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Zusammenfassung

Diese Arbeit beschéftigt sich mit der Stabilisierung der Modulifelder bei den Kompakti-
fizierungen der Typ IIB String Theorie auf Orientifolds. Ein konkretes Verfahren fiir die
Konstruktion von Losungen, bei denen alle Modulifelder fixiert sind, bietet das KKLT-
Szenario. Wir untersuchen, auf welche Modelle das Szenario sich anwenden lasst, wenn
man auf Naherungen der originalen KKLT-Arbeit verzichtet. Wir finden, dass bei einer
Reihe von Modellen, ndmlich solchen ohne Komplexe-Struktur-Moduli, die Konstruktion
der konsistenten Losungen im Rahmen des KKLT-Szenarios nicht moglich ist. Die nicht-
perturbativen Effekte, wie D3-Instantonen und Gauginokondensate, sind ein weiterer Be-
standteil des KKLT-Szenarios. Sie fiihren zur Stabilisierung der Kahlermoduli. Wir geben
Kriterien an fiir das Erzeugen des Superpotentials infolge der D3-Instantonen bei einer
Calabi-Yau-Mannigfaltigkeit in Anwesenheit der Fliisse. Weiterhin zeigen wir, dass ob-
wohl die Anwesenheit des nichtperturbativen Superpotentials in den Bewegungsgleichun-
gen mit dem Einschalten aller ISD- und TASD-Fliisse korreliert, das Entscheidungkriterium
fiir das Erzeugen des nichtperturbativen Superpotentials nur von den Fliissen vom Typ
(2,1) abhéngt. Anschlieend diskutieren wir zwei Modelle, bei denen wir alle Modulifelder
stabilisieren. Dabei handelt es sich um Calabi-Yau-Orientifolds, die man durch eine Blow-
Up-Prozedur aus den Zg_;; und Zy x Z,4 Orientifolds erhalten hat.
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Chapter 1

Introduction

1.1 Why strings?

Relevant observations for high energy physics usually come from scattering experiments.
As possible sources one can either use accelerators built on earth or natural ones like the
sun for neutrinos or supernovae for highly energetic protons and electrons. In the seventies
a model was constructed which until now is very successful in describing the observed
scattering processes. The Standard Model of elementary particles consists of three families
of quarks and leptons, which are particles of spin one half. Their interactions are mediated
by spin one SU(3) x SU(2) x U(1) gauge bosons. Additionally, the Standard Model has
a spin zero Higgs boson needed for symmetry breaking. The dynamics is governed by a
Lagrangian with 19 free parameters such as gauge and Yukawa couplings.

Every day, we experience the force of gravity. Since it is about 10%> smaller than the
weakest interaction of the Standard Model, it has no relevance for scattering experiments,
but it is essential for the motion of objects at macroscopic scales. The theory which
describes gravitational interactions is General Relativity. During the last eighty years
since its formulation the theory of General Relativity has been very well confirmed by
experiments. Let us mention one of the first experiments and a recent one. In 1917, during
a solar eclipse bending of the light rays around the sun was observed. In 2004, the Gravity
Probe B Satelite was launched to test the predictions coming from General Relativity. Very
precise gyroscopes should measure two effects, the geodetic effect and frame-dragging. The
geodetic effect is the amount by which the mass of the Earth warps the local space-time
in which it resides. The other effect, called frame-dragging, is the amount by which the
rotating Earth drags local space-time around with it. The final results are expected by
the end of 2007, but from the already analyzed data it is clear that the geodetic effect is
confirmed to a precision of better than 1 percent [1].

Until now we have mentioned very successful models and some of their predictions
but we have remained silent about their restrictions and problems. The troubles which
we encounter are twofold. On one hand there are restrictions of the theoretical models,
like ill-defined regions of applicability and computational difficulties. On the other hand
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the observations which have been made recently probably do not destroy the established
models but demand their modification or enlargement.

Let us first discuss the underlying principles of the theoretical models in more detail.
The Standard Model is based on the framework of quantum gauge field theories. Because of
the mathematical complexity most of the calculations could be done only in a perturbative
regime of the coupling constant. Quarks at energies less than 1 GeV are strongly coupled,
which is why their computational description is very limited. Another problematic as-
pect are the ultra-violet divergences which appear in calculations of scattering amplitudes.
Renormalization is the standard way to handle the divergences by introducing some cut-
off A, behind which the divergences are hidden. The observable physical quantities are
required not to depend on A, so that the limit A — oo is well defined. If one takes the
cut-off to be of the order of a characteristic scale of the theory like the mass of the W
and Z bosons, the full theory can be replaced by an effective theory, which consists of the
renormalizable theory below the cut-off plus non-renormalizable interaction terms. This
suggests that quantum field theories could be regarded as effective theories of some more
fundamental theory. Another argument for the Standard Model not to be fundamental, is
its arbitrariness. There are too many parameters and it is not clear why we have three gen-
erations of quarks and leptons, why the interactions are so weak compared to the Planck
scale and so on.

General Relativity on the other hand is a classical theory and it is well defined in the
case of weak gravitational fields. In the case of strong fields, for example near black holes,
it collapses and produces singularities in space-time. Again, this could be interpreted such
that General Relativity is only a low energy limit of a more fundamental theory. We
can come to the same conclusion if we observe that classical theories like mechanics or
electrodynamics at short distances have been replaced by their quantized versions, which
later were recognized to be more fundamental. In the same way it could be expected that
the description of strong fields also need a quantum version of General Relativity. However,
its quantization seems to be impossible since it is not a renormalizable theory.

So far we have discussed the theoretical deficits of the underlying models. On top, there
are observational ones, of which we only mention two. During the last years different ex-
periments confirmed the phenomenon of neutrino oscillations, which implies the neutrinos
to be massive [2]. In the Standard Model, the fermions obtain masses from the interac-
tion with the Higgs-boson. This interaction needs fermions of both chiralities, however
observations give evidence only for the existence of left-handed neutrinos. The possible
mechanisms which would explain this, like for example the seesaw mechanism, are not part
of the Standard Model.

Another very interesting recent observation comes from the Wilkinson Microwave Ani-
sotropy Probe (WMAP) satellite. They are consistent with a universe made up of 74%
dark energy, 22% dark matter, and 4% ordinary matter. Since only part of the dark matter
could be built up by baryons and leptons, most constituents of dark matter are not known
3].

A possible candidate for a theory which overcomes the mentioned deficits is String The-
ory. It makes the assumption that quantum states (particles) are given by the modes of a
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quantized one dimensional object, a string. The interactions occur no longer at points, but
are smeared out over the worldsheet of the string, and the theory is finite. To be consistent,
such a theory needs to live in ten dimensions and to be supersymmetric. We assume that
ten dimensions factorize in our four-dimensional space-time and a compact six-dimensional
manifold. The nice feature of String Theory is that it has only one free parameter, the
string tension, and the gauge theories can be incorporated within a framework of open
strings. It incorporates a spin-two state, the graviton, and has General Relativity as its
classical limit. It seems that String Theory could unify the Standard Model and General
Relativity.

But what about the new observations which do not fit into the established models? In
spite of computational difficulties there are a lot of indications that all new observations
could be incorporated into the framework of String Theory.

During the last few years it was recognized that String Theory has a large configuration
space which means that we have many solutions to describe low energy physics [4]. Their
number has been estimated to be of the order 105% [5]. In this context one speaks about
the “landscape” of string solutions [6]. One of the reasons for the number to be so large is
the freedom of choice for the compact space.

By now, no selection rules for the choice of a unique solution is known. All of them
seem to be on the same footing. However, in our study of different aspects of String Theory
we should require its solution to be consistent with the physical observations. What are
the constraints on the solutions? On one side we should demand that at low energies the
solution has the content of the Standard Model. On the other side if we consider only
the vacuum solution without any particle states, then it should not have any additional
massless fields.

In this thesis we analyze the low energy description of String Theory and look for
the consistent vacuum solutions in four space-time dimensions. Since it is not obvious
that such solutions exist at all, one of the first steps in analyzing different mechanisms in
String Theory should be an explicit construction of such solutions. A compact space of a
given topology can be described by a certain number of shape and form parameters. In
four-dimensional space-time, these parameters appear as additional scalar fields. If String
Theory gives no restriction to the values of these parameters, then they could take any
value in four dimensions without changing the potential energy of the vacuum state. The
appearance of an additional massless field would correspond to a fifth force and contradict
our observations. Within String Theory, there are some mechanisms which could give
masses to these scalar fields and so far produce consistent solutions. Our goal is to analyze
the methods to construct such solutions and to present concrete examples.
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1.2 From strings to the low energy effective action

In the rest of this chapter we give an introduction to the main text. It is obvious that
such an introduction can not be very detailed and exhaustive. Since the subject of string
theory and already of string compactifications is huge, we will try to take a path in this
field to the point where the results of this thesis apply.

The calculations that we perform in the main text are not based on the string theory
action, but on its low energy pendant, namely supergravity action. In this section we
try to give a sketchy justification for the low energy action and explain why this type
of description is sufficient. We mainly follow the text book of Polchinski [7] and restrict
ourselves to the case without fermions.

The action of a moving string or Polyakov action! is

1
" 4ra!

S / BPog g™ G, (X)0, X X" . (1.2.1)
M

The prefactor ﬁ is the tension of the string, which has the dimensions energy per unit
length. o is the Regge slope? of the string, 0 = (0, o!) parameterizes the area swept by
the string, gu (o) is the metric of the string world-sheet. The functions X* define a map
from the string world-sheet into the physical space-time, and finally G, is a metric of the
target space. Here we do not make any assumption about the dimension D of the target
space.

This action has a set of symmetries, which should remain after quantization procedure:
D-dimensional Poincaré invariance, reparametrization invariance and invariance under lo-
cal rescaling of the world-sheet metric or Weyl-invariance.

After quantizing the string we find that the spectrum contains a state with negative
mass, a so called tachyon®; a massless state, which transforms as a 2-tensor under SO(D —
2), and infinitely many massive states. The mass squared of the lightest massive state
is 1/a’. The reducible representation of the massless state decomposes into a symmetric
traceless tensor, an antisymmetric tensor and a scalar.

A consistent quantization demands the number of dimensions of the target space to be
D = 26. If we include fermions the number changes to D = 10.

The action (1.2.1) is known in field theory as a non-linear sigma model. We expand the
path-integral around a classical solution: X*(o) = xf + Y*(o), where Y* are the quantum
fluctuations at a chosen point xf. The integrand of the action is given by

1
G (X)0, X0, X7 = (Guy@o) + G #0)Y + S G (T0) VY7 + ) YO
(1.2.2)

IThe action of a string which is proportional to the area swept by a string is the Nambu-Goto action.

The Nambu-Goto and Polyakov actions are equivalent, but the latter one is more suitable for quantization.
2The Regge slope is defined to be the maximum possible angular momentum per unit energy squared.
3Tachyons are not present in the consistent string theory with fermions.
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The coupling constants G, .(2y) and so on in the expansion involve derivatives of the
metric at the point zy. In a target space with curvature radius R., the coupling constant
G (o) is of order R_!, and therefore the full dimensionless coupling constant is of order
/"2 R7L.If the radius of curvature R, is much bigger than the characteristic length scale
of the string, then the coupling constant is small and we can use perturbation theory.
Additionally, if the limit o/*/2R! < 1 is fulfilled, no massive string states are created and
we can use the low energy effective field theory.

To derive a connection to supergravity, we have to consider the Weyl invariance in
detail. Without further explanation we say that Weyl invariance on a curved world-sheet
necessarily implies vanishing of the renormalization group beta functions. To calculate
the beta functions one can use the background field method, by which one picks a vacuum
expectation value - in our case it would be for the irreducible representations of the massless
2-tensor, G, By, ¢ - and makes an expansion around it. This needs to generalize eq.
(1.2.1) by adding backgrounds of other massless string states, B, and ¢. This leads to

/
G = 'Ry +2d'V,V,0 - %HWHVM + 02, (1.2.3)
/
5 _%V“wa + /V¥¢H, + O(?) | (1.2.4)
D-2 o /
p = - SV VLV~ S H 4 0(R) . (1:25)

Setting the beta functions* to zero gives us a set of equations of motion, which we can
also obtain from a space-time action of the form

1 _
S = o dPx(—G) 22 (—

2(D — 26 1
2D — %) o . T Hun H" 4 40,60" ¢ + (9(0/2)) :

(1.2.6)

The normalization constant kg is not determined by the field equations and has no physical
significance, since it can be absorbed by ¢. In the redefined action with a canonical
Einstein-Hilbert term, sy should be the observed gravitational coupling constant.

The upshot of this section is that the string action, which describes a two-dimensional
field theory, in some limit can be replaced by a field theory living in a D-dimensional
space-time.

1.3 Effective type IIB string theory, compactifications,
moduli problem

If we add fermions to the bosonic string theory, then there are five possible consistent
theories after the quantization. In this thesis we only consider one of them, namely of type

4The authors of [8] call them three beta functionals, since there is continuously infinite number of
couplings.
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IIB. The Latin number II means that we have two generators of supersymmetry in ten
dimensions, and B is in contrast to the type IIA theory. The difference is that in the type
IIB there are two gravitinos (fermionic fields with additional vector index) with the same
and in the type IIA with the opposite chirality .

Let us describe the massless bosonic spectrum of the type IIB theory. On the one
hand we have massless bosonic fields in the so called NS-NS-sector, gy v, By, ¢, and,
additionally, in the R-R sector C, Cyn, Cunpg with the corresponding field strengths
Fyr, Fynp and Fyynpor. In the following, we will use the language of differential forms
and the lower indices of fields will correspond to the degree of the form. The tree level
effective action of type IIB string theory is

1 10 2 »  Fo 1 LBy
Sun = gz [ 40V (e Ret 4V0Y) - - GG~
1 _
+8i/<; 5 /e¢C(4) N G(3) A G3) + fermionic terms , (1.3.7)
0

where g, denotes the metric and R, the scalar curvature of the target space. The subscript
s indicates the use of the string frame. G|3) is a combined three form

G = Fig) +15H) , (1.3.8)

where S is the axion-dilaton field S = iC o) + e~?. Additionally, the condition ﬁ@ = *ﬁ’(g))
must be imposed by hand. F(s) is given by

~ 1 1
EFig) = Fis) = 500 N + 5B A Fe) (1.3.9)

with H(g) = dB(g).

The Lagrangian (1.3.7) is formulated on a ten-dimensional manifold with Lorentzian
signature. To make a connection to the observed physics, one assumes that the ten-
dimensional space-time has a product structure

M179 = ./\/l173 X MG , (1.3.10)

where M 5 corresponds to the observed four-dimensional space-time and Mg is a compact
manifold.

We look for a vacuum solution which conserves supersymmetry. A supersymmetric
ground state is a ground state |2 > which is annihilated by the supersymmetry generator
Q. This is equivalent to the statement < Q{Q, U}|Q2 >= 0 for any field operator U, since
@ is hermitian and acts on a ket-vector in the same way as on a bra-vector.

The anti-commutator {Q, U} is the supersymmetric variation of U. For a bosonic U
the vaccum expectation value (VEV) of 0U is equal to the VEV of some fermion. In the
Poincaré invariant vacuum the VEVs of the fields with specified directions are not allowed,
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such that VEVs of fermions are zero. Therefore U is automatically zero. In the case of a
fermionic U this is not so, and one has to demand

0 (fermionic field) =0 . (1.3.11)

There are two types of fermionic fields in the ten dimensional theory: a gravitino v, and
a dilatino A. Let us consider a supersymmetric variation of the gravitino and see what
the requirement of supersymmetry means for the topology of the compact part of the
ten-dimensional space-time:

where the last term represents different contractions between NS-NS, R-R fields and gamma
matrices. Let us assume that in the vacuum state the VEVs of the RR-fields and H3 both
vanish.

In this case the condition for unbroken supersymmetry is

Vie=0,i=5,...,10 (1.3.13)

or

[Vi, Vj]e = Rijklfkle = 0. (1.3.14)

After some manipulation using gamma matrix and Riemann curvature identity one obtains
I'*Riye=0. (1.3.15)

It means that the condition of a supersymmetric vacuum state implies the Ricci-flatness
of the compact manifold. The existence of a covariantly constant spinor € is the condition
that the manifold has SU(3) holonomy. In other words if we parallel transport a spinor
along any closed loop on the manifold, then the new spinor will be rotated by an SU(3)
group element. Manifolds of SU(NN) holonomy are called Calabi-Yau manifolds. It can
be shown [9] that a manifold with SU(N) holonomy is equivalent to a complex manifold
with a closed Kahler form. The Kahler form is a 2-form J which is constructed from the
CY-metric contracted with the complex structure tensor J,,,"

J = I Gnpdz™ N da? | (1.3.16)
where the complex structure tensor J,,," must satisfy:

Tt I E = —6,," (1.3.17)

k k
Topologies of different Calabi-Yau manifolds are classified by their Hodge diamonds.
A Hodge diamond consists of all hodge numbers of a given Calabi-Yau. Hodge numbers
correspond to dimensions of the Dolbeault-cohomology groups on the Calabi-Yau, or in
other words, they correspond to the number of homologically non-equivalent cycles of the



8 1. Introduction

Calabi-Yau and the hodge numbers correspond to the number of parameters which fully
describe the geometry of the CY-manifold.

In three complex dimensions every CY-manifold is described by two hodge numbers:
h(1,1), he,1). All other numbers could be obtained either through some symmetry operations
hp,g) = P(gp) = Nz—p3—q) or they are completely fixed h 0y = h20) = 0, ho) = b0 = 1.

The parameters of the CY-manifold are called moduli. In the compactified four-
dimensional theories these geometrical moduli appear as scalar fields. From now on we call
them moduli fields, denoted z# in the four-dimensions:

1 —
S = /d4x§ (R(4) + gAgﬁuzAﬁ‘?B) . (1.3.19)

The indices A and B count the moduli fields and ¢,5 is the metric on the space of mod-
uli. Since the scalar fields are massless, the vacuum solutions of such a theory have flat
directions for every scalar field. For the observed physics this would be equivalent to the
appearance of a fifth force. It means that a consistent four dimensional vacuum solution
demands the absence of all massless fields. The scalar fields can obtain masses if we allow
non-vanishing VEVs of the form fields, which we have neglected so far.

The assumption of non-vanishing VEV for the form fields on a compact space modifies
the condition (1.3.13). The connection V gets a torsion. We should mention that on a
non-compact part of the target space the VEVs of the form fields are not allowed because
of Lorenz symmetry®. Solutions of the new equation are, usually, not manifolds of SU(3)
holonomy, and in general even not complex. Topological classes of the allowed supersym-
metric spaces could be classified with the use of torsion classes of the new connection in
eq. (1.3.13) [10].

We will restrict ourselves to the simplest case, so called conformal Calabi-Yau manifolds.
In this case we have a warped metric of the form

dsiy = AWy, datds” + e *AWgG,, dy™dy" (1.3.20)

where §,,,, is the Calabi-Yau metric and A(y) is a function depending on the coordinates
of the compact space.

Integrated equations of motion yield no-go theorem for compactifications to Minkowski
or de Sitter spaces [11, 12, 13]. Giddings, Kachru and Polchinski (GKP) showed that the
no-go theorem can be evaded by inclusion of some localized sources satisfying a certain
BPS bound involving their energy-momentum tensor. The localized sources, which one has
considered, are Dp-branes and O-planes. The full tree level action in the Einstein frame
has the following form

1
— | 3% /= —
22, A (R 2(ReS)2  12ReS 4.5l

1 / Ci NG A Gs)
8ik3, ReS

5 0SS G -Gy I )
I1IB - -

+ Shoc | (1.3.21)

5 An exception from this statement is a five form if it has non-vanishing components in all directions of
the non-compact space. In this case the Lorentz symmetry is not broken.
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where S, is the action of the localized sources.
The equation of motion for the warp factor which one obtains with the metric ansatz

(1.3.20) is

—mnp
€2A Gman

2 4A _
Vier = 12ReS

2
K
—|—€76A (amaama + ame4Aam€4A) + ¥62A<T$ . Tt)loc 7 (1322)

where a is a potential coming from the ﬁ5. Lorentz symmetry and the Bianchi identity
forces Fi5) to be of the form

ﬁ(5) = (1+ %) (da A da® Ada' A da® A da?) (1.3.23)

where « is a function on the compact space. The left part of (1.3.22) is a total derivative
and vanishes after the integration over the compact manifold. In the absence of localized
sources all other terms on the RHS are strictly positive and therefore have to vanish. This
produces the no-go theorem mentioned above.

In the case of a p-brane the localized term in eq. (1.3.22) has the form

(T =T = (7= p)T,0(3) , (1.3.24)

where 7}, is the tension of the p-brane and §(X) is a projector along the cycle which is
wrapped by the localized object. In string theory, there are objects with negative tension,
which can compensate strictly positive terms on the RHS of (1.3.22).
Additionally, the three form fields and localized sources should satisfy the Bianchi
identity N
dF5) = Hez) A Fis) + 263, Tsp5° (1.3.25)

where pi¢ is a D3 charge density from the localized sources; this includes also contributions

of the D7-branes and O3-planes. The intergrated form of the Bianchi identity is given by

1

N H A F loc = O 1326
s | Ho A Pl + @S (1.3.26)

and states that the total D3 charge from the supergravity background vanishes.
In terms of the potential a the Bianchi identity (1.3.25) becomes

—mnp

— Gmn G —
Via = ie*! féEeS ) + 2¢7540,,00™ ™ 4 2k2,* A T3 pl° (1.3.27)

Subtracting (1.3.27) from the equation of motion (1.3.22) we obtain

62A

6ReS
1
+2r7e* <Z(T$ —Th)ee — Tspéf’") . (1.3.28)

Vet —a) = iG gy = #6Gy|” + e o — )
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This gives us the following constraints

*GG(B) = iG(s),
€4A -
1
—(Tyr =T = Tspy©. (1.3.29)

4

D3, D7-branes and O3-branes satisfy the last constraint automatically. The second
equation gives a connection between the warping factor and the potential of the five-form.
And finally, the first equation gives us the constraint on allowed types of three-form fluxes.
The only types which satisfy this equation are fluxes of type (2,1) and (3,0). We call
them imaginary self-dual (ISD) in contrast to (1,2) and (0,3) types which are imaginary
antiself-dual (IASD).

Until now we have seen that it is possible to construct consistent supersymmetric so-
lutions in the low energy limit of type IIB string theory. But what are the advantages of
non-vanishing VEVs (turning on fluxes) of the form-fields?

One of the main reasons for the investigations of the flux solutions is that turning on
fluxes produces mass terms for the moduli fields in the four-dimensional effective theory.
The moduli fields which are fixed in this way are dilaton-axion and complex structure
moduli. To see how the stabilization works we go to four dimensions.

The form of the four dimensional N=1 supergravity Lagrangian is completely fixed by
three functions, the gauge kinetic function, Kahler potential and the superpotential. Only
the last two are relevant for the form of the potential. The superpotential is a holomorphic
function of the fields ®*, while the Kéhler potential is a real function, usually written in

terms of ® and &'. The potential is given by

V=K (KﬁDiWD;W - 3WW) (1.3.30)
with X
K\~ oW 0K
Ki= (22 pw =2 R 1.3.31
(a@a@) ’ 00 od (1.3.31)

The superpotential W and the Kahler potential K can be derived directly by dimen-
sional reduction [13] or other methods [14, 15]

K = -3n(T+T)-In(S+S5)+In (—2/ QA ﬁ) : (1.3.32)
M
W = / G(g) AQ (1.3.33)
M
where T' is a Kahler modulus, S axion-dilaton and €2 is nowhere vanishing holomorphic
(3,0)-form on the Calabi-Yau. Here we have assumed only one Kéhler modulus. In general,

the Kahler potential would have a more complicated form. In the main text we discuss
this in greater details.
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The requirement for supersymmetric solutions in four dimensions is the vanishing of
the Kéhler covariant derivatives with respect to all scalar fields. The scalar fields, which
we have in four dimensions, are h1)(Ms) complex structure moduli fields U*, h1,1y(Me)
Kéhler moduli fields 7% and an axion-dilaton S; all together 2(h(271) +han + 1) real scalar
fields.

DWW = 0pW +0pi KW =0 KW =0 — / G(g) A=0 — G(073) =0,
M

DyiW = 8UiW+8UiKW:/ G(g) /\Xi =0 — G(1,2) =0,
M
1

DsW = 0sW +dsKW = ——
Ti+ T

/ 6(3) AQ=0 — G(gp) =0, (1.3.34)
M

where y; is a basis of (2, 1)-forms on M.

The constraints in ten dimensions (1.3.29) are satisfied by the fluxes of type (2,1) and
(0,3). In four dimensions the requirement of supersymmetry makes further restrictions on
the fluxes by setting the (0, 3) flux to zero.

The upshot of the last part of this section is that if we are interested in the four-
dimensional supersymmetric solutions with stabilized complex structure moduli and axion-
dilaton, then we have to

e choose H3 and Fj-fluxes such that they satisfy the Bianchi identity (1.3.26),
e compute the Kahler potential K and the superpotential W,

e solve the supersymmetry conditions.

1.4 What is the KKLT scenario?

As we have seen in the previous section, the superpotential generated by fluxes depends
on the complex structure moduli and axion-dilaton. Equations (1.3.34) imply that at
the supersymmetric vaccum the values of these moduli fields will be fixed. Since the
superpotential does not depend on Kéhler moduli, the potential still has flat directions,
namely the directions corresponding to these moduli fields. Such a solution of the low
energy action has two obvious deficits. Besides the massless Kéahler moduli fields the
vacuum state is supersymmetric and Minkowski. Since we expect that the realistic vacuum
would be de Sitter and non-supersymmetric, there should be mechanisms within string
theory providing this.

Kachru, Kallosh, Linde and Trivedi (KKLT) proposed in their article [16] a scenario for
obtaining consistent de Sitter vacua in string theory (for review see ref. [17]). There are
perturbative and non-perturbative effects which can provide mass for the Kéhler moduli
fields. The perturbative effects are o’ and g,-corrections to the low energy action. The non-
perturbative effects are Eucledian D3-branes wrapping four-cycles of the compact manifold
and gaugino condensates produced by a stack of D7-branes.
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The effective action of the ten-dimensional superstring theory is a double expansion in
gs and o,

S =S + S + ...+ " S + ...+ SV + S + a8l (1.4.35)

where S are the Chern-Simons terms, S'°° the localized p-brane actions, and the expan-

sion in g, is subsumed. The first loop-corrections for the bulk terms appear in S¢).

These corrections lead to the correction of the four-dimensional supergravity. The
Kahler potential receives corrections at every order in the perturbation theory and non-
perturbative corrections whereas the superpotential receives only non-perturbative correc-
tions:

K = Ko+ K,+K,,
W = Wo+ W, . (1.4.36)

Computing the potential from the Kahler derivatives

DW= 0rWyy + (0rKo + 0r K, + 0rK,,,) Wo + W,y,)
DsW = 0sWy+ (0sKo+ 0sK, + 0sKy,,) (Wo + W)
DeW = Ou(Wo + W) + (90 Ko+ 0y Ky + 00 Eny) (Wo + Wyp) » (1437

we obtain at the supersymmetric minimum

V==35W? = 301+ Ko+ K,+Kpn+..)Wol? + |[Wpp|* + WeW,,p + WeW,,)
= Vo+Vip+ Vi, +..., (1.4.38)

where V, V,, V,,,, are
Vo~ IWol?, Vikp ~ IWO|?K, , Vi, ~ [Wapl? + WoW oy + WoW,, . (1.4.39)

We see that in the case of Wy = 0 the term Vi, vanishes. In a more general case with
Wy # 0 but still much smaller than one in suitable units the contribution from the Vi,
will still dominate the contribution from Vi, if Wy is of order W,,, and W,,,,/ K, < 1. This
is the regime of KKLT, in which we can neglect the perturbative corrections.

Let us assume that we have an orientifold with some axion-dilaton, complex structure
Kahler moduli. The orientifold action on the spectrum of the fields is introduced to obtain
N =1 from the original N = 2. For more details see Section (2.1.2).

One makes an assumption that all complex structure moduli and the dilaton-axion mod-
ulus are stabilized by ISD fluxes of (2, 1)- and (0, 3)-type, where one assumes that amount
of (0, 3)-fluxes is very small. Such a point in the moduli space is not supersymmetric, since
(0, 3)-flux breaks supersymmetry. However, we can see that this point is approximately
supersymmetric in the space of complex structure moduli and axion-dilaton modulus so far
the contribution from (0, 3)-fluxes is small. The perturbation of this point coming in the
next step from the non-perturbative effects is suppressed by the e=V?®). ¥ is the volume
of a fours-cycle in the compact space.
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Let Wy be the VEV of the superpotential after stabilizing axion-dilaton and complex
structure moduli. The Kahler potential and the superpotential are then of the form

K = =3Wn(T+T), (1.4.40)
W = W+ Ae " . (1.4.41)

At the supersymmetric minimum D7 W should be zero:

DoV — 0 — Wy — — Ao (%(Tcr YT+ 1) . (1.4.42)
To make the equations simpler we assume that the VEV of the axion (the imaginary part
of the modulus T) is zero, i.e. T'=T. From eq. (1.4.42) we see that the volume modulus
of the compact space is now fixed at some value T,,. The supergravity potential at the
supersymmetric minimum is then
a2 A2e—20Ter
% = —3e"W? = 1.4.43
TZTcr T:Tcr 6TCI' ( )
The supersymmetric point with all moduli fields fixed is an AdS-solution, since the value
of the potential at this point is strictly negative. To obtain a dS solution we make an
uplift by adding a small number n of anti-D3-branes to the setup. The reason why we add
space-time filling D3- and not for example D3-branes is that they do not have translational
moduli. They are already fixed by the ISD-fluxes. In the warped geometry D3-branes are
driven by energetic reasons to the end of the throat, part of the Calabi-Yau where the
warping factor is very large. The contribution to the potential from D3-branes is

D

Vm:ﬁ,

(1.4.44)

where D is proportional to n and the value of the warping factor at the position of the
brane. The full potential is then given by

T — — aAe=T Y aT D
V =" (K""DrWDzW — 3WW) + V5 = T3 (WO + Ae™" (1 + ?)) +

(1.4.45)
The form of the uplift term, AdS- and full potential is given in the figure 1.1, taken from
ref. [18].

The potential has a runaway behavior, and its minimum is only a false vacuum. The
authors of the KKLT scenario gave arguments that the false vacuum is sufficiently stable
to survive during the 10° years of cosmological evolution. Additionally, the life time of
the constructed dS vacuum is not longer than the recurrence time ¢, ~ e, where S is the
dS entropy. This is another condition which should by applied to a consistent dS vacuum.

One of the technical details which we did not mention before is the tadpole cancellation
condition. It should be provided for the full KKLT scenario, so after inclusion of D3-
branes. It means that at the step of the moduli stabilization with AdS vacuum the tadpole
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108 V(Re T)
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Figure 1.1: Scalar potentials for the model Wy = —=107%, A=1,a=0.1, D =3 x 107 in
a KKLT scenario: Vags in red, Vs in green, and Vieia in blue, taken from ref. [18].

cancellation condition is not fulfilled by the amount of the D3-branes which one includes
for the uplifting.

The other technical detail, which we did not mention is the condition for the pres-
ence of the D3-brane instantons and gaugino condensation. Here we will just give the
criteria and postpone the detailed explanation to chapter 3. As it was shown in [19] the
D3-brane instantons are present if the four cycle wrapped by the brane satisfies some
topological condition. In the original formulation by Witten [19] when the D3-brane
in question lifts to an Mb5-brane wrapping a divisor with the holomorphic characteris-
tic x(D) = Zp(—l)ph(o’p)(D) = 1 then the non-perturbative potential will arise. The
criteria for the presence of the non-perturbative superpotential coming from the gaugino
condensation will be disscussed in section 3.3.

The KKLT scenario attracted a lot of reseach in the last four years. Beside showing
the possibility of dS vacua in string theory, the scenario is very flexible (or in other words
allows fine tuning). It allows the variation of the extent of supersymmetry breaking and the
resulting cosmological constant of the dS minimum in two ways. We can vary the warping
of the compactification by changing the flux quanta and the number of the D3-branes.

1.5 Motivation and structure of the thesis

There are several points where the KKLT procedure could be criticized. The authors of
[16] assume that one can construct de Sitter vacua in three “independent” steps. First,
one fixes the complex structure moduli and the axion-dilaton by assuming a pure flux
potential. In the second step one adds the non-perturbative contribution to the fixed flux
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superpotential and solves the supersymmetry condition for the Kéahler modulus. In the
last step, one adds the uplift term. The correct procedure demands to do all steps at the
same time. Since this is not obvious, we demonstrate it in a simple example in appendix
B.

The several step procedure is actually needed to handle potential minimization in an
analytical way. It was argued in the original KKLT work [20] that since the masses of
the Kéahler moduli are much smaller than those of the complex structure and the axion-
dilaton, the position of the latter is perturbed only minimally. Choi et al. [21] considered a
model with one Kahler modulus and fixed complex structure moduli. They minimized the
potential in one step without integrating out the axion-dilaton field. The exact solution
they obtained could be seen to be a saddle point of the potential rather than a stable
minimum as obtained by the two step KKLT procedure.

Another ingredient of the KKLT procedure is a non-perturbative superpotential W,,,.
As we mentioned in section 1.3 it is produced either by D3-instantons or gaugino conden-
sation on a stack of D7-branes. The full expression of W, is not known and there is only a
certain criterion, which decides about the instanton contribution to the superpotential. In
general, this criterion is not sufficient. It is obtained by counting the number of fermionic
zero modes with respect to their chirality on a world-volume of the D3-brane. In section
3.1 we give an explanation of its origin following the paper of [19]. Since the original
formulation applies to the case of M-/F-theory without fluxes, it is not obvious that the
KKLT procedure would work in concrete examples. For the model under consideration
one needs to understand the effects of fluxes on the zero mode counting and analyze the
topology of four-cycles which are wrapped by the D3-branes.

The uplift procedure was criticized, too, insofar as the uplift term needs to be extra
fine tuned to obtain a long-living dS vacuum with small cosmological constant, which is
probably difficult to achieve. Since we do not touch this subject, we just mention that
there are few alternatives to the uplift-procedure [22, 23]. The last and may be the most
crucial critical point is the lack of concrete examples.

In this thesis, we discuss the points mentioned above. We find that the KKLT procedure
has certain restrictions concerning its applicability. Additionally, we show in which way
the procedure should be modified. This will concern the choice of four-cycles responsible
for the generation of non-perturbative effects. Finally, we give concrete examples with all
moduli fixed following the steps of KKLT.

The next three chapters constitute the main part of the thesis and deal with different
aspects of the KKLT scenario. In chapter 2, we discuss flux quantization and moduli
stabilization in toroidal type IIB Zy and Zy x Zjs-orientifolds, focusing mainly on their
toroidal limits. After giving a short introduction of their moduli spaces and effective
actions, we study the supersymmetric vacuum structure of these models and derive criteria
for the existence of stable minima.

In chapter 3 we discuss the criteria for the presence of the non-perturbative superpoten-
tial generated by the Euclidean D3-branes wrapping four-cycles in the compact manifold.
In the first part of this chapter, we show how the presence of background fluxes of type
(2,1) change Witten’s criterion in the case of a Calabi-Yau threefold. As mentioned in the
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introduction, the topology of the divisor should fulfill some topological constraint, namely
its holomorphic characteristic y should be 1. This geometric criterion comes from the de-
mand to have two fermionic zero modes on the world volume of the D-brane. In the second
part of this chapter we study the effect of background fluxes of general Hodge type on the
supersymmetry conditions and on the fermionic zero modes on the world-volume of a Eu-
clidean M5/D3-brane in M-theory /type IIB string theory. Using the naive supersymmetric
variation of the modulino fields to determine the number of zero modes in the presence
of a flux of general Hodge type, an inconsistency appears. This inconsistency is resolved
by a modification of the supersymmetry variation of the modulinos, which captures the
back-reaction of the non-perturbative effects on the background flux and the geometry. In
the third part of chapter 3, we give a short overview of the criteria for the presence of the
non-perturbative superpotential generated by the gaugino condensation.

In chapter 4, we use the results from the previous chapters to construct models of
resolved Zg and Zs X Z,4 orbifolds with all moduli fields stabilized. The results of chapter
2 give us a hint which models we should consider and chapter 3 gives us a tool to decide
whether the non-perturbative superpotential is produced.

The conclusions contain the discussion of the results.



Chapter 2

Vacuum structure of orientifolds in
the orbifold limits

This chapter is based on the material published in [24] and [25].

2.1 Calabi-Yau orientifolds of type 1IB with D3/D7—
branes

We start with a type IIB compactification on a Calabi-Yau (CY) manifold Ys. This leads
to N=2 supersymmetry in D = 4 dimensions. The geometry of the manifold Yj is described
by h@,1y(Ys) Kéhler moduli and A 1)(Ys) complex structure moduli. These moduli fields
represent scalar components of N=2 hyper— and vector multiplets, respectively. Together
with the universal hypermultiplet we have h(1)(Ys) + 1 hypermultiplets and h1)(Ys)
vector multiplets.

To arrive at N=1 supersymmetry in D = 4 we introduce an orientifold projection O,
which produces orientifold O3— and O7-planes. To cancel tadpoles and to construct models
of phenomenological interest we add D3— and D7-branes. The orientifold projection O
26, 27]

O=(-1)*tQo (2.1.1)
acting on the closed type IIB string states is given by a combination of world—sheet parity
transformation 2 and a reflection ¢ in the internal CY space. The CY geometry Yg modded

out by the additional involution ¢ is labeled by Xg. To obtain O3/O7—planes the action o
must act holomorphically and satisfy

" Q0 = —Qs0) (2.1.2)

with €3y the holomorphic 3—form of the Calabi-Yau manifold X.
Due to the holomorphic action of o, the latter splits the cohomology groups H 9 (Yj)

into a direct sum of an even eigenspace Hj(Lp ) (Xg) and an odd eigenspace H"?(X¢) [27].
Since the Kahler form J is invariant under the orientifold action, it is expanded w.r.t. a
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basis of Hil’l) (X6). On the other hand, because of (2.1.2), the holomorphic 3—form 23
may be expanded w.r.t. a real symplectic basis (avy, 3*) of H®(Xe) | ie.

By (Xo) hia 1) (Xo)
J = Z tk wr Q(B,O) = Z X)\CYA - FAﬁA s (2.1.3)
k=1 A=0

with (X*, Fy) the periods of the original Calabi-Yau Manifold Ys. Furthermore, in type
IIB orientifolds with D3— and D7-branes, the NS-NS two—form B, and the R-R two—form
(5 are odd under the orientifold action (—1)f2). Hence, they are expanded w.r.t. a basis
of the cohomology H"(Xg), ie.

his )y (Xe) By )y (X6)
By= Y bMw, , Ch= > "w,. (2.1.4)
a=1 a=1

In type IIB orientifolds the fields b* and ¢* give rise to hgi)l)(Xﬁ) complex scalars
G'=ic"—Sb , a=1.. hi)(Xe) (2.1.5)

of N=1 chiral multiplets [28], whose VEVs eventually should be fixed. Clearly, D3— and
D7-branes may be wrapped only around 4—cycles whose Poincaré dual 2—form is an element
of H%(Xs). In addition, there is the dilaton field S:

S=e % 1iC (2.1.6)

with @19 the dilaton field and Cj the Ramond scalar in D = 10. The parameter space of S

is locally spanned by the coset
SU(1,1)
Mg=—7"2=. 2.1.7
.= 20 (2.7
Furthermore, we have: e~?10 = ¢=% Vol(Xg)~'/2, with Vol(Xg) the volume of the com-
pactification manifold Xg.

Without D—brane moduli, locally the closed string moduli space M is a direct product
of the complex dilaton field S, the Kéhler My and complex structure moduli Mcg [29](see
also ref. [30, 31, 32, 28]):

M=MsgQ3 Mg Mcs . (2.1.8)

To summarize, in addition to the dilaton field S a CY orientifold compactification Xg

has hgi)l)(XG) Kihler moduli ¥, hE;)l)(XG) scalars G* and h, ;) (Xs) complex structure
A

moduli u*. As shown! in table 2.1, under the orientifold action O the original set of
ha 1y (Ys) + 1 N=2 hypermultiplets and h(21)(Ys) N=2 vectormultiplets is split into a set
of N=1 chiral and vectormultiplets.

'Here and in the following, where no confusion with the orientifold action 2 may occur we shall use
for Q(370) .
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1 dilaton S chiral multiplet J Xe QANGs ISD 3-form flux G5
h§5)1>( 6)  CS moduli u? chiral multiplets fXﬁ QAGs  ISD 3-form flux G
hg;’)l)( 6)  Kahler moduli  tkpF  chiral/ e T D3 instanton
linear multiplets gaugino condensation
hg1 )1)( 6) add. moduli b%,¢*  chiral multiplets [, JA By calibration
(D, G*)? massive vector
hg)l)( 6) add. vectors Vi vector multiplets - -

Table 2.1: Moduli of Calabi-Yau orientifold Xg and their stabilization mechanism.

The additional hE;—)l)(XG) vectors (and their magnetic duals) arise from the Ramond

4-form Cy reduced w.r.t. the cohomology Hf) (Xs). Besides the dilaton field S in the
Kéhler potential for the moduli fields

K=-In(S+5)-2n (é/XSJ/\J/\J) —1In (—z'/XGQ/\ﬁ) (2.1.9)

only the h (X6) invariant Kihler moduli ¢* and the ha (Xe) invariant complex structure

moduli enter eXpllcltly However, the string theoretical Kiahler moduli ¢/ are not yet scalars
of an N=1 chiral multiplet. After defining the proper holomorphic moduli fields 77 (in the
string frame?) [28]

Tj = Z ’Cjkl tk tl - g 6¢10 ICjbc @b (G +§)c

1
+gi <pf—§lcjbc & lf) . (2.1.10)

the second term Kxp = —2InVol(Xg) = —21In ¢/C;t'¢7t* in (2.1.9) may be expressed in
terms of the N=1 fields 7. This way, in the low—energy effective action of type IIB CY
orientifolds, the fields G® do enter the Kihler potential for the Kahler moduli t* through

eliminating the moduli t* via the definition (2.1.10). By that the Kéhler potential K for
the hﬁrl) (X¢) Kéhler moduli 77 becomes a complicated function Ky (S, 77, G*) depending

on the dilaton S, the hEl 1y(X6) moduli TV and the h(1 1)(X6) moduli G* [28]. In (2.1.10)
the axion p’ originates from integrating the RR 4-form along the 4-cycle C;. The full

Kahler potential
K=—-In(S+S)—2InVol(X¢) + Kcs (2.1.11)

2In the Einstein frame the Kéhler moduli t* are multiplied with e~2910_ In the Einstein frame the CY
volume reads Vol(Xg) = te™ 2910 [y titIt".
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for the dilaton S, h{;) (Xs) Kéhler moduli T*, h{; )

(1) (Xe) scalars G* and hE;i)(XG) complex

structure moduli takes the form [28]:
K=—-In(S+8)+ Kgnu(S,T7,G*) + Kcs (2.1.12)

To illustrate the structure of the modified Kahler potential, let us briefly discuss the
case hg)l) (Xg) =1= hgi)l)(Xﬁ). The Kéhler potential for the single Kahler modulus ¢ is:
Kru(t) = —2Int3. With the intersection numbers Ky = 6, K; = 6t2 and Ky = 1 we
derive from (2.1.10)

_ 9 2 3 b10 Y ral 3. 1
T—2t g € G(G+G)+22 p 20() ,
and the full Kéhler potential (2.1.12) becomes:

— 1 — 3 (G+G)?
K=—-In(S+Y9) 31n9 T+T+4 5139 }+Kcs. (2.1.13)
Before adding background fluxes, in the effective D = 4 action the fields S, u?, ¢/, b?
and ¢* have flat directions, i.e. no potential is generated for them and their VEVs may
assume arbitrary values in their moduli spaces. Fixing these moduli through some F— or
D—term potential is the main topic of the chapter 4. In the two last columns of table 2.1
we have shown the different mechanisms how to stabilize these moduli.

2.1.1 Type IIB orientifolds of resolved Zy— and Zy x Z,—orbifolds

In chapter 4 we shall investigate moduli stabilization for type IIB orientifold compactifi-
cations Xg. We shall discuss orientifolds Xg of the resolved toroidal orbifolds Yj

Yy =TT, I'=7Zy, Zn X Zy (2.1.14)

with orbifold group I'. To define the orbifold compactification Xg, we must specify the
six-torus 7 and the discrete point group I'. We will restrict ourselves to orbifolds with
Abelian point group without discrete torsion. The point group element € can then be
written as 0 = exp[2mi(vI M2 + v2M3* + v3M59)], where the M¥ are the generators of the
Cartan sub-algebra and 0 < |v’| < 1, i = 1,2, 3. To obtain N=2 supersymmetry, the point
group I' must be a subgroup of SU(3). This gives us +v' & v? & v* = 0. This condition
together with the requirement that I' must act crystallographically on the lattice specified
by T° leads to I' being either Zy with N = 3,4,6,7,8,12 or Z); x Zy with N a multiple
of M and N = 2,3,4. Zg, Zg and Zj5 have two inequivalent embeddings in SO(6). We
will use the standard embeddings, as given e.g. in [33].

In table 2.2, we give a list of possible Zy and Zy X Zj; orbifolds, together with the
torus lattices they live on and their Hodge numbers.

The twist elements 0, ...,0"~! produce conical singularities. In a small neighborhood
around them, the space locally looks like C?/I" (isolated singularity) or C?/T® x C (non-
isolated singularity). In ref. [34] these singularities are resolved using the methods of toric
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Zy Lattice ht‘ftl")v ht‘;tl")v hg”ls)t hE‘Q’”f)t
Zs SU(3)3 9 0 27 0
Z, SU(4)? 5 1 20 0
Z, SU(2) x SU(4) x SO(5) 5 1 22 2
Z, SU(2)% x SO(5)? 5 1 26 6
Zo 1 Gy x SU(3)? 5 0 20 1
Zo_ 1 SU(3) x G3 5 0 24 5
Lo 11 SU(2) x SU(6) 3 1 22 0
Zo11 SU(3) x SO(8) 3 1 26 4
Zo 11 SU(2)% x SU(3) x SU(3) 3 1 28 6
Lo 11 SU(2)% x SU(3) x Gy 3 1 32 10
Z; SU(7) 3 0 21 0
Zs g SU(4) x SU(4) 3 0 21 0
Zs g SO(5) x SO(9) 3 0 24 3
Zs_ip SU(2) x SO(10) 3 1 24 2
Zs pr SO(4) x SO(9) 3 1 28 6
Zys g Eg 3 0 22 1
Zis g SU(3) x Fy 3 0 26 5
Zis g1 SO(4) x Fy 3 1 28 6
Zy X 7y SU(2)° 3 3 48 0
Zo X 2y SU(2)% x SO(5)? 3 1 58 0
Zo X Zg SU(2)? x SU(3) x Gy 3 1 48 2
Zo X L SU(3) x G2 3 0 33 0
Z3 X 73 SU(3)3 3 0 81 0
Z3 X Zg SU(3) x G2 3 0 70 1
ZyxZy SO(5)3 3 0 87 0
Ze X Zg G3 3 0 81 0

Table 2.2: Twists, lattices and Hodge numbers for Zy and Zy x Z,,; orbifolds.

geometry resulting in a smooth Calabi-Yau space Yy. Afterwards a consistent orientifold
action O is introduced, resulting in the Calabi-Yau orientifold Xg. After resolving the
orbifold, three kinds of divisors D appear, namely E,, D;,, and R;. The divisors F, are
the exceptional divisors arising from the resolution of an orbifold singularity f, (or an orbit
under the orbifold group), while the divisors D;, denote hyperplanes passsing through fixed
{2 = Z}ipea.0}- The divisors R; = {2' = c} for ¢ # 2,04, are hyperplanes
not passing through a fixed point [34]. As opposed to the D, they are allowed to move.

points: D, =
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r hii) Piw r At P
75 23 13 Zs 11 27 4

7, 25 6 Zs 11 31 0

Z, 27 4 Zis 1 18 6

Z, 31 0 Zio_ 1 22 6

Ze_ 1 19 6 Zio 1 31 0

Ze_ 1 23 6 Zo X 7y 51 0

Ze_ 11 19 6 Zo X 7, 61 0

Ze 11 23 6 Zo X Zg 51 0

Ze_ 11 21 8 Zy X Zg 36 0

Ze 11 25 8 Zs X 75 47 37
Z 15 9 Zs %X Zg 51 22
Zs_ 1 24 5 7, <71, 90

Zs_ 1 27 0 Ze X Zg 84 0

Table 2.3: Hodge numbers h;1)(Xg) after the orientifold action

Some divisors F (or divisor orbits under the orbifold group on the 7°) in the geometry
of the covering space Y may not be invariant under the orientifold action o. In this case,
a pair of divisors (E;, E,), which are eigenstates (with eigenvalues £1) under o may be

constructed. To this end, the original number of divisors h1,1)(Ys) is split into h (XG)

even and h N (XG) odd divisors. These numbers are determined for the orlentlfolds of the
resolved orblfolds 2.1.14 in ref. [34] and are displayed in table 2.3.

We choose the orientifold action such that it gives rise to O3—planes and O7—planes. On
the local C3/T" patches, an involution, possibly involving the new coordinates associated
to the exceptional divisors is chosen, see Section 5 of [34].

Since each O7-plane induces —8 units of D7-brane charge, we choose to cancel this
tadpole locally by placing a stack of 8 coincident D7-branes on top of each divisor fixed
under the combination of the involution and the scaling action. Each such stack therefore
carries an SO(8) gauge group. For the D3-brane charge, the case is a bit more involved.
The contribution from the O3-planes is (in the orientifold quotient Xg of Yg)

1
Q3(03) = —7 "os

where nps denotes the number of O3—planes. The D7-branes also contribute to the D3—
tadpole (in the orientifold quotient Xg)

:__ ZnD'YaX :
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where np7, denotes the number of D7-branes in the stack located on the divisor D,.
As we have seen, the D, can be local D—divisors as well as exceptional divisors E. The
last contribution to the D3-brane tadpole comes from the O7-planes (in the orientifold
quotient Xg):

Qu(0n) = 1 3 X2

So the total D3-brane charge that must be cancelled is:

nos 1 (npra+4) x(Dy)
= —— — — ’ . 2.1.1
Q3 tot 1 5 Ea 2 ( 5)

These are the values for the orientifold quotient Xg, in the double cover Yj this value must
be multiplied by two (cf. Section 4.3). Because we would like to avoid mobile D3-branes,
this tadpole will be saturated by 3—form flux Gj.

The formula (2.1.15) for the total D3-brane charge Q3 so: differs from the known tadpole
equation for the singular orbifold case by the second term. The latter is induced by
the curvature of the D7-branes which is absent in the singular case. In that case, the
number of orientifold O3-planes is always 64, i.e. nps = 64, and (2.1.15) boils down to
Qs.10t = —16 [35]. In the CFT description, this tadpole originates from the total leading
divergent contribution of the Klein bottle amplitude Zi(1,1) of the untwisted orbifold
sector. However, there are additional tadpole contributions from other orbifold sectors to
be cancelled. More precisely, the tadpole arising from the Klein bottle amplitude Zx (1, 0%)
and in addition for even N the Z,twisted tadpole related to Zx(6™/2,6%) have to be
cancelled (k = 0,...,N — 1). The tadpoles from the sector (1,1) and for even N also
from the sector (1,0"/2) may be cancelled by introducing the right amount of D3-brane
(or/and 3—form flux) and D7-branes, respectively. On the other hand, the divergences of
the Klein bottle amplitude Zx(1,6%), k # 0 or for even N from the combination Zx (1, 6%)+
Zic (N2 0%) | k # 0, N/2 can only be cancelled against any of the annulus and Mébius strip
contributions in the case that the orbifold group I is Zs, Z¢_;, Zs_11, Z7 or Zqo_1 [36] or
Zo X Zo,Zs X L3, Zs X ZLg, Lo X L3, 2o X Zg,Zs x Z [37]. Hence singular orbifolds have
much more constraining tadpole equations, which are non—trivial to fulfill for all Zy— and
Zy x 7y orbifolds. However, if one introduces discrete torsion or vector structure tadpoles
from all orbifold sectors may be completely cancelled in all singular orbifold cases [38].

Nevertheless, the orientifolds Xg constructed geometrically in ref. [34] in the large
radius regime from resolved orbifolds Ys need not have a CFT counterpart in their orbifold
limit, since D—branes (in particular stacks of D7 and O7-branes) wrapping cycles which
vanish in the orbifold limit, give rise to extra non—perturbative states in the orbifold limit.

2.1.2 Type 1IB orientifolds of toroidal limits

In the previous section we discussed CY-Orientifolds obtained by resolving orbifolds of Z
and Zy x Zy-type. Now we shall discuss the case of their toroidal limits.
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To obtain an N=1 (closed) string spectrum, one introduces an orientifold projection
QI,, with € describing a reversal of the orientation of the closed string world—sheet and
I,, a reflection of n internal coordinates. For €2[,, to represent a symmetry of the original
theory, n has to be an even integer in type IIB. Generically, this projection produces
orientifold fixed planes [O(9 — n)-planes], placed at the orbifold fixed points of T°/I,.
They have negative tension, which has to be balanced by introducing positive tension
objects. Candidates for the latter may be collections of D(9 — n)-branes and/or non-
vanishing three—form fluxes H3 and C3. The orbifold group I' mixes with the orientifold
group €2I,. As a result, if the group I' contains Zs—elements 6, which leave one complex
plane fixed, we obtain additional O(9 — |n —4|)— or O(3+ |n — 2|)—planes from the element
Q0.

The geometry of the orbifold X is described by h¢ 1y(Xs) Kéhler moduli 7% and
h(2,1)(Xs) complex structure moduli U*, which split into twisted and untwisted moduli.
In the following, the dimension of the latter is denoted by A1) (Xs) and A5} (Xe), re-
spectively.

Depending on the numbers ht‘ftl")v, hkl;tlv)v of untwisted Kahler 7° and complex structure
moduli U7, the generic (untwisted) moduli spaces My, M¢s appearing in toroidal orbifold
compactifications are described by the following six different cosets [39, 40, 41, 42]

MY =3, hiph =0,1,3 :© Mg= (%)3 , Mes = <%)h€2ﬂg ;
hityy =5, higy =01+ Mg= SU(2) fggé))x o)~ <Slé((11,)1)) ’
geh)
Me= (o)
MY =9, hgh =0 + Mg= SU(3) f g%)x U(l)
(2.1.16)

The numbers hEVfif)t', h&“f)t depend both on the orbifold group I' and the underlying torus

lattice T [43]. The corresponding Kahler potentials for the spaces (2.1.16) are known from
heterotic string compactifications [40]:

3 | rESy |
W =3 MBS =013 Ke==) (T4 T) , Kes== 3 W@ +U0),
i=1 j=1
P =5 B =01 ¢ K= —lndet(T9+T) —n(T°+7T"),
Y
Kes=— Y W@+,
j=1

P —g R =0 K= —Indet(TY +T7) . (2.1.17)
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The parameterization of the moduli fields 7%, 4" in terms of the data of the torus, i.e.
the real metric g and the discrete symmetries of the underlying effective field theory, was
elaborated in ref. [24].

There is one important difference when compactifing the heterotic and type IIB string
on the same six-manifold Xg. In the heterotic string, the complexification of the Kahler
moduli 7 is achieved through the Neveu—Schwarz antisymmetric tensor By, while in the
orientfolds we discuss here, this is accomplished with the Ramond 4—form Cj4. Moreover,
while the string-theoretical moduli fields 7 define proper complex scalars of chiral N=1
multiplets in D = 4 heterotic compactifications, they do not enjoy this property in type
IIB orientifolds. More precisely, in type IIB the axionic part of the complexified Kahler
modulus 7 is given by some internal component of the Ramond 4-form Cj, i.e. the 4
cycle integral fC Cy, while for the heterotic compactification on the same manifold X,
the Kihler moduli are complexified with some internal part of the NS 2-form B, i.e.
fcj By, with some 2—cycle C;. Since h9)(Xs) = h(1,1(Xe), from the cohomological point
of view, there is not much difference, as the 2—form w;, which appears in the expansion
of By, is the Poincaré dual of the 4—cycle C;. An other peculiarity in type IIB orientifold
compactifications with wrapped D7-branes is that the Kihler moduli 7 following from
the geometry of the manifold X4 do not represent scalars of chiral N=1 multiplets in D = 4.
One has to define new moduli 7%, which refer to the underlying effective field theory and
lead to the correct effective field theory description. In fact, a quite general formula may be
given, which relates the h; 1) string theoretical moduli fields 7 to their field-theoretical
analogs T":

T = Vol(Xe(7T7? ’ Cy . 2.1.18

e VT 4 [ G (2.118)
Here, Vol(Xs(77)) is the volume (in string units) of the internal manifold X4 expressed in
terms of the Kihler moduli 77, defined in type IIB on Xj.

As we may see from the list (2.1.16), the complex structure moduli space is much
S(Ljf(i)l)'
orbifold examples, the complex structure moduli ¢* are fixed through the orbifold twist,
ie. hzl;tl‘g’ = 0. Only in the case when the orbifold has Z,-subelements, some U’ remain
unfixed. Except for the twist Z, x Z,, there may only exist one such Zs—element in order
to preserve N=1 supersymmetry in D = 4. Hence, for Zy X Z, we have hk‘;tl")v = 3,
while all other orbifolds with Zs—elements have huntw = 1. On the other hand, in type

IIB orientifolds the complex structure moduli 2/ followmg from the string background Xg
already describe scalars U* of N=1 chiral multiplets in D = 4. Hence, we have:

simpler, as this space only consists of factors of Furthermore, in many of the

U=U , i=1,....hg% . (2.1.19)

2.1.3 Three—form flux G5 in Zy and Zy x Z);,—orbifolds

Let us now give non-vanishing VEVs to some of the (untwisted) flux components H,;;, and
Fji, with F3 = dCy, H3 = dB,. The two 3-forms Fj, H; are organized in the SL(2,Z)g
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covariant field:

On the torus T, we would have 20420 independent internal components for H. ijk and Fijp.
However, only a portion of them is invariant under the orbifold group I'. More precisely,
of the 20 complex (untwisted) components comprising the flux G3, only Qhkgl’tlv)v'(XG) +2
survive the orbifold twist. The orientifold action Q(—1)%* I producing O3-planes does not
give rise to any further restrictions. If the orbifold group I' contains Zs—elements 6 which
leave the j—th complex plane fixed, we also encounter O7;-planes transverse to the j-th
plane. Since I} = I, the orientifold generator Q(—1)"*I] does not put further restrictions
on the Qh?;tl‘g’ (X6) +2 twist invariant components. Hence, the allowed flux components are
most conveniently found in the complex basis, in which the orbifold group I' acts diagonally.
In the following, we shall concentrate on the orientifold /orbifolds 7°¢/(T" + I'Qlg), with T
being one of the orbifold twists Zy or Zy X Zj,; encountered above. Note that O7—planes
appear in the case that the orbifold twist I' is of even order.

The most general 3—form flux G3 on T° has 20 components, which appear in the ex-
pansion

1

W (CJWCJ. +Dijj) (2121)

3 6
=1

Gs =Y (A'wa, + B'wg,) +

1=0 J

w.r.t. the complex 3-form cohomology H? = H®0 ¢ HGYD ¢ H12) ¢ g 03);

wa, = dPANdZPPANdP , wp, =dZ' AdZ N AZ
wa, = dZ'ANdZP N2 wp, =d NdZPAAE
wa, = dZ'ANdPNAZ? , wp, = dZ ANdZPNdE
wa, = dPANdZPF AN, wp, =dZ ANdZNADP
we, = d' NdZ' AP, wp, =d2t ANdZ A dE
we, = dZ'ANdZ'ANd? , wp, =dzt NdEPAdE
wo, = dz' NdZPANdZE, wp, =dz' ANd2P A dE
we, = dZ2NdZ2NdZP, wp, =dP NdZEANdZ
wo, = dz' NdZPPANdZ, wp, =dz' NdZP A dF
we, = AP AP NdE | wp, =dZ NdPANDZ . (2.1.22)

The wy,, wp, correspond to flux components with all one-forms coming from different
planes, while the w¢,, wp, are flux components with two one—forms coming from the same
plane. The latter we have just written down for completeness, as they are projected out
in all orbifolds. In the Zy x Z5 orientifold /orbifold, which allows for the largest number of
(untwisted) fluxes [35], all wy, and wp, remain, whereas in most other orbifolds only wa,
and wp, survive. That the (0,3) and (3, 0)-flux always survive is quite clear, as the (3,0)-
flux corresponds to the Calabi-Yau 3-form (2, which is always present, and the (0, 3)-flux
to its conjugate.
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While in the form (2.1.21), the cohomology structure of G3 is manifest, in order to
impose the flux quantization on Gj, i.e.

1 1
WL F3 c o Z s W/C H3 c o Z s (2123)
3 3

with some integer ng (depending on the orbifold group I') to be specified later, one has to
transform the forms (2.1.22) into a real basis of the following 20 elements

ag =dxt Ndx? ANdx? , B° =dyt Ady? Ady?
a;p =dyt Nda® Ndzd B = —da! Ady? Ady?
ay =dr' Ndy* Ndx? B2 = —dy Ada? Ady?
a3 =drt NdP ANdy? B3 = —dyt Ndy? Nda?
v =drt Adyt Adx? 6 = —dy? Adad A dy?
vo =dat ANdyt Ndad 62 = —da? Ndy? Ady?

v3 =drt ANdx? ANdy? 63 = —dyt Adaxd A dy?

ya =drP ANdy? Ndx® 6t = —dxt Adyt A dy?

vs =drt AdxP ANdy? 65 = —dyt Ada? A dy?

v6 =dr* ANdad Ady? 6% = —dat Adyt Ady?, (2.1.24)

with the six real periodic coordinates %, y* on the torus TS, ie. zt 2 :E’ +1and y* =yt +1.
The basis (2.1.24) has the property fX(s a; A3 =4, er v A 87 = &, with the choice of
orientation [ Xe dxt A da® A dad A dyt A dy? A dy? = 1. In real notation, the flux has the
form:

3

6
20/ Z a' +1iSc) oy + (b; +iSd;) 3 +Z (e +iSg”)v; + (f; + iSh;)é’] .
=0 Jj=1

(2.1.25)
In this basis, the SL(2, Z)s—covariance of G'3 is manifest. The coefficients a’, b;, €', f; refer
to the Ramond part of G35, whereas the coefficients ¢!, d;, ¢°, h; refer to the Neveu-Schwarz
part.
To pass from the complex basis (2.1.22) to the real basis (2.1.24), one introduces com-
plex structures, i.e. the complex coordinates:

3
dzl = Z p{ dxi+7'ij dy' ., j=1,2,3. (2.1.26)

i=1

Most of the parameters pg and Tij are fixed through the orbifold twist I', with only those
remaining undetermined, which correspond to the Zs—elements of I'. The latter are even-
tually fixed through the flux quantization condition (cf. appendix B of ref. [25]). As we
shall see in a moment, the specific values of the constants p? and 77 are relevant for finding
flux solutions.
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Let us briefly comment on the integers ng, introduced in the flux quantization condi-
tions (2.1.23). It has been pointed out in ref. [44], that there are subtleties for toroidal
orientifolds due to additional 3-cycles, which are not present in the covering space T°. If
some integers are odd, additional discrete flux has to be turned on in order to meet the
quantization rule for those 3—cycles. We may bypass these problems in the Zy (Zy X Zs)—
orientifolds, if we choose the quantization numbers to be multiples of ng = 2N (ng = 2NM)
and do not allow for discrete flux at the orientifold planes [45, 46, 47]. Note, that for
hg“f)t # 0, in addition to the untwisted flux components H;j; and Fj;; there may be also
NS-NS- and R-R—flux components from the twisted sector. We do not consider them here.
It is assumed, that their quantization rules freeze the blowing up moduli at the orbifold
singularities.

To illustrate the above procedure, we shall discuss the Zg_;; orbifold with the lattice
(SU(2))? x SU(3) x G4 and present the fluxes compatible with the complex structures of
this orbifold. We will present only one example, while the other orbifolds are treated in
appendix B of ref. [25].

At this level, no supersymmetry conditions are imposed. Imposing further conditions
will fix S and the complex structure moduli (in case they are present in the particular
orbifold) and/or constrain the coefficients a;, b;, ¢;, d; which are real integers.

The Zg_;; orbifold on the lattice (SU(2))% x SU(3) x G4 is a case with one complex
structure modulus U3 left unfixed, therefore the flux takes the form

1

With the complex coordinates, worked out in [25],

. 1 o |
dz' =3V (da' + ™ Pda?) , d2? = da® + —="0dxt, d2® = da® + —ze 7 0da"
( ) V3 V3

(2.1.27)

the (3,0)—form on this orbifold takes the form

1 . A
wa, = 5{3 g+ V30 qy + 36X
U [Bag —i(V3 8y + 3™ B+ V3O B)] +iv3Bs ). (2.1.28)

The one (2, 1)—form surviving the twist takes the form

1 4 .
Wwa, = 5{3040 + V370 oy 4+ 323
+U3 [30[3 — Z(\/gﬁo + 3€7ri/6 ﬁl + \/§€2m/6 /62>] + Z\/gﬁg } (2129)

wp, and wp, are the complex conjugates of the above. For the complex coefficients we find

1 ; : : i :
AO = 9 ImL{3 { sz/lzbo — Zbg -+ 1S (62 /12d0 —1 dg)
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—3 1 , 1 , 1
+U | =¥ ay+ —=ay +iS (—V3eF 0 ¢y + —¢ }},
7 0+ 50 ( ot 5 2)
1

BO — 9 Iml/{_?’ { 6_27ri/12b0 —+ Zbg —+ ZS (6_27”/12 do + 7 dg)

1 A 1 - 1
+u3 _6—27rz/6a +—q +ZS \/56_271—1/60 +—c :|}’
R B

1

A= S {71072y 4 iby + S (e dy + i dy)

1 A 1 - 1
_u3 _627rz/6a +——q +ZS \/§€2W2/60 +—c :|}’
BRI R B

1

_ 1073 /12 . . 107 /12 :
Bg = QImug{e / b0—2b2+’lS(€ / do—ldz)

—3 1 , 1 4 1
U | e O gy + ——ay +iS (V3e Ty + — ¢ ]} . (2.1.30
7 0ot 50 ( o+ 5 2) ( )

Note that the normalization of the 3—forms is [wa, A wp, = 2iImU>. Expressed in the
real 3—forms, the flux takes the form

1
Gy = (®+iS ) g+ 3 (—a +a* —iS (" — ) ar + (a®> +iS ) ay

+(=bg 4 2by +iS (—dy + 2ds)) as + (bg + S do) 3° + (b + by
1
+iS (do + da)) 8" + (b2 +iS do) 3% + 3 (a® +2a®>+iS (°+2c2)) 3% .
(2.1.31)

2.2 Stability of type IIB orientifolds

We will not discuss hier in very great detail the microscopic origin of the non-perturbative
superpotential W,,, but leave this for the chapter 4. Our main emphasis in this section
is the investigation of the vacuum-structure of type IIB orientifold compactifications in
their various toroidal orbifold limits. Hence, we simply assume the existence of a non-
perturbative superpotential W,,,, which depends only on the untwisted Kéhler moduli
T?. The effects of blowing up the orbifold or the presence of blowing up Kéhler moduli
will be neglected, respectively postponed to chapter 4. So, W,,(T") can be viewed as
being the truncation of a more complete superpotential that contains all Kéahler moduli.
Nevertheless, several interesting questions can be addressed within the orbifold framework.

First, in KKLT one assumes that the complex structure moduli are fixed by Wy, alone
and then are integrated out assuming that they are heavy. In particular, the assumption
is made that the flux vacua are still given through 3—form fluxes which are still imaginary
self dual (ISD) and are of the Hodge types G(21) and G(3). We will see however that
the inclusion of the additional non-perturbative effects in the superpotential besides the
3—form fluxes has the effect of generic supersymmetric AdS ground-states being described
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by fluxes which are not anymore ISD with only G (1) components, but will rather include
also all ITASD (imaginary anti self-dual) types as well (see also the discussion in [48]).

The second problem is related to the stability of the obtained supersymmetric vacua.
Although stable AdS vacua generically allow for scalar fields with negative (mass)?, pro-
vided the masses still fulfill the Breitenlohner-Freedman bound [49], the KKLT framework
only works if all (mass)? eigenvalues of the fixed scalar fields are already positive in the
AdS ground state. The reason for this stronger requirement is that otherwise, the uplift
to a dS vacuum by adding a positive constant to the scalar potential would not work,
i.e. would not lead to a stable dS ground state. However in concrete orientifold models,
this stability criterion is far from being automatically satisfied, as already observed in [21].
We will discuss in which orbifold compactifications there is a chance to obtain stable AdS
ground states with positive scalar (mass)?.

In this chapter, we investigate the vacuum structure of type IIB orientifold compact-
ifications in their orbifold limits. The discussion is based on the following effective N=1
superpotential

W = Wan (S, U7) + Wi (T7) (2.2.32)
with:
Wi (S, U7) = A [ a0 (2.2.33)
’ (27)%a’ Jx, ’
h(1,1)(Xe) o
Wi(T) = > g™ | geC IeR'. (2.2.34)
=1

The first term is the perturbative contribution to the superpotential due to non-vanishing
3—form fluxes [14], and it depends on the dilaton field S and, if present, also on the
untwisted complex structure moduli U7 (with the normalization x; = m) The second
term is of non-perturbative nature and depends on the untwisted Kahler moduli 7.

The vacua of the effective N=1 supergravity theory are determined by the associated

scalar potential [50]

h1,1)(Xe) h2,1)(Xe)
V:e“iK(\DSW|2+ Y DpWP+ > [DpWP-3 |W|2) : (2.2.35)

i=1 j=1

with the Kahler potential for the fields S,77,U7. During the process of minimizing V/,
the following two aspects will become important: first, the supersymmetry conditions
DgriyiW = 0 will imply that generic supersymmetric AdS ground states are described
by fluxes which are not anymore ISD with only G ;) components, but rather will include
G0,3) and also all IASD (imaginary anti self-dual) types as well. The second issue concerns
the stability of the obtained extrema after imposing the supersymmetry conditions. One
has to require the absence of any tachyonic scalar fields, i.e. the (mass)? of all scalars

must be positive. This means that all eigenvalues of the scalar field mass matrix 852;%
a0dp
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(¢, ps = S, U?, T") must be positive. As we will see, this requirement can be only satisfied
by those orbifolds which contain untwisted complex structure moduli U?. In this way, we
derive some severe constraints on which orbifolds can lead to stable vacua. This result is
contrasted by the procedure originally applied in KKLT, where first the dilaton field S
and the complex structure moduli were integrated out by solving the flux supersymmetry
conditions DsWhyx = DyiWaux = 0 using ISD (2,1)— or (0, 3)-fluxes, and then plugging
the obtained values for S and U’ back into W. This leads to a constant term W,. However,
the integrating-out procedure is in addition only consistent, if the masses of the integrated-
out fields S and U’ are heavy compared to the Kahler moduli 7. Otherwise, the results on
the vacuum structure and especially what concerns the stability problems are misleading
and cannot be trusted anymore.

This problem has been emphasized and thoroughly discussed recently in ref. [21]. In
this chapter, we want to generalize this discussion into several directions. First, we discuss
under what conditions stable minima may be found if all moduli are minimized at once
without first integrating out the complex structure moduli. This way, in subsection 2.2.4
we find a stable minimum for the case hklftlv)v = 3 and hkgltl“)v = 1. On the other hand, in
ref. [21] it is has been proven that this case would not lead to a stable minimum, if the
complex structure modulus was integrated out first. Secondly, in subsection 2.2.3, we shall
investigate the KKLT scenario in toroidal orbifolds for more than one Kahler modulus and
more general Kdhler potentials (cf. (2.1.17)) at fixed complex structure modulus. We find,
that in those cases no stable minimum is possible generalizing the one Kéahler modulus
case discussed in [21]. This result rules out all toroidal orbifold limits with only Ké&hler
moduli for a KKLT scenario, as e.g. the Z;—orbifold. Furthermore, in subsection 2.2.5, we
find a more general effective superpotential (compared to the ones discussed in [21]) after
integrating out several complex structure moduli. Finally, the conditions and solutions for
the extrema are presented.

2.2.1 Supersymmetry conditions

In this subsection, we shall study the supersymmetry (SUSY) conditions for the Zy x Zj
orientifold, with AP} = h{5})" = 3. They read

DW =0oW +kiWOK=0, i=8U,T (2.2.36)

and allow us to explore the Hodge structure of the flux (G3 in the supersymmetric case.
The Kéhler potential for the dilaton S and Kéahler moduli 7 is given in (2.1.17), while for
the complex structure moduli U* it may be read off from (2.1.17). With the superpotential
(2.2.32) the conditions (2.2.36) lead to:

A
it = O:W/GMQ— (T"+ ) g'h'e™™ Zgﬂ T i=1,2,3,
™)X

)\ i
DsW = 0= B )QQ//GgAQ— Zg’ hT,
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A LA
DyiW = 0= W/Gs Nwa; = —Zgje_hJTJ , 1=1,2,3. (2.2.37)
j=1

After writing G in the complex basis (cf. eq. (2.1.21))

3

3= Z (AiwAi + Bini) , (2.2.38)
=0

where wyg is a (3, 0)-form, wy; are (2, 1)-forms, wpg is a (0, 3)-form and wg; are (1, 2)-forms,
we obtain from (2.2.37):

BO - 3 (Tz +Tz) gzhze—hT + Zgje—h T ’ i = 172’3 7
AT (UF+TUF) i=1
k=1
23: ie—hiTi 23: ke—hka
0 1 i:lg 7 1 k:lg .

A = S g Bl=—p T =123, (2239)
[1 (U7 +07) [1 (U7 +07)
j=1 j=1

3 —
Here we have used [y wa, Awp, = [y, wp, Awa, = H(U’“ - Uk). We see that in the
=1
presence of the non—perturbative term the (1,2), (0, 3) and (3,0)—components of the flux

are no longer vanishing. Next, with the formula [50]

Fl = esi2 K KT (9, W + k2 W 9, K) (2.2.40)
we present the F-terms:

S 1

3 3
_ 1 _1 1 A k
S 2 7 z 2 kth
FS = ||T+T 2|| UJ+UJ)2H<27T)2O//G3/\Q+§ ge >,
=1 7=1
3

1

_1 _1
Uk+Uk 2H T1+Tl 2

=1

FU' = (S+8)7F (U +07)? (U7 + UF)

)\ _pmm
XK ((QW)QQ’/GgAWAZ+ng o ) ’

m=1

_1
2

1

3

1 _1

Hrt ) T 4 )
=1

FT' = (S48)72 (T + %) (77 + V)

K2 [Wﬂux+(T"+Ti) gihi e—’”T] L it jEk (2.2.41)

With [50]
V=K FIF —3ei K ki (W (2.2.42)
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the potential becomes:
3 3 -1
Vo= HZ<|S+S|H(Tj+TJ H (U* 4+ U") ) X
3 = =
{ Z ’Wﬂux TZ + TZ) Zh —hiT?
3 i—1
%@
Using (2.2.38) we can rewrite the potential as:
3 3 -
Vo= @2 (\S+S\H\Ti+fi\H\Uj+Uj\> { 3
i=1 j=1
3
R

3
A H(U" +UMA Y g e
n=1 p=1

3

3
AJwr+TmB > g e
p=1

A\ B 3
R LIS o iy

=1

2
/agAwAl+zg |

m=1

3 |W|2} : (2.2.43)

BO)\H Ul_'_Ul +Zgl —hiT!

2

3
BO>\ H Ul +Ul) Z gl G_thl + (Tk+Tk)gkhk6—hka
=1

=1

2
+

2

}. (2.2.44)

3

3

r=1 n=1

In the supersymmetric case, i.e. FS = FU = FT' = (), the potential reduces to:

3 2

3 _
BN TI(U'+UY + Z e
=1 =1

3
1S+ 5| H T + T H Ui + U]

Vo= —3 K]

(2.2.45)

Next, we plug the superpotential (2.2.32) (cf. also [35] for Wi, )
W = (a"+iS)U'UU? — {(a' +iSc") UPUP + (a® +iSc*) U'UP + (o +iSc®) U'U?}

3
= " (bi +i8d;) U — (bo + iSdo) + Z gle T (2.2.46)

into eq. (2.2.37). The equations become:

0 = U'0°0° (a® +iS°) = Y (a' +iSc’) UIU* — (bo + iSdo)
i#jFk
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3 3

= (b +iSd) U+ gle ™
i=1 =1

0 = U'WU? (a® +iS°) — Y (a' +iSc’) UIU — (bo + iSdo)

i#jk
_ Z (bi +i5d;) U" + Zgj e M 4 gip (Ti + Ti) T 193
i=1 j=1

0 = UWUP (ao + iSCO) — {(a1 + iScl) UU® + (a2 + iScQ) UU? + (a3 + iSc?’) Utu*

3
— (bo +iSdo) — {(by +iSdy) U' + (by +iSds) U? + (bs +iSds) U} + > g'e 1",
=1

0 = UWU? (ao + iSCO) — {(a1 + iScl) UU® + (a2 + iScQ) UU? + (a3 + iSc?’) Uto*
3

— (b +i5d,) — {(by +4Sdy) U + (by + iSds) U? + (bs +Sds) U3} + Z gle T
=1

0 = U0 (a®+iS) — {(a' +iSc") UPU? + (a® +iSc*) U'U? + (a® +iSc%) U'U?}

3
— (bo +1iSdg) — {(by +iSdy) U + (by 4 iSdy) U* + (b3 + iSd3) U} + Z gle T
i=1

(2.2.47)

These are the equations to be satisfied at the supersymmetric point of the moduli space.

2.2.2 Orientifolds without complex structure modulus

Let us now discuss the vacuum structure of orientifold compactifications without any
complex structure moduli, i.e. 1) = 0. So the moduli fields which we want to de-
termine by the supersymmetry conditions are the dilaton S and the Kahler moduli 7"
(1 =1,....h{f})"). Since wa, and wp, are the only non-trivial 3-forms, the flux G, ex-
pressed in the complex basis, reads:

1

7(27020/ Gs=Gio) +Gog) = A%(S) wa, + B°(S) wp, - (2.2.48)

B°(S) is a linear function in S with complex coefficients BY, BY:
B°(S) = B} —iS BY. (2.2.49)

The precise form of the B (K = 1,2) depends on the considered orbifold, as we will discuss
in the following. However, the other flux coefficient A°(.S) is not anymore an independent
function, but it is given as

A%S) = BY +iS Bj. (2.2.50)
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The flux superpotential which contains the contribution from the G3 flux as well as the
non-perturbative Kéhler moduli dependent term, is given in eq. (2.2.32). Inserting G5 of
eq. (2.2.48), W becomes:

3
W=X(B)—iSB)+Y gr~e T, (2.2.51)

i=1

This superpotential is of the same structure as the superpotential discussed in [21] (see Sec-
tion 2.2.1 in that paper). The main difference to the superpotential of [21] is that here, the
coefficients B? and BY have a microscopic explanation in terms of 3—form flux quantum
numbers. It follows that these coefficients are integer-valued. Hence the flux quantiza-
tion will put some additional constraints on the allowed solutions of the supersymmetry
equations.

Let us consider in more detail the Z3 x Z3 orbifold. Here the complex flux coefficients
read (see appendix B.7.of ref. [24]):

B = % (ia'+e>/%p), BY= % (ict +e™5dy), a' b, e di€Z. (22.52)
In order to determine the exact form of the flux part of the superpotential, we also need
the prefactor . For the Z3 x Zs3 orbifold it takes the value A = i+/3 [47].

Now we may determine the solutions of the two supersymmetry conditions DrW = 0
and DgW = 0. We may essentially follow the procedure outlined in [21]. We shall consider
the simplified case where all Kiahler moduli 7 are identified, i.e. 7% = T, and also h’ =
h. Now observe that via a field redefinition in 7', namely a constant shift in Im 7T, the
coefficient g can always be chosen to be real. Similarly one can shift Im S, such that iv/3B?
is real. So we choose by = 0 in eq. (2.2.52). For simplicity we also choose iv/3B9 to be
real. Taking all this into account, the superpotential (2.2.51) becomes:

3
W= —a'+ gdl S+3ge ", a'd €Z. (2.2.53)

As in [21], we may restrict the analysis to the case where the moduli S and T" are purely
real, i.e. T'=1t and S = s. Then the two supersymmetry conditions provide the following
two constraints on s and t:

dy 2ht

at=ge™ht+3), —=-———"-——. 2.2.54
ge ™ ) = Vas(ht + 3) ( )

Since e " (ht + 3) < 3, it follows that the first equation has only solutions for integer
values of a!, if the parameter |g| > 1/3. In fact due to charge quantization, for any given
|g| > 1/3, this equation has a finite number of allowed solutions (for |g| = 1/3 the solution
occurs at t = 0). Specifically, the first equation possesses solutions in ¢ for the following
values of the flux a':

at=1,...,[¢1, ¢ =3g. (2.2.55)
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Here we have assumed that g > 0, otherwise a! < 0. Finally, after having solved the

first constraint in (2.2.54) which fixes the modulus ¢, the second equation does not put any
further conditions on the allowed fluxes, it possesses precisely one solution in s for any given
choice of a',c!. Let us assume that g is very large, |g| >> |a'|. Then the supersymmetry
condition is solved for very large t. Furthermore, if we insist on weak string coupling, i.e.
large s, we have to demand that |a'| >> |c!|.

As discussed in [21], the above solutions of the two supersymmetry conditions do not
correspond to stable supersymmetric vacua, but the supersymmetric point rather is a saddle
point with instabilities along the moduli and axionic directions. Hence, we like to proceed
to consider orbifolds with more than one Kéhler modulus and/or complex structure moduli
in order to see whether stable supersymmetric ground states now become possible.

2.2.3 Orientifolds with three Kahler moduli

After having discussed the case of one Kahler modulus in the previous subsection, we now
shall move on to the three Kéhler moduli case with fixed complex structure. This case
captures e.g. the Z;—orbifold. We start with the following ansatz for the superpotential

(2.2.32)

W=ar+a S+ Y ge™ (2.2.56)
j=1

with complex coefficients a; = BY, oy = —iBY, ¢/ and h/ > 0. With the Kéhler potential

3
ki K =—In(S+8) - Z In(T7 +T°) (2.2.57)

j=1
for the closed string moduli sector we derive the following F—terms:

3 3
—(SHS) [T +T)2F = ay S+ g7 e 7,
i=1 j=1
g 1L G\1/2 (T TH1/2 (Tk Tk /2 _ . o o o
MChL) (< - _)j)m( )T W g (4T e ¥ fagdan
17 4+T

3
+> g e T G5 k) = (1,2,3),  (2.2.58)

j=1

and similarly for their complex conjugate F™ and F. Demanding F° = 0 = FT’ leads
to the following relations:

a1 = Q9

hi T3 ra
S+Z S+ S - s € S+ S5

g =2 2 =123, (2259)
— hi (TJ+T> W TigT
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and their complex conjugate. These relations have to be obeyed at the extremum of the
potential. In principle, the point (.S, Toj ) of the extremum may be determined from these
relations (2.2.59). Tt is straightforward to calculate the scalar potential V(S,T7). At the
extremum (.S, Tg ), its value is given by

3 |aa]® (So + So)
3 A )
[1(75 + 1)

Jj=1

‘/0:

(2.2.60)

To determine the kind of extremum, we have to calculate the second derivatives of the
potential V'(S,T7) w.r.t. the moduli fields. It is convenient to introduce S = s; + isy and
T9 = ] 4 it). W.r.t. the parameters s;, ¢ we find the following identities for the mixed
derivatives:

0?V 0?V 0?V o?V
- = = =77 =0 (2.2.61)
881 8t§ atjl 632 681 682 6t1 8t2
On the other hand, the non—vanishing components of the Hessian H = Iél [3. are
2

arranged in a block—form with two 4 x 4 matrices H; and H,, with their determinants
given by:

s? |ag® LA
detH, = ——Lt"= [ 24 ' 2R3 283N KB
e 512 (1e2as | P ; '

3
X <5+16h1 PR G +8 Y W46 Y BRIt t{) ,

j=1 i

detH2 =

AR s |asl?
512 (t1t3t3)5

27+16 h' B> B 5 £ 1 — 6 Y b W 1} t{) .
i)
(2.2.62)

The latter may become positive in a certain region of the parameter space h* ti. In order
for H; and H, to be positive definite, also their subdeterminants have to be positive, i.e.
H11 > O, H11H22—H122 > (0 and det(Hn H12 H13H12 H22 H23H13 H23 H33) > 0.
However, we find

1
2 4 141
<H1)11<Hl>22 - (H1>12 = _32(t%>4<t%)2<t%>2 |042‘ (4 + 5h tl) <0 )
and
Ho)11(H Hy)3y = ’ YRt <0
( 2)11< 2>22 - ( 2)12 - _32(t%)3(t%)2(t§)2 |042‘ <

and conclude that the extremum (Sp, 73) is no minimum.

Hence a KKLT scenario is not possible in the Z;—orbifold with only untwisted Kéhler
moduli. This generalizes the results of [21] for one Kéahler modulus to the three Kéhler
moduli case.
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2.2.4 Orientifolds with one untwisted complex structure modu-
lus

Now consider orientifolds with one untwisted complex structure modulus, labelled by U3.
The main issue will be to solve the supersymmetry conditions, taking into account the flux
quantization, and to see if in contrast to the previous case there are stable vacua. The
relevant 3-forms are the (3,0)-form wy, and one (2, 1)-form wy, plus their conjugate (0, 3)
and (1,2)-forms wp, and wp,. In terms of these complex 3-forms, the flux G3 may be
expanded as:

1
G @ = Gao +Gan +Gos +Gaa
= A%S,U%) wy, + A%(S,U?) wa, + B*(S,U?) wp, + B*(S,U?) wp, .
(2.2.63)
Now, the complex coefficients take the form
BY(S) = B)(U*) —iBY(U*) S, B*S)=B}U?) —iB(U% S, (2.2.64)

where the B%(U?), B3(U?) each contain a constant term and a term linear in U?. All
together they comprise eight real integer valued flux parameters, whose explicit forms
depend on the individual orientifold under investigation (see later). Using this 3-form
flux, the superpotential (2.2.32) may be written as

3
W =X [BY(U) —i BYU®) S|+ g'e ™", (2.2.65)
i=1
which for convenience we parameterize as:

3
W=ay+a U+ay S+ a; SU® + Zgiefhw, a; € R . (2.2.66)

i=1

In the following, we consider first the situation, where in the first step the complex
structure modulus U? is integrated out; this leads to an effective superpotential Weg(S, T).
In the second step, the supersymmetry conditions DrWeg(S,T) = DsWeg(S,T) = 0 are
imposed for the effective superpotential Weg (.S, T). As pointed out in ref. [21], this proce-
dure is valid as long as the vacuum has the property that the complex structure moduli U*
are much heavier than the fields S and 7T;. Assuming that this assumption indeed holds,
we consider the supersymmetry condition for U3,

3. i
g + aq U3+O[2 S+O[3 SU3+Zgze_hT
i=1

DU3W =1 + OzgS - U3 T 03 = O, (2267)
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and plug back its solution for U3 into the superpotential. This results in the following
effective superpotential that now depends only on S and T; (for real U?):

3
Weg(S,T) = 2 (ao + a9y S+ Zgie’hiTi) ) (2.2.68)

i=1

We see that this effective superpotential is again a linear function in S. In fact, it is precisely
of the same structure as the superpotential (2.2.51) of the previous section without complex
structure modulus. Hence all conclusions about the vacuum structure with respect to S
and T are unchanged. In particular, the supersymmetric stationary points in S and T
are not stable ground states with a positive definite moduli mass matrix. This result has
already been obtained in [21].

Alternatively, we can also determine the solutions of all supersymmetry conditions
DysW = DgW = DyW = 0 at the same time without first integrating out U3. For
simplicity we consider the isotropic case T := T! = T? = T3, hy = hy = hs and real flux
parameters a;. We write the moduli fields as T =t + i1, S = s +i0 and U? = uz +iv. To
make the calculation clear, we confine ourselves to the supersymmetric point with ¢ = 0,
v =0, 7 = 0. The constraints which have to be fulfilled at the supersymmetric point
become:

1

S = — (O{O + (3 + ht)ge_ht) s
6%)
a g + 3ge M

ug = ——

’ az \ag+ (3+ ht)ge=ht )’

(3 + ht))”
a = = (00 +ge B+ A1) (2.2.69)

ay (o + 3ge™"t)

Here, s and ug are the real parts of the dilaton and complex structure moduli respectively,
and should be positive. From the above constraints we see that this excludes some values
for ag, as and ag. If we allow for t every positive value, the situation is simple. One has
two possibilities

ap >0, as<0, a3>0 (2270)

and
< —(B+ht)yge™, a;>0, az<0. (2.2.71)

In the same way as in the previous section we compute the potential and then calculate the
second derivatives at the supersymmetric point. This means that we plug the constraints
(2.2.69) into the matrix of second derivatives. The resulting six-dimensional matrix is of
block diagonal form (two blocks 3 x 3). The condition for the supersymmetric point to
be a minimum is that the diagonal blocks should be positive definite. This requirement
may be translated into the statement that the determinants associated with all upper—left
submatrices are positive. We abbreviate the sub-determinants of the upper block by a;,
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a9, azz and those of the lower block by a4, ass, ags. They are

3
a3

2
= 3+ ht —ht)
= 8ast3 (v + 3g e~ht)3 (ao +(B+ht)g e %

X (2043 +20a0(6 + ht)g e + g*e " (18 + 6ht + h2t2)> :

4
_ o3 ( 2 —ht 2 —2ht 2,2 )
= 20 + 12 + At + 18 + 3ht — h-t X

a9 64150 1 39 o)1 ag+apg(12+ ht)g e ge " (18 + )

X (20% + 3ap(4 + ht)g et 3926—2ht(6 + 3ht + h2t2)> ’
3ash?g?e ) » )
— 2 12 + At i 2,-2ht (18 1 31t — W24 )
as3 512t9(a0+3g eht)5( OZO+OZO( + )g e +g e ( + ) %

X (ao(l 4 2ht) + 3¢ e M1+ ht)) (2a0(2 4 ht) +3g e (4 + 3ht + h2t2)) ,

3
a3

2
= 34 ht)g e ")
i 8a3t3 (g + 3g e~Mt)3 (QO +B+ht)ge x

X (2@8 + 200(6 + ht)g e + g% 2" (18 + 6ht + h2t2)> :

4
_ Q3 ( fht)
= 2 3(2h +t X
ass 6115(ag 1 39 ©)? ap+3(2h+t)ge

X (2ag + ap(12 + ht)ge ™™ + g2~ (18 + 3ht + 2h2t2)> ,

agg = 3a3h’g’e 2 (4042 + 200(9 + 2ht)g e + (18 + 3ht — 3h2t2)g2672ht) X
00 51268(arg + 3g e h)A 70 T A0
X (a0(3 + 2ht) + (9 + 6ht + 2h1)g e—ht) . (2.2.72)

To analyze these minors we have to distinguish the two cases (2.2.70) und (2.2.71).
In the first case (2.2.70), the conditions for the positivity of the minors are

200 +ap(12+ ht)g e " 4 (18 + 3ht — h*t*)g?e 2" > 0
40k +200(9 + 2ht)g e 4 (18 + 3ht — 3Kt g*e M > 0 . (2.2.73)

In the case for vanishing a we obtain ht < 3. In other cases the term o is dominant for
large ¢t and (2.2.73) is true. For the small ¢, the values of ags, ass and agg could be negative.
However, this depends on the values of g and h.

In the second case (2.2.71), the conditions are the same (2.2.73), with the difference
that ap < —(3 + ht)ge™™. It means all minors are positive for large t as in the previous
case.

To conclude, stable minima do exist for orbifolds with one complex structure modulus.
In addition, we see that there is a discrepancy between whether we integrate out the
complex structure modulus or not. The reason for this discrepancy is that the complex
structure modulus is not heavy and therefore is not allowed to be simply integrated out.
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Finally, we give an example which falls into class (2.2.70) of the solutions. This example
is Zg_rr on (SU(2))? x SU(3) x G3. The superpotential is given by:

W = —ie ™Sy + by + S (ie ™/%dy — dy)

) . ) : 1
~U? %e’”/%(} + %aQ -5 (\/562’”/600 + ﬁ@)] + ge™ " (2.2.74)

We choose by = dy = ¢y = 0 and ay = —%ao. Further ag, by, co and dy should be positive.
In this case, we obtain a superpotential of the form (2.2.66).

2.2.5 Orientifolds with three untwisted complex structure mod-
uli

In the Zy x Z, orientifold, we have three untwisted complex structure moduli U? unde-
termined. In this case, all wy, and wp, survive, and the (primitive) 3-form flux takes the
following form:

Gs=> [A(S.U") wa,+B(S.U") wg, | . (2.2.75)

=0

1
(2m)2/

The corresponding superpotential (2.2.32) becomes:

3
W=X[BYU)—i BYU) S|+ g e (2.2.76)

i=1

The coefficients B?’Q are determined by 16 integer valued flux quantum numbers. The
supersymmetry conditions for this superpotential with seven moduli fields and 16 flux
quantum numbers have been given in (2.2.47). However, it is very involved to solve them
in a closed form. Therefore, we reduce the number of fields and parameters by setting two of
the complex structure moduli equal to each other, e.g. U! = U?%. Then the superpotential is
somewhat simpler and may be parameterized by eight integer valued fluxes a; (7 = 0,...,7)
in the following way:

3
W=ao+a Ul+ay Ul+as S+ay SU +as SUP+ag U'UP + a7 SUNUS+Y " gle ™7
i=1
(2.2.77)
In this case, the effective Kéhler potential is given by (cf. Section 2.1.2):

3
KK = —In(S + 8) = 2n(U' + U") = In(U? + U°) = Y "In(T" + T") . (2.2.78)

i=1
In order to determine the vacuum structure of this class of models we will first use the
integrating out procedure for all three complex structure moduli, assuming that they are
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heavy compared to S and T%. Again, the aim of this investigation is to see, whether
there are stable supersymmetric vacua with positive definite mass matrix in S and 7" or
not. Hence, we consider the two supersymmetry conditions Dy12W = 0. Their solution
becomes (for real U?):

3 ) .
-2 (a2+asS) <a0+a3 S+> ¢ e~ h'T"

£ )

3 L
aoastar (as+asS)+S[(asautagar+asas S+as(as+arS)|+(as+ars) 3o giehITI
=1

3 .
aptazS+3Y. g e h'T

Us= - = . (2.2.79)

astasS

We can now insert this solution back into eq. (2.2.77). This way we derive the following
effective superpotential:

3
Wea(S,T") = {2(040 +azS + Zgiefwl) [ — ar(az + asS) + aglag + arS)
1=1

3
+iS(as + @i — as(ag + a79)) + (o + ) Y g T }

k=1
3 . .
X {Z ¢ (ag + a7S) + apag + ar (o + a59)
j=1
-1
+S [0@&4 + gy + O[40(5S + (13(046 + 0475)] } . (2280)

(2.2.81)

The numerator is a polynomial of third degree in S and second degree in denominator.

To apply the analysis of [21] requires to compute the ratio SV‘;V?((SS)),” and to analyze, if

its value is bigger than one. However, this analysis assumes a superpotential of the form

Wer(S) + 3 gle ™™ T". Obviously, our effective superpotential (2.2.80) is not of this form.
i=1

This would only be achieved for a special choice of the coefficients «;. The condition on «;

for the numerator and denominator be divisible without remainder is:

(a1 -+ a4S) (Ozg -+ 0z55) =0. (2282)

After inserting this condition the effective superpotential (2.2.80) becomes
3 . .
Weg = 2 (ao +a3S + Zgie’wl) . (2.2.83)
i=1

This is again the already analyzed case of the previous section, in which there is no stable
minimum.
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2.2.6 Cubic superpotential

We consider the case of three complex structure moduli (U?) and three Kéhler moduli (7%).
To make the calculations simple, we assume U := U! = U? = U3, T :=T"' = T? = T3,
The superpotential and the Kahler potential have the following form:

W =g+ a U+ aa(U)? + a3(U)? + S(ay + asU 4+ ag(U)? + az(U)?) + 3ge™" | (2.2.84)

K=-In(S+8)-3n(U+U)-3n(T+T), g,a;,heR, hpositive. (2.2.85)

We rewrite U and T using the real basis: U = u +iv, T = t + i7 and compute the
supersymmetry conditions (DyW = DpW = 0) at the point of vanishing v and 7:

ap = ge (=34 2ht) + ulass + aou + 205U + 2a5u” + 3agsu?))

1
oy = ——3ghte™™ — ass — u(2as + 2065 + 3asu + azsu) |
U
1
ay = —= (ghte™ + su(as + agu + azu®)) . (2.2.86)
s

As in the previous cases, we compute the scalar potential and its Hessian at the supersym-
metric points. This means that we calculate the second derivatives of the potential and
eliminate ap, ay, oy by using (2.2.86). It is irrelevant which of the parameters or fields
are eliminated through (2.2.86). We choose this particular combination by the criterion of
simplicity of the later analysis.

The Hessian should have positive eigenvalues at the minimum or equivalently, its upper-
left submatrices should be positive definite. The determinants of the upper-left submatrices
are of the form

ay = au <9u4(4a§ + 8azars + Tazs?)

T 48st3u3
+u®(24asas + 24005 4 24as065 + 60agars?)
+u2(4a§ + 8anags + 1604%32 + 18a5a732) + 120506570 + 3a§52) +0O (e’ht) ,

(a5 + 2apu + 30z7u2)2

—h
(g2 = Q55 = ~681 0 + 0 (6 t) )
212 —2ht 4
_ g°h%e (2+ ht)(1 4 2ht) (a5 + u(2a6 + 3azu)) _3ht
33 = 810251907 +O(e7)
213 —2ht 4
g*h?e " (3 + 2ht) (a5 + u(2a6 + 3aru)) Cam
= . 2.2.
(66 81921507 +O(e) (22.87)

For positive flux parameters as, as, as, o, a7 and in the region of large t (t=% >> e~"t), all
sub-determinants are positive. So in the case of three complex structure moduli, there is
some region for which there is a supersymmetric minimum.
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Chapter 3

Non-perturbative effects in the
presence of the fluxes

3.1 D3-Instantons in the presence of G, )-fluxes

This section is based on the material published in [25].

In this section, we discuss the question for which cases a non-perturbative superpo-
tential from brane instantons is produced. As shown in [19], the necessary two fermionic
zero modes for the instanton contribution will be present, if a divisor!, wrapped by an
M5-brane in the dual M-theory picture (dual to type IIB which one is considering), has
holomorphic Euler characteristic

X = h(0,0) — h(071) + h(072) — h(073) =1. (311)

We will reproduce the argumentation given by Witten in [19] for the formula (3.1.1).
He starts with the observation that M-theory compactified on a CY-fourfold X produces
several multiplets in three dimensions. They are chiral multiplets coming from the complex
structure moduli fields, then chiral multiplets coming from the three-form C'3) integrated
over three cycles in X and, finally, linear multiplets. The latter contain a real scalar
coming from the Kéhler form integrated over two-cycles in X and a gauge field coming
from C(3) integrated over two cycles. In three dimensions, linear multiplets are dual to
chiral multiplets. We know that in the limit of eleven-dimensional supergravity there is no
superpotential in three dimensions. Since this limit is obtained from M-theory by scaling
up the metric of X, all terms in the superpotential (if they exist) should depend on the
Kahler moduli.

At first sight, a gauge field Ay from the linear multiplet can not produce a superpoten-
tial, since its gauge invariant combination contains derivatives F(o) = dA(). In that case,
the scalar field from the dual chiral multiplet would have derivative couplings dé¢p = *F(y),

LA divisor is a formal linear combination of analytical hypersurfaces. An analytical hypersurface is
given as a zero locus of a single holomorphic non-zero function. We assume that all our divisors are
smooth.



46 3. Non-perturbative effects in the presence of the fluxes

too. However, terms without derivative couplings which are gauge invariant under the
transformation ¢p — ¢p+ constant could come from the certain kind of instanton, which
looks like a magnetic monopole for the Fy)-field. Such an instanton would have an inter-
action proportional to

e hep (3.1.2)
with v proportional to the magnetic charge of the instanton.

The three dimensional gauge field A() is a mode of C(3), so the instanton is a magnetic
source for C3). In eleven-dimensional supergravity the magnetic source for the C) is a
five-brane. It means that the non-perturbative contribution to the superpotential comes
from the five-brane wrapping a six-cycle D in X, giving what looks like an instanton
in three dimensions. The amplitude of such an instanton would be proportional to the
volume of the six-manifold ¢"?. Combined with the term (3.1.2) the amplitude would be
proportional to e"P+p

Let z be the local coordinate of the normal direction of D in X. Then one can argue
that the U(1)-transformation z — ez would be a symmetry for the M-theory action.
Let W be the corresponding symmetry generator. Witten analyzed the anomaly of Wand
found that it is given by the alternating sum of Hodge numbers A ) of D

3
AW = Z(—l)nh(o’n) , (313)

n=0

where h(g ) and h( 2 correspond to the number of fermionic zero modes with positive and
h(o,1y and h(o3) to the number with negative chirality with respect to the normal bundle of
D inside X. This sum is known as arithmetic genus or holomorphic characteristic x(D, Op)
of D.

In the compactified theory, the superpotential should be anomaly free. The factor
e(=Vp+i®p) i the superpotential according to Witten carries charge —x(D,Op). For the
case of ho,1y = ho,2) = h(,3 = 0 the holomorphic characteristic x would be 1, so the mea-
sure d?0 of the superpotential should be 1. Since the measure has always the same charge,
the necessary criterion for anomaly cancellation and generation of the superpotential is
x = 1 or equivalently two? unpaired fermionic zero modes.

From the above discussion we see that the requirement of two fermionic zero modes is
only a necessary but not a sufficient one for the non-vanishing non-perturbative superpo-
tential. To have the full guarantee one would need to calculate the one loop determinant
g(U) of the instanton,

Wp = g(U) "1 (3.1.4)

The prefactor with the one loop determinant depends on the complex structure moduli
and is in general not known. It is important to mention that in the case of h,1) = h(o2) =
h(o,3) = 0 the index criterion x = 1 is a sufficient condition.

In the formula (3.1.3) we see only one unpaired mode. Since the fermions have an additional index
corresponding to the transformations in R3, their number is actually doubled.
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In chapter 4, we will discuss the stabilization of all moduli fields in the blown up or-
bifolds. Since our models are type IIB, the application of Witten’s result would demand
an F-theory® lift. On the other hand Witten’s result is derived in the case without fluxes
and that is why it is not directly applicable. In the last two years, there was some work
[51, 52, 53, 54, 55] on the generalization of the above index criterion first to the case with
fluxes and then to the case of type IIB theory. The authors of these papers took a different
path. Since the presence of the instantons was reduced to the statement of having two
fermionic zero modes on the world-volume of the Euclidean D3-brane, it was sufficient to
analyze the Dirac equation on the D3-brane.

During the rest of this section we build up on the results of [54]. The authors of this
paper performed fermionic zero mode counting for some special models. Using the fact that
Dirac equations which one uses for the counting procedure are the same in all coordinate
patches, we can generalize their results.

3.1.1 Index for the type IIB case

To calculate the number of the zero modes, we have to realize what are the possible 4-cycles
wrapped by the D3-branes in the compact space. The Hodge numbers ho), ho,1), 10,2)
of the 4-cycle give the number of the zero modes with positive (N, ) and negative (N_)
chirality with respect to the normal bundle of the D3-brane. If one takes into account
background fluxes, orientifold action and fixing of the k-symmetry, some of the zero modes
could be lifted and the index

1
Xps = 5 (N} — N-)

will change. xps3 is not anymore of purely geometrical nature. In the case of type IIB,
Bergshoeff et al. [54] showed that only h(1) and ko) of N, can be lifted by fluxes. Thus,
if the topology of the divisor has vanishing A1), h(,2), we can neglect the effect of the
fluxes altogether and concentrate only on the action of the O-planes on the zero mode
counting.

The correspondence between zero modes of the Dirac operator on the worldvolume of
the 4-cycles and Hodge numbers h(op), h(o,1), h(0,2) of these cycles becomes apparent by
mapping the spinors to (0, p)-differential forms.* Then fermionic zero modes of the Dirac
operator correspond to the harmonic forms by above mapping. Locally we can write the
world-volume spinors on the D3-brane as

& = 0> 4072 >+ > |
. = 077N > +0aTQ >+ Q0 > (3.1.5)

where €, and e_ are states with positive and negative chirality with respect to the normal

3The index discussed above is applicable to M-theory. The connection to type IIB theory can be made
over F-theory. The fourfold X should be elliptically fibered, with a three-fold as base and two-tori as
fibers. For the details see section 3 of [19].

L hay an YN QL > Po, oy d2® .. d2N
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bundle SO(2) of the D3-brane inside the compact space. a, b are the D3-brane worldvolume
directions, z is the normal direction to the worldvolume.

Note that €, and e_ transform under SO(4) x SO(2) x SO(1,3) and the modes ¢ have
an additional spinor index which transforms in the 22 under SO(1, 3). Thus, the number
of the zero modes given by the Hodge numbers of the 4-cycle has to be doubled.

All modes of e_ have legs in the normal direction to the D3-brane. By use of Serre’s
generalization of the Poincaré duality, these modes can be mapped to those taking values
in the worldvolume of D3-brane. This duality maps (0, p)-forms with values in the bundle
Q%P(X) of the 4-cycle X to (0,2 — p)-forms with values in Q2P @ K, where K is the
canonical bundle of the 4-cycle. In the case of the wrapped D3-brane, the canonical bundle
is equal to the normal bundle, so this duality is realized by multiplying by the covariantly
constant 3-form Qg and building the Hodge® dual.

G Q0. = b
g zggaapﬁ(baz == ¢a ;
979" 9" Vo bar: = ¢ - (3.1.7)

This means that the numbers of the modes with positive and negative chirality match.
If all zero modes are present, the corresponding index

_ (P ) ) ) 4 ) )
wps =5 (Ny = NO) = (oo +hi +hi)) ) = (Ady +hlh +hls ) (318)

| —

will be 0.

3.1.2 Calculation of x p3 for divisors with Ao = 1, hg 1) = hp2 =0

As we shall see in the next section, many of the divisors arising in resolved toroidal orbifold
models have the Hodge numbers h o) = 1, h(o,1) = ko2 = 0. We will therefore start by
calculating the number of zero modes for this especially simple case. We choose a,a, b, b
as holomorphic and antiholomorphic coordinates on the D3-brane, which take the values
1,1,2,2. z and z should correspond to the transverse directions with values 3, 3.

The fermionic states on the D3-brane corresponding to ko) are

e =0l0>, e =¢g"Q> . (3.1.9)

On the brane, some of the modes are pure gauge due to the k-symmetry. These are
the modes which are annihilated by the xk-symmetry projector (1 — I'p3)d = 0, where

I'ps = 09 ® 75 with 5 four ten dimensional y-matrices pulled back on the brane. @
5 _ _
* (%1-~.EN7an1...aNdza1 e dzONordzM L dzaN)
= €ay..an€ai...an ﬁbﬁlmaN?anlmaN dZN7p+1 . dZN (316)

Note, that in our convention the form is complex conjugated by applying the Hodge star.
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corresponds to two 32-component spinors written in the double spinor formalism [56].
Additionally, some of the modes can be projected out by the orientifold action. We have
to choose k-symmetry fixing in such a way that it commutes with the orientifold action
[54].

There are three different cases to distinguish for the position of the O7-plane: it can
be on top of the D3-brane, can intersect it along one direction, or can be parallel to it. We
assume that the O7-plane fills the non-compact directions.

e Case 1: an O-plane lies on top of a D3-brane
It is convenient to do the calculations in the local coordinate patch. The x-symmetry fixing
condition and the projection through the orientifold action are given by

(1 — 0'2’}/1727)9 =0 y

(1—097*)0=0. (3.1.10)
Both conditions written together yield
(1—41228)9 =0 . (3.1.11)

Inserting # = €, + e¢_ shows that ¢ survives this projection and ¢
Xp3 = h0) = 1.

—7 hot. The index is

e Case 2: Intersection with an O-plane along one complex dimension
The O-plane intersects the D-brane along complex direction 1. Then, k-symmetry
fixing condition and the projection through the orientifold action are given by

(1 _ 0_271122)0 — 0 ,
(1—072)0=0. (3.1.12)

Both conditions written together give
(1—410=0. (3.1.13)

¢ survives this projection, ¢ not. From this it follows xps = h(,0) = 1.

abz

e Case 3: No intersection with an O-plane
It can be the case, when the O-plane is parallel to the D3-brane. The orientifold action
maps fermions of the brane to the fermions in the mirror brane, so no modes are projected
out. There is only the r-symmetry fixing condition, by which no modes are cut. The
modes ¢|Q >, ¢=—"|Q2 > corresponding to h,0) are present and the index is xps =
h,0) = h(0,0) = 0.

By investigating all configurations of the O7-plane we obtain a general statement:

Divisors with Hodge numbers h oy = 1, h,1) = ho2) = 0 will have the index xps = 1 if
an OT-plane lies on top of them or if it intersects the divisor along one complex dimension.
Otherwise, xp3 = 0.
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3.1.3 General case: ), hpa # 0

As discussed in the last subsection, locally, there are always only three different configu-
rations of the O7-plane relative to the divisor in question. It can be on top of it, intersect
it in one complex direction, or be parallel to it. a,b are again the coordinates on the
D3-brane. The projector equations from the fixing of the k-symmetry and the orientifold
action will be as in the previous subsection. The only difference is that the modes ¢z|€2 >
and ¢7%|Q) > are now present. They can be lifted by fluxes. When turning on fluxes, we
assume that they will be of the the most unfavorable form for the presence of zero modes.
This would correspond to a general form for the fluxes. We summarize the results of the
action of the projector equations in all three cases in the following Table:

O-plane O-plane O-Plane
on top of D3 intersects D3 does not intersect D3
chirality + - + - + -
ho,0) ¢ ¢ ¢ bavz
ho,1) baz [¢a] Paz [¢a] Paz
ho,2) [975] ¢z (93] o=z
# of zero | 2= 2ig, +20h(gz) | 2= 2hig sy = Mo+ 2Gy] | 2]+ 2]~ 2hon — 2o

Table 3.1: Zero modes after fixing k-symmetry and orientifold projection

In the horizontal line we give the zero modes associated to the Hodge numbers /g ),
h(o,1), h(o,2)- '+’ and -’ denote the chirality with respect to the normal bundle of the D3-
brane. In brackets we put the modes which are in general lifted in the presence of fluxes,
and in the last line we give the number of zero modes which are left.

Let us discuss this result first before turning on flux. The first column represents
the case where the influence of the orientifold projection is fully felt by the divisor in
question. As in the M-theory case discussed by Witten, only one chirality survives for
each Hodge number and the index reduces again to the holomorphic Euler characteristic
h(0,0) = R(0,1) + h0,2)- The third column corresponds to the case where the influence of the
orientifold is not felt at all by the wrapped divisor. Both chiralities survive and cancel
each other out. This agrees with the observation that for a compactification on a CY
manifold (without orientifold projection), no non-perturbative superpotential is generated.
The second column represents an intermediate case. It is obvious that the knowledge of the
Hodge numbers is of prime importance to be able to decide whether a divisor contributes
to the non-perturbative superpotential. We can see that without turning on flux, we can
get a contribution in the first column for h( 1) = h(o2). With flux, a contribution is only
possible for h 1) = 0. We get a contribution from the second column for A2 = 0 if no
flux is turned on, with flux only for A1) = h2) = 0. With or without flux, column three
never gives a contribution since the number of zero modes is always less than or equal to
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Zero.

In the present work we do not discuss the counting of zero modes for the case with non-
vanishing 2-form flux f on the D-brane world-volume Recently, work towards this direction
has been accomplished in ref. [57] for the case of heterotic M-theory. The authors have
found that world-volume flux does not change the zero mode counting for the case of
some particular background fluxes. Those fluxes were chosen such that they do not lift
any zero modes. For the case of IIB, Bandos and Sorokin derived the Dirac equation for
the D3-brane in the presence of worldvolume flux [58]. Its implication for the zero mode
counting has to be analyzed [59]. Compared to the case without 2-form flux, there are
more complicated conditions on the gauge fixing of the xk-symmetry and an additional field
equation for the 2-form flux, which depend on the topology of the Calabi-Yau manifold.

We finish this section by the remark that the formalism described above requires the
wrapped 4-cycle to be Kahler. In the models of chapter 4 it is the case because we have
to deal with divisors which are hyperplanes in the Calabi-Yau manifolds and hyperplanes
of a Kéhler manifold are Kéhler. This can be also directly observed from the topology of
the divisors, which are either products or fibrations of tori and P's.

3.2 D3-Instantons in the presence of all ISD- and IASD-
fluxes

This section is based on the material published in [60].

Recently, there has been a lot of progress in the investigation of KKLT-type models [61].
On the one hand, specific examples of candidate models have been constructed [62, 63].
On the other hand, the generation of a non-perturbative superpotential which may serve
to stabilize all Kédhler moduli has been investigated in much detail. As we explained in
the first part of this chapter the recent research in this line extends the earlier work of
Witten [19] by taking into account non-vanishing background fluxes [51, 64, 52, 53, 56, 65]
and working out the conditions for the generation of the superpotential directly for type
[IB-orientifolds without the detour of analyzing the M/F-theory case first [54, 55, 66].
If M5/D3-brane instantons wrapping a divisor in the compactification manifold are the
source of a possible non-perturbative superpotential, the analysis involves deriving the
Dirac equation in the world-volume of the M5/ D3-brane and studying the structure of its
fermionic zero modes. So far, only the case of the background flux being of Hodge type
(2,2) in M/F-theory, or (2,1) in type IIB-theory has been considered.

The present section resolves a seeming puzzle concerning the fermionic zero mode struc-
ture in the presence of background fluxes of general Hodge type. As has been shown in
[48, 24], the conditions for a supersymmetric background flux obtained from the mini-
mization of the effective four-dimensional superpotential change in the presence of a non-
perturbative term. The supersymmetric flux is no longer of Hodge type (2,2) (resp. (2,1)
for type IIB), but receives contributions of all Hodge types. We will show that, if one now,
guided by this result, plugs a flux of general Hodge type into the zero mode conditions ob-
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tained from the Dirac equation, an inconsistency arises: If with (2,2)-flux, the conditions
for the generation of a superpotential were met, this is no longer the case for general flux.

As we explain in the following, this apparent mismatch disappears after the introduction
of a modification of the supersymmetry variation of the modulino, which basically captures
the back-reaction of the non-perturbative effects on the background flux and the geometry.

3.2.1 Effective Potential

We first consider the compactification of type IIB theory on a Calabi-Yau threefold. The
resulting low energy supergravity action is given by

1
S = / d4x§\/_—g {R+ 9450,2"0"Z"} + Vigr + Sgauge - (3.2.14)

Here, we used a condensed notation: The indices {A, B,---} = {i,I,7} denote both the
complex structure moduli {i}, Kéhler moduli {I}, and the complexified axion-dilaton
field 7. Sgquge denotes the gauge field dependent part of the action. The effective potential

1 _
Ver = 5" (9" DaWDpW — 3[W[?) (3.2.15)

is given in terms of the total superpotential
W = Wflux + Wnp (3.2.16)

and the Kahler potential K. Here Wy, is the flux superpotential [15]

Wflum - /Gg A Qg 5 (3217)

and W, is the superpotential arising from nonperturbative effects. 23 is the holomorphic
(3,0)-form on the CY space and

G3:F3—7'H3 s (3218)

F3 and Hj being the RR and NS field strengths, respectively. The flux superpotential
depends only on the complex structure moduli. We assume the nonperturbative superpo-
tential to depend on the Kahler moduli only.

The supersymmetry preserving minima are obtained by solving the equations

DaW =0. (3.2.19)

It is well known that in the absence of a nonperturbative term, W = Wy,,, the condition
(3.2.19) requires G5 to be of type (2,1) and primitive [13]. For W,,, # 0, this is no longer
true [24], and G5 acquires non-vanishing (1,2), (3,0) and (0, 3) parts:

/Gg VAN XEQJ) + 8ZKWnp =0 s
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/Gg/\Qg 8[K+D[Wnp:0,
/f%A93+W@:0. (3.2.20)

The primitivity condition G A J = 0, being a D-term condition, remains intact despite
W,p. Here XEQ’I) is a form of type (2,1).

We can similarly obtain the supersymmetric conditions for M-theory compactification
on a Calabi-Yau fourfold. The flux superpotential is now given by [14]

mm:/@Am. (3.2.21)

Here, G4 is the four-form flux present in 11-dim. supergravity theory and €14 is the holo-
morphic (4, 0)-form on the CY fourfold. The supersymmetric conditions take the form:

/G4 VAN XZ(g’l) + 8ZKWnp =0 s
/GUWM&K+DM%:0. (3.2.22)

In the following subsection, we will show how the above conditions can be derived from
the modulino variations.

3.2.2 Spinor Conditions

Now, it is important to remember that the BPS supersymmetric variation of the gravitino
is equivalent to solving the supersymmetric conditions in the effective field theory, as dis-
cussed in [67] for M-theory on a fourfold, in [68] and in [69] for type IIB on a CY threefold,
and also by [70] for the heterotic string. Thus we must modify the spinor conditions ac-
cordingly in order to obtain the supersymmetric conditions eq. (3.2.20) in IIB theory and
eq. (3.2.22) in M-theory. In what follows, we will first review the spinor conditions in the
absence of W,,,,, and then consider the generalization when W,,, is included.

Let us first consider the situation in IIB theory. This has been worked out in [14]. The
supersymmetry variations can be summarized as follows:

1 1
K0Y, = Ou€— éwvm (8m InZ — 4/{ZI‘48mh) €+ EKJWMGE*,

- ' 1 1 1
KOYy, = <Dm — %Qm) €+ geam InZ — E/wm(}’e* - gHG’YmE*,

KON = —z’fymP;LejLi/ﬁ@e*. (3.2.23)

The first equation is the supersymmetry variation of the four-dimensional gravitino field.
Second, d1,, corresponds to the variation of the internal gravitino. After compactification
the internal gravitino degrees of freedom become in the effective 4D field theory the mod-
ulino fields, i.e. the fermionic superpartners of the Kéhler and complex structure moduli
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fields. Concretely, the modulino equations which one obtains by dimensional reduction
(see appendix) are

; L “x 1 ac i e .
5¢Zeﬁ = _ngﬁg - Eg geEGaEéu ) 1= 17 R h(271) )
1 —~
I % 1,1
0w = —1gCant [=1,....h"Y
6Ny = 70t (3.2.24)

where E is a four dimensional supersymmetry parameter. Finally, 61, indeed comprises
the supersymmetry variations of all modulinos, namely it leads after compactification to
h1 1 + ho; independent spinor equations, which we call modulino equations. Finally, 6\* is
the supersymmetry variation of the four-dimensional dilatino. In these equations, we use
the same notation as [69]. In particular, G = %Gmnpvm"p , Z is the warp factor, D,, is the
covariant derivative with respect to the internal metric, h is related to the RR four-form
ﬁeld, h = 00123, and

P = f?0n.B, Qn= fIm (B0, B*) ,

.0
B=-1""  y2_1_pp* (3.2.25)
1—ar

The conditions (3.2.23) can be solved to show that G is of type (2,1) and primitive.
Clearly, the explicit dependence on the superpotential Wy, and its covariant deriva-
tives is not apparent in the modulino variations (3.2.24). We need to make this precise,
in order to generalize the above formulae in presence of W,,. Since we are interested in
the (G35 dependence of the variations, we can as well ignore the effects of warping and the
five-form flux, and also set the complexified axion-dilaton field to constant.
It is now easy to introduce the flux superpotential in the above equations. Note that

2,1 ;
DiW e = /G’3 ANX; = Gle = € DiWiie

DWW ux
DiW iy = 81K/G3 NQy = G = G@i . (3.2.26)
oK
Substituting the above into the modulino variations, we find
i 1 I i e : 2,1
5l = _éleeEDZ)Wpféw — 159 9aGt . i= 1 S
5ol = — el I=1...p0Y . 3.2.27
¢e|ab 16€eab aIK ) ( )
Similarly, using
a% = _6%@— - ?)DTWflua: ) (3228)
we find
5)\:;% = _26@(7— - ?)DTWfluxg . (3229)
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For covariantly constant spinors, we recover the susy conditions
DiW e = DiWiiye = D Wiy =0 . (3.2.30)

Now, it is easy to generalize the spinor variations in presence of the non-perturbative
superpotential. We simply replace Wy, by W = Wy + Wy, The variation equations
then become

( 1 1 ac i
0P = —glee%Dz‘)WM; 169 9G53 E
Sl . = — el
(be\ab 16€eab 81[( )
Ny = —ean(r —T)DW . (3.2.31)

We clearly see that, for covariantly constant spinors, the first of the above equations implies
the flux to be primitive and in addition D;W is zero. The second and third equations then
imply that D;W and D,W are zero respectively. Thus we recover the susy conditions

DW =D,W =D,W =0 . (3.2.32)

We now proceed to work out the modulino transformations in M-theory in presence of
W, in a similar fashion. This has been analyzed in [67]. We will first express the variation
equations in terms of the flux superpotential, and then generalize it to the case of W,,, # 0.
Consider first the internal gravitino variation without W,

1

By dimensional reduction we obtain (see appendix)

1 —\ Kk~
5¢§E - Z <G€bagbd> 5 ’ k= 17"'7h(171) 5
i L 2 . 3,1
5%@ = ﬂGe@fy ZZl,...,h( ),
1 ~
0 = 53 Ceamt I=1,...,h0Y (3.2.34)

By solving the susy conditions, we get in general hg3; equations for the complex structure
moduli and A ; equations for the Kahler moduli. The same conditions should be repro-
duced by setting d¢¢ and d¢! to zero. There are h®! fluxes of type (1, 3). The (0,4)-flux is
a solution of h'! independent equations. Because of these reasons, it is natural to say that
for every G 7 and every G (same G coming from h'! equations), the variation of
the gravitino should be zero.

There is no I on the r.h.s. This emphasizes the fact that the h'! supersymmetry
conditions are degenerate in the (0, 4)-flux. Using

ebed

mmm:/@Aﬁfxﬂﬁﬁ (3.2.35)
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and

DiWiiue = aIK/G4 NQy = 8IKGebcd€M , (3.2.36)

we can immediately rewrite (3.2.34) into

1 Nk~
ook = (Ge@gbd> £ k=1, . h0D
i 1 ~ ,
5(256% - Q_flee%gﬂglumg ) t= 17 et h(371) )
Sl = e LJeg I=1 ... p0D 3.2.37
(be\abc 24 €eabe 8[K g ) ) ) ( )

The supersymmetry conditions and the primitivity condition are reproduced by setting
Sk, 6¢°, d¢! to zero.

This gives immediately

ganbéGeba — O 7
DiWiie =0, i=1,..., A"
DiWiie =0, I =1,...,h"" . (3.2.38)

These equations correspond to the primitivity conditions on G99 and the vanishing of G 3
and G0’4.

In the next step, we would like to make a proposal for the form of the additional terms
of the supersymmetry variation of the modulinos in the presence of the non-perturbative
term W,,,. The supersymmetry conditions which should be reproduced, change to

DW = DiWiyy + DiW,,, =0,
DiW = DiWiye + DiW,, =0 . (3.2.39)

From (3.2.37), we immediately see that the variation of the modulinos should be changed
to

1 Nk~
¢ = 7 (Ge@g*’d) ¢, k=1,... ALY
; 1 ~ |
0 pe = Q_fleeabcgméf ’ i=1,..., A%
&Zé\% - ﬂeeabcaj—KﬁA, I=1,....p"Y . (3.2.40)

3.2.3 Zero modes from fluxes and non-perturbative superpoten-
tial
The non-perturbative superpotential may be generated via gaugino condensation or via

instanton effects or both. Here, we will concentrate on the case of instantons. In type 1IB
theory, they correspond to Euclidean D3-branes wrapping divisors of the CY threefold,
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whereas in M-theory, they come from Euclidean M 5-branes wrapping divisors of the CY
fourfold. Tt has been pointed out by Witten [19] some time ago that the necessary condition
for an Mb-instanton to generate a superpotential is that the corresponding divisor has
holomorphic Euler characteristic equal to one. This provides a stringent condition on the
possible CY fourfolds [71]. For type IIB compactification on a Calabi-Yau without the
orientifold projection (without flux), the index is always zero and hence no superpotential
is generated due to instanton effects [54]. It has been argued recently [72], that the index
might change in the presence of flux. An explicit example has been constructed to show
that some of the wold-volume fermion zero modes are lifted due to flux [64]. Subsequently,
a generalized index formula was derived in M-theory [52, 53], as well as in type IIB theory
[54]. However, these results are based on the assumption that the flux is primitive and of
type (2,1) in type IIB, or (2,2) respectively in M-theory. As we have already discussed,
the supersymmetric flux no longer remains (2,1) (resp. (2,2)) in presence of the non-
perturbative superpotential. In this section, we will analyze the fermion zero modes on the
world-volume of D3/M5-branes in the presence of general flux.

3.2.4 General fluxes

The fermionic bilinear terms in the D3-brane world-volume action in presence of back-
ground flux have been derived in [73, 64] by using the method of gauge completion, and
also in [74, 75, 56] from the M2-brane world-volume action using T-duality. Upon Eu-
clidean continuation and by an appropriate gauge choice [54], the Lagrangian takes the
form

1~ _
LP3 =2./det g 6 {e%mvm + gGmnmm"p} 6. (3.2.41)
Here m,n, ... are directions along the brane and p stands for directions transverse to the

brane. As always, we turn on the three-form flux only along the directions of the internal
manifold. Also for simplicity, we set the flux Fy due to the world-volume gauge fields to
zero. G is defined to be

Grnp = € Hpp + 1 F 75 (3.2.42)
with F' = dCy — CyHs. The Dirac equation, obtained from the above action, reads
1~ -
{e%mvm + gGmnﬁ’Vm"p} 0=0. (3.2.43)
Locally, we can express the internal metric as
ds? = gzdy*dy’ + g.-dzdz | (3.2.44)
where a, b, ... are complex coordinates on the D3-brane and 2,7z are directions transverse

to the brane. We define the Clifford vacuum to be

YR >=~Q >=0. (3.2.45)
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The spinor 6 can be written in terms of positive and negative chirality spinors as § = e, +¢€_
with

& = 90> 61710 > +657"10 >,
- = 072> +9aIQ >+ I > (3.2.46)

Substituting this into the Dirac equation, we find

- aa . 2%z _ab _ba’ 1 2Z .a
€ 29" 0otz + 2ig77 g™ " Gav: gz + 31979 P6:G 5. =0,

b 1 2Z a Val V2l
] (8{7(]5 + 4gab 8a¢w> 2Zg g b ((b%Gal_?z — Q(bEGaﬁz) =0 ,
- 1 2Z _a 1. 25
¢ Oty + 51979 P (GG — A0przGam=) + 197Gy, =0 (3.2.47)

and

_ 1
€—¢29aa a(b@ + Zgab ba! (b a'b’ abz Zgab(bGabz - )

7 1
e (Ogs+ 49" aasb,az) —Zzg“b (qbfGag 205G iz) = 0.

_ 1w Iy

8

We can similarly work out the equations for world-volume M 5-brane fermions. The
fermionic bilinear terms on the M5-brane world-volume in the presence of background flux
have been derived in [51]. Upon setting the world-volume gauge flux to zero, we have the
Dirac equation

1
V"Vl = 527 G = 0. (3.2.49)

Again, we turn on the fluxes only along the compact directions. Here, m,n,p, ... are real
indices. A 7 indicates the directions transverse to the brane. We denote by a,b,... the
holomorphic indices along the brane and by a, b, . . . the anti-holomorphic indices; z is the
complex coordinate along the normal to the divisor. The spinor # can be expressed in
terms of the Clifford vacuum and the creation operators as

0= ¢|Q > +¢2’72‘Q > +¢a5’765‘9 > +¢2&572§B‘Q > (3-2-50)
Plugging this expression for € into the Dirac equation, we find
(016 + 49" Dy
+§ [4gaa gbb/g ( abl;’z(biﬁ’é - Gabéz¢2a’l3’) + gzz ab(bz abczi| =0 )
(&’isz + 4gbb ab¢2a?/)
_Z |:4gaa/gbb/(Gabl;’2¢fb’E - GabEZ¢a’B’) + gab¢Ga552] =0 !
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1 2z -
8[a¢b5] + Eg ¢:Gape. =0,

1
adzq + ﬁgbGaBaz =0. (3.2.51)
These expressions can be simplified a lot using the primitivity condition:

(966 + 49" Du0p) — 29" 9" 97 Gapes sy =0 ,
(Oatdz + 49" Ddzar) + 9™ 9" Gapez by =0,

1 .
a4+ — g7 h:Goge. = 0
[a(bbc] + 129 (b Gabcz ’

1
8[a¢2136] + ﬂgbG&I;EE =0. (3.2.52)

The equations are modified due to the (3,1)- and (4,0)-fluxes, and so is the zero mode
counting. To understand this better, we shall turn to the example of compactification on
K3 x K3.

3.2.5 Example: K3 x K3

To acquire a better understanding of the above equations, we consider here the example of
M/F-theory compactified on K3; x K3, with background flux [76, 65, 77]. Consider one
of the K3s (say K33) to be elliptically fibered. Wrap the M5-brane on one of the divisors
of the form K3 x S, where S corresponds to the Pls of the elliptic K3. Let z parameterize
the direction normal to the brane.

We will now briefly review the case of the flux being of type (2,2) and primitive and
then consider the case of general flux. Let us first analyze the case of the flux preserving
N = 2 supersymmetry. In this case, the (2,2)-flux must take the form

G4 € Hl’l(Kgl) &® Hl’l(K?)Q) s (3253)

which implies that the N = 2 flux must be a (1, 1)-form in K3,. Since it is an elliptically
fibered K3, we have to use the spectral sequence, which tells us that the flux belongs to
[78]

H°(B,R*m.R)® H*(B,m.R) ,

which in simple terms means that the flux has either both legs in the fiber or both in the
base. So the N = 2 flux is always of the type G 5.g or G5 . Contrarily to this, the flux
appearing in the Dirac equation of the brane world-volume is always of type G ;.5 or G
Thus for N = 2 flux, the Dirac equation does not change at all and the zero modes are
same as those of the fluxless case.

We now turn our attention to fluxes preserving N = 1 supersymmetry. Such a flux is
of the form

abzc -

Gy € (H*'(K31) ® H?(K3,)) @ (H"*(K31) @ H**(K3,)) . (3.2.54)
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In addition, it may contain flux of the form as given in eq. (3.2.53). The susy conditions
in presence of such a flux have been analyzed in great detail in [76]. It has been realized
there, that by an appropriate choice of (2,2) primitive flux, it is in fact possible to lift all
the complex structure as well as Kdhler moduli except the overall size of the K3. It has
also been noticed that the fluxes of the type given in eq. (3.2.54) stabilize both the K3s
at an attractor point [77]. Attractive K3 surfaces are completely classified. They are in
one-to-one correspondence with the (SL(2,Z) equivalent) matrices

2a b
QZ(Z) 20)’

where a, b and ¢ are integers, and in addition a, ¢ and the the determinant of () are required
to be positive. Two such matrices represent the same K3 if they are SL(2, Z) equivalent.
It has been shown in ref. [77], that the tadpole cancellation condition puts very strong
constraints on the integers a,b and ¢ appearing in the above matrix ). Thus the N =1
solutions are very limited and all of them can be determined.

We now consider M5-branes wrapping divisors of the form K3 x S in presence of such
a flux. Locally, these fluxes are of the form Gy, G The divisors under consideration
have the cohomology

abcz*

HY"Y(K3x P')= H*°(K3x P')=0. (3.2.55)

Since ¢> and ¢5;; belong to these cohomology groups, they must be identically zero. We
can now clearly see from the Dirac equations that the forms ¢, ¢z are harmonic, and in
addition we have

9" 9" Gapesbay = 0 . (3.2.56)

This condition lifts the ¢, mode. Hence, we only have massless modes corresponding to
¢ € H*°(D). Note, that all the spinors also carry an SO(2,1)-index, and hence there is a
doubling of massless modes. Since H%°(D) is one-dimensional, we are now left with two
fermion zero modes, which is the right number for the instanton to contribute to W,,,.

We now study the Dirac equations in presence of (3,1)- and (4, 0)-flux. They take the
simple form

(00 + 49" Dype) = 0,

g™ gbb Gabeztay = 0,

é)ﬁiqbgé] = ()7

¢Goges = 0. (3.2.57)

Again, we find from the above that the forms ¢, ¢—; are harmonic. In addition, we find that
both zero modes ¢ as well as ¢_; must be zero. Thus the presence of (4, 0)-flux lifts all the
zero modes. As a result, we don’t have any contribution to W, from the M 5-instantons.

We have seen in the above that we can choose an appropriate (2,2) flux preserving N = 1
susy, so that we have the correct number of fermion zero modes to have a non-perturbative



3.2 D3-Instantons in the presence of all ISD- and TASD-fluxes 61

superpotential. But once we include a (4,0) flux, as enforced by the non-perturbative term
in the susy conditions, all the zero modes are lifted which means that it is not consistent
to keep the non-perturbative term. This raises a puzzle which we intend to resolve in the
following section.

3.2.6 Inclusion of the non-perturbative superpotential

In the last section, we have seen that a (4, 0)-component of G lifts all zero modes. On the
other hand, the susy conditions tell us that the (4,0)-part of G is non-zero in the presence
of W,,,. So there is an apparent mismatch. The resolution of this puzzle seems to be to
include W, into the Dirac equation which determines the number of zero modes. Then,
G, should be balanced against W, as it is the case for the susy conditions.

The Dirac part of the world-volume action on an Mb5-brane with fluxes has the form

[53]:

1 ~m 1 mnp~ g~mn,
Lj\”ﬁ - 5‘9[’7 Vi + ﬂ(’y PG gimp — VIV Grngig) 10 - (3.2.58)
For us, it is important to note that the corresponding Dirac equation, whose solutions
count the number of fermionic zero modes, is essentially determined by the susy variation
of the 11-dimensional gravitino field. This can be seen as follows [54]. The supersymmetry
conditions on the bulk, closed string background are given by

dhpe=0, (3.2.59)

which is the supersymmetry transformation of the 11-dimensional gravitino. This can be
translated to the linear part of the Dirac equation from the world-volume action as follows:

(1 = DTpps) 0000 = 0. (3.2.60)

Here, 67, is the pull-back of the gravitino variation to the brane via d1), = d3;0,2™ and
r,=r Ne]]\\gaaxM . Therefore, one sees that the pull-back of the bulk gravitino equation is
equivalent to a solution of the Dirac equation. Furthermore, one has to take into account
the constraint from x-symmetry on the M5-brane:

(1+Tys)0=0. (3.2.61)

The number of zero modes is then given by the difference between the numbers of solutions
of these two equations.

As we have already stated, we can recover the M5-brane world-volume action eq.
(3.2.58) by using the explicit expressions for the internal gravitino variations in the absence
of Wy, in eq. (3.2.60). We have already seen in §2 that turning on W,, alters the susy
equations in the effective potential, as the effective superpotential now is W = W0 + Wy,
This addition should be described by the modulino equations, i.e. d¢' = ¢! = 0 should
be now equivalent to DW g, + DW,,,, = 0.
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Substituting the expressions for the internal gravitino transformations with the general
fluxes in (3.2.58), one obatins

( C¢+4g 8b¢b/ ) - ana o ZzGabcz¢za/b/ -
( agbz + 4gbb abgbzab/) + gaa o Gabcz¢a’b/ =

1 2z _ o
8[a¢ba] + Eg (bZGabEz =0,

1
o+ b —0. 3.2.62
[a(bzbc] + 24¢Gabcz ( )

This is a set of local equations in the internal space. Every summand of (3.2.62) vanishes
separately. This means that the set of equations

GabEz (babz
Gab& ¢ab
abe=®”
Gaed =

is preventing the ¢, ¢z, ¢ and ¢~ to be non-trivial zero-modes in the case of general flux
G3. On the other hand G, correspond to the three-dimensional constant scalar fields
which one obtains as coefficients by expansion of G5 in the harmonic basis on CY}:

o O O O

(3.2.63)

h(3,1)

Gy = Gapegdz® /\dZ A dz°€ /\dZ + ZGabcd i abed

i=1
h(2:2) K31

§ ~l<: abed E : 71 abed
+ Gabcd + Gabcd

+ Gmdz Adzb /\dz /\dz (3.2.64)

with @* being basis elements of H*2. Since H?? = 0, they can be expressed in terms of
the basis elements w’ of H"' as &* = 37,/ x7,w’ Aw’. The scalar fields G, G*, G* are
related to the flux superpotential by (3.2.35) and (3.2.36). From the modulino equations
(3.2.40) we see that Wiy, has to be replaced by W = Wy + Wyp. This corresponds to
the modification of G to

~

G2 2 Gabcd Gabcd )
i . % _ (
13 ¢ G’ = €;aDiW =G vioa + €apeaDiWap

~ DWW DWWy,

Goa sz B I Gared t €atped— 0K (3.2.65)

This amounts to modifying the world-volume action (3.2.58) in presence of the nonper-
turbative superpotential, where we now replace G by G. It is than straightforward to see
that, using the susy conditions D;W = D;W = 0, the Dirac equation can be expressed as:

(9z¢) + 46" Dppiy) = 0
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(8&¢2 + 49b6/8b¢2a13') + gaalgbl;/ Gavez0ay = 0,
6[&¢Bé] =0,
a[@qﬁggé] =0. (3.2.66)

These conditions are identical to the ones coming from (2,2) primitive flux without W,,,.
The (4,0)- and (3, 1)-parts of the flux are compensated by the nonperturbative term. As a
result, we find that the number of fermion zero modes is unaltered. The apparent mismatch
of the two answers in the previous section was due to the fact that we had then ignored
the back-reaction of the instanton on the background flux and the geometry. Once we take
care of this by modifying the fermionic terms accordingly, we obtain the expected result.

For the type IIB Euclidean D3-brane, the story is very similar, hence we will be very
brief in the following. The Dirac Lagrangian can be written in terms of the type IIB
gravitino variation, where in addition also the dilatino variation appears:

P = %e“b\/—detg A(1 — T'ps)(T6be — SN0, (3.2.67)

where the bulk susy variations are v, = 0 and 0\ = 0. Substituting the expressions for
01y, and 0A without W), into the above equation yields

1~ .
LP3 =2./det g 0 {e—%mvm + gGmnmm"p} 0. (3.2.68)

Once we use the modified expressions for 6¢, d¢', d¢! and J\ in presence of W,,, we
replace G by

~ o~ ~

G2,1 : GabE = GabEa

~. A~

o 1 Gl = GZ%DjLVeI}bCDiWnp, -
~ ~ I ~ W,
Cus + O =gl = Ot e
Gso @ Gge=€we(T —7)D;W = G+ €ape(T — T)D Wy . (3.2.69)

We can similarly analyze the Dirac equations. As expected, the number of fermion zero
modes remains the same as in the case of primitive (2, 1)-flux without the non-perturbative
term.

3.3 Non-perturbative effects from gaugino condensa-
tion

Another source for the non-perturbative superpotential is gaugino condensation on a stack
of D7-branes which fill space-time and wrap four-dimensional divisors. In general com-
pactifications, their presence is required by the tadpole cancellation condition, namely in
order to cancel the Ramond charge of the orientifold planes. The open string spectrum on
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Figure 3.1: Toric diagram of the resolution of C3/Z¢_;; and dual graph

the D7-branes is described by the effective N' = 1 supersymmetric SU(N) gauge theory
with some additional matter fields.
In the N Yang-Mills theory with gauge group G without any matter, gaugino conden-
sation generates a non-perturbative superpotential
_&x2
Whp ~ A3 = e b7 | (3.3.70)
where b is the (-function coefficient of the corresponding group, and A is the dynamical
scale of the gauge theory. The gauge coupling is related to the volume V; of the divisor by

4
-V, (3.3.71)
g
and contribution to the superpotential by gaugino condensation can be expressed as
TV
W ~ gie™ o (3.3.72)

The open string spectrum on the D7-branes consists either of adjoint or bi-fundamental
matter. The adjoint scalars correspond to the position of the DT7s (called position fields in
the following) or they are associated to Wilson lines (called Wilson fields in the following).
The number of the position and Wilson line fields is given by the topological data of the
divisor wrapped by the D7-brane, namely h( ) for the former and h ) for latter fields.
The massless bi-fundamental fields arise as open string states localized at the intersection
loci of two D7-branes.

One can argue (see ref. [24]) that if all matter fields become heavy, then gaugino
condensation is generated. This means that on the one hand the Hodge numbers hq 1),
h(o,2) of the divisor wrapped by the D7-brane should vanish and on the other hand the
D7-branes responsible for gaugino condensation should not intersect each other.

Let us give a simple example. In the case of the resolved singularity of T/Z¢_;; [34]
the toric diagram is presented in figure 3.1. The exceptional divisors F; have topologies of
P! x P! and D, D, D5 are blow-ups of P! x P1 in 12, 8, and 9 points, respectively. This
means, all of them have h(o 1) = h( 2 = 0 and both mentioned criteria are satisfied either
by the triple Dy, D3, Es or by E3, Do, E4. Because of the special choice of the orientifold
action in the glued CY, the D7-branes are put on the first triple of divisors.



Chapter 4

Fixing all moduli in two Calabi-Yaus

This chapter is based on the material published in [25].

4.1 Stabilization of Kahler moduli associated to the

cohomology Hf’l) (Xe)

In the following we shall assume! a flux compactification of a type IIB CY orientifold with

hE;)n(XG) = 0 and a general Kéhler potential K, for the n := h&)l)(X(g) Kéhler moduli:

1 T

Kin(TY, ..., T T, ... T = KT " +T",...,T"+T") . (4.1.1)

We consider the racetrack superpotential [62]:

W =Wo(S,U)+ A Y (S, U)en ™. (4.1.2)

Jj=1

The first term W, of (4.1.2) represents the tree-level flux superpotential ([14])

WO(S,U):/ Gy A Q (4.1.3)

Xe

depending on the dilaton S and the hg; )1)(X6) complex structure moduli U*. Since Q2 €
HY (Xs), we also must have G5 € HY (Xg) with 2h§1) (Xs) + 2 complex flux components.
In eq. (4.1.2) we assume Wy € C, 7; € C, and a; € R_. In addition, A € R is a real
parameter accounting for a possible so—called Kéhler gauge (cf. Section 4.4). The latter
may be used to adjust a certain flux value given by W to a given minimum in the Kéahler
moduli space (T7,...,T™), cf. ref. [63]. We do not consider a possible open string moduli
dependence of the superpotential [72, 76].

1See Ref. [25] for the disscussion of Kihler moduli associated to the cohomology H (_1’1)(X6)
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The work of KKLT [61] proposes a mechanism to stabilize all moduli at a small positive
cosmological constant. This procedure is accomplished through three steps. One first
dynamically fixes the dilaton S and the complex structure moduli U* through the tree—
level piece Wy (given in eq. (4.1.3)) of the superpotential. This is accomplished with a
generic 3—form flux G3 with both I.SD— and I AS D—-flux components. At the minimum of
the scalar potential in the complex structure and dilaton directions, the flux becomes I.SD
and the potential assumes the value Vy(S,U?) = —3eX|Wp|?>. The soft masses mg, my»
for the dilaton and complex structure scalars are generically of the order o//R?® [79]. In
the large radius approximation Re(7) > 1, the non—perturbative terms in (4.1.2) only
amount to a small exponentially suppressed additional contribution to mg, mys. According
to [80] the latter is negligible. The second step is the addition of the non—perturbative
piece to the superpotential (4.1.2), which allows the stabilization of the Kéahler moduli
T7 at a supersymmetric AdS minimum. The soft masses for the Kdhler moduli are much
smaller than soft masses mg and myx. This property allows us to separate the first and
second step, i.e. to effectively first integrate out the dilaton and complex structure moduli.
Nonetheless, strictly speaking these two steps should be treated at the same time. The
stability of AdS vacua in gravity coupled to scalar fields has been investigated in ref. [49].
Stability is guaranteed, if all scalar masses fulfill the Breitenlohner-Freedman (BF) bound
[49], i.e. their mass eigenvalues do not fall below a certain minimal bound. The latter
is a negative number related to the scalar potential at the minimum. It can be shown
in a completely model independent way that all scalars have masses above this bound
at any N=1 supersymmetric AdS minimum in supergravity theories (cf. e.g. [81] and
Appendix C of ref. [82]). However, the third and final step in the KKLT scenario consists
in the addition of one anti D3-brane, i.e. a positive contribution to the scalar potential,
which lifts the AdS minimum to a dS minimum. The masses for the moduli fields do not
change significantly during this process. However stable dS vacua require positive mass
eigenvalues. Hence, any negative mass eigenvalue before the uplift is unacceptable since
the effect of the anti D3-branes on the mass eigenvalues is too small to change a negative
mass to positive.

In (4.1.2), the sum of exponentials accounts for D3-brane instantons and gaugino
condensation on stacks of D7-branes. The D3-instantons come from wrapping (Euclidean)
D3-branes on internal 4-cycles C? of the CY orientifold Xg. The latter have the volume
Re(T7) and lead to the instanton effect e ™" in the superpotential, i.e. a; = —2mw. The
gauge coupling on a D7-brane which is wrapped on the 4-cycle C is given by Re(77), cf.
eq. (2.1.10). Hence, gaugino condensation on this D7-brane yields the effect e=7"/% in the
superpotential. E.g. for the gauge group SU(M) we have bsyr) = 3%, i.e. a;j = —22. On
the D7-brane, v;(S,U) may comprise one-loop effects and further instanton effects from
D(—1)-branes: One loop corrections to the gauge coupling give rise to [83]

vy~ n(U)720 (4.1.4)

while additional instantons in the D7-gauge theory amount to:

—S5/ba fci FAF

v~ e (4.1.5)
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_ Supersymmetric vacuum solutions are found by finding the zeros of the F*~terms: Y=
KM7 (9;W + W Kj). Solutions to the equations F™ = ( give rise to extremal points of
the scalar potential. In addition, it has to be verified whether those zeros lead to a stable
minimum. Since the matrix K™/ is positive definite, the zeros (T}, ...,T¢) in the Kéhler
moduli space are determined by the n equations:

aTjW+WKTj:0 s jzl,...,TL (416)

following from the requirement of vanishing F—terms. These equations turn into the

hg,)n (X¢) relations

> Kpi T |ar| = TT lax]
k=1 k=1
k#j Tl:Té
(4.1.7)
to be satisfied at this extremum. Since K7+ and a; are real, from eq. (4.1.7) we may easily
deduce the VEVs t; of the axions at the AdS-minimum. After introducing the phases
Wo = |Wo| e%and ~; = || €% we obtain (T7 = t] + it3)

. 1 ) 2
th=— [ptn(l+p)—di |+ —Z , i=1....n (4.1.8)

Q; a;

as VEVs for the axion fields. Above we have introduced the numbers

o1 \ Kp
p' == arg

7T n n n
> Ky I |aw| — IT |axl
j=1 k=1 k=1

ki

e {0,1} .

For the case that an exponential e%”’ accounts for gaugino condensation in an SU(M)

gauge group, we have a; = —QM” and in eq. (4.1.8) the additional shift i—’r Z becomes M Z.
J

The latter becomes trivial, if the Kahler modulus 77 enjoys a discrete shift symmetry, e.g.
T7 — T9 + 1. On the other hand, if no such symmetry exists, in eq. (4.1.8) the additional
shifts i—’; Z give rise to an infinite number of extrema obtained from one another by shifts

in the axionic directions #}. A useful relation to be satisfied at the extremum is the ratio

Ji_ gay Timas 0 4 211 , ,j=1,...,n. (4.1.9)
Vi a; KTi

The latter equation may be written as

il _ o gy ti-ai i 92 Kr1

. Gji= 95— ditay té —a; th . (4.1.10)

|7j| ay Ko
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Since ¢;; € {0, 7}, the directions of the axions té strongly depend on the signs of the first
Kahler derivatives K7, and the phases ¢; of the coefficients ;.

Moreover, from the relation (4.1.8) we see that any complex phase of Wy and ~; may
be absorbed into a redefinition of the axion VEV at the minimum. Hence, in the following
we may assume without any restriction:

VV(]E]R,Jr y ’)/jERJr.

Finally, at the extremum (7},...,T¢"), the scalar potential \N/(Tl,Tl, e ,T”,Tn) as-
sumes the negative value

_ g [Wo?
Vinin = —3 I « - (4.1.11)
k=1 n n n
> Kri IT lax| = TT [axl
7j=1 k=1 k=1
k#j TLZTé

4.2 Resolved toroidal orientifolds as candidate models
for a KKLT-scenario

In [63], a toroidal orbifold model, namely type IIB string theory compactified on the
orientifold of the resolved T°/Zy x Z,, was checked for its suitability as a compactification
manifold for the KKLT proposal. Since the F'-theory lift of this example is known, Witten’s
criterion could be checked directly and the results of [63] strongly indicate that in this
model, all geometric moduli can be fixed.

The methods to obtain a smooth Calabi-Yau manifold from a toroidal orbifold and to
subsequently pass to the corresponding orientifold as described in ref. [34] enable us to
explicitly check other toroidal orbifolds for their suitability as candidate models for the
KKLT proposal.

The requirement that the scalar mass matrix be positive, places severe constraints on
the list of possible models. Those orbifolds without complex structure moduli do not give
rise to stable vacua after the uplift to dS space. Thus Zs, Z7, Zg_; on SU(4)?, Zy X Zg,
Zs X 73, 24 X 24 and Zg x Zg are excluded from the list of possible models given in table
2.2.

Since the stabilization of twisted complex structure moduli via 3—form flux is not well
understood yet, the models with h’é“f)t (Xs) # 0 cannot be checked explicitly. Yet consid-
erations regarding the topology of their divisors suggest that they might not be suitable
candidate models anyway, as will be explained later on. The only models which are not yet
excluded and are directly amenable to our methods are thus T°/Z, on SU(4)?, T®/Zs_11
on SU(2) x SU(6), the above mentioned T°/Zy x Zy, and T%/Zy x Z,. The example T°/Z,
on SU(4)? contains five instead of the usual three untwisted Kéhler moduli. Since it is
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Topology O7 on top inters. in 1 dim. no intersection
K3 2/[1] 0 0/[-1]

T 0/[-1] 0/[-2] 0/[-3]

P! x T2 0 1/10] 0/[-1]

P2 F, 1 1 0

Table 4.1: Index xp3 for the four basic topologies

not clear how these two extra non-diagonal untwisted Kahler moduli contribute to the
superpotential, this example will not be discussed explicitly.

The question one would like to answer is: Do enough of the divisors of the above models
contribute to the non-perturbative superpotential that all Kahler moduli can be fixed? To
answer this question, the topologies of the divisors must be studied. In Section 4.3 of [34]
it was shown that there are four basic topologies for the divisors of the resolved toroidal
orbifolds: The divisors R; inherited from the covering T have the topology of either (i)
K3 or (ii) T*. The exceptional divisors E; which arise in the blowing up process can be
birationally equivalent to either (iii) a rational surface (i.e. P? or F,,) or (iv) P! x T%.
The same is true for the D—divisors, which correspond to planes fixed at the loci of the
fixed points and are linear combinations of the Rs and Es. The rational surfaces have
h(1,0) = h(2,0) = 0 and therefore x(Og) = 1. Since h(1 ) and h(y) are birational invariants,
the number of blow—ups which depends on the triangulation of the resolution is irrelevant
here. P! x T? has hq,0) = 1, h(a0) = 0, T* has h(1,0) = 2, h(,0) = 1, which both results in
x(Og) = 0. K3 has h19) = 0, ho =1 and therefore x(Og) = 2.

Since except for T°/Zy x Z, the F-theory lifts of these models are not known, it
must be determined directly in type I[IB which divisors contribute to the non—perturbative
superpotential. Here, we make use of the index for the Dirac operator on the world—volume
of the Euclidean D3-brane (3.1.8). The values of the index for the four divisor topologies
arising from resolutions of toroidal orbifolds are given in table 4.1. The numbers in square
brackets are the values of the index in the case that the corresponding zero modes have
been lifted by flux, cf. table 3.1. We see thus that for the case that the O7—plane does not
intersect the divisor, we never get a contribution, so we better seek an orientifold action
which leads to many O7-plane solutions. K3 can contribute for the case that the O7 lies
on top of the divisor if the hg% zero modes are lifted by flux. In our set—up, the case
that the O7 lies on top of the divisor cannot arise, since only the inherited divisors R; can
have the topology of K3, and these divisors are never wrapped by O7-planes. A divisor
with the topology of T* can likewise never contribute. P! x T2 can contribute in case
of an intersection with the O7-plane in one direction if no zero modes are lifted by flux.
The rational surfaces always contribute except if there is no intersection irrespective of the
background flux. To summarize: All those models are likely to allow the stabilization of
all geometric moduli for which

(1) the fixed points and fixed lines are all in equivalence classes with only one member,
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giving rise to E and D divisors which are birationally equivalent to rational surfaces and

(71) an orientifold action exists which gives rise to enough O7-plane solutions that each
divisor intersects an O7-plane in at least one complex dimension.

When these conditions are met, it is likely that all geometric moduli will be stabilized
when the full scalar potential is minimized.

Requirements (i) and (ii) are both met by T°/Z, on SU(4)?, T%/Z¢_ ;1 on SU(2) x
SU(6), T/Zy x Zy and T/ Zy x Z4, therefore we expect that all geometric moduli can be
stabilized in these cases.

Models with fixed lines without fixed points on them which lie in orbits of length greater
than one do not satisfy criterion (i) since the divisors corresponding to these fixed lines have

the topology of P! x T?. These are exactly the models with hgmls)t # 0. Unless an elaborate
configuration of O-planes can be chosen such that all these divisors intersect on O7-plane
along one dimension, these examples in general allow only for a partial stabilization of the
geometric moduli via Euclidean D3-brane instantons. It should be stressed that examples
like these are still not completely hopeless since additional effects might lead to the complete
stabilization of all moduli. On the other hand, this survey again confirms the old suspicion
that manifolds with the right geometrical properties to allow the stabilization of all Kahler
moduli by Euclidean D3-brane instantons or gaugino condensates are not very generic.

So far, we discussed the conditions for a contribution to the non—perturbative super-
potential from Euclidean D3-instantons. Since we cancel the O7-tadpole by placing D7—
branes on top of the O7—planes, a gaugino condensate can arise on the world—volume of
the D7-branes. As mentioned before, for a contribution to the non—perturbative superpo-
tential to arise from a gaugino condensate, we should have
(a) no bi-fundamental matter. This is given when the different divisors on which D7-
branes are wrapped do not intersect. This condition can be easily checked by inspection
of the toric diagram of the resolved patches.

(b) no adjoint matter. This depends on the Hodge numbers of the divisor which is wrapped
by the brane. For rational surfaces, i.e. h(,0) = h(20) = 0, this criterion is fulfilled.

In the following, moduli stabilization will be discussed in detail for the two examples
TC/Zg 11 on SU(2)xSU(6) and T /ZyxZ4 on SU(2)*xSO(5)?. In Section 4.3 stabilization
of the dilaton and complex structure moduli through 3-form flux G5 is discussed and in
Section 4.4, the stabilization of the Kahler moduli.

4.3 Complex structure and dilaton stabilization through
3—form flux

For the orbifolds Xg with hg; )1)(X6) = 1 the Kéhler potential for the dilaton and complex

structure modulus (U = U?) (2.1.11) is:

Ky = —log(S+S) —log(U +U) , (4.3.12)
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while the tree-level superpotential (4.1.3) may be written as
Wo=A+BS+U(C+DS), (4.3.13)

with A, B,C, D € C to be specified later. With the F—terms

o= (5_L§]>1/2 [—A+BS-U((C-D9)],

rad :(%)”Q [“A-BS+U(C+DS)], (4.3.14)
we may cast the scalar potential

V = g5 FSF + gy FUFY — 3 X0 |Wo?

into the form:

V =555 [|IA-BS+U(C-DS)P+|A+BS-U(C+DS) [
—-3|A+BS+U(C+DS)|*]. (4.3.15)

The extremal points in the moduli space (S,U) are determined by the solutions of the
equations F°, FU = (:

EFC—BU—ZD+AE - BC+BC—-—AD+AD

i
_ = -l , S — — , (4.3.16
275 BD+BD 270 CD+CD (4.3.16)
and similarly for the real parts sy, u;.
The 3—form flux G3 = F3+1 S Hj
1 3
(27 z; a+zSc a; (bﬂriSdi)ﬁi}
6
+Z (e +iS¢°) v+ (fi+i8S hy) ] (4.3.17)
7j=1

entering (4.1.3) is given as linear combination w.r.t. the integer cohomology basis {c;, 8 }i=o
and {7,067 };=1. 6 [24]. This gives rise to 20 real flux components to be constrained by the
respective orbifold group Zy. This allows to express the complex parameters A, B,C, D
through the eight integers a°, a', by, by, %, ct, dy, dy. For more details cf. [24]. The F-
flatness conditions F*°, FU = 0 force the complex structure to align such, that the flux
Gs
1 i aT_ 7 T 1 2 3
on)ier Gy = TR0} { [A—BS—i—U (C—DS)} dz* Ndz* Ndz
—[A+BS+U(C+DS)| dz' Ndz? N dZ?
+[A+BS-U(C+DS)| dz' Ndz* NdZP

—[A=BS-U(C—-DS)] dz* Nd* NdZ® } (4.3.18)

-----
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becomes ISD, i.e. it has only (2,1) and (0, 3)-components at the extremum. The flux G
induces the contribution of

1
6

to the total D3-brane charge (2.1.15). Generically, this integral is calculated in the orien-
tifold cover Ys. Therefore the number Ny, has to be twice the negative value of the total
D3-brane charge (2.1.15), i.e.

Nite = —2 Q3400 (4.3.20)

to cancel the latter by flux only.

(i) Zg—rr — orbifold on the SU(2) x SU(6) lattice :

The Zg_—orbifold has the action (v, v? v%) = (3, 3, —3). The 3~form flux (4.3.17)
constrained by the Zg_;;—orbifold group becomes:

1

WG;»,: L (ap +iSco) (3 o +2 By +m — 272 — 2 73 + Y4 — J5)

+(bo + iSdo) (—asz + o+ 75 — V6)
+% (by +iSdy) (2 B + B2+ 01 — 02 — 2 63 — 04)
+(a1 -+ iSCl) (a1 + oo + ﬁg — Y2 — V3 — 56) . (4321)

This flux correspond to the flux number:
Nﬂux =2 bo Cco + b1 (CQ +3 Cl) —2 ao do - d1 (CLQ +3 al) . (4322)

For the Zg_;; orbifold with SU(2) x SU(6) lattice the coefficients A, B,C, D entering
(4.3.15) become:

A = —§b1+ib0 , B:—do—@dl,

C = ap+i <% + \/§a1) , D=— (% + \/§c1) Vico . (4.3.23)

With this information, eq. (4.3.13) yields the superpotential:

W() - —§b1+zb0—5 (do+@d1>

+U {a0+i(%+\/§al)}—SU (%—i—\/gcl—ico) . (4.3.24)

Since the total D3-brane charge in the CY orientifold is Q31 = —22 (see Section 4.4), we
look for fluxes (4.3.21) with Ny, = 44 on the covering space Y. Furthermore, the fields
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(a®, bg, ¥, do, at, by, ¢, dy) s1 S92 Uy Uo mg my

(-5,12,0,2,-4,-8,-1,0) 3.15788 5.83333 1.26315 0.0666667 2.18 13.68
(-5,10,0,2, 3 -8,-1,0) 3.15788 4.83333 1.26315 0.0666667 2.18 13.68
(-5,6,0, 2 , -1, —8 ,-1,0) 3.15788 2.83333 1.26315 0.0666667 2.18 13.68
(-5,0,0,2,2,-8,-1,0) 3.15788 -0.166667 1.26315 0.0666667 2.18 13.68
(-5,-4,0,2,4,-8,-1,0) 3.15788 -2.16667 1.26315 0.0666667 2.18 13.68
(-5,-8,0,2,6,-8,-1,0) 3.15788 -4.16667 1.26315 0.0666667 2.18 13.68
(-5,-12,0,2,8,-8,-1,0) 3.15788 -6.16667 1.26315 0.0666667 2.18 13.68
(5,10,0,-2,-7,8,1,0) 3.15788 -5.16667 1.26315 0.0666667 2.18 13.68
(5,8,0,-2,-6,8,1,0) 3.15788 -4.16667 1.26315 0.0666667 2.18 13.68
(5,6,0,-2,-5,8,1,0) 3.15788 -3.16667 1.26315 0.0666667 2.18 13.68
(5,2,0,-2,-3,8,1,0) 3.15788 -1.16667 1.26315 0.0666667 2.18 13.68

Table 4.2: Discrete landscape of supersymmetric AdS minima for Ny, = 44
eRo/2 |Wy| = 0.34864 and V, = —0.364644.

9. bo, <, do,at by, et dy) sy 52 Uy U -V K12 \Wo| ms  my
2,-7,-1,2,3,-8,0, 2) 3.8092 -0.3 2.11622 0.722222  0.02273 0.087046 1.52 4.91

(a

(-

(0,-10,-1,-1,5,-3,1,-2)  3.7944 3.95 1.2648  0.316667 0.278999 0.304958 151 13.67
(0,-10,-1,2,3,-6,0,-2)  3.7934 -1.9 210745 0.944444 0.296119 0.314176 151 4.92
(
(
(
(

2,-10,-1,-1,3,-1,1,-2) 3.7918 2.65 1.26392 0.55 0.324662 0.328969  1.51 13.67
0,-10,-1,-1,6,-6,1,-2) 3.7296 4.7  1.036 0.305556 1.40124  0.683432  1.51 19.86
0,-10,-1,-1,4,0,1,-2) 3.7095 3.2  1.5456 0.333333 1.75049  0.763869  1.51 8.87
5,-9,-1,-1,0, 3, 1, -2) 3.6575 0.35 1.21918 0.783333 2.64978  0.93982 1.51  13.95

Table 4.3: Supersymmetric AdS minima in the (S, U)-space for Ny, = 44 and specific
€K0/2 ‘W0|

S = s1+ise and U = u; +iug should be fixed (cf. (4.3.16)) to realistic values. A reasonable
value for ReS' is s; ~ 3.6, which corresponds to a string coupling constant ging ~ 0.27
at the string scale. Besides, the complex structure modulus U is expected to be around
the p—point in the fundamental region, with p = % + %\/3 An additional constraint may
be imposed on the tuning parameter e®°|1y|?, which should be small to avoid higher
order effects in the full non—perturbative superpotential (4.1.2). After a systematic scan
in the flux space (a°, a', by, by, °, ct,dy,dy) € Z® we find hundreds of vacua, which meet
these criteria. A set of equivalent vacua, differing only in the discrete flux parameters
(a®, al, by, by, P, c, dy,dy), is given in the table 4.2.

Clearly, the axionic VEV s, may be shifted back into the fundamental region s = —
0.166667, while the flux number Ny, in (4.3.19) and Ky, W, are preserved [84]. Further-
more, in table 4.3 we present a set of supersymmetric AdS minima in the (.S, U)-space
with different tuning parameters e°|1;|?.
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(i1) Zy x Zy — orbifold on the SU(2)? x SO(5)? lattice :

The Zy x Z,-orbifold has the two actions (v',v%v*) = £(1,0,—1) and (w', w? w?®) =
%(O, 1,—1). The 3—form flux (4.3.17) constrained by the Z, x Z,—orbifold group becomes:

mGs = (a3 +1iSco)(—ag + ag) + (ag + iSco) <a0 - %51)
+(bg + Sdy) (041 + %ﬁo + 52) + (bg +15d3) <a1 + %BO + 53) _
(4.3.25)

The coefficients A, B, C, D entering (4.3.15) are given in the case of Zy x Z,—orbifold with
SU(2)% x SO(5)? lattice by:

A =-82(y—iby) , B=%(d—ids) ,

C =$ag+a3; , D="Fceo+ics. (4.3.26)
Furthermore, the flux number is:

Nﬂux = agdg — 6203 + bg (CQ + Cg) - (CLQ + a3) dg . (4327)
With this information, the superpotential (4.3.13) becomes:

1+ 1—1
Wy = — ;Z (by — 1 b3)+ S ( 5 ) (dy — i d3)
1+ -1+
—|—U< ;ZCLO—FCLg)—FSU ( 2+ZCo+i03) . (4328)

We search for fluxes (4.3.25) with Ny, = 52. We fix the value of the s; at 3.24,
which corresponds to a string coupling constant gsuing = 0.30 at the string scale. A set of
equivalent vacua, differing only in the discrete flux parameters (a°, by, °, dy, a3, bs, 3, d3),
is given in the table 4.4.

In the next table, we present a set of supersymmetric AdS minima in the (S, U)-space
with same tuning parameter e°|W;|?, but different choices for S and U.

(ii1) Z4 — orbifold on the SU(4)? lattice :

The Zs—orbifold has the action (v, v?, v*) = (3, 1, —3). The 3~form flux (4.3.17) con-
strained by the Z,—orbifold group becomes

1 .
7(271’)2()4/(;3 = (CLQ + ZSCO) (Oé() + a3 + 52 — Y2 — Y3 — 55)
1 .
+5 (bo +iSdy) (—aa + 200 + B3 + Y4+ 75 — Y6 + 03)

1 .
+3 (b +iSdy) (a2 + 261 + B3 — Y4+ 75 — Y6 — 202 — 03)
+(a1 + iSCl) (Oél + 20(3 + 52 — Y2 — 2"}/3 + 54 - 55 — 56) . (4329)
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(a®, by, &, do, a3, b3, 3, dg) s1 S Uy Uo mg my
(14,14,0,1,-3,14,-2,-5) 3.23796 -1.875 0.925131 -1.46429 2.46 30.21
(14,15,0,1,-3,15, - ,-5) 3.23796  -2.125  0.925131  -1.53571 2.46  30.21
(-8,8,4,1,11,8,-2,-3) 3.23796 -1.875 0.925131 0.535714 2.46 30.21
(-14, 14 , O , 5 , 11 14 2,-1) 3.23796 1.875 0.925131 1.46429 2.46 30.21
(-14,15,0,5,11,15,2,-1) 3.23796 2.125 0.925131 1.53571 2.46 30.21
(8,8,4,3,3,8 —2 -1) 3.23796 1.875 0.925131 -0.535714 2.46 30.21
(14,-16,0, -3, 19 16 ,-2,-1) 323796  6.125 0925131 0535714 246  30.21
(14,-15,0,-3,-19,-15,-2,-1)  3.23796  5.875  0.925131 0.464286  2.46  30.21
(14 ,-14,0, -5, -11, -14, 2, 1) 3.23796  1.875  0.925131 1.46429 2.46  30.21

Table 4.4: Discrete landscape of supersymmetric AdS minima for Ny, = 52,

efo/2 |Wy| = 0.310374 and V = —0.288997.

(a®, by, &, do, a®, b3, c3, d3) $1 S Uy Us mg my

(-13,17,3,1,11,17,-1,-5) 370 -2.85714 120518  1.85 1.88  15.42
(-10,16,3,1,9,16,-1,-5) 370 -2.14286  1.52375  1.82353 188  11.14
(9,15,1,3,-1,15,-2,-5) 370  -1.14286  1.52375  -2.17647 188  11.14
(-14,20,3,-1,16,20,-2,-4) 370 -6.14286  1.29518  1.15 1.88  15.41
(9,15,1,5,8,15,1,-3) 370 1.14286 152375 2.17647 1.88  11.14
(-4,15,2,2,6,15,-1,-5) 370  -1.85714  3.23796  1.625 1.87 248
(2,20,1,-1,13,20,-2,-3) 370 -8.14286  1.52375  -0.176471  1.88  11.14
(-6,20,2,-1,12,20,-2,-4) 3.24  -5.875 2.15864 0.583333 246  5.56
(-5,10,3,2,7,10, -1 , -4) 324  -0.875 161898  1.0625 246 9.87
(3,11,2,2,3,11,-2,-4) 324 -1.375 215864  -0.916667  2.46  5.56
(2,15,2,3,4,15,-1,-5) 324 -0.875 431728  1.16667 1.38 247
(6,14,2,4,6,14,0,-5) 324 -0.125 215864 241667  2.46 5.6

Table 4.5: Supersymmetric AdS minima in the (S, U)-space for Ny, = 52,

eX0/2 |Wy| = 0.310374 and Vj = —0.28900.

In the case of the Zs—orbifold with the lattice SU(4)? the coefficients A, B, C, D entering

(4.3.15) are given by:

A = —bl+lb0 5 B:—do—’idl,
C = a0+’i(a0+2a1) s D:—C0—261+’i00.

Furthermore, the flux number is:
Nawx =2 [ (bg + b1) co + bier — 2a1dy — (do + dy) ag | -
With this information the superpotential (4.3.13) becomes:
Wy = —bi+iby—S (di+1dp)

+U [a0+i(a0+2a1)]—SU (Co+261—i00) .

(4.3.30)

(4.3.31)

(4.3.32)
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4.4 Kahler moduli stabilization

We consider the racetrack superpotential (4.1.2)

By (Xoe)
W =W, + Z v e T (4.4.33)

J=1

with W, related to the tree-level flux superpotential (4.3.13), by Wy = —eKo/2|Wy|. The re-
defined quantity WO makes sure, that the minimization procedure w.r.t. the set of Kahler
moduli T%,..., 7™ in the Kihler gauge Ky, = 0 yields the correct value —3ef|Wy|? =
—3eR0TK|4|? in the scalar potential (4.1.11). This value accounts for the contribution
of the dilaton and complex structure stabilization procedure, which is decoupled and per-
formed in the previous section. Here and in the following K is the Kéhler potential (4.1.1)
for the n = hg)l)(XG) Kahler moduli T, ..., T". According to Section 4.1, we may assume
v; € R*, i.e. any complex phase of ; has been put into the axionic VEVs (4.1.8) of the
Kéahler moduli 77. The supersymmetric vacua are given by the equations (4.1.6), i.e. by
the critical points of /2. These equations fix the real part of the Kéahler moduli 77,
i.e. the divisor volumes Vol(D;) of an even divisor D;:

3 , 3 0
Vol(D;) = Re(T7) = 7 Kij. th = 3 39 Vol(Xs) . (4.4.34)
To ignore a'—corrections, the Kéahler moduli 77 or divisor volumes Vol(D;) should
be stabilized at large values, resulting in a large CY volume Vol(Xg). The F-—flatness

conditions (4.1.6) roughly give rise to the relations Wy ~ v; e% 77 Hence, a smaller W, or
larger coefficients ~; yield larger divisor volumes ReT”. Hence a small W, or large divisor

volumes guarantee that o/ corrections may be neglected. In (4.1.2), the exponentials % 7’
should be small ~ O(107%), such that multi-instanton processes or multi-wrappings may
be neglected. In principle, this means that Wg should be also of this order ~ 10~ [61].
Furthermore, in ref. [61] it has been argued that due to the smallness of these exponentials
a dependence of the coefficients 7; on the dilaton S and complex structure moduli U7 does
not change the critical points of the dilaton and complex structure moduli much, as derived
in the previous section, as long as the relative derivatives ’y;l Os.y»v; and 'y;l 6§’Um are
not huge.

(i) Zg—rr — orbifold on the SU(2) x SU(6) lattice :

We consider the resolved Zg_;; orbifold Yg on the lattice SU(2) x SU(6) which has
hay(Ys) = 25.

The configuration of the fixed point set is displayed in figure 4.1 in a schematic way,
where each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified. We see that there are 12 local C?/Z¢_;; patches
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A
D
/ 3 | B
E3 El > Dl E]_ D2
/ \ S E, E,

Figure 4.2: Toric diagram of the resolution of C3/Z¢_;; and dual graph

which each sit at the intersection of two fixed lines, 3 C?/Zs fixed lines in the 23 direction
originating from the order three element 6% and 4 C?/Z, fixed lines in the z? direction
originating from the order two element 6. The resolution of the C3/Z¢_;; singularity is
described by the toric diagram in figure 4.2. From these two figures, we can read off the
exceptional divisors [34], which together with the inherited divisors R; form a basis for
HOY(X):

Rl ) RZ ; R3 ; El,ﬁ'y ; E3,’y ) EZ,ﬁ ) E4,ﬁ ) (4435)

with 3 =1,2,3, y=1,...,4. In addition, the orbifold fixed points give rise to the eight
divisors Dy, D 3 and D3 .. The topologies of these divisors were determined in [34]. Ej g,
is a blow—up of F; in two points, while the remaining exceptional divisors Es g, Fs ., Fy g
are all P! x P'. Dy, Dyg, D3, are blow—ups of P! x P! in 12, 8, and 9 points, respectively.
Finally, R; is a T* and R,, R3 are K3 surfaces.

Any orientifold projection O with O3— and O7—planes is such that the twelve divisors
Ei 9y, B3y, Eas, Eas, Eyo, and Ejy3 are not invariant under the orientifold action o [34]:

g E1,2fy = E1,37 , O E1,3’y = E1,2'y >
o Fyy = E2,3 , O E2,3 :E2,2 )
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o Eyy = Eu3 , 0 FEi3==FE, (4.4.36)

and the six pairs of eigenstates (F, E) under o have to be constructed:

| ~ 1
Ei, = 5 (Eioy+ Bz ), Eiyi= 2 (Eroy— Eisy ),
1 ~ 1
Ey, = B} ( Eoo+ Fo3 ) ,  Boi= B} ( Eyp — Eags ) )
1 ~ 1
E, = 5 (Bag+Eiz) , Ey:= 3 (Eip— FEy3z ). (4.4.37)

As a consequence, we have hgi)l) (X6) = 6 (cf. also table 2.3). Furthermore, the divisors D o

and Dy 3 are mapped to each other under o and only the combination Dy = %(Dz,z + Dy 3)
is invariant. To summarize, the orientifold action O splits the divisors (4.4.35) into the
even divisors

HY(Xs) 3 Bryy, Eiry, Byy, By, Eyy, By, Es,, D1, Dy, Doy, D3, Ry, , Ry, Ry

(4.4.38)

and into the odd divisors
HY(X¢) > Ey, , E, , E. . Dy (4.4.39)
with v =1,...,4. We choose the orientifold action o such that its fixed point set consists

of seven OT7-planes wrapped on the divisors D;, D3, Ey; and E. In addition, there
are twelve O3-planes at 2> = 0, z' # 0. Because of x(D;) = 16, x(Ds,) = 13 and
X(E21) = x(Es) = 4, the total D3-brane charge Qs in eq. (2.1.15) is Qs = —22.
The Poincaré dual 2—forms w; of the 19 invariant divisors represent a basis for the Kéhler
form J:

J= 1 Ri+ry Ro+ry R3—ty By —ty By —to1 Foq — a1 Eap
4
—> (tiy Biy+tiay Biy + sy By ) (4.4.40)
v=1

with the 19 Kahler coordinates 71, 72, 73, t1., t11y, t2, t21, t3~, ta, ta1.
The volume Vol(Xg) = % sz JNINJT = % Kiji t' #7 t* of the CY orientifold Xg
becomes:

4
1 1
VOI(X6) = 3T1T2T3 + 73 <t271t471 + §t2t4) — Z ( t1717t271t471 + Zt17’7t2t4)
y=1

1 < 1 1 2 o
—57’2 Ztaﬁ{ — T3 (215371 + 5 ti,l + t; + Zti) — g Z tgw
y=1 y=1

1 < 1 1 4 1 1
-5 > (t‘ih + th{’ﬁ) + 263 141 + §t§t4 -3 (4 5+ 3 thy + 15+ gti)
y=1
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1 1 1 1 1
+> (2t1,1yt§,1 +tithy 5ty 5t + St + gtmti) :

y=1
(4.4.41)
where we plugged the intersection numbers K;;;, from the Ref [34].
According to eq. (4.4.34) or (4.4.41), the 19 divisor volumes are derived:
9
VOI(Rl) = 57’27’3 s VOI(RQ)_—T’ng—— Zt?),y,
9 3 3 3 3 3
VOI(R;J,) == 5 T T2+§ t271 t471+1 tQ t4—3t%71—1 til—a t%—g ti s
9 5 3 5 3 3 3
VOI(EL'Y) - 16t +Zt2+16 t4+1t377_§t2t4,
9 3 3
VOI(El,l'y) = _Z tilv + 3 t%,l + Z t4’1 + Z t%,'y - 5 tg’l t4’1 s
3 3 3 o
VOI(EQ) = Z T3 t4—37’3 t2—|—§ t2 t4—6t§—§ Z( tl,’Y t4—4t2 tl,’Y ) s
y=1
3 , 3w
Vol(Ey,) = RE tag1 —6rgton+61a1 a1 —24 15, — 5 Z( ti1y tag —4taq tiay ),
y=1
3 3 3
VOl(Egﬁ) = —5 T2 tgﬁ -3 t;w + 5 t1717 f}377 + 5 tlﬁ t37 s
4 4
3 3 3 3 3 3
VOI(E4) = Z T3 tQ_Z T3 t4+1 t%—z ti+§ Ztl"y t4—§ Ztl"y tg s
3 3 , .
Vol(Ey1) = 373 to1 — 573 tar+3 13, —3 t41 + = Zh 1y tag — = Zh,m o1 -
7=1 7=1
(4.4.42)

The seven (invariant) planes D, localized at the fix points are given through the rela-
tions [34]:

4
1 1
D, = - (Ri—FEy1—4E4;—2FEy,—8FE;»)— = Z 3Es +2E,+E1, ),
3 3
1 1
Dy = 5 (Ry= By~ Ey) ——;Em,Du—g(RQ Esy — By ) ——;Em,
Ds, = Ry—Ey1, —2Ey, — By, . (4.4.43)

In the superpotential (4.1.2), we have two sets of contributing divisors D;: On the seven di-
visors Dp; = {D1, D3, Eo 1, Es}, astack of one O7-plane and eight D7-branes is wrapped.
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Gaugino condensation takes place in the SO(8) gauge theory. Therefore, we have a; = —%’T

for the set Dpr of divisors contributing in (4.1.2). On the other hand, divisors in the set
Dps = {Ds, D21, Er , E1 1+, E3y, By, Eq1} can be wrapped by Euclidean D3-branes. Since
all D and E divisors intersect one of the divisors carrying an O7-plane in at least one
complex dimension (cf. figures 4.1 and 4.2), the condition yp3 = 1 for a non—vanishing in-
stanton contribution in the superpotential (4.1.2) is always met for the set Dp3 of divisors.
In total we have 23 contributing divisors and the superpotential (4.1.2) reads:

W=Wy(S,U)+ Y e Twr 4 Y e velon (4.4.44)

D;eDpr D;€Dps3

Now we are ready to stabilize all 19 Kahler moduli 7;, %1, 21,1+, t2, 22,1, t3, T4 and t41. The
D3-brane charge ()3, = —22 is completely cancelled by the 3—form flux G, given in eq.
(4.3.21). In fact, in the previous section we have presented critical points for the dilaton
and complex structure moduli corresponding to a set of flux solutions, with Ny, = 44.
For a WO = —0.34864, corresponding to the critical points of table 4.2, we find the following
23 divisor volumes (measured in string units):

Vol(D;) = 4.92087 , Vol(Ds1) = 17.1883,  Vol(Day) = 17.9329

Vol(Ds.,) = 35.1656 Vol(E,) = 3.55689 Vol(E,) = 0.710518 , (4.4.45)
Vol(Eyy) = 4.84171,  Vol(E,1) = 0922548 ,  Vol(Es,) = 1.01315
Vol(Ey ) = 1.06872,  Vol(Ey,) = 0.884484 | v=1,...,4,

corresponding to the sizes of the nineteen Kahler moduli:

r = 3.04765 , 1ro=291779 , 1r3=4.53928
th 152711 |ty = 0.869367 , 3, =046524 , ~=1,....4,
thy = 0443261 , 1y =0.663503 , ty=0.967525 , t4q =0.634432 .
(4.4.46)

The divisor volumes give rise to the total volume Vol(Xg) = 115.94. This is large enough,
that one—loop (and higher loop) corrections to the Kéhler potential are suppressed, with a
string-coupling constant gsying ~ 0.3 (cf. Section 4.3). Furthermore, the divisor volumes
(4.4.45) are large enough to suppress higher order instanton effects (e.g. from multi-
wrapped instantons) in (4.4.51), since e~27VolE2)/6 ~ (.02 and even smaller for the other
divisors.

The six divisors (4.4.39) or their corresponding cohomology elements give rise to the
non—vanishing bulk 2—forms B, (5, with the twelve real scalars b* ¢*. According to eq.

(2.1.5) the latter are combined into the six complex scalars G%, defined in eq. (2.1.5). Since
(1,1)

we did not disscuss the methods for stabilizing H
are stabilized in this model at

moduli, we just mention that they

b*=0.
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N
w

Figure 4.4: Toric diagram of two of the resolutions of C3/Z, x Z, and dual graphs

For further details see ref. [25]. Furthermore, in [25] a mechanism has been proposed to
also stabilize the fields ¢® by turning on the 2-form flux ¥ f, from the ambient space Y
and also the discussion at the end of Section 3.1. To this end, for the Zg orbifold we have
stabilized all 27 moduli fields.

(i1) Zy x Zy — orbifold on the SU(2)? x SO(5)? lattice :

As our second example, we consider the resolved Zy x Z, orbifold Yz on the lattice
SU(2)* x SO(5)*. This orbifold has hg 1)(Ys) = 61 Kahler moduli. We summarize here
the relevant data from [34].

The configuration of the fixed point set is displayed in figure 4.3 in a schematic way.

There are 16 local C3/Zy x Z4 patches. The resolution of the C3/Zy x Z, singularity is
described by the toric diagram in figure 4.4. There are four C?/Z, fixed lines in the 2!
direction from the order four element 2. Furthermore, there are 12 + 12 + (10 — 4) = 30
C?/Z, fixed lines from the order two elements: From 6!, 6'(6%)2, and (6*)* in the 22, 23,
and z! direction, respectively. The intersection points of three Z, fixed lines are locally
described by the resolved C3/Zy x Z, patches.

The resolution is described by the toric diagram in figure 4.5. From these two figures, we
can read off the exceptional divisors [34], which together with the inherited divisors R;
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D, E,  Ds
Figure 4.5: Toric diagram of the resolution of C3/Zy x Zy and its dual graph

form a basis for HV (Yg):
Rl 3 RQ ) R3 ) El,aﬁ/ ) E2,,6’7 3 EB,,u ) E4,,6’7 3 E5,aﬁ7 ) EG,aﬁ’v (4447>

witha =1,....4, 6=1,2, 3/ =1,2,3, vy =1,2,7Y =1,2,3and p = 1,...,10. The
divisors Fs,, pn = 1,2,4,5 will also be denoted by Ej3g3,, 3,7 = 1,2. In addition, the
orbifold fixed points give rise to the ten divisors [34]:

Dia , Doy , Dsy . (4.4.48)

The topology of these divisors was determined in [34]. The divisors Ej o, and Eg.g are
blow—ups of P! x P! in 5 points, the divisors F} 43, F3,, it = 3,6,...,10, Eg 43, and D1,
are blow—ups of P! x P! in 4 points, the divisors Es ,, u = 1,2,4,5 are blow—ups of P* x P*
in 8 points. The divisors Fs g, Ey4 3y, Dag, and Ds., are P! x P!, while the divisors Fj .3,
are 1, and the R; are K3 surfaces.

The orientifold projection O leaves all the divisors (4.4.47) and (4.4.48) invariant, hence
hgi)l) (Xg) = 0 (cf. also table 2.3). We choose an orientifold action o such that its fixed
point set consists of 14 O7-planes wrapped on the divisors D; o, Dag, D3/, and Es,,
p=1,2,4,5. There are no O3-planes. Because of x(D1,) = 8, x(D2g) = x(D3~) = 4,
and x(FEs,) = 12, the total D3-brane charge @3, in eq. (2.1.15) is Q3 40t = —26. The
Poincare dual 2-forms w; of the 61 invariant divisors (4.4.47) represent a basis for the
Kahler form J:

4
J = 71 Rl —+ 79 RQ + T3 R3 — Z (152’57 Egﬂ,y + t475,y E4’57 + Z t5’a5,y E5’a5,y>

B,y=1,2

4 10
= < Y tiay Bray+ Y toas Eﬁ,aﬂ> — ) tsu Esy (4.4.49)
pn=1

a=1

a=1 \y=1,2,3 £=1,2,3

with the 61 Kahler coordinates r;, t1 4y, t28y, t3u, tagys ts5.a8y, t6,as-
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Furthermore, the orientifold action changes the linear relations [34] between the divisors

D; and R;:

Rl = 2D1a—|— ZEla’Y—i_ Z E5algﬁ{—|— ZE6C“,8 y azl,...,4,

Bv 1,2

3 1
Ry = 4D25+Z( E257+2E357+2E457>+§ZZE5=0‘57

v=1,2 a=1~v=1,2

+Y Foas+Bsyu » (Bm)€{(1,3), (2,6)},

a=1

4 10
1 1
Ry = 2D2,3+§ZE6,a3+§ZE3,u7

4
1
Ry = 4D37+ZEIM+Z( Eapy +2 Bypy + 5 E4m)+5z Es.0py

B8=1,2 a=1 =12
+Es, (vu)e{(l 7, (2,8)},
Ry = 2Ds3+ = ZE1Q3+— > B, (4.4.50)
1=3,6,9,10

With the intersection numbers from ref. [34] and the relation (4.4.34), the divisor volumes
Vol(E) and Vol(D) of the 68 divisors (4.4.47) and (4.4.48) may be calculated. Since the
expressions are rather long we do not display them here.

In the superpotential (4.1.2), the 68 divisors split into two sets of contributing divisors
D;: On the 14 divisors Dp7 = {D1a, D2g, Ds, Es1, Ess, Es4, Ess}, a stack of
one O7-plane and eight D7-branes is wrapped. Gaugino condensation takes place in the
pure SO(8) gauge theory. Therefore we have again a; = —%’T for the set Dp7 of divisors
contributing in (4.1.2). On the other hand, Euclidean D3-branes can be wrapped on the
divisors in the set Dp3 = {E33, Es6, Es7, Ess, Es9, E310, E1.av, E6.a8, E2,8v, E1.gv, E5 .08y}
of the 54 remaining divisors. Since all D and F divisors intersect one of the divisors
carrying an O7-plane in at least one complex dimension, the condition yp3 = 1 for a
non—vanishing instanton contribution in the superpotential (4.1.2) is always met for the
set Dpg of divisors (cf. Section 3.1). In total we obtain for full the superpotential (4.1.2):

W=Wo(S.U)+ 3 e 7wt 3 e Vel (4.4.51)

D;eDpr D;€Dps3

Now we are ready to stabilize all 61 Kahler moduli r;, ¢ 4y, t28y, 34, tagy, 508y t6,a8-
The D3-brane charge Q34+ = —26 is completely cancelled by the 3—form flux G, given in
eq. (4.3.25). In fact, in the previous section we have presented critical points for the dilaton
and complex structure moduli corresponding to a set of flux solutions, with Ny, = 52.
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For a Wy = —0.3104 corresponding to the critical points of table (4.4) we find the following

68 divisor volumes (measured in string units):

Vol(Dy,) = 14.00 , Vol(Dag3)

Vol(Ds,) = 1030 , Vol(Ds,)=11.07 , 7=
Vol(Bsas,) = 130, Vol(Eyg) = 1.59 |
Vol(Ezp,) = 330 , a=1,...,4, g,v=1,2,
Vol(Eoy) = 982 , Vol(Egay) =14.72 |, a=

5.543 . Vol(Ds3) = 5.60 ,

1,2,

1,...,4,v=1,2,

VOl(El 043) = 15.23 ; VOI(E(;,ag) = 21.62 , = 1, ceey 4 5
Vol(Es,) = 806 , p=1,245 , Vol(Es,)=2715 , pu=23,6,
n)

VOI( 3,

corresponding to the sizes of the 61 Kahler moduli:

1926 , =78 , Vol(BEs,)=27.00 , pn=9,10. (4.4.52)

r = 7.826 N 9 = 5.410 s s = 4.593 N

tsagy = 0.770 , tyg, =0.107,
topy, = 0239 , a=1,...,4, B,7y=12,
troy = 0858 | f5ay=1860 , a=1,...

t17a3 = 0.686 y t6,a3 = 1.320 , = 1, cee

ts, = 0037 , p=1,245 , t5,=0569 , p=36,

ts, = 0302 , p=7,8 , t3,=0413

=910 . (4.4.53)

The divisor volumes give rise to the total volume Vol(Xg) = 229.22. This is large enough,
that one—loop corrections to the Kahler potential are suppressed. Furthermore, the divisor
volumes (4.4.52) are large enough to suppress higher order instanton effects in (4.4.51),
since e.g. e 2™Vol(Fsa8y) ~, (0.0002 and even smaller for the other divisors. To this end, for

the Zy x Z,4 orbifold we have stabilized all 63 moduli fields.
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Conclusions

This thesis deals with moduli stabilization in type IIB orientifolds a la KKLT, i.e. with
tree—level 3—form flux superpotential plus non-perturbative superpotential from D3-instan-
tons and/or gaugino condensation.

In chapter 2, the main emphasis of the work was on orientifold compactifications in
their various orbifold limits. We showed that it is indeed possible to find stable (i.e.
tachyon free), supersymmetric AdS-minima with stabilized dilaton, untwisted Kéhler 7"
and untwisted complex structure moduli U7, as long as the geometrical orbifold group still
allows for the existence of untwisted complex structure moduli fields. On the other hand,
if the orbifold group action already freezes all complex structure moduli, then the scalar
potential in the S, T"-sector is such that the (mass)? matrix for these fields contains negative
eigenvalues. We also pointed out some problems with the integrating out procedure of
complex structure moduli, namely we investigated cases, where integrating out the U’
leads to non-stable AdS-vacua in the remaining S, 7% potential, whereas the minimization
of the full S, 7" U’ potential does not suffer from any instabilities.

The coefficient ~,(S,U) in the non-perturbative superpotential (4.1.2) accounts for
gaugino condensation or D3-instanton effects. Generically, this weight factor depends both
on the dilaton S and the complex structure moduli U*. Due to the non-renormalization
of the gauge kinetic function beyond one—loop, for gaugino condensation this dependence
is fairly well under control perturbatively, cf. eq. (4.1.4). On the other hand, for D3-
instantons the factor ~;(S,U) represents the one-loop determinant of the instanton solu-
tion. The latter is hard to compute directly, except (in)directly in F— or M—theory [19]
or through some duality arguments [65, 77]. In chapter 3.1.3 we have presented general
results (cf. table 3.1), under which conditions this coefficient - is non—vanishing in type
IIB CY orientifolds. However, it is certainly important to directly calculate the dilaton
and complex structure modulus dependence of v by means of an instanton calculation.

The non-vanishing non-perturbative superpotential implies the presence of all ISD and
IASD fluxes. Their presence changes fermionic zero modes counting, which gives a crite-
rion for a generation of non-perturbative superpotential. In the presence of ISD and IASD
fluxes all fermionic modes are lifted and non-perturbative superpotential cannot be gener-
ated. We demonstrated that this apparent mismatch disappears after the introduction of
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a modification of the supersymmetry variation, which basically captures the back-reaction
of the non-perturbative effects on the background flux and the geometry.

In chapter 4 equipped with results of previous chapters we accomplished to fix all moduli
in some examples of resolved orbifolds: Zg_;; on the root lattice of SU(2) x SU(6) and
Zy x Zy on SU(2)? x SO(5)%: We have stabilized for the Zg_;r—orbifold all its 27 moduli
fields, cf. table 4.2 and (4.4.46) and for the Zy x Z4 orbifold all its 63 moduli fields, cf.
table 4.4 and (4.4.53).

In most of the existing literature on flux compactifications, one works in the lowest o'
expansion at string tree-level, i.e. in the supergravity approximation. Since at this order in
o and gsing the theory has a no-scale structure, which does not fix all Kéhler moduli, one
adds some effects which eventually allow the stabilization of all moduli fields. As proposed
by KKLT [61], one promising possibility is to consider the racetrack superpotential (4.1.2),
which we also have used throughout the chapter 4. The critical points found in section
4.4 are inert against corrections in o and gsying, since the coupling constant gsing is small
and the volume V' of the compactification manifold is large. However, to discuss also other
choices of minima one must go beyond this approximation and include corrections in both
o' and gspring. In particular, there are both perturbative corrections to the Kéhler potential
K to all orders in ggtring and world-sheet as well as space-time instanton corrections to the
Kéhler potential K in N=1 CY orientifolds. It is certainly very important to gain control
over these corrections.

We have obtained a fairly complete picture of the critical points of type IIB orientifolds
of resolved orbifolds. Indeed, as tables 4.2 and 4.4 show, for one orbifold there is a huge
number of vacua with the same physical quantities thus giving rise to a landscape of super-
symmetric vacuum solutions in the flux space. Throughout this thesis, the fixing of open
string moduli is not addressed. This is legitimate as we only discuss D3-branes wrapping
internal 4—cycles and no space—time filling D3-branes. The complete tadpole (2.1.15) orig-
inating from the RR 4-form is cancelled by curvature and flux. More general setups would
also allow space—time filling D3-branes and D7-branes away from the orientifold planes.
It has been shown in [35, 85], that even an ISD 3—form flux implies stabilization of the
D7-brane positions and soft-masses for corresponding the open string moduli. Certainly,
a thorough discussion of the stabilization of open string moduli would enrich the present
picture of the string landscape [66].



Appendix A

Dimensional reduction of 9,

We demonstrate the dimensional reduction of the supersymmetric variation of the gravitino
on CY;.

Firstly, we write the internal gravitino variation using holomorphic and antiholomorphic
indices.

24
e = |Vt = (34996 4+ APl Al
Ve = et 3 sbed T ebed § . ( . )

1 — N
5we = |:Ve + — (37deGeba + ’ydeGebcd>:| g )

24

1, is a vector-spinor, where m is an internal vector index which transforms in the 4 @ 4
representation of SU(4). The spinor index of the eleven dimensional gravitino transforms in
the 32 under SO(1,10). After compactification on a CYy, SO(1,10) is broken to SU(4) x
SO(2,1) and the spinor transforms in the (1,2)® (4,2) & (6,2) ¢ (4,2) ¢ (1,2). This
means that 1, can be written as a sum of (0, p)-forms with one additional holomorphic or
antiholomorphic index.

Ve = 0eQ > 46712 > 46,2771 > + 0510 > 46y > . (A2)

Note that 1), in (A.2) has an additional spinor index which transforms in the 2 of SO(1, 2).
The rhs. of (A.1) is also such a spinor. & can be written as £ = € ® n, where 7 is a
covariantly constant spinor on the C'Y, and € a supersymmetry parameter in the non-
compact dimensions. We write £ as

&= aQ > +§M7M|Q > . (A3)

and should remember that E has an additional index which transforms in the 2 under
SO(1,2). The rhs. of the first equation in (A.1) is then

1 _ _
0he = |:Ve + 2 (37deGebQ + ’YdeGebcd>:| §
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1
= |:V + 55 <6Gebcdgbd70 + Gebcd7b0d>:| f

<§|Q > +€abcd7ab6d|Q >) + Gebcdgbdg’y |Q > + Gebcdg’ydeKz > (A4)

The open index e corresponds to a one-form index, which means that we have a collection
of (1,p)-forms.! We compare the forms of the same type on both sides and obtain the
following set of equations:

—_ 1 T~
d (¢e&7a|9 >) = ZGebagbdéu’YﬂQ >

0 (Q@’VE\Q >> = 0,
— 1
6 (610 >) = 37CGuamé Q> (A.5)
These are the only forms from (A.4), which do not vanish on a C'Y}.
Let us look at the second equation of (A.1) where the additional index is antiholomor-
phic. To see this index as a form index we have to make it holomorphic. This can be done

by applying Serre’s generalization of Poincaré duality

{Z)Iabc = ¢égeéwabce 5 (AG)
where wgpee 18 the (4,0)-form of the CYy}.

~ 1 R R _
P =g e (V + 57 (397 Gogr 497 Gefgh)) (&2 > +&m ™) I >

24
- g wabce (V + Gefghgfh’y + Gefgh’yfgh) <§|Q > +€w’y@> |Q > (A7)

Again, comparing the forms of the same type gives us

~ _ 1 = =~
o <¢abc&7a> |Q > = deewabceGéfﬁgfh7g§|Q >,
5 <(gabcﬁfyab> ‘Q > =0 3
~ 1 _ .
0 ((babcabcfy ) ‘Q > = ﬂgeewabceGWfoghf‘Q > . (AS)

Egs. (A.5) and (A.8) can be expanded in the basis of harmonic forms on the CY} as
follows:

~

(o) = ool
5(¢IW(I1,1)) = glw(ll,l)g

"'We can introduce a second set of gamma matrices, which will commute with the first one, so for
example ¢, .aya;..a, 7" --- 7Y ... y%|Q > will correspond to a (p,q)-form. Here we will omit the
second set of gamma-matrices to make the equations more transparent. A detailed explanation of this
formalism is given in Chapter 15 of [9].
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0 (ﬁbiwzlz)) = 0
where w(lu) and wém) are basis elements of H"'(CY;) and H'3(CY}) respectively.

If we repeat the calculations for the type IIB case, we obtain an equation for the
(1,2)-form, another one for the (2,2)-form and (3, 0)-form for the dilatino:

ab 1 ab ¢ 1 ac ab &
6 (6an™Q>) = —2GanE1Q > ~g"gaC "ENQ >
_ 1 .
5( ALY >) = —1—60%7‘“’5*\9 >,
J (AZFVEM >) = 25@7%@9 > (A.10)

The second equation corresponds to the (2,2)-form? after applying Serre’s duality and to
a (1,1)—form by forming the Hodge dual.

These equations (A.10) can be expanded in the basis of harmonic forms on the CYj3
and written then as

) (sz wf1,2)) = g wém)é, i=1,..., K21 ’
1) (¢I W(I1,1)) = g W(Im)g , I=1,..., pAD ’
0 (M %wz) = g Vot - (A.11)

éi, ¢ and A3 correspond to the 4-dimensional complex structure modulinos, the Kéhler
modulinos and the dilatino respectively.

Finally, let us rewrite the variation of the modulino fields as it will be needed for our
investigation:
For the M-theory case:

1 Nk~
0, = 1 <Gebagbd> £, k=1,... »h0Y
: Lai_¢ : 3,1
5(256% = ?Ge@£7 Zzl,...,h( )7
5¢éw = QG%S , I=1,..., B0, (A.12)
For the type IIB case
5 7 o ]-Gz Cx ]- ac Gl x . 1 h(2’1)
O = 5 = GGl =1 B
! o 1,1
0bes = fl—GGaﬁ ; I=1,....h00
0Ny = Gk - (A.13)

2Note, that in this notation the holomorphic indices correspond to the holomorphic part of the form
and vice versa. The antiholomorphic index € has no meaning as form index before applying Serre’s duality.
That is why we put | there to prevent its mixing with the antiholomorphic indices.



90 A. Dimensional reduction of 41,

We label the modulinos with the indices k,7, 1. Additionally, they have indices from
the beginning of the alphabet. Let us briefly comment about this.

A (p,q)-form v can be expanded in the basis of harmonic (p, q)-forms w®: v = ;W'
In the case of a complex manifold, the number of the harmonic forms is given by the
corresponding Hodge number 9. On the other hand we can write the form in every local
patch as v = g, q, 77,2 A ... ANdz Ndz® AL AN dz%. I vy, 6, a3, are constant,
they should correspond to the coefficients v;. The whole v, 4, a,..a, in all coordinate
patches span a vector space, in which so many vg,..a, a,..a, are linearly dependent by
the transition functions that the dimension of this vector space is h»9. The linearly
independent combinations of v, .4, a,..a, are then in one to one correspondence to the v;.



Appendix B

Example for a false minimum after
the integrating-out procedure

Let us consider a superpotential which depends only on the axion-dilaton and a Kahler
modulus. Supersymmetric minima (Sy, Ty) are given by solving

Dy (S,T) % +W(S,T) M(S’a? LT . (B.1)
DgW(S,T) — % L2t <S’a§’ LT (B.2)

and their complex conjugates. We would like to show, that solutions of these equations
are in general not equivalent to the ones of

dK o (S(T, T),8(T,T), T, T)

dT ’
(B.3)

where Weg (S (T,T), T) and K.g(S,S,T,T) are obtained by inserting the solution of (B.2)

and its complex conjugate into W (S, T') and K (S, S, T,T). After taking the derivatives we
obtain

AW (S (T,T), T)
dT

DrWs (S(T, ), T) - YW (S(T, ), T)

OWegt N dWeg OS(T,T)
oT s oT

OKer  dK.g 0S(T,T) dK. 0S(T,T)
+Weff( or s _or 45 _or )

DrWes (S(T, T), T) -

(B.4)
Since Weg (So, Tp) = W (S, Tp) and

OW (S, T)
S

)
S=S0,T=To dS S=So0,T=To
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OK(S,S,T,T) _ dKg(S(T,T),S(T,T),T,T) B.5)

a5 S=S0,T=Tp ds S§=S0,T=T ’ '

(B.6)
we obtain G5(T.T)
— OK 9S(T, T

DyWeg(S(To, To), Ty) = Weg —=———r? , B.7

W (S(10.To). Tb) = Wesr = o (B.7)

where we made use of eqs. (B.1) and (B.2).

Since the expression (B.7) is in general not zero, solving the supersymmetry condition
of the superpotential after integrating-out one of the fields (DrWes = 0) gives not a
supersymmetric minimum of the potential.



Bibliography

1]
2]

3]

[4]

[5]

[6]
[7]

8]

[10]

[11]

[12]

http://einstein.stanford.edu/, on May 28, 2007.

M. C. Gonzalez-Garcia and Y. Nir, Developments in neutrino physics, Rev. Mod.
Phys. 75 (2003) 345-402 [hep-ph/0202058].

WMAP Collaboration, D. N. Spergel et al., Wilkinson Microwave Anisotropy Probe
(WMAP) three year results: Implications for cosmology, astro-ph/0603449.

W. Lerche, D. Liist and A. N. Schellekens, Chiral four-dimensional heterotic strings
from selfdual lattices, Nucl. Phys. B287 (1987) 477.

R. Bousso and J. Polchinski, Quantization of four-form fluxes and dynamical
neutralization of the cosmological constant, JHEP 06 (2000) 006 [hep-th/0004134].

L. Susskind, The anthropic landscape of string theory, hep-th/0302219.

J. Polchinski, String Theory. Vol. 1: An introduction to the bosonic string.
Cambridge, UK: Univ. Pr. (1998) 402 p.

M. B. Green, J. H. Schwarz and E. Witten, Superstring Theory. Vol. 1: Introduction.
Cambridge, Uk: Univ. Pr. ( 1987) 469 P. (Cambridge Monographs On Mathematical
Physics).

M. B. Green, J. H. Schwarz and E. Witten, Superstring Theory. Vol. 2: Loop
amplitudes, anomalies and phenomenology. Cambridge, Uk: Univ. Pr. ( 1987) 596 P.
(Cambridge Monographs On Mathematical Physics).

G. Lopes Cardoso, G. Curio, G. Dall’Agata, D. Liist, P. Manousselis and
G. Zoupanos, Non-Kdhler string backgrounds and their five torsion classes, Nucl.
Phys. B652 (2003) 5-34 [hep-th/0211118].

J. M. Maldacena and C. Nunez, Supergravity description of field theories on curved
manifolds and a no-go theorem, Int. J. Mod. Phys. A16 (2001) 822-855
[hep~th/0007018].

S. Ivanov and G. Papadopoulos, A no-go theorem for string warped
compactifications, Phys. Lett. B497 (2001) 309-316 [hep-th/0008232].



94

BIBLIOGRAPHY

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[20]

[27]

S. B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxes in string
compactifications, Phys. Rev. D66 (2002) 106006 [hep-th/0105097].

S. Gukov, C. Vafa and E. Witten, CFT"’s from Calabi-Yau four-folds, Nucl. Phys.
B584 (2000) 69-108 [hep-th/9906070].

T. R. Taylor and C. Vafa, RR fluz on Calabi-Yau and partial supersymmetry
breaking, Phys. Lett. B474 (2000) 130-137 [hep-th/9912152].

S. Kachru, R. Kallosh, A. Linde, J. M. Maldacena, L. McAllister and S. P. Trivedi,
Towards inflation in String Theory, JCAP 0310 (2003) 013 [hep-th/0308055].

M. Grana, Flux compactifications in String Theory: A comprehensive review, Phys.
Rept. 423 (2006) 91-158 [hep-th/0509003].

R. Blumenhagen, B. Kors, D. Liist and S. Stieberger, Four-dimensional string
compactifications with D-branes, orientifolds and fluxes, hep-th/0610327.

E. Witten, Non-perturbative superpotentials in String Theory, Nucl. Phys. B474
(1996) 343-360 [hep-th/9604030].

S. Kachru and A.-K. Kashani-Poor, Moduli potentials in type IIA compactifications
with RR and NS flux, JHEP 03 (2005) 066 [hep-th/0411279].

K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski and S. Pokorski, Stability of flux
compactifications and the pattern of supersymmetry breaking, JHEP 11 (2004) 076
[hep-th/0411066].

C. P. Burgess, R. Kallosh and F. Quevedo, de Sitter string vacua from
supersymmetric D-terms, JHEP 10 (2003) 056 [hep-th/0309187].

A. Saltman and E. Silverstein, The scaling of the no-scale potential and de Sitter
model building, JHEP 11 (2004) 066 [hep-th/0402135].

D. List, S. Reffert, W. Schulgin and S. Stieberger, Moduli stabilization in type 1IB
orientifolds. I: Orbifold limits, Nucl. Phys. B766 (2007) 68-149 [hep-th/0506090].

D. Liist, S. Reffert, E. Scheidegger, W. Schulgin and S. Stieberger, Moduli
stabilization in type IIB orientifolds. II, Nucl. Phys. B766 (2007) 178-231
[hep-th/0609013].

B. Acharya, M. Aganagic, K. Hori and C. Vafa, Orientifolds, mirror symmetry and
superpotentials, hep—th/0202208.

. Brunner and K. Hori, Orientifolds and mirror symmetry, JHEP 11 (2004) 005
[hep-th/0303135].



BIBLIOGRAPHY 95

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

T. W. Grimm and J. Louis, The effective action of N = 1 Calabi-Yau orientifolds,
Nucl. Phys. B699 (2004) 387426 [hep-th/0403067].

D. List, P. Mayr, R. Richter and S. Stieberger, Scattering of gauge, matter, and
moduli fields from intersecting branes, Nucl. Phys. B696 (2004) 205-250
[hep-th/0404134].

I. Antoniadis, C. Bachas, C. Fabre, H. Partouche and T. R. Taylor, Aspects of type [
- type 11 - heterotic triality in four dimensions, Nucl. Phys. B489 (1997) 160-178
[hep-th/9608012)].

H. Jockers and J. Louis, The effective action of D7-branes in N = 1 Calabi-Yau
orientifolds, Nucl. Phys. B705 (2005) 167-211 [hep-th/0409098].

H. Jockers and J. Louis, D-terms and F-terms from D7-brane fluzes, Nucl. Phys.
B718 (2005) 203-246 [hep-th/0502059].

L. J. Dixon, J. A. Harvey, C. Vafa and E. Witten, Strings on orbifolds, Nucl. Phys.
B261 (1985) 678-686.

D. Liist, S. Reffert, E. Scheidegger and S. Stieberger, Resolved toroidal orbifolds and
their orientifolds, hep—th/0609014.

D. List, S. Reffert and S. Stieberger, Fluz-induced soft supersymmetry breaking in
chiral type 11B orientifolds with D3/D7-branes, Nucl. Phys. B706 (2005) 3-52
[hep-th/0406092].

G. Aldazabal, A. Font, L. E. Ibanez and G. Violero, D = 4, N = 1, type IIB
orientifolds, Nucl. Phys. B536 (1998) 29-68 [hep-th/9804026].

G. Zwart, Four-dimensional N = 1 Zx X Zy; orientifolds, Nucl. Phys. B526 (1998)
378-392 [hep-th/9708040].

M. Klein and R. Rabadan, Zy x Zy; orientifolds with and without discrete torsion,
JHEP 10 (2000) 049 [hep-th/0008173].

S. Ferrara, C. Kounnas and M. Porrati, General dimensional reduction of
ten-dimensional supergravity and superstring, Phys. Lett. B181 (1986) 263.

M. Cvetic, J. Louis and B. A. Ovrut, A string calculation of the Kahler potentials for
moduli of Zy orbifolds, Phys. Lett. B206 (1988) 227.

L. E. Ibanez and D. Liist, Duality anomaly cancellation, minimal string unification
and the effective low-energy lagrangian of 4D strings, Nucl. Phys. B382 (1992)
305-364 [hep-th/9202046].



96 BIBLIOGRAPHY

[42] S. Ferrara and S. Theisen, Moduli spaces, effective actions and duality symmetry in
string compactifications, . Based on lectures given at 3rd Hellenic Summer School,
Corfu, Greece, Sep 13-23, 1989.

[43] L. E. Ibanez, J. Mas, H.-P. Nilles and F. Quevedo, Heterotic strings in symmetric
and asymmetric orbifold backgrounds, Nucl. Phys. B301 (1988) 157.

[44] A. R. Frey and J. Polchinski, N = 3 warped compactifications, Phys. Rev. D65
(2002) 126009 [hep-th/0201029].

[45] R. Blumenhagen, D. Liist and T. R. Taylor, Moduli stabilization in chiral type IIB
orientifold models with fluxes, Nucl. Phys. B663 (2003) 319-342 [hep-th/0303016].

[46] J. F. G. Cascales and A. M. Uranga, Chiral 4D N = 1 string vacua with D-branes
and NSNS and RR fluzes, JHEP 05 (2003) 011 [hep-th/0303024].

[47] A. Font, Zx orientifolds with flur, JHEP 11 (2004) 077 [hep-th/0410206].

[48] G. Curio, A. Krause and D. Liist, Moduli stabilization in the heterotic / IIB
discretuum, Fortsch. Phys. 54 (2006) 225-245 [hep-th/0502168].

[49] P. Breitenlohner and D. Z. Freedman, Stability in gauged extended supergravity, Ann.
Phys. 144 (1982) 249.

[50] J. Wess and J. Bagger, Supersymmetry and supergravity. Princeton, USA: Univ. Pr.
(1992) 259 p.

[51] R. Kallosh and D. Sorokin, Dirac action on M5 and M2 branes with bulk fluzes,
JHEP 05 (2005) 005 [hep-th/0501081].

[52] N. Saulina, Topological constraints on stabilized fluz vacua, Nucl. Phys. B720 (2005)
203-210 [hep-th/0503125].

[53] R. Kallosh, A.-K. Kashani-Poor and A. Tomasiello, Counting fermionic zero modes
on M5 with fluzes, JHEP 06 (2005) 069 [hep-th/0503138].

[54] E. Bergshoeff, R. Kallosh, A.-K. Kashani-Poor, D. Sorokin and A. Tomasiello, An
index for the Dirac operator on D3 branes with background fluzes, JHEP 10 (2005)
102 [hep-th/0507069].

[55] J. Park, D3 instantons in Calabi-Yau orientifolds with(out) fluxes, hep-th/0507091.

[56] L. Martucci, J. Rosseel, D. Van den Bleeken and A. Van Proeyen, Dirac actions for
D-branes on backgrounds with fluzes, Class. Quant. Grav. 22 (2005) 2745-2764
[hep-th/0504041].

[57] L. Anguelova and K. Zoubos, Five-brane instantons vs fluz-induced gauging of
isometries, JHEP 10 (2006) 071 [hep-th/0606271].



BIBLIOGRAPHY 97

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

I. Bandos and D. Sorokin, Aspects of D-brane dynamics in supergravity backgrounds
with fluzes, kappa-symmetry and equations of motion. 11B, Nucl. Phys. BT59 (2006)
399-446 [hep-th/0607163].

Work in progress.

D. List, S. Reffert, W. Schulgin and P. K. Tripathy, Fermion zero modes in the
presence of fluzes and a non-perturbative superpotential, JHEP 08 (2006) 071
[hep-th/0509082).

S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, De Sitter vacua in String Theory,
Phys. Rev. D68 (2003) 046005 [hep-th/0301240].

F. Denef, M. R. Douglas and B. Florea, Building a better racetrack, JHEP 06 (2004)
034 [hep-th/0404257].

F. Denef, M. R. Douglas, B. Florea, A. Grassi and S. Kachru, Fizing all moduli in a
simple F-theory compactification, Adv. Theor. Math. Phys. 9 (2005) 861-929
[hep-th/0503124].

P. K. Tripathy and S. P. Trivedi, D3 brane action and fermion zero modes in
presence of background fluz, JHEP 06 (2005) 066 [hep-th/0503072].

P. Berglund and P. Mayr, Non-perturbative superpotentials in F-theory and string
duality, hep-th/0504058.

J. Gomis, F. Marchesano and D. Mateos, An open string landscape, JHEP 11 (2005)
021 [hep-th/0506179).

K. Becker and M. Becker, M-Theory on eight-manifolds, Nucl. Phys. B477 (1996)
155-167 [hep-th/9605053].

S. Kachru, M. B. Schulz and S. Trivedi, Moduli stabilization from fluxes in a simple
IIB orientifold, JHEP 10 (2003) 007 [hep-th/0201028].

M. Grana and J. Polchinski, Gauge / gravity duals with holomorphic dilaton, Phys.
Rev. D65 (2002) 126005 [hep-th/0106014].

G. Lopes Cardoso, G. Curio, G. Dall’Agata and D. Liist, BPS action and
superpotential for heterotic string compactifications with fluzes, JHEP 10 (2003) 004
[hep-th/0306088].

D. Robbins and S. Sethi, A barren landscape, Phys. Rev. D71 (2005) 046008
[hep-th/0405011].

L. Gorlich, S. Kachru, P. K. Tripathy and S. P. Trivedi, Gaugino condensation and
nonperturbative superpotentials in flur compactifications, JHEP 12 (2004) 074
[hep-th/0407130).



98 BIBLIOGRAPHY

(73] M. Grana, D3-brane action in a supergravity background: The fermionic story, Phys.
Rev. D66 (2002) 045014 [hep-th/0202118].

[74] D. Marolf, L. Martucci and P. J. Silva, Fermions, T-duality and effective actions for
D-branes in bosonic backgrounds, JHEP 04 (2003) 051 [hep-th/0303209].

[75] D. Marolf, L. Martucci and P. J. Silva, Actions and fermionic symmetries for
D-branes in bosonic backgrounds, JHEP 07 (2003) 019 [hep-th/0306066].

[76] D. Liist, P. Mayr, S. Reffert and S. Stieberger, F-theory fluz, destabilization of
orientifolds and soft terms on D7-branes, Nucl. Phys. B732 (2006) 243-290
[hep-th/0501139)].

[77] P. S. Aspinwall and R. Kallosh, Fizing all moduli for M-theory on K3 x K3, JHEP
10 (2005) 001 [hep-th/0506014].

[78] P. S. Aspinwall, K3 surfaces and string duality, hep-th/9611137.

[79] D. Liist, S. Reffert and S. Stieberger, MSSM with soft SUSY breaking terms from
D7-branes with fluzes, Nucl. Phys. B727 (2005) 264-300 [hep-th/0410074].

[80] K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, Soft supersymmetry breaking
in KKLT fluz compactification, Nucl. Phys. B718 (2005) 113133 [hep-th/0503216].

[81] M. J. Duff, B. E. W. Nilsson and C. N. Pope, Kaluza-Klein Supergravity, Phys. Rept.
130 (1986) 1-142.

[82] B. de Carlos, S. Gurrieri, A. Lukas and A. Micu, Moduli stabilisation in heterotic
string compactifications, JHEP 03 (2006) 005 [hep-th/0507173].

[83] D. Liist and S. Stieberger, Gauge threshold corrections in intersecting brane world
models, hep-th/0302221.

[84] O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Enumerating flux vacua with
enhanced symmetries, JHEP 02 (2005) 037 [hep-th/0411061].

[85] P. G. Camara, L. E. Ibanez and A. M. Uranga, Fluz-induced SUSY-breaking soft
terms on D7-D3 brane systems, Nucl. Phys. B708 (2005) 268-316 [hep-th/0408036].



