-terms, which
appear from the non-Abelian superpotential

25} i ]
W(9) = 7 Qutré Pk (4.45)
This superpotential can be checked explicitly by computing the scalar potential
via (4.5). Instead of going through this computation we explicitly rederive this
superpotential in section [5.1.3] and in section [5.3 by two independent methods.

4.6 Calabi-Yau orientifolds with D7-branes

The derivation of the bosonic D7-brane action proceeds in the same spirit as the
computation of the bosonic D3-brane action discussed in section 4.5l The worldvol-
ume of a space-time filling D3-branes appeared as a point in the compactification
space Y, whereas the space-time filling D7-brane wraps a non-trivial four-cycle S*
in the internal Calabi-Yau space Y, i.e. the worldvolume of the D7-brane is given
by W = R*! x S For simplicity in section we concentrate on the compu-
tation of the effective action of single D7-brane and as a consequence need not to
expand the complicated non-Abelian D-brane actions described in section [2.3.2] In
section we specify for the computed action the defining data of the underly-
ing N’ = 1 supergravity theory, and finally apply our results to simple examples in

section A.6.3]

4.6.1 Bosonic D7-brane and bulk action

The first task is the reduction of the bosonic part of the Abelian Dirac-Born-Infeld
action ([2.6) for the space-time filling D7-brane. Analogously to the D3-branes in

order to obtain the effective four-dimensional fields describing the fluctuations of the
internal cycle S* in the compactified six dimensions, we perform a normal coordinate
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CHAPTER 4. EFFECTIVE SUPERGRAVITY ACTION

expansion of the pullback metric ©*g10 and the pullback two form ©* B as described
in appendlxm Applying (A.76|) and ( - to the metric and the two-from B

respectively we obtain up to second order in the ﬂuctuatlons Q in the string frame

0 g10 = Ny dztdz” + 2,5 dyidgj +2G;; 0 Qié?yfj dztdz” + ... ,

(4.46)
©*B =b"1*w, + bi; 9,('0,(7 datda” + .

Note that ¢ and ¢ are vector fields in the normal bundle NS* and give rise to
the massless D7-brane ‘matter fields’. Now we insert eq. into the Dirac-Born-
Infeld action and expand the spare root of the determinant with the Taylor
series . This yields the effective four dimensional action of the Dirac-Born-
Infeld Lagrangian for the massless bosonic Kaluza-Klein modes in Table 3.3 The
next task is to insert the BPS calibration condition and to rescale the resulting
action to the four-dimensional Einstein frame with (4.14)). Then one obtains

1 12 -
Sbet =M7£2/ {1 (Ka — e PKaapb®") F A 54 F + EiCijvo‘daI A *4daJ}
18

+u7/ |:1[’AB (6 -G bbabb) dCA N *4dCB ’C2 ( ¢ICA - /CAabbabb) :| ,
(4.47)
with
L:AB _ fsA '§A A fNB
Jyand (4.48)

C”:/ L*wa/\Al/\flj.
SA

The details of the derivation of are presented in ref. [40]. The first term in
is the kinetic term of the field strength F' of the U(1) gauge boson arising
from the gauge theory of the space-time filling part of the worldvolume W of the
D7-brane. The next two terms are the kinetic terms for the Wilson line moduli of
the D7-brane and the matter fields (see (3.40)). Finally the last term is a potential
term, which arises from the NS-NS tadpole of the D7-brane discussed in section|3.3.2]
Note that it is proportional to the inverse square of the gauge coupling and thus can
be identified as a D-term potential. In supersymmetric configurations this tadpole
term is canceled by the negative tension contributed from the orientifold planes.

The next step is to describe the couplings of the D7-brane fields to the bulk
RR fields as captured in the Chern-Simons action (2.9) for the D7-brane. The
normal coordinate expansion ({A.77) applied to the anti-symmetric pullback tensors
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of (2.9) the four-dimensional effective Chern-Simons action

Scs = / (;1 (&2 ) + LK oped (D, bbbc)> ALg (dgAEB . d§B¢A>
— M7€2/ % (daIaJ dC_LjCL[) + d (6&? — ICabPD )b ) A A]
+ prl? / 3 (pa — Kaac0" + 2Kaab0’l) F A F (4.49)

Again the details of this computation are assembled in refs. [40,64]. However, there
is one aspect which should be pointed out. In the derivation of the Chern-Simons
action there seem to appear couplings between the field strength F' and the field
strength of the bulk vector fields V¢ and Uy, which appear in the reduction as
integrals of the general form

/SA NG, (4.50)

where 7 is a generic closed Calabi-Yau three-form and 6 a generic closed one-form
of S*. However, all these integrals vanish [64], because there are no harmonic one-
forms in the ambient Calabi-Yau manifold Y.

The four-dimensional Chern-Simons action contains the topological Yang-
Mills term F' A F', with a field dependent ©-angle, which due to supersymmetry
must eventually be given as the imaginary part of the holomorphic gauge coupling
function. All the other terms in (4.49)) involve the space-time two-forms (@, &2
or D), resulting from the expansion of the ten-dimensional RR fields . The
third term in is known as a Green-Schwarz term in that, after integrating by
parts, the U(1) field strength F couples linearly to the space-time two-forms &2
and D(g)

The final chore is now to add the D7-brane action and to the bulk
orientifold action (4.15). This yields the four-dimensional effective action of the
orientifold bulk theory combined with a D7-brane. However, the obtained action
is still in the democratic formulation introduced in section £.3.2l Therefore the
equations of motion resulting from this action must be supplemented by the four-
dimensional analog of the duality conditions . In order to obtain a conventional
action, that is an action which does not contain the fields and their dual fields
simultaneously, the redundant degrees of freedom must be removed. This is again
achieved by applying the dualization procedure outlined in appendix (A.9) succinctly
to the dual pairs (I, 1), (&5, ¢*), (D, pa) and (Us, V4). In order to obtain a four-
dimensional effective action in terms of chiral multiplets we choose to eliminate the
space-time two-forms [(2), 5((12), Dé) and the vectors Uy in favor of their dual scalars
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and vectors V¢. The resulting four-dimensional effective bosonic action reads [40]

1 ~ ~
857 :ﬁ/ |:—R *gq 1+ QQ&EdZCL VAN *4d2b + 2Gaﬁdﬂa N *4dU'B
4

1 1
+ 5d(ln IC) A %4d(In ) + 546 A xadg + 262 Glapdb® A *4db”

=24 .
+ QiffimﬁAg (e¢ + 4Gabb“bb) d(A A #4dCP + Emimézicgvadw A *4daz
2¢

+ S (A L4 (4P — AP ) A
4 (Al + WL ap (ACACE — acPe))
+ 2% Gl <Vc“ b — K2ugboL g <d§A§B . dEBQ"A» A
*y (Vcb 1AW — k2L (chéé . df%"‘))
+ Q%QGW <Vpa — Kopee?db® — L2 11KV L o5 (chEB _ d&BcA)
—|—2/fi,u7€2€éj (arday — &jda1)> A
1 (Vs = Kane b = SidpurKnd 0L 45 (dCHCH — alPc?)
+2k20:0CY (arday — a jda,)>
+ kil (3Kn — 267 napb®0’) F A 5y F
+ /ii,u%Q (pA — Kpap* B + %/CAabb“bbl) FAF

1 & 3 1 & 3
+§(ImM)d3dV A*4dVﬁ+§(ReM)dBdV /\dvﬁ} . (4.51)

As observed before the Chern-Simons action (4.49)) contains also a Green-Schwarz
term involving the space-time two-forms 6332) and D(az). After removing these two-
forms in favor of their dual scalars these Green-Schwarz terms are responsible for
gauging an isometry of the Kahler target space manifold. Note that the bulk theory

has a set of global shift symmetries
= 40 Po = Pa + KeapeB0° . (4.52)

In the presence of a D7-brane wrapped on the cycle S* one of these symmetries
is gauged due to the dualization of the Green-Schwarz term [121]. Therefore the
action (4.51)) contains covariant derivatives for the charged fields ¢’ and p,, i.e.

Ve = 0,c" dat — 4RI HAASBA . Vpy = Opupa dat — AR2 U pb" A . (4.53)

In the next section we further examine the relevance of these gauge covariant deriva-
tives in the context of gauged isometries in N' = 1 supergravity.
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4.6.2 N =1 supergravity description

Just as in the case of the D3-brane Calabi-Yau orientifold compactifications we now
also want to describe the effective four-dimensional theory (4.51)) of the D7-brane
Calabi-Yau orientifold compactification in the AN/ = 1 supergravity language.

Similarly as in section the first task is to identify the complex structure of
the target space Kéhler manifold by specifying the set of Kéhler variables [21,40].
The result of this analysis shows that S, G%, Ty, 2%, (4 and a; are the appropriate
Kahler variables, where S, G*, T, are defined as

S =7— K LazCAC8 GY = * — 7b° (4.54)
3 o 3 3t ¢ Ac . ;o
T, = D) (Pa - %Kabccbb ) + ZICO‘ + m’cachb(G — G°) + ikt ?Cyl arayg

with 7 = [ + ie™®. Note, however, that 7 is not a Kahler variable anymore, but
instead is modified by the D7-brane ‘matter fields’ ¢4 to form the ‘new dilaton’ S,
which is a proper Kahler variable. The adjustment of the dilaton arises due to
the fact that the D7-brane worldvolume W couples via the ten-dimensional RR-
form C®, or equivalently to the space-time two-form {® dual to the axion [ in the
four-dimensional theory.

In terms of these Kéhler coordinates the Kahler potential for the low energy
effective supergravity action is found to be [40]

K(S,G,T,z,(,a) = Kcg(z) —In [—z’ (S — S’) — 2i/<aiu7£ABCAEB]
—2In [1K(S,G,T,¢,a)] , (4.55)

where Kcs(2) is the Kéhler potential of the complex structure moduli 2% defined in
eq. . As in the case of the D3-brane Calabi-Yau orientifold compactifications
it is in general not possible to express the Kahler potential explicitly in terms of
the Kahler variables. Instead K = K,g,0"0 0" is implicitly given in terms of the
Kaluza-Klein variables v®(S, G, T, ¢, a) as a function of S, G¢, Ty, ¢* and a; [21,39,
40,48,119]. However, in section we give two examples for a specific orientifold
compactification where the Kahler potential can be stated explicitly in terms of the
chiral variables.

The final chore in describing the effective theory in terms of the N' =
1 supergravity data is to specify the gauge sector. The gauge kinetic coupling
functions of the bulk vector fields are not effected by the presence of the D7-brane,
and their holomorphic coupling constant is still given in terms of the gauge kinetic
coupling matrix (4.42]). Therefore we turn now to the discussion of the gauge kinetic
coupling function of the U(1) D7-brane gauge boson. If the D7-brane has no Wilson
line moduli a;, we readily extract from the action (4.51)) using the coupling
function
2R3l

D7
/ 3

Ty (4.56)
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which is clearly holomorphic in the chiral fields. As expected the gauge coupling of
the D7-brane is not the dilaton but the modulus controlling the size of the wrapped
four-cycle [122]. If, however, the internal brane cycle S* has one-forms, which give
rise to Wilson line moduli a;, the reduction of the D7-brane action does not
reproduce the Wilson line term in the gauge kinetic coupling function which
appears in the definition of T . This mismatch has already been observed
in [123]. The reason for this seeming discrepancy is due to the fact, that the Dirac-
Born-Infeld action is only an effective description comprising the open string tree
level amplitudes [124]. Using a CFT approach, the open string one loop amplitudes
for toroidal orientifolds with branes are computed in ref. [124], and the analysis
shows that the missing quadratic Wilson line terms in the gauge kinetic coupling
function of the D7-brane vector fields do indeed appear at the open string one loop
level. In our case, we also expect that the coupling function is corrected in
the presence of Wilson line moduli, and that the missing terms are also generated
at the one loop level of open string amplitudes.

We have seen that in the action there appear also charged scalar fields
with respect to the U(1) gauge theory localized on the D7-brane. In terms the
corresponding charged Kéhler variable is GP. Recall that this complex scalar arises
from the Kaluza-Klein reduction along the (1, 1)-form wp which is dual to the four-
cycle S” in Table . By assembling the derivatives the gauge covariant
derivative of chiral variable G¥ becomes

V.G =0,G" — 4rjulA, . (4.57)

Hence the holomorphic Killing vector of the associated gauged isometry is easily
determined to be

X = 4r3 0P . (4.58)
Gauged isometries in N/ = 1 supergravity theories give rise to D-terms according to
(4.6). Here the gauged shift symmetry generates the D-term

12217 12k2 107
D:%Kpab“:%/s JAB, (4.59)
P

which can either be expressed in terms of Kp, or in terms of the integral repre-
sentation over the four-cycle S*. Finally this D-term induces the D-term scalar

potential Vp according to eq. (4.5)

108K}z
a ]C2 Re TA
Note that Vp is minimized for 6* = 0 where the D-term and Vp itself vanish and

hence where one obtains a supersymmetric ground state.

Note that we have recovered the D-term, which we have derived in eq. (3.30))
by analyzing the D7-brane calibration conditions. The supergravity analysis, how-
ever, has also specified the field dependent proportionality constant in the expres-
sion ((3.30)).

Vo (Kpab®)® . (4.60)
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4.6.3 Instructive examples

In order to shed some more light on the structure of the implicitly defined Kahler po-
tential we consider as a simple example a Calabi-Yau orientifold with hi’l =1,
i.e. we have a single harmonic two-form w, with positive parity under the involu-
tion o. By Poincaré duality we associate to wy the four-cycle S*. Let us further
assume that this cycle S* is suitable to wrap a D7-brane. Then with a D7-brane
wrapped on S* we obtain a model with Kahler variables S, G, ¢4, a; and a single
Ty. This implies that K = Kaaa(v™)?, and thus can be solved for v, i.e.

31K pae (GO — GOY(GE — G°)

2In K = 31n [Ty + Ty — 5 <
n n (LA A 4(5 _ S 2/@21”7£ABCACB)

— 6i/<;iu7€2Cf\JafdJ} + const .

(4.61)
This expression is further simplified if there are no chiral multiplets G* and ay,
namely

K(S,Th, 2 ¢) = Kos(2) = 31n [Ty + Ta] = In |1 (S = §) + 2ikdpur LapC 07
(4.62)
The Kahler metric resulting from this Kahler potential is block diagonal in the
modulus T and the brane fluctuations {. This particular feature of the Kéhler

potential was already anticipated for D7-brane models in ref. [123], although we
stress that it does not hold in the general case (4.55)).

As a second limit of we consider the case k"' = 0 and hi’l = 3 with a
suitable four-cycle S* wrapped by a D7-brane. Then the Kihler variables of this
example are S, T,,, 2%, ¢ and a; with o = A, 1,2. Moreover we suppose in analogy
to the six dimensional torus that C’/{J = 0 and that K12 is up to permutations the
only non-vanishing triple intersection number, i.e. K = 6/Ca120*v™ 0%, Then as in the
previous example we can specify v*(S,T,,(,a) explicitly and the Kéhler potential

(4.55) becomes
Ja&Z@Q@:K@@anPWS—@+m@mgmﬁﬁﬂ+mpk+ﬁ]
+1In [Tl + Ty — 6iffi,u7€2C{jaI&j] +1In [Tg + Ty — 6i/<aiu7€2C2IjaIc_Lj} . (4.63)

We can expand this Kahler potential up to second order in the D7-brane fields ¢
and a, and obtain

K(S,Ty,2,¢,a) = Kes(2) —In [-i (S = 8)] + Y In(T.+7T.)
a=A,1,2
N KitrLap CATE Biripr*Ci” P Biripr*Cy’
S—5 T+T Y D+
This expansion agrees with the result of ref. [37], where the Ké&hler potential of a
certain toroidal orientifold was derived to second order in the brane fields ¢4 and
the Wilson line moduli a; by computing string scattering amplitudes.

a]C_Lj . (464)
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4.7 Discussion

The computed Kahler potentials is the main result in this chapter. We observe that
the structure of the Kahler potential has in all cases the generic form

K =—1n {—i/yQ A Q} —In[-i(r — 7)] — 2Invol(Y) , (4.65)

independently of the presence of D3- and/or D7-branes. However, the non-trivial
task for a specific setup is to determine the Kahler coordinates and their precise
relation to the holomorphic three-form €, to the dilation 7 and to the volume vol(Y').

The appearance of this generic Kahler potential can be justified by the following
argument. Let us assume that the theory also has a superpotential W. The kind
of superpotential we have in mind is linear in ) and is expressed as an integral
over the internal space. These are the kind of superpotentials we encounter in the
next chapter. By supersymmetry we already know from eq. that the gravitino
mass in the presence of a superpotential has the form mg/, ~ eX/21/. On the other
hand such a four-dimensional mass term can only arise from the kinetic term of
the ten-dimensional gravitino. The reduction of the ten-dimensional gravitino term,
however, generates schematically the four-dimensional gravitino mass term

09/2

vol(Y)y /=1 [, QA Q

In the ten-dimensional string frame the kinetic term of the gravitino comes with a
factor of e=2% since it is a closed string tree-level amplitude. Rescaling to the ten-
dimensional Einstein frame yields a factor of €°/??, and hence altogether we obtain in
the Einstein frame the dilaton factor e?/2. Compactifying the ten-dimensional theory
to four dimensions we integrate out the internal space and obtain the volume factor
vol(Y). However, we need to Weyl rescale again to the four-dimensional Einstein
frame which according to gives rise to an extra factor vol(Y)~2. Once again
Weyl rescaling explains the overall volume factor of vol(Y)~!. The dependence on
() is not so obvious. However, in the analysis we have implicitly assumed that
W does not contribute to all these rescalings. But this is not quite true since

W depends linearly on €, and hence W/y/—i [ Q A () is really the quantity which
does not participate in the rescaling. Therefore we also need to include the factor

1/y/—1[QA Q in the gravitino mass term. This motivates the appearance of all

the factors in eq. (4.66) and hence due to mg/, ~ ef/21V also the generic form of
the Kéhler potential (4.65]).

Note that we have discussed the Kahler potentials in the lowest order in o/
and have not included any quantum corrections. Thus including these effects one
definitely expects further adjustments to the Kéhler potential in eq. (4.65)).
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Chapter 5

Background fluxes and
supersymmetry breaking

Up to now we have analyzed D-branes in Calabi-Yau orientifolds which yield a N = 1
supergravity description in the effective four-dimensional low-energy regime. The
computed effective actions describe the low energy dynamics of the massless bulk
moduli fields and the massless D-brane ‘matter fields’. These models introduced in
the previous chapter serve as the basic ingredients to engineer more general config-
urations, which ultimately lead to standard model like gauge groups.

However, for phenomenological viable setups eventually mechanisms for super-
symmetry breaking at low energy scales must be employed and in addition the
neutral bulk moduli fields need to be stabilized. The introduction of background
fluxes provides generically for both features [17,29,31,41-49,57,58]. Hence in this
chapter we add non-trivial fluxes to the previous analysis and discuss their relevance
for supersymmetry breaking.

First of all in section we turn on bulk background fluxes and analyze their
implications for D3-branes in Calabi-Yau orientifolds. In particular we compute
flux-induced soft-terms which in the limit were gravity is decoupled are phenomeno-
logical signatures for supersymmetry breaking. Complementary to the bulk back-
ground fluxes in section [5.2] we turn to the discussion of D7-brane fluxes in D7-brane
orientifold models. These fluxes are also capable to break supersymmetry and we
derive the corresponding D- and F-terms. Finally in section [5.3| we come back to the
general structure of D-brane superpotentials and their relation to the holomorphic
Chern-Simons theory of ref. [102].

5.1 D3-branes and bulk background fluxes

In this section we focus on spontaneous supersymmetry breaking due to non-trivial
bulk background fluxes in Calabi-Yau orientifolds with a stack of D3-branes. These
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background flux | eigenvalue | (p,q)-form | eigenvalue
G+ xGT = +iG Q 60 = —i
G- %G~ = —iG Xa *6Xa = T1Xa
G+ #6Gt = —iG Xa *6Xa = —1Xa
G- x6G™ = +iG™ 0 £60) = O

Table 5.1: Imaginary and anti-imaginary self-dual fluxes and forms

fluxes generate non-vanishing F-term expectation values which break the computed
N = 1 supergravity action of section spontaneously. Then in the limit where
gravity decouples, that is to say in the limit Mr(fl) — oo with the gravitino mass ms/,
fixed, the supergravity reduces to a globally supersymmetric effective field theory
for the D3-brane ‘matter fields’, which is then broken by flux-induced soft-terms
[125-127]. Decoupling gravity is interesting from a phenomenological point of view
as in this limit one makes contact with standard model like scenarios, in which
the soft-terms reveal the spontaneous supersymmetry breaking of the underlying
supergravity theory. As a matter of fact in the minimal supersymmetric standard
model the appearance of soft-terms is crucial in order to allow for the embedding of
the standard model in this supersymmetric extension [128].

5.1.1 Bulk background fluxes

In order to set the stage for the discussion of supersymmetry breaking in orientifold
theories with space-time filling D3-branes we first introduce three-form background
fluxes in the bulk theory. Along the lines of ref. [17] we define the combined three-
form flux G as

~ 3

G =FY — 7Hy , (5.1)

with 7 = [ +ie 2. Féz) is a non-trivial internal background flux for the field strength
F® = dC®, whereas Hg is a non-trivial internal background flux for the field
strength H = dB. In order to preserve four-dimensional Poincaré invariance only
background fluxes in the internal space are turned on. The equations of motions and
the Bianchi identities imply that Fég) and Hyg should be harmonic three-forms of the
Calabi-Yau manifold Y. Moreover, since C® and B have odd parity with respect
to the orientifold involution, the background flux G corresponds to an elements of
H?(Y).

As the internal Hodge-star operator #¢ of the internal six-dimensional space Y’
acting on three-forms squares to —1, the background fluxes G decompose into an

68



CHAPTER 5. BACKGROUND FLUXES AND SUPERSYMMETRY BREAKING

imaginary self-dual part G~ and an anti-imaginary self-dual part Gt according to
G=G"+G, xGF = FiG* . (5.2)

In Calabi-Yau threefolds the harmonic (p,3 — p)-forms are also eigenforms of the
Hodge-star operator # and are specified in Table E| Hence the background
fluxes G* can be expanded into appropriate three-forms [17,111]

é+=———i——(91+xg@%), Gt —

[, an (Qf + Xag‘“ig) , (5.3)

[ QAQ

with the inverse metric G% of (A.67) and with

I(z,7)= /YQ(Z) AG(T) | Za(z,2,7) = /YX@(Z,Z) AG(T) . (5.4)

In ten-dimensional type IIB supergravity the flux G enters in the effective action
written in the Einstein frame as [17]

1 ~ =
SfllauX = K%O e¢ G A *10G . (55)

The decomposition allows us to rewrite in terms of G*. Then the ten-
dimensional background flux term ([5.5)) corresponds in the four-dimensional effective
theory rescaled to the four-dimensional Einstein frame to the flux-induced scalar
potential V' given byf]

v—18e¢/é+/\*é+ (5.6)

=~z /., ¢GT . .

This expression can be further rewritten by expanding the flux Gt into appropri-
ate anti-imaginary self-dual three-forms of the Calabi-Yau according to the expan-
sion (5.3). Then in terms of the integral representations of the flux G the
four-dimensional scalar potential becomes [17,21,46,48,111]

V =eK (|Iy2 +gab Igjg) . (5.7)

In N = 1 string compactifications with background fluxes, such as orientifold
compactifications, this scalar potential ([5.7)) originates from the flux induced super-
potential [44, 46]

W(z,7) = /Y Q(2) AG(7) . (5.8)

IThe eigenvalue can readily be computed by acting with the definition of the Hodge-star oper-
ator *g on the local expression of a (p,3 — p)-form and by taking into account that the harmonic
forms in a Calabi-Yau threefold are always primitive.

2 Actually there arises an additional topological term ~ [ Hyg A Féz). Consistency requires this
term to be canceled by Wess-Zumino like couplings of localized sources as discussed in Sectionm
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For orientifold Calabi-Yau compactification with O3/O7-planes the Kéhler covariant
derivatives of the superpotential (5.8)) read [21,39]

DWW = %eqﬁf FiG bW . DaaW = 20G bW
(5.9)

D W = —2%W , DLW =1, .

The conditions for unbroken supersymmetry, namely DWW =0, imply Z = 7; =
W = 0. The relations Z = Z; = 0 are fulfilled for vanishing imaginary-anti-self-dual
fluxes G, that is for G* = 0, whereas W # 0 tells us that supersymmetry is broken
for non-vanishing imaginary-self-dual (0,3)-fluxes. In the context of Calabi-Yau
orientifolds with D3-branes we come back to a detailed discussion of supersymmetry
breaking in section [5.1.3}

5.1.2 Flux-induced D3-brane couplings

To examine the effect of the bulk background fluxes introduced in the previous sec-
tion, we first derive the flux induced couplings to the D3-brane ‘matter fields’. In the
presence of non-trivial background fluxes G the second term in the expansion (4.23)
couples to the background flux Hy, in (5.1) and yields in the non-Abelian Dirac-
Born-Infeld action (2.11) trilinear couplings to the ‘matter fields’ ¢™. Analogously
there is a contribution to these trilinear couplings i 1n the non-Abelian Chern-Simons
action ([2.13)) arising from the background flux F in . Altogether the flux-
induced trilinear terms in the effective D3-brane actlon become [39]

18
‘Strl Mux — M3 d4£ \ det K;Q ( mnp tr ¢n¢m¢p + h.c. ) . (51())

In the spirit of section we rewrite the trilinear terms in ¢" in terms of the
chiral variables ¢’. For fixed complex structure the trilinear coupling in (4.26) is
first rewritten with (5.3 as

G0 — g (P90 + T 00 90) - G

However, in order to obtain an expansion up to fourth order in ¢* and 2% we also need
to include the complex structure deformations 2% linearly. Together with (4.30])) and
(A.68)) one obtains up to linear order in the complex structure deformations z% [39]

SIS = (1 ka0 6
1

5.12)
3 o - (
o1 Xaiik ¢1¢J¢k — 5(1 + k{,Z + ki)?b)X& ik ' P*
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and with (5.11)) the trilinear couplings become linearly in the complex structure
deformations 2%

1 _ .
St = =5 [ dhev/=detn e’ (T(L+ kaz")u'd/ 6"

+3TaG% (1 + ko2’ + ke2®) g1 P P10" + h.c.) . (5.13)

where we inserted ([5.12)) into (5.11)).

Recall that in the computation of the D3-brane action the tadpole terms
in the Chern-Simons and the Dirac-Born-Infeld action canceled. This is the con-
sequence of expanding around a stable vacuum. However, if we want to include
imaginary-anti-self-dual fluxes G* into the analysis this cancellation does not occur
anymore. Instead one expects small deviations, which also depend on the ‘matter
fields” ¢*. In particular expanding these deviations to second order in ¢’ generates
flux-induced masses for some of the ‘matter fields’ ¢' [39,52]. Since these masses are
interlinked to the back-reaction of geometry, which is not captured in our derivation,
it is hard to derive their precise form from the Kaluza-Klein reduction. However,
instead of just relying on the bosonic fields, we can also determine the masses of the
fermionic superpartners and then try to gain further insight into the structure of
these bosonic masses by using supergravity methods. Therefore we now come to the

discussion of the fermionic effective action and address the supergravity analysis in
section [b. 1.5l

The kinetic terms and the interaction terms of the D3-brane fermions originate
from the supersymmetric version of the Dirac-Born-Infeld and the Chern-Simons
action discussed in section 2.3.3] The expansion of the super Dirac-Born-Infeld
action and super Chern-Simons action is now obtained by a normal
coordinate expansion of the D3-brane embedded into the ten-dimensional type I1B
superspace [105]. The non-Abelian version of the super Dirac-Born-Infeld and super
Chern-Simons action is not known yet. However, for a stack of N D3-branes one
can perform the normal coordinate expansion for the Abelian case and in a second
step adjust the expanded action to the non-Abelian U(N) case. Then this amounts
to rendering the resulting Lagrangian gauge invariant by including U(N) gauge
traces since the D3-brane fields transform in the adjoint representation of U(V).
In addition one expects the appearance of additional non-Abelian terms. Due to
the cyclic property of the gauge trace these extra terms, however, must contain
at least three (adjoint-valued) D3-brane fields. In this section we concentrate on
the derivation of the D3-brane fermionic kinetic terms and their background flux
induced masses. As all these terms are of second order in the D3-brane fields the
analysis is insensitive to this ambiguity arising at third order in the D3-brane fields.

The normal coordinate expansion for space-time filling D3-branes as described
above has been carried out in detail in ref. [50]. Here we use the result of this
computation for the bilinear fermionic D3-brane terms, which in the string frame
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reads

mnp

_— L N
Stom = 13 / d*¢/—det 7 tr (—%e¢@F“DM@+ 5701770 Im G ) . (5.14)

Here ©(¢) is the fermionic D3-brane fluctuation (3.36)) and the covariant derivative
D,, contains a spin connection and in the non-Abelian generalization also the gauge
connection of the U(N) gauge group.

In order to derive the kinetic terms for the fermionic fields x* and \ the expansion
(3.36) is inserted into the first term of eq. (5.14]). After Weyl rescaling to the four-

dimensional Einstein frame one arrives at

12 . :
SE = — s / d*¢y/—detn tr (i|NXi 2 (Ee¢) giX’ "V . '

—%|NA|2 (%eWZ) (AaﬂvuAJrAaﬂvuA)) . (5.15)

Now we compare these terms with the kinetic terms of their bosonic superpartners
¢ and A,. Due to N' = 1 supersymmetry the target-space Kahler metric is the
same for both the fermionic and the bosonic fields in the chiral multiplets (c.f.
and ) Similarly the real part of the gauge coupling constant appears as
the coefficient of the kinetic term for the field strength F' and for the gaugino .
Therefore supersymmetry allows us to determine the normalizations constants IV,

and N, from ([5.15)), namely
2 K
Ny = ée—w 7 Ny =/ Gle™™ (5.16)

With the normalization constants at hand it is now possible to derive the flux
induced fermionic masses. The relevant interaction term in (5.14) contains the
combinations G, which we expand according to eq. (5.3)). Then inserting ([3.36))

and (5.16)) into the second term of (5.14) we get the fermionic masses in the four-
dimensional Einstein frame [39]

SE . =— /d4§\/ — detn /2 <u3€2e¢f AN+ %Iagabgil‘ @ag X'+ h.c.>
(5.17)
These are the relevant fermionic couplings for the forthcoming soft-term supergravity
analysis carried out in section [5.1.3

5.1.3 Soft-terms in Calabi-Yau orientifolds with D3-branes

With the flux-induced scalar potential terms and the fermionic masses at hand we
can now compute the soft-terms resulting from the spontaneously broken supergrav-
ity theory by taking the decoupling limit of gravity MI(,4) — 00. The definition of
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soft-terms and their relation to spontaneously broken A/ = 1 supergravity theories
is reviewed in appendix together with the relevant formulae to carry out the
details of the following discussion.

In the case of Calabi-Yau orientifolds with space-time filling D3-branes the neu-
tral moduli fields are comprised of M? = (7,G?, T,, z%) whereas the charged fields
correspond to the D3-brane ‘matter fields’ ¢*. Then the first task in the soft-term
analysis is the expansion of the supergravity Kahler potential with respect to the
‘matter fields’ ¢'. The Kihler potential K (M, M) of the bulk moduli fields is sim-
ply given by the Kéahler potential of the orientifold bulk theory without space-time
filling D3-branes, i.e. K(T, G, T,z)=K(r,G,T,z,¢ = 0), which amounts to setting
¢ = 0 in the implicit definition of the Kahler coordinates .

The Kéhler potential K(7,G, T, z, ¢) expanded to second order in the D3-brane
‘matter fields’ ¢’ yields the moduli dependent second order coefficients Z;; and Hj;

Zi = —%U(X Waij » H;j = %UQ <Wa il @aé' + Wa il @ai) z* . (5.18)

The next task is to determine the quadratic and trilinear ‘supersymmetric cou-
plings’ y;; and Yy, of the effective superpotential Wt as given in (A.92)). This is
achieved by taking the decoupling limit M1g4) — 00, mg/p = const. of the scalar po-

tential of the supergravity action (4.36]) and the flux-induced trilinear terms (|5.13))
which yield

Veﬁ(¢7 &) = Vrﬁgss((b’ (5) + V:c(;ginear<¢7 é) + chgrti(:(qS? (5) ) (519)
with
].8,[1136(z> ~ .
eff _ a i k
‘/trilinear - 1C2 fy QA Q tr (I(l + ]{752 )Q'ij(b ¢]¢
+Iagaé(1 + k2t + %525)Xl~)ijqu_ﬁzq§j¢k + h~C~> ; (5.20)
~ 18us e?

Vitose = g tr (gl 0116, ) + gugulo, 216", 91)

As noted already in section there are also quadratic potential terms which,
however, are difficult to compute from the Kaluza-Klein reduction due to the ne-
glected back-reaction to geometry (c.f. [A.6)).

The first step is to analyze the quartic scalar potential VS .. With egs. (A.91)
and (A.92)) one observes that the quartic terms can only arise from the effective
D-term D and from the Yukawa couplings Yk in the effective superpotential weft,

and therefore the effective D-term can be computed with Z;; and becomes

e 61 « i 17
DH:—EQ/%e‘ﬁ/QU Wa iy @', @] , (5.21)
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where the real part of the gauge coupling function (4.43) is insertedﬂ Now it is
easy to see that the D-term gives rise to the second term in the quartic
effective potential . Therefore we can compute unambiguously the Yukawa
couplings Yjj, from the first term in VST .. After a view steps of algebra the
Yukawa couplings are found to be

3 A
njk = %eKﬂszk . (522)

In our case the quadratic term f;; in the effective superpotential Wett is most
directly determined from the fermionic masses since we have not obtained the
quadratic terms in the effective scalar potential (5.19). From the fermionic interac-

tion terms ([5.17)) one reads off
31,&3 2 ab 7 o
Hij = —TGK/zfag ’ <9¢z‘ Gas + 951 mﬁ) : (5.23)

Note that the p-term is proportional to the supersymmetry breaking flux parameter
7; and thus vanishes in the supersymmetric limit. On the other hand p;; is also
computed by , which consists of two distinct pieces. The first term propor-
tional to fi;; in survives in the supersymmetric limit while the second and
third term are proportional to mg/; and F! respectively, and hence vanish in the
supersymmetric limit. Thus p;; must arise from these latter terms in eq. (A.93)).
In other words the masses f;; are induced by a Giudice-Masiero mechanism [129].
We conclude that fi;; must vanish and using @D and we deduce that the
expansion of the supergravity superpotential @D becomes

W(r, z,¢) = W(r, 2)+ %Qljk tr o' pF (5.24)
This is the superpotential already anticipated at the end of section [£.5.3] Now,
with the precise form of the superpotential at hand one checks the p-term of
by employing the formula with (5.18). The other non-trivial check involves
the trilinear scalar potential couplings VI . Note that due to the presence of
both y;; and Y5, the effective superpotential WeT generates a mixed trilinear term,
which turns out to be the second term of Vit in proportional to Z;. These

rilinear
computations have been carried out in detail in ref. [39].

The final chore is to specify the soft-terms arising the bulk background fluxes
(5.4). The A-term ®a;;, is directly read off from the first term in the trilinear
scalar potential Vi = whereas the gaugino mass *mg is determined from the
fermionic interaction terms . On the other hand using the techniques reviewed
in appendix all soft-term can be derived by a supergravity analysis. This

computation is straight forward but tedious and is also carried out in detail in

3Since the ‘matter fields’ ¢' transform in the adjoint representation of U(N) there appears the

commutator in (5.21)).
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ref. [39]. In summary the soft-terms as determined by the supergravity computation
and by comparing with the effective action are found to be

Smij = %le s Saijk = ekﬂIY;jk s Sbi]‘ = VE)H” y Smg = —GK/2I . (525)

Note that the soft-terms *m;; and °b;; have not been obtained from the reduction
of the D3-brane action since the masses for the ‘matter scalars’ ¢ have not
been computed by the reduction of the D3-brane action due to the undetermined
quadratic terms in the effective scalar potential. Instead the soft-term supergravity
analysis sketched above determines these masses indirectly and as a consequence
the flux-induced masses for the ‘matter scalars’ ¢ should be

2 sb 2

— _ 7k = s
Mgcalariy = Yij » Mgcalari — Z it gg + Mz . (526)

5.1.4 Discussion

In section we have seen that the background fluxes naturally split according
to (5.2) into an imaginary self-dual piece G~ and into an imaginary anti-self-dual
piece G™.

In the derivation of the flux-induced terms in section [5.1.2] one notes that the
scalar potential and the computed fermionic terms only depend on the imaginary
anti-self-dual fluxes G* represented by the non-vanishing integrals Z and Z;. Hence
it is natural to expect that the impact of imaginary self-dual fluxes G~ is not so
severe. Indeed all the soft-terms and the p-term computed in section [5.1.3| vanish
for7 =17;=0.

According to Table [5.1] the imaginary self-dual fluxes are either (2,1)- or (0, 3)-
fluxes. For (2,1)-fluxes the N' = 1 effective supergravity theory is unbroken and
hence as a consequence in the limit MIS4) — 00, Mg/ = const the resulting global
supersymmetric theory is unbroken as well and thus exhibits no soft-terms. For
the (0, 3)-fluxes the flux-induced superpotential W is non-vanishing and therefore
supersymmetry is broken but is not communicated to the observable sector. This
property has been denoted by ‘no-scale supersymmetry breaking’ in refs. [130]. How-
ever, in this case higher order o and loop corrections potentially induce soft-terms,
which then spoil the ‘no-scale’ behavior.

Let us now discuss the imaginary anti-self-dual fluxes G*. According to Ta-
ble [5.1| these constitute the (1,2)- and (3, 0)-fluxes and result in non-vanishing flux
integrals Z and Z;. These flux integrals also break the low energy effective N' =1
supergravity action spontaneously and hence there appear soft-terms in the corre-
sponding global supersymmetric theory. The A-terms ®a;;, are proportional to the
Yukawa couplings Y;ji. The °b;; terms are not proportional to the p-term, which is
sometimes assumed in certain phenomenological models. However, more interest-
ing for phenomenological applications the soft scalar masses *m;; are universal, i.e.
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all soft scalar masses are equal after appropriately normalizing the corresponding
kinetic terms. The universality of the soft scalar masses is important in minimal su-
persymmetric standard model like scenarios as this property ensures that the strong
experimental bounds imposed on the appearance of flavor changing neutral currents
are respected [131].

To conclude this discussion we complete the analysis of scales started at the end
of section By turning on supersymmetry breaking bulk background fluxes the
supersymmetry breaking scale M, enters as a new mass scale. Since background
fluxes are quantized in units of 2w’ the three-form flux density scales as o//R3
in terms of the ‘radius’ R of the internal space [52]. The flux-density is also the
relevant quantity for appearing in D3-brane couplings since the stack of D3-branes
is localized at a point in the internal space and hence is sensitive to the flux den-
sity [52]. Therefore the relevant mass scale My, for supersymmetry breaking in
the observable sector also scales like o'/ R3. Since vo/ < R is required for the
compactification ansatz the hierarchy of scales is extended to

Msusy < MKK < Ms < MIE4) . (527)

This result is rather remarkable. It shows that if the overall volume is stabilized
in the large radius regime the Kaluza-Klein reduction is valid and in addition the
setup allows for supersymmetry breaking at small scales. On the other hand it also
justifies in retrospect the Kaluza-Klein ansatz for the analysis of soft-terms while
neglecting all the massive Kaluza-Klein modes.

5.2 D7-branes with internal D7-brane fluxes

In the presence of space-time filling D7-branes it is also possible to turn on back-
ground fluxes on the internal cycle of the worldvolume which are introduced in sec-
tion[5.2.1] These fluxes generate D- and F-terms (c.f. section and section[5.2.3),
which analogously to bulk background fluxes can also break supersymmetry spon-
taneously. But, moreover, D7-brane background fluxes have also been suggested as
relevant ingredients for generating metastable deSitter vacua [63]. This aspect is
carried on in section [5.2.4

5.2.1 Internal D7-brane fluxes

Up to now we have only specified the homology cycle S* which is wrapped by
the D7-brane. However, this does not completely specify the geometric data of a
generic D7-brane, since in addition there can arise non-trivial background fluxes for
the field strength of the U(1) gauge theory localized on the D7-brane worldvolume.
However, in order to preserve Poincaré invariance of the four-dimensional effective
theory we consider only background fluxes on the internal D7-brane cycle S*. These
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fluxes are topologically non-trivial two-form configurations for the internal U(1) field
strength which nevertheless satisfy the Bianchi identity and the equation of motion.
Therefore the background flux f is constrained to be a harmonic form on S*. In
section it is shown that the gauge boson is odd with respect to the orientifold
involution ¢ and as a consequence the possible background fluxes f correspond to
elements in HZ2(S%).

The D7-brane cycle S* is embedded into the ambient Calabi-Yau manifold Y
via the embedding map ¢ : S* < Y, which induces the pullback map ¢* on forms

CHA(Y) — H?(SY) . (5.28)

Therefore one can distinguish between two different kinds of fluxes which we denote
by ¥f and f. ¥f are harmonic two-forms on S* which are inherited from the ambient
Calabi-Yau space Y. f on the other hand correspond to harmonic forms on S*,
which cannot be obtained by pullback from the ambient space Y. Put differently,
Yf are harmonic two-forms in the image of ¢* while f are harmonic two-forms in the
cokernel of /*. This amounts to the fact that the cohomology group H?2(S*) can be
decomposed as

H2(SM) = YH2 (S @ A2 (SY) (5.29)

where YH?(S*) = * (H2(Y')) and H?(S") = coker (HE(Y) R HE(SA)> Then the
flux f € H?(S") splits accordingly

f="r+r, (5.30)
with Yf € YH?(S") and f € H?(S™).

Now there is a comment in order on a technical issue concerning the distinction
of the fluxes Yf and f. This splitting is not unique but we choose it in such a way
that the integrals

/ Vwa A f=0 (5.31)
SA

vanish for all two-forms w, in H?(Y). This can alway be achieved by first choosing a

basis of two-forms w, for YH_(S*) and then by choosing a basis of two-cycles Sé for
ker(Hy,—(S*) < Hy_(Y)). Then the Poincaré dual basis w; of S% spans the cokernel
H?2(S). If now the splitting is chosen in such a way that ¥f can be expanded into

w, and f into w the relation (5.31)) is fulfilled.

Before we conclude this discussion we introduce the topological flux charges,
which can be built from the fluxes f. The intrinsic fluxes f give rise to the topological
charges

QAZE/SA§A/\JE, Qazz/SAmaAP_f, Qf =1 SAf/\f. (5.32)
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At first sight the charges ), always seem to vanish due to . However, although
f is an element in the cokernel of t* obeying , P_f need not be in the cokernel
of v*. Thus some of the charges (), can indeed become non-vanishing. For instance
this situation occurs if the flux on the D7-brane and the negative value of the flux
on the image-D7-brane can both be written as the pullback of the same two-form in
the ambient space. In this case f corresponds to a trivial and P_ f to a non-trivial
two-form in the ambient space Y.

On the other hand the flux ¥f can be expanded into (1, 1)-forms pulled back to
the internal D7-brane cycle S*

=1 w, (5.33)

In the D7-brane effective action (2.6)) and (2.9) the fluxes f always appear in the
combination F = B — ¢f and therefore we expect that the fluxes ¥f combine to
b* — (¥f* and we define

B=DB-0f, B* = b — (¥f . (5.34)

In the following sections it is confirmed that the flux charges (5.32)) and the shifts
of the bulk b*-fields appear indeed in the effective description in the presence of
internal D7-brane fluxes f.

5.2.2 Bosonic effective action with D7-brane fluxes

In order to derive the additional terms induced from the D7-brane fluxes f in the
four-dimensional effective action it is necessary to redo the Kaluza-Klein reduction
of section [4.6 Here we do not go through this computation and state the resulting
effective action in appendix . In the derivation of the action one now
uses the calibration condition ([3.28)) with non-trivial background fluxes f and the
integral relation ([5.31f). Further details of the Kaluza-Klein reduction are given in
refs. [40,64].

In the N' = 1 supergravity language the additional terms in the action (A.97))
amount to a modification of the chiral coordinates G* and T, in eq. . Or in
other words the complex structure of the Kéahler target space manifold is adjusted
by the D7-brane fluxes f. The new definitions of the chiral fields G* and T, read

G =c" — 1B,
3i 3 31 ~
7 -2t 1 biac 2 by e

. 7 3i
+ 3ikiur*C araz + T 52 T -

The Kéhler potential (4.55)) is unchanged but the additional terms proportional to
Q 7 enter nevertheless once K is expressed in terms of its chiral coordinates.
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The covariant derivatives of the scalars p, are also modified. This can be seen
from the fact that in the Kaluza-Klein reduction of the D7-brane Chern-Simons
action ([2.9)) additional Green-Schwarz terms are induced from the fluxes f

m/ CUONLFNLP_F = 70 Q, DO‘/\F:—mEQa/ dD*AN A, (5.36)
w

R3.1 R3.1

where we used the expansion and definition of @), in . After eliminating
the two-forms D, in favor of their dual scalars p, by imposing the self-duality
condition on the five-form field-strength of C® according to appendix , the
Green-Schwarz terms modify the local Peccei-Quinn symmetry discussed in

(4.52). The covariant derivative for p, changes and (4.53)) is replaced by
VuPa = Oupa — A3 app BP Ay + ARG 117 0Q W A, (5.37)

In terms of the chiral coordinates (5.35)) the contribution proportional to @, leave
the covariant derivative of G (4.57) unchanged while the fields T,, become charged

and a covariant derivative of the form
V. To = 0, T, + 6ik5urlQu A, (5.38)

is induced. Thus fluxes f which lead to non-vanishing @, change the gauged isom-
etry (4.52)) in that additional fields T, become charged and transform non-linearly.

As a consequence of these additional charged chiral fields the D-term is also mod-
ified. The holomorphic Killing vector field (4.58]) receives an additional contribution
from the T, and reads

X = 4r21700qp — 6iK2 Q401 . (5.39)
This in turn adjusts the D-term via eq. (4.6) and we find

1262l
K

1262l

D =
K Sp

(KpaB® — Quv®) = JAF, (5.40)

where F = B — (f = B — (f. The corresponding D-term potential is given by

108k3 7

VD - IC2 Re TA

(KpaB® — Qav®)* . (5.41)

5.2.3 D7-brane flux induced D- and F-terms

In this section we determine the D7-brane D-term and F-term couplings by com-
puting the fermionic couplings of the gravitinos to the D7-brane fermions as stated
in . As we have seen it seems difficult to determine these terms directly from
the Kaluza-Klein reduction of the bosonic terms. In the bosonic scalar potential
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5.2. D7-BRANES WITH INTERNAL D7-BRANE FLUXES

the D- and F-terms are encoded quadratically according to , whereas in the
fermionic action these terms appear linearly according to (4.8]). This makes it eas-
ier to retrieve the D- and F-terms from the fermionic couplings . Analogously
in section the bosonic masses were only computed indirectly via a supergrav-
ity analysis, whereas the fermionic masses are directly obtained by a Kaluza-Klein
reduction of the fermionic terms.

In order to reliably derive the fermionic couplings we must fix the normal-
ization N and IV, 4 in of the ‘matter fermions’ Y and of the gaugino A and the
normalization of the four-dimensional gravitino 1),,. The normalization of the gravi-
tino arises from the Kaluza-Klein reduction of the ten-dimensional Rarita-Schwinger
term and the canonical normalization of the four-dimensional Rarita-Schwinger term
is determined by the normalization of the in section introduced internal co-
variantly constant spinor singlets | [64]

fé=1. (5.42)

The normalization of the ‘matter fermions’ y* are obtained by deriving the fermionic
kinetic terms from the super Dirac-Born-Infeld action (2.15]). This is achieved by
computing the pullback ¢*g1¢ of the supermetric g19 with respect to the supermap
o which yields [50,51, 64]

©*g10 =N drtdz” + 29;;dy'dy’ + 2§:;0,'0,datdz”
| i 5.43
- %@FMDy@dx“dx” - %@FVDM@dx“dx” +o (543)

Note that this generalizes equation by the appearance of the fermionic fluc-
tuations ©. As discussed in detail in ref. [64] inserting the expansion into
the super-Dirac-Born-Infeld action allows us to determine the normalization
constants Ny and NNV, a explicitly by comparing the coefficients of the bosonic kinetic
terms in (4.4)) with the fermionic kinetic terms in (4.7)) [64], i.e.

K 1 iKC
Ny = 1] —f e 9/4 Noa=—,]|——= _ 3¢/4 44
=T “ToVerana” (5.44)

Now we have introduced all the ingredients to compute the couplings of the
gravitino ¢, with the D7-brane fermions. These couplings appear in the super-
Chern-Simons action ([2.16|) in the term involving the super RR-six-form

i [ @t (CO)nF, (5.45)
w

with the worldvolume two-form F = B —(f = B —( f . In order to evaluate this
term we need to determine the super-pullback of the super-RR-six-form C(®) which

4Canonically in the sense that it agrees with the normalization of the Rarita-Schwinger term in
ref. [110].
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reads after taking into account the orientifold truncation [64,132]

e* (C9) = o0 + éeﬂb O Ty s Vg dz™ A Ada™ + .00 (5.46)

Recall that in © all the fermionic D7-brane fields are encoded according to eq. (3.53)).
In particular the last equation also captures the couplings of the four-dimensional
gravitinos v, to the D7-brane fermions ©, which are of the form (4.§), i.e.

> 3!e*¢érﬂow2mnm“3 dz# A .. A dats A dy™ A dy”

— % e /=7 A% O (3"4° @ Youn) U, dy™ Ady™ . (5.47)
Finally inserting this expression into the super-Chern-Simons term ([5.45)) together
with (3.53)) we arrive after Weyl rescaling with (4.14]) to the four-dimensional Ein-
stein frame and a few steps of algebra at [64]

1
SCouplings = - 2_/@21 d4ﬂf V=

: [\/51 K12 2, (XAJ“#_)M /A SaNF + )_(Aﬁ“@/)u /A Sz N f)
S S
- 1
+ (uot N — ¥, 5" N) (—12miu7€E J N ]—")} : (5.48)
SP

The final chore is to compare these fermionic terms with the supergravity action (4.8§])
and one extracts immediately a generic expression for the D-term of the U(1) D7-
brane gauge theory

1252 123
D = M/ J/\f - 2K;’U/?g(’CPaBa_C20/Ua) ) (549)

where in the last step we used again @ and . Hence the fermionic D7-brane
reduction confirms the D-term @ , which is computed in the previous section by
means of analyzing the bosonic part of the N' = 1 supergravity action. Note that the
fermionic computation has neither required the knowledge of the gauged isometries
nor the structure of the Kéhler potential. This is a consequence of the general form
of the Kahler potential discussed in section . However, for the supergravity
derivation it is crucial to know the definition of the chiral variables and the Kéhler
potential, as this information enters in the differential equation which encodes
the D-term. Therefore the fermionic computation is an alternative and more direct
way to determine the D-term. For the case at hand it confirms the supergravity
computation and in addition checks the structure of the Kahler potential .

In a second step we match the terms in (4.8) with (5.48)) and we readily determine
the flux induced superpotential. The integral relation (5.31]) is responsible for the
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5.2. D7-BRANES WITH INTERNAL D7-BRANE FLUXES

superpotential to be independent of B because the two-forms s4 are elements of
H?(S™) whereas the two-form B are inherited from the bulk. Therefore we arrive
at the holomorphic superpotential

W(Q) = maprl* | 4N f=ring Qac? (5.50)
SA

in terms of the charge ()4 defined in ([5.32)).

By parsing through the derivation of the D- and F-terms it is striking that both
terms arise from the same Chern-Simons worldvolume term, and moreover reveal a
remarkable similar structure. This feature can be traced back to the fact that the
N =1 orientifold supergravities arise as truncations of A/ = 2 supergravities [133].
In the case under consideration the computed D- and F-terms can be associated to
the same N = 2 Killing prepotential SU(2)-triplet [56,71], which describes scalar
potential terms arising from gaugings in the hypermultiplet sector of the parent
N = 2 supergravity theory [134].

5.2.4 Discussion

By computing the flux-induced D- and F-terms form fermionic couplings we have
circumvented the problem of extracting this information from the scalar potential,
which seems difficult to derive directly from a Kaluza-Klein reduction. In particular
the computation of the D-term from the fermionic terms confirms the supergravity
analysis of section and therefore also constitutes for a non-trivial check on the
Kéhler potential (4.55)). For the F-term, on the other hand, we find an independent
confirmation in the next section.

According to eq. the internal D7-brane fluxes naturally split into two
distinct contributions. The fluxes denoted by Yf are inherited from the ambient
Calabi-Yau space and adjust the chiral variables G*. However, there do not appear
any new charged chiral fields and hence the D-term is simply shifted but does not
receive any additional contributions. On the other hand the intrinsic fluxes f are
more diverse. Potentially they both contribute to the D-term and generate F-terms.
This feature, namely that a class of D7-brane fluxes generates D- and F-terms si-
multaneously, has also been observed in ref. [56]. The modification of the D-term
is also caused by the appearance of new charged chiral fields out of the set of chiral
moduli T,.

Note that in the case that T\ becomes charged, the (classical) effective action is
not gauge invariant anymore, since T is proportional to the gauge coupling func-
tion (4.56). A detailed analysis as performed in ref. [64] shows that in this case there
appear chiral fermions in charged A/ = 1 chiral multiplets X; which are suitable to
cancel this anomaly by the Green-Schwarz mechanism. These additional multiplets
arise from the intersections of D7-brane with its image-D7-brane. At the same time
these intersections are also necessary for the field Ty to become charged [64].
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In order to gain further insight into the effects of the flux-induced D- and F-
terms, we briefly comment on the scalar potential of a Calabi-Yau orientifold Y
with hi’l =1 and A"' = 0, that is to say we have a single harmonic two-form wy.
Then the only Kihler variables in the theory are given by S, ¢4 and T, where
we also keep the complex structure deformations fixed. Now we turn on D7-brane
fluxes such that ), and f are non-zero but Q5 Vanishes. The corresponding D-term
scalar potential of eq. (5.41]) reduces for this particular setup to [64]

6ripr [ 9Qa )\
where as discussed above additional chiral matter multiplets X; with charge ¢; are
present to cancel the anomaly of the gauge coupling. This form of the scalar potential
precisely coincides with the potential obtained in ref. [63]. However, we should stress
that it crucially depends on the existence of a non-vanishing ), and the absence of
the fields B* which follows from our choice h"' = 0.

As already discussed in ref. [63] the minimum of Vp depends on the properties
of other couplings of X; and also on possible non-perturbative corrections. If the
vacuum expectation value of the X; is not fixed by additional F-term couplings,
Vb = 0 can be obtained by adjusting (X;). If, on the other hand, F-terms impose
(X;) = 0 a vanishing D-term potential only occurs for Ty + Ty — oo resulting in a
run-away behavior. However, as discussed in refs. [5,59-61] the Ké&hler modulus T}
can possibly be stabilized by non-perturbative effects such as Euclidean-D3-brane
instantons and /or gaugino condensation on a stack of D7-branes. In this case the D-
term spontaneously breaks supersymmetry and can indeed provide for a mechanism
to uplift an Anti-deSitter vacuum to a metastable deSitter minimum along the lines
of ref. [59,60].

Now we turn to the discussion of the F-term scalar potential, which is computed

by inserting (5.50) into (4.5) [64], i.e.

30 ;
Vi = 5/@2;#7 GPQcQp

1+ k2u7e®G 5 (AP

(Ty 7 T0)° (5.52)

Here we have defined the metric G 45 = iL 45 and its inverse GAZ. As one can easily
see the effect of the F-term scalar potential is twofold. On the one hand it also
exhibits a runaway behavior but on the other hand once the Kahler modulus T} is
stabilized the fluxes f render some of the fluctuations (4 massive and hence stabilize
these D7-brane fields. Note that in this case some of the F-terms associated to ¢4
are non-vanishing, and therefore these D7-brane fluxes also break supersymmetry
spontaneously. This can be traced back to the structure of the superpotential ,
which is linear in the D7-brane ‘matter fields’ (4.

®We do not have an explicit Calabi-Yau orientifold with all these required properties. However,
this example is instructive because it reveals many features of the generic case.
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5.3 The holomorphic Chern-Simons theory

In the derivation of the effective supergravity actions we have encounter the ap-
pearance of various superpotentials. On the one hand the soft-terms computed
in section [5.1.3] are induced from the non-trivial bulk background fluxes and the
effective action is governed by the flux-induced superpotential . This super-
potential does not just arise in orientifold compactifications but instead it reoccurs
as a generic expression for many superstring compactifications with N’ = 1 super-
symmetry in the low energy effective action [17,46,48 111]. This is due to the fact
that by general arguments the superpotential can be traced back to the BPS
tension of D5-brane domain walls [44]. This observation suggested that there is also
a general argument which captures the structure of the superpotentials involving
the D-brane ‘matter fields’ fields. In the supergravity computations we find the su-
perpotential for the D3-brane ‘matter fields’ ¢* and the superpotential
for the D7-brane ‘matter fields’ (4. Both superpotentials can indeed be obtained
from an appropriate reduction of the holomorphic Chern-Simons action.

In ref. [102] it is shown that the topological open string disk partition function
in the presence of N D-branes wrapping the entire internal Calabi-Yau manifold Y
is given by the holomorphic Chern-Simons action

= 2
Wy:/QAtr(AA8A+§AAAAA> , (5.53)
Y

where A is the gauge field of the U(N) gauge theory of the D-branes. On the other
hand the open string disk partition function is the superpotential in the low energy
effective action of the physical string theory [135]f]

Thus in order to obtain the superpotential for D-branes which do not fill the
entire internal Calabi-Yau space, the holomorphic Chern-Simons action for the
six-cycle Y must be dimensionally reduced to the holomorphic cycles wrapped by the
lower dimensional D-branes. This is achieved by saturating the normal components
of the integrand with D-brane fluctuations which as discussed in section
are sections of the normal bundle of the wrapped internal cycle [26,56,117,136].

For a stack of D3-branes the holomorphic internal cycle reduces to a point and
consequently the normal bundle of the stack of D3-branes is identified with the
tangent bundle at this point. In other words all directions of the holomorphic
Chern-Simons action for the six-cycle need to be replaced by fluctuations ¢
of the stack of D3-branes and the integral over the internal space disappears

2 o
WDS = §Q”k tr ¢Z¢]¢k . (554)

Note that this expression of the reduced holomorphic Chern-Simons action agrees
with the superpotential (4.45)) computed by means of supergravity.

6This is only true for a constant dilaton background which we have always assumed in our
analysis.

84



CHAPTER 5. BACKGROUND FLUXES AND SUPERSYMMETRY BREAKING

For a stack of N D7-branes wrapped on the cycle S* the dimensional reduction
can be performed analogously. This time, however, the resulting expression contains
an integral over the internal cycle S and reads

Wan = / Satr (¢4 0A; + 21 A Ay) 27 A d2P A dE A AR (5.55)
SA

where we used 3Q;;,¢'dz? A d2¥ = 54¢*. Note that for an Abelian gauge field A
and Abelian ‘matter fields’ (4, that is to say for a single D7-brane wrapped on
the cycle S*, the second term in (5.55) vanishes. Then the first term for a single
D7-brane becomes 9;A;dz" Adz7 and is just the (0,2) part of the background flux f.

Therefore eq. ((5.55)) simplifies with (5.31]) to
Wgn ~ / SACAN S, (5.56)
SA

in agreement with the superpotential ([5.50)).
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Chapter 6

Geometry of the D7-brane moduli
spaces

In section .6l we examined the N/ = 1 effective action for orientifold theories with
D7-branes and we have discussed the corresponding Kahler potential. So far in
this analysis the D7-brane matter fields ¢ and the complex structure deformations
z have been treated independently. The matter fields ¢ are geometrically governed
by (2,0)-forms of the four-cycle S*. As the complex structure of the submanifold
SA s induced from the complex structure of the ambient Calabi-Yau space Y, we
expect that the moduli space of the matter fields ( and the moduli space of the
bulk complex structure deformations z is not of product type [26,72]. We should
rather have in mind a common moduli space M-, which is parametrized by both
the complex structure deformations z and the matter fields (. In section we
examine the structure of this common moduli space, which then is applied to the
supergravity Kéahler potential of section [4.6.2] and the superpotential resulting form
the D7-brane fluxes as stated in section .3l

6.1 Variation of Hodge structure

The complex structure deformations of the bulk theory is mathematical captured
in the language of variation of Hodge structure, which describes how the defini-
tion of (p,3 — p)-forms in H*(Y") varies over the complex structure moduli space
Mg [113,137,138]. The next task is to include the D7-brane fields ¢ into the
concept of the variation of Hodge structure. In order to describe the bulk complex
structure deformations z and the D7-brane matter fields ¢ in their common moduli
space M—; first one needs to find a formulation which captures both types of
fields simultaneously. As these fields are respectively expanded into three-forms of
the bulk and into two-forms of the internal D7-brane cycle S* the relative cohomol-
ogy group H3(Y, S™) proves to be the adequate framework [26,72]. In ref. [19] it is
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further argued that the deformation theory of orientifolds with holomorphic invo-
lution ¢ is unobstructed and hence the framework of variation of Hodge structure
also applies for H3(Y). Analogously for D7-branes in orientifolds we also choose
the truncated relative cohomology group H? (Y, S*) as our starting point, which is
isomorphic to the direct sum of cohomology groups H? (Y') and H? (S*). The precise
definition of these spaces and their relation to H3 (Y, S*) are spelled out in detail in

appendix [A.12]

The next task is to extend the concept of variation of Hodge structure to the
orientifold case with D7-branes or in other words to analyze the variation of Hodge
structures of H3(Y,S%) [26]. This means we consider (locally) the variation of
relative forms over the moduli space M—; which has the complex coordinates

(=%, ¢4).
Part of the definition of the Hodge structure of H?(Y, S*) is the Hodge filtration
{F?} [26,137,139], which is a decomposition of H3 (Y, S*) int(ﬂ
H¥Y,SY=F"> ... > F*, (6.1)

where

F*=H*O(Y)

F*=F oY) (S

~ _ 6.2
F'=F e P (Y)e HMV(SY) (6:2)
FO=Flo HYY (V)@ HY2(S") .

Note that this filtration looks almost like the Hodge filtration of H? (Y") for orienti-
fold models except for the additional two-forms of S*, i.e. if one considers the case
of a vanishing four-cycle S* then all relative forms reduce to ordinary three-forms
of Y and the Hodge filtration simplifies to the orientifold case without D7-branes.

The spaces H g:—p P )(Y) for p> 3 and H g:q’q)(SA) do not vary holomorphically
with respect to (2%, (), instead FP are the fibers of holomorphic fiber bundles F?
over the moduli space M- [26,137-139]. For each holomorphic fiber bundle F? we
choose a (local) basis of sections summarized in Table . The fibers at 2% = (4 =0
of these local sections coincide with the form bases of Table 3.3 Table 4.1] and the
basis {n;} of Hg’_l)(SA). Note that at a generic point in the moduli space My—;
the fibers of these sections are a mixture of various three- and two-forms due to the
non-holomorphicity of the bundles H gj’:p (V) and H C,(;:q’q)(SA) over M.

As the space H? (Y, S*) is purely topological the bundle F° = H? (Y, S%) is lo-
cally constant over the moduli space Mx-—;. Thus this bundle has a canonically

Tn this section, we think of relative forms as a pair of a three-form on Y and a two-form on

SA according to (A.104)).
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filtration basis
holomorphic section | fiber at 2% = (4 =0
F3 Q Q
F? Q, Xa, 54 Q, Xa, 54
F! Q, Xa, Sa; Xa» 14 Q, Xa, 54, Xas M4
FO Q, Xa> 84, Xa» 14> 34 | @, Xas 54, Xa> T4, , 34

Table 6.1: D7-brane cycles

flat connection V called Gauss-Manin connection and it fulfills Griffith’s transver-
sality [137-139]

VFP CF @ Q' My . (6.3)

Note that the covariant derivatives V.. and V a acting on sections of F? differ
form the ordinary derivatives d,a and 9.4 only by sections in F? @ Q' My [26].
As a consequence and with eq. one reaches local sections of all F? by taking
derivatives of the unique section Q(z% (4) of F3. This procedure is schematically
depicted in Figure and one obtains the extended Kodaira formulae [113], i.e.

0,80 = kzQ + i& , 8<AQ =ksQ + SA - (6.4)

As alluded in Figure [6.1] one generates sections of FP? for all p by acting with the
connection V on the unique relative form Q. Since H3(Y, S%) is a finite dimensional
space one obtains linear relations among Q and its covariant derivatives [138, 140],
ie.

‘C(vavazvaC)Q(va) ~0, (65)

where £(z,(,0,,0;) are fourth order differential operators, and where ~ means
modulo exact relative forms.

Similar to the derivation of the differential equations for the bulk complex struc-
ture deformations, the system of differential equations of forms can be trans-
formed into a set of differential equations over relative periods [26, 136]. These
relative periods arise as integrals of the relative three-form 2 over a fixed homology
basis of relative three-cycles. For this basis we choose {A%, Ba, '} which is dual to

the relative forms associated to the three-forms «y, ﬁi’ and the two-forms ~; where

the latter forms are a basis of H2(SM). With this choice eq. (6.5) gives rise to the
system of differential equations for the relative periods

E(z,(,az,ag)nd(z,() = L(2,¢,0,,0:)a(z,¢) = L(z, C,@Z,QC)HA(Z,C) =0, (6.6)
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3-forms of Y 2-forms of SA

F3 Q
F2 Xa 54
N 0; \ 0z,0¢
F! Xa ]
ﬂ 0- K 9 78C
FO 0 54
05 02,0,
0

Figure 6.1: Variation of Hodge structure of H? (Y, S*).

where
Me(z,¢) = (A% Q) ,  Ta(2,0) = (Bo®Q), Tz =T . (6.7

The solution to the system of partial differential equations takes the form
Q(2,¢) = Xz, Qaa + Fal2, 0" + G4 (2,04 » (6.8)

with holomorphic functions X%(z, (), Fa(z,¢) and QA(z, (). Note that eq.
reduces for ¢ = 0 to the known bulk part where the solution is given by the prepo-
tential F of N/ = 2 special geometry. In general we do not expect that the solution
of the system of differential equations can be expressed in terms of a single
holomorphic function F. This reflects the fact that the structure of N' = 1 is less
restrictive than N = 2 supersymmetry.

6.2 Extended Kahler and superpotential

In this section we recall the definitions of the metrics for the bulk complex structure
deformations and the D7-brane fluctuations independently. That is to say in the
limit of small fields 2% and ¢(# where the metric remains block diagonal. Then we
apply the mathematical tools of the previous section in order to obtain a Kéhler
metric for the moduli space Mr—; which is not block diagonal anymore but holds
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for higher orders in 2% and (* as well. This extension turns out to be also suitable
to generalize the supergravity Kahler potential of section [4.6.2]

In refs. [113] it is demonstrated that the metric of the bulk complex structure
deformations ¢z reads

aNXp « gelb
WXahXe 5055 (5o

R 3 7
as=b 6 iy 1k
G;302%02" = — | d’y/det gg”g" dgudgz = “Tanrn

2K Jy

Analogously we can ask for the metric of the fluctuations d¢ which describe how
the four-cycle S* is deformed in the normal direction of the ambient space Y. This
metric is obtained by examining the variation of the volume element of S* with
respect to 0C, namely one performs a normal coordinate expansion of the volume

element according to (A.76|) and with (3.41]) arrives at

_ 6 o _
Gap 0CA6CE = © /S ) d*¢y/det g sy s%gi; 6¢6C (6.10)

which can be rewritten to [40]
Gap 0CH0CP =1L ,45 6CA5CP . (6.11)

Without any D7-brane the metric of the complex structure G;; is Kéhler with
the Kéhler potential [113]. This expression must now be modified to take
account for the generalized concept of the variation of Hodge structure of relative
forms. In the limit of small complex structure deformations §z% and small D7-
brane fluctuations 6¢* the modified Kihler potential needs to reproduce the metrics
and . Moreover, in the limit where the D7-brane cycle S* disappears the
extended Kahler potential must simplify to eq. . Guided by these observations
the Kahler potential for the common moduli space of 2% and (4 becomes

Kcs(Z,Z, C, 5) = —1In {—i/(

Y,S0)

20:.0) 2 2(.0)] (6.12)
where the integral over relative three-forms A and B is defined as

/ Ae,B= g/ PPAANPOB - 1/ PPAANPARB . (6.13)
(Y,S4) Y SA

Here g is a coupling constant which is needed for dimensional reasons. P and P®
are projection operators that extract the three-form and the two-form part of the

relative form according to eq. (A.104)).

The next task is to check that in the limit of small bulk fields 2% and small D7-
brane matter fields (4 the Kéhler potential (6.12) is contained in the supergravity
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Kaéhler potential (4.55)). In order to perform the comparison eq. (6.12)) is rewritten
as

KCS<Z7 z, Cu E) =—In [_1/YP(3)Q(Z7 C) N P(g)Q(Ev C_):|

—ln[ fSA Onpe )_Q( 39, (6.14)

e P<3>ﬂz<>AP 19(z,.0)

Taking now the limit and using eqgs. (6.4) and (4.48) one finds agreement with the
supergravity Kéhler potential (4.55)) for the coupling constant

i(S—25)

(6.15)

Thus on the common moduli space M —; of the complex structure deforma-
tions 2% and of the D7-brane matter fields (4 the supergravity Kihler potential

(4.55) is modified to
K(S,G,T,(,z,a) =
—In |:_1/ (Z C) ®4(S) (27 5) —2In [%K(S> G7 T7 Cv 2 CL)} ) (616)

with the coupling constant . Now in general this Kéhler potential K =
Kapg,v*0%v7 also depends on the bulk complex structure deformations z% which
enter in the process of solving for v*(S, G%, T, 2%, (4, a;) because L 45 has become
a function of z% The Kahler potential still constitutes all the scalar kinetic
terms of but in addition it generates new terms, which are of higher order in
the fields 2 and ¢, and which are not captured by the Kaluza-Klein reduction of
section 4.6l

Similarly we also need to rewrite the D7-brane flux superpotential in the
language of relative forms. Let us first consider (small) bulk complex structure
deformations 2% in the context of the reduction of the holomorphic Chern-Simons
action in section . This yields with the Kodaira formula the expression

1 - ) - ) . _ _
Wss = 5 / [(1+ 27ks) QG DA + 2% 15C' O34 d2? AdF AdZ AZ . (6.17)
SA

This equation, however, is according to eq. (6.4)) just the expansion of the relative
form superpotential

Wan(z,¢) = %/SA PAQ(z, )N T . (6.18)
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Chapter 7

Conclusions and outlook

In this thesis we discussed space-time filling D-branes in the context of Calabi-
Yau compactifications. As a starting point the relation of open strings to D-
branes was introduced to compute the massless spectrum of D3/D7-brane systems
in Calabi-Yau compactifications. Consistency conditions, that is to say tadpole can-
cellation conditions, naturally guided us towards a more general compactification
ansatz, namely towards Calabi-Yau orientifold compactifications. Geometrically this
amounted to choosing for the internal space a Calabi-Yau threefold admitting an
isometric holomorphic involution [19]. Physically this ansatz truncated the effective
four-dimensional bulk spectrum from AN = 2 supersymmetry to N’ = 1 supersym-
metry [21,22,133], such that both the massless bulk and D-brane spectrum was
comprised of A/ = 1 multiplets.

For this spectrum we then computed the four-dimensional low energy effective
supergravity actions. For D-branes the Dirac-Born-Infeld and the Chern-Simons
action served as a good starting point, since these actions captured the open string
tree-level amplitudes and hence encoded the interactions of the N’ = 1 supergrav-
ity D-brane multiplets. For the bulk theory we started from the ten-dimensional
type IIB supergravity description in the democratic formulation [107]. This demo-
cratic approach enabled us to deduce the D-brane couplings to the bulk fields [40].
Finally the resulting four-dimensional effective N' = 1 supergravity actions were
described in terms of their specifying N' = 1 supergravity data, that is to say in
terms of their Kahler potential, superpotential and gauge kinetic coupling functions.
Although the Kéhler potential always exhibited the same generic structure, the geo-
metric data of the D-brane cycles and of the compactification space entered through
the definition of the chiral variables [21,39,40,48,119]. This also implied that only
for simple geometric compactifications the Kahler potential appeared in the form
anticipated in refs. [120, 123]. Compared to the analysis of toroidal models as in
refs. [28-31,34-38], our discussion was performed in a quite general context as we
have not chosen a particular D-brane configuration for a certain compactification
space but instead started with a rather generic ansatz.
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The computed effective supergravity action also served as a good starting point to
address phenomenological questions such as supersymmetry breaking at low energy
scales. In the context of D3-brane Calabi-Yau orientifolds we examined supersymme-
try breaking induced from bulk background fluxes. In order to further specify phe-
nomenological features of spontaneous supersymmetry breaking in the limit where
gravity decouples [125-127] the flux-induced soft-terms were computed [39,52]. For
the examined D3-brane systems we observed that for certain bulk background fluxes
supersymmetry breaking was communicated to the D3-brane ‘matter sector’ and
that the flux-induced soft masses were universal. We also noted that in the regime
were our analysis was valid the supersymmetry breaking scale was generically much
lower then the string scale [54]. Our second example of supersymmetry breaking
involved D7-brane systems. Since D7-branes wrap a non-trivial four-cycle in the
internal space, it was also possible to turn on non-trivial D7-brane fluxes on this
internal cycle [64]. We then analyzed the structure of the flux-induced scalar poten-
tial and commented on its relevance for metastable deSitter vacua as anticipated in
ref. [63]. We observed that with some effort of geometric engineering certain kind
of D7-brane background fluxes were indeed capable to generate a positive energy
contribution [64, 71]. However, in order to obtain a metastable deSitter minimum
additional mechanisms such as gaugino condensation and/or Euclidean D3-brane
instantons needed to be employed [59,60].

The effective four-dimensional supergravity action of Calabi-Yau orientifold with
D7-branes also revealed a beautiful underlying geometric structure in terms of the
variation of Hodge structure in the context of relative cohomology [26,40,72], which
allowed us to treat the D7-brane fluctuations and the complex structure deforma-
tions on an equal footing. This behavior naturally makes contact with the variation
of Hodge structure in Calabi-Yau fourfolds [47,141], and hence reflects the connection
of type IIB Calabi-Yau orientifold compactifications with F-theory compactifications
on elliptically fibered Calabi-Yau fourfolds [142-144].

The presented thesis suggests further investigations in many different directions.
For phenomenological applications the computation of the low energy effective ac-
tion should be extended to more general D-brane Calabi-Yau orientifold models with
several stacks of D-branes and including the low energy effective action of the mat-
ter multiplets arising from D-brane intersections [98]. However, in order to reliably
make phenomenological predictions relevant for particle physics and/or cosmology,
it is necessary to also carefully examine and compute the corrections to the speci-
fying data of the low energy effective N/ = 1 supergravity. That is to say one needs
to analyze higher order o’ corrections along the lines of refs. [48,145], but also since
the structure of N' = 1 supergravity is not as stringent as the structure of extended
supergravities, it is also necessary to consider the corrections arising from loop cor-
rections [124]. Finally as discussed in refs. [5,59-61] the non-perturbative effects
have been proven to be important ingredients in constructing viable phenomeno-
logical models, which also need to be thoroughly incorporated in the analysis of
space-time filling D-branes in Calabi-Yau orientifold compactifications.
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It would also be important to extended the performed analysis beyond the probe
limit approximation for the localized sources, i.e. it would be interesting to include
the back-reaction to geometry for the D-branes and the O-planes. For D3-branes
and O3-planes the back-reaction can be taken into account by performing a Kaluza-
Klein reduction with a warped compactification ansatz [17,111]. As we have seen
the corrections due to the warped ansatz become negligible in the large radius limit.
The back-reaction resulting from D7-branes and O7-planes generates a dilaton gra-
dient but at least in lowest order in o’ does not contribute to the warp factor [17].
This dilation gradient disappears if one requires local cancellations of D7-brane/O7-
plane tadpoles, or in other words if the D7-branes are on top of the O7-planes. In
our computations the couplings of the D7-branes to the dilaton became also appar-
ent as the D7-brane fluctuations entered in the definition of a ‘new dilaton’ which
was identified as a proper chiral variable. The dilaton gradients are probably best
addressed in the context of F-theory compactifications on elliptically fibered Calabi-
Yau fourfolds, where the dilaton gradient of type IIB orientifolds is encoded in the
geometry of the elliptic fibers [143]. Recently there has been some investigations in
these directions in refs. [36,71].

Similar to the analysis carried out in this thesis, it would be interesting to
compute the low energy effective action of D5-brane systems in Calabi-Yau ori-
entifolds with O5-planes, or of D6-branes in type ITA Calabi-Yau orientifolds with
O6-planes. Then one can study mirror symmetry from the low energy effective
point of view, which relates type ITA orientifolds with D6-branes to type IIB ori-
entifolds with D3/D7-branes or D5/D9-branes [19,20]. For the closed string sector
type ITA Calabi-Yau orientifolds have been related via mirror symmetry to type I1IB
Calabi-Yau orientifolds in ref. [22].

Here we have focused on D-brane compactifications in the geometric regime, or
in other words on scenarios where the quantum effects were not dominant. This
allowed us to compute the low energy effective action by performing a Kaluza-Klein
reduction [39,40,64]. On the other hand the features originating from the quantum
nature of string theory (such as tadpole cancellation conditions) are not so easily
deduced in this regime. Therefore it is also desirable to further investigate D-brane
compactifications in the quantum regime of the internal space along the lines of
refs. [19,20,146], and ultimately also to derive a low energy effective action for these
non-geometric D-brane compactifications.
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Appendices

A.1 Conventions

Throughout this thesis pseudo Euclidean metrics have the signature (—++...). As
a consequence the determinant det g of the metric gy;n is negative in the pseudo
Euclidean case. The epsilon symbol € is defined to be

€o12.. = det g, =1, (A.1)

This allow us to define the Hodge star operator %4 acting on p-form C® in a d-
dimensional (pseudo)-Euclidean manifold

C(P)
* C(p) — Ml...Mp EMl...Mle...Ndfpg . g dl'Pl /\ o /\ defp )
T pld—p)/[detg e sy
(A.2)
The square of the Hodge star operator acting on the p-form C'® obeys
(xa)*C®) = £(=1)7) (A.3)

where the top sign appears in the Euclidean case and the bottom sign in the pseudo
Euclidean case.

In the context of Kaluza-Klein reduction with background metrics of product
type, it is useful to split the Hodge star operator. For concreteness let us assume we
compactify a D-dimensional pseudo Euclidean space with Hodge star operator *p
on a [-dimensional manifold (I = D — d) with Hodge star operator %; and obtain an
effective theory with d space-time dimensions with Hodge star operator %;. Then
one finds for a p-form C® on the d-dimensional space and a g-form G@ on the
[-dimensional space the useful formula

*p (C(p) A G(Q)) — (_1)(dfp)q %y O A 5,GD (A.4)

A.2 Open superstrings

The dynamics of superstrings is governed by a two-dimensional supersymmetric o-
model with the space-time manifold as its target space. Geometrically the strings
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sweep out a two-dimensional surface called worldsheet which is embedded into the
space-time manifold.

The worldsheet action for open superstrings in a flat ten-dimensional Minkowski
space is given by [3][]

S = —— / dr / do nMN((&, — 0 XM (8, + 0. XV
0

iYige
— (0, — 0wl — (0, + 0w ) . (A5)

Here o is the string coupling constant with dimension [length]?, o is the spatial coor-
dinate of the open string, and 7 is the worldsheet time coordinate. The worldsheet
bosons XM are the space-time coordinates of the flat ten-dimensional Minkowski
space with Lorentzian metric 1y, whereas 1} are the right- and left-moving world-
sheet Majorana-Weyl fermions respectively. Modulo boundary terms this action is
supersymmetric under the infinitesimal supersymmetry transformations

XM = —ie M +ie M S} = (O, XM £ 0XM)ex | (A.6)

where €4 are two supersymmetry parameters.

Varying the worldsheet action yields the equations of motion for the worldsheet
bosons XM and fermions ¢}

(672- - a§>XM(T’ U) =0, (87' + 80)¢i4(7’ U) =0. (A7)

Due to the worldsheet boundaries of open superstrings the variation of the action
(A.5) yields additional boundary terms, which must vanish and therefore the equa-
tions of motion (A.7) are supplemented by the boundary conditions

/ dr mun O XM XN =0, / dr man (W0 — pNep!)|7"0 =0 (A.8)

The first task is to evaluate the boundary conditions for the bosonic world-
sheet coordinate fields X#(7,0). Requiring locality the boundary condition ({A.8)
on X*(7,0) needs to hold independently at both endpoints, and hence there are two
possibilities at each endpoint

(N)  9,X%,0)| =0, (D)  o0X"(1,0)] =0. (A.9)

o=0,7 o=0,7

The first choice corresponds to Neumann boundary conditions (N) in the direc-

tions X and the second choice to Dirichlet boundary conditions (D) in the direc-
tions X "ﬂ The space-time coordinate system is chosen such that the open string

Here the action is given in conformal gauge. This gauge choice can (locally) always be achieved
by an appropriate coordinate transformation combined with a Weyl transformation. The local
residual gauge freedom corresponds to conformal transformations.

2For a given coordinate direction in space-time we restrict our discussion to the case that
both string endpoints either fulfill Neumann or Dirichlet boundary conditions. The case of mixed
boundary conditions for a coordinate direction, that is Dirichlet for one endpoint and Neumann
for the other endpoint, arises in intersecting brane scenarios.
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endpoints obey Neumann boundary conditions in (p + 1)-directions a = 0,...,p
(including the time direction) whereas they fulfill Dirichlet boundary conditions in
the remaining (9 — p)-directions n = p+1,...,9. For these boundary conditions the
general classical solution to the equations of motion (A.7) reads

a a a : o Oé% —ik(t4+0 —ik(t—0o
(N) X%r1,0)=q +2a’p7’+1\/52?(e (r0) 4 o7k )),

k£0

n _ 372 o+ :Ug (1 — U) e a;cl kik(t+40) —ik(t—o0)
(D) X"(r,0) = . +i EZ?(e —e )

k0

(A.10)

For the (p + 1)-dimensional subspace, which is parametrized by the ‘Neumann co-
ordinates” X“, the expansion of the open string yields a position ¢* and a
momentum p* in addition to an infinite set of oscillator modes af. On the other
hand for the remaining ‘Dirichlet directions’ X™ one finds the fixed position coor-
dinates zf and z7 of the two endpoints of the open string and again an infinite
number of oscillator modes aj. This structure arising from the expansion ({A.10))
deserves some further appreciation, namely one finds that the open string under
discussion can propagate freely with momentum p® along the Neumann directions,
whereas the endpoints of the open string are confined to xj and 27 in the Dirichlet
directions. Or in other words the endpoints of the open string can move freely on
the (p+ 1)-dimensional planes Wy . = {X"|X™ = x .} which are called Dp-branes.
In this new terminology the open string propagates in space-time with one endpoint
attached to the Dp-brane W, and the other endpoint attached to the Dp-brane Wﬂﬁ

Let us now briefly discuss the boundary conditions imposed on the worldsheet
fermions. Again requiring locality one finds two distinct possibilitiesﬂ [147]

WM (1,0) = M (7,0) WM (r,m) = M (r,7) . (A.11)

Due to these boundary conditions the worldsheet fermions wf‘f and M can be
combined to fermionic fields ¥™ defined as

W= {R00 s e
Then with these fermions obey the equations of motion
(0 — 0,)M(1,0) =0, (A.13)
and the boundary conditions become
R) oM(r,0)=v¥(r2m),  (NS) vM(r,0)=—p¥(r2m).  (A14)

3For an open string attached to a single Dp-brane one has xf = z7 and thus W = W, = W,.
“In principal one can also allow for 1}/ (1, 7) = —¢ (7, 7). However, this minus sign can always
be absorbed by a field redefinition of ¥ — —y™ [3].
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Periodic boundary conditions correspond to worldsheet fermions in the Ramond
sector (R), whereas anti-periodic boundary conditions to worldsheet fermions in the
Neveu-Schwarz sector (NS) | Note that imposing (A.9) and (A.14) at the boundary
also respects one linear combination of the supersymmetry transformations ({A.6)),
and hence half of the worldsheet supersymmetry is preserved at the boundary [147].
With the boundary conditions at hand a general solution to the equations of
motion ((A.13)) is readily stated to be

(R) wM 7_ 0, ZwM —ir(r+o0) 7

rez

(NS) M Z ¢ e ir (t40)

rEZ-I—é

(A.15)

with the integer oscillator modes 1 in the Ramond sector and the half-integer
oscillator modes 1 in the Neveu-Schwarz sector.

So far the worldsheet of the superstring has been discussed classically. Hence
the next step is to canonically quantize the worldsheet action . This is accom-
plished by introducing equal time commutators for the bosons X* and equal time
anti-commutators for the fermions 1"

0, XM (7,01), XN(7,02)] = =in"N§(0y — 03) |

. . (A.16)

{wM(T; 0-1)7 ¢N(7'a U2>} - ﬂ-nMN(S(O-l - U2> :
The canonical quantization implies with (A.10]) and (A.15]) that the zero modes and
the oscillator modes become operator valued and obey the following commutation
and anti-commutation relations [3]

[(ja ﬁb] 77ab ) [d/kM’ aNl] - anN 6kzl ; {7727]*\4712}55} = UMN 57’5 : (A17)

The first commutator is the usual canonical expression for the position operator ¢*
and the momentum operator p®. The oscillator operators are creation and annihi-
lation operators acting on a Fock-space in which the vacuum is annihilated by all
aX k> 0 and wM r > O|§| Note that in the Ramond sector there are additional
zero-modes 1}! which furnish (up to an unimportant factor of 2) a Clifford alge-
bra. Therefore these zero-modes are combined into raising and lowering operators,
which then define a degenerate Clifford vacuum transforming as a Majorana-Dirac
spinor 32p under the space-time Lorentz group SO(9,1).

5These two possible choices originate from the two distinct spin-structures of the circle S*.

5Due to the Lorentz metric their appear negative norm states in the Fock space. In the Gupta-
Bleuler quantization scheme one imposes physical state conditions to remove these unphysical
negative norm states [148]. Also in the case of the superstring quantization unitarity is recovered
by this method.
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With this structure it is now possible to discuss the mass operator for the open
superstring spectrum, which for the physical states takes the form

2
N A RN

with the bosonic number operator NB = 220:1 a_, + &, and the fermionic number
operator NF = ZT>0 mﬂ_T . zﬁr. The constant ag is 1/2 in the Neveu-Schwarz sector
and 0 in the Ramond sector. This mass formula allows us to discuss the open
superstring spectrum. First we turn to the spectrum of open superstrings attached
to a single Dp-brane or stretched between to coinciding Dp-branes, or in other words
we take g = 2. In this case the ground state of the Ramond sector is a massless
space-time Majorana-Dirac spinor, whereas the ground state of the Neveu-Schwarz
sector has a negative mass squared and hence is tachyonic. The first excited state
in the Neveu-Schwarz sector is obtained by acting with the raising operators 1&‘_‘ 1/2:
which according to eq. gives rise to massless modes transforming in the vector
representation of the space-time Lorentz group. Finally the remaining infinite tower
of higher excitations in both the Ramond and Neveu-Schwarz sector are massive
and their mass is controlled by the string scale o/. Therefore in the supergravity
regime, that is in the limit o/ — 0, these higher string modes are negligible. By
the same line of arguments open strings stretching between Dp-branes, which are
separated by distances of the order of Vo', i.e. dist(zg, x;) 2 V', are also not
taken into account. This is due to the first term in the mass operator which
generates in this case only massive modes of the order of magnitude of the higher
string excitations.

In order to obtain a consistent superstring theory one needs to include world-
sheet fermions in both the Ramond and the Neveu-Schwarz sector and then one has
to project onto a definite space-time fermion number. This procedure is called the
GSO projection [73]. In the Ramond sector the GSO projection removes from the
degenerate Fock vacuum one Weyl representation, such that there remains a space-
time Majorana-Weyl spinor 16’. For stable D-brane configurations the ground state
in the open string Neveu-Schwarz sector is also projected out by the GSO projec-
tion and hence the tachyonic mode is removedm Hence after performing the GSO
projection the light modes on a single D-brane are given by

772)%/2|k>NS ; |k, O)r (A.19)

where k labels the momentum tangent to the Dp-brane, or in other words labels the
eigenvalue of the momentum operator p*

p* 1/;%/2|k>Ns =k° 1;17‘41/2|k>NS ; P |k, O)r = k* [k, 0) . (A.20)

"For open strings stretching between D-branes and anti-D-branes the Neveu-Schwarz ground
state is not projected out [118,149,150]. This indicates that such a setup is not a stable vacuum
configuration. This instability disappears by a process called tachyon condensation [151]. Physi-
cally tachyon condensation corresponds to the annihilation of the D-brane anti-D-brane pair such
that a stable space-time ground state is approached.
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A.3 Spin representations and Dirac gamma ma-
trices

Here we assemble some properties and fix the notation of Dirac gamma matrices for
the dimensions relevant in this thesis.

The ten-dimensional 32 x 32 Dirac gamma matrices '™ fulfill the usual Clifford
algebra

{14, 18} =298 | A B=0,...,9, (A.21)

where nP = diag (—1,+1,...,+1) denotes the metric tensor of ten-dimensional
Minkowski space invariant under the Lorentz group SO(9, 1). Furthermore the ten-
dimensional chirality matrix I' is defined as

1
r=1°.1%= ~Tor €4, 4,00 T4 (A.22)

and fulfills
=1, {r"ri=o. (A.23)

The ten-dimensional Dirac spinor 32p decomposes into two Weyl representations
16 and 16’ of SO(9, 1) with opposite chirality, i.e. 16 is in the +1-eigenspace with
respect to the chirality matrix (A.22) whereas 16’ is the —1-eigenspace.

In the context of compactifying the ten-dimensional space-time manifold to four
dimensions, the Weyl spinors of SO(9, 1) must be decomposed into representations

of SO(3,1) x SO(6)
16 — (2,4) ® (2,4) 16’ — (2,3) @ (2,4) (A.24)

where 2 and 2 are the two Weyl spinors of SO(3,1) and 4 and 4 are the two Weyl
spinors of SO(6). In both cases these representations are complex conjugate to each
other.

The ten-dimensional Dirac gamma matrices (A.21)) can be given in terms of
tensor products of gamma matrices v* and §* of the Clifford algebras associated to
the groups SO(3,1) and SO(6) respectively, namely

Fa::}/a®1a Oé:(),...,?), FQZ?Y@’V}/G, a21,...,6, <A25)

with {9%,4%} = 27*® and {¥%,3°} = 26% and where the chirality matrices are
defined as

-
I

N i o " i » »
7= gpfeoas? g s A (A.26)
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Then it is easy to check that (A.25)) leads to
{1 1%} = 2" | {1, T} = 26 {r* 1’y =o0, (A.27)
and the ten-dimensional chirality matrix (A.22)) becomes

r=4"®%. (A.28)

In the analysis of the fermions arising from the space-time filling D7-branes
one considers the decomposition of the ten-dimensional Weyl representations of the
Lorentz group SO(9,1) into representations of the subgroup SO(3,1) x SO(4) x
SO(2). This yields

16 —(2,2,1)® (2,2, 1) @ (2,2,1) @ (2,2, 1
H(??)@()7>®(7271)@<77)7 (A.29)

16’ — (2,2,1)® (2,2",1)®(2,2,1) ® (2,2',1)

with the two Weyl spinors 2 and 2’ of SO(4) and 1 and 1 of SO(2). Note that the
two Weyl spinors of SO(2) are again related by complex conjugation.

Similar as before the ten-dimensional Dirac gamma matrices (A.21]) can be writ-
ten as a tensor product of the Dirac gamma matrices 4* of SO(3,1), v* of SO(4)
and % of SO(2)

*=4"®1®1, a=0,...,3,
M=4®+y*®1, a=1,....,4, (A.30)
M=4®104", a=12,

with {72,7%} = 20% and {ﬁ&ﬂ’;} = 20%. The chirality matrices  of SO(4) and ¥
of SO(2) are given by

1 1 7

7= _Zeal...m’yal .. ‘,?a4 ) 5/ = _iediﬁ/&’?b : (A31)

As before it is easy to check that the definition (A.30) gives rise to the desired
anti-commutation relations

T 17} =27 | (11"} = 20" | {I% T} = 26" (a32)
(re,m™ =0, {T*I" =0, {IT°T"}=0. '

The ten-dimensional chirality matrix (A.22) is given in terms of the lower dimen-
sional chirality matrices (A.26)) and (A.31), i.e.

T=4®7®7 . (A.33)

In this thesis the relevant spaces are often complex manifolds. As a consequence
the SO(2n) structure group associated to Riemannian geometry reduces to the struc-
ture group U(n) associated to complex geometry. Therefore the Dirac gamma ma-
trices can also be adjusted to this reduction of the structure group. More specifically
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this means that the vector indices of the gamma matrices can be decomposed so as
to form holomorphic and anti-holomorphic Dirac gamma matrices. In particular in
terms of the complex metric tensor g;; the SO(6) Dirac gamma matrices become

(79 =2", {(#9}=0, {9} =0, {7} ={33} =0, (A39)
whereas the SO(4) Dirac gamma matrices read

(V.Y =2¢9"7, {¥,v}=0, {¥¥'}=0, {9t ={V.,7}1=0. (A35)

Note that these anti-commutation relations (A.34]) and (A.35]) correspond up to
a rescaling to the fermionic harmonic oscillator algebra. This property is also used

repeatedly in the main text, as it allows us to construct spinor representations of
U(n).

A.4 BPS D-branes from x-symmetry

As discussed in section the amount of preserved supercharges for a certain back-
ground configuration is given by the number of supersymmetry parameters for which
the variation of the fermions vanishes. In the presence of a super-Dp-branes also the
supersymmetry variation of the D-bane fermionic modes O needs to vanish. The
infinitesimal supersymmetry variation on the field O reads

50 =¢. (A.36)

This variation does not vanish, but, as argued in section [2.3.3] the super-Dp-brane
action exhibits a local fermionic gauge symmetry called k-symmetry. Therefore
it suffices if the supersymmetry variation acting on the fermions &) only vanishes
modulo a k-symmetry transformation as stated in eq. . A k-symmetry trans-
formation acting on the fields O can be expressed as [69,83,91]

—

5:6 = (1 + D), (A.37)

where the fermionic k-symmetry parameter £ depends on the worldvolume coordi-
nates of the Dp-brane. The matrix PI' is called the product structure matrix, it is
hermitian and further obeys

tr’T =0, M2 =1. (A.38)

Using eqs. (A.36)) and (A.37)) the supersymmetry variation condition (3.16]) can

be stated as
O =€+ (1+"T)K . (A.39)
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Finally this equation can be multiplied by (1 — PT") and then the condition for
unbroken supersymmetries becomes [92]

(1-"T)E=0. (A.40)

The next task is to evaluate the last equation for the D-brane geometries in
Calabi-Yau threefold compactifications. In this thesis we are interested in space-
time filling Dp-branes in type IIB superstring theory. This implies that we are
looking for solutions of for D3-, D5-, D7- and D9-branes. For these cases the
product matrix PI" becomes [69, 83]

5@ A ! R L TN A
(p—3)1y/detg G e

1

(A.41)

2 3

In this expression the Pauli matrices &', 62, & act on the two entries of € # is
the four-dimensional chirality matrix acting on the four-dimensional spinors 77 of
eq. (3.13), whereas the internal gamma matrices 7, act on the internal spinor part
of . det g is the volume measure of the internal cycle of the Dp-brane induced
from the ambient Calabi-Yau metric g;;.

In order to fulfill (A.40) it is necessary to find the eigenvalue +1 in the product
matrix (|A.41)). This is achieved for a space-time filling Dp-brane in type IIB string
theory if

- 1 .ps
dP=3¢\/det § = (p{,))'J T, (A.42)

5 )

in term of the Kéahler form (3.12) and if
(A.43)

The geometric condition states that the internal cycle of the Dp-brane needs
to be calibrated with respect the Kahler formﬁ This implies that the cycle is
holomorphically embedded into the Calabi-Yau manifold. Physically this calibration
condition amounts to the saturation of the BPS bound. The condition on
the other hand specify the linear combination of supercharges, which are preserved
by the BPS Dp-brane.

In the presence of internal background fluxes the product matrix (|A.41]) is further
enhanced by flux-induced contributions. However, the same analysis, although more
complicated, can be performed as sketch above. This has been carried out in detail
in ref. [70]. In the presence of bulk background fluxes the computed geometric
calibration condition must be also modified as discussed in ref. [152].

8For D3- and D9-branes this condition holds trivially.
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A.5 Gravitinos in Calabi-Yau orientifold

The number of four-dimensional massless spin-3/2 fields determines the amount
of unbroken supersymmetry in the effective four-dimensional theory. In type I1B
supergravity the spin-3/2 fields arise as the massless modes in the Kaluza-Klein
reduction of the ten-dimensional gravitinos U, Here we determine their number
indirectly by decomposing the ten-dimensional spinor representation 16’, which then
by using geometric properties of Calabi-Yau threefolds allows us to construct the
massless four-dimensional gravitinos. This approach also reviews some techniques
which are necessary to compute the fermionic effective D-brane action.

In compactifying ten-dimensional superstring theory on a six-dimensional mani-
fold the structure group SO(9,1) of M®! reduces to SO(3,1) x SO(6) due to the
product structure ([£.9). Compactifications on a six-dimensional complex manifolds
reduce the structure group SO(6) further to U(3) = SU(3) x U(1) so that we have

S0(9,1) — SO(3,1) x SO(6) — SO(3,1) x SU(3) x U(1) . (A.44)

Correspondingly the Weyl spinor 16’ of SO(9,1) decomposes into representations
of SO(3,1) x SO(6) or for complex manifolds into representations of SO(3,1) x
SU(3) x U(1) respectively

16" — (2,4) ®(2,4) — (2,31) ® (2,1_3) D (2,3_1) ® (2,13) . (A.45)
Here 2,2 are the two Weyl spinors of SO(3,1), 4,4 are the two Weyl spinors of

SO(6), 3,3 are the fundamentals of SU(3) and 1,1 are SU(3) singlets (the subscript
denotes their U(1) charge).

For complex threefolds the Clifford algebra for the SO(6) Dirac gamma matri-
ces 4™ can be rewritten in terms of complex coordinate indices which then obeyf

{(¥.%Y=2¢", {(.%}=0, {#¥%t=0, {3 3={¥.91=0, (A.46)

with the six-dimensional Euclidean chirality matrix 4 defined in eq. . These
relations allow us to interpret the Dirac gamma-matrices with holomorphic indices
as raising and lowering operator acting on some ‘ground state’ £ and its ‘conjugate
ground state’ £F [118]

FE=0, &5 =0. (A.47)
£, € are the singlets 1,1 of SU(3) which obey the chirality property
¥ = +E, &y =€t (A.48)

Note that the conditions ([A.47)) are maintained on the whole complex manifold Y
because the structure group U(3) = SU(3) x U(1) of complex threefolds does not

9The ~ denotes six-dimensional bulk quantities.
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mix the gamma matrices 4 with the gamma matrices §7. However, for a generic
complex manifolds the SU(3) singlets £ and ¢' transform under the U(1) part of
(A.44)), which is the U(1) part in the spin-connection of the internal space. Thus
on complex manifolds the global sections ¢ ® £* and ¢ ® £ define the number of
(charged) global spinors which are then tensors of the SU(3) x U(1) structure group
bundle. Here £ and L* are sections of the line bundles corresponding to the U(1)
in (A.44). For Calabi-Yau manifolds the first Chern class of the tangent bundle
vanishes. This also implies that the line-bundle arising from the U(1) part of the
spin connection is trivial, and as a consequence one finds for a Calabi-Yau manifold
two globally defined singlets ¢ and &' which are in addition covariantly constant
because of the SU(3) holonomy of Calabi-Yau manifolds.

_ Due to the presence of the two globally defined and covariantly constant spinors
¢ and &' on Calabi-Yau threefolds which appear as singlets in the decomposition
(A.45), the ten-dimensional gravitinos Wj, compactified on the Calabi-Yau mani-

fold Y give rise to a set of two massless four-dimensional Weyl gravitinos Ju(x)

B, = u(2) ® £(y) + u(z) @ € (y) . (A.49)

Using , and the four-dimensional gravitinos have to obey &515# =
+1b, and A°Y, = —1h,.

The next task is to analyze the possible Zy Calabi-Yau orientifold projections,
and in particular the Zs action on the four-dimensional gravitinos as this is im-
portant to determine the amount of space-time supersymmetry in the presence of
space-time filling D-branes. As demonstrated in section besides the world-
sheet parity operator €2, the generator of the orientifold Z,; symmetry allows also
for a geometric part ¢ acting on the internal Calabi-Yau threefold Y. Dictated by
space-time supersymmetry ¢ must be an isometric holomorphic involution of Y. As
further discussed in section these properties of o allow for two possibility for
the action of ¢* on the holomorphic (3,0)-form 2 of the Calabi-Yau manifold Y,
namely

Q=40"Q . (A.50)

The sign of the eigenvalue of ) has far-reaching consequences for the resulting
orientifold theory, which can be seen from the fermionic modes of the orientifold
theory. In order to grasp the significance of the eigenvalue one needs to use the
properties of spinors in the Calabi-Yau threefold Y as stated above. Namely in
order to determine the transformation behavior of the spinors let us specify what
is meant by pulling back the spinors via o*. Geometrically the transformation
behavior corresponds at each point in the tangent space of Y to a rotation

10Gince Wy, are Majorana-Weyl gravitinos, one can choose a Majorana basis such that U, =
U)s. This condition implies that the decomposed spinors in (A.45)) are complex conjugate to
each other and as a consequence also the spinors in the Kaluza-Klein ansatz (A.49)) are complex
conjugates.
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of 2mn, n € Z for 2 = +0*Q) or to a rotation of 7 + 2mn, n € Z for Q = —c*Q.
Since the singlets ¢ and &' are sections of the spin bundle of Y these rotations are
lifted to a phase factor €™ and €'27™ respectively. Hence a sensible definition of
the pullback o* acting on the global spinor singlets £ and &' reads

(£, +£NH  for 0*Q = +Q

(i€, Figh) for o*Q = —Q . (A.51)

w%m%3={

The next task is to determine the action of €2,0* on the four-dimensional gravi-
tinos (A.49). The worldsheet parity Q simply exchanges the two spinor ¢, and ¢ in

@/7” = ( }L, @Di) because it exchanges NS-R and R-NS sectors of the closed superstring

which provide respectively for the two gravitinos in z;u. This can conveniently be
expressed in terms of the Pauli matrix &' and together with (A.51)) one obtains

), @ &5 for 0*Q = +Q

O (A.52)
Fi, @ 151 for 0*Q = —Q .

Q0" @ & = {
It is immediately apparent that €2,0* can only be an orientifold Z; symmetry for
0*Q) = 4. In the other case it, however, can be made to a symmetry by adding
the operator (—1)f% where FJ, is the fermion number of the left-movers. Therefore
it adds an additional sign in the R-NS sector and the projection of (—1)% can be
expressed in terms of —ig?. In summary we find that possible orientifold projections
are given by the operator O defined as

O:{%a for o = +0Q (A53)

(—-1)frQ,o* for o*Q=—-Q.

In ref. [19] it is indeed confirmed by a worldsheet analysis that (A.53)) gives rise to
the correct orientifold projections in the two distinct cases.

Before concluding this section we state the linear combination 1, of the four-
dimensional gravitinos that is kept in the spectrum after gauging the discrete Z,
orientifold projection (A.53))

(A.54)

) . 0, @ L1 +6Y) for 0*Q = +0Q
@ =11+0W, =452
Vu @& = 3( )Y {1/,“ ® &t %(1 +6%) for o*Q=-Q.

A.6 Warped Calabi-Yau compactifications

In this appendix we briefly want to summarize the conditions for the validity of
the Calabi-Yau ansatz for type IIB Calabi-Yau compactifications in the presence of
background fluxes and/or localized sources such as D-branes and orientifold planes.
This analysis has been spelt out in detail in ref. [17].
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The product metric ansatz (4.9)) for the compactification on the internal compact
space Y can be further generalized by a warped metric ansat4"|

ds?y = * Wy, datdz” + e W g, dy™dy™ . (A.55)

Here A(y) is the warp factor which only depends on the coordinates of the compact
space Y, and therefore four-dimensional Poincaré invariance is maintained. In addi-
tion for the self-dual five-form field strength G defined in one can also allow
non-trivial background flux of the form [17]

G = (1 + xp)da(y) Az A dat A da? A da? (A.56)

which again preserves four-dimensional Poincaré invariance and by construction is
in accord with the Bianchi identity of the self-dual five-form field strength. Then
the ten-dimensional Einstein field equations

1
Ryn + §gMNR = K%OTMN ) (A57)
for the metric ansatz (A.55) and for the energy momentum 7T),y comprised of the
bulk type IIB supergravity energy momentum tensor T and the energy momen-
tum tensor for localized sources Ty yield for the warp factor A(y) the equation [17]

24 GrnpG™™

VZ 4A —
¢ ¢ 12Im 7

2
+e % (0pa0ma + 0,e*10met) + %em (‘Ty—1r) .
(A.58)
This equation combined with the Bianchi identity of for the five-form field strength
G®) yields for a consistent setup, that is to say that RR tadpoles and NS-NS tadpoles
are canceled, the following conditions (due to the fact that the internal space Y is

compact)
M =a, %G = iG . (A.59)

The first condition relates the warp factor of the metric ansatz (A.55) to the back-
ground flux (A.56)), whereas the second equation states that in stable minimaﬁ only
imaginary self-dual fluxes can appear.

In order to determine the dependency of the warp factor e*4 on the radius R of the
internal space one can analyze the scaling behavior of under gomn — Agmn.
Then it is easy to see that the terms in (A.58|) which contain derivatives acting
on the warp factor e*4 scale as A™2, and due to the same reasoning applies
for the term involving derivatives acting on «. The scaling behavior of the term
resulting from localized sources is a little bit more involved. For localized sources,

1Tn this appendix the metrics are taken in the ten-dimensional Einstein frame.
12Without taking into account non-perturbative string corrections and/or higher order o’ cor-
rections.
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i.e. for the (p + 1)-dimensional space-time filling D-branes and orientifold planes,
the energy momentum tensors take the generic form [17]

(‘T ="T}) ~ (T =) T,6(%) (A.60)

where the sign of the proportionality constant determines whether the extended
object has positive or negative tension. Thus in lowest order in o/ D7-branes and/or
O7-planes do not contribute to eq. , whereas D3-branes and O3-planes enter
in the differential equation for the warp factor. The variation of the action 'S
determines Ty, via
1 §S

V/—det gg dgMN 7
and hence the scales as A 76, Therefore the warp factor itself e*4 scales to
subleading order as [17]

"Tvn ~ (A.61)

e =1+00") . (A.62)

Note that due to eq. (A.59)) the flux parameter « in (A.56]) approaches 1 in the limit
where warping becomes negligible.

From eq. one deduces that in the large radius regime of the internal
manifold the back-reaction to geometry, which is captured by the appearance of a
warp factor e*4, can be treated as a small perturbation to the unwarped geometry
chosen in . To be more specific this is the case if the ‘radius’ R of the internal
space is much larger than the contributions from the N localized sources which
become significant at length scales N'/*y/a/ and the contributions of M units of
background flux G at characteristic length scales v/ M o

A.7 Geometry of Calabi-Yau orientifolds

In performing the Kaluza-Klein reduction on a six-dimensional Calabi-Yau orienti-
fold the geometry of the internal space enters in the effective four-dimensional theory.
In this appendix we have collected the relevant formulae for such a compactification.

All harmonic forms of the Calabi-Yau manifold Y and their parity with respect
to the orientifold involution ¢ are assembled in Table £l First we summarize the
properties of various integrals taken over these forms. The bases in Table are
chosen in such a way that appropriate bases are dual to each other, i.e.

/waA@ﬁzég, /wa/\wbzég,
" - v o (A.63)
/oz&/\ﬁﬁzcsg, /ad/\ﬁbzég,
Y Y
with all other pairings vanishing.
Kopy = / Wo N\ wg A wy Kapy = / Wa A wp A wy (A.64)
Y Y
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are the non-vanishing triple intersection numbers of the Calabi-Yau manifold Y.
Note that these intersection numbers are topological invariants of the Calabi-Yau
manifold Y which are symmetric in their indices. The intersection numbers o3,
vanish because the volume form dvol(Y) of the Calabi-Yau is even whereas w, A
wg A w, is odd with respect to the pullback o* [21,133,153]. Additionally we define
contractions of these intersection numbers with the fields v® and obtain with
the non-vanishing combinations

K:/JAJAJ:/CaM%ﬁm, /Ca:/wa/\J/\J:/Camvﬁzﬂ,

M M (A.65)

Kaﬂ:/wa/\wg/\J:lCamv'y, Kab:/wa/\wb/\J:ICabw”,
Y Y

where I is proportional to the volume of the internal Calabi-Yau manifold Y, i.e.
6 vol(Y) = K.

In the action (4.15)) there appear also various metrics. On the space of harmonic
two-forms one defines the metrics [113,154]

o3 3 (/caﬁ - §/ca/cﬁ) |

= — /\ = ——
o8 T oK J, LN T T\ T T 2T ke

A.
3K (A.66)

G —i/w/\*w———
ab—2lcya 6b—21C7

which is just the usual metric for the space of Kahler deformations split into odd
and even part with respect to the involution ¢. The inverse metrics of are
denoted by G*% and G. Similarly, for the complex structure deformations 2% of
the Calabi-Yau orientifold, one defines the special Kéhler metric [113]

0? -
le; = — Kcs<2,§> , KCS<Z,Z) =—1In (—i/ QA Q> , (A67)
0z40zb Y
which is the metric on the complex structure moduli space of the Calabi-Yau mani-
fold Y restricted to the complex structure deformations compatible with the holo-
morphic involution ¢ [19]. Furthermore we have the Kodaira formulae [113]
o) IXa

- — k&Q i a =
9z X 0

= kl}X?l + Iigg)_(5 y (A68)

where Hgg is defined in [113] but here we do not need its precise form.

Finally we introduce the coefficient matrices of the kinetic terms of the vector
fields V¥ and U®. They are given by [155]

AB&:—//B&/\*GCVB; Bdflz/ad/\*6aﬁa
Y Y

A A A A (A.69)
Cdﬁ = —/ 6d A\ *Gﬂﬂ s Dﬁ@ - / Oy A *66ﬁ )
Y Y
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or equivalently for the three-forms *gaq and #3% we find modulo exact forms the
expansion

so0ta = A"y + BB’ #g0% = C%a; + D57 (A.70)
It is straight forward to verify that the matrices fulfill
AT =D, BT =B, ct=cC. (A.71)
In terms of these matrices the N' = 2 gauge kinetic matrix M5 reads [155]
M=ACt +iC™t . (A.72)

A.8 Normal coordinate expansion

In the Dirac-Born-Infeld action and the Chern-Simons action of the Dp-brane various
tensors fields of the bulk theory are pulled back from the space-time manifold M to
the worldvolume W of the brane via ¢ : W — M. As the embedding map ¢ is not
rigid but fluctuates due to the dynamics of the brane, a normal coordinate expansion
has to be performed so as to extract the couplings of these brane fluctuations to the
bulk fields [39, 156].

The fluctuation of the worldvolume W embedded in the space-time manifold M
can be described by considering a displacement vector field ¢ in the normal bundle
of the worldvolume. The worldvolume shifted in the direction ( is embedded via the
map ¢¢. Note that for ¢ = 0 the two maps ¢ and ¢, coincide. For small fluctuations
¢ any bulk tensor field T" pulled back with the map ¢, can be expanded in terms of
tensor fields pulled back with the map ¢, i.e.

1
(,OET = QO* (6VCT) = QO* (T) + QO* (VCT) + §Q0* (V<V<T> +..., (A73)

where V is the Levi-Cevita connection of the manifold M.

For local coordinates 2% on the worldvolume W where a = 0, ..., dim(W — 1),
we have the associated vector fields d,,, and since the Levi-Cevita connection has no
torsion one can show that [39]

V0, = Vo,(, R(¢,04)¢ = V¢V, =V V0, , (A.74)

where R(-,-)- is the Riemann tensor.
Applying (A.73)) to the metric tensor g(-,-) of the manifold M, we obtain the

induced metric on the worldvolume of the brane subject to the fluctuations (. With
the identity (A.74) the expansion up to second order in derivatives yields

0 (9(0ay O)) = 0" (9(0a; B)) + " (9(Va,(, D)) + ¢ (9(0a, Vi, ())
+¢" (9(Va,(, Va,Q)) + ¢ (9(R(¢,04)C, ) + ... . (A.T5)
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This index free notation translates in a slightly abusive way of notation into the
component expression

()OZ“ (g)ab = Gab + ganvan + ganvbcn + gnmvacnvbgm + Gaclt, bmc-ncm ) (A76)

where now V is the connection of the normal bundle of the worldvolume W, which
is induced form the Levi-Cevita connection of the ambient space M. The indices
a,b, ... denote directions tangent to the worldvolume W whereas the indices n, m, . ..
stand for directions normal to the worldvolume W.

Analogously, one computes with (A.73]) and (A.74) the pullback of a g-form of
the manifold M to the worldvolume WV and obtains up to second order in derivatives

200 - (80 R~ L

quCna (gma ( a1 aq)) (q 1 ValCn Cma ( nag aq) (A77)
+ 27 VarC Vsl Oy g 5 R €O, ) ™ AL A da

A.9 Dualization procedure

A convenient starting point for coupling Dp-branes is the democratic supergravity
action as introduced in ref. [107]. The democratic actions describe the fields and
their duals simultaneously. Since the Dp-branes couple in the Chern-Simons action
to all RR-form fields the D-brane action is easily implemented in the context of
the democratic formulation of the bulk theory. However, after the terms arising from
the D-branes are added one would like to obtain an effective four-dimensional action
in the conventional sense, that is to say an action where the redundant degrees of
freedom are removed by incorporating their duality conditions.

In this thesis this duality relation in four dimensions mainly concerns scalars
dual to two-forms. Thus here we want to demonstrate how to remove systematically
the space-time two-forms in favor of their dual scalars [157]. We start with the
four-dimensional action

1
Ssp = / EdB@) A *dB® + -dSAxdS| (A.78)
g
with the coupling constant g, the two-form field B® and the scalar field S. Moreover
we impose by hand the duality condition
g »dB® =ds . (A.79)

Thus S is the dual scalar of the two-form B and the action (A.78)) with (A.79)
possesses just one degree of freedom. If we introduce the field strengths H = dB®
and A = dS, altogether we have the equations

dA=0, dH=0, dxA=0, dxH=0, gxH=A, (A.80)
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where the first two equations are Bianchi identities, the next two equations are the
equations of motion of (A.78)), and the last equation is the duality condition (|A.79)).
Now we modify the action (A.78) to

1 1
Ssp = / BH A*H + —dS AxdS — ZHAAS = MH| (A.81)
g

where in this action H is an independent three-form field and X is a Lagrangian
multiplier. This Lagrangian also yields the equations , however, now only
the first equation arises as a Bianchi identity. All the other equations, including
the duality relation, is obtained from the equations of motion of . In this
formulation we can eliminate the three-form field H and arrive at the action for S

1
Ssp = / %dS A *dS (A82)

without any redundant dual fields. The next task is to generalize this procedure in
the presents of source terms .J, which we add to (|A.78)

1 1
Ssp = / BdB@) A *dB® + T ANEA - 5olB<2> ANJT| . (A.83)
g
Note that in order to be in accord with the duality condition g *x H = A, the field

strength A must be adjusted to A = dS + J and the new equations of this system
are

dA=dJ, dH=0, d+«A=0, d«H=dJ, g+H=A. (A84)

As before we obtain this set of equations from the Lagrangian

1 1
SSD:/[gH/\*HJr—(dSJrJ)/\*(dSnLJ)—§H/\(dS+J)—)\dH] ,

4 4q
(A.85)
with the independent field H. Finally eliminating H yields
1
Sepy = / S (0S4 .7) A w(dS + 7). (A.86)
g

which is the reduction of the democratic action (A.83)) to the conventional action in
terms of the scalar field S.

A.10 Soft supersymmetry breaking terms

In this appendix we briefly recall the definition of soft supersymmetry breaking
terms. These soft-terms appear in the context of globally supersymmetric field
theories. One of the attractive features of globally supersymmetric field theories are
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the non-renormalization theorems [158], which ensure that certain (holomorphic)
quantities such as the superpotential are protected from perturbative corrections
[159]. Soft-terms are now additional terms Ly added to the Lagrangian Ly, of a
N =1 globally supersymmetric field theory which break supersymmetry explicitly,
but maintain the good renormalization behavior of the supersymmetric theory. The
allowed terms turn out to be [160]

L o . 1
Lot = —"mi¢' ¢’ — (Sbijoyay +aind ¢ pF + 3 ‘Mg AN A + h.c.) . (A87)

where ¢’ are the scalar fields in the A" = 1 chiral multiplets and A\* are the gauginos
in the A = 1 vector multiplets of the globally supersymmetric theory. Here *m;; and
°b;; are scalar masses, mgaa are the gaugino masses, and ®a;j, are scalar trilinear
couplings often called A-terms.

Even though the soft terms break supersymmetry explicitly in the context
of global supersymmetry, the structure of these soft-terms can be understood as
arising from a spontaneously broken N = 1 supergravity theory in the limit M1§4) —
00, mg/s = const. This point of view as been thoroughly examined in refs. [125-127],
and in the following we summarize the results of this analysis.

In N/ = 1 supergravities arising from compactification of string theory it is
convenient to distinguish between the ‘matter fields’ ¢ of charged chiral multiplets
and the gauge neutral moduli fields M’ of neutral chiral multiplets. As long as the
gauge symmetry is unbroken the vacuum expectation values of the ‘matter fields’ ¢
vanish and therefore it is convenient to expand the Kihler potential K (M, M, ¢, ¢)
and the superpotential W (M, ¢) in a power series in ¢’

K(M, M, ¢,0) = kK (M, M) + Zyy(M, M

~—

P'Y + (%Hij(M, M)¢'¢! + h.c.) +...

W(M,¢) =W (M) + lﬂij(M)gzﬁigzﬁj + Y (M) Pk + ... (A.88)

2

Wl

Spontaneous supersymmetry breaking occurs if a D-term or a F-term has a non-
vanishing vacuum expectation value. In our applications supersymmetry is broken
by non-vanishing flux-induced F-terms. Since the ¢’ vanish in the ground state they
do not contribute to the F-terms and one has

Fl = k2eK2 K17 Do (A.89)

where K17 is the inverse of the Kihler metric K ;7. For a vanishing cosmological con-
stant an alternative measure for supersymmetry breaking is given by the gravitino
mass ms3y/2

A

mg/y = miekﬂW . (A.90)

Without going through the analysis let us just state here the effective theory
for the matter fields ¢, which one obtains by taking the decoupling limit of gravity
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M1§4) — 00, mg/; = const. The resulting theory is a softly-broken globally super-
symmetric field theory for the matter multiplets ¢* [125-127,160,161]. In this limit
one finds for the scalar potential™|

_ 1 _ _
Veﬁ(qb, ¢) — 5 (Deff)2 + VA aiweff ajWeff

+5my ¢ + (3 by ' + § Cagr ¢’ ¢ +he) , (A91)

where the ‘supersymmetric terms’ read
e n 0T j e 1 Y] 1 V)
D¢, ¢) = —g ¢' Zr; ¢, W(p) = §Mij¢ ¢+ gY;ijb ot (A.92)

Here g is the gauge coupling function given by ¢g=2 = Re f(M). The mass terms p;;
and the Yukawa couplings Y;;, are defined in terms of the moduli dependent super-
gravity F-terms (A.89) and supergravity coefficients

pig = P + mgjoHij — Fjngij ; Vi = "V, . (A.93)
On the other hand the soft supersymmetry breaking terms in eq. (A.91)) turn out to
bel]
Sm?j = (|m3/2|2 + Vb) Ziz — FIFJRLHJ— ) “aijr = F! DrYijk
- FIFJD[ajHZ‘j - ef(/Qﬂijmg/Q + GK/QFID],&Z']‘ s
where V = (V) is the cosmological constant. The ‘curvature’ R, j;; and the Kéhler
covariant derivatives D are given by

leij = alajzij_ - Fl;iZk[Fljj )
1.
DyYijk = 0rYign + S KiYige — 377, Yig0 with T, = 20,7 . (A.95)
N N 1. N
Dijuj = Orfisg + 5 Krftsy — 2Ty

Finally, let us turn to the fermionic mass terms. Since W© is the effective
superpotential of the (softly broken) globally supersymmetric field theory, by su-
persymmetry it also determines the masses of the fermions in the charged chiral
multiplets to be given by p;;. The (canonically normalized) mass *m, of the gaug-
ino in the vector multiplet is also a soft-term according to , which can again
be related to a spontaneously broken supergravity theory in the decoupling limit
MI(,4) — 00, M3y = const.

Smg = F'0;In (Re f) . (A.96)

13Here and in the following we use the notation and the conventions of ref. [126].

Due to the inclusion of the possibility of a non-vanishing cosmological constant Vg the form
of the soft-terms differ from the ones given in ref. [126]. Instead we use the expression for the
soft-terms stated in ref. [39].
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A.11 Effective action of D7-branes in Calabi-Yau
orientifolds

Here the four-dimensional effective action of a D7-brane in a Calabi-Yau orientifold
with D7-brane fluxes is presented. This is the form obtained by performing a Kaluza-
Klein reduction [40,64]

1 ; N
Shr = 252 / [—R s4 14 2G5dz" A %4d2° + 2G opdv® A 4dv”
1

1 1

+ 5d(ln K) A x4d(In ) + §d¢ A #4d¢p + 262G pdb® A 54db°
: 2 b a 1Rb 6UA A B

+ 2154/JJ7£A§ e? +4G BB’ — TQJF dC” A x4d(

24 .
+ Eﬁiu%QiCéJUO‘dal A *x4daz
2¢

+ ‘% (dz v k2 Lap (dCAEB - dg‘Bc“)) A 4 (dl + KL oag (dC"‘C_B - dEBC“‘)>
+ 269G (Vc“ Cdb — K2 BOL g (dg’f“fé - d&B§A>) A
*4 (Vcb — 1A — K2 B L 45 (dCAEB - dEBCA>>
+ G (V= Kasee b — s (Kasc BB+ 52Q;)
L5 (chEB - dEBCA> + 2622 (arday —a jda1)> A
x4 (Vpﬁ — Kgapcdb® — %f@iln (/CgchbBC + 52@15)
L (AT = ACPCM) + 203pnCh (arday — asday) )
+ Kl (%ICA — %e"z’lCAabB“Bb — %e"ﬁQf) F A x, F
+ k3prl? (pa — Kaapc B’ + 2aapB B + 3lQF) FAF

1 : .1 : :
5 (M) 5dVE A dV? 4 2 (Re M) dV? A dvﬁ} , (A.97)

with the gauge covariant derivatives given by
V" = 0,c" — 4R b6% A,

@ 1 457 Py . ) (A.98)

VPa = Oupa — 431l p B° A, — 4k purl Q0 A,

A.12 Relative cohomology and relative homology

In this appendix we present a primer on the cohomology theory of relative forms
O € 0"(Y,S")[F] These forms are n-forms of the Calabi-Yau manifold Y in the

5For an introduction on relative forms see e.g. ref. [162].
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A.12. RELATIVE COHOMOLOGY AND RELATIVE HOMOLOGY

kernel of ¢*. Recall that the map ¢ embeds S* into Y, i.e. ¢+ : S* < Y. Hence the
set of relative forms Q"(Y, S*) fits into the exact sequence

0— Q(Y, 5% = Q*(Y) S5 QM (SY) = 0. (A.99)

Then the cohomology of these relative forms with respect to the exterior differential d
defines the relative cohomology groups H"(Y, S*), namely
0 € O (Y, SM)|de = 0}
(5t = 18 ’ — : A.100

S (TRl D) 00
Analogously to the duality of the cohomology group H"(Y') to the homology group
H,(Y), each relative cohomology group H™(Y,S*) has a dual description in terms
of a relative homology group H, (Y, S*). The elements of H, (Y, S*) are n-cycles T,
which are not necessarily closed anymore, but may have boundaries dL in ¢(S™).
Furthermore the pairing of a relative n-cycle with a relative n-form is given by the

integral

(L,0) = /F@. (A.101)

Note that this bilinear product is independent of the choice of representative of the
relative cohomology element © and the relative homology element T'.

In the following we concentrate on the relative cohomology group H3(Y,S%),
which is relevant for the moduli space M—; discussed in chapter[6] In order to get
a better handle on this space of relative three-forms one constructs from the short
exact sequence the long exact sequence

Lo HAY) S HA(SM D H3(Y, SN — HA(Y) S H3(SM) — ... . (A.102)
From this sequence one extracts
H3(Y, 8™ 2 ker <H3(Y) z, H3(SA)> @ coker (H?(Y) Z, H?(SA)> . (A.103)

Thus we can think of a representative © of H3(Y,S%) as a pair of a three-form Oy
of Y and a two-form Og¢a of S*, where Oy is in the kernel of /* and fga is in the
cokernel of ¢*.

Recall that in the context of Calabi-Yau orientifolds with a holomorphic invo-
lution o the complex structure deformations 2% and the D7-brane matter fields ¢4
are expanded into odd forms with respect to the involution o. Therefore the appro-
priate relative cohomology space is H? (Y, S?), that is to say the elements are also
odd relative forms with respect to the involution o. In this case the relation
becomes B B

H3(Y,SY =2 H*(Y)® H*(S") (A.104)
with
H3(Y) = ker (HE(Y) “, HE(SA)> ,
_ . (A.105)
H?(S™) = coker (Hg(Y) = HE(SA)> :
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