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Abstract

The N = 1 effective action for generic type ITA and type IIB Calabi-Yau orientifolds in
the presence of background fluxes is computed from a Kaluza-Klein reduction. The
Kahler potential, the gauge kinetic functions and the flux-induced superpotential
are determined in terms of geometrical data of the Calabi-Yau orientifold and the
background fluxes. Mirror symmetry for orientifolds is shown to hold at the level
of the effective action in the large volume — large complex structure limit. The
geometry of the N = 1 moduli space is analyzed. The chiral description is directly
related to Hitchins generalized geometry encoded by special odd and even forms on
a threefold, whereas a dual formulation with several linear multiplets makes contact
to the underlying N = 2 special geometry. For type IIB orientifolds with O3- and
OT7-planes the scalar flux-potential is expressed in terms of a superpotential while for
O5- or O9-planes also a D-term and a massive linear multiplet can be present. The
type ITA superpotential depends on all geometrical moduli and vanishes at leading
order when background fluxes are turned off. The N = 1 chiral coordinates linearize
the appropriate instanton actions such that instanton effects can lead to holomorphic
corrections of the superpotential. It is shown at the level of the effective action that
type II orientifolds arise as special limit of an M-theory compactification on a specific
class of G5 manifolds or F-theory on a Calabi-Yau fourfold.



Zusammenfassung

Die N = 1 supersymmetrische effektive Wirkung fiir Calabi-Yau Orientifold Modelle
wird flir einen nichtverschwindenden FluBhintergrund mittels Kaluza-Klein Reduk-
tion berechnet. Das Kahlerpotential, die Eichkopplungsfunktionen und das Superpo-
tential werden in Abhéahngigkeit von den geometrischen Eigenschaften des Calabi-Yau
Orientifolds und des Fluhintergrundes bestimmt. Es wird gezeigt, dass Mirror Sym-
metrie im Limes grofler Volumina und grofler komplexer Strukturen gilt. Die Geome-
trie des N = 1 Moduliraums wird analysiert. Die chirale Formulierung der Theorie
steht in direkter Beziehung zu Hitchins verallgemeinerter Geometrie, welche durch die
Wahl spezieller Formen von geradem oder ungeradem Rang kodiert wird. Eine duale
Beschreibung durch lineare Multipletts erlaubt es, Bezug auf die zugrundeliegende
spezielle N = 2 Kéhler Geometrie zu nehmen. Fiir Orientifolds mit O3/O7-Ebenen
kann das skalare Flufipotential aus einem Superpotential berechnet werden, wahrend
fiir Orientifolds mit O5/09-Ebenen zusétzlich ein D-term und ein massives lineares
Multiplett induziert werden konnen. Das Typ IIA Superpotential ist eine Funktion
von allen geometrischen Moduli der Theorie und verschwindet in niedrigster Ordnung
fiir ausgeschaltete Hintergrundfliisse. Es wird gezeigt, dass die chiralen N = 1 Koor-
dinaten die zugehorige Instantonwirkung linearisieren, so dass Instantoneffekte holo-
morphe Korrekturen zum Superpotential induzieren konnen. Mit Hilfe der effektiven
Wirkung wird berechnet, dass Typ II Orientifolds als Limes einer M-Theorie Kom-
paktifizierung auf einer speziellen Klasse von GGy Mannigfaltigkeiten, beziehungsweise
einer F-Theorie Kompaktifizierung auf einer vierdimensionalen Calabi-Yau Mannig-
faltigkeiten erhalten werden.
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Chapter 1

Introduction

The Standard Model of particle physics extended by massive neutrinos has been tested
to a very high precision and is believed to correctly describe the known elementary
particles and their interactions. Experimentally, the only missing ingredient is the
scalar Higgs particle, which gives masses to the leptons and quarks, once it acquires
a vacuum expectation value. The Standard Model provides a realistic model of a
renormalizable gauge theory. Despite its impressive success there are also various
theoretical drawbacks, such as the large number of free parameters, the hierarchy and
naturalness problem as well as the missing unification with gravity. These indicate
that it cannot be viewed as a fundamental theory, but rather should arise as an
effective description.

A natural extension of the Standard Model is provided by supersymmetry, which
serves as a fundamental symmetry between bosons and fermions. Supersymmetry
predicts a superpartner for all known particles and thus basically doubles the par-
ticle content of the theory. However, none of the superpartners was ever detected
in an accelerator experiment, which implies that supersymmetry is appearing in its
broken phase. The supersymmetric Standard Model solves some of the problems of
the Standard Model [1]. Even in its (softly) broken phase it forbids large quantum
corrections to scalar masses. This allows the Higgs mass to remain to be of order
the weak scale also in a theory with a higher mass scale. Furthermore, assuming the
supersymmetric Standard Model to be valid up to very high scales, the renormaliza-
tion group flow predicts a unification of all three gauge-couplings. This supports the
idea of an underlying theory relevant beyond the Standard Model scales. However, it
remains to unify these extensions with gravity.

On the other hand, we know that General Relativity links the geometry of space-
time with the distribution of the matter densities. Einsteins theory is very different
in nature. It is a classical theory which is hard to quantize due to its ultra-violet di-
vergences (see however [2]). This fact constraints its range of validity to phenomena,
where quantum effects are of negligible importance. However, there is no experimental
evidence which contradicts large scale predictions based on General Relativity.

Facing these facts General Relativity and the Standard Model seems to be in-
compatible, in the sense that neither of them allows to naturally adapt the other.
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This becomes important in regimes where both theories have to be applied in order
to describe the correct physics. Early time cosmology or physics of black holes are
only two regimes where the interplay of quantum and gravitational effects become im-
portant. To nevertheless approach this theoretically interesting questions one might
hope for a fundamental quantum theory combining the Standard Model and General
Relativity. Until now one does not know what this unifying theory is, but one has
at least one possible candidate. This theory is known as String Theory, which was
studied intensively from various directions in the last thirty years. A comprehensive
introduction to the subject can be found in [3, 4, 5].

Perturbative String Theory is a quantum theory of one-dimensional extended ob-
jects which replace the ordinary point particles. These fundamental strings can ap-
pear in various vibrational modes which at low energies are identified with different
particles. The characteristic length of the string is v/a/, where o is the Regge slope.
Hence, the extended nature of the strings only becomes apparent close to the string
scale 1/y/a/. The string spectrum naturally includes a mode corresponding to the
graviton. This implies that Sting Theory indeed includes gravity and as we will fur-
ther discuss below reduces to Einsteins theory at low energies. It most likely provides
a renormalizable quantum theory of gravity around a given background. It avoids the
ultra-violet divergences of graviton scattering amplitudes in field theory by smearing
out the location of the interactions.

The extended nature of the fundamental strings poses strong consistency con-
straints on the theory. Non-tachyonic String Theories (Superstring Theories) require
space-time supersymmetry and predict a ten-dimensional space-time at weak cou-
pling. Altogether there are only five consistent String Theories, which are called type
ITA, type IIB, heterotic SO(32) and Eg x Eg and type 1. These theories are con-
nected by various dualities and one may eventually hope to unify all of them into one
fundamental theory [6, 4].

As striking a proper formulation of such a fundamental theory might be, much of
its uniqueness and beauty could be spoiled in attempting to extract four-dimensional
results. This is equally true for the five String Theories formulated in ten dimensions.
One approach to reduce String Theory from ten to four space-time dimensions is
compactification on a geometric background of the form M*! x Y. M?! is identified
with our four-dimensional world, while Y is chosen to be small and compact, such
that these six additional dimensions are not visible in experiments. This however
induces a high amount of ambiguity, since String Theory allows for various consistent
choices of Y. Eventually one would hope to find a String Field Theory formulated
in ten dimensions, which resolves this ambiguity and dynamically chooses a certain
background. However, such a theory is still lacking and one is forced to take a sideway
to find and explore consistent string backgrounds.

For a given background, the ten-dimensional theory can then be reduced to four
dimensions by a Kaluza-Klein compactification [7] (for a review on Kaluza-Klein re-
duction see e.g. [8]). This amounts to expanding the fields into modes of Y and
results in a full tower of Kaluza-Klein modes for each of the string excitations. Addi-
tionally there are winding modes corresponding to strings winding around cycles in
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Y. Generically it is hard and phenomenologically not interesting to deal with these
infinite towers of modes and an effective description is needed.

In order to extract an effective formulation one may first integrate out the massive
string excitations with masses of order 1/4/a’. This is possible due to the fact that
the string scale 1/4/c’ is usually set to be of order the Planck scale such that gravity
couples with Newtonian strength. In the point-particle limit o/ — 0 the effective
theory describing the massless string modes is a supergravity theory (see e.g. [3,
4]). Tt can be constructed by calculating string scattering amplitudes for massless
states. One then infers an effective action for these fields encoding the same tree
level scattering vertices. An example is the three-graviton scattering amplitude in
String Theory, which in an effective description can be equivalently obtained from
the ten-dimensional Einstein-Hilbert term. Repeating the same reasoning for all
other massless string modes yields a ten-dimensional supergravity theory for each of
the five String Theories.

In a similar spirit one can also extract an effective Kaluza-Klein theory. For a
compact internal manifold Y the first massive Kaluza-Klein modes have a mass of
order 1/R, where R is the ‘average radius’ of Y. Hence, choosing Y to be sufficiently
small these modes become heavy and can be integrated out. On the other hand, Y
has to be large enough that winding modes of length Vo' can be discarded. Together
for p being the characteristic momentum of the lower-dimensional fields an effective
description of the massless modes is valid in the regime 1/p > R > v/a'.

The structure of the four-dimensional theory obtained by such a reduction highly
depends on the chosen internal manifold. The properties of Y determine the amount
of supersymmetry and the gauge-groups of the lower-dimensional theory. Generically
one insists that Y preserves some of the ten-dimensional supersymmetries. This is
due to the fact that string theory on supersymmetric backgrounds is under much
better control and various consistency conditions are automatically satisfied. It turns
out that looking for a supersymmetric theory with a four-dimensional Minkowski
background the internal manifold has to be a Calabi-Yau manifold [9]. From a phe-
nomenological point of view the resulting low-energy supergravity theories need to
include gauged matter fields filling the spectrum of the desired gauge theory such as
the supersymmetric Standard Model. However, parameters like the size and shape of
the compact space appear as massless neutral scalar fields in four dimensions. They
label the continuous degeneracy of consistent backgrounds Y and are generically not
driven to any particular value; they are moduli of the theory. In a Standard Model-
like vacuum these moduli have to be massive, such that they are not dynamical in the
low-energy effective action. Therefore one needs to identify a mechanism in String
Theory which induces a potential for these scalars. As it is well-known for supergrav-
ity theories this potential can provide at the same time a way to spontaneously break
supersymmetry.

To generate a moduli-dependent potential in a consisted String Theory setup is
a non-trivial task and requires further refinements of the standard compactifications.
Recently, much effort was made to establish controllable mechanisms to stabilize
moduli fields in type II String Theory. The three most popular approaches are the
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inclusion of background fluxes [10]-[41], instanton corrections [42, 43, 44] and gaugino
condensates [45, 44]. This raised the hope to find examples of string vacua with
all moduli being fixed [35, 40, 41, 46]. Moreover, phenomenologically interesting
scenarios for particle physics and cosmology can be constructed within these setups
[47, 48].

In contrast to Fg x Eg and SO(32) heterotic String Theory and type I strings
both Type II String Theory do not consist of non-Abelian gauge-groups in their
original formulation. Thus most of the model building was first concentrated on the
heterotic String Theory as well as type I strings. This has changed after the event
of the D-branes [49, 4, 50, 51], which naturally induce non-trivial gauge theories.
It turned out that compactifications with space-time filling D-branes combined with
moduli potentials due to fluxes or non-perturbative effects provide a rich arena for
model building in particle physics as well as cosmology [47, 48]. One of the reasons is
that consistent setups with D-branes and fluxes generically demand a generalization
of the Kaluza-Klein Ansatz to so-called warped compactifications [12, 14, 19, 20].
Remarkably, these compactifications provide a String Theory realization of models
with large hierarchies [14, 16, 18, 19, 20] as they were first suggested in [52].

One of the major motivation of this work it to analyze the low energy dynamics
of the (bulk) supergravity moduli fields within a brane world setup with a non-
vanishing potential. Hence, we will more carefully introduce the basic constituents in
the following.

1.1 Compactification and moduli stabilization

Sting Theory is consistently formulated in a ten-dimensional space-time. In order
in order to make contact with our four-dimensional observed world one is forced to
assign six of these dimensions to an invisible sector. This can be achieve by choosing
these dimensions to be small and compact and not detectable in present experiments.
Even though the additional dimensions are not observed directly, they influence the
resulting four-dimensional physics in a crucial way.

The idea of geometric compactification is rather old and goes back to the work
of Kaluza and Klein in 1920 considering compactification of five-dimensional gravity
on a circle [7]. They aimed at combining gravity with U(1) gauge theory in a higher-
dimensional theory. Through our motivations have changed, the techniques are very
similar and can be generalized to the reduction from ten to four dimensions.

In the Kaluza-Klein reduction one starts by specifying an Ansatz for the back-
ground space-time [8]. Topologically it is assumed to be a manifold of the product

structure
My =M>!' x YV | (1.1)
where M>! represent the four observed non-compact dimensions and Y correspond

to the compact internal manifold. On this space one specifies a block-diagonal back-

ground metric
ds® = g (x) datdx” + g8 (y) dy™dy" (1.2)
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where g,(fy) is a four-dimensional Minkowski metric and gé?)) is the metric on the com-

pact internal subspace. More generally, one can include a nontrivial warp factor
e?AW) depending on the internal coordinates y into the Ansatz (1.2). This amounts
to replacing g\ (z) with €24® g{t)(z) which is the most general Ansatz for a Poincaré
invariant four-dimensional metric [53, 10, 12, 14, 19, 20]. The functional form of the
warp factor is then determined by demanding the background Ansatz to be a solu-
tion of the supergravity theory. It becomes a non-trivial function in the presence of
localized sources such as D-branes. However, for simplicity we will restrict ourselves

to the Ansatz (1.2) in the following.

The lower-dimensional theory is obtained by expanding all fields into modes of the
internal manifold Y. As an illustrative example we discuss the Kaluza-Klein reduction
of a ten-dimensional scalar ®(z,y) fulfilling the ten-dimensional Laplace equation
A1p® = 0 [8]. Using the Ansatz (1.2) the Laplace operator splits as Ajg = Ay + Ag
and we may apply the fact that Ag on a compact space has a discrete spectrum.
The coefficients arising in the expansion of ®(z,y) into eigenfunctions of Ag are fields
depending only on the coordinates of M*!. From a four dimensional point of view
the term Ag® thus appears as a mass term. One ends up with an infinite tower of
massive states with masses quantized in terms of 1/R, where R is the ‘radius’ of YV
such that Vol(Y) is of order R®. Choosing the internal manifold to be small enough the
massive Kaluza-Klein states become heavy and can be integrate out. The resulting
effective theory encodes the dynamics of the four-dimensional fields associated with
the massless Kaluza-Klein modes satisfying

AgP(z,y) = 0. (1.3)

In chapter 2 we review how this procedure can be generalized to all other fields present
in the ten-dimensional supergravity theories. This also includes the metric itself
[8]. Equation (1.2) specifies the ten-dimensional background metric and a gravity
theory describes variations around this Ansatz. In the non-compact dimensions these
correspond to the four-dimensional graviton and the effective action reduces to the
standard Einstein-Hilbert term for the metric. The situation changes for the internal
part of the metric. Massless fluctuations of g,,,(y) around its background value, such
as changes of the size and shape of Y, correspond to scalar and vector fields in four-
dimensions. As a result the four-dimensional theory consists of a huge set of scalar
and vector fields arising as coefficients in the expansion of the ten-dimensional fields
into zero modes of Y. In order that the four dimensional theory inherits some of the
supersymmetries of the underlying ten-dimensional supergravity theory one restricts
to background manifolds with structure group in SU(3) such as Calabi-Yau manifolds
or six-tori. This implies that the Kaluza-Klein modes reside in supermultiplets with
dynamics encoded by a supergravity theory.

As already remarked above every compactification induces a set of massless neutral
scalars called moduli. In Calabi-Yau compactifications it typically consists of more
then 100 scalar fields parameterizing the geometry of Y, which is clearly in conflict
with the known particle spectrum. It is a long-standing problem to find a mechanism
within String Theory to generate a potential for these fields. Finding such a potential
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will fix their values in a vacuum and make them sufficiently massive such that they
can be discarded from the observable spectrum. Above we already listed the three
most popular possibilities to generate such a potential: background fluxes, instanton
corrections and gaugino condensation. Let us now focus our attention to the first
mechanism, since fluxes will play a major role in this work.

To include background fluxes amounts to allowing for non-trivial vacuum expec-
tation value of certain field strengths [10]-[41]. Take as an example a tensor field Bs.
If its field strength Hs = dB, admits a background flux HI™ = <ng>, the kinetic
term of Bj yields a contribution [20]

HIwA g i (1.4)
Maio

which via the Hodge-* couples to the metric and its deformations. Insisting on four-
dimensional Poincaré invariance of the background, non-trivial fluxes can only be
induced on internal three-cycles . The terms (1.4) induce a non-trivial potential
for the deformations of the internal metric g,,(y) which generically stabilizes the
corresponding moduli fields at a scale mg,, ~ o'/R3 [20, 29].

There are at least two further important points to remark. Firstly, note that in
general one is not completely free to choose the fluxes, but rather has to obey certain
consistency conditions. Fluxes generically induce a charge which has to be canceled
on a compact space. Hence, the setup needs to be enriched by objects carrying a
negative charge [20]. Secondly, it is usually the case that fluxes do not stabilize
all moduli of the theory. In order to induce a potential for the remaining fields, one
needs to include non-perturbative effects such as instantons and gaugino condensates.
Various recent work [44] is intended to get some deeper insight into the nature of these
corrections.

1.2 Brane World Scenarios

In the middle of the 90’s, the discovery of the D-brane opened a new perspective for
String Theory [49]. On the one hand, D-branes where required to fill the conjectured
web of string dualities [6, 4]. Their appearance supports the hope for a more funda-
mental underlying theory unifying all the known String Theories. Moreover, they led
to the conjecture of various new connections between String Theories and supersym-
metric gauge theories, such as the celebrated AdS/CFT correspondence [54]. From
a direct phenomenological point of view, they opened a whole new arena for model
building [47], since they come equipped with a gauge theory.

More precisely, D-branes are extended objects defined as subspaces of the ten-
dimensional space-time on which open strings can end [49, 4, 50, 51]. Open strings
with both ends on the same D-brane correspond to an U(1) gauge field in the low
energy effective action. This gauge group gets enhanced to U(N') when putting a
stack of N' D-branes on top of each other. At lowest order this induces a Yang-
Mills gauge theory in the low-energy effective action. This fact allows to construct
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phenomenologically attractive models from space-time filling D-branes consistently
included in a compactification of type II String Theory [47]. The basic idea is that
the Standard Model, or rather its supersymmetric extensions, is realized on a stack
of space-time filling D-branes. The matter fields arise from dynamical excitations of
the brane around its background configuration. This is similar to the situation in
standard compactifications discussed in the beginning of the previous section, where
moduli fields parameterize fluctuations of the background metric on Y. The crucial
difference is that fluctuations of the D-branes are charged under the corresponding

gauge group and can yield chiral fermions in topologically non-trivial configuration
[47].

In addition to the applications in Particle Physics, D-branes can serve as essential
ingredients to construct cosmological models. Their non-perturbative nature can be
used to circumvent the no-go theorem excluding the possibility of de Sitter vacua in
String Theory [35, 57, 48]. Furthermore, similar to the fundamental string, D-branes
are dynamical objects, which can move through the ten-dimensional ambient space.
In certain circumstances this dynamical behavior was conjectured to be linked to a
cosmological evolution [48].

There are basically three steps to extract phenomenological data from brane world
scenarios. Firstly, one has to actually construct consistent examples yielding the de-
sired gauge groups, field content and amount of supersymmetry. Secondly, to de-
termine the dynamics of the theory one needs to evaluate the low energy effective
action of the brane excitations and the gauge neutral bulk moduli. This can then be
combined with the approach to generate potentials by a flux-background and non-
perturbative effects.

The resulting theory may exhibit various phenomenologically interesting features.
As briefly discussed in section 1.1 it can yield moduli stabilization in the vacuum.
Moreover, if the vacuum breaks supersymmetry this generically results in a set of soft
supersymmetry breaking terms for the charged matter fields on the D-branes (see ref.
[55, 56] for a generic string inspired supergravity analysis). These can be computed
from the effective low energy action as it has been carried out in refs. [30, 31, 32].
On the other hand, anti-branes (or brane fluxes) can be used to generate a positive
cosmological constant [35, 57].

Even though this general approach sounds promising, it is extremely hard to
address all these issues at once. Hence, one is usually forced to either concentrate on
specific models or on one or the other ingredient to develop techniques and to extract
general results.

As an example, one can already check if space-time filling D-branes and fluxes
alone can be consistently included in a compactification. Namely, since D-branes
are charged under certain fields of the bulk supergravity theory they contribute a
source term in the Bianchi identities of these fields [49, 4, 50, 51]. This is similarly
true for non-trivial background fluxes. One can next apply the Gaufl law for the
compact internal space such that consistency requires internal sources to cancel. In
this respect D-branes are the higher dimensional analog of say positively charged
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particles. Putting such a particle in a compact space, the field lines have to end
somewhere and we have to require for negative sources. In String Theory these
negative sources are either appropriately chosen anti-D-branes or ‘orientifold planes’
[49, 51]. Even though it is possible to construct consistent scenarios with D-branes
and anti-D-branes only, one may further insist to keep a D = 4 supergravity theory.
This is mainly due to the fact that these models are under much better control and
are not plagued by instabilities. This favors the inclusion of appropriate orientifold
planes, since there negative tension cancels the run-away potentials for the moduli
induced by D-branes. In figure 1.1 we schematically picture some ingredients of a
brane-world model.

Background flux

Internal
manifold

Space-time
O-plane

Figure 1.1: Brane-world scenario on M>! x Y with space-time filling D-branes, ori-
entifold planes and background fluxes.

Orientifold planes arise in String Theories constructed form type II strings by
modding out world-sheet parity plus a geometric symmetry o of M>! x Y [49, 51].
On the level of the full String Theory this implies that non-orientable string world-
sheets, such as the Klein bottle or the Mobius strip, are allowed. Focusing on the
effective action orientifolds break part or all of the supersymmetry of the low-energy
theory. By imposing appropriate conditions on the orientifold projection and the
included D-branes the setup can be adjusted to preserve exactly half of the original
supersymmetry.

From a phenomenological point of view spontaneously broken N = 1 theories
are of particular interest. Starting from type II String Theories in ten space-time
dimensions, one can compactify on Calabi-Yau threefolds to obtain N' = 2 theories
in four dimensions. This A/ = 2 is further broken to N/ = 1 if in addition background
D-branes and orientifold planes are present [58, 20, 59, 60, 61]. The presence of
background fluxes or other effects generating a potential results in a spontaneously
broken N = 1 theory [11]-[41]. To examine this setup on the level of the effective
action is one of the motivations for this thesis. Note that all these brane world
scenarios are conjectured to admit a higher dimensional origin in a more fundamental
theory, which we briefly introduce next. However, it is important to keep in mind
that this unifying theory is much less understood then the five String Theories.
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1.2.1 From dualities to M- and F-theory

At the first glance in seems as if we have to choose one or the other String Theory in
which we aim to construct a specific model. However, it turns out that many of these
choices are actually equivalent and linked by various dualities [6, 4]. The full set of
dualities forms a interlocking web between all five String Theories (see figure 1.2).

Het SO(32)

Strong-
Het ESX E 8
Type I

Type IIB
T H
Strong-
Weak Type IIA

Figure 1.2: The duality web of String Theories.

11D Sugra

As an example type IIA compactified on a circle of radius R is shown to be
equivalent to type IIB on a circle of radius 1/R [4, 62]. This duality is termed
T-duality and relates two String Theories at weak string coupling [62]. There are
also strong/weak dualities such as S-duality, which is a symmetry of the type IIB
String Theory [6]. Both of these dualities can be generalized and applied to standard
Calabi-Yau compactifications as well as brane-world scenarios.

A prominent example is mirror symmetry which can be interpreted as performing
several T-dualities [63]. It associates to each Calabi-Yau manifold Y a corresponding
mirror Calabi-Yau Y [64]. Within the framework of String Theory it can be argued
that type IIA compactified on Y is fully equivalent to type IIB strings on Y. From
a mathematical point of view mirror symmetry exchanges the odd cohomologies of
Y with the even cohomologies of Y and vice versa. Even stronger it suggests that
the moduli spaces of the two Calabi-Yau manifolds are identified. Remarkably, in
specific examples this allows to calculate stringy corrections to the theory on Y from
geometrical data of Y. Mirror symmetry can be generalized to setups with D-branes
[65] and eventually should identify type IIA and type IIB brane world scenarios. This
raises various non-trivial questions such as in which way mirror symmetry applies to
flux compactifications [66, 67].

Let us also introduce S-duality in slightly more detail [6, 4]. Type IIB String
Theory contains in addition to the fundamental string also a D-string (D1-brane). It
can now be argued that the theory where the fundamental string is at low coupling
gs, and hence the D-string is very heavy, is dual to a theory at 1/g, with the role
of both strings exchanged. Carefully identifying the fields, S-duality is also shown
to be a symmetry of the corresponding type IIB low-energy effective action. This
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strong/weak duality is actually part of a larger symmetry group SI(2,Z). It has been
suggested in [68] that this duality group admits a geometric interpretation in terms of
two additional toroidal dimensions. This twelve dimensional construction was named
F-theory. The additional two dimensions are necessarily a compact torus, which
however in compactifications can be non-trivially fibered over the compactification
manifold. This naturally applies to type IIB brane-world scenarios, which generically
admit backgrounds corresponding these non-trivial compactifications [69, 16, 20].

The existence of these various dualities suggests that the ten-dimensional String
Theories are actually just different limits of a more fundamental theory [6] as pictured
in figure 1.2. This mysterious theory unifying all five String Theories was named M-
theory. In general, not much is known about its actual formulation and the required
structures are far less understood then the one for String Theory. However, there are
certain regimes in which one believes to find some hints of its existence. This also
includes the existence D-branes, which fit into this picture as they occur from higher-
dimensional objects termed M-branes. There also is a unique supergravity theory in
eleven dimensions [70], which is interpreted to be the low-energy limit of M-theory.
In the final chapter of this thesis it will be this low-energy theory which allows us lift
the orientifold compactifications to M-theory.

1.2.2 Topics and outline of the thesis

After this brief general introduction let us now turn to the actual topics of this
thesis. As just discussed, an essential step to extract phenomenological properties of
string vacua with (spontaneously broken) N = 1 vacua in brane world scenarios is to
determine the low energy effective action. In this work we focus on type ITA and I1B
String Theory compactified on generic Calabi-Yau orientifolds and determine their
low energy effective action in terms of geometrical data of the Calabi-Yau orientifold
and the background fluxes. We include D-branes for consistency, but freeze their
matter fields (and moduli) concentrating on the couplings of the bulk moduli. We
also provide a detailed discussion of the resulting N = 1 moduli space in the chiral
and the dual linear multiplet description and check mirror symmetry in the large
volume-large complex structure limit. Moreover, we show at the level of the effective
actions that Calabi-Yau orientifolds with fluxes admit a natural embedding into F-
and M-theory compactifications.

In chapter 2 we first briefly review standard Calabi-Yau compactifications of type
ITA and type IIB supergravity and discuss the resulting N = 2 supergravity action.
In doing so we focus on the geometry of the moduli space M5 x M® spanned
by the scalars of the N = 2 supergravity theory. Supersymmetry constrains it to
locally admit this product form, where MK is a special Kihler manifold and M®
is a quaternionic manifold. Furthermore, we introduce N = 2 mirror symmetry on
the level of the effective action and present a somewhat non-standard construction of
the mirror map between the ITA and IIB quaternionic moduli spaces reproducing the
results of [71].

In chapter 3 we immediately turn to the compactification of type II theories on
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Calabi-Yau orientifolds. We start with a more detailed introduction to setups with
D-branes and orientifold planes and comment on consistency and supersymmetry
conditions. As already mentioned in section 1.2 orientifold planes are essential in-
gredients to obtain supersymmetric theories in brane-world compactifications. They
arise in String Theories modded out by a geometrical symmetry o of M*! x Y in ad-
dition to the world-sheet parity operation. We demand Y to be a generic Calabi-Yau
manifold admitting an isometric involutive symmetry o. It turns out that in order
to preserve N = 1 supersymmetry ¢ has to be a holomorphic map in type IIB and
an anti-holomorphic map in type ITA compactifications. Taking into account further
properties of o one finds three supersymmetric setups [59, 61]: (1) IIB orientifolds
with O3/07 planes, (2) IIB orientifolds with O5/09 planes and (3) IIA orientifolds
with O6 planes.

The spectrum of these theories was first determined in [61]. However, the effective
action was only computed for special cases of type IIB Calabi-Yau orientifolds with
03/07 planes [20, 27]. In [39] we generalized these results and also included an
analysis of O5/09 setups. For type ITA brane-world scenarios the calculation of the
low energy supergravity theory was mainly concerned with orbifolds of six-tori [72, 47]
for which conformal field theory techniques can be applied. Complementary, the
dynamics of the bulk theory can extracted for general type ITA Calabi-Yau orientifolds
by using a Kaluza-Klein reduction as shown in our publication [41]. In chapter 3 we
review the first parts of refs. [39, 41] and determine the N = 1 effective action of
all three setups. We extract the Kahler potential and the gauge-kinetic couplings by
first assuming that no background fluxes are present. The N = 1 moduli space is
shown to be a local product M5 x MQ, where M5X is a special Kéhler manifold
inside M5 and M is a Kéhler manifold inside the quaternionic manifold M®.

We end chapter 3 with a discussion of mirror symmetry for Calabi-Yau orientifolds
and determine the necessary conditions on the involutive symmetries of the mirror
ITA and IIB orientifold theories. By specifying two types of special coordinates on the
ITA side, we are able to identify the large complex structure limit of ITA orientifolds
with the large volume limits of IIB orientifolds with O3/07 and O5/09 planes.

In chapter / we present a more detailed analysis of the N = 1 moduli space
geometry of Calabi-Yau orientifold compactifications [39, 41]. The special Kéhler
manifold MK inherits its geometrical structure directly from N = 2, such that
we focus our attention to the Kahler manifold M@ inside the quaternionic space.
We show that the definition of the Ké&hler coordinates as well as certain no-scale
type conditions can be more easily understood in terms of the ‘dual’ formulation
where some chiral multiplets of the Calabi-Yau orientifold are replaced by linear
multiplets. A linear multiplet consists of a real scalar and an anti-symmetric two-
tensor as bosonic fields. In the massless case this two-tensor is dual to a second real
scalar and one is led back to the chiral description. In order to do set the stage
for the orientifold analysis we first review N = 1 supergravity with several linear
multiplets following [73]. The transformation into linear multiplets corresponds to a
Legendre transformation of the Kéahler potentials and coordinates. In the dual picture
the characteristic functions for type IIB orientifolds take a particularly simple form.
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Moreover, in type ITA orientifolds the Legendre transform is essential to make contact
with the underlying N = 2 special geometry. As a byproduct we determine an entire
new class of no-scale Kahler potentials which in the chiral formulation can only be
given implicitly as the solution of some constraint equation. These new insights will
enable us to give an direct construction of the Kéhler manifold M® in analogy to
the moduli space of supersymmetric Lagrangian submanifolds [74]. Moreover, this
sets the stage to generalize the reduction to orientifolds of certain non-Calabi-Yau
manifolds introduced in [75, 76].

In chapter 5 we redo the Kaluza-Klein compactification by additionally allowing
for non-trivial background fluxes. For O3/O7 orientifolds this amounts to a general-
ization of the analysis presented in [20, 27] and confirms that the Gukov-Vafa-Witten
superpotential [15] encodes the potential due to background fluxes. However, we
show that for orientifolds with O5/09 planes background fluxes generically result in
a non-trivial superpotential, D-terms as well as a direct mass term for a linear multi-
plet. Following this observation, supergravity theories with massive linear multiplets
coupled to vector and chiral multiplets where further analyzed in [77]. Surprisingly,
in type IIA orientifolds with background fluxes the superpotential depends on all
(bulk) moduli fields of the theory. In [40] an equivalent observation was made for the
underlying N = 2 theory. This suggests that all geometric moduli can be stabilized
in a supersymmetric vacuum and using the results of [41] one can show that this is
indeed possible at large volume and small string coupling [78, 79.

The ITA superpotential is expected to receive non-perturbative corrections from
world-sheet as well as D-brane instantons. In the final section of chapter 5 we derive
that for supersymmetric type ITA and type IIB instantons the respective actions are
linear in the chiral coordinates and therefore can result in holomorphic corrections to
the superpotential.

In chapter 6 we embed type IIB and type IIA orientifolds into F- and M-theory
compactifications. Orientifolds with O3/O7-planes can be obtained as a limit of F-
theory compactified on elliptically fibered Calabi-Yau fourfolds [69]. We check this
correspondence on the level of the effective action by first compactifying M-theory on
a specific Calabi-Yau fourfold and comparing the result with the effective action of
03/07 orientifolds compactified on a circle to D = 3. The low energy effective action
of M-theory compactifications on Calabi-Yau four-folds was determined in [22, 34]
and we use their results in a slightly reformulated version. Moreover, it turns out
that this duality is best understood in the dual pictures where three-dimensional
vector multiplets are kept in the spectrum and the Kahler potential is an explicit
function of the moduli. We determine simple solutions to the fourfold consistency
conditions for which we find perfect matching between the orientifold and M-theory
compactifications. This correspondence can be lifted to D = 4 where M-theory on an
elliptically fibered Calabi-Yau fourfold descents to an F-theory compactification.

We end this chapter by also discussing the embedding of type ITA orientifolds into
a specific class of Gy compactifications of M-theory as suggested in [80]. Restricting
the general results of [81, 43, 82, 83, 84| to a specific G, manifold and neglecting
the contributions arising from the singularities we show agreement between the low



1.2 Brane World Scenarios 21

energy effective actions [41]. In [41] we discovered that only parts of the orientifold
flux superpotential decent from fluxes in an M-theory compactifications on manifolds
with G5 holonomy. However, as we will argue one of the missing terms is generated on
G5 structure manifolds with non-trivial fibrations. However, the higher-dimensional
origin of the term involving the mass parameter of massive type IIA supergravity
remains mysterious.

The content of this thesis is mostly based on our publications [39] and [41] with
some reference to [31]. However, we also present various new results which are still
unpublished. Namely, it turns out to be possible to reformulate the results of [39, 41]
in a very elegant and powerful way adapted to Hitchins analysis of special even and
odd forms on six-manifolds [75, 82]. This allows for a better understanding of the N=1
moduli space inside the quaternionic manifold and suggests a generalization to non-
Calabi-Yau orientifolds. Moreover, we included a detailed analysis of the orientifold
limit of the F-theory embedding of type IIB orientifolds. In addition we identify the
higher-dimensional origin of a second flux term of the ITA orientifold superpotential
being due to a non-trivial fibration of a G5 structure manifold.
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Chapter 2

Calabi-Yau compactifications of
Type II theories

In this section we review compactifications of type ITA and type IIB supergravity
on a Calabi-Yau manifold Y. These lead to N = 2 supergravity theories in four
dimensions expressed in terms of the characteristic data of the Calabi-Yau space.
We start our discussion with some mathematical preliminaries. In section 2.1 we
introduce Calabi-Yau manifolds and give a short description of their moduli spaces.
In a next step we turn to compactifications of ITA and IIB supergravity on Calabi-Yau
manifolds in section 2.3 and 2.2. Finally, in section 2.4 we give a brief account of
N = 2 mirror symmetry applied at the level of the effective action. The mirror map
for the quaternionic moduli spaces will be constructed.

2.1 Calabi-Yau manifolds and their moduli space

String theory is consistently formulated in a ten-dimensional target space. In order to
reduce to a four-dimensional observable world, we choose the background to be of the
form My, = M>! x Y as already given in (1.1). Here Y is a compact six-dimensional
manifold, which, in principle, we are free to choose. Due to this Ansatz, the Lorentz
group of My, decomposes as SO(9,1) — SO(3,1) x SO(6), where SO(6) is the
generic structure group of a sixfold. However, demanding Y to preserve the minimal
amount of supersymmetry one has to pick a manifold with structure group SU(3).
They admit one globally defined spinor 7, since the SO(6) spinor representation 4
decomposes to 1 & 3. Further demanding this spinor n to be covariantly constant
reduces the class of background manifolds to manifolds with SU(3) holonomy [3].
These spaces are called Calabi-Yau manifolds and are complex Kéahler manifolds,
which are in addition Ricci flat [85].

In terms of 1 one can globally define a covariantly constant two-from J (the Kéhler
form) and a three-form €2 (the holomorphic three-form). For a fixed complex structure
these fulfill the algebraic conditions

JNINT x QAQ, JAQ=0. (2.1)
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where the proportionality factor depends on the normalization of €2 with respect
to J. Performing a Kaluza-Klein reduction on the background (1.1) the massless
four-dimensional fields arise as the zero modes of the internal Laplacian (1.3) [3, 4].
These zero modes are in one-to-one correspondence with harmonic forms on Y and
thus their multiplicity is counted by the dimension of the non-trivial cohomologies of
the Calabi-Yau manifold. The Calabi-Yau condition poses strong constraints on the
Hodge decomposition of the cohomology groups. The only non-vanishing cohomology
groups are the even and odd cohomologies

He — H(0,0) fan H(l,l) fan H(2,2) D H(3,3) ’ (22)
Hodd — H(3,0) @ H(Q,l) @ H(LQ) @ H(0,3) )

Their dimensions A9 = dim H®9 can be summarized in the Hodge diamond as
follows

h(©:0) 1
h(l,O) h(O,l) 0 0
h(2’0) h(l,l) h(0,2) 0 h(l’l) 0
7,(3.0) B2 R(1:2) RO3)  — 1 B21) LD 1 . (2.3)
h(3’1) h(2,2) h(1,3) 0 h(l’l) 0
h(3,2) h(2,3) 0 0
h3:3) 1

Let us introduce a basis for the different cohomology groups by always choosing the
unique harmonic representative in each cohomology class. The basis of harmonic
(1,1)-forms we denote by w4 with dual harmonic (2, 2)-forms &* which form a basis
of H®A(Y). (ay, L) are harmonic three-forms and form a real, symplectic basis on
H®)(Y). Together the non-trivial intersection numbers are summarized as

/wAA@B:(sf, /akmﬁ:&f{, (2.4)
Y Y

with all other intersections vanishing. Finally, we denote by vol(Y') the harmonic
volume (3, 3)-form of the Calabi-Yau space. In Table 2.1 we summarize the non-
trivial cohomology groups on Y and denote their basis elements.

In sections 2.2 and 2.3 we explain how these harmonics yield four-dimensional
massless fields, when expanding the ten-dimensional supergravity forms. Further-
more, there are additional massless modes arising as deformations of the metric g;;.
Considering variations R,,,(g+dg) of the Ricci-tensor which respect the Ricci-flatness
condition R,,, = 0 forces dg to satisfy a differential equation (the Lichnerowicz equa-
tion). Solutions to this equation can be identified in case of a Calabi-Yau manifold
with the harmonic (1, 1)- and (2, 1)-forms, which parameterize Kéhler structure and
complex structure deformations of Y [86, 88, 85]. The deformations of the Ké&hler
form J = ig;;dy’ A dy’ give rise to hY real scalars v4 and one expands !

gij— + (5ng = —1 Jz’j = — UA (WA>ij y A = 1, ceny h(l’l) . (25)

LGlobally only those deformations are allowed which keep the volume of Y as well as its two-
and four-cycles positive, i.e. [, JAJAJ >0, fs4 JAJ >0 and f52 J > 0. These conditions are

preserved under positive rescalings of the fields v, such that they span a h(1') —dimensional cone.
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cohomology group | dimension basis
HLD BLD) W
H(2’2) h(lvl) &'}A
HO 20 42 | (ag, B1)
H@D h2D) YK
HG3) 1 vol

Table 2.1: Cohomology groups on'Y and their basis elements.

These real deformations are complexified by the A1) real scalars b(x) arising in the
expansion of the B-field present in both type II string theories. More precisely we
introduce the complex fields
th=b" +ivt, (2.6)

which parameterize the h(*!) —dimensional complexified Kéhler cone [88].

The second set of deformations are variations of the complex structure of Y. They
are parameterized by complex scalar fields z® and are in one-to-one correspondence
with harmonic (1, 2)-forms

T .
5917' = W ZK(XK)ﬁjQ]j , K=1,.. -,h(l’Q) , (2.7)

where (2 is the holomorphic (3,0)-form, Y denotes a basis of H1?) and we abbreviate
191 = §0009%

= 3
Together the complex scalars 2% and 4 span the geometric moduli space of the
Calabi-Yau manifold. It is shown to be locally a product

M x Mks 7 (28)

where both factors are special Kéahler manifolds of complex dimension A*") and AtV
respectively. To make that more precise let us first discuss M. Its metric G is
given by [86, 87, 8§]

Gy = — DXL (2.9)
where yg is related to the variation of the three-form €2 via Kodaira’s formula
Xk (2,2) = 0.xQ(2) + Q(2) 0.x K . (2.10)

With the help of (2.10) one shows that G is a Kéhler manifold, since we can locally
find complex coordinates 2z and a function K (z, z) such that

Grp = 0600 K K®—=_In [z/ Q/\Q] - —lni[Zka—ZKf}{] L (2.11)
Y
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where the holomorphic periods Z K , F i are defined as

ZK(2) = / Q) ABE, Fal) = / Q=) Aay (2.12)
Y Y
or in other words €2 enjoys the expansion
O(z) = Z5(2) g — Fplz) B5 . (2.13)

The Kéhler manifold M® is furthermore special Kahler, since F is the first derivative
with respect to ZX of a prepotential F = %ZK]—}{. This implies that Gy is fully
encoded in the holomorphic function F.

Note that €2 is only defined up to complex rescalings by a holomorphic function
e~"3) which via (2.11) also changes the Kihler potential by a Kihler transformation

Q= Qe® | KS S K St h+h. (2.14)

This symmetry renders one of the periods (conventionally denoted by Z°) unphysical
in that one can always choose to fix a Kihler gauge and set Z° = 1. The complex
structure deformations can thus be identified with the remaining h(? periods Z% by
defining the special coordinates 2z = Z%/Z° A more detailed discussion of special
geometry can be found in appendix B.

Let us next turn to the second factor in (2.8) spanned by the complexified K&hler
deformations ¢*. The metric on M is given by [89, 88]

3 3 ]CAB 3]CAICB s
GABZ%/YWA/\*L«JB:—§< X 9 K2 ):ataat‘BKk ) (2.15)

where * is the six-dimensional Hodge-* on Y and the Kihler potential K* is given
by

Kks =—1In [%‘K:ABc(t—aA(t—ﬂB(t—ac} = —ln%lC y (216)

where %IC is the volume of the Calabi-Yau manifold. We abbreviated the intersection
numbers as follows

Kipc = /wA/\wB/\wc, ICAB:/LUA/\LUB/\JZICABCUC, (217)
Y Y
Kia = /wA/\J/\J:ICABCUBvC, IC:/J/\J/\J:ICABCUAUBUC,
Y Y

with J = v4w4 being the Kihler form of Y. The manifold M*® is once again special
Kihler, since K* given in (2.16) can be derived from a single holomorphic function
f(t) = —%K:ABctAtBtC via (B17)

2.2 Type IIA on Calabi-Yau manifolds

Let us now apply these tools in Calabi-Yau compactifications of type ITA supergrav-
ity following [90, 91]. This theory is the maximally supersymmetric theory in ten
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spacetime dimensions, which posses two gravitinos of opposite chirality. It is nat-
urally obtained as the low energy limit of type IIA superstring theory. Thus the
supergravity spectrum consists of the massless string modes. The bosonic fields are
the dilaton gzﬁ the ten-dimensional metric g and the two-form B2 in the NS-NS sector,
while the one- and three-forms Cy, Cy arise in the R-R sector.? Using form notation
(our conventions are summarized in appendix A) the corresponding ten-dimensional
type IIA supergravity action in the Einstein frame is given by [4]

s / C1Rw1— Ydg A xdd— Le P Hy A xHy — LRy A xRy
—Les By AxEy — LBy NEY Ay (2.18)
where the field strengths are defined as
Hy=dB,, F,=dC,, Fy=dCs—CyNH;. (2.19)

In order to dimensionally reduce type ITA to a four-dimensional theory, we make
the product Ansatz M*! x Y and perform a Kaluza-Klein reduction. Since Y is a
Calabi-Yau manifold it posses one covariantly constant spinor 1. Decomposing the
two ten-dimensional gravitinos into 7 times some four-dimensional spinor leads to two
gravitinos in D = 4. Hence, compactifying type ITA supergravity on a Calabi-Yau
threefold Y results in an N = 2 theory in four space-time dimensions and the zero
modes of Y have to assemble into massless N = 2 multiplets. These zero modes are
in one-to-one correspondence with harmonic forms on Y and thus their multiplicity is
counted by the dimension of the non-trivial cohomologies of the Calabi-Yau manifold.
For the dimensional reduction one chooses a block diagonal Kaluza-Klein Ansatz for
the ten-dimensional background metric

ds® = N () dxtdz” + gi5(y) dy'dy’ | (2.20)

where 7, t,v =0, ..., 3 is a four-dimensional Minkowski metric and g¢;;,%,7=1...3
is a Calabi-Yau metric. Part of the four dimensional fields arise as variations around
this background metric. They correspond to the four-dimensional graviton and the
geometric deformations v(z) and 2 (z) defined in (2.5) and (2.7). Variations of
the off-diagonal entries of this metric vanish due to the fact that ¥ does not admit
harmonic one-forms. Accordingly we expand the ten-dimensional gauge-potentials
introduced in (2.19) in terms of harmonic forms on Y’

C, = A%z), By = By(z)+ b z)wa, A =1,...,00Y  (2.21)
Cy = A'@)Awa+ 8@ ap —Ex(@) 8%, K =0,...,hD
Here b%, £K € # are four-dimensional scalars, A%} A4 are one-forms and B is a two-

form. The ten-dimensional one-form C; only contains a four-dimensional one-form
A? in the expansion (2.21) since a Calabi-Yau threefold has no harmonic one-forms.

2We use a ‘hat’ to denote ten-dimensional quantities and omit it for four-dimensional fields.
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The geometric deformations v, 2% together with the fields defined in the ex-
pansions (2.21) assemble into a gravity multiplet (g,., A%), h%Y vector multiplets
(A%, 04, b4), D hypermultiplets (25, €5, €x) and one tensor multiplet (Bsy, ¢, €9, &)
where we only give the bosonic components. Dualizing the two-form B, to a scalar
a results in one further hypermultiplet. We summarize the bosonic spectrum in ta-
ble 2.1.

gravity multiplet 1 (G AY)

vector multiplets | A(bD | (44,04, b4)

hypermultiplets | h2D | (2K €K éx)

tensor multiplet 1 (Ba, ¢, €%, &)

Table 2.1: N = 2 multiplets for Type IIA supergravity compactified on a Calabi- Yau
manifold.

In order to display the low energy effective action in the standard N = 2 form one
needs to redefine the field variables slightly. One combines the real scalars v#,b# into
complex fields ¢4 as done in (2.6) and defines a four-dimensional dilaton D according
to

eP = e?(KC/6) 2 | (2.22)

where K is defined in (2.17). Note that v, and hence the volume /6 = Volg(Y), are
evaluated in string frame. In this frame the ten-dimensional Einstein-Hilbert term
takes the form [ 2e™?*R 1 and J = v?w, is obtained from the internal part of this
string frame metric. The kinetic term for the ten-dimensional Einstein frame metric
reads [ 1R+ 1 and hence J is related to Jg in the Einstein frame via J = e¢*/2.Jp.
Inserting the field expansions (2.21) into (2.19), (2.18), reducing the Riemann scalar
R by including the complex and Kéhler deformations and performing a Weyl rescaling
to the standard Einstein-Hilbert term, one ends up with the four-dimensional N = 2
effective action [92, 90, 91]

S = /—%R*1+%IHU\/ABFAA*FB+%ReNABFAAFB (2.23)
—Gap At A *dtP? — hy, dG* A *dG°

where FA4 = dA4. The couplings of the vector multiplets in the action (2.23) are
encoded by the metric G4p and the complex matrix N ;5. Gap only depends on
the moduli t* (or rather their imaginary parts) and is defined in (2.15) and (2.16).
The gauge-kinetic coupling matrix N5 also depends on the scalars ¢t and is given
explicitly in (B.19). It can be calculated from the same holomorphic prepotential like
G 4p as explained in appendix B.

Next let us turn to the couplings of the hypermultiplet sector which are encoded
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in the quaternionic metric h,,. From the Kaluza-Klein reduction one obtains [91]
huwd§*di’ = (dD)? + G dz"dz" + 1e*P (da — (Ep.de™ — €Kdé))°  (2.24)
—3e?P (Im M)~ FF (A — Mg ™) (g — Mpyde™) |
where G is the metric on the space of complex structure deformations given in

(2.9) and (2.11). The complex coupling matrix My ; appearing in (2.24) depends on
the complex structure deformations 2% and is defined as [93]

/aKA*% — _(Im M + (Re M) (Im M)~ (Re M) ; .
/ﬁkA*ﬁﬁ = —(Im M)t KL (2.25)
/ak/\*ﬁﬁ = —((Re M)(Im M)~ H)E .

It can be calculated from the periods (2.12) by using equation (B.15). Thus also in
the hypermultiplet sector all couplings are determined by a holomorphic prepotential
and such metrics have been called dual or special quaternionic [94, 91].

As we have just reviewed the N = 2 moduli space has the local product structure
MK MQ (2.26)

where M5 = M is the special Kihler manifold spanned by the scalars in the
vector multiplets or in other words the (complexified) deformations of the Calabi-
Yau Kihler form and M@ is a dual quaternionic manifold spanned by the scalars in
the hypermultiplets. M@ has a special Kihler submanifold spanned by the complex
structure deformations M.

This ends our short review of Calabi-Yau compactifications of type ITA super-
gravity. There is a second N = 2 supersymmetric theory in ten dimensions which is
the low energy effective theory of type IIB string theory. Reviewing the Calabi-Yau
reduction of this theory will be the task of the next section.

2.3 Type 1IB on Calabi-Yau manifolds

Now we turn to the review of type IIB compactifications on Calabi-Yau spaces [71].
Type 1IB supergravity is maximal supersymmetric in ten dimensions and possesses
two gravitinos of the same chirality. It consists of the same NS-NS fields as type IIA:
the scalar dilaton ngS, the metric g and a two-form B,. In the R-R sector type 11B
consists of even forms, the axion Cp, a two-form Cy and a four-form Cy. The low
energy effective action in the D = 10 Einstein frame is given by [4]

St = /—%R w1 —1dp A xdd — e Hy A« (2.27)

—iGQQSﬁ’l VAN *Fl — %G(Z)Fg AN *Fg — —%Fg, AN *F5 — %04 A 1'{[3 AN Fg s
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with the field strengths defined as

N

fig = dBQ 5 Fl = déo 5 Fq—i-l = déq - Cq_g /\ﬁg y q = 2,4 . (228)

The self-duality condition Fy = *F5 is imposed at the level of the equations of motion.

As in the type ITA compactifications discussed in the previous section we use the
Ansatz (2.20) for the ten-dimensional background metric. Fluctuations around this
background metric are parameterized by the four-dimensional graviton g,, and the
geometric deformations of the Calabi-Yau metric. More precisely, we find A%V real
Kihler structure deformations v introduced in (2.5) and A" complex structure
deformations 2% introduced in (2.7). The type IIB gauge potentials appearing in the
Lagrangian (2.27) are similarly expanded in terms of harmonic forms on Y according
to

By, = By(z)+b(z)wa, Cy = Cy(z)+cA(@)wa, A=1,.... K0 (2.29)
Cy = D;(Jl‘)/\WA+VK($)AOZR—Uk(l‘)/\ﬂk‘i‘pA(l')(I)A, K=0,...,h1?,

The four-dimensional fields appearing in the expansion (2.29) are the scalars b (x),
¢A(x) and pa(z), the one-forms VE(z) and Uy (z) and the two-forms Bsy(x), Ca(z)
and D2 (x). The self-duality condition of Fy eliminates half of the degrees of freedom
in C'4 and in this section we choose to eliminate D? and Uy in favor of p4 and VK.
Finally, the two type IIB scalars qg, Cy also appear as scalars in D = 4 and therefore
we drop the hats henceforth and denote them by ¢, Cy.

In summary the massless D = 4 spectrum consists of the gravity multiplet
with bosonic components (g,,,, V°), h®V vector multiplets with bosonic components
(VE, 2K), D hypermultiplets with bosonic components (v4, b4, ¢4, p4) and one
double-tensor multiplet [95] with bosonic components (Bsg, Co, ¢, Cy) which can be
dualized to an additional (universal) hypermultiplet. The four-dimensional spectrum
is summarized in Table 2.1.

gravity multiplet 1 (9w V°)

vector multiplets R (VE 2K

hypermultiplets RD | (0A, 04, ¢4, pa)
double-tensor multiplet 1 (B2, Co,¢,Ch)

Table 2.1: N = 2 multiplets for Type IIB supergravity compactified on a Calabi- Yau
manifold.

The N = 2 low energy effective action is computed by inserting (2.28) and (2.29)
into the action (2.27) and integrating over the Calabi-Yau manifold. For the details
we refer the reader to the literature [71, 13, 24, 26] and only recall the results here.
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One finds

SW. = /—%R*l +1Re My FE A FL 4 Mm My FX A <FP
—Grrdz™ A xdz" — Gapdt! A*dt” —dD N +dD — Le*PKdl A xdl
—Le*PICG g (de — 1db™) A (dc® — 1dbP) (2.30)
—%&DGAD (dpA — ICABcchbC) /\*(dpD — ICDEFcEde)
—1e7"PdBy A xdBy — 5:¢ *PK(dCy — 1dBs) A #(dCo — 1dBy)
—1dCy A (padb™ — bdpa) + 2dBy A Mdps — 1K apcc”cPdBy A db©

where FK = VK. The gauge kinetic matrix M g; is related to the metric on H3(Y))
and given in (2.25). The metric Gk (2, Z) which appears in (2.30) is the metric on
the space of complex structure deformations given in (2.11). It is a special Ké&hler
metric in that it is entirely determined by the holomorphic prepotential F(z) [87, 88].
On the other hand, the metric G4p in (2.30) is the metric on the space of Kéhler
deformations defined in (2.15).

In order to entirely express (2.30) in terms of vector- and hypermultiplets we
dualize the D = 4 two-forms Bs, (5 to scalar fields. This can be done, since B, and
(s are massless and posses the gauge symmetries Cy — Co+dA; and By — By +dA,;.
Let us first dualize C5. We replace dCy with D3 and add the Lagrange multiplier
%h dDs3 such that the differentiation with respect to h yields dD3 = 0. Locally this
ensures that D3 = dC5 for some two-form Cy. The terms in (2.30) involving D3 are
simply

Loy =—4(Ds — CodBz) N(Ds — CodBs) — 1Dy Ay +3Ds Adh . (2.31)

where we abbreviated g = %e_w KC and J; = padb* —b%dp,. Now we can consistently
eliminate D3 in favor of h by its equation of motion. The dualized Lagrangian takes
the form

Ly =—(dh—L2) Ax(dh— Ly) + 1CodBy A (dh — L) (2.32)

2

Similarly we can dualize the two-from By into a scalar h. Having replaced Cs, By
by h,h in (2.30) the effective action can be written in the standard N = 2 form
[96, 97, 92]

St = /—%R*l—FiReMkﬁFKAFE+%ImMKﬁFK/\*Fﬁ

—Grerdz™ A xdzh — by d@® A *dg? (2.33)

where ¢? denote the coordinates for all A" + 1 hypermultiplets. The metric hpq 1s
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a quaternionic metric explicitly given by [91]

hpg di¥ dq? = (dD)? + Gapdt*dt® + %P K(dCy)?

+ 1P G ap (de* — Co db™) (de” — Co db®) (2.34)
+ %ezDGAD (dpA - ICABcCBdbC) (dpD — ICDEFCEde)
+ 2P (dh — S(padb® — b dpa))’

+ %64D (diL + Oo dh + cAdpA + %Co (pAdbA — bAdpA) — i/CABCcACBdbC)Q.

In summary the scalar moduli space M5 x M@ of the N = 2 theory is the product
of a quaternionic manifold M® spanned by the scalars ¢P with metric (2.34) and a
special Kahler manifold M5 = M spanned by the scalars z%. The complexified
Kihler structure deformations span a special Kihler manifold M* inside M?. In [91]
it was shown that the quaternionic space can be constructed from the prepotential of
M such that M@ is a special quaternionic manifold.

This ends our brief summary of type IIB compactified on Calabi-Yau threefolds
and its N = 2 low energy effective action. We have seen that the effective actions
of the type ITA and type IIB indeed take the standard N = 2 form. In both cases
the metrics on the special Kahler and special quaternionic manifold are encoded by
a corresponding prepotential. However, the role of the Kahler and complex structure
deformations is exchanged in type ITA and type IIB compactifications. As we will
discuss momentarily this can be traced back to an underlying symmetry which finally
enables us to identify both effective theories in the large volume — large complex
structure limit.

2.4 N=2 Mirror symmetry

In this section we briefly discuss mirror symmetry for Calabi-Yau compactifications
[64]. From a mathematical point of view, mirror symmetry is a duality in the moduli
space of Calabi-Yau manifolds. It states that for a given Calabi-Yau manifold Y,
there exists a mirror Calabi-Yau Y such that

WD) =nB0(Y) . hED(Y) = (). (2.35)

Applied to the Hodge diamond (2.3) this amounts to a reflection along the diagonal.
In other words, mirror symmetry identifies the odd and even cohomologies (2.2) of
two topological distinct Calabi-Yau spaces

He(Y) = HU(Y),  HMY) = H®Y) . (2.36)

Moreover, it is much stronger than that, since it also implies an identification of the
moduli spaces of deformations of Y and Y. As given in (2.8) the geometric moduli
space of a Calabi-Yau manifold is a local product of two special Kihler manifolds Mk
and M®. Their complex dimensions are exactly given by (Y and A . Motivated
by (2.35) mirror symmetry conjectures the identifications

MSY) = MS(Y), MSY) = MS(Y), (2.37)
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as special Kéhler manifolds. Recall that the geometry of M®(Y) and M®(Y) are
encoded in the variations of the holomorphic three-forms € and Q of the two Calabi-
Yau manifolds Y and Y. These can be expanded in a real symplectic basis of H 3(Y)
and H3(Y) respectively

O(2) = Z8a; — F 85, Q() = 2%, — Fi8° (2.38)

Under the large volume mirror map the coordinates on the two manifolds MS(Y)
and M®(Y) as well as M®(Y) and M*(Y") are identified as

th=242)/2%%),  Z8(2))Z2%2) =¥ (2.39)

where t4 and ¥ are the complexified Kéhler deformations of Y and Y. Equation
(2.39) implies that t4, £ are identified with special coordinates on M. Furthermore,
recall that due to the special Kahler property the metric on both moduli spaces is
encoded by a prepotential. Applying (2.37) it follows that these prepotentials fy (¢)
and fy(Z) as well as fy(z) and fy(f) are identified under mirror symmetry. One
immediately notices, that this can not be the full truth, since M* and M have
a different structure. M is a cone and admits the simple prepotential f(t) =
—%IC ApctAtPtC, while the metric on M is determined in terms of the (generically
complicated) periods of the holomorphic three-form. Hence, one expects corrections
to fy(t) and fy(f). These corrections get a physical interpretation as soon as mirror
symmetry is embedded in string theory. They are due to strings wrapping two-cycles
in Y called world-sheet instantons. Schematically one identifies

=P +0 ) =03, HE=P+0)=f). (2.40)

One can also turn the argument around and use mirror symmetry as a very powerful
tool to calculate the world-sheet instanton corrections O(e™*) as done in the pioneering
paper [98]. In most cases this is much simpler then a direct calculation of the world-
sheet instanton contributions.

The most prominent applications of mirror symmetry in string theory is the iden-
tification of type IIA string theory compactified on Y with type IIB string theory
compactified on Y. It matches the full string theories including their low energy lim-
its and supersymmetric D-brane states. With the material presented in this chapter
we can check it on the level of the effective action by comparing (2.23) with (2.33).
This amounts to matching the moduli spaces of the corresponding four-dimensional
N = 2 theories which take the standard N = 2 form (2.26). Since we already dis-
cussed the special Kéhler part in (2.26), let us now concentrate on the quaternionic
manifolds M®(Y) and MQ(Y). In accordance with (2.36) and (2.39) one identifies

the basis elements (1, wx, @™, vol(Y)) of H®(Y)) with the basis (ag, 3%) of H*(Y)
as

leag, wigeag, vol(Y)ep?, of « pf . (2.41)

We will work in this basis in the following. Let us now construct the explicit map for
the quaternionic coordinates by using a slightly non-standard argument. We intend
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to apply the fact, that the fields of the quaternionic space describe the coupling to
D-branes, which are extended non-perturbative objects present in both type II string
theories. We will discuss the low energy dynamics and supersymmetry conditions of
these objects more carefully in section 3.1. All we need for constructing the mirror
map for the quaternionic spaces is there coupling to the R-R forms in the supergravity
theory and some information about supersymmetric branes in type IIA and type 1B
string theory. It will become clear in section 3.1, that the only supersymmetric
Euclidean D-branes wrapping a cycle in a Calabi-Yau manifold are D2 branes in
Type ITA and D(—1), D1, D3 and D5 branes in type IIB. The Chern-Simons action
describes the coupling of the brane world-volume to the forms

MA: (D Cone ™)y, B (Y Cone ™), ¢=0,2,46, (242)

p even p odd

where C'p and B, are the ten-dimensional R-R and NS-NS forms introduced in section
2.2 and 2.3. By (...), we indicate that we only consider the ¢—form appearing in
the sum of forms inside the parenthesis. Supersymmetry implies that the Euclidean
D-branes, wrap cycles which are dual to harmonic forms. But the only odd harmonic
forms are (o, 3%), while the even harmonic forms are (1,wg, @, vol(Y)). Next we
match the Chern-Simons couplings (2.42) for IIA and IIB Euclidean D-branes. We
decompose (2. 42) on the respective cohomology basis elements by using the expan-
sions (2.29) of By and the R-R forms C’O, Cy, Cy as well as the expansion (2.21) of Cs.
Applying the identification (2.41) of the basis forms we find for the coefficients of o
and (1,wg) that

=0, H=K-0Cyv". (2.43)

Identifying the coefficients of 45 and (&%, vol(Y)) yields higher powers in By and we
find 3

é]{ = pK — ]CKLMCLbM + %Co ICKLMbLbM , (244)
§o = h—L1prb™ + Ikpnc oM — 10, Kyepad*vio™ .

It remains to identify the space-time two-forms from the NS-NS sectors. Since Bs' and
BE are the only remaining two-forms in the spectrum, we are forced to set Bs' = BE.
Dualized into scalars this amounts to

a=2h~+ Cyh+ pr(cX — Cyb¥) (2.45)

Thus, by using the explicit form of the Chern-Simons coupling to D-branes, one can
infer the mirror map for the coordinates on the quaternionic space. Of course, that
the established map indeed transforms k. given in (2.24) into hZ given in (2.34) can
be checked by direct calculation as done in [71].

This ends our review section on Calabi-Yau compactifications of type ITA and
type 1IB supergravity. We now turn to their orientifold versions which break N = 2
to N = 1. The aim of the next chapter is to determine the characteristic data of the
resulting supergravity theory.

3We have replaced f Cs by h + %pAbA. This can be done since Cg is dual to Co, which was
dualized to h in (2.32).



Chapter 3

Effective actions of Type 11
Calabi-Yau orientifolds

In this chapter we discuss the four-dimensional low energy effective supergravity the-
ory obtained by compactifying type ITA and type IIB string theory on Calabi-Yau
orientifolds. Before entering the calculations we review some aspects of D-branes and
orientifolds in section 3.1. In particular, we introduce the low energy effective action
for D-branes. Later on this will allow us to comment on corrections due to wrapped
Euclidean D-branes to the bulk supergravity theory. As we already explained in
section 1.2 the inclusion of space-time filling D-branes is essential for consistency.
However, we freeze their moduli and matter fields such that they do not appear in
the low energy effective action.’ In a next step we turn to the main issue of this chap-
ter and perform a Kaluza-Klein reduction by implementing the orientifold conditions
and extract the resulting N = 1 supergravity theory (sections 3.2 — 3.4). Specifically
we determine the Kahler potential and the gauge-kinetic coupling functions encoding
the low energy effective theory. We end our analysis by checking mirror symmetry in
the large complex structure and large volume limit in section 3.5. A derivation of a
flux induced superpotential and possible gaugings will be presented in chapter 5.

3.1 D-branes and orientifolds

In this section we provide more details on D-branes and orientifolds as used in the con-
struction of brane-world scenarios. As already mentioned in section 1.2 brane world
scenarios are currently one of the promising approaches to construct phenomenologi-
cally interesting models from string compactification [47]. They consist of space-time
filling D-branes serving as source for Abelian or non-Abelian gauge theories. String
theory implies a low energy effective action for this gauge theory as well as the cou-
plings to the bulk fields introduced in chapter 2. More precisely, the gauge theory and
the coupling to the NS-NS fields (b, g and By is captured by the Dirac-Born-Infeld

!This restriction was weakened e.g. in [31, 99], where the coupling to D3- and D7-bane moduli
was determined by using the low energy effective action of the D branes.
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action. The most simple example is provided by a single Dp-brane, which admits an
U(1) gauge theory on its p+ 1-dimensional world-volume. The corresponding bosonic
part of the Dirac-Born-Infeld action reads in string frame [50, 4]

S]S:)fBI = —Tp/ dp+1§ 6_(2)\/— det <(,0*(§ + BQ)[“) + 27TO/F[L,9> i (31)
w

where T}, denotes the brane tension. The integral is taken over the p + 1-dimensional
world-volume W of the Dp-brane, which is embedded in the ten-dimensional space-
time manifold Mo via the map ¢ : W — M,y. The Dirac-Born-Infeld action (3.1)
contains an U(1) field strength F};, = 20, A5, which describes the U(1) gauge theory
to all orders in o F' [100]. To leading order, the gauge theory reduces to an U(1)
gauge theory on the world-volume W of the brane. The dynamics of the Dp-brane is
encoded in the embedding map . Fluctuations around a given ¢ are parameterized
by charged scalar fields, which provide the matter content of the low-energy effective
theory.

Since Dp-branes also carry R-R charges [49], they couple as extended objects
to appropriate R-R forms of the bulk, namely the p + 1-dimensional world-volume
couples naturally to the R-R form C'p+1. Moreover, generically D-branes contain lower
dimensional D-brane charges, and hence interact also with lower degree R-R forms
[101]. All these couplings to the bulk are implemented in the Chern-Simons action

Scs = ,up/w cp*<z Cy A 6_32) Aerme'F (3.2)
q

where (i, is the charge of the D-branes. The lowest order terms in (3.2) in the R-R
fields are topological and represent the R-R tadpole contributions to the low energy
effective action. Additionally, (3.2) encodes the coupling of the gauged matter fields
arising from perturbations of ¢ to the R-R forms. The effective actions (3.1) and
(3.2) can be generalized to stacks of D-branes [102]. This gives rise to non-Abelian
gauge theories and appropriate (intersecting) embeddings can yield Standard Model
like gauge theories [47].

Generic brane world scenarios lead to non-supersymmetric low energy theories,
which are plagued by various instabilities due to runaway potentials for the bulk
moduli. In contrast, supersymmetric setups are under much better control and are
therefore phenomenologically favored. However, the aim to preserve some supersym-
metry poses strong conditions on the D-branes present in the setup. D-branes which
preserve half of the original supersymmetries are called BPS branes and the corre-
sponding supersymmetry conditions BPS conditions. In brane-world setups with a
ten-dimensional background space-time of the form M3! x Y two types of branes will
be of importance which preserve four dimensional Poncaré invariance. Firstly, one
includes D-branes filling the space-time M?*! and wrapping a cycle in the manifold
Y. These provide the gauge theory and matter fields just discussed. Secondly, one
might add Euclidean D-branes (called D-instantons) solely wrapping a cycle in Y.
They induce corrections to the supergravity theory and their effects can be useful
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to stabilize bulk moduli. The BPS conditions for both types of branes demand that
the brane tensions 7, and charges p, are equal. This ensures stability since the net
force between BPS branes vanishes [49]. Moreover, there are conditions on the cycles
Ap, in Y wrapped by the branes. In [103] it was shown that in a purely metric
background with Y being a Calabi-Yau manifold the only allowed cycles are special
Lagrangian submanifolds of Y in type IIA and holomorphic submanifolds in type I1B.
More precisely special Lagrangian submanifolds are three-cycles A®) in Y for which

vol(A®) = 3*(ReQ) ,  ¢*(ImQ) =0, @ J=0, (3.3)

where vol(A®) = det'/?(3*g) d®X is the volume form on A®), .J and Q are the Kéhler
form and holomorphic three-form of Y as in chapter 2 and ¢ defines the embedding
of the D-brane into Y. On the other hand, holomorphic submanifolds are even-
dimensional cycles A®, A® in YV satisfying

vol(A®) =¢*(J),  vol(AW) =1z (JAT), () =0. (3.4)

It can be shown that the conditions (3.3) and (3.4) ensure that such cycles minimizes
their volume in their homology classes (see e.g. [103]).

These conditions have to be adjusted as soon as one allows a non-trivial back-
ground of supergravity forms [104, 105]. As an example, the BPS conditions on the
volume of the cycles in the presence of a non-trivial B, field are given by [104]

ITA: VOIDB[(A(DZ?)) = 6_i9DP p* (Q) , (35)
IIB: VOIDB[(A(BI;) = e_igDp Qé* <€_BQ+iJ)q y 4= 2a 47 6 )

where VolDBI(A(Dq])D) = det'?(p*[g + By]) d?) is the Dirac-Born-Infeld volume form

on Ag;. e?pr denotes a constant phase which will be determined below. The BPS
conditions involving the volume elements split into real and imaginary parts, where
the imaginary part has to vanish on Ag; by using reality of volpp; (A%;). The cycles

A(Dq; satisfying the conditions (3.5) are called calibrated with respect to the form
e~®r ) in type IIA and calibrated with respect to e=rr ¢=P2+/ in type IIB. In a
setup with several D-branes some supersymmetry is preserved as soon as all D-branes
are calibrated with respect to the same form. However, as we already explained in
section 1.2 this is not the end of the story, since consisted supersymmetric theories

have to include negative tension objects such as orientifold planes [20].

Similar to D-branes, orientifold planes are hyper-planes of the ten-dimensional
background. They arise in string theories which contain non-orientable world-sheets.
Orientifold theories can be constructed by starting from a closed string theory such
as type ITA or type IIB strings and dividing out a symmetry group [51, 58] 2

G U SQ,, (3.6)

2As usual, dividing out a symmetry can be understood as a gauge fixing.
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where G is a group of target space symmetries and (2, is the world-sheet parity,
exchanging left and right movers. S contains operations, which render S, to be a
symmetry of the string theory. For orientifolds (3.6) consists of evidently perturbative
symmetries of the string theory, which can be imposed order by order in perturbation
theory and are believed to be unbroken also non-perturbatively. Specifically this
implies that the orientifold projection can be consistently imposed in a low energy
description. The orientifold planes are the hyper-surfaces left invariant by S. They
naturally couple to the R-R forms and thus carry a charge. Moreover, they can
have negative tension.® This allows to construct consisted D-brane setups with some
fraction of supersymmetry preserved. More precisely, in a background M*! x Y
orientifold planes wrap cycles in Y arising as the fix-point set of S. If these are
calibrated with respect to the same form as the cycles wrapped by the D-branes in
the setup, the brane-orientifold setup can preserves some supersymmetry. We will
comment on these conditions later on in this chapter.

Before we define the precise orientifold projections relevant for this work in section
3.2, let us first collect some possible symmetry operations allowed in S. In the simplest
example S only consists of a target space symmetry o : M;y — M, such that 2,0 is
a symmetry of the underlying string theory. This will be the case for IIB orientifolds
with O5 or O9 planes. However, type IIB admits a second perturbative symmetry
operation denoted by (—1)f%, where F} is the space-time fermion number in the
left-moving sector. Under the action of (—1)fZ R-NS and R-R states are odd while
NS-R and NS-NS states are even. Orientifolds with O3 and/or O7 planes arise from
projections of the form (—1)f*Q,0 as we will argue below. In summary let us display
the transformation behavior of the massless bosonic states under these two operations
[4, 51]

Qp: even: %7 g? C?la CAY27 odd: C?Oa -?27 C?37 @4 v (3 7)
(_1)FL: even: ¢7 gv B27 odd: COa Cla 027 037 047 ‘

where we have also displayed the transformation properties of the type IIA forms.
With these transformations at hand one easily checks that €, as well as (—1)Z are
symmetries of the ten-dimensional type IIB supergravity action. This is in contrast
to type ITA. By using (3.7) one immediately notices that ,, (=1)% and (—1)":Q,
alone are no symmetries of the type IIA effective action (2.18). However, orientifolds
with O6 planes arise if S includes (—1)f2Q), as well as some appropriatly chosen
target space symmetry which ensures that S, leaves (2.18) invariant. Let us now
make this more explicite by properly defining the Calabi-Yau orientifold projections.

3.2 Orientifold projections

After this brief introduction we are now in the position to specify the orientifolds under
consideration and give an explicit definition of the orientifold symmetry group (3.6).

3Note that orientifold planes are to lowest order non-dynamical in string theory. This is not
anymore true to higher orders as can be inferred from their F-theory interpretation [69].
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We start from type II string theory and compactify on a Calabi-Yau threefold Y. In
addition we mod out by orientation reversal of the string world-sheet (2, together with
an ‘internal” symmetry o which acts solely on Y but leaves the D = 4 Minkowskian
space-time untouched. We will restrict ourselves to involutive symmetries (02 = 1)
of Y and thus set G in (3.6) to be empty.? This avoids the appearance of further
twisted sectors as they appear in general orbifold models [106]. In a next step we
have to specify additional properties of ¢ and the complete operation S€2, in order
that it provides a symmetry of the string theory under consideration. To do that we
discuss the type ITA and type IIB case in turn.

Type IIB orientifolds

Let us start with type IIB Calabi-Yau orientifolds and define the orientifold projec-
tions following [69, 107, 59, 61]. Later on, in section 3.3 we show that gauge-fixing
these symmetries indeed leads to an N = 1 supergravity theory. In type IIB con-
sistency requires o to be an isometric and holomorphic involution of Y [59, 61]. A
holomorphic isometry leaves both the metric and the complex structure of the Calabi-
Yau manifold invariant. As a consequence also the Kéhler form J is invariant such
that

o*'J=1J, (3.8)

where ¢* denotes the pull-back of the map o. Hence in our analysis we focus on the
class of Calabi-Yau threefolds which admit such an involution but within this class
we leave the threefolds arbitrary. Since the involution is holomorphic it respects the
Hodge decomposition (2.2) and we find in particular o*H®% = HG0  Picking the
holomorphic three-form 2 as an representative of H*? and using that (¢*)? = id
one is left with two possible actions

(1) 03/07: o¢"Q=-Q, (2) O5/09: 0" Q=+0. (3.9)

Correspondingly, depending on the transformation properties of €2 two different sym-
metry operations O = S, are possible [69, 107, 59, 61] °

Ow =)o,  Op=00 (3.10)

where (2, is the world-sheet parity, F7, is the space-time fermion number in the left-
moving sector introduced at the end of section 3.1. This specifies the operation S,
in (3.6) and, since G is empty, the complete orientifold projection. We are now
in the position to check if the orientifold projections are indeed a symmetry of the
bosonic ten-dimensional type IIB supergravity action (2.27). We will do this check by
concentrating only on some of the terms in (2.27) keeping in mind that the analysis for
the remaining terms is analoge. The background M’ = M>! x ¢ (Y") denotes the image

4Calabi-Yau manifolds have only discrete isometries. For example in the case of the quintic,
o could act by permuting the coordinates such that the defining equation is left invariant. A
classification of all possible involutions of the quintic can be found in ref. [61].

SThe factor (—1)** is included in Oy to ensure that (’)(21) =1 on all states.
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of M = M?*! x Y under the geometric action o. Also inserting the o-transformed
fields into (2.27) one infers ©

~

sho :/ (= LRy +'1— LN (940" (Ond) *' L — ... = XCI A HY A B, (3.11)

where ¢’ = 6*g, ¢/ = 0*¢ etc. and the dots denote terms transforming similar to the
kinetic term of ¢’. The Hodge star #’ is evaluated on the manifold M’ with metric
g’. Now we apply the properties of the involution. Since ¢ is an isometry we find
g = ¢’ and due to the holomorphicity of ¢ we can deduce that the ten-dimensional
volume element *'1 does not change sign in going from M’ to M.” This ensures that
the Einstein-Hilbert term takes the from [, , 0*(—3R+1) and by applying (A.6) and
(A.7) is invariant under the isometric map o. A similar reasoning applies to all other
terms in (3.11) and one concludes that the effective action (2.27) is indeed unchanged
by . Combined with the invariance of (2.27) under the world-sheet parity €2, and
(—1)F% one infers that the orientifold operations (3.10) are symmetries of the effective
theory.

The fix-point set of the involutions ¢ in (3.10) determines the location of the
orientifold planes. Modding out by Oy leads to the possibility of having O3- and O7-
planes while modding out by Oy allows O5- and O9-planes. To see this, recall that
the four-dimensional Minkowski space is left invariant by ¢ such that the orientifold
planes are necessarily space-time filling. Using the fact that o is holomorphic they
have to be even-dimensional (including the time direction) which selects O3-, O5-,
O7- or O9-planes as the only possibilities. The actual dimensionality of the orientifold
plane is then determined by the dimensionality of the fix-point set of ¢ in Y. In order
to determine this dimensionality we need the induced action of ¢ on the tangent space
at any point of the orientifold plane. Since one can always choose € oc dy* A dy? A dy?
we see that for 02 = —() the internal part of the orientifold plane is either a point or
a surface of complex dimension two. Together with the space-time filling part we thus
can have O3- and/or OT-planes. The same argument can be repeated for o*Q2 = Q
which then leads to the possibility of O5- or O9-planes. There are no models with
05 and 09 planes, since the appearance of a O9 plane implies that the complete
background M, consist of fix-points of 0 = id. The case of O9 planes is special and
coincides with type I if one introduces the appropriate number of D9-branes to cancel
tadpoles.

Since the involution ¢ is holomorphic the fix-point set of the involution are holo-
morphic cycles Ap,. This implies that they are calibrated with respect to the forms
1 and J A J in orientifolds with O3/O7 planes and with respect to J or J A J A J in
orientifolds with O5 or O9 planes. More precicely, one finds that the volume forms
on Ag, equals the pull-back of €'/ to the cycle ®

vol(Ag,) = e~"or eiJ}Aop ; Oosj7 =0, Oos=7%5, 0Oo9=—7%, (3.12)

6Here we have used (A.5) in order to give the component expression of the kinetic terms in (2.27).
"Holomorphic maps do not change the orientation of M. ‘
8Here we abbreviate the formal sum of (q, q)-forms '/ =1+ iJ + FJAJ — LT AT AJ.
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where the phase depends on the type of orientifold planes in the setup. Furthermore
one has Q,, = 0. Cycles fulfilling these conditions minimize their volume within
their homology class. Note that similar to (3.5) this condition has to be modified in
the presence of a B, field. In this case the form which calibrates the supersymmetric
cycles is e 52T Let us check whether the fix-point sets Ao, of o remain calibrated.
In the two orientifold setups only fields are kept in the spectrum which are invariant
under the respective projection O(y ) given in (3.10). Thus, by using (3.7) one infers
that Eg has to transform as U*BQ = —Bg for both orientifold projections. This implies
that B, restricted to the fix-point set of o vanishes. ® One concludes that the cycles
Ao, remain calibrated with respect to the generalized calibration form, i.e.

VOIDBI(AOp) = 6_2'90”6_32—”‘]}/\0 s (313)

where o, is as given in (3.12) and volpp(Ao,) is defined as in (3.5). At this point,
one can compare the calibration condition (3.13) for the orientifold planes with the
one for the Dp-branes given in (3.5). In order to preserve some supersymmetry all
orientifold planes and D-branes, have to be calibrated with respect to the same form.
This implies that the phases 0p, in (3.5) have to coincide with 6o, given in (3.12) (see
also [99] for the case of D3/D7 branes). This is equivalently true for Dg-instantons
wrapping ¢+ 1-cycles in Y. In supersymmetric setups with O(q+ 3) planes one has to
set Opq = 0o(q+3), where e'pa is the phase in the D-instanton calibration condition.

Type ITA orientifolds

Let us now turn to the type ITA Calabi-Yau orientifolds. In contrast to type IIB the
orientifold projection has to include an anti-holomorphic and isometric involution o
in order to preserve N = 1 supersymmetry [59, 60, 61]. Hence, the Kéhler form on
Y transforms as

o' = —J, (3.14)

since o preserves the metric but yields a minus sign when applied to the complex
structure. The complete projection takes the form

O=(-1)rQ,0o. (3.15)

In addition to the condition (3.14) compatibility of o with the Calabi-Yau condition
QAQox JAJAJ implies that o also acts non-trivially on the three-form 2 as

o*Q = ¥Q (3.16)
where €%? is a constant phase and we included a factor 2 for later convenience. Similar
to the type IIB case we can check that the projection O is a symmetry of the type ITA
supergravity action (2.18). Note however, that (—1)f2Q), alone is not a symmetry of

9Denoting p*EQ = Bg| Ao, the pull-back to the fix-point set Ao, of o it follows —p*Bg =
p*(0*By) = (0 0 p)* By = p* By such that p*By = 0.
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type ITA. Using (3.7) this can be already inferred from the fact that the kinetic and
topological terms in (2.18) transform with a different sign. On the other hand, under
the action of the involution o the effective action changes as

~

Sy = /M (= 3Ry 1= 1N (000 (Ond) * 1.~ §ByAF{AE]) L (3.07)

where as in (3.11) we have set ¢ = o*g, ¢/ = o*¢ etc. and the Hodge star
is on the manifold M’ = M*! x ¢(Y) with metric ¢’. Using the fact that o is
an anti-holomorpic isometric involution it changes the sign of the volume element
*1 ~ vol(M>') A J" A J' A J', such that ¥1 = — % 1. From equations (A.6) and
(A.7) one finds that the topological term transforms with a minus sign while the
kinetic terms remain invariant. This extra sign cancels the minus from the action of
(—1)f2Q, such that O is indeed a symmetry of (2.18). In section 3.4 we show that
gauge-fixing this symmetry results in an N = 1 supergravity theory.

Type ITA orientifolds with anti-holomorphic involution generically contain OG6
planes. This is due to the fact, that the fixed point set of o in Y are three-cycles
Aog supporting the internal part of the orientifold planes. These cycles are special
Lagrangian submanifolds of Y as an immediate consequences of (3.14) and (3.16)
which implies [108]

Jlaoe =0,  Im(e™Q)|r,, =0 . (3.18)
In other words, they are calibrated with respect to Re(e~%)
vol(Apg) ~ Re(e Q) | (3.19)

where the overall normalization of 2 will be determined in (5.40). Once again this
poses conditions on additional D-branes in the setup, if they are demanded to preserve
the same supersymmetry. More precicely, BPS branes have to be calibrated with
respect to the same form as the orientifold planes. This implies by comparing (3.5)
with (3.19) that Opg = 6 for space-time filling D6-branes wrapping a three-cycle in Y.
A similar condition fps = 6 has to hold for supersymmetric D2-instantons wrapping
a three-cycle in Y.

3.3 Type 1IB Calabi-Yau orientifolds

In this section we impose the projection (3.10) on the type IIB theory and derive the
massless spectrum (section 3.3.1) and its low energy N = 1, D = 4 effective super-
gravity action (section 3.3.2). This generalizes similar derivations already performed
in refs. [20, 27]. We restrict our analysis to the bosonic fields of the compactification
keeping in mind that the couplings of the fermionic partners are fixed by supersym-
metry. Furthermore, we include space-time filling D-branes for consistency but fix
their moduli, such that they do not appear in the low energy effective action. The
compactification we perform is closely related to the compactification of type IIB
string theory on Calabi-Yau threefolds reviewed in chapter 2. The orientifold pro-
jection (3.10) truncates the massless spectrum from N = 2 to N = 1 multiplets and
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also leads to a modification of the couplings which render the low energy effective
theory compatible with N = 1 supergravity. Such truncation procedures from N = 2
to N = 1 supergravity has been carried out from a purely supergravity point of view
in refs. [112].

3.3.1 The N =1 spectrum

Before computing the effective action let us first determine the massless spectrum
when the orientifold projection is taken into account and see how the fields assemble
in N = 1 supermultiplets [61]. In the four-dimensional compactified theory only states
invariant under the projection are kept. Using equation (3.7) one immediately infers
that the scalars ¢, [, the metric § and the four-form Cy are even under (—=1)f2Q), while
both two forms ég,ég are odd. Using (3.10) this implies that the invariant states
have to obey

03/07 05/09
I T S
g = 4, 7 = ~Cy,  aC o= G,
0'By = =Dy, o*Cy = Oy, 0"y = —Cy,

where the first column is identical for both involutions ¢ in (3.10). Since o is a
holomorphic involution the cohomology groups H®% (and thus the harmonic (p, q)-
forms) split into two eigenspaces under the action of o*

H®D = HP9 g gP9 | (3.21)

H'" has dimension h'"” and denotes the even eigenspace of o* while H”? has

dimension A”? and denotes the odd eigenspace of ¢*. The Hodge *-operator com-
mutes with ¢* since o preserves the orientation and the metric of the Calabi-Yau

manifold and thus the Hodge numbers obey hg_& D = hg 28 Holomorphicity of ¢ fur-

ther implies hfl) = hil’z) while (3.9) leads to hf’o) = hf’?’) =0,h%0 = %Y =1 for
03/07 orientifolds and hf’o) = hgf)’?’) =1,A%Y = b = 0 for 05/09 orientifolds.
Furthermore, the volume-form which is proportional to Q A Q is invariant under o*
and thus one has hf’o) = hf’?’) =1, KO0 = B33 — 0. We summarize the non-trivial
cohomology groups including their basis elements in table 3.1.

The four-dimensional invariant spectrum is found by using the Kaluza-Klein ex-
pansion given in eqs. (2.5), (2.7) and (2.29) keeping only the fields which in addition
obey (3.20). We see immediately that the D = 4 scalar field arising from ngb remains
in the spectrum for both setups and as before we denote it by ¢. Since o* leaves the
Kéhler form J invariant only the h(j’” even Kéhler deformations v remain in the
spectrum and we expand

J=1v%w, , o= 1,...,h$’1) , (3.22)
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setup cohomology group dimension basis
osjor| A+ | HYY hY Py Wa | wa
and HJ(F2,2) H£2’2) hg},l) h(_l,l) oo oo
05/09 HED 7@ B0 D e "
03/07| H® | HY 2n®Y | 20®Y 12 || (a8 | (z, 8)
05/09 || HY | H® |22V 12] 2%V | (a8 | (az, )

Table 3.1: Cohomology groups and their basis elements.

where w, denotes a basis of HJ(FI’I). Similarly, from eq. (2.7) we infer that the

invariance of the metric together with (3.9) implies that the complex structure defor-
mations kept in the spectrum correspond to elements in H @2 for 03 /OT setups and
to elements of Hf’z) for O5/09. Hence, (2.7) is replaced by

03/07 59” = ||g§||2 ( )ZZ]QZ] k= 1,--.,h(_172) : (323)
05/09:  bgi; = m (X)W k=1, hgrl’z) )

where Xx (Xx) denotes a basis of HL?) (H_(i_lvz))'lo

From eqgs. (3.20) we learn that in the expansion of B, only odd elements are kept.
Thus, for both orientifold setups we have

By=V'w,, a=1,... Y. (3.24)
where w, is a basis of HYY. The orientifold projections differ in the R-R sector.

For 03/0O7 orientifolds Cj is odd and Cy is even. Therefore the expansion (2.29) is
replaced by

Cy = Cw, , C, = DINwo +V® Na, +Ug AB5 4 po @7, (3.25)

where @ is a basis of Hf’z) which is dual to w,, and (ay, 57) is a real, symplectic basis
of Hf’) = HJ(FM) @Hf’l) (c.f. table 3.1). From (3.20) we find that the axion Cj remains
in the spectrum and we denote the corresponding four-dimensional field by Cy. Note
that the two D = 4 two-forms B; and C5 present in the N = 2 compactlﬁcatlon
(see (2.29)) have been projected out and in the expansion of B, and Cy only the
scalar fields ¢, b® appear. The non-vanishing of ¢* b and V* is closely related to
the appearance of O7-planes. To understand this in more detail we recall, that O3-
planes appear when the fix-point set of o is zero-dimensional in Y or in other words

10In ref. [61] it is further shown that the A" deformations form a smooth submanifold of the
Calabi-Yau moduli space.



3.3 Type IIB Calabi-Yau orientifolds 45

all tangent vectors at this point are odd under the action of ¢. This in turn implies
that locally two-forms are even under ¢*, while three-forms are odd. However, this is
incompatible with the expansions given in (3.25) for non-vanishing %, ¢* and V*. For
a setup also including O7—p1anes we locallg get the correct transformation behavior,
so that harmonic forms in H can be supported.

For O5/09 orientifolds the (9(2)—1nvar1ant R-R forms transform exactly with the
opposite sign under o. Thus, the expansion (2.29) reduces to

ég == C’2+c°‘wa, é4 = DgAwa+VkAak—UkAﬁk+pa@“. (326)

In this case the axion Cj is projected out and replaced by the D = 4 antisymmetric
tensor Cy(z). As a consequence the N = 1 spectrum contains a ‘universal’ linear
multiplet (¢, Cy) which in the massless case can be dualized to a chiral multiplet. As
for Calabi-Yau compactifications imposing the self-duality on F% eliminates half of
the degrees of freedom in the expansions (3.25) and (3.26) of Cy. For the one-forms
V', U. this corresponds to the choice of electric versus magnetic gauge potentials. On
the other hand choosing the two forms D, or the scalars p. determines the structure
of the N = 1 multiplets to be either a linear or a chiral multiplet and in chapter 4 we
discuss both cases.

Altogether the resultmg N =1 fields for the two setups assembles into a gravita-
tional multiplet, A" vector multiplets and (h(2 Yy ph) 4 1) chiral multiplets and
are summarized in table 3.2 [61, 39].

03/07 05/09
gravity multiplet 1 o 1 G
vector multiplets hf’l) VA A vk
h(_2,1) Sk hf,l) A
chiral multiplets R (b2, c%) hg_l’l) (v®, ¢)
1 (¢,1)
h(l,l) a 5 h(1,1) b .
chiral /linear multiplets + (", pa) - (b, pa)
1 (¢,C2)

Table 3.2: N = 1 spectrum of Type IIB orientifold compactifications.

Compared to the N = 2 spectrum of the Calabi-Yau compactification given in
table 2.1 we see that the graviphoton ‘left’ the %raV1tat10nal multiplet while the h
N = 2 vector multiplets decomposed into h = 1 vector multiplets plus th
chiral multiplets. Furthermore, the A(bY 41 hypermultiplets lost half of their physical
degrees of freedom and are reduced into 2D +1 chiral multiplets. This is consistent
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with the theorem of [111, 112] where it was shown that any Kéhler submanifold of a
quaternionic manifold can have at most half of its (real) dimension.

3.3.2 The effective action

In following we derive the effective actions encoding the dynamics of the N = 1
multiplets of the type IIB orientifold theories. However, before entering the actual
computations a cautionary note is in order. In the presence of localized sources such as
orientifold planes and D-branes as well as in the presence of non-trivial background
fluxes the product Ansatz (2.20) for the metric is strictly speaking not anymore
suitable. This is due to the fact that the supergravity theory with source terms and
fluxes does not have the background metric (2.20) as a solution [12, 14, 19, 20]. As
deviation from the standard Calabi-Yau compactifications a non-trivial warp factor
e~ has to be included into the Ansatz for the metric (2.20) such that [20, 113]

ds? = Wy, (2)da"da” + e > W g, (y)dy'dy . (3.27)

However, in this work we perform our analysis in the unwarped Calabi-Yau manifold
since in the large radius limit the warp factor approaches one and the metrics of the
two manifolds coincide [20, 114]. This in turn also implies that the metrics on the
moduli space of deformations agree and as a consequence the kinetic terms in the
low energy effective actions are the same. The difference appears in the potential
when some of the Calabi-Yau zero modes are rendered massive. However, the regime
e?AW) ~ 1 should be understood as a special limit and it would be desirable to
generalize compactifications to warped backgrounds (3.27).

Let us now turn to the derivation of the four-dimensional effective action by redo-
ing the Kaluza-Klein reduction of the ten-dimensional type IIB action given in (2.27)
for the truncated orientifold spectrum.

The reduction of the N = 2 vector sector

We first consider the reduction of the vector sector of the N = 2 supergravity the-
ory obtained by type IIB Calabi-Yau compactification. As discussed in section 2.3
the four-dimensional bosonic components of the vector multiplets are (2%, V). The
complex scalars 2z parameterize the complex structure deformations of Y. Under the
orientifold projection these N = 2 multiplets split into chiral multiplets with bosonic
components (z¥) and vector multiplets (V*) for O3/07 orientifolds and chiral multi-
plets (2*) and vectors (V*) in O5/09 orientifolds. Since the reduction of the vector
sector is very similar for both the O3/07 and O5/09 case we will first concentrate on
the first case and later give a rule how to translate these results to O5/09 orientifolds.

Due to the split of the cohomology H®) = Hf’) & H® the real symplectic basis
(g, L) of H® can be split into (ay, 8*) of H? and (a;, 8) of H®). Egs. (2.4)
continue to hold which implies that both basis are symplectic and obey

/a,{/\ﬁ)‘zéi‘, /a,%mf:ég, (3.28)
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with all other intersections vanishing. Since Cy is even under o* the expansion (3.25)
led to hf) = hf’l) vectors V". The three-form (2 is odd under ¢* and thus has to be

)

expanded in a basis of H @ according to

O(F) = Zhay — Fip* (3.29)

while the other periods (Z", F,) vanish

Z“|2K:0:/Q/\ﬂ“:0, F, ZK:O:/QAaR:o. (3.30)
Y Y

As a consequence the metric on the space of complex structure deformations reduces
to

0o 0

Gy = 3797

K. . KCS:—ln[—i/YQ/\Q] :—lni[Zkf,;—Zl%f,;] . (3.31)

replacing (2.11). The reduction of the kinetic terms for the N = 2 vector sector thus
yields [39]

Soaros = / —Gr d2 A xdZ' + 3Im M, F*A«F* + 3Re M,y FFAF | (3.32)

where F* = dV?. Recall that the vectors V* as well as the graviphoton are projected
out by the orientifold projection (3.10) and do not appear in (3.32). The coupling
matrix M, (") in front of the remaining vectors V* is evaluated on the subspace
where z® = 0 and thus depends on z* only. The analysis for 05/09 orientifolds is
in complete anology to the O3/07 case, with the difference that the vectors VV* and
scalars z* remain in the spectrum while V* and z* is projected out. The equations
(3.28) — (3.32) can be translated to this second case by replacing the indices k,1 —
Ky A, k — & and Kk, A — k,I. This is consistent with the fact that by (3.23) the

three-form  is in H® for 03/07 setups and in Hf’) for O5/09 setups.

The reduction of the N = 2 quaternionic sector

Similar to the vector sector, we now perform the reduction of the hypermultiplet
couplings (2.34). One computes the four-dimensional effective action by redoing the
Kaluza-Klein reduction of the ten-dimensional type IIB action given in (2.27) for
the truncated orientifold spectrum. Equivalently, one can impose the orientifold con-
strains on the four-dimensional N = 2 effective action (2.33). In type IIB the metric
on the quaternionic manifold depends on the complexified Kéhler deformations ¢ and
the dilaton and is obtained from the intersection numbers in the even cohomologies.
Hence, in order to perform the reduction to N = 1 we first need to reconsider the
structure of the metrics (2.15) and the intersection numbers (2.17) for the orientifold.

Note that ¢*J = J and ¢*B, = —B, holds for both IIB orientifold projections.
This implies that the constraints on the space of Kahler structure deformations are
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the same for O3/07 as well as O5/09 setups. Let us discuss them in the following.

Corresponding to the decomposition HD = HJ(rl’l) @ H"Y also the harmonic (1,1)-

) and w, 18 a basis

forms w4 split into wy = (w,,w,) such that w, is a basis of HJ(FI’1
of H (_1’1). This in turn results in a decomposition of the intersection numbers K 4pc
given in (2.17). Under the orientifold projection only K,g, and K. can be non-zero
while Koge = Kape = 0 has to hold. Since the Kahler-form J is invariant we also
conclude from (2.17) that K, = 0 = K,. To summarize, keeping only the invariant

intersection numbers results in
Icaﬁc - Icabc - Icab = ]Ca =0 ) (333)

while all the other intersection numbers can be non-vanishing.!* Inserting (3.33) into
(2.15) we derive

3 lCag 3K:OJC@ 31Cab

where
Ko =Kapy v, Koy =Ky v7, Ko = Kapy VWY, K= Kapy vl . (3.35)

We see that the metric G4p given in (2.15) is block-diagonal with respect to the

decomposition H®Y = Hil’l) & H'™Y. For later use let us also record the inverse
metrics

2 2
GP = —glClCo‘ﬁ + 2007 G* = —§/C7Cab ; (3.36)

where K and K% are the inverse of Kap and KCgp, respectively.

The N = 2 hypermultiplet couplings are reduced by inserting (3.33) - (3.36) and
truncating to the orientifold spectrum as summarized in table 3.2. Since this the
orientifold spectrum of O3/O7 setups differs from the one of O5/09 setups, one
obtains two different effective actions. Together with the standard Einstein-Hilbert
term and the contributions from the reduction of the N = 2 vectors (3.32) one finds
after Weyl rescaling [39]

Soajor = / —LIR%1 — Gy d2P A xdz — Gup dv® A xdv® — Gy db® A xdb”
—dD A *dD — =P K dl A xdl — 2e*PK G (dc® — 1db*) A * (d” — 1db")
— 3G (dpa - ICaabcadbb) A * <dpg - /cﬁcdccczbd)

+1m M,y F* A «F* + 1Re M\ F*AFY (3.37)

HF¥rom a supergravity point of view this has been also observed in refs. [112].
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and

= /—%R %1 — G5 de" A *dz — Gap dv™ A sdv”®

—Gap db* A xdb’ — dD A xdD — 1e*PKG g dc® A xdc”

— 2P (dh + 3(dpab® — padb®)) A #(dh + 3(dpab® — padb®))

— 2 e*PG(dpy — Kaea®db) A x(dpy — Kpgpc”db?)

+4m My F¥ A «F' 4 fRe My FF A F' (3.38)

where we have expressed the result in a chiral basis and used the index conventions
given in table 3.1. In contrast to ref. [39] we have expressed the effective actions in
terms of the string frame Kahler structure deformations v and the four-dimensional
dilaton

el =e? (K/6)71/2 (3.39)

where e? is the ten-dimensional dilaton. This ends our computation of the orientifold
bulk action. In remains to cast (3.37) and (3.38) into the standard N = 1 form.

3.3.3 The Kahler potentials and gauge-couplings

Our next task is to transform the actions (3.37) and (3.38) into the standard N =1
supergravity form with chiral multiplets where it is expressed in terms of a Kéhler
potential K, a holomorphic superpotential W and the holomorphic gauge-kinetic
coupling functions f as follows [115, 116]

SW = —/%R*1+KUDMI/\*DM‘7+%RefM FRAxFM+ Hmfy FPAFY+V 1,
(3.40)

where

V = eK(KDWDW = 3|[W?) + L (Re f)* **D,D, . (3.41)

Here the M! collectively denote all complex scalars in chiral multiplets present in
the theory and K is a Kihler metric satisfying K;; = 0;0;K (M, M). The scalar
potential is expressed in terms of the Kahler-covariant derivative D;W = 0;W +
(O KW

In the reduction we did not find any scalar potential, such that one immediately
concludes W = 0 and D, = 0. Next we need to find a complex structure on the space
of scalar fields such that the metrics computed in (3.37) and (3.38) are manifestly
Kabhler.

The Kahler potential: O3/07 setups

As we saw in (3.31) the complex structure deformations z* are already good Kéhler

coordinates with G being the appropriate Kahler metric. For the remaining fields
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the definition of the Kéhler coordinates is not so obvious. Guided by refs. [22, 27] we
define

E—iA=ir +iG%W, — Too® (3.42)
where
eV =E+iE=ce P A=A D> Clscatar - (3.43)
q=0,2,4,6

are sums of even forms. In (3.43) we have defined C'q\scalar to be the part of C'q yielding
scalars in D = 4, e.g. Cylscatar = pa@®. Expanding all the forms in (3.42) by using
(3.43),(3.24) and (3.25) the coordinates take the form [39]

T = CO+i6_¢ ’ G =c"—T1b* )
To = i(pa— %Kaabcabb) + %e‘¢l€a — (o, (3.44)
where!? .
— B, — L b /e 4
’Ca Icaﬁ'y’U v, COI 2(7_—_ 77_) ’Cach (G G) . (3 5)

In ref. [39] it was checked explicitly that in terms of these coordinates the metric of
(3.37) is Kéhler with the Kéhler potential [39]

K= Eo(22)+ K T.0) . Ke=-ln| i / AAQE)] . (3.46)

and
K®=—-In[—i(r — 7)] = 2In[Volp(r,T,G)] = —In [2e*"] |, (3.47)

where we have used (3.39) in order to evaluate the last equality. The Einstein frame
volume Volg(Y') = %6_3¢Kaﬁyvavﬁv“f in (3.47) should be understood as a function of
the Kéhler coordinates (7,7, ) which enter by solving (3.44) for e=#/2v® in terms of
(1,T,G). Unfortunately this solution cannot be given explicitly and therefore Volg is
known only implicitly via e=#/2v%(7, T, G).*3 In chapter 4 we show that the definition
of the Kéhler coordinates (3.44) and the Kéhler potential (3.46) can be understood
somewhat more conceptually in a dual formalism using linear multiplets L“ instead
of the chiral multiplets T,.

Let us return to the Kéhler potential (3.46). K. and the first term in (3.47)
are the standard Kéhler potentials for the complex structure deformations and the
dilaton, respectively. Volg(7, G,T) also depends on 7 and therefore the metric mixes

12The definition of (, is unique up to a constant which does not enter into the metric. The
possibility of a non-zero constant is important for the formulation in terms of linear multiplets in
section 4.1.1.

13This is in complete analogy to the situation encountered in compactifications of M-theory on
Calabi-Yau fourfolds studied in [22]. This is no coincidence and can be understood from the fact that
this theory can be lifted to F-theory on Calabi-Yau fourfolds which in a specific limit is related to
orientifold compactifications of type IIB [69]. In section 6.1 we make this more explicit by checking
this correspondence on the level of the effective actions.
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7 with T, and G°. Tt is block diagonal in the complex structure deformations which
do not mix with the other scalars. Hence, the moduli space locally has the form

Mpy—i = M x M@ (3.48)

where each factor is a Kahler manifold. The manifold M5 has complex dimension
h%? and is a special Kihler manifold in that K satisfies (3.31). It parameterizes
the complex structure deformations of Y respecting the orientifold constraint (3.9).
On the other hand, M® is a h(t:D 4 1-dimensional Kéhler manifold inside the quater-
nionic manifold M®. Local coordinates are given by the fields 7, G, T, arising in
the expansion (3.42). Also the Kéhler potential K?(7, G, T) fulfills special proper-
ties inherited from the underlying special quaternionic manifold. To see this, let us
bring K9 in a slightly different form. Using the explicit expansion (3.42) of ©* one
checks that up to a trivial Ké&hler transformation the Kahler potential (3.47) can be
rewritten as

K= —2In ®5(&) (€)= i(e™, ), (3.49)

where ¢® = &£ + i€ is defined in (3.43) and () has to be evaluated. In (3.49)
we abbreviated the skew-symmetric product <<p, ¢> for two sums of even forms ¢ =

©o + 02 + 04 + s and P = g + Y + Yy + 1P as [75]
_ —1)™s,, o - 3.50
(.0) /Y; V™o A 5 (3.50)

The function ®p can be identified with Hitchins functional on a generalized complex
manifold [75] evaluated for the simple form ¢ defined in (3.43) (see [117] for more
details). We discuss the geometry of M® in greater detail in section 4.2.

Although not immediately obvious from its definition K© obeys a no-scale type
condition in that it satisfies

0K

ON!

k- K _

o7 =4 (3.51)

where N! = (7,G%,T,).** This equality can be shown by direct computation as done
in [39]. Alternatively, it can be deduced from the fact that ®p defined in (3.49) is
homogeneous of degree two, i.e. ®p(a &) = a®> Pp(€) for all a € R [75]. Using (3.42)
a simple calculation shows that K@ = —2In ®p satisfies (3.51). From (3.41) we see
that (3.51) implies V' > 0 which we also show in the linear multiplet formalism in
section 4.1.1. For 7 = const. the right hand side of (3.51) is found to be equal to 3
as it is the case in the standard no-scale Kéhler potentials of [119].

Let us relate (3.46) to the known Kéhler potentials in the literature. First of all,
for G* = 0 and thus T, = ip, + 1K, the Kéahler potential (3.46) reduce to the one
given in [27]. Secondly, for one overall Kdhler modulus v parameterizing the volume
(i.e. for hsrl’l) =1, T, = T) the Kihler potential K< reduces to K = —3In(T +T)
which coincides with the Kéahler potential determined in [20].

MFor G* = 0 this has already been observed in [20, 27, 29, 118].
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Before we turn to the discussion of the O5/09 case let us note that K is in-
variant under the SL(2,R) transformations inherited from the ten-dimensional type
IIB theory. In the orientifold theory this symmetry acts on 7 by fractional linear
transformations exactly as in D = 10 and transforms (b, ¢*) as a doublet, such that
%’ G“—>CTG+d, ad—be=1. (3.52)
Under the SL(2,R) only the second term of K given in (3.47) transforms but this
transformation is just a Kéhler transformation. This can be seen from (3.44) and the
fact that e~%/2v® and 2* are invariant. This symmetry reduces to SL(2,7Z) in the full
string theory, which is nothing but the invariance group of a two-torus. This torus
becomes part of the space-time in the formulation of ‘F-theory’ [68]. We discuss in
section 6.1 the embedding of O3/O7 orientifolds into this theory on the level of the
effective action.

T —

The Kahler potential: O5/09 setups

In the action (3.38) we immediately see that the complex structure deformations
2" are again already good Kahler coordinates. For the remaining fields we find the
appropriate Kahler coordinates to be

E—iA = t%w, — A4,0" — Svol(Y) (3.53)

where & = Im ¢ and A are defined in (3.43) and we have used that in 05/09 setups
the axion Cj gets projected out. Furthermore, we denoted by vol(Y) = K '\JAJAJ
the to one normalized volume form of Y. Using the expansions (3.22), (3.24) and
(3.26) we obtain the explicit expressions [39]

= e % —ic®, A, = O,b +1pq (3.54)
S = Lle?K+ih—1(Re® )P4, (A+ A),,

where we inserted

@ab(t) = ]Cabata s /CG =h -+ %paba . (355)

The matrix ©,, depends holomorphically on the coordinates ¢* which ensures that
M is Kihler [91, 22]. In the variables given in (3.54) the Kihler potential reads [39]

K = K.(2,2) + KQS,t,A), K., = —1n[—¢/QAQ} (3.56)
with
KQ = —n|Ehag, (¢ + D)% +57(t +1)7]

“In [S + 5+ LA+ A),(Re® )™ (A + A)b] (3.57)
= —In [26_4D} .
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where we used (3.39). The check that K indeed reproduces (3.38) is straightforward,
since (3.56) is closely related to the quaternionic ‘Kéhler potential” given in [91] and
we can make use of their results.!® The same reference already observed that for a
holomorphic matrix © the quaternionic geometry is also Kéhler. This situation was
also found in compactifications of the heterotic string to D = 3 on a circle [22].

From (3.56) we infer that the N = 1 moduli space admits the local product
structure M5 x MQ similar to (3.48). However, in 05/09 orientifolds M5X is a

special Kahler manifold spanned by the hf’l) complex scalars 2", which are the ones
projected out in O3/O7 orientifolds. MZQ is spanned by the complex scalars S, t*, A,
and thus is of complex dimension A% + 1 as in 03/07 setups. Furthermore, also K<
for orientifolds with O5/09 planes can be rewritten in terms of the functional ®5(&)
as

K = 2In®p(8),  0p(€) =i(p™, @), (3.58)

where ¢ = £(€) + i€ are defined in (3.43). The functional dependence of K< on
¢ is the same as in (3.49) for O3/O7 orientifolds. This can be understood from
the fact that ¢’ only depends on the NS-NS sector variables, which are the same
in both types of orientifolds. Nevertheless, the local structure of M is different for
both orientifold theories. This becomes appearent when one expresses K2 in terms
of proper Kéhler coordinates. In O5/09 setups this corresponds to the fact that ®p
is a function of € as needed for (3.53). Hence, in order to express K@ in terms of the
Kihler coordinates S,t, A as in (3.57) one evaluates £(£). Let us end this discussion
by remarking that ®g is also homogeneous of degree two in £ , such that by using

(3.53) one extracts a no-scale type condition equivalent to (3.51).

The gauge-couplings: 03/07 and 05/09 setups

Our next task is to determine the gauge-kinetic coupling functions f., and show that
they are holomorphic in the moduli. We do this only for O3/O7 orientifolds, since
the result easily translates to the O5/09 case. As explained in section 3.3.2 this is
achieved by an appropriate replacement of the indices. By comparing the actions
(3.32) and (3.40) one finds

for = —2 M, ) (3.59)

Zh=0=2z"
where M, is the N = 2 gauge kinetic matrix given in (2.25) evaluated at 2" = z" =
0. Its holomorphicity in the complex structure deformations z* is not immediately
obvious but can be shown by using (2.25) and (B.15). More precisely, from (2.25)
together with the decomposition of H®) expressed by (3.21) and (3.28) we infer that
M ; is block diagonal or in other words M, ; = 0. Multiplying M _; with X [ and
using X* = 0 together with (B.15) we further conclude

T ~0. (3.60)

ZR=0=72"

15Note however, that the complex structure changed non-trivially. In [91] the standard ¢ ~ v + b
formed complex coordinates.
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Finally inserting (3.29) and (3.60) into (B.15) we arrive at [39]

fHA(Zk) = —% PN 3 (361)

2r=0=2%

which is manifestly holomorphic since Fy(2") are holomorphic functions of the com-

plex structure deformations 2*.

3.4 Type IIA Calabi-Yau orientifolds

In this section we determine the N = 1 supergravity action obtained by compactifica-
tion of Type ITA string theory on a Calabi-Yau orientifold. The orientifold projection
O = (—-1)!tQ,0 was already defined in (3.15) and includes an anti-holomorphic iso-
metric involution o. In section 3.4.1 we extract the N = 1 spectrum by identifying
the fields invariant under @. The corresponding effective action is calculated in sec-
tion 3.4.2. It is shown to be compatible with N = 1 supersymmetry in section 3.4.3,
where we determine the Kéhler potential and gauge-kinetic coupling functions.

3.4.1 The N =1 spectrum

In order to determine the O-invariant states let us recall that the ten-dimensional
RR forms C; and Cs are odd under (—1)F% while all other fields are even. Under the
world-sheet parity €2, on the other hand B,, Cy are odd with all other fields being
even. As a consequence the O-invariant states have to satisfy [61]

Z*g - g : oCy = —C1, (3.62)
B . O'*Cg = 03 5 ‘
o BQ = _B2 i

while the deformations of the Calabi-Yau metric are constrained by (3.14) and (3.16).'6

As we recalled in the previous section the massless modes are in one-to-one corre-
spondence with the harmonic forms on Y. The space of harmonic forms splits under
the involution ¢ into even and odd eigenspaces

HP(Y) = H? @ H” | (3.63)

Depending on the transformation properties given in (3.62) the O-invariant states
reside either in HY or in H” and as a consequence the number of states is reduced.
We summarize all non-trivial cohomology groups including their basis elements in

table 3.1.

6Following the argument presented in [61] we note that the involution does not change under
deformations of Y. This is due to its involutive property and the fact that we identify involutions
which differ by diffeomorphisms. Therefore we fix an involution and restrict the deformation space
by demanding (3.14) and (3.16).
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cohomology group Hf’l) H&Y Hf’m H*? Hf’) H®
dimension h(j’” pLD R h<+1’1> p2D 11| B2 41
basis Wa Wq w® w* ag bE

Table 3.1: Cohomology groups and their basis elements.

Wa, W, denote even and odd (1, 1)-forms while @®, @* denote odd and even (2, 2)-
forms. The number of even (1,1)-forms is equal to the number of odd (2, 2)-forms
and vice versa since the volume form which is proportional to J A J A J is odd and
thus Hodge duality demands h(j’” — p®» pl = hf’z). This can also be seen from
the fact that the non-trivial intersection numbers are

/waAajﬁ:(sg, a,B8=1,... " /wamybzaﬁ;, ab=1,... A%

(3.64)
with all other pairings vanishing. From the volume-form being odd one further infers
WG =0, h®% =1 and B =1, KO =0

T =0,h" =1land b7 =1, hZ77 = 0.

H? can be decomposed independently of the complex structure as H* = H? ¢ H?
where the (real) dimensions of both H? and H? is equal and given by h3 = h3 =
Y 4+ 1. Again this is a consequence of Hodge duality together with the fact that
the volume-form is odd. It implies that for each element ay € H? there is a dual

element b € H? with the intersections

/aKAbL:(SIQ, K,L=0,...,h® (3.65)
Compared to (2.4) this amounts to a symplectic rotation such that all a-elements are
chosen to be even and all #-elements are chosen to be odd but with the intersection
numbers unchanged. The orientifold projection breaks this symplectic invariance or
in other words fixes a particular symplectic gauge which groups all basis elements into
even and odd. This in turn implies that the basis (az, b*) is only one possible choice.
However, since the calculation simplifies considerably for this basis, we first restrict
to this special case and later give the general results with calculations summarized in
section 4.1.2.

In the remainder of this subsection we determine the N = 1 spectrum which
survives the orientifold projections. Let us first discuss the Kéahler moduli. From
the egs. (3.14) and (3.62) we see that both J and By are odd and hence have to be
expanded in a basis w, of odd harmonic (1, 1)-forms

J = v"(2)w., By = V(@) w,, a=1,... h"". (3.66)

In contrast to (2.21) the four-dimensional two-form Bj gets projected out due to (3.62)
and the fact that o acts trivially on the flat dimensions. v* and b® are space-time



56 Effective actions of Type 11 Calabi-Yau orientifolds

scalars and as in N = 2 they can be combined into complex coordinates
¢ =0v"+iv*, Jo=By+1iJ, (3.67)

where we have also introduced the complexified Kahler form J.. We see that in terms
of the field variables the same complex structure is chosen as in N = 2 but the
dimension of the Kihler moduli space is truncated from A"V to h4Y,

The number of complex structure deformations is similarly reduced since (3.16)
constrains the possible deformations. To see this one performs a symplectic rotation
on (2.13) and expands  in the basis of HY @ H”, i.e. as'’

O(2) = Z5(2) ag — Fi(2) b- . (3.68)
Inserted into (3.16) one finds
Im(e“Z%) = 0,  Re(e™Fz) =0. (3.69)

The first set of equations are h>1) 41 real conditions for h(>!) complex scalars 2. One
of these equations is redundant due to the scale invariance (2.14) of 2. More precisely,
the phase of e™" can be used to trivially satisfy Im(e‘i(’Zf() = 0 for one of the ZX.
Thus Im(e_“’ZK) = 0 projects out (Y real scalars, i.e. half of the complex structure
deformations. Furthermore, in section 3.4.2 we will see the remaining real complex
structure deformations span a Lagrangian submanifold Mg with respect to the Kahler
form inside M. Note that the second set of equations in (3.69) Re(e “Fz) = 0
should not be read as equations determining the z* but is a constraint on the periods
(or equivalently the Yukawa couplings) of the Calabi-Yau which has to be fulfilled in
order to admit an involutive symmetry with the property (3.16).18

As we have just discussed the complex rescaling (2.14) is reduced to the freedom
of a real rescaling by (3.16). Under these transformations {2 and the Kéhler potential
K change as

Q— Qe Be® K K% 4 2Re(h) (3.70)

when restricted to M. This freedom can be used to set one of the Re(e‘i(’Zf( )
equal to one and tells us that Q depends only on 2" real deformation parameters.
However, it will turn out to be more convenient to leave this gauge freedom intact
and define a complex ‘compensator’ C' = re~® with the transformation property
C — CeR*M 1 Later on we will relate r to the inverse of the four-dimensional
dilaton so that the scale invariant function C2 depends on h(>Y) + 1 real parameters.
Using (3.68) CQ) enjoys the expansion

CQ = Re(CZX)ay —ilm(CF;)b" . (3.71)

17Let us stress that at this point all N = 2 relations are still intact since (3.68) is just a specific
choice of the standard N = 2 basis (2.13).

18This can also be seen as conditions arising in consistent truncations of N = 2 to N = 1 theories
as discussed in ref. [112].

19This is reminiscent of the situation encountered in the computation of the entropy of N = 2
black holes where it is also convenient to leave this scale invariance intact [109].
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We are left with the expansion of the ten-dimensional fields C, and Cjy into har-
monic forms. From (3.62) we learn that C, is odd and so together with the fact that
Y posses no harmonic one-forms and o acts trivially on the flat dimensions the entire
Cy is projected out. This corresponds to the fact that the N = 2 graviphoton A° is
removed from the gravity multiplet, which in N = 1 only consists of the metric g,
as bosonic component. Finally, Cs is even and thus can be expanded according to

Cy=c3(z) + A(2) Awa +Cs,  Cy=E5(2)ay | (3.72)

where £K are h®Y + 1 real scalars, A® are hsrl’l) one-forms and c3 is a three-form
in four dimensions. c¢3 contains no physical degree of freedom but as we will see
in section 5.3 corresponds to a constant flux parameter in the superpotential. The
real scalars €% have to combine with the A®1 real complex structure deformations
and the dilaton to form chiral multiplets. In the next section we will find that the
appropriate complex fields arise from the combination

Qe = Cs+ 2iRe(CQ) . (3.73)
Expanding €. in a basis (3.65) of H2(Y') and using (3.71) and (3.72) we have

Q. = 2N¥a;, NF= %/Qc/\ﬁf{ = 1(¢X 4+ 2iRe(CZ5)) (3.74)

Due to the orientifold projection the two three-forms €2 and C5 each lost half of their
degrees of freedom and combined into a new complex three-form .. As we will show
in more detail in the next section the ‘good’ chiral coordinates in the N = 1 orientifold
are the periods of C) directly while in NV = 2 the periods agree with the proper field
variables only in special coordinates.

Let us summarize the resulting N = 1 spectrum. It assembles into a gravitational
multiplet, hsrl’l) vector multiplets and (h(_l’l) + A2V 4 1) chiral multiplets. We list
the bosonic parts of the N = 1 supermultiplets in table 3.2 [61]. We see that the
R N = 2 vector multiplets split into h(j’” N = 1 vector multiplets and h""
chiral multiplets while the 23" + 1 hypermultiplets are reduced to Y + 1 chiral
multiplets.

3.4.2 The effective action

In this section we calculate the four-dimensional effective action of type ITA orien-
tifolds by performing a Kaluza-Klein reduction of the ten-dimensional type ITA action
(2.18) taking the orientifold constraints into account. Equivalently this amounts to
imposing the orientifold projections on the N = 2 action of section 2.2. Inserting
(3.66), (3.71), (3.72) into the ten-dimensional type IIA action (2.18) and performing
a Weyl rescaling of the four-dimensional metric we find [41]

5(046) = /_%R* 1-— Gabdta N *dfb—i— %Im,/\/'aﬁ Fa A *F:B + %ReNaﬁ Fa A Fﬁ

—dD A *dD — Ggr(q) dg™ A xdg™ + %ew Im M ; dfk A *df’ﬁ ,(3.75)
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multiplets multiplicity | bosonic components
gravity multiplet 1 I

vector multiplets h(j’” A

chiral multiplets p&b e

chiral multiplets | A%V +1 NE

Table 3.2: N =1 spectrum of O6 orientifold compactification.

where F* = dA®. Let us discuss the different couplings appearing in (3.75) in turn.
Apart from the standard Einstein-Hilbert term the first line arises from the projection
of the N = 2 vector multiplets action. As we already observed the orientifold projec-
tion reduces the number of Kéhler moduli from 23D to A (4 = 1) but leaves
the complex structure on this component of the moduli space intact. Accordingly
the metric G4 (t) is inherited from the metric G4p of the N = 2 moduli space MK
given in (2.15). Since the volume form is odd only intersection numbers with one or
three odd basis elements in (2.17) can be non-zero and consequently one has

]Ca,B'y - ]Caab - Icaa - Ica =0 ) (376)

while all other intersection numbers can be non-vanishing.?® This implies that the
metric G4z (t4) of (2.15) is block diagonal and obeys

Gap = _§ (Kab §K:a’Cb) ’ Gaﬁ = §K:Oéﬁ Gap = 0, (377)

K 2 K2 2K
where
ICab = ]Cabc v°¢ y ]Caﬁ = K:aga v® y ICa = ]Cabc UbUC i ]C = ICabc U“vbvc . (378)

In comparison to type IIB orientifolds the opposite intersection numbers vanish as
can be seen by comparing (3.76) with (3.33). This is due to the fact that the K&hler
form J transforms in IIA and IIB orientifolds with a relative minus sign under the
action of o.

The same consideration also truncates the N = 2 gauge-kinetic coupling matrix
N5 explicitly given in (B.19). Inserting (3.76) and (3.78) one arrives at

ReN,5 = —Kapgad® | ImN,s =Kog,  Naa =Noa=0. (3.79)

(The other non-vanishing matrix elements N; arise in the potential (5.31) once fluxes
are turned on.)

Let us now discuss the terms in the second line of (3.75) arising from the reduction
of the N = 2 hypermultiplet action which is determined by the quaternionic metric

20From a supergravity point of view this has been discussed also in [112].
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(2.24). D is the the four-dimensional dilaton defined in (2.22). The metric Gk,
is inherited from the N = 2 Ké&hler metric Gg(z,2) given in (2.11) and thus is
the induced metric on the submanifold M§ defined by the constraint (3.16). More
precisely, the complex structure deformations respecting (3.16) can be determined
from (2.10) by considering infinitesimal variations of €2

Qz+82) = Q2)+625(0.Q). = Q2) — 2 (KSQ — xk). - (3.80)

Now we impose the condition that both Q(z + dz) and Q(z) satisfy (3.16). This
implies locally

0K Ok K® =628 0.« K& | 8250 vk = e¥0078 i | (3.81)

where 0,k K and xx are restricted to Mg. Using the fact that K is a Kahler
potential and therefore 0,k K # 0, we conclude from the first equation in (3.81)
that for each dz% either the real or imaginary part has to be zero. This is consistent
with the observation of the previous section that coordinates of Mg can be identified
with the real or imaginary part of the complex structure deformations 2. To simplify
the notation we call these deformations collectively ¢® and denote the embedding map
by p: Mg — M. Locally this corresponds to

K

p: ¢ =(¢"q) — = ,iq7) (3.82)

for some splitting 2% = (2°,29). In other words, the local coordinates on M are
Rez® = ¢° and Imz? = ¢° while Imz® = 0 = Rez?. Using the second equation in
(3.81), the embedding map (3.82) and the expression (2.9) for the N = 2 metric G,
we also deduce that the Kahler form vanishes when pulled back to M§. In summary
we have

p*(Grrpdz®dzY) = Grr(q)dg™dg" , p*(iGrpdz™ NdZ") = 0 . (3.83)

The first equation defines the induced metric while the second equation implies that
M is a Lagrangian submanifold of M with respect to the Kahler-form.

Finally, coming back to the action (3.75) the matrix M ;; is defined in analogy
with (2.25) as

/af{ Axap = —Im Mg; | /bk AxbE = —(Tm M) ™! KL (3.84)

where ImM ;; can be given explicitly in terms of the periods by inserting (3.69) into
(B.15) [39]. Similarly one obtains ReMf; = 0 consistent with the fact that (2.25)
implies that [az A bl vanishes for the special basis (az, bE ).

This ends our discussion of the effective action obtained by applying the orientifold
projection. The next step is to rewrite the action (3.75) in the standard N = 1
supergravity form which we turn to now.
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3.4.3 The Kahler potential and gauge-couplings

The standard N = 1 supergravity the action is expressed in terms of a Kahler poten-
tial K, a holomorphic superpotential W and the holomorphic gauge-kinetic coupling
functions f as given in (3.40). Hence, our task is to find K, f and W for the type IIA
orientifolds. As an immediate observation one finds that (3.75) includes no potential,
such that W = 0 and D, = 0. It is also not difficult to read off the gauge-kinetic
coupling function f,3. Comparing (3.75) with (3.40) using (3.79) and (3.67) one infers

faﬁ = —i _aﬁ = ilcaﬁata . (385)

As required by N = 1 supersymmetry the f,s are indeed holomorphic. Note that
they are linear in the t* moduli and do not depend on the complex structure and
&-moduli.

From (3.75) we also immediately observe that the orientifold moduli space has the
product structure
Mpy—y = M3 x M2 (3.86)
The first factor MK is a subspace of the N = 2 moduli space M"¥ with dimension
B spanned by the complexified Kahler deformations ¢*. The second factor M is
a subspace of the quaternionic manifold M® with dimension (> +1 spanned by the
complex structure deformations ¢, the dilaton D and the scalars £¥ arising from
(3. Let us discuss both factors in turn.

As we already stressed earlier the metric G4, of (3.75) defined in (3.34) is a trivial
truncation of the N = 2 special Kédhler metric (2.15) and therefore remains special
Kahler. The Kahler potential is given by

KX = —In [glcabc(t—ﬂ“(t—ﬂb(t—aﬂ - —In [g/ JAJAJ] . (3.87)

where .J is the Kéhler form in the string frame. Moreover, K¥ can be obtained from
the prepotential f(t) = —%Kanct*t"t° by using equation (B.17). It is well known that
KX obeys the standard no-scale condition [119]

KuK'"Kgn = 3. (3.88)

The geometry of the second component M2 in (3.86) is considerably more com-
plicated. This is due to the fact that (3.74) defines a new complex structure on the
field space. In the following we sketch the calculation of the Kahler potential for the
basis (ag,b") and only summarize the results for a generic symplectic basis. The
details of this more involved calculation will be presented in section 4.1.2.

To begin with, let us define the compensator C' introduced in section 3.4.1 as
C = e P70 K2 C — Cefehla (3.89)

where K is the Kédhler potential defined in (2.11) restricted to the real subspace M.
We also displayed the transformation behavior of C' under real Kéhler transformations
(3.70). With this at hand one defines the scale invariant variable

IX = Re(CZX(q)) . (3.90)
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Inserted into (3.75) and using the Jacobian matrix encoding the change of variables
(eP, ¢%) — ¥ the second line (3.75) simplifies as?

L) =262 Tm M (dIR A xdi® + LdeR A xdel) . (3.91)
We see that the scalars [X and £K nicely combine into complex coordinates
NE = LKL R — LeR 4 Re(CZ%) = %/Qc N (3.92)

which we anticipated in equation (3.74). The important fact to note here is that MQ
is equipped with a new complex structure and the corresponding Kahler coordinates
coincide with half of the periods of §2.. This is in contrast to the situation in N = 2
where one of the periods (Z°) is a gauge degree of freedom and the Kihler coordinates
are the special coordinates 2 = Z% /70,

In order to show that the metric in (3.91) is Kéhler we need the explicit expression
for the Kahler potential. Using (3.69) in (B.15) one obtains straightforwardly

2e*PIm My = 0y 0y K9 | (3.93)
where
K®=-2m[4iF(CZ)], F(Re(CZ))= %Re(CZK ) Im(CFR) . (3.94)
Alternatively, using (3.71) and *Q = —i{2 one derives the integral representation
KQ = —2In [2 /Y Re(CQ) A *Re(CQ)] = —IneP (3.95)

where in the second equation we used (3.89) and (2.11). In the form (3.95) the

dependence of K9 on the coordinates N¥ is only implicit and given by means of
their definition (3.92). Also K9 obeys a no-scale type condition in that it satisfies

Kye KNVK =4 (3.96)

which can be checked by direct calculation.

The analysis so far started from the symplectic basis (a, bX) introduced in (3.65),
determined the Kéhler coordinates in (3.92) and derived the Kihler potential K? in
terms of the prepotential F in (3.94) or as an integral representation in (3.95). Now we
need to ask to what extent this result depends on the choice of the basis (3.65). Or in
other words let us redo the calculation starting from an arbitrary symplectic basis and
determine the Kahler potential and the proper field variables for the corresponding
orientifold theory. Let us first recall the situation in the N = 2 theory reviewed
in section 2.2. The periods (ZX, Fz) defined in (2.12) form a symplectic vector of
Sp(2h1?) + 2. Z) such that © given in (2.13) and K given in (2.11) is manifestly

21The calculation of this result can be found in section 4.1.2.



62 Effective actions of Type 11 Calabi-Yau orientifolds

invariant. The prepotential F(Z) = %Z KF % on the other hand does depend on the

choice of the basis (o, BK) and is not invariant.

For N = 1 orientifolds this situation is different since the orientifold projection
(3.16) explicitly breaks the symplectic invariance.?? This can also be seen from the
form of the N = 1 Ké&hler potential (3.94) which is expressed in terms of the non-
invariant prepotential. One immediately concludes that the result (3.94) is basis
dependent and K@ takes this simple form due to the special choice an € H 3(Y) and
bK € H3(Y).23 On the other hand, the integral representation (3.95) only implicitly
depends on the symplectic basis through the definition of the coordinates N K This
suggest, that it is possible to generalize our results by allowing for an arbitrary choice
of symplectic basis in the definition of the N = 1 coordinates. More precisely, let us
consider the generic basis (a, %), where we assume that the h3 = h*! + 1 basis
elements (ay, 3%) span H? and the h? = h®! 41 basis elements («ay, %) span H?. In
this basis the intersections (2.4) take the form

/ak/\ﬁl:%, /aﬂ/\ﬁ)‘zéi‘, (3.97)
Y Y

with all other combinations vanishing. Applying the orientifold constraint (3.16) one
concludes that the equations (3.69) are replaced by

Im(CZ*) =Re(CF,) = 0,  Re(CZ*) =Im(CFy) = 0. (3.98)
Correspondingly, the expansions (3.71) and (3.72) take the form
CQ = Re(CZMay +ilm(CZY)ay — Re(CFy) B — ilm(CF;) 3" ,
Cy = ap—60", (3.99)

which implies that we also have to redefine the N = 1 coordinates of M in an
appropriate way. In section 4.1.2 we show that the new Kihler coordinates (N*, Ty)
are again determined by the periods of {2, and given by

NF = %/QC/\ﬂk = 18 +iRe(CZ") ,
T)\ = i/QC/\Oé)\ = ig,\—QRe(C']:)\), (3100)

where we evaluated the integrals by using (3.73) and (3.99).
The Kihler potential takes again the form (3.95) but now depends on N* T)
and thus no longer simplifies to (3.94). Let us compare the situation to the original

N = 2 theory, which was formulated in terms of the Z K or equivalently the special
coordinates 2. Holomorphicity in these coordinates played a central role in defining

22 A symplectic transformation S preserve the form <a, ﬁ> = [‘aAp, such that <Sa, Sﬁ> = <a, ﬁ>
On the other hand the anti-holomorphic involution satisfies <U*a, a*ﬂ> = —<a, ﬁ>

23Note that this is in striking analogy to the background dependence of the B model partition
function as discussed in [120, 121].
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the prepotential encoding the special geometry of M in M® (cf. section 2.2). In
contrast, the N = 1 orientifold constraints destroy this complex structure and force
us to combine Re(C{2) with the RR three-form Cj into €2.. The Kéhler coordinates
are half of the periods of €2, but now in this more general case also the derivatives of
F can serve as coordinates as seen in (3.100). However, as it is shown in section 4.1.2,
Re(CFy) and e*’Im(CZ*) are related by a Legendre transformation of the Kihler
potential. Working with this transformed potential and the coordinates Re(C'Z*) and
e*PTm(C'Z*) enables us to make contact to the underlying N = 2 theory in its canon-
ical formulation. From a supergravity point of view, this Legendre transformation
corresponds to replacing the chiral multiplets T\ by linear multiplets as described in
the next chapter. This is possible due to the translational isometries of K, which
arise as a consequence of the C3 gauge invariance and which render K independent of
the scalars ¢ and €. We show in section 4.2 that this also enables us to construct M@
from MF similar to the moduli space of supersymmetric Lagrangian submanifolds in
a Calabi-Yau space as described by Hitchin [74]. This also allows us to interpret the
no-scale condition (3.96) geometrically.

Let us summarize the results obtained so far. We found that the moduli space
of N = 1 orientifolds is indeed the product of two Ké&hler spaces with the Kéhler
potential

K = KK+ K= —In [g/ J/\J/\J] 2 [2/Re(OQ)A*Re(C’Q) . (3.101)
Y Y

The first term depends on the Kahler deformations of the orientifold while the second
term is a function of the real complex structure deformations and the dilaton. The
N =1 Kahler coordinates are obtained by expanding the complex combinations*

Qe = C3+2Re(CQ), J, = By+iJ, (3.102)

in a real harmonic basis of H3(Y) and H S (y) respectively. Note that K does not

depend on the scalars arising in the expansion of By and Cs, such that the Kihler
manifold admits a set of A" + A2 + 1 translational isometries. In other words
K consists of two functionals encoding the dynamics of the two-form J and the real
three-form Re(C). In type IIA orientifolds it is not difficult to rewrite K< in a form
similar to (3.49). Defining the odd form

e =U+ill =CQ, (3.103)
one finds

K= 2m®,U),  PaUd) =i{p*, 5%) =i / @A @Ot (3.104)
Y

The function ®4(U) is known as Hitchins functional for the real three-form U [82, 75].
The orientifold constraint (3.16) restricts its domain to 4 € H3(Y). Applying the

24This combination of forms has also appeared recently in ref. [122] in the discussion of D-instanton
couplings in the A-model. Here they appear as the proper chiral N = 1 variables and as we will see
in the next section they linearize the D-instanton action.
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fact that ® 4 (/) is a homogeneous function of degree two K obeys the no-scale type
conditions (3.96), (4.50). This is independent of the chosen basis and can be also
shown directly as done in section 4.1.2.

The no-scale conditions are violated when further stringy corrections are included.
K receives additional contributions due to perturbative effects as well as world-sheet
and D2 instantons. It is well-known that the combination J, = BQ + 1.J gives the
proper coupling to the string world-sheet such that world-sheet instantons correct the
holomorphic prepotential as f(t) = —¢Kautt’t° + O(e™"). Since we divided out the
world-sheet parity these corrections also include non-orientable Riemann surfaces,
such that the prepotential f(t) consists of two parts f(t) = for(t) + funor(t). The
function f,, counts holomorphic maps from orientable world-sheets to Y, while f,,o-
counts holomorphic maps from non-orientable world-sheets to Y [110]. In the next
section we show that D2 instantons naturally couple to the complex three-form €.
and they are expected to correct K<.

3.5 Mirror symmetry

In this section we discuss mirror symmetry for Calabi-Yau orientifolds from the point
of view of the effective action derived in the large volume limit. More precisely, we
compare the N = 1 data for type IIB orientifolds on Y /o (section 3.3.3) with the
data for type IIA orientifolds on Y/o4 (section 3.4.3). Since we want to discuss
mirror symmetry we choose Y to be the mirror manifold of Y. This implies that the
non-trivial Hodge numbers h(") and h®V of Y and Y satisfy A1 (Y) = hZD(Y)
and hD(Y) = AWD(Y) as already given in section 2.4 where we briefly introduced
N = 2 mirror symmetry. In orientifolds we also have to specify the involutions o4
and o which are identified under mirror symmetry. Since the discussion in this
thesis is quite generic and never specified any involution o explicitly we also keep the
discussion of mirror symmetry generic. That is we assume that there exists a mirror
pair of manifolds Y and Y with a mirror pair of involutions o4, 05. Matching the

number of N = 1 multiplets summarized in table 3.1 implies an orientifold version of
(2.35),% i.e.

03/07 = hY(Y)
05/09 :  KY(Y)

I
>
+ql\’)

—
—~

W2H(Y) hy' (V)
Y

2,1
RY), R (Y) = B2

). (3.105)

Our next task will be to match the couplings of the mirror theories. Since the
effective actions on both sides are only computed in the large volume limit we can
expect to find agreement only if we also take the large complex structure limit exactly
as in the N = 2 mirror symmetry. However, if one believes in mirror symmetry one can
use the the geometrical results of the complex structure moduli space to ‘predict’ the

Z5For the sector of MQ mirror symmetry is a constraint on the couplings rather than the Hodge
numbers.
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multiplets ITAy O6 | IIBy 0O3/07 | 1IBy O5/09
vector multiplets hsrl’l) hf’l) B
chiral multiplets in MSK B B hf’l)
chiral multiplets in MQ | A&D 41 |  p0Y 41 RAD 41

Table 3.1: Number of N = 1 multiplets of orientifold compactifications.

corrections to its mirror symmetric component. This is not quite as straightforward
since the full N = 1 moduli space is a lot more complicated than the underlying
N = 2 space [61]. Let us therefore start our analysis with the simpler situation of
the special Kéhler sectors MSK, M3K in (3.86) and (3.48) and the vector multiplet
couplings and postpone the analysis of Mfﬁ p to section 3.5.2.

3.5.1 Mirror symmetry in MX

Recall that the manifold /\;liK is spanned by the complexified Kéhler deformations ¢*
preserving the constraint (3.14). Under mirror symmetry these moduli are mapped to
the complex structure deformations which respect the constraint (3.9). In both cases
the Kahler potential is merely a truncated version of the N = 2 Kahler potential and
one has

Kﬁ:—ln[g/JAJAJ] o Kf;:—ln[—i/ﬁ/\fl]. (3.106)
1%
Both Kéhler potentials can be expressed in terms of prepotentials f4(t), fp(z) and in
the large complex structure limit fp(z) becomes cubic and agrees with f4(t). Mirror
symmetry therefore equates these prepotentials and exchanges J? with QA Q exactly
asin N =2

fA(t) == fB(Z) y J3 — € VAN Q . (3107)

In [125] the N = 2 version of this map was written into the form 28

el (3.108)

where J, is given in (3.102). Thus for M5X mirror symmetry is a truncated version
of N'= 2 mirror symmetry. As we will see momentarily this also holds for the gauge
kinetic couplings which depend holomorphically on the moduli spanning MK,

In type IIA the gauge-kinetic couplings are given in (3.85) and read fu5(t) =
iKapct®. The IIB couplings were determined in (3.61) to be

fap(2%) = =iMap = —iFup (3.109)

26The authors argued that this should be true also for mirror symmetry of certain non-Calabi-Yau
backgrounds.



66 Effective actions of Type 11 Calabi-Yau orientifolds

where in order to not overload the notation we are using the same indices for both
cases.?” More precisely we are choosing

a,8=1,.. B2Y),  ab=1,...0%1Y), for 03/07,
a,8=1,... W),  ab=1,.. 0%YY), for 05/09. (3.110)

The matrix F,g(2%) is holomorphic and the second derivatives of the prepotential
restricted to /\;lg In the large complex structure limit F,z is linear in 2 and therefore
also agrees with the type IIA mirror couplings. Thus mirror symmetry implies the
map Nos(t%) = Mag(2%) in both cases.

This concludes our discussions of mirror symmetry for the chiral multiplets which
span M5K. We have shown that the Kéhler potential and the gauge-kinetic coupling
functions agree in the large complex structure limit under mirror symmetry. In this
sector the geometrical quantities on the type IIB side include corrections which are
believed to compute world-sheet non-perturbative effects such as world-sheet instan-
tons on the type ITA side. This is analogous to the situation in N = 2 and may be
traced back to the fact, that it is still possible to formulate a topological A model
counting world-sheet instantons for Calabi-Yau orientifolds [59, 110].

3.5.2 Mirror symmetry in M®

Let us now turn to the discussion of the Kahler manifolds /\;13 and /\;l% arising in the
reduction of the quaternionic spaces. On the ITA side the Kéhler potential is given
in (3.101) which is expressed in terms of the A*!) + 1 coordinates (N*, Ty) defined in
(3.100). In this definition we did not fix the scale invariance (3.70) Q — Qe Re(?) or
in other words we defined the coordinates in terms of the scale invariant combination
CQ. Somewhat surprisingly there seem to be two physically inequivalent ways to
fix this scale invariance. In N = 2 one uses the scale invariance to define special
coordinates 2% = Z%/7° 20 = 1 where Z° is the coefficient in front of the base
element cy. The choice of Z° is convention and due to the symplectic invariance any
other choice would be equally good. However, as we already discussed in section 3.1
and 3.3 the constraint (3.16) breaks the symplectic invariance and H?® decomposes
into two eigenspaces HT @& H3. Thus in (3.99) we have the choice to scale one of
the Z* equal to one or one of the Z* equal to i. Denoting the corresponding basis
element by ap, these two choices are characterized by ag € H? or ag € H*. This
choice identifies the dilaton direction inside the moduli space and therefore is crucial
in identifying the type IIB mirror. This is related to the fact that in type IIB the
dilaton reside in a chiral multiplet for O3/O7 orientifolds and in a linear multiplet
for O5/09 orientifolds as we make more explicit in section 4.1.1. Let us discuss these
two cases in turn.

2TWe rescaled the type IIB gauge bosons by v/2 in order to properly match the normalizations.
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The Mirror of IIB orientifolds with O3/07 planes

We first want to show that in the large complex structure limit Kg given in (3.95)
coincides with K given in (3.47) for orientifolds with O3/O7 planes. It turns out
that in order to do so we need to choose oy € H? and the dual basis element 5° € H?.
It is convenient to keep track of this choice and therefore we mark the a’s and 3’s
which contain o and 3° by putting a hat on the corresponding index. Thus we work
in the basis (o, 3%) of H? and (v, %) of H3. Therefore, we rewrite the combination
CQ as

CQ=g;"(Tag+ ¢ ap +igtay) + ..., (3.111)
where we introduced g4 and the real special coordinates
1 Re(CZ* Im(CZ*
ga = D70 qk ( 0) ) q)\ = (70) : (3112)
Re(C'Z9) Re(C'Z9) Re(C'Z9)
We also need to express the prepotential F(Z) in the special coordinates ¢*,¢*. In
analogy to (B.16) one defines a function f(g¢) such that

F(Re[CZH),ilm[CZY)) = i(Re[CZ%) F(¢",q") . (3.113)

We are now in the position to rewrite the N = 1 coordinates N k , T\ given in (3.100)
in terms of g4 and the special coordinates ¢®. Inserting (3.112) into (3.100) one
obtains

N = 10 4ight,  NR = Llehvigildt,  Th = i6—295 fal)  (3.114)

where f is the first derivative of f(g) with respect to ¢”.

The final step is to specify f(gq) in the large complex structure limit. In this limit
the N = 2 prepotential is known to be

F(Z)= X2 kguz® 2" 2™ . (3.115)

Inserted into the orientifold constraints (3.98) one infers
Rikim = K = 0, (3.116)
while £y, and Ky, can be non-zero. Using (3.116), (3.113) and (3.112) we arrive at
(@) = =2kt + 3kaad"d . (3.117)

In order to continue we also have to specify the range the indices k£ and A take on
the ITA side. A priori it is not fixed and can be changed by a symplectic transforma-
tion. Mirror symmetry demands

k=1, 0" ), a=1,... ), (3.118)

or in other words there have to be h(_l’l)(f/) basis elements «; and h(j’”(f/) basis
elements £ in H 3(Y). In addition the non-vanishing couplings .y, and Ky, have
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to be identified with Ky, and K., appearing in the definition of the type IIB chiral
coordinates (3.44). With these conditions fulfilled we can insert (3.117) into (3.114)
and compare with (3.44). This leads to the identification

NF=(r,G¥) and TP =2TB, (3.119)

which in terms of the Kaluza-Klein variables corresponds to

€¢B = ga, qA - UA? qk = _bk7

& = 20y, & =2(c"-Cy"), (3.120)
g)\ = Qp)\ — QIC)\lekbl + CoIC)\klbkbl .

With these identifications one immediately shows eP4 = eP?  where eP4 and eP? are
the four-dimensional dilatons of the type ITA and IIB theory. This implies that the
Kahler potentials (3.95) and (3.47) of the two theories coincide in the large volume —
large complex structure limit. However, the corrections away from this limit cannot
be properly understood from a pure supergravity analysis. It is clear that K 3 includes
corrections of the mirror IIB theory but the precise nature of these corrections remains
to be understood.

The Mirror of IIB orientifolds with O5/09 planes

In this section we check mirror symmetry for type IIB orientifolds with O5/09 planes
with complex coordinates and Kahler potential determined in section 3.3.3. In order
to find the same chiral data on the IIA side, we have to examine the case where
o € H?. Therefore we choose a basis (ay, 3*) of H? and (a3, %) of H3. We rewrite

the combination C{2 in this basis as
CQ =g, (iag+ig oy + ¢ ap) + ... (3.121)
where we introduced the real special coordinates

B 1 » _ Re(CZF) A Im(CZ%)
I "z 1 T Im(czo) 1 T Im(C20) (8122)

Let us also express the prepotential F(Z) in terms of ¢*,¢*. As in N = 2 one defines
a function f(q) such that

F(Re[CZ¥),ilm[CZY)) = —i(Im[CZ))* f(¢",q") . (3.123)

We can now rewrite the N = 1 coordinates T;, N* given in (3.100) in terms of ¢*, ¢*
and g4 as

Nt = 3 rigytdt . D=6+ 295 faa)
Ty = i+ 295 (2f(q) — frd" — frd") . (3.124)

where fy, fx are the first derivatives of f(q) with respect to ¢* and ¢*.
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Going to the large complex structure limit, the NV = 2 prepotential takes the form
(3.115). We split the indices as K = (k, \) and apply the constraints (3.98) to find
that

K = Kkt =0 Kgim # 0, Kol 7 0 . (3.125)
Using (3.125) and (3.123) we can calculate f(q) as
f(@) = $krmd"q' " — 5rand " q" . (3.126)

In order to match the chiral coordinates Tp, T\, N¥ with the type IIB coordinates
of (3.54) we need again to specify the range of the indices on the type ITA side.
Obviously we need

k=1, 08"y, a=1,... 8", (3.127)

which is the equivalent of (3.118) with the plus and minus sign interchanged. Thus
the non-vanishing intersections can be identified with ICy;,, and K., on the IIB side.
Inserting f(g) back into the equations (3.124) for the chiral coordinates N*, T} and
demanding (3.127) one can compare these to the type IIB coordinates (3.54). One
identifies

T5 = 2(S, Ay) NF =ith (3.128)
In terms of the Kaluza-Klein modes this amounts to the identification
ga = 6¢B7 qk:_vka q)\:b)\> Sk:_2ck>
é)\ = 2p)\ - 2](:)\,.;10[[)[{ i go =2h + ]CZARClb)\bR - p)\b)\ . (3129)

With these identifications one shows again e”?4 = eP? and as a consequence the Kihler
potentials (3.95) and (3.57) agree in the large volume — large complex structure limit.

In summary, we found that it is indeed possible to obtain both type IIB setups
as mirrors of the type ITA orientifolds. In analogy to (3.108) we found by comparing
(3.102) with (3.42) and (3.53) the mirror relation

03/07 : @l s Cy— A,
05/09: ¥ — —jp= Cy— A, (3.130)

where p°¥ o and A are defined in (3.103) and (3.43). Furthermore, we found that
the functionals ®4 and ®p have to identified as

~

03/07: ®\U) = Bp(E),  05/09: ) — by(E) , (3.131)

such that the Kahler potentials are matched. However, the crucial role of the two
definitions of special coordinates remains to be understood further.

Let us close this chapter with a brief remark on the generalizations of this result.
Formulated in this abstract fashion equations (3.130) and (3.131) are expected to
hold even for orientifolds of generalized complex manifolds. This includes certain
SU(3) structure manifolds, such as half-flat manifolds. This looks very promising
and deserves further investigation [117].
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Chapter 4

Linear multiplets and the geometry
of the moduli space

In this chapter we explore the geometry of the N = 1 moduli space in more detail.
Our attempt is to get some deeper understanding of the properties of the Kéhler
manifolds obtained from the N = 2 to N = 1 reduction performed in the previous
chapter. Recall that the orientifold moduli space is a direct product

MK MQ (4.1)

where N = 1 supersymmetry demands each factor to be a Kihler manifold. MK is
a submanifold of the N = 2 special Kéahler manifold M>X parameterizing complex
structure deformations in type IIB and complexified Kahler structure deformations in
type IIA. As we have shown also MK is special Kéhler, since it inherits its complex
structure from M5 and admits a Kihler metric obtained from a prepotential.

The reduction of the hypermultiplet sector is more ‘radical’ since it defines a
Kéhler manifold M inside of a quaternionic manifold M, which itself is not nec-
essarily Kahler. This Kéahler submanifold has half the dimension of the quaternionic
space. In general it is a difficult mathematical problem to characterize Kahler man-
ifolds inside quaternionic ones [111]. However, the quaternionic manifolds obtained
by Calabi-Yau compactifications of type IIA or type IIB supergravity posses special
properties. As shown in [94, 91] they can be constructed from special Ké&hler manifold
M5K via the local c-map,

MG = M (4.2)
where 2n and 4n + 4 are the real dimensions of MS¥ and MQ. These quaternionic
manifolds are termed special or dual quaternionic. One observes that their metric
depends on only half of the bosonic fields in the hypermultiplets, or, in other words,
on half of the quaternionic coordinates. More precisely, the components of the metrics
(2.24) and (2.34) on M@ are functions of only NS-NS scalar fields M¥g. The second
half are R-R scalar fields denoted by M;rr which appear in the quaternionic metrics
only as a differential and hence posses Peccei-Quinn shift symmetries

Mirr — Migr +cr (4.3)
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for arbitrary constants c;.

The orientifold projection truncates half of the NS-NS fields and half of the R-R
fields. N = 1 supersymmetry forces the remaining fields to span a Kahler manifold
MQ. Furthermore, it can be seen in tables 3.2 and 3.2 that supersymmetry combines
each NS-NS field M{q together with a R-R field M;gg into a chiral multiplet with
bosonic components M! = (M{g, M;gg) spanning M?. The fact, that the R-R fields
posses shift symmetries allows us to chose a set M,rgr and dualize them into two-
tensors D§pi. This amounts to replacing the chiral multiplets M by linear multiples
L* = (Mg, DSzg ), while keeping the remaining fields M chiral. The manifold M,
spanned by the real scalars Mgy and the complex scalars M“ still contains all the

information about the full Kahler space MZQ. In that one can construct M@ starting
Q
from M.,

dualization of Dg ~

M, MO (4.4)

This dualization procedure will be discussed in section 4.1. As we will explain there,
the kinetic terms and couplings of the chiral and linear multiplets can be encoded
by a single function K being the Legendre transform of the Kahler potential. As an
application we determine K for all three orientifold setups. Firstly, in section 4.1.1
we apply the linear multiplet formalism to IIB orientifolds. Secondly, in section 4.1.2
we provide the missing calculation of the Kahler potential for M® for general ITA
orientifolds. In this derivation we apply the techniques connected with the map (4.4).

Finally, recall that the quaternionic space can be obtained from M5X via the local
c-map construction (4.2). In section 4.2 we construct the map

MEAMmQ  HERemer o (4.5)
which can be interpreted as the N = 1 analog of the local c-map (4.2). As we
will show it is closely related to the dualization in (4.4), when specifying the right
chiral fields M® for dualization. This construction is inspired by the one presented
in [74], where the moduli space of Lagrangian submanifolds with U(1) connection is
discussed. Furthermore, it provides the basis to extend the analysis to non-Calabi-
Yau orientifolds.

4.1 Linear multiplets and Calabi-Yau orientifolds

In this section we rewrite the bulk effective action of type IIB and type IIA orientifolds
using the linear multiplet formalism of ref. [73]. In this way we will be able to
understand the definition of the Kéhler coordinates given in (3.44), (3.54) and (3.100)
as a superfield duality transformation and furthermore discover the no-scale properties
of K? somewhat more conceptually. In an analog three-dimensional situation this
has also been observed in [34].

Let us first briefly review N = 1 supergravity coupled to n linear multiplets
L a = 1,...,n and r chiral multiplets N4, A = 1,....r following [73]. Linear
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multiplets are defined by the constraint
(D?* —8R)L* =0 = (D* — 8R)L* , (4.6)

where D is the superspace covariant derivative and R is the chiral superfield containing
the curvature scalar. As bosonic components L contains a real scalar field which we
also denote by L and the field strength of a two-form D,. The superspace Lagrangian
(omitting the gauge interactions) is given by

_ 1 [E 1 [ E o
_ A A 7oy, K/2 1 K/2
S 3/EF(N,N,L)+2/R6 W(N)+2/RT€ W),  (4.7)

where E is the super-vielbein and I the superpotential. The function F' depends
implicitly on the Kihler potential K (N4, N4, L) through the differential constraint!

1
L= g LKy = F = L"Fpo | (4.8)

which ensures the correct normalization of the Einstein-Hilbert term. The subscripts
on K and F' denotes differentiation, i.e. Ko = aani,FLa = %, etc. . Let us also
define the kinetic potential K and rewrite (4.8) as

K=K —3F, F=1-3%Kp.L". (4.9)

Expanding (4.7) into components one finds that K determines the kinetic terms of
the fields. More precisely, the (bosonic) component Lagrangian derived from (4.7) is
found to be?

L = —1Rx1—K,gdN* AxdN® + 1K s dL® AxdLP —V % 1
+1K aps DS A%dD) — LdDS A (KuadN* — K,z dN?) . (4.10)

where

V=K <KABDAWDBW —(3- LQKLa)\WP) . (4.11)

We see that the function K(N,N,L) = K — 3F determines the kinetic terms of
the fields N4 and L® as well as the couplings of the two-forms DS to the chiral
fields N!. Note that only derivatives of Fr appear leaving a constant piece in Fra
undetermined. This constant drops out from (4.8).

In a next step we like to recover the standard N = 1 effective action by dualizing
the linear multiplets L® into chiral multiplets 7,,. This establishes the map (4.4),
which will be a useful tool in the remainder of this chapter. From here we can
proceed in two ways. We can dualize the two-forms D§ in components and show
that the resulting action is Kahler by determining the Kahler potential and complex

IStrictly speaking K (N4, N4, L) is not a Kihler potential but as we will see it determines the
kinetic terms in the action.

2This is a straightforward generalization of the Lagrangian for one linear multiplet given in [73].
The potential for this case has also been given in [22].
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coordinates. This is done in appendix C and provides a simple, but somehow more
tedious dualization procedure. However, performing the duality in superspace yields
directly the proper Kéhler coordinates T,, and Kéhler potential K (7,7, N, N).

The duality transformation in superfields is performed in detail in [73] and here
we only repeat the essential steps. One first considers the linear multiplets L* to be
unconstrained real superfields and modifies the action (4.7) to read?

S = —3/E <F(NA,NA, L*) + 6L%(T, + Ta)) +.ol, (4.12)

where the T, are chiral superfields and in order to be consistent with our previous
conventions we have included a factor 6 in the second term. Variation with respect to
T, results in the constraint that L® are linear multiplets and one arrives back at the
action (4.7). Variation with respect to the (unconstrained) L® yields the equations®

6(To + To) + Fro — Ko (F +6L°(Ts + T5)) =0, (4.13)

where we have used 6, F = —%EK a0 L%, This equation determines L® in terms of the
chiral superfields N4, T, and is the looked for duality relation. However, depending
on the specific form of F' and K one might not be able to solve (4.13) explicitly for
L® but instead only obtain an implicit relation L*(N, N, T + T). Nevertheless one
should insert L*(N, N, T + T) back into (4.12) which then expresses the Lagrangian
(implicitly) in terms of T, and therefore defines a Lagrangian in the chiral superfield
formalism. The unusual feature being that the explicit functional dependence is
not known. A correctly normalized Einstein-Hilbert term is ensured by additionally
imposing

F(N,N,L)+6L*(T,+T,) =1. (4.14)

Contracting (4.13) with L® and using equation (4.14) one obtains (4.8). Thus F
has to have the same functional dependence as before and therefore eqn. (4.9) is
unmodified, but one should insert L(N, N, T + T) implicitly determined by (4.13).
Using (4.14) the duality condition (4.13) can be cast into the form

To+To=1Kpa, (4.15)

where K is the kinetic potential defined in (4.9). We also like to rewrite the Kihler
potential K (L(N,N,T +T),N,N) in terms of K. Inserting (4.15) into (4.9) one
infers

K(N,N,T+T)=K(N,N,L) —2(T, +T.)L* , (4.16)

where we removed a constant factor by means of a Kahler transformation. Equation
(4.15) identifies T}, + T, to be the canonical conjugate to L with respect to K, while
by (4.16) the Kihler potential K is the Legendre transform of K. The equations
(4.15) and (4.16) characterize the map (4.4) and can be equivalently obtained by a

3We omit the superpotential terms here since they only depend on N and play no role in the
dualization.
“Notice that there is a misprint in the equivalent equation given in [73].
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component field dualization as shown in appendix C. Before turning to the orientifold
examples let us calculate the the bosonic effective action in terms of K and the

coordinates 3 3
N4 T, =ia + 1Kpo | (4.17)

where &, is the scalar dual to D$ and we have used (4.15). Using the Kéhler potential
(4.16) one obtains

L = —1R+1— KyigidN* AxdN' + 1K apn dLE A%dL) =V %1 (4.18)
FARY (@6 = (Kot dN') ) A (d€y = Hm (K pa e dN") )

where K is the kinetic potential appearing in (4.16). This is the dual Lagrangian to
(4.10) as can be equivalently shown by component field dualization (equation (C.23)).
We now give some explicit examples for this dualization, by applying it to the Calabi-
Yau orientifolds studied in chapter 3.

4.1.1 Two simple examples: Type IIB orientifolds
I. 03/07 orientifolds

Let us now restrict to simple potentials K (N, N, L) and F(N, N, L), which describe
the correct kinematics for O3/O7 orientifolds. Our aim is to rewrite the action (3.37)
in the linear multiplet formalism. As we are going to show this enables us to circum-
vent the implicit definition of the K&hler potential (3.46). In other words, replacing
the chiral multiplets T, with linear multiplets L“ as just described allows us to give
an explicit expression for K in terms of 7,z and L* [39]. This is achieved by the

Kahler potential B
K = Ko(N*, N + aln(Kap, L*LPLY) | (4.19)

where we leave Ko(N4, N A) and the normalization constant « arbitrary for the mo-
ment. Inserting (4.19) into (4.8) shows that possible solutions F' have the form

F=1-—a+1L*CFN* N, (4.20)

where the real functions (f(N4, N4) are not further determined by (4.8). In that
sense the (F(N4, N4) are additional input functions which determine the Lagrangian
since they appear in the kinetic potential (4.9). Comparing (3.44) with (4.15) by
using (4.19) and (4.20) we are led to identify®

=K@ -GG -G, (421)

=1 Lo = 3¢%
“ ’ 2¢ @ 2(r —17)

,UOZ

IC Y
where (% = ¢, + (, was already given in (3.45). Hence, we have shown that the
definition of the Kahler coordinates in (3.44) is nothing but the duality relation (4.15)

5Strictly speaking (4.15) only determines the real part of T,. The imaginary part can be found
by comparing the explicit effective actions (3.37) and (4.18).
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obtained from the superfield dualization of the linear multiplets L* to chiral multiplets
T,.5 Tt remains to determine K,. Comparing (4.19) by using (4.21) with (3.46) one
finds

Ko=Ku(2,2) —In[ —i(t = 7)] . (4.22)

In summary, the low energy effective action for O3/O7 orientifolds can be rewritten by
using chiral multiplets (2*, 7, G%) and linear multiplets L. This supergravity theory
is determined (in the formalism of ref. [73] and apart from W and f which we can
neglect for this discussion) by the independent functions K and F' given in (4.19) and
(4.20) together with (4.21) and (4.22). Inserted into (4.9) we determine the kinetic
potential

1 Ko, LOLPLY

K(z,7,G,L) = K(2,2) + In (5 0 ) -

where we have defined [¢ = ImG® and [° = Im7. In the dual formulation where the
linear multiplets L are dualized to chiral multiplets T, the Lagrangian is entirely
determined by the Kéhler potential given in (3.46) with the ‘unusual’ feature that
it is not given explicitly in terms of the chiral multiplets but only implicitly via the
constraint (4.15). In this sense the orientifold compactifications (and similarly the
compactifications of F-theory on elliptic Calabi-Yau fourfolds considered in [22] and
section 6.1) lead to a more general class of Kéhler potentials then usually considered
in supergravity. In fact the same feature holds for arbitrary K, and arbitrary ¢,
such that also O3/O7 orientifolds with space-time filling D3 and D7 branes fall into
this class as shown in [31, 99].

Keoap LA101
10 ’

(4.23)

Furthermore, these ‘generalized” Kéhler potentials are all of ‘no-scale type’ in that
they lead to a positive semi-definite potential V. For a = 1 (and arbitrary K, and
(o) the Kéhler potential (4.19) obeys

LK =3, (4.24)

and hence the the second term in the potential (4.11) vanishes leaving a positive
semi-definite potential with a supersymmetric Minkowskian ground state. Since in
the chiral formulation K cannot even be given explicitly one can consider such Ks as
a ‘generalized’ class of no-scale Kahler potentials. The analogous property has also
been observed in refs. [22, 27, 118]. Finally note with what ease the no-scale property
follows in the linear formulation compared to the somewhat involved computation in
the chiral formulation performed in [39].

II. O5/09 orientifolds

As second simple example let us dualize the effective action (3.38) of orientifolds with
05/09 planes. In this case our motivation is slightly different, since in contrast to

6The case a = 1 is a somewhat special situation in that the function F' does not have a constant
piece but only the term linear in L. This in turn requires that the ¢ cannot be chosen zero
but that they have at least a constant piece so that F' does not vanish. This constant is otherwise
irrelevant since it drops out of all physical quantities. (In a slightly different context the case a@ =1
has also been discussed in ref. [123].)
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03/07 orientifolds, the Kéhler potential is already given explicitly in terms of the
Kahler coordinates. Recall however, that type IIB compactified on a Calabi-Yau
naturally admits a double tensor multiplet (¢, Cy, Bs, C5) which is truncated to the
linear multiplet L = (¢, C2) by the O5/09 orientifold projection. In section 3.3 we
dualized Cy to a scalar h and extracted the Kahler potential in the chiral picture.
However, with the techniques presented above, we are now in the position to formulate
this N = 1 theory by keeping the linear multiplet L [39].

Let us determine K = K — 3F encoding the couplings of the chiral and linear
multiplets in (4.10). As we will show in a moment the potential K (N, N, L) and the
function F(N, N, L) are given by

K=Ky+InL, F=2+1L(", (4.25)

which is readily checked to be a solution of the normalization condition (4.8). Com-
paring equation (4.15) for S by using the Ansatz (4.25) with the definition (3.54) of
S one determines L and (¥ as

L=3e", ("=1A+A4),ReO )" (A+ A, . (4.26)
Inserted back into (4.25) indeed yields the Kéhler potential (3.56) if we identify
Ko = Keal22) — 0| 5y (t+ D+ D7+ 7] (4.27)

Thus we have shown that the kinetic terms can consistently be described either in
the chiral- or the linear multiplet formalism and we have determined the appropriate
coordinates.

Let us supplement our analysis with another formulation of the O5/09 setups.
Namely we like to dualize the chiral multiplet S as well as the chiral multiplets A, into
a linear multiplets L° and L. As we will see, this will be a first case where F(N, N, L)
is not linear in the linear multiplets L° L% in contrast to (4.20) and (4.25). We will
show momentarily that the Kahler potential still has the form

K(z,t,L) = Ko(z,t) +InL° | (4.28)

where K is the same as in (4.27). F can be deduced from equation (4.15), which
translates to

IKp=8+8, iKp.=A4,+4, (4.29)
Inserting (4.28) and the coordinates S, A, given in (3.54) one easily concludes that
1 a ba - a rTe} a
LO = %G¢E ) L* = %G¢E > F= % - %(LO) llCozab(t +1 )L Lb : (430)

where L° is equal to L in (4.26). Together with (4.
malization equation (4.8). Inserting (4.28) and (4.
reads

8) this is consistent with the nor-
0

2
30) into (4.9) the kinetic potential

4.31

~ 1 Kog 111 Kaapl®LOLP
K(z,t,A,L):KCS(z,Z)—ln< il )+2 S
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where we have defined [* = Ret®.

Let us close this discussion by comparing this kinetic potential with the one ob-
tained for O3/07 orientifolds in (4.23). They are identical under the identifications

Kosjor — —Kosjoo LY — 1, (1%,0% — (L, L°) . (4.32)

Note however, that this is a rather drastic step, since we identify linear multiplets of
the one theory with chiral multiplets of the other. It would be interesting to explore
this duality in more detail. It corresponds in simple cases to two T-dualities and
manifests itself by a rotation of the forms

©* — i (£,€) — (=£,€). (4.33)
This ends our discussion of IIB orientifolds. As we have seen, much of the underlying
Kahler geometry can be directly analyzed by simply switching to the linear multiplet
picture.

4.1.2 An involved example: Type ITA orientifolds

Let us now turn to a more involved application of the linear multiplet formalism or
rather the Legendre transform method behind (4.15) and (4.16). Namely, we will
present a more detailed analysis of the moduli space M@ for type IIA orientifolds
[41]. Our aim is to show that the Kéhler potential (3.95) with coordinates T, N*
introduced in (3.100) indeed encodes the correct low-energy dynamics of the theory
obtained by Kaluza-Klein reduction. Furthermore, we show that K always obeys a
no-scale type condition equivalent to (3.96).

Let us start by performing the reduction of the ten-dimensional theory by using
the general basis (g, 3%) introduced in (3.99). It was chosen such that it splits on
H*Y)=H} ® H? as

(o, ) € HY(Y),  (an,8%) € H(Y), (4.34)
where both eigenspaces are spanned by h*! 4 1 basis vectors. As remarked above,
we will only concentrate on the moduli space M@, such that we can set t* = 0 and
A® = 0. Due to (3.62), the ten-dimensional three-form Cj is expanded in elements of
H3(Y) as

Cs = E¥(x) oy, — Ex(x) B, (4.35)
where &%, €, are h®' 4 1 real space-time scalars in four-dimensions. Inserting this
Ansatz into the ten-dimensional effective action one finds

S%)Q = / —dD A *dD — Grr(q) dg™ A *dg" + 2P Im My, d€¥ A =d€'(4.36)
—i—%ew (Im M)~ RA (dg,{ — ReM,; dfl) A *(dé\ — Re My, df’k) ,

where compared to (3.75) only the terms involving &*, €, have changed. The metric
Gkr(q) was introduced in (3.83) and is the induced metric on the space of real
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complex structure deformations My parameterized by ¢*. Tt remains to comment
on the kinetic and coupling terms of the scalars &, é A- In the quaternionic metric
(2.24) of the N = 2 theory they couple via the matrix M z; given in (2.25). Using the
split of the symplectic basis (o, ﬂf{ ) as given in (4.34) and the fact that by Hodge
duality for a form v € H? one finds *y € H3 one concludes

ReMa(q) = ReMy(q) = ImM,x(q) =0, (4.37)

whereas Re M, ImM,., ImMy,; are generally non-zero on M§. The explicit form
of non-vanishing components can be obtained by restricting (B.15) to M§ and using
the constraints (3.98).

In order to combine the scalars e?, ¢ with ¥, €, into complex variables, we have
to redefine these fields and rewrite the first two terms in (4.36). Thus we define the
h?' 4 1 real coordinates

LY = —e*PIm[CZ%(q)] , I* = Re[CZ"(q)] , (4.38)

which is consistent with the orientifold constraint (3.98). The additional factor of €*”
was included in order to match the dilaton factors later on. Using (4.38) one calculates
the Jacobian matrix for the change of variables (e?, ¢%) to (I*, L*) as explicitly done
in [41]. It is then straight forward to rewrite (4.36) by using the identities (B.13) of
special geometry as

s = / 2e2PTIn M, dL* A #d L + 2e2PTm My diF A +dl! + S2TmMyy deF A +de!

+ 97 (Im M)~ M dE,, — Re My d€¥) A (dEy — Re Moy dg¥) . (4.39)

From (4.39) one sees that the scalars [¥ and &* nicely combine into complex coordi-
nates
NF = b4l = ¢k +iRe(CZ%) (4.40)

which corresponds to (3.100). In contrast, one observes that the metric for the kinetic
terms of the scalars &, is exactly the inverse of the one appearing in the kinetic terms
of the scalar fields L*. Hence, comparing (4.39) with (4.18) on concludes that this
action is obtained by dualizing a set of linear multiplets (L*, D3) into chiral multiplets
(L*,&y). To extract K(L, N, N) we compare (4.39) with (4.18) and read off the metric

KLNL)\ = 86_2D1m./\/l,.€)\, Klkll == —862DIkal, K[ﬁll == —SRGM};la (441)

where we have used that the metric is independent of 5"3,5)\. This metric can be
obtained from a kinetic potential of the form

K(L,1) = —In[e "] +8e*’Im[p*F(CZ")] , (4.42)

where F is the prepotential of the special Kahler manifold M restricted to the real
subspace M. The map p was given in (3.82) and enforces the constraints (3.98).
To show that K indeed yields the correct metric (4.41) one differentiates (4.42) with
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respect to e P, ¢® and uses the inverse of the Jacobian matrix for the change of
variables (e?, ¢%) to (I¥, L*). Applying equations (B.12) one finds its first derivatives

K = —8Re[CF\(q)]  Kp = 8P Im[CF(q)] - (4.43)

Repeating the procedure and differentiating (4.43) with respect to e=2, ¢® and using
once again the inverse Jacobian one applies (B.11) to show (4.41). Knowing (4.42)
one can also extract the functions F'(L, N, N) and K(L, N, N) by applying (4.9). As
we will show momentarily K and F = %(K — K) are given by

K(L,l)=-In[e*"],  F(L1)=-%"Im[p"F(CZ)| + % . (4.44)

It suffices to determine K which expressed in the correct coordinates serves as the
Kahler potential in the chiral description.

As explained in the beginning of this section the actual Kihler potential of M@
is the Legendre transform (4.16) of K with respect to the variables L*. There we
also found the explicit definition of the complex coordinates Ty combining (L, &y).
Using (4.43) in (4.15) and fixing the normalization of the imaginary part of 7y by
comparing (4.39) with (4.18) one finds

T\ =&\ + 1K = i€, — 2Re(CF)) , (4.45)

which coincides with (3.100) already quoted in section 3.4.3. To give an explicit
expression for K@ we insert equation (4.42) into (4.16). Applying the N = 2 identity

F = %Zkfk, the constraint equations (3.98) and (4.38),(4.43) we rewrite

K= —In[e*P] + L("Kp — LK) (4.46)

It is possible to evaluate the terms appearing in the parentheses. In order to do that
we combine the equations (4.38) and (4.43) to the simple form

Re(CQ) = lFay + 1KY, PIm(CQ) = —Lray — LKpp" . (447)

We now use equation (2.11) and the definition (3.89) of C' to calculate
2 / Re(CQ) AIm(CQ) =i / CANCQ=e? . (4.48)
Y Y

Inserting the equations (4.47) into (4.48) we find
MKy —IFKp =4 . (4.49)

Inserted back into (4.46) we have shown that the Kéhler potential has indeed the
form (3.95).” Moreover, (4.49) directly translates into a no-scale type condition for
KQ

K K"K , =4, (4.50)

"By using the equation (4.48) and *Q = —i} it is straight forward to show e 2P =2 [ Re(CQ) A
*Re(CQ)
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where w® = (T,, N¥). In order to see this, one inserts the inverse Kihler metric

(C.30), the Kahler derivatives (C.28) and the derivatives of (4.49) back into (4.49).
In other words, we were able to translate one of the special Kahler conditions present
in the underlying N = 2 theory into a constraint on the geometry of M®. Two non-
trivial examples fulfilling (4.49) are the O3/0O7 and O5/09 kinetic potentials (4.23)
and (4.31). They admit this simple form since instanton corrections are not taken
into account.

4.2 The geometry of the moduli space

In this section we give an alternative formulation of the geometric structures of the
moduli space M®? which is closely related the moduli space of supersymmetric La-
grangian submanifolds in a Calabi-Yau threefold [74].% In this set-up also the no-scale
conditions (3.96), (4.49) are interpreted geometrically. This provides a more elegant
description of the N = 1 moduli space and its special properties. Moreover, we con-
struct the N = 1 analog (4.5) of the N = 2 c-map (4.2). Our analysis can serve as
a starting point for the analysis of non-Calabi-Yau orientifolds by using the language
of generalized complex manifolds invented by Hitchin [75].

In section 3.4 we started from a N = 2 quaternionic manifold M® and determined
the submanifold MQ by imposing the orientifold projection. N = 1 supersymmetry
ensured that this submanifold is Kahler. M® has a second but different Kéhler
submanifold M which intersects with M® on the real manifold M. The c-map
is in some sense the reverse operation where M@ is constructed starting from M
and shown to be quaternionic [94, 91]. In this section we analogously construct the
Kihler manifold M starting from Mg.

Figure 4.1: The local moduli space My = M$ x R in M x C ~ M x HEZO),

In fact the proper starting point is not Mg but rather Mr = My x R which
is the local product of the moduli space of real complex structure deformations of a
Calabi-Yau orientifold times the real dilaton direction. The N = 2 analog of My is
the extended moduli space M = M x C where C is the complex line normalizing

8This analysis can equivalently be applied to the moduli space of G5 compactifications of M-
theory.
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Q2. The corresponding modulus can be identified with the complex dilaton [121]. The
orientifold projection fixes the phase of the complex dilaton (it projects out the four-
dimensional Bs) to be 6 and thus reduces C to R (figure 4.1). The local geometry
of Mg is encoded in the variations of the real and imaginary part of the normalized
holomorphic three-form C€2. This form naturally defines an embedding

E: My —VxV*= H}R)x H*R) . (4.51)

where V = H?(R) and we used the intersection form (o, 8) = [@ A 3 on H*(Y) to
identify V* =2 H3(R). V x V* naturally admits a symplectic form W and an indefinite
metric G defined as

W((a+,a_), (ﬁ-ﬁwﬁ—)) = <O‘+a6—> - <ﬁ+,04_> )
Q((a+,a_), (ﬂ+aﬂ—)) - <Oé+,ﬂ_> + <ﬂ+,0€_> i (452)

where ay, 3+ € H3(R).

Now we construct E in such a way that My is a Lagrangian submanifold of V' x V*
with respect to WV and its metric is induced from G, i.e.

EFOWV) =0, EG) =g (4.53)

where

39 =dD ® dD + Ggdg" © dg" (4.54)

is the metric on Mg as determined in (3.75). As we are going to show momentarily
FE is given by

E(¢") =2 U, -*"U) , (4.55)

where U +ill = CcQ, qk = (e7P,¢®) and Q is evaluated at ¢ € ME. Additionally
E satisfies ) )
G(E(q"™), E(¢")) =4, (4.56)

for all ¢®. This implies that the image of all points in Mp have the same distance
from the origin. Later on we will show that this translates into the no-scale condition
(4.50).

Let us first show that the E given in (4.55) indeed satisfies (4.53) and (4.56).
The explicit calculation is straightforward and essentially included in the calculation
presented in section 4.1.2.° In order to connect with section 4.1.2 let us first recall
how we applied the map (4.4) to extract the chiral data of the N = 1 moduli space.
We started with a special Kiahler manifold M® with metric determined in terms of
a holomorphic prepotential F(Z). Next we assumed that the N = 2 theory with

9Formally one has to first evaluate F, (0gx) and expresses the result in terms of the (3,0)-
form Q and the (2,1)-forms xx. One then uses that by definition of the pull-back E*w(d,x,") =
w(E(9,x),") for a form w on V' x V*. Applied to G and W one finds that the truncation of the
special Kahler potential (2.11) and (2.9) indeed imply (4.53). This calculation does not make use of
any specific basis of HY.
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quaternionic space M® constructed via theA local c-map. (4.2) allows a reduction to
N = 1. Accordingly the section Q(z) = Z¥ay — Fz 4% fulfills equation (3.98) for
some basis

(akaﬂ)\) S H—?;- ’ (Oé)\aﬁk) € Hi . (457)

Using this basis we found the kinetic potential K (L, 1) given in (4.42), which explicitly
depends on the prepotential F. It encodes the metric on MR C M® via the Kahler
potential (4.16). On the other hand, equation (4.15) defines the complex structure
on MQ.

These steps can be translated into the language of this section. Namely, choosing
the basis (4.57) to expand the map E defined in (4.55) one finds

B(¢") = (2F oy, + 1K1Y 200 + 1K 5Y) (4.58)

where ¥, L* and K, Kj» are functions of ¢X as given in (4.38) and (4.43). We define

coordinates uX = (21¥,1K,\) on V and coordinates v = (1K, —2L*) on V*. In

these coordinates the first two conditions in (4.53) simply read
E*(duf Advg) =0, E'(duf@dvg)=g. (4.59)

From section 4.1.2 we further know that K, K i+ are derivatives of a kinetic potential
K and thus we can evaluate du” and dv in terms of [*, L*. Inserting the result into
(4.59) the second equation can be rewritten as

g = if(zkzz di* @ di' — iI%LNLA dL" @ dL* (4.60)

N[

while the first equation is trivially fulfilled due to the symmetry of Kpup and Kpxpx.
This metric is exactly the one appearing in the action (4.39) when using (4.41).
Expressing ¢ in coordinates e, ¢% leads to (4.54), as we have already checked by
going from (4.36) to (4.39) above. Furthermore, inserting (4.58) into (4.56) it exactly
translates into the no-scale condition (4.49), which was shown in section 4.1.2 to be
equivalent to (3.96).

We have just shown that My is a Lagrangian submanifold of V' x V*. Identifying
T*V =V xV* we conclude that Mg can be obtained as the graph (a(u), u) of a closed
one-form «. This implies that we can locally find a generating function K’ : V' — R
such that a = dK’. In local coordinates (vj,u’) this amounts to

0K’
. = . 4.61
v (u) uk ( )
such that 0K (u) K" (u)
. B U - _ U
—L"(u) =2 7[(“ , Kp(u)=2 R (4.62)

These equations are satisfied if we define K’ in terms of K as

oK' = K(L(u),l) — Kp«(u) L*(u) , (4.63)
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which is nothing but the Legendre transform of K with respect to L. Later on we
show that the function 2K” is identified with the Ké&hler potential K given in (3.95).

In order to do that, we now extend our discussion to the full moduli space M in-
cluding the scalars ¢ K — = (&%, &,.) parameterizing the three-form Cyin H 3 (R). Locally
one has

M = Mg x H3(R) . (4.64)

The tangent space at a point p in M can be identified as
LM H3R) o H2(R) = H3(R)®C (4.65)

where the first isomorphism is induced by the embedding E given in (4.55). This
is a complex vector space and thus M® admits an almost complex structure /. In
components it is given by

10,) = (0ul/0q™) 0,2 . 1((0u/0¢%)0s) = —0,i | (4.66)

where we have used that I is induced by the embedding map E. One can show that
the almost complex structure I is integrable, since

dw® = duf +idc® = (our)0q™)dg" + idC | (4.67)
are a basis of (1,0) forms and wk = uf 4 z'g“f( are complex coordinates on MQ.
Using the definition of u® one infers that as expected w® = (N*,T,). Moreover,

one naturally extends the metric ¢ on TMp to a hermitian metric on TM®. The
corresponding two-form is then given by

Using the definition (4.66) of the almost complex structure and equation (4.53), one
concludes that @ is given by

K N N
= Qiﬁduﬁ( A dw* (4.69)

where for the second equality we applied (4.61) and expressed the result in coordinates
wk = uk + ik K Note that K’ is a function of uX only, such that derivatives with
respect to wX translate to ones with respect to uk . Equation (4.69) implies that
KQ = 2K is indeed the correct Kihler potential for the moduli space M.

So far we restricted ourselves to type IIA orientifolds. However, by using the
mirror map (3.130) one easily translates the above construction to IIB setups. In the
I1B case the real manifold started with is simply the local product ME = M x R,
where M is a real slice in the complexified Kéhler cone M and R parameterizes
the four-dimensional dilaton direction. M is locally spanned by the fields v* and
b® introduced in section 3.3. Once again we aim to find the embedding map F

E:ME -V xV*, (4.70)
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In order to be more explicit we distinguish O3/07 and O5/09 setups and define
Eosr(d®) = 2(&, P2E) | Eospl(d®) = 2(&, €2P2€), (4.71)
where € + i€ = e %e B+ and qA = (e7P5, v, b%). Correspondingly we need to set
Vosjr =HY , Vogpp=H Vosjg=H , Vg5 =HY, (4.72)
where we have abbreviated
H* =H" o HY 9 g*?  gv =g e H*) ¢ HPY (4.73)

Given a vector space V of even forms, the identification of V* with the respective
cohomology groups is done by using the intersection form <-, > defined in (3.50). To
check that Fps;; and Eps/9 are defined correctly, one proceeds in full analogy to
the type ITA case. Once again, the calculation simplifies considerably by using the
existence of the kinetic potentials (4.23) and (4.31).

Let us summarize our results. We constructed the metric and complex structure
of the Kihler manifold M® C MQ by specifying a map

E:Mg—VxV*, (4.74)

where My parameterizes the real four-dimensional dilaton direction times certain
deformations of the Calabi-Yau orientifold. V' is an appropriately chosen vector space

Vira = Hidd ; Virp = HY (4.75)

where H% = H? and H$" is given in (4.73). More explicitly E takes the form

E(q")=2(p,—p/®Pas) , (4.76)
where @4 p(p) is given in (3.49), (3.58) and p = (U,&,&) depending on the ori-
entifold setup. In order to evaluate ®45(p) = e 2P we use the definition of the

four-dimensional dilaton (3.39). Since Mg is embedded as a Lagrange submanifold
in V' x V* it can be locally given by the graph of the one-form dK’. Moreover, since
E induces the metric on My and a complex structure on Mp x V the function 2K’
is nothing but the Kéahler potential on the local moduli space MQ= Mg xV. Thus,
the difficulty is to find the map E or, by recalling (4.61), the functional dependence
p(p). This non-linear map

p = blp) . (4.77)

lies at the heart of Hitchins approach to extract the geometry of even and odd forms
on six-manifolds [82, 75]. One may thus hope to generalize Calabi-Yau orientifolds
to non-Calabi-Yau orientifolds [117].

10Recall that H Y = H®3) — ( as discussed in section 3.3.
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Chapter 5

Calabi-Yau orientifolds with
NS-NS and R-R background fluxes

In this chapter we redo the reduction of type IIB and type ITA on Calabi-Yau orien-
tifolds by additionally allowing for non-trivial R-R and NS-NS background fluxes. As
we will show, these fluxes result in non-trivial potentials for the supergravity fields
and can lead to charged scalars or massive tensors.

We first discuss the two type IIB setups. In section 5.1 we show that in orientifolds
with O3/O7 planes fluxes introduce a superpotential only. More intriguingly, we
point out in section 5.2 that O5/09 setups with background flux in general admit a
superpotential as well as a massive linear multiplet. Thus, additionally to the kinetic
terms studied in section 4.1.1 we find D—terms and a direct mass term for a linear
multiplet [39, 77]. In both IIB orientifold cases the induced potentials depend only
on some but not all bulk moduli fields in the theory. In order to find potentials for
the remaining moduli one has to take non-perturbative contributions into account. In
[42] it was argued that certain D-instantons induce corrections to the superpotential.
To gain a better understanding of these corrections is subject of various recent work
[44, 46]. In section 5.4 we do only a very moderate step and check if the resulting
leading order superpotentials are holomorphic in the bulk coordinates. Assuming
a generic form of such a superpotential one might achieve that all bulk fields are
stabilized in the vacuum [35, 44, 46].

In type ITA orientifolds the situation is slightly different. As we show in section
5.3 generic NS-NS and R-R background fluxes induce a superpotential which depends
on all bulk moduli of the theory. Hence, appropriately chosen background fluxes
could stabilize all geometric moduli in type ITA orientifolds. Additionally, one can
attempt to include corrections due to non-perturbative effects. A brief discussion
of superpotential contributions due to world-sheet or D-instantons can be found in
section 5.4.
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5.1 03/07 orientifolds: GVW superpotential

In this section we study O3/07 orientifolds by also allowing background three-form
fluxes Hs and F3 on the Calabi-Yau manifold [13, 17, 18, 20, 39]. The Bianchi
identities together with the equations of motion imply that Hs and F3 have to be
harmonic three-forms. In orientifold compactifications they are further constrained
by the orientifold projection. From (3.20) we see that for the projection given in
(3.10) they both have to be odd under ¢* and hence are parameterized by elements
of HP(Y).! 1t is convenient to combine the two three-forms into a complex Gjy
according to

Gy =F3;—T1H; , T=Cy+ie ?. (5.1)
(G5 can be explicitly expanded into a symplectic basis of H ®) as
Gy =m" ozk — ekﬂk k=0,..., 02 (5.2)
with Q(h(_l’z) + 1) complex flux parameters
mb = mkF — Tm’;“q : e =e¢] —Tel . (5.3)

However, in the following we do not need this explicit expansion and express our
results in terms of (3.

The reduction of the IIB theory is performed by replacing
dBy — dBy+ H;, dCy — dCy+ Fy (5.4)

in the field-strengths (2.28). Hj and Fj are the background value of the field strengths
Fg and H3 but do not effect F5 since the only possible terms would be of the form
H3N\Cy or By AF3 but both Cy and B, are projected out by the orientifold projection.?
The only effect of non-trivial background fluxes is the appearance of a potential V.
It is manifestly positive semi-definite and found to be [17, 20, 27, 29]

v:eK</Q/\G3/Q/\G3+G’“’/XkAG3/>‘<l/\G3), (5.5)

where K is given in (3.46), xx is a basis of H®Y defined in (3.23) and the background
flux G5 is defined in (5.1). The details of the computation of V' can be found in [20, 39].

Strictly speaking the additional term Etop [y Hs A\ Fj arises in the Kaluza-Klein
reduction. However, consistency of the compactifications requires its cancellation
against Wess-Zumino like couplings of the orientifold planes to the R-R flux [20].

Finally, one checks that the potential (5.5) can be derived from a superpotential
W via the expression given in (3.41) with vanishing D-term D, = 0. For orientifolds
with ¢ = b* = 0 W was shown to be [15, 17, 20, 27, 29|

W(r,2*) = /YQ/\Gg : (5.6)

IThis uses the fact that the exterior derivative on Y commutes with o*.
2We neglect subtleties appearing when B, Co do not arise with a derivative. These can be
approached along the lines of [79].
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This continues to be the correct superpotential also if ¢* and b* are in the spectrum
[39], which is due to the fact that K satisfies the no-scale condition (3.51). This ends
our analysis for O3/O7 setups. Surprisingly, for O5/09 orientifolds the computation
is more involved and forces us to once more apply and extend the linear multiplet
techniques developed in chapter 4.

5.2 05/09 orientifolds: Gaugings and the massive
linear multiplet

We now turn to the effective action of O5/09 orientifolds with background fluxes. In
order to detect the changes due to this non-trivial background, we proceed as in the
03/07 case and first evaluate the field strengths (2.28) including the possibility of
background three-form fluxes Hs and F3. Since B, and hence Hj is odd it is again
parameterized by H ) While C, and Fj are even and therefore parameterized by H ®

As a consequence the explicit expansions of the background fluxes Hz and F3 are
given by

Hs = mba, — el g, k=1,...,0%"
Fy, = mha;—el 57, f%:O,...,hf’l), (5.7)

where the (m®%, ef) are 20®") constant flux parameters determining Hz and (m#, ef)

are 2hf’1) + 2 constant flux parameters corresponding to F3. Inserting (3.24), (3.26)
and (5.7) into (2.28) we obtain

~

Hy = db“/\wa—i—mHak—ekﬁk Fg = dCy +dc* Nwy + F3 |
Fy = dDSAw,+FFANay— Gy A B+ dpy AD° (5.8)
—db* N Cy AN w, — cdbw, N wy

where we defined
FF=avt —mhCy, G =dU, — e, . (5.9)

As in section 3.3 the self-duality condition on Fy is imposed by a Lagrange multiplier
[24] and we eliminate D§ and Uy, by inserting their equations of motion into the action.
After Weyl rescaling the four-dimensional metric with a factor /6 the N = 1 effective
action reads

5(4)

05/09 / —%R x1 — G\ dzF A *dz — Gaﬁ dv® A xdv® — Gap db* N sdb®

— 7K Gap dc® A xdc” — A *dCy — 1dCy A (padb® — bdp,)

—dD A #dD — 32 Gab(dpa — Kacal®db®) A #(dpy — Kpapc®db®) — V 5 1

+1Re My F* A Fl + 1m My F¥ A F! 4 Lep(dVE + FFY A Cy
(5.10)
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where

18z e X
V= ICQIQ/\Q(/Q/\F:),/ NF3+ G /XRAFg/ AF3) (5.11)

9,2% [mH (ImM )y mb, + (ekH (myReM) )( ) ( — (myReM), )}

The derivation of this potential can be found in ref. [39].3

The action (5.10) has the standard one-form gauge invariance V% — V¥ 4 dAE
but due to the modification in (5.9) also a modified (Stiickelberg) two-form gauge
invariance given by

Cy— Cy+dAy, VF=VF4mhA . (5.12)

Thus for m% # 0 one vector can be set to zero by an appropriate gauge transforma-
tion. This is directly related to the fact that (5.10) includes mass terms proportional
to m¥, for Cy arising from (5.9). In this case gauge invariance requires the presence
of Goldstone degrees of freedom which can be ‘eaten’ by C5.% Finally note that the
last term in (5.10) also includes a standard D = 4 Green-Schwarz term F* A Cs.

5.2.1 Vanishing magnetic fluxes m% =

The next step is to show that 5(05 09 18 consistent with the constraints of N =1
supergravity. However, due to the p0881bility of Cy mass terms this is not completely
straightforward. A massive Cy is no longer dual to a scalar but rather to a vector.
We find it more convenient to keep the massive tensor in the spectrum and discuss
the N =1 constraints in terms of a massive linear multiplet. Before doing so, let us
first discuss the situation m% = 0 where F* = F' holds. In this case the C remains
massless and can be dualized to a scalar field h which together with the dilaton ¢
combines to form a chiral multiplet (¢, k). Using the standard dualization procedure
(see section 2.3) one obtains the effective action (3.38) plus the potential V' given in
(5.11) evaluated at m% = 0. Furthermore, due to electric NS-NS fluxes the scalar h
is gauged and we have to replace in (3.38)

dh  — Dh=dh—elV". (5.13)

Hence, h couples non-trivially to the gauge fields as a direct consequence of the Green-
Schwarz coupling F* ACy in (5.10). In the dualized action the scalar h then is charged
under the U(1) gauge transformation h — h+ efl A§ with V¥ — V* 4 dA}. Note that
the gauge charges are set by the electric fluxes.

3Note that in this class of orientifolds the topological term fy Hs A F3 vanishes since there is

no intersection between Hf’) and H (_3). Thus strictly speaking background D-branes have to be
included in order to satisfy the tadpole cancellation condition.

4Exactly the same situation occurs in Calabi-Yau compactifications of type IIB with background
fluxes where both By and Cy can become massive [26].
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The Kahler potential (3.56) with chiral coordinates (3.54) and the gauge-couplings
(3.61) remain unchanged for the theory with m¥ = 0. However, due to the non-trivial
electric NS-NS fluxes the covariant derivative of h given in (5.13) translates into the
covariant derivative DS = dS — ie,V*. It remains to cast the potential V given in
(5.11), evaluated at m% = 0, into the standard N = 1 supergravity form (3.41).
From eq. (5.13) we see that the axion is charged and as a consequence we expect a
non-vanishing D-term in the potential. Recall the general formula for the D-term
115 _

K ;X{ =i0;Dy , (5.14)

where X7 is the Killing vector of the U(1) gauge transformations defined as §M! =
ASX/0; M. Tnserting (3.56) and (3.54) we obtain

0K _
Dy = —ef! 55 = Sef el (5.15)
Using also (3.59) we arrive at the D-term contribution to the potential
LRe f)"' " DpDy = — %€ ¢ (Im M)~H M e[l (5.16)

which indeed reproduces the last term in (5.11) for m¥ = 0.

The first term in (5.11) arises from the superpotential

W:/Q/\Fg,, (5.17)
Y

which follows from a calculation analog to the O3/O7 case [39]. It is interesting
that for this class of orientifolds the RR-flux F3 results in a contribution to the
superpotential while the NS-flux H3 contributes instead to a D-term.

5.2.2 Non-vanishing magnetic fluxes m% # 0

Let us now turn to the case where both electric and magnetic fluxes are non-zero and
the two-form (5 is massive. In this case C5 is dual to a massive vector or equivalently
the massive linear multiplet is dual to massive vector multiplet. Here we do not
discuss this duality but instead show how the couplings of a massive linear multiplet
is consistent with the action (5.10) [77].

In section 4.1.1 we already examined the kinetic terms and couplings for the
05/09 theory in the presence of one tensor multiplet L = (¢, Cs). We found that
they are determined in terms of the generalized Kéahler potential and the function
F both given in (4.25). Let us now briefly discuss the situation of a massive linear
multiplet coupled to N = 1 vector- and chiral multiplets. For simplicity we discuss the
situation in flat space and do not couple the massive linear multiplet to supergravity.
However, we expect our results to generalize to the supergravity case. More details
can be found in [116, 77].

As we already said, a linear multiplet L contains a real scalar (also denote by L)
and the field strength of a two-form C5 as bosonic components. However, it does not
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contain the two-form itself which instead is a member of the chiral ‘prepotential’ &
defined as® o )
L=D®+ Do, D®=0. (5.18)

This definition solves the constraint (4.6) (in flat space). The kinetic term for L (or
rather for @) is given in (4.7) and a mass-term can be added via the chiral integral

L, = i/dzé’ [fkl(N)(W’“ — 2im%, @) (W' — 2imL, ) 4 2e (WF — imh,®)®| + h.c. |

(5.19)
where W* = —1D?DV* are the chiral field strengths supermultiplets of the vector
multiplets V* and f;(IN) are the gauge kinetic function which can depend holomor-
phically on the chiral multiplets N. (m%,ef!) are constant parameters which will turn
out to correspond to the flux parameters defined in (5.7). The Lagrangian (5.19) is
invariant under the standard one-form gauge invariance V¥ — V¥ 4+ Ak + Ak (AF are
chiral superfields) which leaves both W* and ® invariant. In addition (5.19) has a

two-form gauge invariance corresponding to (5.12) given by
®— &+ iD*DAy,  VF=VE+miA, (5.20)

where A; now is a real superfield. From (5.20) we see that one entire vector multiplet
can be gauged away and thus plays the role of the Goldstone degrees of freedom which
are ‘eaten’ by the massive linear multiplet.

In components one finds the bosonic action
L, =—3Refi FFA+F"' — mfyy FFAF 4 ey (dVF + FFYACy, -V x 1, (5.21)

where F! is defined exactly as in (5.9) and the potential V' receives two distinct
contributions

V =1 (Ref)"™DyD; + 2m}Refrymly L* Dy = (eff +2Imfyymly) L. (5.22)

The first term arises from eliminating the D-terms in the U(1) field strength W*
while the second term is a ‘direct’ mass term for the scalar L.% Inserting the D-term
yields a second contribution to the mass term and one obtains altogether

Vo= 3[(ef +2mmfi,m?) (Ref) ™ (e + 2Im fi, m") + 4mfy Re frymiy] L* . (5.23)

Using (4.26) and (3.59) this precisely agrees with the second term in the potential
(5.11).

As before the first term in (5.11) can be derived from the superpotential (5.17).
This ends our discussion of type IIB orientifolds in a general NS-NS and R-R flux
background. As we have seen, switching on fluxes yields a potential for only part of
the moduli fields. This changes in ITA orientifolds to which we will turn now.

5We suppress the spinorial indices and use the convention D® = D*®,,, DO = D*d,.
SNote that this second term is a contribution to the potential which is neither a D- nor an F-term
but instead a ‘direct’ mass term whose presence is enforced by the massive two-form.
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5.3 06 orientifolds: Flux superpotentials

In this section we derive the effective action of type ITA orientifolds in the presence
of background fluxes. For standard N = 2 Calabi-Yau compactifications of type ITA
a similar analysis is carried out in refs. [26, 40]. In order to do so we need to start
from the ten-dimensional action of massive type ITA supergravity which differs from
the action (2.18) in that the two-form Bj is massive. In the Einstein frame it is given
by [124]

SJ(\}[(})IA = /—%}? x 1 — idgzg A sdd) — ie“i’flg, A xHy — %e%(i’]:} A xF
—%e%‘%ffl AxFy — %egq@ (m°)? % 1+ Liop (5.24)
where
Lip = —3|BandCyAdCy — (By)? AdCy AdCy + 1(By)? A (dCh)?

1
2

o

—m2(By)? A dCy + 22 (By)* A dCy + TRE (B, (5.25)

and the field strengths are defined as
Hy=dB,, Fy=dCi+m’By, Fy=dCs—CiAHs—"(B,)?.  (5.26)

Compared to the analysis of the previous section we now include non-trivial back-
ground fluxes of the field strengths F,, H3 and Fj on the Calabi-Yau orientifold. We
keep the Bianchi identity and the equation of motion intact and therefore expand
F5, Hs and Fy in terms of harmonic forms compatible with the orientifold projection.
From (3.62) we infer that F; is expanded in harmonic forms of H? (Y'), Hs in harmonic
forms of H3(Y') and Fy in harmonic forms of H$(Y").” Explicitly the expansions read

Hy = ¢rax—pe 85, Fp = —m'w,, Fy = ea", (5.27)

where (¢, p) are h®Y + 1 real NS flux parameters while (e,,m?) are 2h"" real RR
flux parameters. The harmonic forms (a, 3%) are the elements of the real symplectic

basis of H? introduced in (3.97). The basis @® of H J(r2’2) is defined to be the dual basis
of w, while the basis ©* denotes a basis of H 22 qual to Wey-
Inserting (3.66), (3.72) and (5.27) into (5.26) we arrive at

~

Hy = db* Aw, + oy — pi 85, By = (Mm% + m®) w, , (5.28)
Fy = dCs+dA* Awy +dE8 A ay, — déy A B+ (b2mP — LmObb®) Kuped® + €, 0%

where we have used w, A wp = Kue@w®. Now we repeat the KK-reduction of the
previous section using the modified field strength (5.28) and the action (5.24) instead

"As we observed in the previous section there is no C1 due to the absence of one-forms on the
orientifold. Nevertheless its field strength F» can be non-trivial on the orientifold since Y generically
possesses non-vanishing harmonic two-forms.
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of (2.18). This results in®

§W — g _ / S oy Awdes + hdes +U %1, (5.29)

where Sgg is given in (3.75). c¢3 is the four-dimensional part of the ten-dimensional
three-form C3 defined in (3.72) and its couplings to the scalar fields are given by

g=e 1 (%)3 , h = e b” + &g — Epr + %Re./\/’()& mé (5.30)

where we denoted m® = (m° m®). The potential term U of (5.29) is given by

U= %e2¢/ HgA*Hg—K—§e4¢ImNabm m +,C564¢G“b( —ReN,; m®)(ey—Re b mi’) )
Y

(5.31)

The matrix N;(¢,?) is defined to be the corresponding part of the N = 2 gauge-
coupling matrix (B.19) restricted to M>¥ by applying (3.76) and (3.34).

In four space-time dimensions c3 is dual to a constant which plays the role of an

additional electric flux eg in complete analogy with the situation in N = 2 discussed

in [26]. Eliminating c3 in favor of eq by following [26] or [84] the potential takes the
form [41]

V= %e%/HgA*Hg — Be'?(e5 — Naem®)(ImN)~ 1ab( —N;,m®),  (5.32)

where we introduced the shorthand notation €, = (e + &1¢* — E¥py, e,) and m® =
(m° m®). Note that in the presence of NS flux one can absorb ey by shifting the
fields &,€. This corresponds to adding an integral form to Cj as carefully discussed
in [84]. However, for the discussion of mirror symmetry it is more convenient to keep

the parameter eg explicitly in the action.

In order to establish the consistency with N = 1 supergravity one needs to rewrite

V given in (5.32) in terms of (3.41) or in other words we need express V' in terms of

a superpotential W and appropriate D-terms. From (5.29) we infer that turning on

fluxes does not charge any of the fields and therefore all D-terms have to vanish. In

[41] it was checked that the potential (5.32) can be entirely expressed in terms of the
superpotential

W = WN,T)+W¥(t), (5.33)

where

WNETy) = /QC/\Hg = —2N*p, —iThg* , (5.34)
Y

WE(t) = eo+/JC/\F4—%/JC/\JC/\F2—%mO/JC/\JC/\JC,
Y Y Y

= eg+ e tt + %ICabcm“tbtc — %mOICabct“tbtc ,

8The action Sg;g is given in (3.75). However, due to the fact that we perform the Kaluza-Klein
reduction in the generic basis introduced in (3.97) the kinetic terms for M@ are replaced by (4.36).



5.4 D-instanton corrections to the superpotentials 95

and €. and J. are defined in (3.102). Using the definitions (3.50) and (3.104) of the
skew-symmetric products <~, > for even and odd forms W is rewritten as

W = (e, F)+ (Q, H) , F=m’—F, - F,+Fy, (5.35)

where we have defined Fg via ¢y = fY Fs. We see that the superpotential is the
sum of two terms. W? depends on the NS fluxes (py,¢*) of Hs and the chiral fields
N* T, parameterizing the space MQ. WX depends on the RR fluxes (e&,mi’) of
F, and Fj (together with m® and ey) and the complexified Kahler deformations ¢
parameterizing M5K. We see that contrary to the type IIB case both types of moduli,
Kahler and complex structure deformations appear in the superpotential suggesting
the possibility that all moduli can be fixed in this set-up. This has recently also been
observed in ref. [40].

Let us end this section by comparing the R-R superpotentials of type ITA and
type IIB orientifolds. Recall that for both IIB orientifold setups R-R fluxes induce
superpotentials (5.6) and (5.17) holomorphic in the complex structure deformations
z. Hence, we compare

Wal(t) = (e’ F) , Wg(2) = (O, Fs) (5.36)

where the skew-products are defined 1n (3. an . . S jJust discusse
h he sk d defined i 3.50 d (3.104 As j di d F
depends on 2h™"Y 4+ 2 RR fluxes (ea, m?). To count the flux parameters labeling F3

recall that it transforms differently in the two IIB orientifolds. Fj sits in H3(Y) and is
determined in terms of 2" + 2 real flux parameters for the O3 JOT case and sits in

Hf’r(?') depending on th’l) + 2 real flux parameters for the O5/09 case. Therefore,
the number of flux parameters matches when choosing mirror involutions satisfying
(3.105). Exchanging [125]

el (t) — Q(z), F — Fj, (5.37)

as in equation (3.108) the two superpotentials Wa(t) and Wg(z) get identified. In
N = 2 the mirror identification of the complex structure moduli space M with the
complexified Kahler moduli space M* can be used to calculate world-sheet instanton
corrections to M*s. It would be interesting to generalize this to N = 1 orientifold
theories which allow additionally for non-oriented world-sheets as discussed at the end
of section 3.4. In addition to world-sheet instantons also certain D-instantons induce
correction terms to the superpotential. We will end this chapter by a few comments
on their generic structure.

5.4 D-instanton corrections to the superpotentials

Let us close this chapter by briefly discussing possible D-instanton corrections to the
superpotentials (5.6), (5.17) and (5.33). They can arise from wrapping D(p — 1)-
branes around p-cycles ¥, [103]. In addition to corrections of the Kéhler potential
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D-instantons induce extra superpotential terms [42]. These depend on brane moduli
as well as bulk fields and found recent phenomenological application in moduli stabi-
lization [35, 44, 46]. It would be interesting to fully incorporate these effects and to
understand the additional contributions due to non-orientable world-volumes. First
steps into this direction are done in the recent works [44, 46]. In this section we will
take only a very moderate step and apply the calibration conditions to show that the
D-brane action becomes linear in the bulk fields. This ensures holomorphicity of the
induces superpotential terms when expressed in the proper Kahler variables of the
respective orientifold setup.

To make this more precise, recall that any correlation function is weighted by the
string-frame world-volume action of the wrapped Euclidean D(p—1)-branes and thus
includes a factor e P»-1 where

Spp-1) = iftp /
w,

P

(dp)\ e_‘g’\/det (¢*(g + B,) + (F) — w*(Z Cy A 6_32) A eZF) :
q

(5.38)
where ¢ = 2ma/. This is the Euclidean analog of the Dirac-Born-Infeld action (3.1)
plus the Chern-Simons action (3.2). W, is the world-volume of the D(p — 1)-brane
and ¢* is the pull-back of the map ¢ which embeds W, into Calabi-Yau orientifold
Y, ¢ : W, — Y. We have chosen the R-R charge p, equal to the tension since the
wrapped D(p — 1)-branes must be BPS in order to preserve N = 1 supersymmetry.
In fact, as we already discussed in section (3.1) there are additional condition arising
from the requirement that the Dp-branes preserves the same supersymmetry that is
left intact by the orientifold projections. This in turn implies that O3/O7 orientifolds
can admit corrections from D3 instantons, O5/09 setups from D1 and D5 instantons
and O6 setups from D2 instantons. Moreover, these have to be calibrated with respect
to the same forms as the internal parts of the orientifold planes.

The calibration conditions for Euclidean D(p—1)-branes in a Calabi-Yau manifold
have been derived in refs. [103, 104]. Let us first apply their results to type IIA
orientifolds with O6 planes. Recall that the unbroken supercharge has to be some
linear combination € = a™e, +a~ e_ of the two covariantly constant spinors e, and e_
of the original N = 2 supersymmetry. Let us denote the relative phase of a® and a~
by a~/a* = —ie?P2z while the absolute magnitude can be fixed by the normalization
of Q. As forms J and €2 have to obey the condition

JNINT =2e"QNQ (5.39)

at every point in the moduli space. Note however, that J depends on Kéahler structure
deformations v* while € is a function of the complex structure deformations q~.
Hence, eV is a non-trivial function of v* and ¢® and from [ J* = %2V [Q A Q one
infers

eV =2 e (K K™ (5.40)

where Kéhler potential K¥(t) is given in (3.87) while K®(q) is the restriction of the
Kahler potential (2.11) to the real slice M§. The existence of € imposes constraints
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on the map ¢. These BPS conditions read [103, 104]

©*(Q) = eU“gD?\/det (¢*(g + Ba) + €Fy)dPX O J.+i2md’'Fy, = 0, (5.41)

where J. is given in (3.67). The second condition in (5.41) enforces ¢*(J) = 0 as well
as p* By + (F, = 0, such that the first equation simplifies to

e Re(e "m2Q) = eV, /det (p*g)d°) | ©* Im(e™P2Q)) = 0, (5.42)

where we have used that the volume element on Ws is real. For vanishing F' these
conditions coincide with those displayed in equation (3.5). Even in the general case
(5.41) and (5.42) imply that the Euclidean D2 branes have to wrap special La-
grangian cycles in Y, which are calibrated with respect to Re(e U~%#p2(Q)). On the
other hand, recall that the orientifold planes are located at the fixed points of the
anti-holomorphic involution ¢ in Y which are special Lagrangian cycles calibrated
with respect to Re(e=Y~%(Q) as was argued in egs. (3.18) and (3.19).° Thus, in order
for the D-instantons to preserve the same linear combination of the supercharges as
the orientifold, we have to demand 6py = 6. Using this constraint and inserting the
calibration conditions (5.42) back into (5.38) one finds

Soe=ins [ (¢'Re(CO)] ~ig'(C0) = [ o (a3

where C' = e *"#eV was defined in egs. (3.89), (2.22) and € is given in (3.102).
The coefficients of ). expanded in a basis of H?(Y") are exactly the N = 1 Kahler
coordinates (N*,Ty) introduced in (3.100). As a consequence the instanton action
(5.43) is linear and thus holomorphic in these coordinates which shows that D2-
instantons can correct the superpotential. Explicitly such corrections can be obtained
by evaluating appropriate fermionic 2-point functions which are weighted by e~°r2
[43]. Applying (5.43) and keeping only the lowest term in the fluctuations of the
instanton one obtains corrections of the form

WD3 xe f23 e N (544)

where X3 is the three-cycle wrapped by the D2 instanton.

This result can be lifted to M-theory by embedding Calabi-Yau orientifolds into
compactifications on special GGy manifolds. In this case the D2 instantons correspond
to membranes wrapping three-cycles in the G5 space which do not extend in the
dilaton direction [43, 80]. The embedding of ITA orientifolds into G2 manifolds and
the comparison of the respective effective actions is the subject of section 6.2.

Let us next extend this observation to IIB orientifolds. For simplicity we set F' = 0
for these cases, since brane fluxes would correct the Kahler coordinates as discussed
e.g. in [99]. Hence, the calibration conditions for the respective D(p — 1)-instantons
read [104]

©o* (e_B2+“)p = ¢¥per-1) \/det o (g + Bg) dP )\, p=24,6, (5.45)

9¢~U is the normalization factor which was left undetermined in (3.19).
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where (e~ P2i7)

, denotes the p-form in the sum over even forms. In order that these
instantons preserve the same supersymmetry as the orientifold planes we furthermore
have to set Opp—1) = 0o@p+3), where 0p(p1g) is given in (3.12). Multiplying (5.45) by

e~? and comparing real and imaginary parts we find

©*E = e‘¢\/det ©*(§ + By) d*) (5.46)

where &, is the four-form in & defined in (3.43) and we have only displayed the
equation for D3 instantons. Furthermore, by comparing (5.38) and (3.43) one finds
that pr ©* A exactly reproduces the Chern-Simons action, since the vectors in the
expansions of the R-R forms C), vanish when the pulled back to W, C Y. Hence,
together with (5.46) we conclude that the instanton actions take the form

SD3 = ZM4/ 30*84 - ZQO*.A = —iﬂ4 Ta / (,0*(:}0[ y (547)
W4 W4

where the definition of 7, is given in (3.42). This shows that also in type IIB ori-
entifolds the N = 1 Kéhler coordinates defined in (3.42) and (3.53) linearize the
instanton actions. By a similar reasoning as in the ITA case this ensures holomor-
phicity of instanton induced superpotentials in these coordinates.



Chapter 6

Embedding into M- and F-theory

In this chapter we discuss the embedding of type ITA and type IIB orientifolds into
compactifications of M- and F-theory. Let us first review the basic idea, by briefly
introducing F- and M-theory in the limit needed for our considerations.

F-theory provides a geometrical interpretation of the non-perturbative SI(2,7Z)
symmetry (3.52) of type IIB string theory. Under this symmetry the complex dilaton
7 transforms in a non-trivial manner and can be interpreted as the complex structure
modulus of a two-dimensional torus. In [68] this idea was put forward in arguing for a
natural interpretation in terms of a twelve-dimensional F-theory. Compactifying this
theory on a two-torus gives back type IIB in ten dimensions. However, in going to
lower dimensions, this torus can be fibered over the internal manifold. Compactifica-
tion of F-theory on such elliptically fibered manifolds Y,, ;s — B, is defined to be type
1B string theory compactified on the base B,,, with a complex dilaton field 7 varying
over the internal manifold. One interesting case is when Y} is a elliptically fibered
Calabi-Yau fourfold with base Bjs. It was shown in [69] that in a special limit which
corresponds to a weak coupling limit of type IIB string theory the two-fold cover of
B3 is a Calabi-Yau manifold. Furthermore, the compactification on Bjs corresponds
to an orientifold compactification with O7 planes and D7 branes, which are located
at points where the torus fibers become singular. This limit is called the orientifold
limit

orientifold

F-theory / Y, Type 1IB / OY5 . (6.1)

limit
Section 6.1 is devoted to check this correspondence for the effective bulk actions of the
two theories. However, since there is no known effective action for F-theory we will
take a detour over M-theory compactified on Y;. We compare the resulting three-
dimensional effective action with the D = 3 action obtained by compactifying the
03/07 orientifold action on a circle. Later on we lift the correspondence to D = 4
and compare it with (6.1).

In section 6.2 we discuss the embedding of Type IIA orientifolds into M-theory.
Recall that type IIA supergravity can be obtained by compactifying 11-dimensional
supergravity (the low energy limit of M-theory) on a circle. Correspondingly the
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D =4, N = 2 theories arising in Calabi-Yau compactifications are lifted as
Type ITA / Y5 = M-theory / S* x Y5 . (6.2)

Hence, the immediate question is to find some analog for the orientifold compactifi-
cations. In order to do that, one has to identify appropriate manifolds which upon
compactification of M-theory (understood as 11-dimensional supergravity) yield a
four-dimensional N = 1 theory. Recalling that the number of supersymmetries is
related to the number of covariantly constant spinors, the only possible candidates
are seven-manifolds with structure group or holonomy Gs. This implies that the
reduction of the SO(7) spinor representation yields one singlet, which in the case
of G5 holonomy is furthermore covariantly constant with respect to the Levi-Cevita
connection. It was argued in [80] that for a special class of G5 manifolds X the re-
sulting four-dimensional theory coincides with the one of ITA Calabi-Yau orientifolds.
Schematically one has

Type ITA / OYs =  M-theory / X . (6.3)

In section 6.2 we verify this conjecture for a certain limit of the two theories. This
enables us to match the N = 1 characteristic functions determined in section 3.4.3
for IIA orientifolds with the one obtained for Gy compactifications on X. As we
will show, this includes the Kahler potential, the gauge-couplings as well as the flux
superpotentials. In ref. [41] only part of the orientifold superpotentials were found
to have an origin in an M-theory compactification on a manifold with G5 holonomy.
As we will show, the remaining terms are due to a non-trivial fibration of a manifold
with G structure introduced in [130, 131].

6.1 F-theory and O3/0O7 orientifolds

In this section we discuss the embedding of O3/O7 orientifolds into a F-theory com-
pactification, which corresponds to the limit (6.1). To analyze the two theories on the
level of the effective bulk actions we start by compactifying M-theory on a Calabi-Yau
four-fold. When shrinking the volume of the elliptic fiber the M-theory compactifica-
tion on Y} is equivalent to an F-theory compactification on Y;. We only perform this
limit at the very end and rather compare the two theories in three dimensions. In
order to do that we first briefly review compactifications of eleven-dimensional super-
gravity on Calabi-Yau fourfolds following [22, 34]. We determine the effective action
and characteristic functions encoding the supergravity theory. Next we compactify
the four-dimensional effective action of O3/O7 orientifolds to three dimensions on a
circle. We are then in the position to show, that the characteristic data of the two
three-dimensional theories coincide if we choose a Calabi-Yau fourfold of the form

Y= (Y xT%/6, (6.4)

where Y is a Calabi-Yau threefold and ¢ = (¢, —1,—1). The involution & acts as a
holomorphic isometric involution on Y and inverts both coordinates on T2. Note that
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Y, generically admits singularities if ¢ has a non-trivial fix-point set. These have to
be smoothed out which yields additional moduli in the theory. The analog on the
orientifold are moduli corresponding to D-branes and orientifold planes. However,
since we only restricted to the bulk fields we will also freeze moduli arising in the
process of smoothing out Y, defined in (6.4). Having matched the three-dimensional
theories we comment on the lift to D = 4. Finally, we also include a brief discussion
on the lift of orientifold three-form flux G5 to four-form flux G,.

M-theory compactified on a Calabi-Yau fourfold

Let us start by summarizing compactification of M-theory on a Calabi-Yau fourfold by
following the analysis of [22, 34]. The low energy effective action of 11d supergravity
is given by [70]

S(H) :/—%R*l—iF4/\*F4—1—1203/\F4/\F4 y (65)

where F, = d(} is the field strength of C3. The three-form C5 together with the
eleven-dimensional metric are the only bosonic fields in the low energy description of
M-theory. Recall that the action (6.5) is given to lowest order in x1;. One-loop cor-
rections associated to the sigma model anomaly of a M5-brane contribute additional
terms to (6.5) and induce a C5 tadpole term —% [132, 133]. This contribution can
be canceled by considering setups with a certain number of background M3-branes
or switched on background fluxes. However, for the moment we keep our analysis

simple in sticking to the action (6.5) without extra source terms.

The fields of the three-dimensional theory arise from the expansion of the eleven-
dimensional supergravity fields into harmonic forms. For a Calabi-Yau fourfold Y,
the only non-vanishing cohomologies are given by

H(Y,) = H©®O H*(Y,)) = HOY | oY, = H®Y ¢ O |
H4(Y21) _ H(4,0) D H(S,l) D H(2,2) fan H(l,S) fan H(O,4) 7 (66)

with their Hodge duals H°, H® and H®. Let us extract the spectrum obtained by
expansion into harmonic basis forms of these cohomologies. This is done in analogy
to the case of type II compactifications discussed in chapter 2. The deformations
of the metric of the fourfold respecting the Calabi-Yau condition split into two sets:
RV (Y,) real scalar Kihler structure deformations M#(z) and A3V (Y,) complex
structure moduli Z*(x). Similar to (2.5) and (2.7) for Calabi-Yau threefolds they
parameterize the expansions

Jr = MA(z)eq , Qp MM 75 (2) Pk pimy (6.7)

"9~ 30

where Jr and Qp are the Kéhler form and the holomorphic (4, 0)-form on the Calabi-
Yau fourfold. The harmonic forms e4, A = 1,..., A0V (Y,) form a basis of HV(Y}),
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while @i, = 1,...,h3)(Y,) form a basis of HGV(Y}). Also Cy is expanded into
harmonic forms via the Kaluza-Klein Ansatz

Cs = AMz) Aeq + N (2) U+ N (z) Uy | (6.8)
where A4 (z) are vectors and N'(x) are complex scalars in three dimensions. The
harmonic forms Wy, Wy, I = 1,... " define a basis of H3(Y,), which can be chosen
to obey ! -

OV = A’ Vy Oz ¥; = Be, 'V, (6.9)
where A7 and ij are model dependent functions of Z and Z. Differentiating
these equations with respect to Z* and Z* and comparing 0;x 05V with 0:0,c ¥
we extract the consistency conditions

aZ)CALIJ - BKILBEEJ 5 aZ)CBEfJ — AEjLBEEJ . (610)

In summary, the bosonic part of the D = 3, N = 2 supergravity spectrum obtained
by compactification on a Calabi-Yau fourfold is displayed in table 6.1.

gravity multiplet 1 950

vector multiplets S (MA, A%

chiral multiplets | A3V +p@b | ZK NI

Table 6.1: D =3, N = 2 spectrum for M-theory on a Calabi- Yau fourfold.

Also the calculation of the three-dimensional low energy effective action is similar
to the analysis performed in chapter 2. The field strength Fy = dCj5 is evaluated by
using (6.8) and (6.9) as

Fy=dA*Neq+ DNV, + DNT; | (6.11)
with B )
DN' =dN" + (N’ A,/ + N'B,.;)Ydz*,  DN' = DN! (6.12)
Inserting (6.7), (6.11) and (6.8) and performing the standard Weyl rescaling the
effective action takes the form [22]

Sp) = /—%R—G,Cch’C/\*dZﬁ— LAV AxdInV — 1G 45 AMA A xd M

~1G,; DN" AxDN” — W2 G 45 dAA A dAB
+id 7 dAA N (N'DN7 — N'DN7) | (6.13)

IThis needs some words of justification. First, recall that for a complex manifold Y} the filtration
F3(M) = H®O F2(M) = H®9 @ HZD | etc. can be shown to consist of holomorphic bundles
Fi(M) over the space of complex structure deformations. Since H (9 is empty for Calabi-Yau
fourfolds, H(>Y is a holomorphic bundle and one can locally choose a basis 17(Z), dzxctp; = 0.
Hence, the holomorphic derivative is expanded as 9zx1b; = (ox) 797+ (Ac)7 107, where (ox)7, (Ac)?
are functions of Z,Z. One can now show, that there exists a basis W1 = M/ ¢ (for some real
M7{) which obeys (6.9). In order that this is the case one has to demand: dyc In M1 = A}

Be,” = (M—l){{MIEO%)Ig and A7 = —(ox)7. A possible definition of MZ can be found in [22].
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where Gy, G;7 and G 45 are the metrics on H*, H? and H? respectively and will
be discussed in turn. Let us first comment on the complex structure and Kéhler
structure deformations. The higher-dimensional analog of (2.11) is the metric Gx.
on the space of complex structure deformations of Yj. It is Kéhler and takes the form

Grr = 0zx07c K5 Kg=—-In[ | QrAQp]. (6.14)

Ya

In analogy to (2.15) and (2.17) we define on the space of (1, 1)-forms intersection
numbers d zcp and a metric G 45 via

1
dABCD:/ eaNeg/NecN\ep G_AB:— eq N\ xeg (615)
Yy

W )y,
where V = & [ Jp A Jp A Jp A Jp is the volume of the Calabi-Yau four-fold.

In contrast to a Calabi-Yau threefold the four-dimensional manifold Y, admits a
third non-trivial cohomology H?3(Y;) with metric G ;. It has non-vanishing intersec-
tions d 47 with H? such that

d / AU AT G L w, s M2 dar; (6.16)
7 =1 e 7T = — = - .

ALT e A I J Y, v I J ey, )

where we have used *U; = —iJp A ¥} in order to evaluate the last equality. However,

in general G, as well as d4;; depend on the complex structure deformations A
since their definition involves the forms W;(Z, Z). Hence, by using (6.9) we obtain
differential equations for d 4;7 and G;7, which read

aZ’CdAIJ - AICIK dAKj ) 8Z’Cg1j = AICIK gKJ . (6-17)

Having determined the effective action (6.13) we can now proceed in two ways.
Either we dualize the vectors A into scalars P4 and combine them into chiral mul-
tiplets T4 = (M#, P4). The Kihler potential of this D = 3, N = 2 theory was
determined in [22]. It takes the form

Ke(Z,N,T) = —In [ Op A QF] ~ 31 V(T,N) (6.18)

Ys

where V(T, N) is the volume of Yy, which depends implicitly on the Kéhler coordi-
nates. This is indeed analog to the situation in type IIB orientifolds with O3/07
planes. However, in section 4.1.1 we explored a way around this implicit definition by
changing to the dual picture. In D = 4 this amounts to by keeping linear multiplets
(L™, Dg) in the spectrum, which allows to give K as an explicit function of L*. As
we will review momentarily, this is equivalently true for the D = 3 theory (6.13) and
amounts to keeping the vector multiplets (M#, A4) in the spectrum [34].

General D = 3, N = 2 supergravity theories with vector and chiral multiplets are
discussed e.g. in [34]. To avoid a detailed review of their results we make contact
with section 4.1 by observing that the effective action (4.10) for chiral and linear
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multiplets in D = 4 can be translated to D = 3 chiral-vector setups by replacing dD3!
with dA#.2 Using these identifications, one compares (4.10) with (6.13) to find

LA_M_A
=5

The kinetic potential for the vector multiplet (LA, A*) is found to be [34]

Kiaps = —% V2Gag . (6.19)

R(L,N,Z)=—In [ / Qp A QF} +1n (dasepLALBLELP) + LAC, (6.20)
Yy

with
sz %dAIjNINJ+wA1JNINJ+wAjJNINJ . (6-21)

The functions w,77(Z, Z) obey
Ozxwoars = By "k - (6.22)

but are otherwise unconstraint. It is now straight forward to check, that the effective
action determined in terms of K(L, N, Z) is indeed equivalent to (6.13) up to a total
derivative [34].> This ends our review of the M-theory compactification. In order
to compare (6.26) with the O3/O7 orientifold data, we first have to compactify the
orientifold theory to three dimensions.

The O3/07 orientifolds in three-dimensions

Let us now compactify the four-dimensional O3/O7 orientifold theory determined
by (3.37) on a circle S'. In order to do that we partly follow [22], where general
compactifications of D = 4, N = 1 theories are discussed. Due to the fact that D =4
chiral multiplets reduce to D = 3 multiplets we turn our attention to the vectors
V* with kinetic terms (3.32). In three dimensions vectors are dual to scalars and for
four supercharges the dynamics can be encoded by a Kahler or kinetic potential. The
Kaluza-Klein reduction is performed by choosing the Ansatz
762 AO AO 7,2 AO . . [

Q;SA;):(gqu;Ap . q) , VMZ(Ap—i-Agn,n), (6.23)
where Ag A, p = 1,2,3 are vectors and n* as well as 7 (the radius of S1) are
scalars in three dimensions. The resulting D = 3 theory posses chiral multiplets
(2%, 7,G, T,) and vector multiplets (A° r) and (A%, n*). Next we dualize the vectors
A" into scalars n, by the standard Lagrange multiplier method (see section 2.3).
However, we keep the vector multiplet (A% r) and denote L = r~!. The scalars 7,
and n” combine into complex scalars D, via [91, 22]

Dy = —far(z)n* + i, (6.24)

2Furthermore, one has to replace in the potential (4.11) the factor 3 by a 4 [22].
3More precisely one finds +d4;; (N'DN’ — N'DN7) = Im(K4gmdQ™)+ total derivative,
where Q™ = (N1, ZX).
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where fg;(2) are the gauge-couplings of the O3/O7 theory given in (3.61). One next
inserts the Ansatz (6.23) into the D = 4 orientifolds action (3.37) and performs a
Weyl rescaling to obtain a D = 3 effective action with standard Einstein-Hilbert term.
Using the definition of D, this action is encoded by a kinetic potential

K;=—In [/ QA Q] + K"(r,G,T) +In(L) + L¢® (6.25)
Y

where K*(7,G,T) and ¢ are given in (3.47) and (6.27). Replacing the chiral multi-
plets T,, by vector multiplets (A%, L) we apply (4.23) to rewrite the kinetic potential
as

Ky=—ln [ / Q/\Q}—ln(—2’(7—?))+1n(/CaﬁvL°‘LﬁL7)+1n(L)+L°‘Cf+L(R, (6.26)
Y

where
R : ~n\b e R 1 r -1 -

Co = ) Kape(G = G)(G=G), ¢ =—3(Dr+ Dp)(Refu)” (D + D) -
_ B (6.27)

The function (2 = (, +(, was already given in (4.21). Kj fully encodes the dynamics

of the chiral multiplets z*, 7, G% D, and the vector multiplets (A%, L®) and (A, L)

in three-dimensions. This enables us to compare the orientifold theory with the M-

theory compactification discussed at the beginning of this section.

F-theory embedding of 03/07 orientifolds

In order to discuss the F-theory embedding of the O3/O7 bulk orientifold theory, we
restrict to the simple fourfolds defined in (6.4). Working on these manifolds the &
invariant cohomologies split as

HYY,) = HI(Y)®oHU(T?), H(Y) = HI(Y)® (H2(Y)ANHL(T?))
HYY,) = Hi(Y)® (H3(Y)ANHYT?) & (HX(Y)ANHA(T?) , (6.28)

where H{(Y') are the cohomology groups of Y introduced in (3.21) and we denote by
H'(T?), H2(T?) the cohomologies of T?. We denote a basis of the T?-cohomologies
by a9 o0 e H1(T?) and vol(T?) € H2(T?).* We next analyze the spectrum
and couplings of the three-dimensional theory (6.13) on the manifolds (6.4). Let us
start with the complex structure deformations Z*. From (6.28) one concludes, that
the only (3, 1)-forms in H*(Y}) arise from the cohomology H£2’1)(Y) AHY (T?) and
HE(v) A HOY(T?). Hence we set

Z8=(r, 25, K=0,... (). (6.29)

This is consistent with the fact that in F-theory the complex dilaton 7 becomes the
complex structure modulus of the torus fiber of the fourfold Y} given in (6.4). Hence,

“Recall, that for T2 one finds A" = p{"Y = Y = B0V =1,
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we will set % = dg — 7dp and lift 7 to one of the complex structure deformations

of Y,. Moreover, in the orientifold limit the complex structure deformations of the
orientifold 2* are the complex structure deformations of the base of ¥;. On (6.4) also
the holomorphic four-form Qp splits as Qp = Q A a9 such that

ln[ QFAQF}zln[—i/QA(z]Hn[—i(T—f)], (6.30)

where we have used [, dg A dp = 1.

The Kahler structure deformations of Y, assembled into the vector multiplets
(MA/V, AY) = (LA, A4). These split under the decomposition (6.28) into one modu-
lus parameterizing the torus volume and h(j’” Kahler structure deformations of Y/o.
In three dimensions this has an obvious counterpart in the orientifold theory, since
an additional Kahler modulus L = r~! arose from the compactification on S!. This
leads us to identify

LA=(L,LY), A'=(A%A%),  A=0,....hNY). (6.31)

Note that this implies that one matches the volume modulus of 72 with the inverse
radius L = r~! of the S*. Also the corresponding intersection numbers (6.15) split
on the manifolds (6.4) as

dABCD — doag,y 5 (632)

with all other intersections vanishing. Here we have chosen ey = vol(T?) to be the
invariant volume form of 72. This implies that in the kinetic potential (6.20) the
logarithm involving L® splits as

In (dapep L LPLELP) =In L + In (Kog, L*L°L) (6.33)

where we have identified dynp, = Kag,, being the intersections of H3(Y).

Finally, the remaining chiral multiplets N? and the orientifold fields G, D, have
to be matched

N'=(@G* D)), I=1,... ") +r2"). (6.34)

Once again, this is consistent with the split (6.28) of H3(Y}). The intersection num-
bers d ;7 given in (6.16) decompose as

d.AIj - dOr{)\ >daab 5 (635)

while all other intersections vanish. Note however, that in general d ;7 depends on
the complex structure moduli Z* and a naive identification dyq = Kaap can only be
true up to a complex structure dependent part. To extract this dependence we can
proceed in two ways. Either we compare the two kinetic potentials (6.20) and (6.26)
to determine d 475 as well as w477 and check if the equations (6.17), (6.22) and (6.10)
are obeyed. However, we choose a different route and look for simple solutions of
the consistency conditions (6.10). Having determined Ay;” and Bg,” we are in the
position to solve (6.17), (6.22) to determine d 4;7 and w 45 7.
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To construct a simple solution to (6.10) we start with a holomorphic functions
frs(Z), which can arise e.g. as gauge couplings of a supersymmetric theory. In terms
of fr; the equations (6.10) are solved by

Aer? = —Ref) V8 dzcfier, By = (Ref) K Ogx s - (6.36)
Relevant for the orientifold embedding are the two special cases

Faa(Z8) = faa)  foo(Z2°) = —ir (6.37)

where f,) are the gauge-couplings of the orientifold given in (3.61) and —it are the
gauge-couplings of a gauge-theory on space-time filling D3 branes (see for example
[31]). Not to surprisingly, these are exactly the right functions to match the kinetic
potentials (6.20) and (6.26). Namely, consistent with (6.17) and (6.22) we identify

1
dOH)\ = Worr = (Ref)fi)\ ) daab = Waab = —,Kzaab ) (638)

where K,q are the intersections on Y, which are independent of 7 and z*. Equations
(6.30), (6.33) and (6.38) imply that the kinetic potential of the M-theory compacti-
fication reduces to the one for O3/O7 orientifolds on the Calabi-Yau fourfold (6.4).

The final step is to lift this correspondence to four dimensions. On the orientifold
side this simply amounts to performing the decompactification limit Ly = r5' — 0,
where 7 arises in ro + r(x) as the background radius. Of course, the resulting theory
coincides with the D = 4 orientifold theory, if identifying the correct four-vectors.
More subtle is the lift of the M-theory compactification, which is known as the F-
theory limit. It amounts to shrinking the volume of the two-torus (identified in (6.31)
with Lg) on an elliptically fibered Calabi-Yau fourfold. However, for the simple
manifold (6.4) this limes is rather straightforward and coincides with the decompact-
ification limit for the orientifold.

In addition to the bulk theory one can allow for non-trivial four-form background
flux G4 = <dC’g> on Y. The theory will be changed by a non-vanishing potential,
which is obtained from the Gukov-Vafa-Witten superpotential [ Qr AGy. In order to
relate it to the O3/07 orientifold three-form flux G3 given in (5.1) one locally writes
[16, 19, 20]

0.
T TAC (6.39)

T—T

This implies that the Gukov-Vafa-Witten superpotential reduces as

QFAG4:/Q/\G3, (6.40)
Yy Y
which coincides with the orientifold superpotential found in (5.6).

This ends our discussion of the F-theory embedding of O3/O7 orientifolds. Their
are many directions for further research. It would be desirable to include D7 branes
into the setup, which correspond to certain singularities on the Calabi-Yau fourfold.
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The naive fourfold given (6.4) is only valid in the regime were moduli for D-branes
and orientifold branes are frozen. F-theory compactifications provide powerful tools
to approach regimes where these fields are included [44]. A second issue is to discuss
moduli stabilization in those setups, resent results [46] suggest that all moduli can
be stabilized in F-theory compactifications by including fluxes and non-perturbative
corrections.

6.2 Type ITA orientifolds and special G5 manifolds

In this section we discuss the relationship between the type ITA Calabi-Yau orien-
tifolds considered so far and G2 compactifications of M-theory. In refs. [80] it was
argued that for a specific class of G5 compactifications X, type ITA orientifolds appear
at special loci in their moduli space. More precisely, these Go manifolds have to be
such that they admit the form

X = (Y xSYH/s, (6.41)

where Y is a Calabi-Yau threefold and 6 = (0,—1) is an involution which inverts
the coordinates of the circle S! and acts as an anti-holomorphic isometric involution
on Y. o and ¢ can have a non-trivial fix-point set and as a consequence X is a
singular G5 manifold. In terms of the type IIA orientifolds the fix-points of ¢ are the
locations of the O6 planes in Y and as we already discussed earlier cancellation of
the appearing tadpoles require the presence of appropriate D6-branes. In this paper
we froze all excitation of the D6-branes and only discussed the effective action of the
orientifold bulk. In terms of G compactification this corresponds to the limit where
X is smoothed out and all additional moduli arising in this process are frozen.

The purpose of this section is to check the embedding of type ITA orientifolds
into Gy compactifications of M-theory at the level of the N = 1 effective action.
For orientifolds the effective action was derived in sections 3 and 4 and so as a first
step we need to recall the effective action of M-theory (or rather eleven-dimensional
supergravity) on smooth G5 manifolds [81, 43, 82, 83, 84].

The bosonic part of the eleven-dimensional supergravity theory was already given
in equation (6.5). It encodes the dynamic of the bosonic components g;; and C5 of
the supergravity multiplet. As in the reduction on Calabi-Yau manifolds one chooses
the background metric to admit a block-diagonal form

ds* = dsj(z) + dsg,, (y) (6.42)

where dsj and dsZ,, are the line elements of a Minkowski and a G, metric, respectively.
The Kaluza-Klein Ansatz for the three-form C3 reads

Cs = c(x) ¢; + A%(2) Awq i=1,...,0%X), a=1,...,bX) (6.43)

where ¢! are real scalars and A® are one-forms in four space-time dimensions. The
harmonic forms ¢; and w, span a basis of H3(X) and H?(X), respectively. The Go
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holonomy allows for exactly one covariantly constant spinor which can be used to de-
fine a real, harmonic and covariantly constant three-form ®.°> The deformation space
of the Gy metric has dimension b*(X) = dim H3(X,R) and can be parameterized by
expanding ® into the basis ¢; [134]

d = s'(x) ¢; . (6.44)
One combines the real scalars s* and ¢’ into complex coordinates according to
St =c +ist, (6.45)

which form the bosonic components of b3(X) chiral multiplets. In addition the ef-
fective four-dimensional supergravity features b*(X) vector multiplets with the A® as
bosonic components. Due to the N = 1 supersymmetry, the couplings of these mul-
tiplet are again expressed in terms of a Kahler potential K¢,, gauge-kinetic coupling
functions fg, and a (flux induced) superpotential W,. Let us discuss these functions
in turn.

The Kéhler potential was found to be [43, 82, 83, 84]

Kg, = —31n(i1/ P A *D) | (6.46)
X

=
K{ 7

where 1 [® A %P = vol(X) is the volume of the G5 manifold X. The associated
Kahler metric is given by

9,0;Kg, = ivol(X)™ / bi N\ %9 0 Ke, = ivol(X)™! / i A*x® | (6.47)
b's X
and obeys the no-scale type condition
(0:Ke,) K¢, (0;Ka,) =1 (6.48)

The holomorphic gauge coupling functions fg, arise from the couplings of C5 in
(6.5). At the tree level they are linear in S* and read [43, 83]

(fe2)ap = o Si/ ¢i Nwa ANwg (6.49)
X

Finally, non-vanishing background flux G4 of F; = dCj5 induces a scalar potential
which via (3.41) can be expressed in terms of the superpotential [126, 127, 84]

Wg, = = /(%Cg+i<1>)AG4. (6.50)
X

2
4k

(The factor 1/2 ensures holomorphicity of W, in the coordinates S* and compensates
the quadratic dependence on Cs [84].)

5The covariantly constant three-form is the analog of the holomorphic three-form Q on Calabi-Yau
manifolds.
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In order to compare the low energy effective theory of Gy compactifications with
the one of the orientifold we first have to restrict to the special G5 manifolds X
introduced in (6.41). This can be done by analyzing how the cohomologies of X
are related to the ones of Y. As in equation (3.63) we consider the splits H?(Y') =
H® @ H” of the cohomologies into eigenspaces of the involution 0. Working on the
(G5 manifold X given in (6.41) we thus find the g-invariant cohomologies

H*(X) = H2(Y), H3(X) = Hi(Y)® [H>(Y)ANHL(SY)],
H5(X) = H*Y)ANHL(SY), HYX) = HLY)® [H}*(Y)ANHL(SY)],
(6.51)

where H?(X) and H®(X) as well as H3(X) and H*(X) are Hodge duals. H'(S1) is
the one-dimensional space containing the odd one-form of S*. The split of H3(X)
induces a split of the Gy-form ® which is most easily seen by introducing locally an

orthonormal basis (e!,...,e") € A'(X) of one-forms. In terms of this basis one has
134, 82, 130]

® = JyAe +ReQy *® = LTy A Ty 4+ ImQy A€’ (6.52)
where

Ju=e' NP+ net +e Aeb Q= (eh +ie?) A (e® +iet) A (€7 +ie®) .(6.53)

Applied to the manifold (6.41) we may interpret e’ = dy” as being the odd one-form
along S!. Since ® is required to be invariant under 6 and o is anti-holomorphic the
decomposition (6.52) implies

6y =—Ju, 6" =y . (6.54)

In terms of the basis vectors e!, ..., €% this is ensured by choosing e*, €®, €5 to be odd
and e',e?,e® to be even under 0. We see that Jy, and Q satisfy the exact same
conditions as the corresponding forms of the orientifold (c.f. (3.14), (3.16)) and thus
have to be proportional to J and C2 used in section 3.4. In order to determine
the exact relation it is necessary to fix their relative normalization. The relation
between Jy; and the Kéahler form J in the string frame can be determined from the
relation of the respective metrics. Reducing eleven-dimensional supergravity to type
ITA supergravity in the string frame requires the line element (6.42) of the eleven-
dimensional metric to take the form

ds? = 6_2(£/3d8421($) + 6_2‘13/39(8) b dydy® + 64‘2’/3(dy7)2 , (6.55)
where a,b = 1,...,6. The factors ¢? of the ten-dimensional dilaton are chosen such

that the type IIA supergravity action takes the standard form with g being the
Calabi-Yau metric in string frame (see e.g. [4]). Consequently we have to identify

Ty =e 203 (6.56)
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Similarly, using (6.53) we find that the normalization of €2 is given by

JMALwAhpz%QMAQM. (6.57)

Integrating over Y and using (6.56), (3.87) and (2.11) we obtain
Q= e PP E" =K = \/BCQ (6.58)

where C is given in (3.89). The phase e drops out in (6.57) such that we can choose
it as in (3.16) in order to fulfill (6.54). Inserting Jy, and €, into equation (6.54) one
arrives at

d = JAdj" + V8Re(CQ) , (6.59)

where we defined dg” = e_%&dy? The form dg" is normalized such that [, dj” = 27 R
where the metric (6.55) was used and R is the ¢-independent radius of the internal
circle. We also set k%, = k2, /2n R = 1 henceforth. Using (6.59), (6.52) and (3.89) we

calculate
11 -

which equivalently can be obtained by applying the split vol(X) = vol(Y') - vol(S*) of
the G volume when evaluated in the metric (6.55). Inserting (6.60) into (6.46) using
(3.89) we obtain

'y
wlE,

%/JAJAJ, (6.60)

Ko, = —In [g/ JAJAJ] ~2In [Q/Re(CQ)A*GRe(CQ)] . (6.61)

Thus we find exactly the Kéahler potential K of the type ITA orientifold as given in
(3.101).

In order to compare the gauge kinetic functions and the superpotential we also
need to identify the Kahler coordinates of the two theories. C'3 splits under the
decomposition (6.51) of the cohomologies as’

Cs = By ANdyj" + V2Cs (6.62)

where B, is an odd two-form on Y and Cs an even three-form on Y. Combining
(6.59) and (6.62) using (3.102) one finds

Sigy = Cs+i® = J.AdG + V2. . (6.63)

As discussed after (3.102) the coefficients arising in the expansions of J. and €. into
the basis (ay, ) of H3(Y) and w, of H*(Y) are exactly the orientifold coordinates
and therefore we have to identify S* = t* and S¥ = (N* T)). With this information

In terms of the Hitchin functionals [82] recently discussed in [128, 129] the reduction of the G
Kéhler potential (6.46) corresponds to the split of the seven-dimensional Hitchin functional to the
two six-dimensional ones 6.61.

"We have introduced a factor of v/2 for later convenience.
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at hand, it is not difficult to show that the gauge-kinetic couplings (6.49) coincide
with (3.85). One splits ¢, = w, A dy’ and obtains

(ng)aﬁ = %Sa/ Wq A We A uJ5 ~ it“lCaaﬁ = (foy)aﬁ s (664)
Y

where the precise factor depends on the normalization of the gauge fields.

It remains to compare the flux induced superpotentials (6.50) with (5.33). Using
the cohomology splits (6.51) and (6.62) the background flux splits accordingly as
Gy = Hs A dj” + v/2F}. Inserted into (6.50) using (6.63) we arrive at

WGF%/YJCAFﬁ%/YQCAHg (6.65)

Compared to (5.33) the superpotential W, only includes terms proportional to the
fluxes Hs and F}.® An interesting question is to identify the remaining terms in (5.33)
which are likely to arise once manifolds with Gy structure (instead of Gy holonomy)
are considered. The term due to F5 arises in compactifications on fibered G5 manifolds
X — Y [130, 131]. In our case we restrict to circle fibrations over the quotient Y/o,
where Y is a Calabi-Yau manifold. We introduce the projection 7 : X — Y. The
metric on such a manifold takes the form

g, =aQ@a+my, (6.66)

where ¢ is the metric on Y and da = n*F,. This implies that X has not anymore
G5 holonomy but rather Go structure with d® = F» A J being not closed. Following
[135] this induces a superpotential term of the form

W:/(dC’3+id<I>)/\(C’3+z'(I>)+...:/Fg/\JC/\JCJr... | (6.67)
X Y

where ® and Cj are given in (6.59) and (6.62) with dj” = o and dC5 = BoAFy+. ...
This reproduces exactly the Fy superpotential term (5.34) in type ITA orientifolds.
It remains to reveal the origin the superpotential term linear in m®. Unfortunately,
this is less straightforward and is likely to involve more general Gy manifolds [136].7
It would be nice to make this more explicit and to point out the relation to the
Scherk-Schwarz constructions of massive ITA supergravity.

8The term proportional to e in (5.34) can be absorbed into a redefinition of Ret® [84].
9We like to thank A. Micu for discussions on this point.



Chapter 7

Conclusions

In this work we determined the low energy effective action for type IIB and type ITA
Calabi-Yau orientifolds in the presence of background fluxes. In our analysis we did
not specify a particular Calabi-Yau manifold but merely demanded that it admits an
isometric involution ¢. Furthermore, in order to preserve N = 1 supersymmetry o
was chosen to be a holomorphic map in type IIB and an anti-holomorphic map in
type ITA. Depending on the explicit action of ¢ on the holomorphic three-form €2,
we analyzed three distinct cases: (1) orientifolds with O3/O7-planes, (2) orientifolds
with O5/09-planes and (3) orientifolds with O6-planes. For each case we calculated
the characteristic functions of the corresponding N = 1 supergravity theories and
discussed their generic properties.

In chapter 3 we restricted to the case where background fluxes are absent and no
potential is generated. We computed the effective action by a Kaluza-Klein analy-
sis valid in the large volume limit and determined the chiral variables, the Kahler
potentials and the gauge kinetic functions for all three setups. We found that the
moduli space of the N = 1 theory inherits a product structure M x M@ from the
underlying N = 2 theory obtained by ordinary Calabi-Yau compactification of type II
theories. MK is a special Kahler manifold parameterized by the complex structure
deformations in type IIB and by the complexified Kéahler deformations in type ITA.
For type IIB orientifolds the second component MZ is parameterized by the periods
of the complex even form £ — i A for setups with O3/O7 planes and by the periods
of &€ —i A for setups with O5/09. The form £ + i€ = @ e~ BatiJ comprises of the
complexified Kéahler deformations while A is a sum of the even R-R forms defined in
(3.43). On the other hand, for type IIA orientifolds with O6 planes M is spanned
by the periods of the complex three-form ). = C5 + 2iReC{2 containing the complex
structure deformations of the Calabi-Yau orientifold. M® is a Kéhler submanifold
inside the quaternionic manifold with a Kéahler potential encoding the dynamics of
the even/odd forms of the respective orientifold setup. Finally we showed that in
the large volume — large complex structure limit one finds mirror symmetric effective
actions if one compares type IIA and type IIB supergravity compactified on mir-
ror manifolds and in addition chooses a set of ‘mirror involutions’. For M* mirror
symmetry amounts to a truncated versions of N = 2 mirror symmetry in that it
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still relates two holomorphic prepotentials. In this case the corrections computed by
mirror symmetry are likely to be analogous to the situation in N = 2. For M the
situation is more involved since the geometry of the moduli space changes drastically.
Nevertheless we were able to show that mirror symmetry holds in the large volume -
large complex structure limit. However, understanding the nature of the corrections
computed by mirror symmetry appear to be more involved and certainly deserves
further study. It is interesting to note that mirror symmetry can be understood as
an exchange of the odd form . with the even forms & + i A or £ + i A in accord
with [125]. Two choices of special coordinates in ). single out the corresponding
orientifold setup on the mirror side. It would be desirable to reveal the origin of this
mapping and finally to generalize it to non-Calabi-Yau compactifications.

In chapter 4 we presented a more detailed investigation of the N = 1 moduli
space of Calabi-Yau orientifold compactifications. The special K&hler manifold M5K
inherits its geometrical structure directly from N = 2, such that we focused on the
Kahler manifold M@ inside the quaternionic space. It turned out that the definition
of the Kéhler coordinates as well as the no-scale type conditions on M® can be more
easily understood in terms of the ‘dual’ formulation where some chiral multiplets of
the Calabi-Yau orientifold are replaced by linear multiplets. After a brief review of
N = 1 supergravity with several linear multiplets we reformulated all three orien-
tifold setups by dualizing a certain set of chiral multiplets. The transformation into
linear multiplets corresponds to a Legendre transformation of the Kéahler potential
and coordinates. The new kinetic potential of O3/07 and O5/09 orientifolds takes
a particularly simple form induced from a tree-level prepotential. In contrast for O6
orientifolds it is given in terms of a generic prepotential satisfying the orientifold con-
strains and generically includes correction corresponding to world-sheet instantons
in type IIB. For orientifolds with O6 planes the Legendre transform was essential
to make contact with the underlying N = 2 special geometry. As a byproduct we
determined an entire new class of no-scale Kahler potentials which in the chiral for-
mulation can only be given implicitly as the solution of some constraint equation.
We closed this chapter by giving an explicit construction of the Kéhler manifold M®
replacing the N = 2 c-map. The space M was shown to admit a geometric structure
similar to the one of the moduli space of supersymmetric Lagrangian submanifolds
[74]. This also provides the ground for a more general investigation of non-Calabi-Yau
orientifolds. Namely, we found that the Kahler potential of M® is the logarithm of
Hitchins functional for a generalized complex sixfold evaluated for the simple even
and odd forms associated to the orientifold setup.

In chapter 5 we repeated the Kaluza-Klein compactification by additionally allow-
ing for non-trivial background fluxes. In the O3/07 case the background fluxes induce
a non-trivial scalar potential which is determined in terms of a superpotential previ-
ously given in [15, 17, 20, 27]. We also included the scalar fields (0%, ¢*) arising from
the two type IIB two-forms By and C5. We showed that in this case the potential is
unmodified which can be traced to the no-scale property of the Kahler potential. For
orientifolds with O5/09 planes the influence of background fluxes is more involved.
This is due to the fact that the space-time two-form C5 arising in the expansion of
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the RR field Cy remains in the spectrum. It combines with the dilaton into a linear
multiplet, which only if it is massless can be dualized to a chiral multiplet. However,
generic NS three-form background fluxes render this form massive. We therefore first
restricted our attention to the case were the mass term vanishes which occurs if the
magnetic fluxes arising from the NS three-form Hj are set to zero. In the resulting
chiral description the axion dual to C5 is gauged with the gauge charges set by the
electric fluxes. The scalar potential now consists of two distinct contributions. The
term which depends on the RR fluxes arising from Fj is obtained from a (truncated)
superpotential of the previous case whereas the second contribution depends on the
electric fluxes of Hs and arises from D-terms which are present due to the gauged
isometry. Finally, we also analyzed non-vanishing magnetic fluxes in the NS sector
which can be described by an N = 1 theory including a massive linear multiplet
coupled to vector and chiral multiplets. In this case the scalar potential additionally
includes a direct mass term for the scalar in the linear multiplet which is neither a D-
nor an F-term. For type ITA orientifolds all background fluxes induce a superpoten-
tial W which depends on all geometrical moduli. It splits into the sum of two terms
with one term depending on the RR fluxes and the complexified Kahler form J,. while
the second term features the NS fluxes and €2.. Both terms are expected to receive
non-perturbative corrections from world-sheet- and D-brane instantons. We showed
that for supersymmetric type IIA and type IIB instantons the respective actions are
linear in the chiral coordinates and thus can result in holomorphic corrections to W'.

In the last chapter 6 we analyzed the embedding of type IIB and type IIA ori-
entifolds into F- and M-theory compactifications. Orientifolds with O3/O7-planes
can be obtained as a limit of F-theory compactified on elliptically fibered Calabi-Yau
fourfolds [68, 69]. To check this correspondence on the level of the effective action
we took a sideway by first compactifying M-theory on a Calabi-Yau fourfold. This
yields a three-dimensional N = 2 supergravity theory determined in terms of the
characteristic data of the Calabi-Yau fourfold. Restricting to a specific fourfold this
effective theory can be compared to the one obtained by compactifying the effective
action of O3/07 orientifolds on a circle to D = 3. We determined simple solutions
to the fourfold consistency conditions for which we found perfect matching between
the orientifold and M-theory compactifications. This correspondence can be lifted to
D = 4 where the M-theory on the elliptically fibered fourfold descends to an F-theory
compactification. In our analysis we neglected contributions due to singularities of
the Calabi-Yau fourfold. Smoothed out they yield additional moduli, which are iden-
tified with D7 or O7 moduli in the orientifold limit. In a next step one can attempt
to include these into the analysis and later deform away from the orientifold limes.
Non-trivial fibrations appear if the orientifold charges are not canceled locally and the
F-theory picture becomes essential. Finally we also discussed the embedding of type
ITA orientifolds into a specific class of GGy compactification of M-theory. Neglecting
the contributions arising from the singularities of the G5 manifold we were able to
show agreement between the low energy effective actions. Comparing the superpoten-
tials we only discovered the terms which are due to four-form flux from in M-theory.
However, relaxing the condition of G5 holonomy we were able to identify one of the
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remaining terms as corresponding to a non-trivial fibration of a G5 structure manifold.
It remains to identify the counterpart of the orientifold superpotential term cubic in
the complexified Kahler moduli. This term is propotional to the mass parameter of
massive IIA supergravity and plays the essential role in moduli stabilization.

Let us end our conclusions with some directions for further research. Firstly, it
would be desirable to include D-brane matter fields into the orientifold setups. For
type I1IB setups with D3 and D7 branes this was done, for example, in refs. [31, 99].
An important task is to extend these results to type IIA orientifolds with space-time
filling D6 branes. The knowledge of the full effective action enables to perform a
calculation of soft supersymmetry breaking terms of semi-realistic D-brane scenarios.

As already mentioned, a generalization to non-Calabi-Yau orientifolds is of par-
ticular interest [117]. Orientifolds allow for consistent D = 4 Minkowski or Anti-de
Sitter vacua for which the internal manifold possesses non-trivial torsion. As we have
argued, the orientifold projections specify a Kéhler submanifold in the quaternionic
N = 2 moduli space with geometry encoded by special even and odd forms. The
Kéahler potential is Hitchins functional truncated by the projection. A similar analy-
sis is likely to apply to orientifolds of generalized complex manifolds as introduced in
[75].

Brane worlds in orientifolds are a prominent arena for model building in particle
physics and cosmology. However, finding a particular vacuum featuring the properties
of our universe is a highly non-trivial task. One major step into this direction is to
extract vacua with stabilized moduli fields. Assuming that this can be achieved, for
example by background fluxes, one encounters a huge set of possible vacua labeled
by different flux quantum numbers. In the pioneering paper [137] it was argued that
a statistical analysis of this ‘landscape’ could lead a deeper understanding of the
vacuum structure of string theory. These considerations were mostly applied to type
I1B orientifolds and certain M-theory vacua. It is an interesting task to generalize this
to type IIA orientifolds. For early time cosmology a wave-function for flux vacua could
yield an interesting attempt to approach quantum cosmological questions within the
framework of string theory [138]. It would be nice to relate these new developments in
topological string theories to the results of N = 1 flux compactifications. Surprisingly
various similarities appear, which hint to at least a formal relation.
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Appendix

A

Conventions

In this appendix we summarize our conventions.

The coordinates of the four-dimensional Minkowski space-time are denoted
by z*,u = 0,...,3. The corresponding metric is chosen to have signature
(—,+,+,4). The coordinates of the compact Calabi-Yau manifold Y are de-
noted by v*, 7%, i,7=1,2,3.

p-forms are expanded into a real basis according to
1
A, = o Ay dxtt NN dat (A.1)
(p, q)-forms are expanded into a complex basis as
1 . ) _ _
Apg=—Ai i 7,y AN oNdY ANdYT A LAY (A.2)
) p!q! P q

The exterior derivative is defined as
dA, = %aMAMI,,,Mde“ Adx! NN datr (A.3)
The field strength of a p-form F,; = dA, is given by
Fippr = (p+1) s Apizpipa] - (A.4)

The inner product for real forms is defined by using the Hodge-* operator. In
components we have

1
/Fp/\ *Fp = H/Fm...ume”'up * 1, (A.5)

where *1 = d% \/—g is the d-dimensional measure.
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e The Hodge-* satisfies * x [}, = (—=1)P4"P**F ~ where x = 1 for Lorentzian
signature and k = 0 for Euclidean signature.

e Let 07 and 0y be an orientiation preserving and an orientation reversing map
012 : M — M, where M is an n-dimensional manifold. Then one finds for a
n-form w on M that

L=l [ we=f . @

However, if we choose wy; = *1 to be the canonical volume form of M then
Woy (M) = 07 (war) and we, vy = —05(war), such that

/ %mm:/ﬂﬁwﬁ- (A7)
Ulyg(M) M

B N=2 supergravity and special geometry

In this appendix we briefly summarize the N = 2 special geometry of the Calabi-
Yau moduli space. A more detailed discussion can be found, for example, in refs.
88, 87, 140, 92, 139]. A special Kdhler manifold M is a Hodge-Ké&hler manifold (with
line bundle £) of real dimension 2n with associated holomorphic flat Sp(2n + 2, R)
vector bundle H over M. Furthermore there exists a holomorphic section €(z) of £
such that

K(z,2) = —Ini{Q(2),Q(2)) , (Q,0,xQ2) =0, K=1,...n, (B.8)

where K is the Kéahler potential of M and <-, > is the symplectic product on the fibers.
This is precisely what one encounters in the moduli space of the complex structure
deformations of a Calabi-Yau manifold with €2 being the holomorphic three-form. In
this case one is lead to set n = h(>Y and identify the fibers of the associated Sp-bundle
with H3(Y,C). The symplectic product is given by the intersections on H3(Y,C) as

<a,ﬁ>:/yoz/\ﬁ. (B.9)

The Kéhler covariant derivatives of {2 are denoted by x i as explicitly given in (2.10).

In terms of the symplectic basis (o, ﬁf() introduced in (2.4) both © and yx enjoy
the expansion

0 =Z"ap — Fi ", XK = XK ap — Xir B - (B-10)

The holomorphic functions Z%(z) and Fi(z) are called the periods of €, while
Yk (2, %) and Xi|K(Za z) are the periods of yx. In terms of Z®, F; the Kihler poten-
tial (B.8) can be rewritten as in (2.11).
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For every special Kéhler manifold there exists a complex matrix Mz ; (2, Z) defined
as

M = g Fi)(Xyr 2971, (B.11)
where X}i{ and X g are given in (B.10). Furthermore, one extracts from (B.11) the
identities

fK:MK]iZL y X£|K:M£MX§\(/[ 5 (B.12)
which can be used to rewrite (B.8) as
Guy = —25xKImMg;v5, 1 = —2528ImMy; 28, (B.13)
0 = —2¢8 ImMy,; 20
If one assumes that the Jacobian matrix 0,2 (2% /Z°) is invertible F is the deriva-

tive of a holomorphic prepotential F with respect to the periods Z K Tt is homoge-
neous of degree two and obeys

F=178F.,  Fp=0,F, Fpp=0,F;, Fi=2Fi, (Bl4)

which implies that Fy; (Z) is invariant under rescalings of Z K Notice that F is only
invariant under a restricted class of symplectic transformations and thus depends on
the choice of symplectic basis.

The complex matrix M ; defined in (B.11) can be rewritten in terms of the
periods ZX and the matrix F;(Z) as

(Im F) g 2 (I F) 5 27

My =Fpp +2i ! !
Kb o KL ZN(Im F) gy ZM

(B.15)

Whenever the Jacobian matrix 0, (ZK /ZO) is invertible the ZX can be viewed
as projective coordinates of P21, ;. Going to a special gauge, i.e. fixing the Kéhler
transformations (2.14), one introduces special coordinates 2% by setting :%& = Z% /Z°.
Due to the homogeneity of F it is possible to define a holomorphic prepotential f(z)
which only depends on the special coordinates as

F(2) = (Z2°)f(2) . (B.16)
In terms of f the K&hler potential given in (B.8) reads

K = —Wni|Z°P2(f = f) — Ok f + 0 F)(z5 = 25)] . (B.17)

A special example of the situation just discussed is the moduli space spanned by
the complexified Kihler deformations t# introduced in (2.22). These fields can be
interpreted as special coordinates on a special Kéhler manifold M>¥(¢,#) [88]. The
Kéhler potential of the metric G4p given in (2.15) is of the form (B.17) with

f(t) = =K apct™tPtC . (B.18)
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Furthermore, inserting (B.18) into (B.15) using (B.16) one determine the gauge-
couplings N ;5(t,t) to be

1 ApB1pC 1 B1.C
—2Kapcb?b"b" K apcb®b
— 3 2
O (s e W R
. K 1+ 4GABbAbB —4GABbB
A= ‘E( —AGap®  4Gap )
- 6 (1 bt
(ImA)! = ‘E(bA lGAB+bAbB) , (B.19)
4

where G 4p is given in (2.15).

C Swupergravity with several linear multiplets

In this appendix we briefly discuss the dualization of several massless linear multiplets
to chiral multiplets. We only discuss the bosonic component fields and do not include
possible couplings to vector multiplets. Our aim is to extract the Kéhler potential
for the N = 1, D = 4 supergravity theory with all linear multiplets replaced by
chiral ones. Let us begin by recalling the effective action for a set of linear multiplets
(L*, D) couplet to chiral multiplets N*. It takes the form!

L = —3iR+1— KyiyidN* AxdN' + 1Ko dL A 5d L
+LK e dDS A xdDy — $dDy A (K sk ANF — K dN) | (C.20)

where K (L, N,N) is a function of the scalars L* and the chiral multiplets N*. The

kinetic potential K is the analog of the Kahler potential in the sense that it encodes
the dynamics of the linear and chiral multiplets. In order to dualize the linear mul-
tiplets (L*, D}) into chiral multiplets (L, £,) one replaces dD) by the form D3 and
adds the term

L—L+0L, 0L = —265dDy = —2D) NdEy (C.21)

where &,(x) is a Lagrange multiplier. Eliminating &, one finds that dD3 = 0 such
that locally Dy = dDj as required. Alternatively one can consistently eliminate D3
by inserting its equations of motion

<D = ARP (A, + § (Ko AN = K e dNY) ) (C.22)
back into the Lagrangian (C.20). The resulting dual Lagrangian takes the form

L = —IR%1— KyiytdN* AxdN' + 1Ko dL® A 5d L (C.23)
+4KLKL>\ (dgli — %Im(KLan le)> N % <d€)\ — %Im(kLANk de>> .

!This action can be obtained by a straight forward generalization of the action for one linear
multiplet given in [73].
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Since we intend to use these results in the effective action for Calabi-Yau orientifolds,
we make a further simplification. We demand that the kinetic potential K is only a
function of L* and the imaginary part of N*, which we denote by ¥ = ImN¥*. This
implies that all chiral fields N* admit a Peccei-Quinn shift symmetry acting on the
real parts of N* as it is indeed the case for the orientifold setups. Thus the effective
Lagrangian (C.23) simplifies to

L = —IRx1—1KpudN* A%dN'+ LK o dLF A xd L (C.24)
FAREE (déﬁ + 1R dReNl) A (dé} + 1R dReN’“) .

This N = 1 Lagrangian is written completely in terms of chiral multiplets and there-

fore can be derived from a Kahler potential when choosing appropriate complex coor-

dinates N* and T, = (L*, £)). As we will see in a moment, a direct calculation yields

that this Kihler potential is the Legendre transform of K with respect to the scalars
L". Tt takes the form

K(T,N)=K(L,N—N)—2(T, +T,)L" (C.25)

where L®(N,T) is a function of the complex fields N*, T\. This dependence is im-
plicitly given via the definition of the coordinates T

Ty =i& + 1K) . (C.26)

However, in order to calculate the Kahler metric, one only needs to determine the
derivatives of L®(N,T) with respect to N*, Ty. They are obtained by differentiating
(C.26) and simply read

AL Ty = 2K | 9LFJON' = — LK P Ky (C.27)

Using these identities one easily calculates the first derivatives of the Kéahler potential
(C.25) as .
KTQ — —2La y KNA - %KZA . (028)

Applying the equations (C.27) once more when differentiating (C.28) one finds the
Kahler metric

Knp = —AK"Y | Kpga = iKMY Ko
KNANB = if(lAzB - if(lALa f(LaLﬁ KLﬁlB ) (C‘29)
with inverse
KToTs _iKLO‘Lﬁ + iKlALO‘ K™ Ky
KTN° = R R KV 2 a0 (C.30)

Finally, one checks that K (7T, N) is indeed the Kéhler potential for the chiral part
of the Lagrangian (C.24). This is done by plugging in the definition of T} given in
(C.26) and the Kéhler metric (C.29) into

L=—- Rx1— Kyuys dM" N*dM’ (C.31)
where M! = (N*,T)).
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