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Abstract

Much of recent research in string theory has revolved around the complexity of the landscape of
inequivalent vacua which may describe the world we observe. In this work, we review the emergence
of this landscape from the perspective of flux compactifications of F-theory and discuss its statistical
description in terms of the index density of supersymmetric flux vacua following the many works of
Douglas et al. We then proceed to analyze the behaviour of the index density near singular loci in
the complex structure moduli space using asymptotic Hodge theory. In all single parameter limits,
we obtain a universal asymptotic behaviour of the index density which is integrable, providing
evidence for the finiteness of string theory flux vacua. We are also able to extend our analysis to
some multi-parameter limits and point the reader to possible methods to describe the full set of
limits.
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Introduction

Although the modern formulation of string theory has been around since 1974, it was not until
the first superstring revolution, which began in 1984, that it was realized as a realistic description
of elementary particles and their interactions. Indeed, using the newly discovered Green-Schwarz
mechanism, Candelas, Horowitz, Strominger and Witten obtained a four-dimensional theory with
N = 1 supersymmetry and a realistic gauge group by compactifying the heterotic string on a Calabi-
Yau threefold [6]. However, the restrictions of supersymmetry and a realistic particle content were
very stringent. For example, such compactifications must have a vanishing cosmological constant,
a phenomenologically unacceptable feature.

The situation changed dramatically, however, after the second superstring revolution around 1994.
In particular, the existence and necessity of D-branes, discovered by Polchinksi in 1995 [44], provided
countless new structures to the theory and greatly evolved its cosmological aspects. The D-branes
provide a natural source for the electric and magnetic Ramond-Ramond fields whose dynamics are
closely related to the cosmological constant. Additionally, numerous brane constructions have been
utilized to produce models of inflation and descriptions of black holes. Over the course of a few years,
it was realized that the number of different low-energy theories that string theory can produce is
huge. In 2003, this vast network of possible string vacua was coined the string landscape by Susskind
[47]. During this time, a new method of analysing the string landscape and its implications was
pioneered by Douglas. Rather than searching for specific compactifications which produce exactly
the vacuum that describes the physics we see, emphasis was instead placed on the general statistical
properties of the landscape. Essentially, this resulted in the search for a ‘vacuum selection principle’,
a set of rules which we expect a ‘natural string vacuum’ to obey.

In a similar endeavour to improve our understanding of the landscape, Vafa instigated the swampland
program in 2005 [49]. It consists of a number of conjectures that make very general statements about
properties of string vacua, which are then conjectured to hold for any theory of quantum gravity.
Somewhat jokingly, whenever some effective field theory does not obey such a conjecture, it are said
to lie in the swampland. Over the years, the search for examples and proofs of these conjectures,
as well as the link between them has provided us with various insights regarding the structure of
the landscape. Additionally, their study has required the development and understanding of some
remarkable mathematical constructions and properties that arise in string compactifications.

Our main motivation is the application of a particular instance of such a beautiful mathematical
framework to generalize a known result for the distribution of supersymmetric flux vacua in certain
asymptotic regions. In other words, we aim to investigate the statistical nature of the landscape
following the work of Douglas and others by using modern techniques that are applied in tests of the
swampland conjectures, most notably the distance conjecture and the de Sitter conjecture 28], [29].
More precisely, we will add to the work of Eguchi and Tachikawa, who investigated the behaviour
of this distribution in 2005 [22]. It was found that, in the context of Type IIB compactification on
Calabi-Yau threefolds, the distribution has a universal form in certain limits. In this work, we will
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generalize their results and show that this form persists in the context of F-theory compactification
on Calabi-Yau fourfolds and for more general limits. This then serves as further evidence for the
finiteness of string theory vacua.

Outline of the Thesis

In chapter [I| we start with a general description of the compactification of superstring theories and
how this leads to effective four-dimensional physics. Most notably, we describe how different choices
of curling up the unwanted dimensions of string theory can be parametrized by a so-called moduli
space. We illustrate the various concepts involved using toroidal compactifications, before turning to
the general situation of Calabi-Yau fourfolds. Next, we introduce F-theory as the twelve-dimensional
rephrasing of Type IIB string theory and discuss its description in terms of the eleven-dimensional
supergravity action of M-theory. Finally, we perform a quantitative analysis of the compactification
of M-theory on a Calabi-Yau fourfold to illustrate the emergence of moduli, the fields parametrizing
the shape and size of the internal dimensions. This also leads to the issue of moduli stabilization
and is the prime motivation for considering fluz compactification.

In chapter [2| we describe the emergence of the string landscape as a result of flux compactification of
F-theory on a Calabi-Yau fourfold, which leads to a four-dimensional theory of N' = 1 supergravity.
The vast freedom of possible shapes for the curled up dimensions and values of field strengths, each
with their own energy, leads to a large number of different vacua in the resulting four-dimensional
theory. Analysing the structure of this landscape from a more statistical point of view is the main
content of this chapter. We do this by reproducing the result of Ashok and Douglas, who in 2004
derived an explicit expression for the distribution of supersymmetric flux vacua, the AD-density.
We review their derivation along with the assumptions and estimations that are made, and discuss
its interpretation and implication. In particular, we return to the question of whether the number
of supersymmetric flux vacua in at all finite. In other words, we investigate the size of the string
landscape and explore the range of predictability of string theory.

Subsequently, in chapter [3| we perform the analysis of the distribution of supersymmetric flux vacua
in asymptotic regions of the moduli space. Here we call upon the intricate mathematical structures
that arise in these limits, as such our discussion is mostly of mathematical and algebraic nature.
However, we also highlight the relation between our methods and those used to study the various
Swampland conjectures, one of the thriving topics in current string theory research. We spend quite
some words on introducing the necessary mathematical concepts and constructions, most notably
the mixed Hodge structure that arises and its description in terms of the Deligne splitting. Of
central importance is the nilpotent orbit theorem, which was already proven in 1973 by Schmid.
With the relevant tools in hand, we then return to the AD-density and reproduce and generalize
the results of Eguchi and Tachikawa in all single-parameter limits.

Finally, in chapter [4 we make an attempt to generalize our results further to multi-moduli limits. To
this end we deepen our understanding of the asymptotic regions of the moduli space by introducing
the SL(2)-orbit theorem, derived by Cattani, Kaplan and Schmid in 1986[] In contrast to the
results of chapter [3] we are only able to obtain the form of the AD-density in a particular set of
multi-parameter limits. We end with a discussion on potential improvements of our methods and
the challenges one faces in doing so. Additionally, we relate our findings with those found in the
mathematics literature, in particular with regards to the finiteness of flux vacua.

!Note that it took around thirteen years to understand the intricacies of extending the results of Schmid to
multi-parameter limits!
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The Three Questions

To ease the reading experience we have formulated three questions which we aim to answer or at
least address in this work. They are as follows:

Q1: How can the complex structure moduli be stabilized?
Q2: How are the F-theory flux vacua distributed over the moduli space?

Q3: Is the AD-density integrable near a given singular locus in the complex structure
moduli space?

Questions Q1 and Q2 are answered in chapter 2| and constitute the main physical result of this
thesis. Subsequently, question Q3 is answered in chapter [3] for single-parameter limits and partially
in chapter [ for multi-moduli limits. This comprises this works’ core mathematical content. We
also summarize our results in a similar set of three answers in the conclusion for quick reference.



Chapter 1

Type IIB/F-Theory Compactification

Even outside of the academic world of physics people are aware of this mysterious 26, 12, 11,
or 10-dimensional theory that is called string theory. Although I had heard of the fact before,
I could nevertheless barely contain my excitement when deriving the critical dimension D = 26
of bosonic string theory. After settling down, however, one quickly returns to the reality that
our world is 4-dimensional, unfortunately. The goal of this chapter is to bridge the gap between
the higher-dimensional string theories and ordinary 4-dimensional physics through a process called
compactification. We will describe some specific aspects in the context of Type IIB string theory,
or its more geometrical formulation F-theory, but the tools and main messages remain applicable to
the other string theories as well. In a nutshell, the fact that string theories live in higher dimensions
acts as a double-edged sword. On the one hand, there is a lot of freedom to construct nearly
anything by using the numerous fields that are present in the theory, as well as D-branes and the
various dualities between the different theories. On the other hand, we may have a bit too much
freedom in our choices. This raises the question of which choice should be regarded as ‘correct’ or
‘natural’. We will discuss this in more depth in chapter [2| when we cover statistical properties of
the string landscape.

We start by introducing the concept of compactification in section By considering the simplest
example of a circle compactification, we see the emergence of lower dimensional fields and, in
particular, moduli which parametrize the internal geometry. To go beyond this particular example,
we first quickly review the content of Type IIB supergravity, the low-energy limit of Type IIB string
theory, in section[I.2] From there we describe the more general Calabi-Yau compactification scheme
in section and use the torus as an important example. Here we obtain a ‘moduli space’ which
parametrizes all the different kinds of tori one could use as compact dimensions. This leads us
to the moduli space of general Calabi-Yau manifolds and its properties, most notably the natural
metric it possesses. Ultimately, we are interested in compactifications of Calabi-Yau fourfolds, which
leads us to F-theory. Its description as a geometrization of Type IIB and its definition in terms
of M-theory will be discussed in section Finally, we end this chapter with a computation of
the compactification of the Ricci scalar in M-theory. We see that, as for the circle, one obtains a
number of massless scalar fields parametrizing the shape of the internal manifold. This brings us
to the issue of moduli stabilization, which will be solved in chapter
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1.1 Compactifying String Theory

There are five superstring theories, which are only consistent in exactly ten space-time dimensions.
In this section, we will be concerned with the general features they all poses to motivate the
idea of compactification and the resulting issue of moduli stabilization. First, we note that in each
superstring theory, there are numerous dynamical fields which arise as excitations of the open/closed
string of the superstring theory in question. We will be interested in the low-energy approximation,
meaning that we only consider the massless modes of the superstring. A universally present field is
a metric g on the ten dimensional target space Mig. The dynamics of g are governed by an action,
which is generally of the Einstein-Hilbert form

S = Rx1+---, (1.1)
Maio

where x denotes the Hodge star on Mg and the dots contain kinetic terms for whatever fields are
additionally present. Although the major part of this work revolves around F-theory, it suffices for
now to keep the discussion general.

Of course, the aim of superstring theory is to describe the physics that we observe around us.
However, the observable world is certainly not 10-dimensional, but rather 4-dimensional. To bridge
this gap, we introduce the concept of Kaluza-Klein compactification. E Our discussion is based on
[3, Chapter 14]. The idea is to consider the full d.-dimensional space M,_ as a product manifold

Mde = Mlydfl X XD, d+ D = dc, (1.2)

where Xp is a compact manifold, called the internal manifold, and M 4_; is some lower dimensional
Lorentzian manifold. Additionally, the metric decomposes as

ds?lc = ds? + ds?, (1.3)

where the metric on My is usually taken to be maximally symmetric (i.e. dS, Minkowski or AdS).
Compactness of Xp allows us to speak of its size and demand it to be small enough such that no
particle detector has ever noticed its presence. However, as we will see, the theory observed in My
certainly does depend on the nature of Xp.

Compactifying on a Circle and the Emergence of Moduli

Before delving into the details of the general construction, let us first discuss the simplest compact-
ification there is. We consider a free massless scalar field theory on Mj 4 = M;3 x S L where M3
is 3+1 dimensional Minkowski space-time and S! is the one-dimensional circle of radius R. The
action is given by

S = /d% V=9 MNor 00N, M,N =0,...,4 (1.4)
where
gundzMdzN = N dat dx” + R%d0*, p,v=0,...,3 (1.5)

with 7 the Minkowski metric on My 3. The equation of motion for ¢ is that of a massless scalar
field:
O¢p =0 = 0,0"¢+ R 20}¢ =0, (1.6)

'Note that Kaluza-Klein compactification is not the only way to make sense out of the higher dimensional theories.
An alternative is provided by brane-world scenarios, where the visible Universe is considered to be a 3-brane, embedded
in a higher-dimensional space, see e.g. [2, Chapter 10]
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Figure 1.1: Compactification on the circle S', where M 3 is represented as a line. The radius R
of the circle is taken to be small so that the masses of the KK-modes lie above the energy scale we
can currently scope.

On the circle, we can perform a Fourier expansion of ¢ as follows:

$(x,0) = Y dalz)e™, (1.7)

n=—oo

Inserting this into the equation of motion yields

2

<aua“ - %) b = 0. (1.8)

In other words, we see that a single massless scalar ¢ in five dimensions gives rise to an infinite tower
of scalars ¢, in four dimensions, whose masses are given by n/R. As promised, the properties of
the internal manifold (here, the radius R) determine the resulting physics in the external manifold,
namely the masses of the induced fields. In particular, in the limit R — 0 all fields except for the
massless field ¢g can be regarded as so massive that they are not relevant for low-energy physics.
Besides the emergence of a tower of scalar fields, a perhaps more mysterious quantity is the radius
R of the internal circle. Is this a quantity we can measure? And is there some mechanism which
would determine its value? These questions become even more intricate once one realizes that,
in principle, R could additionally depend on the external coordinates x*. This gives rise to yet
another scalar field R(x) from the point of view of the external manifold and is our first example of
a modulus. Tt is expected to be massless, since there is a priori no restriction on the values it can
take (besides being positive).

More generally, compactification on Xp will result in numerous moduli fields in the lower dimen-
sional theory, which intuitively parametrize the ‘shape’ and ‘size’ of Xp at each point in spacetime.
See figure for an example of two different shapes of the torus. Importantly, in this simple com-
pactification scheme the moduli will always turn out to be massless. This is a major issue, since
no massless scalar particles have been detected so far, and since they have no mass this cannot
be due to the energy scales at which we are currently restricted to probe nature. This is know as
the problem of moduli stabilization. How to solve this issue will be the topic of chapter [2| In this
chapter, we will develop the necessary tools to understand how this problem arises quantitatively.
This will require a good understanding of the dynamics of these moduli fields. However, before
giving a more quantitative description of the moduli in the general compactification setting, we
should first discuss the specific superstring theory we will consider, as well as the kinds of spaces
X p that we will encounter in this context.
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Figure 1.2: Two tori with a different shape. In relation to section the torus on the left has
complex structure modulus 7 > 1, whereas the torus on the right has 7 ~ 1.

1.2 A Review of Type 11B

For a large portion of this work we will consider F-theory, which for our purposes is a 12-dimensional
geometrization of type IIB string theory. In this section we first give a short review of the latter.
How type IIB is related to F-theory will be discussed in section Type IIB string theory is one of
the five possible superstring theories. It is a 10-dimensional chiral theory containing both open and
closed strings, although we will mostly be concerned with the closed string sector. For the closed
string, the massless bosonic modes in the NS-NS sector are given by

e A scalar field ¢, called the dilaton, which is related to the string coupling constant as gs = e?.

e A symmetric traceless (0,2) tensor g, which is interpreted as the metric on the target space
where the superstring is embedded.

o A two-form Bs.
Moreover, the massless bosonic modes in the R-R sector are
e p-forms Cp, for p =0,2,4.
We denote the corresponding field strengths by
F,=dCy,_1, H3z=dDBs. (1.9)

It is convenient to combine the fields in the following way
~ 1 1
T:Co-i-iequ, G3 = F3 —T1H3, Fjs :F5—§CQ/\H3+§B2/\F3. (1.10)

The equations of motion for these fields can be obtained by studying the corresponding S-functions,
whose vanishing ensures that the Weyl symmetry of the superstring is not anomalous at the quantum
level. In this manner one obtains the effective action for type IIB, given by
2 ldr Axd7  G3AxGs 1
SIIB = lfg / Rx1-— 3 3
S

- —Fs AxF5+Cy AN Hy A F. 1.11
2(Im7)2+ Im 7 +2 5 A%l + G 3 3) ( )

which has to be supplemented with the additional constraint xFy = F5. Here Iy denotes the string
length. Crucially, the action is manifestly invariant under the action of SL(2, Z)EI given by

(Z Z) €SL(2,Z): 7 ZZIS <Z> - <‘C‘ Z) (g) (1.12)

which is known as S-duality. In section we will see that this transformation behaviour is shared
by the complex structure modulus of the torus, which is the prime inspiration for introducing F-
theory in section

2At the classical level the action enjoys the full SL(2,R) symmetry, but this is broken at the semi-classical level
due to the presence of D7 branes.
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1.3 Calabi-Yau Moduli Spaces

Let us now return to the general picture of string compactifications. Naturally, there are some
restrictions on Xp in order to produce desired properties of the four dimensional physics after
compactification. The main restriction is due to the fact we require N' = 1 supersymmetry in the
lower-dimensional theory. Even though supersymmetry has not been observed in nature (yet), there
are numerous motivations for considering supersymmetric field theories. These include the coupling
constant unification, the fine-tuning of the Higgs mass and the fact that some supersymmetric
particles are dark matter candidates.

Within the string theory context, there are several ways to obtain A/ = 1 supersymmetry in four
dimensions, these include [13, p. 9]

e Heterotic or type I superstring theory on a Calabi-Yau threefold.
e Type II superstring theory on a three-dimensional Calabi-Yau orientifold.
e F-theory on a Calabi-Yau fourfold.

For our purposes, this last one is of relevance. Hence we will be particularly interested in the
properties of Calabi-Yau fourfolds. However, due to the general appearance of Calabi-Yau manifolds
in string compactifications, we will discuss them in more generality.

1.3.1 Calabi-Yau Manifolds

By a (complex) D-dimensional Calabi-Yau manifold we mean a complex manifold Yp together with
a Ricci-flat, Hermitian metric g and a closed Kéhler form J, which is given in terms of the metric

as )
1

59ab dy“/\dgjl_’, a,b=1,...,D, (1.13)

J

where y¢, yjl_’ denote complex coordinates on Yp. A Calabi-Yau manifold is in particular a Kéhler
manifold, which implies that the metric can locally be expressed in terms of a Kéhler potential as

9op = OaOGK. (1.14)

For a more detailed account of Kahler manifolds, as well as some basic definitions of differential
geometry and our conventions, we refer the reader to appendix[A] Of utmost importance throughout
this work are the de Rham cohomology groups HP4(Yp). Let h?? := dim HP%(Yp) be the Hodge
numbers. Then for Calabi-Yau D-folds these satisfy the following properties

(a): hP7=paP (1.15)
(b): hP4=pPPD=a (1.16)
(c): mP=0,1<p<D, hWP0=1. (1.17)

The Hodge numbers can be conveniently organized in a Hodge diamond, which for a Calabi-Yau
fourfold is given by:
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1
0 0
0 0
0 h2’1 h?,l 0
1 h3,1 h2’2 h3,1 1
0 h2’1 h2’1 0
0 bt 0
0 0
1

Then the first two relations of the Hodge numbers simply state that the diamond is symmetric in
the horizontal and vertical axes. The final relation implies that H*%(Y;) and H%*(Y};) are both
one-dimensional. It is customary to denote their generators by Q and (, respectively. Finally, we
mention that the four resulting Hodge numbers At A% A1 h%2 are not all independent. Indeed,
using the index theorems one shows that [26, p. 21]

h3l =22 4 2pbt 4 2p3t — %h”, (1.18)
hence we are left with A1, k31 and h%2. We will see that h'! counts the number of Kihler moduli
and h3! the number of complex structure moduli, which we introduce in subsections and
1.3.5] respectively. These are precisely the fields which parametrize the ‘size’ and ‘shape’ of Yy, as
mentioned before. One readily sees that H*(Y}), or more generally H”(Yp), stands out as the most
interesting cohomology group. This will remain true throughout this work. More specifically, in
chapter [2| we will encounter ‘fluxes’ which are elements of H*(Y}) (in F-theory compactifications)
and in chapters |3{and 4| much of our interest lies in the degeneration of H” (Yp) near singular points
in the complex structure moduli space of Yp.

Having stated the main properties of Calabi-Yau manifolds, our next step is to generalize the notion
of moduli fields. To gain some intuition in the matter and moreover give an important example of
a Calabi-Yau manifold, we next discuss the torus.

1.3.2 Example: The Torus

The torus T is the easiest example of a Calabi-Yau manifold, in fact it is the unique 1-dimensional
one. Though our main goal here is to exemplify the concept of a complex structure modulus, this
example will also be crucial in the F-theory description of Type IIB in section [I.4] and is referred
to in the later chapters as well. Our discussion is based on [3, Chapter 6]. A convenient description
of the torus is as a quotient of C by a lattice:

T:=C/(Z+7Z), ImT >0, (1.19)

where we identify
z~z4+n+mr, z€C, m,neZ. (1.20)

We see that different tori are parametrized by the Teichmiiller parameter 7 € H, where H denotes
the (strictly) upper-half plane. However, there are still some non-trivial transformations we can
perform on 7 which result in equivalent tori. They are generated by the Dehn twists:

-
LT 1 T ————. 1.21
a:T—T+1, BT ] ( )
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T2 Re

Figure 1.3: A geometrical interpretation of the complex structure modulus 7 = % and the quotient
construction in ([1.19)). We see that 7 measures the ratio between the two sides of the parallelogram
that makes up the torus. In particular, for Im 7 much greater than 1, one obtains a thin torus as

shown in figure

These are global diffeomorphisms which are not connected to the identity. Indeed, one sees that the
transformations «, 8 correspond to twists of the torus along the two canonical cycles over an angle
of 27r. These transformations generate the group SL(2,7Z), which acts on H by

a b at +b
ST = Z —bc=1. 1.22
(c d) T ot d a,b,e,d €7, ad—bc (1.22)
Moreover, given a matrix A € SL(2,Z), we see that A and —A generate the same transformation.
In other words, the modular group PSL(2,Z) := SL(2,Z)/Zy preserves the complex structure of a
torus. Therefore, we define the complex structure moduli space Mg of the complex 1-torus as

Mes := H/PSL(2, Z). (1.23)

Then Mg precisely parametrizes those values of 7 which yield tori with different complex structures.
From a more geometrical point of view, as depicted in figure it describes different shapes of
the torus. For example, for large values of Im 7, the torus will be very thin. This interpretation
will be expanded upon in subsection [1.3.3] where the same will remain true for general Calabi-Yau
manifolds.

For clarity and later reference, the fundamental domain .% in H for the action of the modular group
is

1 1
F = {—5 < Re 7 < 07 |7—’2 > 1} U {0 <Ret< 57 ’T|2 > 1}? (124)

see also figure We also note that the action (|1.22)) is identical to the action of S-duality under
which the Type IIB supergravity action (|1.11]) is invariant. In section we will discuss how this
gives rise to a geometrical interpretation of the parameter 7 in F-theory.

As a concluding remark regarding the complex structure moduli space of the torus, we note that

the action of the modular group is alternatively generated by the following maps:

1
T:t—1+1, S:7/——— (1.25)
T
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Im 7

A

Rert

N e
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—2 —1 1

Figure 1.4: The fundamental domain .% for the action of the modular group on the complex
upper-half plane. This region described the values of 7 which yield tori of different shapes, i.e.
having different complex structures. The regions .%#p and %#g denote the image of .# under the
action of the maps T and S, respectively.

since I'ST = f : 7+ 5. Crucially, the modular group does not act freely on H. Indeed, we can
identify at least two fixed points:

n=i: Sn)=n

T =X ST (1) = 1.

As such the complex structure moduli space is not a smooth manifold, instead it is a so-called
orbifold, which has singularities at precisely the fixed points. In chapters [3| and 4] we will devote
much attention to the behaviour of moduli spaces near such singular points.

1.3.3 The Lichnerowicz Equation

Let us now turn to the discussion of the moduli spaces of a general Calabi-Yau fourfold Y;. From
the examples of the circle and torus, we have the intuition that the moduli should parametrize
the ‘size’ and ‘shape’ of Yj. Building further upon this picture, we note that the structure that
defines the size and shape of a manifold is exactly that of a metric. Indeed, recall that for a path
~ connecting two points on a manifold M with metric g, its length is given simply by

length of v = /ds, ds? = Gudxtdz, (1.26)
2l

see also figure In other words, we expect that deformations of the metric on Y, can be written in
terms of the moduli. However, not all deformations should be allowed, since the resulting manifold
must still be Calabi-Yau, i.e. have a Ricci flat metric. More precisely, given a Ricci flat background
metric g and a perturbation g — g + dg, we require that



CHAPTER 1. TYPE IIB/F-THEORY COMPACTIFICATION 12

Figure 1.5: A path v on a manifold M connecting two points. Its length can be computed in
terms of the metric using equation [I.26]

1. R(g+dg) =0.

2. The transformation g — g + dg is not generated by a change of coordinates, since from the
physical point of view one cannot distinguish between the resulting spaces.

One can show that these two conditions on d¢g are encapsulated by the Lichnerowicz equation [3], [25]
VOV egan + 2R, 5P 6gcp = 0, (1.27)

where the indices can be both holomorphic and anti-holomorphic. Due to the index properties of
the Riemann tensor on Calabi-Yau manifolds, we can make the following decomposition:

89 = 8gapdy®dy® + (5ga5dy“dyji’ + c.c. (1.28)

where c.c. stands for the complex conjugate of the terms before it. Then dg,; and 0gq, will satisfy
(1.27)) separately. Due to the different index structure of dg,; and dgu, these two perturbations
will have different effects on the manifold. They will be described by the Kahler moduli and the
complex structure moduli, respectively.

1.3.4 The Kahler Moduli Space

Let us first consider deformations of the form dg,;, these will correspond to deformations of the
Kéhler class of Yy, which is readily seen from ({A.7). The space of deformations of the Kéhler class
is called the Kéahler moduli space, denoted by Myznler- Since dg,; can be regarded as a (1,1)-form,
one sees that is equivalent to having (Ag,;) = 0, i.e. dg,; is harmonic. To obtain a suitable
parametrization of My, let {w;}, I =1,...,hb1(Y}), be an integral cohomology basis for H!(Yy).
Then we can expand the Kéahler form J on Yy as

J=vlwr. (1.29)

The coefficients v! will then serve as the complex coordinates on Mgner, making it into a com-
plex manifold. They are called the Kdhler moduli. The precise connection between the metric
deformations dg,; and the Kihler moduli v! is then given by:

69,5 = (wr)5ov’. (1.30)
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Intuitively, the Kéhler moduli parametrize the volume of Y, and the volume of its cycles. Indeed,
note that the Kahler form can be used to construct a volume form, which then gives the volume
Kyinler of Yy by:

1
Kisnler = 4'/ JANTNJT AN (1.31)
A

Moreover, it turns out that the Kéahler moduli space My nier can be equipped with a Kéahler metric
given by:

1
Gry(v) = —531(% log Kinler- (1.32)

In particular, we see that the Kahler potential for this metric G is determined solely by the volume
Kisnier- Again, this indicates that Migner is naturally associated with the volume of Yj.

1.3.5 The Complex Structure Moduli Space

Next, we consider the deformations of the form dgq;. First, we note that since g, does not have
mixed indices, the deformed metric is no longer Hermitian. However, it can be made into a Hermitian
metric by a change of coordinates which is not holomorphic (since any holomorphic change of
coordinates cannot affect the index structure of the metric). In other words, the deformations g,
can be interpreted as deformations of the complex structure of the Calabi-Yau manifold. The space
of all such deformations is called the complex structure moduli space, and is denoted by Mgs. It
will turn out that these deformations are in one-to-one correspondence with harmonic (3,1) forms.
Indeed, let {x;}, i = 1,...h31(Y}), be a complex cohomology basis of H*!(Y}). We define

n) 0 e cdeb 2 _ 1 Oabed
b) b= Donge QP Q2 = = Qg Qabed, 1.33
( )a HQH2 <X )acde H H 4 bed ( )

Then the complex structure deformations dg,;, are related to changes in the complex structure
moduli §z° by

Sgap = (br) ;07" (1.34)

Moreover, under this correspondence one can show that ((1.27) is equivalent to x ; being a harmonic
(3,1)-form. Similar to the Kéahler moduli space Mygpier, the complex structure moduli space M
can also be equipped with a Kéhler metric, defined by:

Gi7 = 8iéjKCS(Z)Z)) (135)

where the complex structure Kéahler potential Ccg is given by:

e~ Kes :/ QAQ. (1.36)
Y

For the remainder of this work, we will mostly focus on the complex structure moduli, but occasion-
ally the importance of the Kahler moduli will be discussed as well. Having discussed Calabi-Yau
manifolds and their moduli spaces in detail, our next step will be to formulate the setting of F-theory
in which we will work.
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1.4 F-Theory via M-Theory

As we have mentioned in the previous sections, we would like to describe the Type IIB effective action
in a more geometric way, by interpreting the parameter 7 as the complex structure modulus of a
torus. This is what is done in F-theory. In principle, the idea is to construct a 12-dimensional theory
of supergravity which, when compactified on a torus, reduces precisely to Type IIB supergravity.
Unfortunately, no 12-dimensional theories of supergravity exist. As such, we make a slight detour
via the unique 11-dimensional supergravity theory known as M-theory. Its effective action is given
by

) 1. |
G _ / “Rxl— cEy AxE — —Cy Ay A By, (1.37)
Mz 10 4 12

where My 19 is a general 11-dimensional Riemannian manifold with Lorentzian metric. Moreover
R denotes the Ricci scalar associated to this metric, ég is a 3-form and F4 = dé’g denotes its field
strength. We now give a rough overview of how one can relate M-theory to Type IIB following
[2, 51]. The main point is to compactify M-theory on M; g x T, where we write the torus as

T =S4 x S§, (1.38)

where the circles have coordinates x and y, respectively. It is a fact that compactifying M-theory
on a circle with radius R4 yields Type IIA in the limit R4 — 0. Hence, interpreting S} as this
circle, we obtain Type IIA on Mj g X S}Q in this limit. More quantitatively, the relation between
the M-theory and Type ITA metric is given by

ds?; = L2 (da + C1)% + e 2X/3dsd,, (1.39)

where C1 is the RR 1-form of Type ITA, x is the Type IIA dilaton and L sets a length scale for the
M-theory circle. Next, we recall that Type ITA on a circle S}_—), with radius Rp is T-dual to Type
IIB on a circle 5% with radius Rg = ZE/RB. Hence we obtain Type IIB on Mjg X 5%, Finally
then, by taking the decompactification limit Rp — oo, i.e. Rg — 0, we recover Type IIB on
M9. To be more precise, one can explicitly show that after performing the various dualities and
compactifications, the complex structure modulus 7 of T is equal to

= Cyie? (1.40)

where we have put Cy := (Cy)y, i.e. the y-component of C; and ¢ is the Type IIB dilaton. In
particular, we can indeed obtain the axio-dilaton field 7 present in Type IIB from M-theory via
these various dualities. It remains to construct the forms Cs, Cs and Bs. These can all be obtained
from the original M-theory 3-form Cj by setting

C3 = C4 + By A Ldx + Cy A Ldy + By A Lda A Ldy (1.41)

and putting C’iy) = C% Ndy. Then Bj gives rise to the off-diagonal components of the Type IIB
metric, i.e. gy = (Bi)i, restoring full generality for the metric. In summary, we find the following
duality:

M-Theory on Mg x T\%OI(TQ)_)O <= Type IIB on M9 (1.42)

The theory obtained on the LHS, by taking the volume of the torus to zero, is called F-theory.

Strictly speaking, in our current setting the parameter 7 is a constant, hence not really a field.
However, one can consider a more general setup where the complex structure of the torus is allowed
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to vary over Mg, which corresponds to an elliptic fibration. To ensure N' = 1 supersymmetry
in four dimensions, this elliptic fibration is chosen to be a Calabi-Yau fourfold, i.e. we compactify
M-theory on Mo x Yy, where Yy — B3 is a fibre bundle with T as fibres and base space B3. By a
similar procedure as outlined above, this is then dual to Type IIB on M 3 x B3. The upshot of this
whole discussion is that instead of considering Type IIB compactified on a Calabi-Yau threefold,
we will instead choose to consider M-theory on a Calabi-Yau fourfold. On the one hand this is
advantageous, since the M-theory action is easier to work with. On the other hand, Calabi-Yau
fourfolds are more complicated than threefolds. Indeed, our goal in the coming chapters is to
generalize known results for threefolds to fourfolds within this setting.

Comparing with Maxwell and Harmonic Forms

Having discussed the need for M-theory, let us spend some words on the 11d action and make
a comparison with the more familiar action for Maxwell theory. Recall that Maxwell theory is
described by the following action:

1 1
SMaxwell = / _ZF2 N xFy — 5141 A *Jh (143)
Mais

where A; is a 1-form which denotes the electromagnetic potential, F5 = dA; is the associated
field strength, and Ji is a 1-form describing the electromagnetic sources. Let us first consider the
equations of motion for both the 11d supergravity and Maxwell actions, which are obtained by
varying them with respect to Cs and Ay, respectively. This yields the following equations:

A N A 1
11D SUGRA : —dxFy=%J3, J3:= 3 * (Fy A\ Fy)
Maxwell :  — d* Fy = xJj.

As expected the equations are very similar. Let us consider the situation where there are no fluxes,
i.e. weset J3 =0. In chapterlwe will relax this condition by considering flux compactifications. By
analogy with Maxwell theory, this means that we are neglecting all sources, essentially considering
the theory in a vacuum. The equation of motion for Cs simply becomes

dxdCs3 = 0. (1.44)
Recalling the definition of the Laplacian, we have
—ACs =dxd*Cs++d+dCs = dxd* Cs, (1.45)

where the second term vanishes by the equations of motion. Moreover, note that both actions enjoy
a gauge symmetry given by

11D SUGRA : (5 — G5 + dAs
Maxwell : A7 — A1 + dA,

for any 2-form Ay or scalar A. In particular, since the combination
*d*Cs (1.46)

is a 2-form in 11 dimensions, we see that we can fix our gauge such that this term vanishes. In our
analogy with Maxwell theory, this corresponds precisely to the Lorentz gauge. It follows that

AC; =0,
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As expected, the 3-form Cs obeys the Laplace equation, i.e. it is a harmonic forrn Moreover, since
Aod=—dxdxd=doA, (1.47)

it follows that F4 = dC’g is also a harmonic form.

1.5 Compactification of the Ricci Scalar

In this last section, we will use our knowledge of Calabi-Yau moduli spaces to derive the dynamics
of the complex structure moduli by performing the compactification of the Ricci scalar. We follow
the discussion in Appendix D of [33]. Consider the 11-dimensional manifold M; ;o as a product
manifold:

M0 = Mg x Yy, (1.48)

where Y, is a Calabi-Yau fourfold and M 2 is a general Minkowskian manifold. The metric can
then be decomposed as

gundzMdz™ = g, (z)datdz” + ha,;dy“dgji’ + 2%(x) (by) apdy®dy®. (1.49)

Here {y%, y%}4_, denote the coordinates on Y, and {2#}?_, denote the coordinates on M . More-
over h,j; denotes a constant background metric on Y, and deviations from it are parametrized exactly
by the complex structure moduli z. For the purpose of this derivation, we neglect the Kahler mod-
uli, since their inclusion does not affect the resulting dynamics of the complex structure moduli.
We are interested in the dimensional reduction of the Ricci scalar using this ansatz for the metric,
whose computation is delegated to appendix [B| There the following result is obtained (see equation

1 _ S
Ri1 =Rs+ 5(1)2 . bj)auzzaﬂzj. (1.50)

Here the contraction b; - 53— is defined using the background metric h,j, see appendix for the exact
relation. For convenience, we define

1 _
Qi7 = B /Y4(bi - by). (1.51)

Then we obtain the following result for the compactification of the Ricci scalar action:

/ dlll'\/ —g11 Ri1 = / d?’l’\/—gg (,CRg + Qij—ﬁuzia“zj) R (1.52)
Mai,10

Mi 2

where K denotes the volume of Y. At this point, we already see that Ry splits into the three-
dimensional Ricci scalar R3 plus an additional kinetic term for the moduli fields. To bring the
action into the canonical Einstein-Hilbert form we perform a Weyl transformation, under which

G = Qg (1.53)

and additionally, in d space-time dimensions [33] p. 70]

/dxd\/fg Q2R — /dxd\/?g(R +(d—1)(d — 2)9,log Q 0" log Q) . (1.54)

3We refer the reader to appendix [A] for the exact definition of harmonic forms and the Hodge decomposition
theorem, which we will use in the next chapter.
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and finally
V=g30"* — Q1 /=g30". (1.55)

In particular, since d = 3, we take 2 = K and obtain
/ R*l:/ (R*1+2dlog K Axdlog K + K™'Qy; d2' A xdZ7) . (1.56)
Mi,10 Mi 2

Finally, we note that one can relate @;; to the natural metric g;; on the complex structure moduli
spaces as follows [5, [39]

Qi7 = —2Kg;7. (1.57)

Hence the final result for the compactification of the Ricci scalar can be written as

1. 1 . _
/ R*lz/ “Rx1—ygjdz' Ndz/ + -+ (1.58)
Mi,10 2 Mi 2 2

where we have only included the resulting terms depending on the complex structure moduli, since
those are the ones we are interested in. We have succeeded in obtaining the dynamics of these moduli
in the lower dimensions, and crucially we see that they are massless, since the above construction
cannot give rise to a scalar potential. As alluded to in section this poses a problem for creating
realistic string theory compactifications, since no massless scalar fields are currently observed. Note
also that generically one will obtain numerous such fields, with the exact number given by h%!
which can easily be of order 100. We therefore pose the following question

Q1: How can the complex structure moduli be stabilized?

Providing an answer will be the topic of the next chapter, but we will see that the proposed solution
gives rise to many more interesting questions.



Chapter 2

Distributions of Flux Vacua

In chapter[Ijwe encountered the issue of moduli stabilization. We have seen that the compactification
of the Ricci scalar to lower dimensions yields a number of massless scalar fields whose presence is
not supported by physical observation. This is a general feature of all string compactifications, not
just Type IIB/M/F-theory. However, propagation of other fields in the internal dimensions, known
as fluxes, may give a potential and thereby yield a mass term for the complex structure moduli.
These fluxes are governed by the field strength Fj; and can be thought of as higher-dimensional
analogues of the electromagnetic fields of Maxwell theory. They are illustrated in figure for a
torus background. For a typical Calabi-Yau fourfold compactification, one can have as many as 10 to
10* different flux components. In the specific setting of flux compactification of F-theory on a Calabi-
Yau fourfold mthe resulting theory is known to be a 4-dimensional theory of A’ = 1 supergravity.
Such theories are elegantly described in terms of a Kéhler potential and a superpotential, the latter
of which is easily related to the flux. However, the many different choices of fluxes give rise to a
rich landscape of possible string vacua, whose explicit construction is in general very complicated.
As such our main concern in this chapter lies with more statistical properties of such vacua and, in
particular, whether they are finite in number.

In section we start by discussing the basics of flux compactification, its necessity due to the
tadpole constraint and the effect fluxes have on the underlying geometry through warping. We
quickly see that the inclusion of fluxes naturally leads to a potential for the complex structure
moduli. Then in section we introduce the standard setup of N/ = 1 supergravity in which the

Figure 2.1: Different flux lines running around in the internal dimensions, here illustrated for
the torus. Calabi-Yau fourfolds are expected to have numerous different components which can be
turned on, depending on the sources which are present.

18
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resulting theory is well described and the vacuum structure is given in terms of a superpotential.
We then turn our attention to the statistical properties of such vacua in section by deriving
the Ashok-Douglas density and ultimately the index of supersymmetric vacua. The derivation can
be seen as computing particular expectation values in Gaussian ensembles of superpotentials using
constrained two-point functions. The predictions of the Ashok-Douglas density are compared with
exact results for rigid compactifications on Y, = X3 x T and we spend some time discussing the
details and assumptions that enter the derivation of the Ashok-Douglas density in section Most
notably we discuss the quantization of fluxes and the stabilization of the Kéhler moduli through
non-perturbative contributions to the superpotential. Finally, given a concrete expression for the
Ashok-Douglas density, we question whether it is integrable over the moduli space, essentially asking
whether the number of string vacua is finite. In section [2.5| we set the stage to answer this question
by a suitable rewriting but leave the remainder of the discussion to chapters |3| and

2.1 Flux Compactification

The Tadpole Constraint, Flures and Warped Geometries

In this section we review the basics of flux compactification, the essential properties of fluxes and
how their inclusion generates a potential for the complex structure moduli. First, we recall the
11-dimensional supergravity action E|

S = 1R*l—1 4/\*F4—i03/\F4/\F4, Fy = dCs. (2.1)
My 4 12

In chapter [I] we have derived the compactification of the Ricci scalar and saw that it resulted in

a kinetic term for the complex structure moduli fields. There we essentially ignored the dynamics

of Cs, effectively setting Fy to zero. However, due higher order corrections to the 11-dimensional

supergravity action we are actually forced to consider non-zero values of F;. This can be seen as

follows. One of the higher derivative correction terms is given by [13]

0S = /Cg/\[g(R), (2.2)

where Ig is a polynomial of degree 4 in the curvature tensor. One way to obtain this result is to
consider a one-loop scattering diagram in Type ITA involving four gravitons and the Kalb-Ramond
field and lifting this to M-theory[2]. Including this correction, the equation of motion for Cj in the
possible presence of M2—branesE| is given by

1
dx Fy= S Fy NFy — Ig(R) + > oz, (2.3)

where the sum runs over all positions of the M2 branes. Integrating both sides and noting that the
LHS is a total derivative yields the tadpole constraint

x(Ya)
41 7

1
Nyo + / FyNFy = (2.4)
2 Jy,

where y denotes the Euler characteristic of Yy and Ny2 denotes the number of M2 branes. Cru-
cially, the tadpole constraint generically enforces a non-zero value of Fj on the internal manifold.

"'We now drop the hats in the notation of the 11-dimensional fields.
2Recall that M2 branes are charged under the Cs field.
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Figure 2.2: A 2-sphere together with a positive charge and a negative charge is depicted. Since the
2-sphere is compact the field lines emitted at the positive charge must end at the negative charge,
they cannot run off to infinity.

Essentially, this constraint arises from the fact that the internal manifold is compact. Indeed, on a
compact manifold the flux lines of e.g. an electric field cannot run off to infinity, see e.g. figure
As a result, the total charge on a compact manifold must vanish, or there must be some M2 branes
on which the field lines can end. [l

By a flur we will henceforth mean a non-zero choice of F4 on the internal manifold, and emphasize
the fact that it only has internal components by denoting it by G4 instead. In section we
showed that Fj is a harmonic form when imposing the vacuum equations of motion. Decomposing
the Laplace operator as

A = Apyy + Ay, (2.6)

we see that G4 is a harmonic form on Yy, i.e. Ay,G4 = 0. Using the properties of Y; the Hodge
decomposition theoremE] implies that we may uniquely associate G4 with a cohomology class in
H*(Yy). Although the inclusion of a non-zero G4 takes us outside of the vacuum, it nevertheless
suffices to consider only the cohomology class of G4, since for any 4-cycle v the value of the integral

/7 Gy (2.7)

only depends on the cohomology class [G4] by Stokes’ theorem. In the following we will abuse the
notation somewhat by using the same notation, putting G4 € H*(Y}). One of the implications of
including an internal flux is that the underlying geometry becomes warped. Indeed, because there is

3Following the discussion in [2) p. 484], this is made more precise by rephrasing the tadpole constraint in Type IIB
language, where it takes the form

Nps + H3 N F3 = X(;Q)
X3 :
where X3 is the base of the elliptically fibred Yj. In this setting the RHS can be interpreted as minus the D3-brane
charge, which is induced by the curvature of possibly present D7-branes. As a result, the tadpole constraint can be
interpreted as the vanishing of the total D3-brane charge when including all sources.
4 Again, we refer the reader to Appendix [A|for details on the Hodge decomposition theorem

; (2.5)
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a non-trivial coupling between the internal metric and G4 the resulting geometry is often no longer
Ricci-flat. Rather, one finds a metric of the form

ds? = eQA(y)ngx“dac” + e_ZA(y)gagdyadng, (2.8)

where g,; is Ricci-flat. In other words, the internal geometry is conformally Calabi-Yau [31]E] Here
A is called the warp factor, and compactifications of this kind are known as warped compactifications.
Throughout this thesis we will assume that the warping does not influence our results significantly
and we will comment on this where appropriate.

Besides being constrained by the tadpole constraint, flux are additionally quantized due to Dirac
quantization. More precisely, in terms of an integral basis v, of H*(Yy, C), the flur quanta

Na = G4 (29)

Ve

are integersﬂ We will denote by N the vector of flux quanta, which has by = dim H*(Y}) compo-
nents.

Constructing a Potential

In analogy with Maxwell theory, a choice of G4 corresponds to a (generalized) electromagnetic
field which is present in the internal manifold only. Its kinetics are partly governed by the metric
(present in the Hodge star), which in turn depends on the complex structure moduli. Performing the
integration over the internal manifold in therefore yields a potential for the complex structure
moduli of the form

V(z) = Vlg ( ; Gy A Gy — X(f;‘*)) (2.11)

which is quadratic in the fluxes [29] p. 5]. Here V} denotes the volume of the base Bs of the elliptic
fibration Y;. Note that the second term arises from the higher-derivative term in the action. By
considering the extrema of this potential we will be able to stabilize the moduli. In other words,
we have the following answer to the question posed at the end of chapter

Al: The complex structure moduli 2* can be stabilized by extremizing the flux-induced
scalar potential V' (z), i.e. by setting

ov
0z%

= 0. (2.12)

Of course this answer is incomplete, as we have not specified solutions to this equation yet. This
is further complicated by the fact that the scalar potential can take very different forms, since (in
general) there are many flux components that can be turned on. The goal of this chapter is to
address this issue from a more statistical point of view, by asking the question

5This is the case for Type IIB and F-theory compactifications. More subtle complications arise when considering
e.g. flux compactifications of the heterotic string, which requires a non-Kéhler background. [2| p.458]
SUp to the shift of a half-integer. More precisely, in [52] it was shown that

G4 — g € H (Y4,7), (2.10)

where A = p1(Y4)/2 with p1(Ya) the first Pontryagin class of Yj.
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Figure 2.3: (Left) Two different minima z; and zp for two different flux induced scalar potentials.
(Right) Schematic positions of the minima z; and z3 in the complex structure moduli space.

Q2: How are the F-theory vacua, i.e. the minima of V' (z), distributed over the moduli
space?

See figure for a graphical depiction of this question. Additionally, one might also wonder about
the role of the Kéhler moduli in this story and whether the total number of flux vacua is even finite.
We will provide a small discussion regarding the Kéhler moduli and other details in section
The question of finiteness will be formulated and addressed in chapters [3| and [4] and its answer will
be the main result of this entire work.

2.2 N =1 Supergravity Formulation

All of the questions that we posed in the previous section are more easily tackled within the frame-
work of N' = 1 supergravity. It has been shown in e.g. [27] that flux compactification of F-theory on
a Calabi-Yau fourfold yields a 4-dimensional theory of N' = 1 supergravity. The h%!(Y}) complex
structure moduli 2z* form the bosonic scalar fields of a chiral multiplet. Let us recall the main data
that comprises an A/ = 1 theory of supergravity. For a detailed account of supergravity theories,
one may consult [23]. It consists of a triple (C, L, W), where

e C is a Kéhler manifold, called the configuration space, with Kahler potential K and metric
determined by g;; = 0;0;K.

e L — C is a holomorphic line bundle, whose first Chern class is given in terms of the Kéahler
form w = 00K of C as ¢1(L) = —1[w].

e W is a holomorphic section of L, called the superpotential.
The superpotential induces a scalar potential V' which is given bym
V =l (¢"D;,WD;W — 3|W|?), (2.13)

where

D,W = o;W + (81K)W, (2.14)

"Here we have set the Planck mass Mp = 1.
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denotes the Kahler-Weyl covariant derivative. It accounts for the fact that the theory is invariant
under the following Kéhler-Weyl transformation

K(z,2) v K(2,2) + F(2) + F(3), (2.15)

for any holomorphic function F'(z). Indeed, one readily sees that the metric g;; is invariant under
this transformation. Moreover, one can explicitly compute that

[D;, D;] = 2i0,0;K, (2.16)

which implies that ¢;(L) = —[w], where w = 99K is the Kihler form.

In the setting of F-theory flux compactification, the configuration space C is given by the complex
structure moduli space M = M, of the Calabi-Yau fourfold Yy, with the Kéahler potential given by
K = K. We emphasize that in the following we ignore the Kéahler moduli completely, and discuss
the effects of their inclusion in 2.4.2] By analysing the N’ = 1 supersymmetry conditions in four
dimensions, it was shown in [32] that the superpotential W arising from a non-zero internal flux G4
is explicitly given by

W= [ GiAQ. (2.17)

Yy

Intuitively, this is indeed a holomorphic section of a line bundle L, since 2 depends holomorphically
on the complex structure moduli z and H*°(Y}) is one dimensional. Using and the fact that

e K :/ QAQ. (2.18)
Yy

it follows that W transforms under Kéahler-Weyl transformations as
W (z) = e FEW(2), (2.19)

which in particular implies that V is invariant. To find the vacuum solutions of V' in terms of W,

we note that '
0;V = e (D;D;W — 26,;W) DIW. (2.20)

In particular, the equation 9;V = 0 can be solved by
D;W(z) = 0. (2.21)

Incidentally, this condition results in a supersymmetric vacuum, which we will elucidate shortly.
Note that there may be other solutions to 9;V = 0, which will generically break supersymmetry.
Although these can be studied, see for example [15], analytical results are very rare and hence we
restrict ourselves to the supersymmetric solutions.

Supersymmetric Vacua

Let us give a few comments on what we mean by supersymmetric vacua, and clear up a possible
confusion which may arise. As with any symmetry, a solution which is supersymmetric is such that
it is invariant under supersymmetry transformations. In four-dimensional A/ = 1 supergravity this
imposes a condition on the supersymmetry variation of the gravitino field * which is of the form
[9, p. 16]

(537) = [eG/QgijajG} €20, (2.22)
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where € parametrizes the supersymmetry transformation and G is the Kéhler covariant combination
G =K +log|W|2. (2.23)

In particular, the supersymmetry condition (6¢*) = 0 boils down to
SUSY: 0,G=0, or D;W =0 (2.24)

exactly as stated before. Another way to investigate the supersymmetry properties of a given so-
lution is by looking at the physical gravitino mass. Indeed, in a supersymmetric configuration
particles in the same supermultiplet have the same mass. As such the gravitino, being the super-
partner of the graviton, must be massless in order to preserve supersymmetry. In the Lagrangian
of four-dimensional N' = 1 supergravity there appears a potential mass term for the gravitino with
the Kéhler-invariant mass parameter |ms /2|2 given by

Imgol® = "W (2.25)

In particular, to ensure supersymmetry one might be tempted to additionally impose the condition
W = 0. However, this is only true in a Minkowski background, as is further explained by considering
the value of the scalar potential when D;W = 0, which is

V = =38 WP (2.26)

Hence for space-times with vanishing cosmological constant, we are also forced to set W = 0. The
situation changes, however, when considering an AdS background. There it is known that m3/,
does not describe the physical gravitino mass. The appropriate interpretation is provided in [17].
Upon further inspection, demanding that the supersymmetry variation of the gravitino vanishes
results in a delicate balance between the curvature of the background and the gravitino mass, in
such a way that

A = =3|mys|%, (2.27)

whilst the physical gravitino mass remains zero, preserving supersymmetry. Here A denotes the
cosmological constant. We refer the reader to [12, section 2] for more details. The upshot of this
discussion is that a supersymmetric vacuum is determined by D;W = 0, without additional condi-
tions imposed on W. As such we allow for both Minkowski (W = 0) and AdS (W # 0) vacua.

Some Notation

To close this section, we introduce some more convenient notation. Of utmost importance is the
period vector IT whose components are defined by

m, = / Q, (2.28)
Ve

where we recall that 7, is a basis of H*(Y}). Although it will not be apparent in this chapter, the
period vector will be crucial when investigating certain limits in the moduli space as described in
chapters [3] and [d] We also introduce the intersection form 7 as

Nas :=/ Yo N VB (2.29)
Yy

which is symmetric for fourfolds. Then the Kéahler potential can be written as follows

e K= / QAQ=TIIL (2.30)
Yy



CHAPTER 2. DISTRIBUTIONS OF FLUX VACUA 25

Moreover, the superpotential is given by
W(z) = NT . 1I(2), (2.31)

where we stress that the z-dependence resides within the period vector. Finally the tadpole con-
straint takes the form
x(Ya)

12

NTyN = L, — 2N\p, L, = (2.32)

2.3 The Ashok-Douglas Density

Investigating the possible flux vacua arising from flux compactification is essential for string phe-
nomenology. Indeed, quantities such as the cosmological constant and Yukawa couplings are ex-
pressed in terms of the complex structure moduli. As a result, the choice of vacuum induces, for
instance, a particular value for the cosmological constant which may then be tested against reality.
Unfortunately, to check what kind of vacua occur by going through all Calabi-Yau fourfolds individ-
ually is not feasible. Indeed, only in a handful of cases are we able to obtain an explicit expression
for the periods by solving the Picard-Fuchs equations. As such, Ashok and Douglas instigated a
more statistical approach to studying flux vacua. In particular, they derived the general formula [I]

det(R + w) (2.33)

for the density of supersymmetric flux vacua on the moduli space, expressed in terms of the curvature
R and Kahler two form w. In this section, we will reproduce their result in detail following the
original work as presented in [Il 14]. We then check the predictions it makes for the flux vacua of
rigid compactification on Yy = T x X3. In the next section we comment on the range of validity of
the result, the assumptions that are made and the interpretation. Finally, while our current setup
involves F-theory compactifications on a Calabi-Yau fourfold, one can perform the exact same
calculation for e.g. Type IIB on a Calabi-Yau orientifold. More precisely, the statements below
depend only on the N' = 1 supergravity data, together with a whole set of flux quanta leading to
an ensemble of superpotentials (as opposed to a single choice).

2.3.1 Counting Flux Vacua

We recall that a flux is characterized by a choice of N satisfying the tadpole constraint. By allowing
for any number of M2 branes, the tadpole constraint can be interpreted as a bound

NTyN < L,, (2.34)

where L, is determined by the topological properties of the internal manifold. For each choice of
N, we denote

L := NTyN. (2.35)
Let Nyao(L < L) denote the total number of flux vacug®|satisfying (2.34). Then one can implement
the tadpole constraint using the Heaviside 6-function as follows

Nyac(L < L) ZeL L,)

vac

dO& a( —
2’/’1’22/ ’

1 da
=5 V@
™ Jo &

8From here on out, whenever we say flux vacua we mean only the supersymmetric ones satisfying D;W = 0.
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where the second equality follows from the residue theorem and the contour C' runs over the imag-
inary axis, passing zero from the right. Here

N(a) = e NN, (2.36)

vac

is the weighted sum of all flux vacua, which are characterized by D;W = 0. We can incorporate
this constraint as follows. Recall that for a function f of one variable, the number of zeroes of f
can be written as

#{x|f(z) =0} = /dw o(f(@)If ()], (2.37)

here the factor | f'(x)] is required to cancel the same factor which arises from the change of variables
f(z) + z. In our setting we count the zeroes of D;W, weighted by exp(—aNT7nN). Hence the
proper generalization of this formula yields

N(a) = / a2z / dN e~ “N"IN§(D,W)| det D2W|, (2.38)

where we approximated the sum over flux by an integral. Approximating the discrete sum over
fluxes by an integral over the whole moduli space is quite non-trivial and we will comment on its
validity in section For now, we simply continue with this assumption. We have also defined

9err  (DiD;W  D;D;W
D*W = (DleW DD ) (2.39)

which can be interpreted as the fermionic mass matrix [14, p. 4]. By rescaling /aIN — N we see
that N(a) scales as a2, where use the short-hand b := by to denote the dimension of the flux
vector N. This gives

211 «

Nyao(L < L) = Na=1) / da —b2paL., (2.40)
Expanding the exponential as a power series, we again use the residue theorem to see that only the
term (aL,)"? yields a contribution, i.e.
Lh?
(b/2)!

Finally, we note that N(« = 1) can be written as follows:

Nyao(L < L,) = N(a=1). (2.41)

N(a=1) :/ dez/du[W]é(DiW)\det D*W| (2.42)

where

du[W) = / AN § (W —NT . 1) e NN, (2.43)

carries the interpretation of the distribution function of a Gaussian ensemble of superpotentials,
weighted by the intersection form 7. In the following section we will investigate this ensemble in
detail. As a final remark, we note that Ny,. behaves exponentially as a function of L., with exponent
given in terms of the number of flux components that can be turned on. Hence in the limit of large
L., we expect the prefactor to dominate over N(« = 1), if it is finite.

9Note that b is defined as the real dimension of the complex vector space H*(Y3), in particular b is even.
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2.3.2 Distributions of Flux Vacua

In the previous subsection we have argued that the total number of flux vacua can be expressed in
terms of a Gaussian ensemble of superpotentials as in equation . The next step is to evaluate
explicitly. One complication is the the presence of the |det D*W| term. To simplify the
problem, we will instead consider the supersymmetric index defined by

LY/?

Fvac(L /2!

I(a =1). (2.44)
where

Ha::D:i/ fz/zmﬂkuzwqdalﬂmm dﬂwm::/lﬂNa(WH—NT'rUeNWN,

(2.45)
where for generality and convenience we allow N to take complex valuesETL The difference between
Nyac and Iy, is that the latter does not contain the absolute values signs around det D?W. As such
Lae will only give a lower bound on the total number of flux vacua, as it counts each vacuum with
a sign. In section we will comment in more detail on the relation between the two. The upshot
is that the main features of Ny,. are already described by Iy,.. Moreover, in this section we will be
able to compute an explicit formula for I,,.. We denote an expectation value of a quantity X in

this ensemble by

1 b

<m:%/mwm,%:®m (2.47)

In particular, the supersymmetric index density du[z] we are interested in can be written as
dulz] = Zo(6(D;W) det D*W). (2.48)

The Two-Point Function and a Simpler Version of du

The first important quantity we should consider is the two-point function, defined by
G(Zl,ig) = <W(2’1>W(§2)> (2.49)

Since we are working in a Gaussian ensemble, it is possible to derive an explicit expression for the
two-point function as follows

GMJﬁ:;/fNMW—WﬁmeWWW@mmg

_ 1 _
= Il (21)11p(22) % A /d2N N NBe~N™mN
0

= o (21)Ts(22) ()7
— eﬁK(zl,Zg)’

where k = —1 and K(z1, Z2) is precisely the Ké&hler potential on the moduli space, reinterpreted
as a function of z; and Z». Here in the second line we performed the integral over W and W

1076 be explicit, the measure d>N is a shorthand for

d*°N =1°_,dN“dN*. (2.46)
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using the §-function. The remaining integral in the third line is standard and yields a factor of
Zo(n~1)*? giving the above result. We keep & general for now since it will aid us in computations
by grouping terms in powers of k. At the end we will set K = —1. Crucially, we see that G(z1, Z2)
is completely determined by the Kahler potential K. Furthermore, by Wicks theorem we know
that most expectation values can be reduced to an expression involving only G(z1, Z2), which is
now completely determined by the geometry of M. As a result, we expect the final answer to be
elegantly expressed in terms of geometrical quantities.

As a first step towards computing du[z], let us first consider the simpler quantity (det D?W), but
we let W depend on z; and W on Z. Later we will consider the limit z; = 2. We start by using
a trick familiar from field theory calculations. Let {#%, 6"} and {¢?,4"}, be two sets of Grassmann
variables, collectively denoted by 0 and 1. Then we can express the determinant of the matrix
D?W as follows:

det D*W (21, %) = / d*0d*4p exp [—0T D*W (21, 7)1 (2.50)
or

det D*W (21, 29) = /d20d21/1 exp [—GiijiDjW(zl) — 0" D;D;W (21) + c.cl, (2.51)

where c.c. denotes the complex conjugate of the terms before it, which depends only on z». We can
now evaluate the expectation value in the Gaussian ensemble as follows:

1 o . _
(det D*W) = Z / d*Nd?0d?p exp [—NTnN — 0 NT . D;D;II(z1) — ' NT - D;D;TI(21) + c.c.,

(+)
(2.52)

where we have already performed the integral over W using the delta-function. The next step is to
complete the square in the exponential factor, which is achieved by the following expression

(%) = = (N + "¢/~ D; D;T1(%) + @&jﬁ_IDijﬁ(@))T??
(N + 8"y~ DEDII(z1) + 0% DLDITI(z1) ) + (x)
where (xx) denotes the four quadratic terms in II. An example of such a term is
070" (D DT (22)) (DR Dall(21)) = 070! D1; Dy, Dy Dy G (21, 52),  (2.53)

where the equality follows directly from the definition of G(z1, Z2). One easily sees that all terms in
(#x) are expressed in terms of covariant derivatives of G(z1,22), hence we introduce the following
notation

FAB-~~|MN--~(217 22) = e—mK(z1,22)D1AD1B <o« DoprDopn - - G(Zl, 22), (2.54)

where the indices can be both holomorphic and anti-holomorphic. Then the four quadratic terms
are given by

() = €G22 | GGRGL By + 007080 Py + 0000% 0! Py + 07070% 0! P (2.55)
Having completed the square, we shift the N integrand in (2.52) and perform the (now trivial)

integration over N, which yields a factor Zy. We are then left with an integration of the terms in
(**) over the Grassmann variables as

(et DAW) = [ 04 exp [ Ko=) (91078° 01 By + 6576 Py + 875700 Py + 078" P
(2.56)
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Imposing D;W = 0 and onto the Real du

We now turn to the real supersymmetric index, which imposes the additional constraint D;W =
0. As a result, instead of using the two-point function G(z1,Z2), we should instead consider the
constrained two-point function defined by

Let us compute this quantity. First, we note that we can express the constraint D;W(z) = 0 in
terms of a d-function as follows:

Gzy(21,22) = ;/du[W] 8" (D;W (20))0" (DW (20))W (21)W (Z2)

— ;/dQN 5(W _NT. H)e_NTnNén(DiW(ZO))(Sn(DW(ZQ))W(Zl)W(ZQ)7

where instead of Zy we must now normalize by the constrained partition function given by
7= / du[W]6™ (D;W)o™ (DY) (2.58)
Next, we use a trick. Recall the following integral expression for the J-function:
5(z) ~ /d)\ e, (2.59)

In our setting, we introduce pairs of Lagrange multipliers {\!, A}, collectively denoted by A and
write [1]

5™ (DiW (20))8™(DW (%)) ~ / @2\ ' DiW (20)+iN D; W (20) (2.60)
Performing the integration over the remaining §-function sets W = N7 . IT, hence we obtain

1 _ ) o _ o
G.(21,22) = Z /dQN d*X exp [-NTyN + iN'NT - D;TI(29) + iV D;II" (%) - N] NT-TI(21)NT TL(%,).
(2.61)

As before, we simplify the term in brackets by completing the square:

—NTyN +iXNT - DII(z) +iN DT (%) - N = — (N — iNy ' DjTI(20)) " 1 (N — iXn ' D,TI(z))
— )\inDjﬂT(zo)n_lDiH(Z()).
Note that this last term can be expressed in terms of the original two-point function:

DjﬂT(ZO)T]leiH(Zo) = DjDZ‘G(Z(), 50) (2.62)

We then shift the integrand B
N N+ iXn ' D;II(%). (2.63)

In particular, we have

N TI(21) = N7 - TI(21) + iNDjII(2%) ™" - TH(21) = NT - TI(21) +iN Dy, G(21, %), (2.64)

Since the overall normalization of the integral expression of the §-functions will drop out, we will ignore it here
for notational convenience.
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Inserting the above results into our expression for G, (z1, Z2), we obtain
1 _ o
G (21, 22) = 7 /dQN d?\ exp [—NTnN — X'ND;D;G (20, 20)]
X (NT . H(Zl) + ij\jD()jG(zl, ZQ)) X (NT . I:I(ZQ) + i)\iDOiG(ZO, 22))
Noting that only terms even in N contribute and using the results above, this simplifies to:

_ 1 -
G (21, 2) = G(21, 22) — DoyG(21, 20) DoiG (2, 22) - /dQ)\ NINTm X ADDiG(z0.20) /dQN e NN,

(2.65)
Again, the integral over d?) is standard and yields a factor (D; D;G(z, %))~ and Z. The final result
for the constrained two-point function is

Gzo (21, 22) = G(Zl, 22) — D()jG(Zl, 20)(DZ'DJ-G(ZO, 20))_1DOZ'G(Z(), 22) (2.66)
Finally then, the supersymmetric index can be written as follows:
7 _ R - R -
dulza) = 37 [ 0dap exp (K Co) [91G6F U1 gy -+ 090" P + 875780 Fyggy + 078" P )

Z
(2.67)

where now

FAB~--|MN~~- = G_RK(ZO’ZO)DlADlB <o DoprDopn - - Gzo (Zl, 22) (2.68)

20=21=22

is expressed in terms of the constrained two-point function. The computation of these quantities is
performed in the appendix [D] here we state the results:

Fiju;l = “29@9151, Fiﬂkl = —’iRzkjl + K2 (gikgjl + gzlgjk) ) Fij|kl = Fzﬂkl =0. (2'69)

Additionally, using the exact same procedure as done above for computing G, (21, z2), one can find
the following expression for Z
Z = 1"k det g, (2.70)

which is again elaborated upon in the appendix @ Inserting these results into du[zp] and using the
anti-commutativity of the Grassmann variables, we obtain

dulza) = 57 [ 0dap exp (XG0 (0640 (<o + ngn)] ). (271
Let {€',, & 5} be an orthonormal frame w.r.t. the metric g. Then we perform a change of variables
0 €' 0%, d*0 — det g d*0, (2.72)
such that
dulzo] = Zom "k e K (20,%0) /d20d21[) exp (e”K(zo’go) [5@1/;707¢l(—/€R;k]—léi@6k,y + l<a25mgjl)D

= Zon " / d*0d*p exp <§6‘@/_ij¢1(—ng]—1€?&61’“7 + H(Sgwgﬂ)>

b—n

dotr det(—R+ kw - 1),
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where 1 denotes the unit matrix in End(7TM.s) and we recall that R and w denote the curvature
and Kahler two-form on Mg, respectively. Here a comment on the interpretation of the above
formula is in order. Recall that the curvature two-form R is a map

R:TMcs x TMes — End(TM,s), (2.73)

where End(T' M.s) is the space of endomorphisms of the tangent bundle of M_s. For Ké&hler mani-
folds, it is given in terms of the metric g by

Rlz‘jk =—0; (glmaigkm) ; (2.74)

where 1, 7 denote the two-form indices, and [, k the matrix indices of R. On the other hand, w is
simply a two-form on Mg, which explains why it should be multiplied with a unit matrix. Hence
the determinant is understood to act on the matrix indices of R + w - 1. Moreover, we recall that
w is precisely the curvature of the line bundle L of which W is a section. Therefore R + w is the
curvature of the vector bundle T M ® L of which D;W is a section. In fact, using the complex
structure of Mg one can show that [13, p. 104]

7 "det(R+w-1) =¢(V), (2.75)

where e(V) is the Euler class of T Ms® L. Though we will not use this specific identity, it highlights
the fact that the distribution is determined by general geometrical properties of M.

The Final Result

Finally, we return to the the supersymmetric index. Inserting the above result for the index density,

setting Kk = —1 and returning to real variables yields:
1 (nL)Y? _
Taoe(L < Ly) = " det(—R —w-1 2.76
(L < 1) = e ™, R (2:76)

Having obtained the final result, let us make some remarks regarding its interpretation

1. The factor (wL,)%?/(b/2)! can be interpreted as the volume of a b/2 dimensional sphere of
radius v/L, in flux space.

2. In regions where the curvature is negligible, one sees that det(R + w - 1) is simply the volume
form on M. In this case, we have

Tsusy vao(L < L) ~ Vol (B"/Q(\FL*)) % Vol(Mes) (2.77)

Very roughly, we can interpret this by saying that the supersymmetric index is given by
multiplying the number of fluxes within the sphere BY 2(v/L,), set by the tadpole constraint
and the number of cycles on Yy, with the size of the moduli space (this latter part is sensible
because the flux vacua are generally believed to lie at isolated points, see [I8] p. 28].

3. Finally, the factor det(R + w - 1) is not very surprising, on mathematical grounds. Indeed, we
have already mentioned that R + w - 1 is precisely the curvature of T M x L, of which D;W
is a section. Since we are imposing the constraint D;W = 0, a natural top form to integrate
over M is the highest Chern class of T Mg x L, which is precisely det(R+ w - 1). In fact, if
M were smooth this would be precisely the statement of the Chern-Gauss-Bonnet theorem.
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However, since Mg is not smooth, it is interesting that a similar result is still obtained. This
is likely due to the fact that we consider an ensemble of superpotentials, i.e. by averaging
over all superpotentials the possible singular behaviour is smeared out and we obtain a result
similar to the Chern-Gauss-Bonnet theorem.

Returning to our original question posed in section we have obtained the following answer

A2: The distribution of supersymmetric vacua (counted with signs) over the complex
structure moduli space is given by the Ashok-Douglas density

dp = det(R+w-1). (2.78)

Note that we slightly abuse the notation here by not including the constant pre-factor 7=/ det 7.
Investigating the above expression for the AD-density will be the main focus of the rest of the work,
as we will also discuss in section First, let us turn to a concrete example/application of the
above results.

2.3.3 Example: The Torus

In section we discussed the complex structure moduli space of the torus in detail. Morally,
we can think of this example as appearing in a rigid compactification of the form Y, = X3 x T,
where all the moduli of X3 are fixed and we only need to consider the torus. Within this setting
we will contrast the abstract derivation of the Ashok-Douglas density above with a very concrete
description of possible flux vacua on a torus. We will see that the result agree.

The Exact Result

For this derivation we closely follow the discussion in [I] First, we note that any point z € T can
be written as

z2=8+7&, &1,&€[0,1] (2.79)

In particular, the holomorpic (1,0) form is given by

O =dz = d& + 7d&o, (2.80)
and the Kahler potential is
K(r,7) = —log {z/ QAN Q} = —log[i(T — 7)], (2.81)
T
which satisfies 1 1
0K =——, 0:K=—— (2.82)
T—T T—T

Next, we expand {2 in terms of the canonical cocycles d§;. In terms of this basis, the period vector

I = C) . (2.83)

II is simply given by

W(r)=A+Br, N= <A> , (2.84)



CHAPTER 2. DISTRIBUTIONS OF FLUX VACUA 33

for two integer complex numbers A = ay + ias, B = by + ibs. The intersection form 7 in the chosen

basis is given by
0 -1
n= <1 0 ) . (2.85)

Although the Euler character of the torus vanishes, we can still implement the tadpole condition
by hand by setting [T_Z]

1 _
5NTnN = Im(AB) = L. (2.86)
The condition for a supersymmetric vacuum D,W = 0 then becomes
_ A
DW=0 << 7= -5 (2.87)

At this point we should recall the SL(2,Z) invariance of the superpotential. Indeed, we can make
two transformations
T—17+C, T+ DT, (2.88)

for suitable choices of C, D such that as = 0 and 0 < b; < aq. In particular, the tadpole constraint
becomes
a1b2 = L. (289)

As a result, a choice of flux is specified by
1. An integer a1 dividing L, which then determines by via the tadpole condition.
2. An integer b such that 0 < b; < aj, hence taking |ai| possible values.

Moreover, the cases a; > 0 and a; < 0 are identical, hence the total number of flux vacua for a
given L is
Nyae(L) =2k =: 20(L), (2.90)
k|L

where (L) is the divisor function satisfying the asymptotic behaviour [34], p. 266]
2
Y o(L)= ELi + O(Ly log Ly). (2.91)
L<L.

In particular, the total number of flux vacua with L < L, is given by
2
Nyae(L < L) = ELi + O(Ly log Ly). (2.92)
Comparing with the Ashok-Douglas Index

We now compare this with the result from section Using the expression for the Kéahler
potential, we have

= 1
rr = 0,0 K = ——— 2.
g 0 P (2.93)
which implies that
i dr NdT
- _° - _9 2.94
w CEEE R w (2.94)

12For convenience we have redefined L — 2L in the tadpole constraint, note that this will also affect the formula

for the index density
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-0.5 0.5

Figure 2.4: Solutions to D, W = 0 for the torus, with L, = 150. Figure taken from [14] p. 38].

Inserting these results into ([2.76]), we obtain

2 . —
Lol < L) = 2T / idr hdr
F

2! 2(r—17)2
= 27rL2/ 7d27—
r GoAP
= 221;2
6 * 9
where we have used the fact that )
d°T T
—_— — 2.95
Lot (2:95)

for the fundamental domain of the torus [I, p. 15]. We see that the index predicted by the Ashok-
Douglas density coincides with ([2.92]).

To close this section, we point the reader to figure [2.4] where the exact solutions to D;W = 0, i.e.
the possible flux vacua, are plotted. The actual distribution shows a much richer behaviour than
predicted by the Ashok-Douglas density. Nevertheless, the two agree on the total number of flux
vacua when L, is large. Especially interesting is the structure of the distribution around integer
points 7 = ni. At the centre of these points there is a large degeneracy, e.g. at 7 = 2i there are 240
flux vacua, whereas in a small neighbourhood around them no vacua are present. This behaviour
comes from the underlying discreteness of the fluxes, which we have so far neglected. In the next
section we will discuss this in detail.
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2.4 Discussion and Interpretation

In this section we discuss some of the assumptions we have made in the derivation of the index
density, most notably ignoring the quantization of fluxes and the Kahler moduli, as well the inter-
pretation one should give to index density and the predictions for numbers of vacua it provides.

2.4.1 Quantization of Fluxes

In the derivation of we have ignored the fact that fluxes are quantized, by approximating the
sum over fluxes by an integral. This can only be valid in certain regimes, which we discuss now,
following [T, [14].

First, the sum in N («) runs over all supersymmetric flux vacua, unconstrained by the tadpole
condition, i.e. satisfying D;W = 0. This condition is scale-invariant, i.e. invariant under /L, —
N. In particular, for a function f depending on N, we expect that

S iN= Y f(fi—) (2.96)

Nezb Ne(Z/VLy)

see also [II, p. 24]. Therefore, for large /L, we expect that the integral provides the leading behaviour
to the discrete sum, since the spacing between consecutive values of N becomes small. By large we
mean large compared to the number of fluxes b Indeed, suppose L, ~ b, then many cycles will have
either zero or one flux, hence the discreteness cannot be ignored. [1;3] In the more extreme case of
L, < b, we can readily see that the approximation breaks down, since then the expression in [2.76]
essentially predicts no vacua at all, due to the b! factor (in regions where the curvature is negligible).

A Geometrical Picture

We can make the above statements a bit more precise by considering the geometry of the flux space as
a subset of R®. Denote by S the subspace of R containing the vacua satisfying N7-D;II = D;W = 0.
Then by scale invariance AS = S, so S can be viewed as a cone. Denote by S, C S the subspace
containing vacua which additionally satisfy the tadpole constraint. This acts as a positive deﬁniter'z]
constraint on S, so Sy is roughly the part of S having radius v/L,. Having described S, the question
now is whether its volume V' is a good approximation to the number of lattice points N, it contains.
The leading correction is given by the surface area A of S, i.e.

N, = IV/? (V v L7V2A 4 O(L‘E)) . e>0, (2.97)

see also [I4] p. 37]. In particular, for V' to be a good approximation, we need two conditions:
Vv s1, vsL'?A (2.98)

In geometrical terms, these conditions amount to saying that the cone should be well-aligned with
the lattice, and that the width of the cone should be larger than the spacing between the lattice
points, which scales inversely with /L, as discussed above. This is also exemplified in figure

13Here we call upon the intuition that the tadpole constraint (hence L.) gives an upper bound on the number of
flux lines that can run through the compact space Y, which is determined by its topology through the Euler character

1This is a little tricky, since 7 is an indefinite form. However, in [1], page 21, it is claimed that one can make a
subtle argument that N7nN > 0, so this statement makes sense.
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Figure 2.5: Two examples of cones S and S’ in a b = 2 dimensional flux space. Even though the
opening angles of the cones are identical, the amount of lattice points contained in S and S” within
a circle of radius L, = 4 differs (three versus one, respectively) due to the different alignments with
the lattice.

[@aY

for a two-dimensional flux space. We see that indeed for small L, the cone S’ contains significantly
fewer lattice points that S due to its misalignment with the lattice. Moreover, within the circle of
radius /L, = 4 the width of S’ is less than the spacing between the lattice points. Hence in this
example neither of the conditions in are satisfied.

It is now argued in [14] that by taking a sphere of radius r in moduli space, one can show that

A Vb
e (2.99)

In other words, the second condition can be phrased in terms of the number of fluxes b as

b
L.> — 2.100
> (2.100)

This is in agreement with our earlier discussion and additionally makes the region in moduli space
under consideration explicit. We end this subsection by referring the reader to [2I, Thm. 1.8],
where an estimate for the error produced by passing from a sum to an integral in 2:38] is shown to

be (’)(L*_l/Q), in accordance with
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2.4.2 The Kahler Moduli

In our derivation of the index density we have essentially ignored the presence of the Kahler moduli,
in particular the fact that their presence changes the Kéhler potential and therefore the expression
for the scalar potential and its vacuum structure. The goal of this subsection is to argue that
the inclusion of the Kéhler moduli does not affect our analysis, provided that one introduces non-
perturbative corrections to the superpotential which depend on the Kahler moduli. Moreover, as
discussed in [I], 14} (18], these non-perturbative effects can be used to stabilize the Kahler moduli.

Tree-level Kdhler Moduli and No-Scale Structure

For simplicity we consider a single Kéhler modulus p, which can be interpreted as an overall (com-
plexified) volume factor. Dimensional reduction to four dimensions produces a Kéhler potential for
p given by [24]

K(p, p) = —3log [<i(p— p)]. (2.101)

Let us first discuss the effect of this additional Kahler potential in the absence of non-perturbative
effects. Since (for now) W is independent of p, we see that

D,W = (8,K)W. (2.102)

In particular, we have

; -2 3w |?
9??|D, W2 = — (p=p) . (2.103)
3 =0
As a result, the scalar potential simplifies to
V=K (g“BDaWDbW - 3|W|2) = X4 D,WD;W, (2.104)

where the indices a,b run over the complex structure moduli plus p, whereas the indices i, 7 only
run over the complex structure moduli. Crucially, the final expression is manifestly positive semi-
definite and is of no-scale structure [11]. This means that the vacuum structure is independent of
the volume modulus p. Moreover, the condition of a supersymmetric vacuum D;W = 0 implies
V' = 0, hence the only possible vacua are Minkowski. This poses two issues: First, there seems
to be no mechanism to stabilize the volume modulus, since it does not appear in the potential.
Second, for reasons outlined in [I8, p. 13], Minkowski vacua are much harder to study, since the
condition D,W = 0 additionally imposes W = 0, and it is in fact advantageous to include AdS
vacua as well. Both these problems can be addressed by considering non-perturbative corrections
to the superpotential W.

Non-Perturbative Corrections to W
Recall that in section we stated that the superpotential Wy is given by E]
Wy = G4 N, (2.105)
Yy

which manifestly only depends on the complex structure moduli, i.e. it does not depend on the
Kahler moduli. Due to the nonrenormalization theorem for superpotentials, the expression for W
is valid to all orders in perturbation theory [2 p. 474]. However, in [36] it is argued that for the

15We now change notation from W to Wy to emphasize that the complete superpotential W is given by Wy plus
some correction §W, as we introduce shortly.
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volume modulus p there do exist non-perturbative corrections to the superpotential which are of
the form
oW = Ae**, (2.106)

and can be induced due to e.g. D3-brane instantons and gluino condensation. Here A and a are
determined by the precise details of these constructions. For simplicity we take a, A to be real. The
complete superpotential is then given by

W =Wy + oW, (2.107)

where Wy is the complex structure moduli dependent superpotential. Crucially, 9,W # 0 hence
the scalar potential no longer has a no-scale structure. In particular, at a supersymmetric vacuum
D,W = 0 one finds

V = =35 |W)?, (2.108)

which for W # 0 results in a negative cosmological constant A = —3e|W|2, hence AdS vacua are
possible. In short, we see that the inclusion of the Kahler moduli together with non-perturbative
corrections to the superpotential results in a very similar situation as simply ignoring the Kéahler
moduli altogether. This justifies the fact that we only impose D;W = 0 in our derivation of the
index density.

To see how the volume modulus can be stabilized, one computes
2 )
D,W =0 <= W = —gaAempIm P, (2.109)

where W is evaluated at the minimum. For small negative Wy this has a self-consistent solution
Im p — oo, i.e. the large volume limit. It is self-consistent in the sense that in this limit the
correction W is exponentially suppressed. Moreover, the scalar potential is given by

2A2 —2alm p
) L —

2.110
6 Im p ( )

The construction described above was first realized in the KKLT scenario [36], where additionally
a number of anti-D3 branes was added to the setup so that the resulting vacuum energy is in fact
small and positive. This was one of the first string theoretical constructions which yielded a dS
vacuum with a phenomenologically acceptable cosmological constant.

2.4.3 Interpretation of the Index Density

Estimating the Number of Flux Vacua

As mentioned before, we have chosen to compute the index of supersymmetric vacua as opposed
to the actual number, because of computational complexity. Of course, since the index counts the
number of supersymmetric vacua with signs, this will merely provide a lower bound on the total
number of supersymmetric vacua. In [I4, p. 9], the author claims that typically the actual index is
equal to the index density times a bounded function greater than one. This is explicitly verified in
the one-dimensional moduli space, in the conifold and large complex structure limit, see equations
(3.83) and (3.84) of [14, p. 26]. Additionally, in [I4] an interesting relation is mentioned between
the index and stabilization of Kahler moduli is mentioned. It is stated that the difference between
the index and the actual number of vacua in fact measures the number of Kéahler stabilized vacua.
For our purposes, the conclusion here is that if the index of supersymmetric vacua is finite, then
the actual number of such vacua is also expected to be finite.
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Continuing on with the assumption that the index density gives a good approximation to the actual
number of flux vacua, let us plug in some typical numbers. Considering a simplified model of
Y, = X3 x T, for some Calabi-Yau threefold X3, we have typical numbers of b = 600 and L, = 2000,
see e.g. [13 p. 106], leading to the infamous result

Loae ~ 10790 x /det(R+w -1). (2.111)

In other words, a huge number of flux vacua is predicted. Perhaps it is good to emphasize that this
is an estimate for a single choice of Calabi-Yau background. In general there are still many choices
of topologically different Calabi-Yau’s. This shows the vast complexity of these higher dimensional
spaces. In fact, more exotic F-theory compactifications can lead to even bigger numbers. E In [10]
the size of the geometrical factor [det(R + w - 1) was additionally estimated in a certain class of
type IIB compactifications to not necessarily be of order one. However, in the limit of large fluxes
its contribution is still sub-leading in comparison to the pre-factor.

The String Landscape

Let us end this section with some more informal remarks on the interpretation of the index density.
Regardless of the precise number of vacua that are produced in string theory compactifications,
it is now clear that they are numerous. In 2003 this plethora of vacua was described by Leonard
Susskind as a string landscape [47]. One of the hopes of string theory is to construct a vacuum which
has precisely the desired properties to describe our observed physical world. For instance, it should
contain a copy of the Standard Model and allow for a positive cosmological constant. However, with
these results the search for such a vacuum seems hopeless. Indeed, checking whether a given vacuum
has the desired properties is already a huge task, let alone doing it for 10°%° vacua! In fact, it was
shown in [I6] that obtaining a specific vacuum with, for example, a given cosmological constant is
typically NP hard in the context of computational complexity. As such, even if our Universe was
described by some particular vacuum of string theory, we might never be able to explicitly find it.
As such, one should interpret these results as a change in perspective with regards to model building
in string theory. Indeed, in [I8] it is discussed how one should rather be interested in the statistical
properties of these vacua. KEssentially, by analysing some general features of vacua one might be
lead to a natural ‘selection principle’ which prefers certain vacua over others. Let us shortly touch
on this by discussing possible extensions of our derivation of the supersymmetric index density.

Alternative Distributions and Black Hole Attractor Points

As a first extension, one can study the distribution of cosmological constants by additionally im-
posing —3|W|? < A, for some bound A,. One of the results of [14] p. 24] is that for |A.| < Mél the
distribution is uniform

ANTA,) ~ dA,. (2.112)

By integrating this relation one finds that the cosmological constant can be as small as Mél /Nyac.
Since we have found that the number of flux vacua is typically very large, this may serve as a
reason for the smallness of the observed cosmological constant. This possible explanation of the
cosmological constant problem is in fact very similar in spirit to the one proposed in [4]. One can
also study the distribution of supersymmetry breaking scales and whether high or low scales are
favoured in particular kinds of compactifications, see e.g. [15, [19].

YTnterestingly, in [48] an elliptic fourfold has been constructed containing O(10%7%°°%) flux vacua, which surpasses

the total number of flux vacua in the sum of all other F-theory geometries by a factor ©(103°%°).
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Lastly, we point the interested reader to [14, p. 28], where it is shown that the methods we have
used to compute the distribution of flux vacua can also be used to count black hole solutions in the
type 1IB setting on a Calabi-Yau threefold Y3. The relevant parameter here is the entropy S of the
black hole, which is given by

S=nZ? Z=[ QAQ, (2.113)

here Q € H3(Y3,Z) denotes the charge of a black hole. Note the resemblance between the central
charge Z and the superpotential W. Importantly, in the above formula for S, the central charge
is evaluated at a critical point given by D;Z = 0, again in analogy with the superpotential. Such
critical points are also referred to as attractor points. Note that S now plays the role of the tadpole
constraint. Indeed, from here one can ask about the distribution of black holes with an entropy
S < S, for some S, and obtain results in the same way as we did for the distribution of supersym-
metric flux vacua.

Finiteness?

A pressing question is whether the contribution from the geometrical factor det(R 4+ w - 1) is at all
finite. In other words, do we expect the number of flux vacua to be finite? Clearly this has to do
with the tadpole constraint

Gy NGy < L. (2.114)

Yy

Indeed, a priori the LHS is not necessarily positive, hence there may be infinite choices of fluxes
satisfying the constraint. In [I, p. 21] an argument is made why this is not the case, except at
certain limits in the moduli space, which we now adapt to the F-theory setting. As is readily seen
from the definition of the superpotential

W = G4 NS (2.115)
Ya

and the properties of D;, the supersymmetry condition D;W = 0 implies that
Gy =0, (2.116)

where G denotes the (p, q)-part of G4 in the Hodge decomposition of H4(Yy). Additionally, it is
argued in [32] that the (2,2) part of G4 is primitive. Following the discussion in [32, Appendix I],
the result is that Gy is self-dual, i.e.

G4 = *G4, (2.117)

which implies that
Ga NGy = Gy N*Gy > 0, (2.118)
Ya Vs
where equality holds only when G4 = 0. From here one can show that all vacua except for a finite
number must lie in a neighbourhood of a so-called D-limit [I]. This is defined as a point in M.
where the matrix D;ll, is reduced in rank. An example of such a limit is the Large Complex

Structure (LCS) limit, where
3

-
2
IT ~ , aslm7 — o0 (2.119)

-
1
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In particular, we see that

, asIm7 — o0 (2.120)

which indeed lowers in rank at the limit.

In short, we are left to show that even in such limits the index of supersymmetric vacua is still finite.
We will do this by obtaining an asymptotic expression for the index density near such singularities
and show that it is integrable. This will be the main topic of chapters|3|and |4l To close this chapter,
we will rewrite the expression for the index density into a more suitable form.

2.5 Rewriting the Index Density
We recall the expression for the index density
dp =det(R+w-1). (2.121)
where . .
w = %gijdzi A dZ, Rli = %Rlijkdzi AdZ. (2.122)

The main simplification of du comes from the fact that the Riemann tensor of the Weil-Petersson
metric of a Calabi-Yau D-fold takes the form [40]

Ryt = 9iggii + 9ii9k7 — " Fipds (2.123)

where

1,

Fig = (ViViQ, V;ViQ), (2.124)
plays the role of the Yukawa couplings for fourfolde{ﬂ Here we have made two slight changes in
notation. First, the bilinear form (-, -) replaces the role of the intersection form 7, i.e.

v,we HY(Y,) . (v,w) :—/Y vAw. (2.126)

Moreover, we denote the Kahler-Weyl covariant derivative by V; for easier comparison with the
literature we reference in the following chapters. As a shorthand, let us introduce M := R+ w -1,
which is a matrix of two-forms.

The rewriting of du proceeds in three steps. First, we recall that the determinant of a matrix can
be written in terms of the Levi-Civita tensor as follows

det M = éorbnclitn g o A A M 7 (2.127)
Secondly, we note that for a top-form a such as det M, one has

Wiy Jywingn @2 N A2 d2™ NdZT ~ [get T g g, 7,2 (2.128)

"The name comes from the three-fold setting, where special geometry implies that
Figer = " Firmg™" Fjin, (2.125)

where the Fjji are historically called the ‘Yukawa couplings’ (due to their appearance in the compactification of the
heterotic string).
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where (/g d"z = /g dz' Ndz' A - A dz™ A dZ" is the volume form on My and ~ means ‘up to
factors of n!”. Combining the above two results yields the following expression for the index density

d,LL ~ \/§ an Eil---inejl'”jnekl"'knel_l"'l_”M4 (2129)

Z1.]71]"”‘1[1 T Mznjnk'nl_n
The third step consists of writing the two pairs of epsilon tensors in terms of anti-symmetrized
metrics by using the fact that

O By By ™ 6[;;1 o 6;:::]' (2.130)

From this point onwards, we will not explicitly denote the indices in order to not clutter the notation.
Schematically, using the above expression for p = 0 we can write
n

n n
o PR

e e ~ghgh (2.131)
Hence we have )
dpu~/gd'z g ---g " M...--M.. (2.132)

Finally, we note that M consists of terms containing gg terms and e F. Choosing, say, m factors of
e F in the product of all the M’s and letting the remaining factors of g cancel with the preceding
factors of g~! yields

n
dp~gd'z Y In (2.133)
m=0
where
2m m
In=e™g . .g7F. ... F.. (2.134)

The main advantage of this rewriting of the index density is that its dependence on the holomorphic
4-form € is very explicit since the Kahler potential K, the metric ¢ and the generalized Yukawa
couplings Fj;7 are all directly expressed in terms of it. In the next chapter we will investigate the
behaviour of the index density using this formula, together with some remarkable properties of 2
near specific points in the moduli space.

A Sidenote on Warping

As we have stated before, the inclusion of fluxes has an effect on the internal geometry which is
described by the warp factor A. More precisely, the metric g becomes conformally Calabi-Yau,
meaning that

g = elg, (2.135)

with g a Ricci flat metric. In particular, using the fact that the Riemann tensor of § obeys equation
(2.123)), one finds a similar equation for the Riemann tensor of g of the form

e " Ring = Gizins + Giiry — €~ Fyng — G070, A. (2.136)
Where F is obtained from §. As such we have a correction term
9;70701A. (2.137)

Quite frankly, we are unsure how to deal with this. One might hope that the warp factor varies
slowly such that we can ignore this contribution, but this is entirely unclear near singular regions
in the moduli space. Nevertheless, we will not consider the effects of warping in the remainder of
this work.



Chapter 3

Hodge Structures at Singular Points

Much of our discussion so far has revolved around properties of the complex structure moduli
space. Indeed, we started with the issue of moduli stabilization and how this can be addressed
by introducing fluxes in the internal space. Upon compactification on a Calabi-Yau fourfold Yy,
these fluxes induced a superpotential for the complex structure moduli, which were part of the
chiral multiplet of an N’ = 1 supergravity theory with target space M. From there we derived an
expression for the index of supersymmetric flux vacua using the properties of the Weil-Petersson
metric. It is given by the following expression

m
index density ~ /g d"z Z I, (3.1)
k=0
where
Iy=e"®g .goF ... F_, (3.2)

with 2k factors of ¢! and k factors of F. Crucially, all quantities appearing in the index density
can be expressed in terms of the holomorphic 4-form €2 on Yy a&E]

1,

e N =(2,9), e Xgy=-(ViQ.V;Q), Fyi=(ViViQ,V,;ViQ). (3.4)

A priori, it is not clear whether the index density is integrable over the moduli space. Indeed, at
singular points where the curvature diverges, this may not be the case. In this chapter, we will
further develop the mathematical structure of the moduli space to address this question by studying
the behaviour of 2 near various singular points. More precisely, the relevant object to study is the
cohomology group H*(Y}) and its Hodge decomposition.

In section we will first discuss the singular structure of the moduli space and introduce the
concept of a monodromy transformation. It will turn out that the moduli space is such that much
of the behaviour of ) near singular points is encoded in its transformation under monodromy
transformations. This is encapsulated by the nilpotent orbit theorem and is described in section [3.2]
In section [3.3| we apply the nilpotent orbit theorem to gain insight into the various singularities that
can occur and describe the degeneration of H*(Y}) using the Deligne splitting. In section [3.5|we use
this structure to estimate the leading behaviour of {2 near one-parameter singularities and thereby

'Recall that we introduced the Weil-Petersson metric as
gi5 = 0:0;K, (3.3)
which is in fact equal to —e™ (D;Q, D;Q). Here we prefer the second expression to highlight the similarity between
K, gi; and Fjz,.

43
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obtain concrete expressions for the index density, whose integrability can be tested. Finally, in
section we provide a discussion of the results and give an outlook on more general singularities,
which will be the topic of chapter

3.1 Singular Loci and Monodromy

As we have already seen in the example of the complex structure moduli space of the torus, Mg
is generally not a smooth manifold and admits singularities. It is a fact that these singular points
form a singular locus A which can be resolved to A = UAg, where locally each Ay is given by
the vanishing of one of the moduli, i.e. 2/ = 0 [35, 50]. It will suffice to think of each Ay as a
codimension one hypersurface in M. Of course, one can also consider the vanishing of multiple

coordinates 2%, ..., 2%, which will be described by the intersection
Ajy iy =00 N NA, (3.5)
Lastly, we denote by
Afl...ik = Ay iy — U AV (3.6)
JFU ik

the points on the divisor A;, . ;, which do not lie on any higher intersection locus. See figure for
a depiction of two intersecting divisors in a local patch. One can consider a slightly different picture,
which we will adopt in the coming sections, where instead one uses the coordinates t/ = Qim log 27.
In these coordinates the singularities are given by Im ¢ — oo, which brings us to the ‘boundary’
of M. We have already seen this in the example of the torus, where in the limit Im 7 — oo
its volume tends to infinity. Topologically, one can view the resulting space as a pinched torus.
Generally, one can interpret these singular loci as values for the complex structure moduli which
result in a singular Y. Having described the singularities under consideration more precisely, we
can now state the final question we will address in this work

Q3: Is the AD-density du integrable near a given singular locus A in the complex
structure moduli space?

In this chapter we will answer this question with a definite ‘yes’ in the case of a single divisor
A = Ag. The more general case is discussed in chapter [4, where the same answer is obtained for
particular kinds of singular loci.

3.1.1 The Swampland Distance Conjecture

Our interest in the singular points of the moduli space stems from the question of whether the
index density is integrable around such regions. However, these singular points are important for
many other reasons as well, in particular with regards to the Swampland program and cosmological
implications. We will now discuss these reasons in relation to the Swampland Distance Conjecture
(SDC), though we must mention that we cannot do it justice in this work. For a review of the
recent developments we refer the reader to [45], on which we draw heavily here.

Recall that the complex structure moduli are scalar fields, which we now more generally denote by
¢. Let P and @ be two points in the moduli space, and denote by A¢ the distance between them,
as measured by the Weil-Petersson metric. Note that the points P and @ each describe a particular
effective field theory (EFT), since they correspond to different expectation values of the scalar fields
(and therefore e.g. a different cosmological constant). The SDC now asserts that as A¢ — oo an
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Figure 3.1: A local patch in Mg containing two intersecting divisors A; and As. In red, a
monodromy transformation 77 around A; is depicted.

infinite tower of states becomes light, more precisely the mass scales m(P) and m(Q) at P and @
are related by
m(P) < m(Q)e 2, (3.7)

for some yet undetermined parameter A depending on P and (). Points for which A¢ — oo for any
path from P to @) are said to lie at infinite distance. Such points necessarily lie at a singular locus
we described earlier. Crucially, the limit A¢ — oo signals a breakdown of the EFT at P, since it
is impossible to give a quantum field theoretic description of infinitely many scalar fields that are
weakly coupled to gravity. In other words, one requires the full theory of quantum gravity to work
in this regime. We have in fact already seen an example of the SDC in action, namely the infinite
tower of KK-modes that arose from compactifying a scalar field theory on a circle in section
Recall that we obtained an infinite tower of states with masses

which become massless in the limit R — oo. With a bit more work one can show that this limit
is indeed exponential in the field distance. The SDC also has severe implications for models of
cosmological inflation. Indeed, in an EFT valid below some finite cut-off scale M,, it restricts the
possible variations in the fields by

MA@ < log (]\]\{;)1) . (3.9)

*

In short, the singular points in the moduli space may provide us with new insights into quantum
gravity constraints and allowed UV-completions of effective field theories. Note that there may also
be singular points which are at finite distance. At such points massless fields do arise, for instance
from D3-branes wrapping vanishing three-cycles. This happens, for example, in the conifold. How-
ever, there will only be a finite number of them and it is possible to adjust the EFT accordingly.
For our purposes it is important to consider both types, since also for finite distance singularities
it is known that the Ricci curvature can diverge, hence the integrability of the index density is a
priori not guaranteed.
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3.1.2 Monodromy and the Torus Revisited

Before discussing the intricacies of singular loci in general complex structure moduli spaces, let
us first return to the familiar example of the torus. We will gain two important insights from
this example. First, we will see that at a singular locus, the Hodge structure H*(T) (or generally
HP(Yp)) breaks down. Secondly, the introduction of a monodromy transformation will allow us to
write the period vector in a very particular form, which generalizes naturally to a general Calabi-Yau
Yp.

Using the same notation as introduced in section the induced metric on T is given by:

ds® = dzdz = d&? + |7|2d€3 + 2Rer d&déy, (3.10)
or
%:<£Tlmg. (3.11)
In particular, we have
Vg =Imr (3.12)

and hence the volume of the torus is given by

1 1
Vol’IF:/Tds:/o dgl/o déy\/g =Tm 7. (3.13)

We see that the large volume limit is exactly given by Im 7 — oo, corresponding to a singularity.
Next consider the (1,0)-form © on T, which is simply given by:

O =dz=d& +1d&, Q=dz=d& + 7dés. (3.14)
In particular, we see that
ol -
Q—Im7r— =Q. 3.15
m 5, ( )

As expected from Kodaira’s formula, we are able to express () in terms of € and its derivative with
respect to 7. However, we also see that in the limit Im 7 — oo, this relation breaks down. In fact,
this is our first indication that at a singular locus the Hodge structure of H?(Yp) breaks down.
We will discuss this in detail in the next section. Before that, we turn to our second important
observation regarding the period vector. In terms of the canonical basis, the period vector IT is

m— C) . (3.16)

We can introduce the coordinate w such that

simply given by

w = ¥, (3.17)

then the singularity we are considering is at w = 0. We then perform a monodromy transformation,
essentially encircling the singularity, by mapping

w — XMy, (3.18)

which corresponds precisely to 7 — 7+ 1. Using the explicit form of II, we see that it also transform
as follows

O T, T= G ?) : (3.19)
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where T is also called the monodromy matriz. Note that (T — id)!*! = 0, so T is quasi-unipotent,
a property which it will retain in the general setting. Correspondingly, we can define a nilpotent
monodromy matrix N associated to this singularity is given by

N = (g 8) , (3.20)

satisfying N? = 0. Finally then, upon introducing the constant vector

ag = <(1)> , (3.21)

we see that IT can be exactly written as follows:
I = ¢™Vay. (3.22)

In summary, we have found that the period vector can be expressed in terms of a nilpotent matrix
N and a constant (i.e. 7-independent) vector ap in a very particular way, referred to as a nilpotent
orbit. As we will discuss in the next section, the result is in fact very general and describes
(up to corrections) the asymptotic behaviour of the period vector of any Calabi-Yau D-fold.

3.2 The Nilpotent Orbit Theorem

Our discussion in the following three sections closely follows the works [28] B0]. For a more math-
ematically oriented review we refer the reader to [7]. For generality, we consider a D-dimensional
Calabi-Yau manifold Yp. For some examples we will restrict to the fourfold setting, as this is our
main case of interest with regards to the distribution of flux vacua. We also refer the reader to
Appendix (C| for an overview of the various definitions regarding (mixed) Hodge structures.

Polarized Hodge Structures, Filtrations and Monodromy

The Hodge decompositionﬂ
HY = H HPY, HPi=H (3.23)

defines a pure Hodge structure of weight D on the vector space HP. Moreover, it is polarized with
respect to the inner product .S defined by

o,Be HP:  S(a,pB) ::/ aApB. (3.24)
Yp
That is, S satisfies the following properties w.r.t. the Hodge structure:
1. S(HP1, H™*) =0, (p,q)# (r,s).
2. P798(v,0) >0, wve HPI v#0.
For example, our particular case of interest H* enjoys the following decomposition

o= g0 o 3l o g22 ¢ g3 @ g4 (3.25)

*We will henceforth write H” := HP(Yp) and HP? := H?(Yp).
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and the Kéahler potential can be written as
e K =5(0,9) (3.26)

From a physical perspective, it is very natural that H? is relevant to our discussion. Indeed, the
three main ingredients that comprise the index density are all related to the above decomposition:

1. Complex structure moduli 2¢, i=1,...,dim H3!
2. Fluxes G4 € H*Y ¢ H??
3. Qe HYO,

It is important to realize that the Hodge decomposition of H” depends on the complex structure
of Yp, since it describes the (p, ¢)-decomposition of a differential form into holomorphic and anti-
holomorphic parts. This is captured more clearly by introducing the Hodge filtration

FPcFPlc...c F' c F'= HP, (3.27)
where
FP:=HPP™9, 0<p<D. (3.28)
q=>p

The crucial result is that the FP vary holomorphically over the moduli space. As stated before, we
see that e.g. for Calabi-Yau fourfolds, F* is spanned by €, F® is spanned by Q and V;Q, etc...
Indeed, the decomposition of HP can be recovered from € and its derivatives w.r.t. the complex
structure moduliﬁ Combining this result with the earlier observation that H* contains essentially
all quantities we have encountered so far, we see that () is the relevant object to study. We now
discuss this in detail.

Recall the description of € in terms of the period vector IT with respect to a basis v; of HP
Q=10%,, a=1....,bp. (3.29)

The essential information on how the period vector behaves near a singular locus A; is obtained
by its transformation under monodromy transformations, i.e. encircling the locus by mapping
2J +— z7e®™ . The period vector then transform as

RS N il 1 (O
H( y 20 ) = j} H( yRIeT )7 (330)
for some monodromy matrices Tj. They satisfy the following two properties [46]

1. Quasi-unipotency: Vj, Imj,n; € N: (ijj —Id)wtt = 0.

2. Commutation: Vi,j: [T;,7}] =0.
By performing a coordinate rescaling z/ — (27)™, it is easily seen that T; can be assumed to be

unipotent, i.e. we can set m; = 1. Indeed, we will see that all of the important information is
contained in the unipotent part of 7). In particular, for general m; we define

1 _
N; = oy log T, (3.31)

3There is a caveat here when considering D > 3. In particular, for our case of interest, namely the fourfold, it is
known that only the primitive part of H*? can be recovered. Recall that in section we mentioned that G4 is
exactly of type (2,2) and is primitive, so this does not pose an issue for us.
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Then Nj; is nilpotent:

NPt =0, (3.32)

The Nilpotent Orbit Theorem

For convenience, we denote

th = QLm log 2. (3.33)
such that 2/ — 0 corresponds to Im ¢/ — oo. Using these various monodromy matrices, the
nilpotent orbit theorem of Schmid will provide us with a general expression for the period vector
which greatly resembles (3.22)). The result holds within a patch £ of the moduli space around the
singular locus A. Let ng denote the number of intersecting discriminant divisors A; given by z* = 0.
We furthermore denote by ( all the coordinates which are not taken to zero. The nilpotent orbit

theorem now states that near the point P on A;’lming, the period vector is given by [46]

II(t,{) = exp thNj ap(¢) + O (*™) (3.34)
j=1

where ag is a holomorphic function of ¢ and the O (62”“) terms are exponentially suppressed in the
limit Im ¢/ — co. We note that this result is not that surprising. Indeed, a loop is described by
t — t + 1, which by the above formula implies (up to terms of order e27)

I — NI = 7T, (3.35)

where T denotes the unipotent part of the monodromy matrix 7. But this is precisely the defining
property of T'! Hence the nilpotent orbit theorem encapsulated the fact that the behaviour of the
period vector near a singular point is (up to the vector ag) completely determined by the (nilpotent)
monodromy around the divisor on which this singular point lies.

Taking a step back, we have seen that {2 and its derivatives, and therefore IT and its derivatives,
completely determine the Hodge filtration at non-singular points. Moreover, the nilpotent orbit
theorem precisely determines how the construction fails. In fact, this data is encapsulated by the
nilpotent monodromy matrices N; and the holomorphic vector ag. The goal is now to use this data
to construct a finer splitting of the space H” which is valid on a given singular locus. Since the
construction is rather involved, we first present a sketch of the procedure:

1. At a given singular locus Af ; one defines a new filtration FZ, (A7, ;) in terms of the old
However, this

filtration FP and the nilpotent monodromy matrices associated with Afllk
filtration will no longer constitute a Hodge filtration for the space HP.

2. To recover the full space HP, one constructs another filtration W, called the monodromy
weight filtration, which depends only on the nilpotent monodromy matrices N;. One can then
combine the data (Fx, N, W) into a limiting mized Hodge structure (LMHS).

3. While the LMHS contains the right information, it will not be very easy to work with. There-
fore we combine the F, and W filtrations in a more natural way via the Deligne splitting 171,
which gives a finer splitting of H” in the following sense:

HY = 1 (3.36)

Recall that for a standard Hodge decomposition we would restrict the sum to p + ¢ = D.
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4. Finally, the IP? spaces still contain some redundant information, in the sense they are partly
generated by the IV;’s. This gives rise to the primitive spaces PP? which satisfy

k

1= Npreati s N =3 "N (3.37)
i>0 j=1

Crucially, the primitive spaces are again polarized, but now with respect to the inner product

S(-, N p+q-D -). Moreover, they can be combined into horizontal primitive spaces as

P = pr, (3.38)
pt+a=l

in terms of which HP is given by

D l
HY =P N“Ppa. (3.39)

=0 a=0

In short, the above procedure can be summarized as follows: Let FP be the Hodge filtration of H”
polarized by S, away from a singular locus. When moving to a singular locus A'?lu-'ik’ characterized
ir.» one obtains a finer splitting of H D in terms of the
primitive spaces, where the PP¢ form a Hodge structure of weight [ on P;, which is polarized w.r.t.

S(-, NL).

by nilpotent monodromy matrices N;,, ..., N,

3.3 The Deligne Splitting

Constructing the Limiting Mixed Hodge Structure

First, we recall that IT and its derivatives generate I’ away from the singular loci. The nilpotent
orbit theorem gives a precise handle on the divergent behaviour as we approach a singular locus.

Consider the singular locus Aflmik, then we define

Zl...’ik . .
Im t*1,....Im t"k o0

k
FP(AS )= lim exp |- Y t/N;| FP. (3.40)
j=1

For ease of notation, we will write FX := FP(A$, ), but one should keep in mind that the resulting
filtration depends on the chosen singular locus. Importantly, one can show that F’ g is well-defined at
the singular locus. However, it no longer constitutes a Hodge filtration, i.e. one cannot (in general)
recover the full space HP from just the F X . Intuitively, this happens because we have removed the
nilpotent matrices N; from the nilpotent orbit approximation in . As such, we will need a
second ingredient which combines the N; with the F in an appropriate way. This ingredient is the

monodromy weight filtration
W.:=0CWyCW,C---CWap_y CWop=HP, (3.41)
where the spaces W; are defined in terms of the nilpotent monodromy matrices IV; by

W= @@ ke N nim N¥HPTL N = N 44 N (3.42)
k>1,k>1—D+1

One can show that this is the unique filtration satisfying the following two properties:
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1. NW; C W;_»
2. NJ . Grp4; — Grp_;j is an isomorphism, where
Gr; .= W;/W;_4 (3.43)
are the graded spaces.

The important result is that in this way the data (HP(Yp), Wj, FR) defines a mized Hodge structure,
which means that the graded spaces Gr; admit a pure Hodge structure of weight ¢ given by

Gr; = @ HPO P = FP A FL (3.44)
pFHq=i
where
FP = (FPNW;)/(FP N W;_1). (3.45)

In this manner, we obtain a whole set of Hodge structures of various weights, with N acting as a
morphism between them by NHP? C HP~1a~1,

The Deligne Splitting as an Alternative

While the above construction is certainly a motivation for introducing the monodromy weight
filtration, the resulting spaces are difficult to work with. Indeed, the graded spaces are defined
as quotients and it will be hard to identify the properties of 2 at the singular locus from these
decompositions. As such, inspired to use the W; spaces, we introduce the Deligne splitting /7 by

P9 = FROWyi g0 | FANWyig+ Y FE70Weig i |, (3.46)
Jj=1

which is the unique splitting satisfying
R=pr: w=g (3.47)
s r2s p+q<l

and

Pi=I1"mod EH I (3.48)
r<q,s<p
The first two properties in tell us how to recover the spaces FP and W, from the IP?’s. To
interpret the final property in , we note that we can recover the graded spaces Gr; from the
Deligne splitting as well by
Gr; = @ P (3.49)
ptq=i
in complete analogy to (3.44). In other words, up to the ‘mod’ factor, the I define a Hodge
structure on the graded spaces as well. Importantly, we have traded the difficulty of working with
the quotients Gr; with the fact that the IP? spaces satisfy instead of the simpler 174 = [9P E|
In figure [3.2] we have depicted the relations between the various spaces we have introduced in an
example of a Deligne diamond. Similarly to the Hodge diamonds, the various vertices correspond
to the IP? spaces, and a dot denotes a non-empty space.

41f the Deligne splitting does satisfy 174 = I?P it is called R-split. In chapter 4| we will see that by choosing an
appropriate basis, we can always make the splitting R-split.
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Figure 3.2: An example of a type IV Hodge-Deligne diamond which illustrates the properties of
the Deligne splitting with respect to the Hodge decomposition HP-4, the filtration FP, the graded
spaces Gr; and the weight filtration W;. The action of IV is indicated by the red arrow, from which
its action on the various spaces mentioned is easily obtained. The colours match those used in
equations (3.47)), (3.49) and (3.50)).

Continuing on, we note that the action of IV is given by
NP4 c pp=hal (3.50)

This implies that the IP?’s still contain some redundancy, in the sense that part of I”¢ can be
obtained from IP*1:9%! by the action of N. It makes sense, therefore, to define the primitive spaces
PP by

PP .= [P4 O ker NPTI—DHL (3.51)
such that 4 o
e — @ Nipptiati (3.52)
i>0

Indeed, we see that the IP?’s can be recovered completely from the PP?’s and the action of V.
Finally, we can consider the analogue of (3.49)) by defining the horizontal primitive spaces

p= g pre. (3.53)
p+q=l
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The crucial result is now that the primitive spaces PP¢ form a Hodge structure of weight [ on each
P, which is moreover polarized w.r.t. Sj(-,-) := S(-, N*.), i.e.

1. S(PP4,P) =0, r+s=D+l=p+q, (pq)#(r,s).
2. P15 (v,0) >0, ve PPl v#0, p+q=D+I.

It will be these polarization properties which will allow us to estimate the behaviour of the index
density near the singularities. We will discuss this in the next section. We end this section by
noting that H” can be recovered from the horizontal primitive spaces and the action of N by

D l
HP = @ @ N®Pp.. (3.54)

=0 a=0

3.4 Properties of ag

Recall that the nilpotent orbit theorem characterizes the behaviour of the period vector in terms of
the nilpotent monodromy matrices N; and the vector ag. In the previous section, we have mostly
used the monodromy matrices in order to infer some detailed structures at the singular locus. Now
we turn to the properties of ay which can be derived from the above construction. First, since
ag € Fg, we have

age IPPpIPlg...qIPP. (3.55)

By construction of the Deligne splitting, we have the following relation between the Hodge numbers
and the dimensions of the P4

D
hPPoP =N "ipd, P = dim 1P, (3.56)
q=0

Crucially, for Calabi-Yau D-folds, we have h”9 = 1, hence only one of the spaces in 1) can be
non-trivial. Now let d be an integer such that

Nlag #0, Nilag=0. (3.57)

Essentially, d determines the higher power of of t*’s that can appear in the nilpotent orbit expansion
and it will play a central role in characterizing the behaviour of the Kéahler potential. By the first
property in (3.57) and the fact that NIP¢ C IP~1971 we see that

agcIP4g...9 PP, (3.58)

On the other hand, since I”# = PP+ for i > 0, we can use the polarization property (2) of PP+,
which states that ' , .

0 < P78, i (ag, ag) = P~ S (ay, NUTiay). (3.59)
But the RHS vanishes for ¢ > 0 by the second property in (3.57). We therefore conclude the
following:

d highest such that N%ag # 0 = d highest such that S(ag, N%yg) # 0 (3.60)

and moreover
iP=4S(ag, Nlag) > 0. (3.61)
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P

(a) Typel (b) Type II (c) Type III

@@

d) Type IV e) Type V
(d) Ty (e) Ty

Figure 3.3: The five types of Deligne diamonds associated to the Deligne splitting of H*(Y}) at a
singular locus, determined by the conditions N%ag # 0 and N%ttag =0, for d =0, ..., 4.

Returning to a more graphical interpretation, we note that the integer d classifies different Deligne
diamonds which can occur. Indeed, the integer d labels the row at which ag lies, and together with
the symmetries of the Deligne diamonds (which are the same as those of the Hodge diamonds) this
gives rise to D — 1 different types. In figure [3.3] we illustrate the five types labelled by Roman
numerals I through V for Calabi-Yau fourfolds.

3.5 Scaling of the Index Density for Single-Moduli Limits

In this section we will use the established mechanisms of the Deligne splitting and its various
properties to discern the scaling of the index density near a given singular locus. We will discuss
the one-parameter degeneration in complete generality. Multi-moduli limits will require some more
machinery to which we delegate the next chapter. For ease of reference, we collect the relevant
formulae for the derivation here.

First, recall the expression for the index density

2k k

m P
dult] ~ g d™t Y I, Ly=e"g o g"F_ . F. (3.62)
k=0

As stressed earlier, all the quantities in du can be expressed in terms of the period vector IT as
follows B B
e = (ILI) = |[I|]>, g5=080;K, Fy=(V:VI,V;V/II), (3.63)
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where V; denotes the Kahler-Weil covariant derivative. Near a singular locus defined by Im ¢ — oo,
with associated nilpotent monodromy N, the period vector is given by

I = ¢NVag +O(e2™). (3.64)
——
ILi

There are two cases to distinguish, namely
1. N ao 7& 0,
2. Nao =0.

We will discuss these two cases in separate subsections. The case Nag = 0 is considerably more
complex, as it requires the inclusion of correction terms to restore the ¢-dependence of II. As
mentioned in [30], these two cases correspond precisely to singularities which are at infinite or finite
distance in the moduli space, respectively. Additionally, we recall the integer d satisfying

Néag #£0, N9lag =0, (3.65)

which labels the D 4+ 1 different types of singularities. In other words, we consider the cases d > 0
and d = 0 separately. First, we make some remarks that are applicable to both cases. The overall
strategy in each case will be very similar and can be summarized as follows:

1. The correct form of the period vector for the specific case at hand is determined. This provides
us with the Kihler potential via e™ = ||TI||2.

2. From the Kéhler potential the metric components and the covariant derivatives of Il are
computed.

3. Finally, it is determined which of the Fj;; components provide the dominant contribution
and their expressions are determined. From here the scaling of the index density follows
immediately.

Since we are only interested in the leading order functional behaviour of the index density, we will
not be careful with numerical factors but will restore them whenever necessary (this will be relevant
in the case Nay = 0). Hence throughout the derivation we will make use of the symbol ~, which
means ‘neglecting sub-leading terms and overall pre-factors’.

Before delving into the specific computations, we make one final remark regarding the computation
of Fj;j, or, more precisely, the double covariant derivative V;V;IL. Here one must be careful, since
the result must transform properly under both Kahler-Weil and general coordinate transformations.
In other words, one must include the Levi-Civita connection as well, resulting in

ViV Il = VEVED — 1™, VETI, (3.66)

where by VZK we mean just the Kahler-Weil connection. One checks that this indeed has the right
transformation behaviour. Moreover, we will see that in all cases we may approximate ViK ~ 0;
since 0; K will give sub-leading contributions. In other words, we will generally find that

ViVl ~ 8;0,T1 — T* 8,11 (3.67)
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3.5.1 Nay#£0

In this case we may approximate the period vector by the nilpotent orbit, i.e. we have
II ~ IT,;; = eNay, (3.68)

neglecting exponentially suppressed terms. Since the bilinear form (-,-) is invariant under mon-
odromy transformations, one sees that it has the following symmetry property with respect to the
nilpotent monodromy matrix

As a result, we can rewrite the expression for the Kéhler potential as follows
e K = (I1,1I) ~ <€2i(lm t)NaO,éo> ~ p(Im ¢, (), (3.70)
where p is a polynomial in Im ¢ of order d > 0. It follows that
— K ~log [£(¢,O)(Im ) + 9(¢, O)(tm ) |, (3.71)

for some functions f, g depending on the other coordinates, and 0 < d’ < d. We then rewrite K
into a more convenient form as

K ~log [f(Im t)d (1 + %(Im t)d’—dﬂ ~ dlogIm t 4 log [1 + glft% + F(¢,Q) (3.72)

where F' =log f, G = g/f and x = d —d' > 0. Using the approximation log(1+€) & €, we arrive at
G(Cv 5) ~

K ~dlog Im ¢+ (Tm £)” + F(¢, ) (3.73)

Here we once again stress that we are considering the case d > 0. Moreover, it is also clear from
the expression of K that the precise value of d = 1,...,D + 1 will not be relevant as it appears
as simply a prefactor. We will indeed find that this is the case. By writing K in the above form,
one sees that the different metric components g;; arise from the three terms separately. Indeed, in
terms of the scaling w.r.t. Im ¢ we have

gii~ (Im )72, gz~ (Imt) 717, g~ 1L (3.74)

To leading order, the components of the inverse metric are given by

g~ (mt)?, g~ (me)' ", g~ (3.75)
One also easily computes
VI~ (Imt)2 X~ (Imt)™ (3.76)
Next, we note that
VI = QI + (0, K)II ~ NTI 4 (Im ¢) ' TI. (3.77)

In particular, in the limit Im ¢ — oo, we may approximate V; ~ 0;. Including the Levi-Civita
connection in the double covariant derivative, as discussed in the introduction, then leads to

VI ~ 9T — T'™,,0,, 11 (3.78)
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One can explicitly compute the Christoffel symbols for m = ¢, to find
Iy~ (Imt)~", T, ~Imt)>7 (3.79)

In particular, both are again suppressed by at least a factor (Im ¢)~!, in other words we may further

approximate
VI ~ 9711 ~ N*II. (3.80)

In short, each application of V; on I simply brings down a factor of N, and the same holds for
Vi acting on II. We now evaluate Fj5;. Suppose p (p) of the indices are chosen to be ¢ (¢), so
p,p=0,1,2. One readily sees that

d
Fyp ~ (NPII, NPII) ~ (e%(lm N Npao,Nﬁao) ~ > (Im t)7 (ap, NP*P*ap) , (3.81)

.
q=0

where in the second and third line we again used (3.69). We now recall our result of (3.60)), which
states that the maximal value of ¢ for which the summand is non-zero is given by

p+p+q=d. (3.82)
This implies that the leading behaviour of Fj;; is given by

Fig~ (Im £)™ @), (3.83)

)

where we recall that p + p is the total number of indices that are chosen to be t or ¢. In particular,

we have )
X Fyyg ~ (Im )~ #H7), (3.84)

On the other hand, each choice of index t or ¢ yields (at worst) a factor of Im ¢ from the inverse
metrics, as can be seen from . Somewhat curiously, we see that all these factors cancel in I,
for each k separately. The leading behaviour of the index density is therefore simply proportional
to the canonical volume form

dp ~ d"t \/g. (3.85)
Concentrating on the part of the measure depending on ¢, ¢, we find
dt A dt
dult] ~ —. .
W~ oy (3.86)

This is the main result of our calculation.

For the interested reader, we add an additional comment regarding the proportionality factor that
is suppressed in the expression above. The result is that each factor of g7gkleX Fij; comes with a

pre-factor given by E|
p+p—1

(pip d! n
4= +D) « CEEl — };[0 (1 - E> , (3.87)

where we remind the reader that p and p denote the number of ¢ and ¢ indices that are contracted,
respectively. From the second expression we see that these factors are at most of order one. Also,
if p+ p # 4, there may also be factors of ¢¢¢ involved. The upshot if this discussion is that the
prefactor of the index density can be expressed in terms of d and ¢¢¢, although not much can be
said about the exact result. We mention this because this will be quite different in the next case.

5T thank Erin van der Kamp for bringing my attention to the second expression.
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3.5.2 Nay =0

Since the derivation in this case is considerably more intricate than in the previous, we first give a
short overview of the additional steps that are made throughout this subsection:

1. First, we perform a set of Kéhler-Weil transformations to bring the Kéhler potential in a more
manageable form.

2. Second, we proceed to compute the metric components and the covariant derivatives of I1. In
contrast to the Nag # 0 case, we will see that the contribution from the Levi-Civita connection
is essential.

3. Finally, again in contrast to the previous case, we will argue that the leading component of
F 51 1s given by Fy7 and employ the symmetry properties of the index density to argue that

(2
it may only occur once.

For the moment we switch to the coordinate z = e?™. Let ¢ > 0 be the smallest integer such that
a, # 0. The period vector is then of the form

log z

II = ag + 2910, + O(27TY), T, = e2mi Va,. (3.88)

Note that are indeed forced to consider higher-order correction terms to I1. To compute the Kéahler
potential, we first note that

e X = ||T||? ~ ||ag||* + |2|?¢ ||TT,||*> + inner products of the form (a;, d) plus c.c, (3.89)

where c.c. stands for complex conjugate. Note that for a given i, the inner product (a;,ag) comes
with a factor z°. As such, these terms may influence the leading order behaviour of the Kihler
potential when i < 2¢. Our first step is to show that we can set (a;,a9) = 0 for ¢ < i < 2¢ by a
finite sequence of Kihler-Weil transformationd’]

K(z,2) — K(z,2) — f(2) — f(2), (3.90)

where f is any holomorphic function. Since e™® = (II,II), the period vector transforms as

I — e/1I. (3.91)
We then choose (8. 80)
Qq, a0

= fo=—21"2— 3.92

f fq (307 50) ( )

Using the fact that e/ =1+ f 4 ---, we see that II transforms as

I+ IT + fI1 + Oz = ag + 2% <aq - EZ" ZO;a()) O, (3.93)
0, A0

In other words, under this transformation

(aq’ 50)
(a0, a0)

ag; — ag — (3.94)

which implies that (ag,ag) + 0. Note that due to the higher order f-terms in e/, some of the
higher-order a,4;, j > 0, may also shift. We can now iterate the above process ¢ times (using the

5The argument below is due to Damian van de Heisteeg.
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shifted a,;; when needed) by setting f = f,11, f = fy+2, etc... until we have obtained (a;,a9) =0
for all ¢ < i < 2q, as desired. Using this result, we have

e~ [lag|[* + |2 [T, (3.95)

with corrections being suppressed by at least a factor z. Let p be the largest integer such that
NPa, # 0. Note that if p = 0, then a, must be proportional to ag, in which case the transformation
sets a, to zero. As such we may assume that p > 0. For the rest of the derivation we switch
back to the coordinate t = ﬁ log z. Then the Kéhler potential is of the fornﬂ

K ~ 1+ (Im t)Pe?ma(t=), (3.97)
The metric components are given by
gii ~ (Im £)Pe>™ 070 g v (Im 1P 407D g s 1, (3.98)

and we also note that /g ~ g;7. Moreover, the inverse components are given by

gt~ gt g~ g~ (3.99)
Finally, we turn to the computation of
Fiag = (ViVAIL V, VD) = ||V (3.100)
First, we note that
OK ~rPe " pi=2rTImt (3.101)

is at least of order O(e~29"). On the other hand, &,IT is of order O(e~9"), which is therefore the
leading term in the limit » — co. As a result, we may again approximate V; = d; when acting on
the scalar Il. Taking the Levi-Civita connection into account, we again find that

VI ~ 9711 — T*,,0,11. (3.102)
For Kahler geometry, we have
Futt == g“”@tgt,,. (3103)

Using the fact that ¢’ ~ 1 one readily sees that the contribution from y = t, v = # is leading. In
other words, we have
VI ~ 9211 — T, 0,11 (3.104)

Let us now compute the various quantities in the above expression. Crucially, we will include all
factors to obtain precise expressions, because later on a delicate cancellation will take placeﬂ First,
we have
I = (2miq + N)e*™ T, (3.105)
O = (27iq + N)(2miq + N)e*™ 'L, (3.106)

TA perhaps even easier way to come to the same result is to expand e ¥ to see that
K ~ ||ao||® + |2|** ||TI4||* + [inner products of the form (a;, &) + O(|z|*'2)] + c.c. (3.96)

Then since the terms involving (a;, 8p) come with a factor of z* and are therefore holomorphic, they can be removed
directly by a single Kéhler-Weil transformation.

8The attentive reader might worry about the potential prefactor in g;; arising from ||V aq||2, however this factor
will drop out of the expression for I'?,,.



CHAPTER 3. HODGE STRUCTURES AT SINGULAR POINTS 60

Continuing on, we have

T, = 0 log(gi) = 2%(Im )~ + 2rig (3.107)
It follows that A
I, 9,00 = [qu + ;(Im t)—l] (2miq + N)e™ 11, (3.108)
1

We see that in the expression for VZII, the two terms highlighted in red will cancel. This implies
that 4
V2 ~ [N - g(lm t)_l} (2miq + N)e™ 1L, (3.109)
i

Noting that NII,; ~ t_ll'Iq, we see that the leading behaviour is given by (we now drop unimportant
prefactors again) '
VI ~ pg(Im t) ! ™41, (3.110)

Here we remind the reader that p, ¢ > 0. This then implies that
Fygi = ||VT|* ~ (Tm )2 290D T2 ~ (Im 1) g, (3.111)

One can perform similar calculations to obtain the other components of Fj;7. Since the details are
not as intricate as the case of Fyz; we do not give the exact calculation here, but merely state the
results:

gtt'gthtEtt, ~ T—Q—p€2qr
g + gtégt—c] Fyee ~ 1+
99" Figz ~ e
99 Frgee ~ 1.

We see that the dominant term is provided by Fz;, which is exponentially large. At first glance,
we would therefore expect the index density to be exponentially large when m > 1. However, we
have neglected one aspect of the derivation of the index density. Indeed, in the result we
have suppressed an additional anti-symmetrization that should be performed. This comes from the
original expression det(R + w), which contains both a determinant and also the wedging of two-
forms, as discussed in section . Let us illustrate the consequences of this for a two-dimensional
moduli space. For m = 2 the term I3 containing two copies of Fj;; is given by

672KIQ _ 5[?'1 6?2}(5%“1 517622}93‘1]’1 gj2j2gl1l_1 gl2l_2F'

Jr )2 11j1k1l_1Fi2j2k‘21_2' (3116)

Note that this expression is anti-symmetrized w.r.t. i1 <> 9 and k1 <> k2. We will now argue that
the leading order behaviour is given by

Iy ~ g"g" Fs [g“g“Fgggg} : (3.117)

To this end, we recall that Fig; is the dominant component of Fj;.;. Without loss of generality, let
us therefore assume that i1 = ky =t and 71 = I = t. We make two observations. First, we note
that the antisymmetry of i1 <> i and k; <> ko implies that io = ko = (. Secondly, using the fact
that

slngizl = sin giz (3.118)

J1 “j2 [717J2]
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we see that the expression ¢/171¢7272 must be anti-symmetric under j; < jo. This implies that the
only term contributing in the contraction is the one where 7; is different from 7. A similar result
holds for the terms containing l1,ls. Hence we conclude 72 = lo = (. We are then left with

Iy ~ 5@15]4.2]5@1552 ] g g g g By g (3.119)

There are three ways to perform the contraction of the indices, namely

9" g, or g"geTg'c, or gttty (3.120)

However, we can again use the anti-symmetry under j; <> jo and l; <> Il to conclude that the

second and third option cannot occurﬂ Alternatively, one can also argue that the first option is in

fact the leading behaviour when considering the particular forms of the inverse metric. Hence we
find o o o

I ~ gttgttFtEtf [QCCQCCF@@} ~ Qttgttthtt" (3.121)

as promised. In the case of general m, the above analysis can be summarized as follows. The factor
I, containing m copies of F' can be written as

— [7‘ Zm] [k km} 117 ‘m_m l [ lmzm - —
Im—(sjll"'éjm 5111...517” gt gimimghli g Fyiah Bk (3.122)
Moreover, the anti-symmetry argument comes down to the following statement: the indices a, ..., am

appearing in the F’s must all be different, for each fixed o € {i, j, k,l}. As aresult, the index density
becomes o
du ~dt Ndt \/g9" ¢" Fypg [F...-- - F..g" - g] (3.123)

with the term in brackets generically being of order 1. Most importantly, the F’s appearing in
brackets cannot have ¢ or ¢ indices. Using the expression for Fyz; we obtained earlier, we finally

arrive at _
dt N dt

dp ~ /99" 9" Fygg dt A dt ~ g" Fyyz dt N dE ~ (Tm )2

(3.124)

which is exactly the same result as we found in the case Nag # 0.

Again, for the interested reader we note that one can perform this analysis a bit more carefully by
fully keeping track of the pre-factors that arise in the index density. Here the (surprising) result is
that it is simply given by —4p? together with factors of ¢¢¢ and Fe¢c¢ about which we do not know

much, i.e. to leading order
dt A dt
dp ~ p* X s 3.125

A ( )
Here we remind the reader that p is the largest integer such that N?a, # 0, akin to the integer d
for ag. Note that the pre-factor does not depend on ¢. It would be interesting to investigate this in
more detail to understand the qualitative different with the Nag # 0, but this is beyond the scope
of this work.

79Hereiit seems that we are using the fact that we only consider m = 2. However for general m it is still true that
g% = ¢'2 so this argument generalizes.



CHAPTER 3. HODGE STRUCTURES AT SINGULAR POINTS 62

3.6 Discussion

In this section we will make a couple of observations regarding the results we have derived in
the preceding section. We consider the integrability of the index density, its relation to the exact
expression for the torus obtained in section and discuss some aspects of a dual description in
terms of a Yang-Mills theory.

Our first observation is that the index density is integrable around Im ¢ — oo. This is most easily
seen by first returning to the coordinate z = €2™ in terms of which the index density is given by

dz Ndz

~N—_— 3.126
h o o s (3.126)

Passing to a radial coordinate r = |z| with 0 < r < R, one readily sees that

R g 1
~ , 3.127
/o o~ Tog(1/R) (8.127)

which is a finite result. Here we stress that this only gives an indication of the index of flux vacua
near such a singularity, but as we discussed in chapter 2 this is precisely where the intricacies
regarding finiteness lie. In short, we have obtained a definite answer to Q3, namely:

A3: The AD-density is integrable near any singular loci where a single coordinate
Im ¢ in the complex structure moduli space becomes large. More precisely, it takes the

universal form _
dt A dt
dy ~ (

o (3.128)

In fact, this answer agrees with the result obtained in [I14} p. 17], where a similar computation was
performed for the conifold limit. Additionally, the result also agrees with the findings of
Eguchi and Tachikawa [22], where more general limits were considered in the threefold setting. The
upshot is that we have reproduced the results known in the literature for Calabi-Yau threefolds,
and generalized them to Calabi-Yau D-folds, for any one-parameter limit. However, let us spend
a few words on how the results of Eguchi and Tachikawa can be obtained as specific cases of our
calculations.

First, when D = 3, the conifold is a particular singularity (Type I, or Nag = 0) which is character-
ized by a period vector and monodromy of the form

_ %zlogz _ 0 m
H—< f >+ , N (0 0) (3.129)

in the limit where z — 0. Here the dots denote analytic functions of z. Note that this is readily
written in the form of the nilpotent orbit theorem as

I =a+zeonNay, a= (?) : (3.130)

In other words, this is simply the case ¢ = 1 in our derivation for the Nag case.

Secondly, again when D = 3, for a one-dimensional moduli space the asymptotic behaviour of the
period vector in the large complex structure limit is given by

m=(1 ¢ ¢ )" (3.131)
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which corresponds to the case Nag # 0, specifically d = 3. As we discussed in chapter [2] this is
an example of a D-limit, where a priori the integrability of the index density is not guaranteed.
Happily, the upshot of our calculation is that it is integrable, at least for one-parameter limits. To
make any statements about the large complex structure limits of arbitrary moduli spaces, we need
to understand multi-moduli limits, which we discuss in the next chapter.

A second observation is that the result is (to leading order and up to a numerical factor)
precisely the index density that was obtained in the simple example of flux compactification on the
torus, see section In the case Nag # 0 this is to be expected, since the metric components
obtained in agree with the exact metric on the moduli space of the torus. However, it is
somewhat unexpected that the same holds in the case Nag = 0, since there the metric components
are certainly different from that of the torus.

Gauge/Gravity Duality of the Conifold

Lastly, we propose an interesting connection with the results of Klebanov and Strassler in [38].
Here a dual description of the gravitational theory of the (complex) three-dimensional conifold is
provided in terms of an N' = 1 supersymmetric Yang-Mills theory. Let us provide some details of
this result. For Type IIB string theory on a conifold, a standard result is that the K&hler potential
and the superpotential induced by F3, Hs fluxes is given by

W=—Lrz+M-—logz, L =—log[—ilz*log?|z|], (3.132)
21

where z is the complex structure modulus parametrizing the size of the vanishing cycle and M, —L
denote the flux quanta of F3, Hs. In particular, assuming |z| < 1 and additionally L/gs > Cy, one
can solve D,W = 0 to obtain a vacuum given by

|2| = e~ 2mL/Mos (3.133)

Now the result of [38] is that the conifold has a dual description given by a certain N/ = 1 super-
symmetric SU(N 4 M) x SU(N) gauge theory, where N = LM. The string coupling constant g, is
related to the 't Hooft coupling constant of this gauge theory by

Mgs = \ = g%\ N. (3.134)

In particular, the limit where L/gs is large corresponds precisely to the large N limit in the dual
theory (at fixed A). The relation to our results regarding the index density arises by observing that

21

—e VR, p=21 3.135
2| =e ; iR ( )
which implies that
d
Li ~ dg¥y- (3.136)
|2| log® |2|

Interestingly, the index density is uniform when expressed in terms of g%M, which one may interpret
as an indication that the dual theory provides a more natural description of the conifold. The
interesting fact is that we have obtained exactly the same form of the index density for general one-
parameter limits in the moduli space of a Calabi-Yau D-fold, as opposed to the specific case of the
three-dimensional conifold. This suggests the existence of a dual description of these general limits
as well, in the same spirit as above. However, it is beyond the scope of this work to investigate such
a duality in detail. It is expected to be challenging, since the exact relation between the singularity
of the moduli space and that of the internal Calabi-Yau can be complicated. As such it is not clear
at all whether the Calabi-Yau singularity allows for a similar D3-brane construction.



Chapter 4

On to Multi-Moduli Limits

In chapter [3] we have provided the general framework used to describe the degeneration of the Hodge
structure of HP at singular loci. Of utmost importance are the nilpotent orbit approximation of the
period vector and the properties of the Deligne splitting, most notably the polarization conditions.
Using these we were able to obtain the scaling of the index density near singular loci consisting
of a single divisor Af, i.e. where a single parameter is sent to the limit Im ¢ — oco. The goal
of this chapter is to provide more insight into the structure of general singular loci, consisting of
higher intersections of divisors A7 ;. One of the intricacies that arises when considering multiple-
parameter limits is the fact that the results are path-dependent. This is illustrated in figure [4.1

where the complex structure moduli space is depicted in the t’-coordinates, such that the singular
loci correspond to the boundary of the moduli space. To be certain that the number of flux vacua
is finite, we must check that there are no paths to the boundary that pick up an infinite number of
vacua.

Figure 4.1: A depiction of the complex structure moduli space in the t’-coordinates, where the
singular loci are seen as the boundary of the space. Three different paths are shown, each passing
along some set of flux vacua. The question of interest is whether there exists a path which picks up
infinitely many vacua when approaching the boundary.

Clearly, this greatly complicates the question compared to the single-parameter limits. As such, our
results rely heavily on the usage of some involved mathematical structures, which is encompassed
by the SL(2)-orbit theorem. We discuss its implications in section 4.1} In section we turn to
the subject of singularity enhancement to gain more insight into the structure of the singular loci
A% . and in particular their associated Deligne diamonds. Additionally, we motivate and state the
growth theorem, which will ultimately provide us with the proper generalization of the scaling of

64
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the index density, as we discuss in section Note that we will only be able to provide results
in a particular case, as will become apparent. Finally, in section we relate our results to those
found in the mathematics literature and comment on the intricacies that arise when dealing with
the most general case and how one might attempt to overcome them.

4.1 The SL(2)-Orbit Theorem

Recall that near the intersection of np divisors A; the nilpotent orbit theorem provides an approx-
imation of the period vector by

np

Z#Ni] ay. (4.1)

i=1

II = exp

In chapter |3| we were able to compute the Kéahler potential given by
e =%, (4.2)

but only did so in the case of a single divisor, i.e. np = 1. When turning to the intersection of
multiple intersections, a number of complications arise. Most notably, the results highly depend on
the specific path taken towards A7, , i.e. which parameters grow the quickest. This is dealt with
by introducing a specific growth sector

1 np—1 A . A 4
Rinp ::{y >/\,...,y >)\,y”P>)\,x’<5}, ) = a7 + iy’ (4.3)

2 ynr

We stress that our results will hold within this particular sector, as will become apparent when we
introduce the SL(2)-orbit. A second complication that arises is the question of how to deal with
the various matrices NV;. In the one-modulus case, the matrix IV had the simple interpretation as a
lowering operator, since

NP9 C pp=hat, (4.4)

However, in the multi-modulus case, this property only holds for N = N, ), since this is the
matrix used to construct the monodromy weight filtration, and in turn the Deligne splitting. As
such, it is unclear what exactly the individual matrices N; do. This is an issue, since whenever we
perform a derivative of IT with respect to ¢!, we will bring down a factor of N; acting on ag. To
have any hope of estimating the scaling of the index density, which ultimately is expressed in terms
of various derivatives of II, we need to deal with this issue. As is often the case, a slight change
of perspective will provide us with the answer. The idea is as follows: by ‘rotating’ the mixed
Hodge structure Fa (i.e. performing a change of basis) we will be able to replace the data (ag, N;)
with some (a9, N, ), where the matrices N; are part of sl(2)-triples whose action on the Deligne
splitting and &g is more easily understood. Let us discuss this in some detail. We again follow the
discussion in [28] and refer the reader to [§], specifically Theorem 4.20, for the mathematical details.

Uncovering the sl(2)-algebras
When we first introduced the Deligne splitting in section one of its defining properties was

Pi=1"mod @ I (4.5)

r<q,s<p

We described the complicated ‘mod’ factor as an alternative to working with the quotient spaces
Gr;. We call a splitting P9 R-split if it satisfies

P =[P, (4.6)
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Figure 4.2: The property is exemplified for a Type III singularity. We have highlighted the
spaces %% and 32 = I*? mod ([1’1 e 12 @ 11’2), where the latter is obtained by reflecting /%2 in
the vertical axis and modding out the lower spaces.

Of course, the mixed Hodge structure (£, W) does not necessarily induce an R-split Deligne splitting.
However, one of the main results of the SL(2)-orbit theorem is that we can always make an R-split
Deligne splitting I”? by performing a rotation of the original mixed Hodge structure:

F:=eSe ™F, (4.7)

for two matrices ¢ and . We note that ¢ can be expressed in terms of § as described in [28, App. B].
Here § can be decomposed as
6 = Z (s,p’fq, (48)

p,q>0

where each 0_, _, acts on I8 as } .
O_p—qI"%) CI"P574, (4.9)

To gain some insight into this, we refer the reader to figure [.2] where the property is illustrated.
We see that 1?9 = [P up to elements lying in the ‘lower spaces’. On the other hand, the action of
& precisely rearranges these elements in such a way that the resulting 1”9 is R-split. We will refer
to (F, W) as the SL(2)-splitting of (F, W), for reasons we now describe.

The first advantage of working in the SL(2)-splitting is that one can construct a set of commuting
sl[(2)-triples which act nicely on the 1”7 spaces. We fix an ordering (N, ..., Ny,) of the nilpotent
monodromy matrices. The result is that we obtain matrices Y;, Nii satisfying the s[(2)-algebra

Y;, NF] = £2NF, [N, N =Y, (4.10)

which are moreover pairwise commuting. The action of these matrices on the SL(2)-splitting is
given by
Yy IPU(ALx) = (p+q — D)IPIAT ) (4.11)
and
NEIPI(A ) € IPELE1(AF ). (4.12)

In other words, for a given v € fp’q(A‘fmk), we see that Y, records where v lies in the Deligne dia-
mond of A ,. Moreover, the operators NV, ,f act as raising/lowering operators, sending v up/down
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two rows in A7, respectively. This is precisely what we set out to achieve at the start of this section.

The Nilpotent Orbit vs. The SL(2)-Orbit

The second advantage of working in the SL(2)-splitting is that there is an alternative way to express
the asymptotic behaviour of the period vector, via the so-called SL(2)-orbit Ilgy,2). It is related
the the nilpotent orbit as follows

ne ne

Iy =exp | =Y #/Nj|ao(¢) =exp | =D a/Nj| - M(y) - Tgr), ¢ =2/ +iy)  (4.13)
=1 =1
where
ng
HSL(Q) = exp —’L Z yijf é((]ng) (414)

J=1

and M (y) is a y-dependent matrix which has a power-series expansion in terms of non-positive
powers of y'/y?, ..., y"P /y"P~1 which is convergent precisely in the growth sector Ri..,,. The
upshot of this is as follows: within a chosen growth sector, the SL(2)-orbit approximates the period
vector up to polynomially suppressed terms. Compare this with the nilpotent orbit approximation
which is valid up to exponentially suppressed terms. Apart from this, the SL(2)-orbit is very similar

to the nilpotent orbit, expect it replaces N; with IV n and ag with é((]nS).

To see the usefulness of the SL(2)-orbit, let us give a slightly heuristic argument for computing
||TI||? in this approximation, i.e. we set

ne -
[[TT][2 ~ [T o |2 ~ | exp | —2¢ Y /N7 | &) a8 | . (4.15)
j=1

By expanding the exponential, we see that each factor of ’ in ||TI||> comes with a factor of N 3

acting on é(()ng). If we want to find the leading contribution to ||II||?, within the growth sector

Ry..np, we therefore want to maximize the number of N, ’s first, then the number of N, ’s, etc...
To find these numbers, we introduce integers d; such that

(N(;))dié[()ns) 7& 0, (N(;))d¢+1é[()ng) —0. (4.16)

Recall from the discussion in chapter [3| that the integers d; label the singularity type of A‘(’i). We
then make the following set of observations. First, d; is the largest integer such that

(N7 )alme) £ 0. (4.17)
Second, ds is the largest integer such that
(N7 + Ny )=als) £ 0. (4.18)
Expanding the LHS we see that do is also the largest integer such that
(N7)B (Ng )= a®) £ 0. (4.19)
Doing this once more, we see that d3 is the largest integer such that

R e e (4.20)
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or
(ND)B (N5 ) 2=h (N ) B=2a(") £ 0, (4.21)

Generally, we find that the d; are the highest integers such that

(N ) (N ) (N o~ =10%) £ 0, (4.22)

np

In conclusion, we find that
_ dnp—dpH—
T[> ~ iy gy P (4.23)

We remark that this is a polynomial of order d,,,, as expected (by definition of dy,,) since we are
considering an intersection of np divisors. Moreover, this computation has shed some light on how
the singularity structure of A?np) is related to the singularity structures of the lower divisors A?i),
with 1 <¢ < np. As far as determining the scaling of the index density, the result is already
a good starting point. However, to gain more insight into this setting and better understand the
multi-parameter degenerations, we will spend some more words on the above relation by discussing
the process of singularity enhancement. We will also see that the result is in fact a specific

case of the growth theorem.

4.2 Singularity Enhancements and the Growth Theorem

4.2.1 Singularity Enhancements

Let us consider a locus Aj with a given singularity type Type(AY), specified by the integer diy =
0,...,D. One might imagine moving along A} until reaching an intersection Af,. At this inter-
section a second coordinate Im t? is sent to infinity and we say that the singularity is enhanced
to Type(Aj,). Tremendous work has been done in [28] 53] to classify the allowed enhancements
for Calabi-Yau threefolds and fourfolds. One of the more intuitive results is that an enhancement
can only ‘worsen’ the singularity, i.e. dy < ds. In this section we will give some details of such
enhancements and in particular focus on its effect on the Deligne diamonds. For simplicity we will
stick to an enhancement of the form

Type(AT) — Type(Aly), (4.24)

since the main features will naturally generalize to higher divisors. Recall that upon reaching the
locus AF, the pure Hodge structure of H D breaks down and we instead require the Deligne splitting
to capture the full space (here we illustrate it for fourfolds):

I4,4
I4,3 IS,4
I4’2 13,3 I4’2
I4,1 13,2 12,3 _[174
(1-_14,07 1{3,17 H2’2, H1,3’ H0’4) N I4’0 IS,l I2,2 Il,S I0,4 (425)
IS’O I2,1 11,2 IO,3
12,0 Il,l 10,2

or more schematically
HP — [P9)P(A3), 0<pq<D. (4.26)
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[179]°(AY,)

Figure 4.3: A Type II — Type IV enhancement is shown at the level of the Deligne diamonds.
For convenience only depict the upper half of the diamond. On the LHS we have highlighted
the horizontal primitive space P°(A) which upon enhancement attains a mixed Hodge structure
described by the Deligne diamond [IP9]°(A$,). Note that we have only displayed the inner part of
the latter diamond, since the outer ring only consists of empty vector spaces.

To understand what happens once we move to Af,, we recall that from the Deligne splitting we
constructed the primitive spaces PP*? which form a pure Hodge structure of weight p + ¢ = [ for
each P'. The idea of the enhancement is that upon reaching A$,, all of P! spaces split into an even
finer Deligne splitting in exactly the same way HP did upon reaching AF:

PY(A]) = [IP1](Afy), 0<pg<l. (4.27)

Pictorially, the primitive part of each horizontal row of the Deligne diamond IP9(AY) forms its own
Deligne diamond [IP9]'(AS,), as is exemplified in figure for a II—+ IV enhancement. On the
other hand, we could have also analysed the singularity structure of Aj, directly by the procedure
outlined in section leading to yet another Deligne splitting I79(AY,). Whether a particular
singularity enhancement is allowed is then translated into the question of whether the diamond of
IP9(A$,) can be obtained by summing up the various diamonds of [IP9)'(A$,), for 0 < | < 2D,
in a particular manner. The details of this procedure are described in [28| 53] for threefolds and
fourfolds, respectively. However, for our purposes it will suffice to understand what happens with

~\Mn
a(() £) under an enhancement.

4.2.2 The Growth Theorem

In section we introduced a bilinear form on HP given by
S(v,w) = / v Aw, (4.28)
Yp
and used the notation ||v||* = S(v, ). This resembles the Hodge norm, defined by

||| |2 ::/ v A *v, (4.29)
Yp

where x is the Hodge star on Yp. The relation between the two is made precise by introducing the

WEeil operator C, which acts as
ve  HPY:  Cv=1iP". (4.30)
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Indeed, we can express the Hodge norm in terms of the inner product S and the Weil operator C
as

[0][F = S(Cv, v). (4.31)

Most importantly, since Q € HP?, we see that the two norms coincide (up to a factor):
2 _ D 2
127 = 795 (4.32)

In fact, since V;Q € HP~LL etcetera, this remains true when acting on € with the covariant
derivative V,;. When we investigated the scaling of the index density in [3.5] we often expressed
our results in terms of the || - || normﬂ of IT or various covariant derivatives thereof. Since for such
expressions the norm agrees with the Hodge norm, it may instead be fruitful to investigate the
latter in more detail. To this end, we summarize the results of the growth theorem of [7].

We consider the intersection of np divisors Aq,..., A, located at y’ = o0o. Let us moreover choose
an ordering
chosen ordering :  Ny,...,Np,, (4.33)

which corresponds to the growth sector Rj...,,,. Essentially, one can view this as first moving along
AfJ to its intersection A, with A§, then onto its intersection Af,3 with A, etcetera. Then consider
a D-form v whose position within the Deligne diamonds of each A7, is specified by

RS Wh (N(1)> n---N WlnP (N(np)), (4.34)

where each [; is the lowest integer such that v € Wi (N;)) (recall that W; C Wji1). Pictorially,
each [; labels the highest row in the Deligne diamond of A‘f_.j where v has a non-zero part. The
growth theorem now states that the leading growth of the Hodge norm of v is given by

[of[F ~ ()" PP () e e (4.35)

Note the resemblance with (4.23)). In fact, we can make the similarity precise by deducing the

position of éé"g ) within the various Deligne diamonds.

Application to ééng) and a Visualization

In analogy to the one-modulus case, where the integer d satisfying

Néag #0, Nitlag=0 (4.36)
labelled the position of ag to be in IP?, see section 3.3, in the multi-moduli case the position of
éé"g ) is labelled by the integers d; introduced in section

fléng) € Wd1+D(N(_1))ﬂ'”ﬁdeP_;_D(N(:lP)). (4.37)

Indeed, implies that fi(()ng) € fD’di(A‘fn_i) for 1 < i < np. Put differently, we have

= (ng) = (ng)
Yinay & = diay <, (4.38)
!Note that stricly speaking || - || is not a norm, since it is not positive-definite. For simplicity we will nevertheless

refer to it as a norm.
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Figure 4.4: The various positions of éi(()ng ) across enhancements T1— III, IV, V are shown. On the

RHS the action of N, is shown in red. Note that the number of times N, can act non-trivially

~(ng)
on &

is precisely given by one, two and three for the cases III, IV and V, respectively. This
corresponds to the integers do — dy.

hence we will also refer to these as the s[(2)-eigenvalues of éong). It is shown in [7] that W (N, (;)) =

(ne)

W (N;), hence we may use the growth theorem to find the growth of the Hodge norm of a5 ¢/, which
immediately results in

18512 ~ (1) ()2 () e e, (4.39)

which is precisely the result we obtained in (4.23). To understand this result from a more graph-

ical point of view, let us make a connection between (4.39) and the singularity enhancements we

described earlier. We refer the reader to figure where the degeneration of P°, containing é(()n‘f),

to a mixed Hodge structure described by the blue Deligne diamonds is depicted. By tracking the

position of é(()n‘g), we see that these are Type II — III, IV, V enhancements. The important obser-

vation here is that N, acts as a lowering operator in these latter diamonds. Moreover, depending

on the final type, N, can act once, twice or thrice on éong) before reaching a trivial space. This

number corresponds precisely to the difference do — d; for each enhancement, which is the factor
i

appearing in (4.39)). In other words, the growth theorem tells us that ||€1(()n5 )HQ contains a power of

y"*! given by the number of times N, can act on é(()ng)

)

e . ° s s ~(ng
primitive horizontal space of Al_,_i containing ag “.

within the mixed Hodge structure of the
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ILni vs. gy (o)

Having obtained the scaling of ééng), its connection with the scaling of Il needs some further

clarification. The final goal of this section is to show that the growth of IT and é(()ng ) agree, and in
doing so we will re-derive the result of the growth theorem, yielding further insight. We recall the
relation

Iy = M(y) - sy (2) (4.40)

where we have set each z° to zero since we are interested in the y-dependence. Here M (y) can be
written as [8, Thm. 4.20(vii)-(viii)]

1 yl yr
M(y) =] o (ym e ym) : (4.41)
r=n
where each g.(y',...,y") is a matrix-valued function which has a power series expansion with
constant term one in terms of non-positive powers of y'/y? 4%/y3,...,y" in the growth sector

Ricr.
Inspired by [7, Thm. 4.8] we consider the matrix

1 1
1\ 3Y) n—1\ 2¥(n-1)
Y Y 1

y y"
Our first goal is to evaluate e(y)IL,; using (4.40). We proceed in two steps. First, [8, Thm. 4.20(ix)]
implies that the matrix-valued function

o',y ) =e) gyt y") e(y) T (4.43)

has a power series expansion with constant term one in terms of non-positive powers of (yl / y2)1/ 2.

in the growth sector R;...,. Using this relation for each g, in M (y), we have

e(y) - i = “M(y) - e(y) - Mgy 2), (4.44)

where M (y) is defined in the same way as M (y) with each g, replaced by €g,. To compute the
action of e(y) on the SL(2)-orbit, we recall the s[(2)-eigenvalues of éong) defined by

Yipal®) = dial™). (4.45)

Since Ilgy(9) contains factors of N;  acting on éong), we need to understand how they affect its
s[(2)-eigenvalues. To this end, let v be some D-form with
vGI/Vll(N(_l))ﬂ'--ﬂT/VlnP(N(;p)). (4.46)
For given integers k,i we want to evaluate
Yo Ny v, Ypy=Y1+--+Y% (4.47)

There are two cases. If k < 7, then Y(;) commutes with N;~, hence the action of N;~ does not change
the eigenvalue under Y{;). On the other hand, if k > i, we use the 5[(2) algebra to see that
YiyNi v=Y;N;v+ Y1+ + Y+ -+ Y,)N; v, note: hat means ‘omit’
= N, Yo —2N; v+ N, (Y1 +--+Yi+ -+ Yp)v
=N; Yy —2)v
= (I — 2>Ni_v'

L (yn)Y?
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In other words, the action of N;~ lowers all eigenvalues l;,...,l,, by two, i.e.

N ve W, (N(_l)) n---N Wli—l(N(;fl)) N Wli,Q(N(;)) <N VVlnp*Z(N(;p))' (4.48)

)

Returning to the specific case of éong , one readily sees that

1 1
1 §d1 n—I1 §dn—1
itk ~(n, Yy ) n\id, Nkx(ng) _ j=(n Nk~
e(y) - (¥ N; Jray'e) = <y2> < o > (y™")2™(N; )rag'e) = ||afe|? - (N;)Fag. (4.49)

Essentially, the factor of y/ appearing in (y/ N j_)k cancels precisely against the one in e(y) after
evaluating the action of Y{;). The latter expression is just the result of the growth theorem. We see
that e(y) acts nicely on Ilsy,(2) by bringing out all the y-dependence, resulting in

e(y) - Tt = “M(y) - e(y) -exp | =i >/ N; | 5" = ||a®|? - <M (y) - e mal®.  (4.50)
j=1

Finally, let us compute ||[II,;|[? by employing a trick. We insert unity as e~ *(y)e(y) and use the
properties of the bilinear form (-,-) to move e~!(y) to the other side as followﬂ

H]-_-[nilH2 = (Hnila 671@) : e(y) : ]-:-[nil) = (e(y) : Hnilv e(y) : ]-:-[nil) = H@(y) . HnilHQ‘ (451)

The final expression above is now easily computed using our result for e(y) - IL,;;, where the leading
y-dependence has been extracted:

~ —iN7 |~
le(y) - Tl = (85" |12 - [|*M (y) -~ Vov a1 (4.52)
Neglecting the sub-leading terms in ¢M (y), we arrive at
e o WL ~ 1|12 (4:53)

In other words, the leading growths of the nilpotent orbit and ay agree. Looking at and
expanding M (y) one may be tempted to believe that this result is trivial. However, in the form
of it is not clear that M(y) cannot increase the sl(2)-eigenvalues of aj¢ (note that M (y)
is matrix-valued), leading to a different growth. The result of the above calculation is that this
situation cannot occur. Finally, we stress that the first relation in holds up to exponentially
suppressed corrections, whereas the second relation holds up to polynomially suppressed corrections.

4.3 The Scaling of the Index Density for Multi-Moduli Limits

In this section we will use a similar strategy as in [3.5]to obtain the scaling of the index density in the
multi-moduli case. A crucial difference is that we will make use of the SL(2)-orbit approximation
as we did in the previous section, where we explicitly found that

efK ~ (y1>d1 (y2)d27d1 . (ynp)dnpfdnp_li (4.54)

We now compute the metric components and the covariant derivatives in a similar manner as in
chapter [3| starting from this expression. Note that d; < d;1 is always true for the growth sector in

2More precisely, e(y) is an isometry of the bilinear form (-, -), see [29, App. B].
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question. However, here we will make the stronger assumption that d; < d;11, so that the leading
order behaviour of K depends on all coordinates *. Indeed, under this assumption we may write

np
K~ logy'" (4.55)
=1

Moreover, since the SL(2)-orbit has no 27 dependence, we need only consider the derivatives of K
with respect to ¢/. In particular, the metric components g;; := g;.;, are given by

ga~ ()72 " ~g;' (4.56)

and moreover
VI~ )T ()R (4.57)
Since the Kihler potential does not contain cross-terms in different y*’s, to leading order, the metric
components g;; with ¢ # j will be suppressed w.r.t. g;. Next, we note that
Oillyy = 0;(M(y) - Igp2)) ~ M(y) - 9ills2) ~ M(y) - N; gy (2).- (4.58)

Here we have used the fact that 9; M (y) has no constant term and therefore constitutes a sub-leading
contribution. In particular, it follows that

Vil = 0iTlyy + (0:K) My ~ M (y) - [Ny Hgp0) + ¥ Hgr )] - (4.59)

In the limit 4° — oo, we may again approximate V; = d; when acting on the scalar IT,;. When
taking two covariant derivatives, we must again include the Levi-Civita connection, which gives

ViVILy ~ 0;0;11, — I‘“ijﬁuﬂnﬂ. (4.60)
One can then explicitly check that the Levi-Civita term is of order (3*)~! when i = j and vanishes
otherwise. In particular, this means we may approximate
ViV Iy ~ 0,011y ~ M(y) - Ny N; Hgpg). (4.61)
Finally, we turn to the evaluation of

Fonr = (ViViILy, V;ViIL). (4.62)

1,

First, since the metric components g7 for i # j are sub-leading, we expect the leading behaviour to
be governed by Fjz;7, which we can alternatively write asEI

Fiajy = [IViV Tl ~ [[M(y) - N N; TIgp ). (4.64)

The growth of the last term can now be obtained by repeating the trick we used to compute |[TL,;||?,
i.e. inserting unity as e(y)e(y) !, resulting in

|M (y) - Ni Ny Tg )| * ~ [|°M(y) - e(y)N; N gy, o)l

1\ 41 n—1\ dn—1

Y Yy —2 _ e —iN .~
~ [(2) ( ) (y”)d”] v 2y 21* M (y) - Ny N> e mag|[?

Yy y"

~ 118G (17 - yi 2y 2

3Note that because we set V; ~ &;, the tensor F5r is symmetric under exchange of 7 <> k and 7 <> 1. Moreover,
using the properties of the bilinear form (-, -), we also have

Fiiz = (ViTla, ViILi) ~ (N, )* I, (N} )*Ta) = [|N; N; IO, (4.63)

which is the same as Fjz;;. With this all relevant cases have been considered
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where in the last line we have inserted the growth of aé ¢) and neglected subleading order terms in

°M (y). Note that the presence of N, and N f lowers the scaling of y; and y; by two by the same
reasoning we used before.

An alternative way to derive this result would be to use the growth theorem directly. Indeed, in
the previous section we argued that

[T [* ~ [ M (y) - Tsg,c2)|* ~ |20l . (4.65)

In a similar fashion, we could have immediately used the general result that each application of N i
lowers the growth by a factor y;Q, ie.

N7l ~ ol (y") 72, (4.66)

to find
|M (y) - N N; g [P ~ llaoll® - y; 2y, > (4.67)

However, this again neglects some non-trivial behaviour that M (y) might cause. The upshot of the
more detailed calculation is that M (y) does not induce any additional leading behaviour terms.

Finally then, the index density is given by

m
dp ~ d™t /g ) I, (4.68)
k=0
where N
I ~ (ng”g”Fﬁjj) ~ 1. (4.69)

In exactly the same manner as happened in the one-modulus case, we are only left with the volume

form
. dti A dF
dp ~ d™t /g ~ /\ T ) (4.70)

4.4 Discussion

From equation we see that the result we obtained in chapter |3| generalize naturally to multi-
parameter limits in the case where d; < d;41, resulting in

(4.71)

duw/<dti/\dt'z:/< dz' A dzZ*

oy (me)? 7 |z[2log? |1
In section we commented on the validity of the results by comparison to the works by Denef
in [14] and Eguchi and Tachikawa in [22]. To confirm the validity of the multi-moduli result, we
compare our findings to the mathematics literature, specifically [40, [42]. Corollary 6.1 of [40] implies

that for a general moduli space of a Calabi-Yau manifold, one has

T

/ Cay N+ A Cq, Nw™ < 2m_a°/ Wi, er =m = dim M, (4.72)
M M =0

where c,, denotes the a;-th Chern class with respect to the Weil-Petersson metric. Moreover, wy
denotes the Kahler form of the so-called Hodge metric. Its precise definition is rather involved and
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explained in e.g. [42]. The important fact is that wy is always bounded by the Kéhler form wp of
the Poincaré metric, i.e.

wh < Cwp (4.73)
for some constant C', where
" dyindR o
wp = ; TPl ] + i:%rl dz' A dZ'. (4.74)

The upshot of this corollary is that the intergral over the index density det(R + w) can be bounded
by an integral over the Hodge volume c.f. , which is in turn bounded by an integral over m
wedges of the Poincare Kahler form. It follows that the index of supersymmetric vacua is finite, see
also [40, Thm. 6.6]. Crucially, this is a statement involving the entire moduli space and allows for
general singularities, which is a stronger result than we have obtained. Indeed, from our findings
we can only conclude (in certain cases) that near a singularity the index density is integrable. It
may a priori still occur that the volume of Mg is in fact infinite, leading to an infinite index. In
light of the above corollary this is of course not possible, as was also shown earlier in [41] and was
also proven by more physical means in [20].

Finally, let us comment on how our results give a slightly different insight than those in the math-
ematics literature. Note that wedging wp m times yields (to leading order) our result for the index
density du expressed in the z-coordinates. Therefore, our findings sharpen the behaviour of the
index density by showing that it is not only bounded by Poincaré form, but is fact well approx-
imated by the Poincaré form near all singular loci we have considered. As we discussed in some
detail in section the fact that the index density takes this particular form may be related to an
underlying gauge/gravity duality in which its dependence on e.g. the coupling constant is naturally
expressed. We believe that the universality of the index density may be a hint at some deeper
underlying structure, and our computation of its asymptotic behaviour may serve as a first step in
this direction.

Polarizable Cubes and More General Limits

Let us once more stress that our results hold for very particular multi-parameter limits, those which
are obtained from an enhancement chain which strictly increases, i.e. is of the form

Type IT — Type III — Type IV — - - - (4.75)

The reason we restrict ourselves to these limits is because of the leading-order behaviour of the
Kahler potential, given by

e M~ (y )P () B h () e T e, (4.76)

In particular, when e.g. do = di, meaning that the type does not change in the enhancement chain,
the dependence on the 32-coordinate is lost. To properly address this, one must include sub-leading
contributions to the Kéhler potential whose form is not yet well understood. However, there are
still some ways to make progress in this direction, which we will shortly discuss.

One downside of the enhancement chain picture is that is rather restrictive, in the following sense.
If one starts with a Type II singularity by taking ' to be large, and then enhances this to a Type III
by taking y? to be large, one can only make statements about the results in a given growth sector,
e.g. where y!' grows quicker than y?. Moreover, we have no way of knowing whether an expression
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of the form y*(y?)? could appear in (IT,II). Instead, one can consider so-called polarizable cubes.
These are triples of the form

(IT | IV | IIT), (4.77)

which indicate that a Type II and a Type III singularity intersect to form a Type IV singularity.
Since now both starting singularities are specified, we have much more control over what kind of
polynomial expressions in y' and y? can occur in (IT,II). For the specific example above, the
polarization conditions imply that

(ao, (N1 + N2)3510) #0, (a(), Nlél()) #0, (a(), Ngéo) #0. (4.78)

Combining these three equations, one readily finds that the only cubic term that can occur in (I, IT)
is given by y'(y?)?, whereas (y')?y? cannot occur. Still, there are cases where this construction is
not conclusive, for example for the triple

(IT | TIT | TI1). (4.79)

Following the same reasoning, one finds that the quadratic term is (y')? is not allowed, however
one cannot exclude for instance the term y'y?. Nevertheless, it is clear that considering polarizable
cubes instead of enhancement chains gives us more control of the kinds of expressions that can
appear. One might imagine classifying all possible polarizable cubes and checking for each of
them what the behaviour of (IT,IT) and subsequently apply the analysis of the index density. In
general, this is an extremely difficult task and lies beyond the scope of this work. Indeed, checking
whether a given cube is polarizable, meaning that the polarization conditions of the different mixed
Hodge structures involved must translate properly into each other, is challenging. For Calabi-Yau
threefolds, a complete classification of 2-moduli cubes has been obtained in [37], however a general

classification for n-moduli cubes has yet to be found.



Conclusion

Throughout this work, we have touched on a number of areas that are relevant in string compacti-

fications. This includes the more physical discussion regarding the statistics of flux vacua, as well

as the mathematical story about asymptotic Hodge structures and how they can be used to tackle

a variety of problems. We have also provided additional comments regarding the assumptions that

are made in the constructions we have considered. In this last section, we will return back to the

precise questions we have started out with and provide some steps that can be taken from here.
The Three Answers

Following the structure we started in the introduction, let us summarize the answers we have found
for the three questions that were posed there. In chapter [I| we performed the dimensional reduction
of the eleven-dimensional Ricci scalar and saw the emergence of massless complex structure moduli,
scalar fields parametrizing the shape internal geometry. The fact that they are massless constitutes
the issue of moduli stabilization (Q1), and its solution is given by:

Al: The complex structure moduli 2* can be stabilized by extremizing the flux-induced
scalar potential V'(z), i.e. by setting

ov
0zt

=0. (4.80)
Explicitly, the set of supersymmetric solutions is found by solving

DW =0, W= [ GiAQ. (4.81)
Yy

In words, non-zero G4 fluxes in the internal geometry (which were in fact necessitated by the tadpole
constraint) contribute an energy to a particular shape of the underlying Calabi-Yau. Minimizing this
energy with respect to the moduli then yielded a (typically large) set of string vacua. The analysis of
the distribution of such vacua (Q2) was the main content of chapter [2| where we explicitly re-derived
the answer that was already given by Ashok and Douglas:

A2: The distribution of supersymmetric vacua (counted with signs) of Type IIB/F-
theory compactifications over the complex structure moduli space is given by the Ashok-
Douglas density

dp=det(R+w-1). (4.82)

We moreover discussed some of the intricacies that arise in this derivation, most notably the quan-
tization of fluxes and the stabilization of the Kahler moduli. Here we found that neglecting the
quantization is reasonable in the regime where L, > b. Moreover, the Kahler moduli can be sta-
bilized separately by the inclusion of non-perturbative corrections to the superpotential, exactly as

78
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in the KKLT construction. Besides obtaining the AD-density, we additionally gave an estimate (or,
more precisely, a lower bound) on the total number of flux vacua, which was found to be huge (10°%°
in typical cases, but F-theory easily surpasses this). This raised the question of whether the total
number of flux vacua is at all finite, or, more precisely, whether the AD-density is integrable near
regions where the curvature diverges (Q3). We devoted the remainder of the text, chapters [3| and
to obtain the following answer:

A3: The AD-density is integrable near any singular loci where a single coordinate
Im ¢ in the complex structure moduli space becomes large. More precisely, it takes the

universal form _
dt A dt

a (Im ¢)?

Moreover, when multiple coordinates become large, this result generalizes in the natural
way when the singularity types in the corresponding enhancement chain strictly increase.

(4.83)

First, we emphasize that the above holds for the complex structure moduli space of any Calabi-
Yau D-fold. However, the main relevance is for the case D = 4 since this applies to the F-theory
context and also the case D = 3 since this confirms the earlier results by Eguchi and Tachikawa.
The other cases are of less physical interest, since they do not arise in string compactifications,
but it is nevertheless interesting that the same result holds in such generality. To arrive at A3, we
made use of some remarkable properties of the boundary of the complex structure moduli space.
Indeed, the nilpotent orbit theorem was crucial in determining the asymptotic form of the period
vector in which the AD-density was expressed. Equally crucial are the polarization properties of
the mixed Hodge structure at the boundary, which restricted the powers of Im ¢ that could appear
in the final expression. Subsequently, to investigate the multi-parameter limits, the usage of the
SL(2)-orbit theorem was essential. In particular, the emerging sl(2)-triplets and their action on
the SL(2)-orbit allowed for controlled computations which untangle the various large coordinates,
essentially diagonalizing the structure at the boundary. Here we emphasize the fact that we were
not able to provide a result in the most general case of arbitrary multi-parameter limits. We actively
avoided the case where correction terms to the Kéahler potential are relevant. A full understanding
will require a thorough treatment of singularity enhancements and the possible corrections to the
growth theorem. Adding to this, we discussed a slightly different perspective through the usage of
polarizable cubes, although significant work needs to be done to understand their classification in
detail for both the threefold and fourfold.

Further Questions

As usual, whenever one provides an answer to a question, a number of new questions emerges.
Perhaps the most pressing question is why the AD-density appears to take such a universal form in
these asymptotic limits. Much like how a U(1) symmetry protects the masslessness of the photon,
one might imagine some symmetry which emerges at the boundary of the moduli space which
dictates this particular form. We have made one proposal how this could arise from a generalized
version of the gauge/gravity duality that appears for the conifold, but stress that this is merely
speculation at best. However, as these singular loci are currently an active testing ground for the
various swampland conjectures, we believe that an investigation of such a duality may yield fruitful
insights and add to the holographic nature of the picture.

Another question that arises is whether one can perform a similar calculation for other distributions,
such as those for the cosmological constant or the supersymmetry breaking scale. We believe this
will be difficult, since very few explicit expressions for such distributions exist. However, one might
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imagine starting the derivation of such distributions already at the boundary. There one could follow
a similar construction as in [29] to decompose the fluxes in a manner adapted to the SL(2)-splitting.
In this way the distribution of A = —3|W|? may be more conveniently expressed.

Finally, we once more stress that our results ignore the back-reaction of fluxes on the internal
geometry, which makes it conformally Calabi-Yau. For such spaces the concept of a moduli space is
already quite different and it is unclear whether the results of e.g. the nilpotent orbit theorem still
hold. It would be interesting to investigate the effect this has and whether the asymptotic Hodge
structure persists.
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Appendix A

Kahler Manifolds

In this section we will list some basic properties of Kahler manifolds and their associated cohomology
groups. We follow the notation and discussion in [43]. In the following, let M be a complex manifold
of complex dimension m.

Definition A.1. A triple (M,g,J) is called a Kéahler manifold if the following conditions are
satisfied:

1. g is a Riemannian metric, i.e. a bilinear, non-degenerate and symmetric map
g:TM xTM — C®(M) (A.1)
which additionally satisfies
g(IX, 1Y) =¢g(X,Y), VXY e€X(M), (A.2)

where I denotes the almost complex structure of M. We say that g is a Hermitian metric on
M.

2. J is the Kdhler form of g, i.e. a bilinear map
J:TM xTM — C*(M), (A.3)
which is compatible with g in the following sense:
J(X,)Y)=9¢g(IX,Y), VXY eX(M), (A4)

and which is moreover closed, i.e.
dJ = 0. (A.5)

In this case, one sometimes calls g a Kdhler metric.

To be more explicit, let us consider these objects g and J in a local coordinate system {y;,y;},
i=1,...,m. A general Riemannian metric g is then of the form:

9= 9 dy" @ di’ + gapdy” ® dy". (A.6)
Moreover, the Kahler form J can be written in terms of g as follows:

J= % guzdy™ A di. (A7)
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When the Kéahler form is closed, this poses a remarkable simplification, namely that the metric can
locally be expressed by a single scalar function as:

g&:&%KorJ:%%K, (A8)

where K is also called the Kdhler potential.
Definition A.2. An (r, s)-form w is called harmonic if it satisfies the Laplace equation:
Aw =0, (A.9)
where Laplacian is defined by
A:QU(M) = QU(M), A= (d+d)?=dd +d'd, d =—«dx (A.10)
where x denotes the Hodge star. Here Q"*(M) denotes the space of all (r, s)-forms on M.
Note that one can also define the following Laplacian operators:
Ap= 0+, Ay=(0+d)% (A.11)
However, for a Kéhler manifold one can show that
A =2AH =2A;. (A.12)
Therefore the harmonic forms associated with these operators are the same.
Definition A.3. The (r,s)-th 9-cohomology group Hg’S(M) is defined by
Hgs(M) = Zg’S(M)/BgS(M), (A.13)
where
Z25(M) = {w e QM) : ju = 0},
Bl (M) = {w e Q"(M) : 3a € Q"1 (M), w = da}.
Throughout the thesis we use the shorter notation Hg’s (M) = H"%(M) or simply H™*.

We now state an important theorem which allows us to relate these cohomology groups to harmonic
forms.

Theorem A.4 (Hodge’s Decomposition Theorem). Any (7, s)-form w can be written in the following
form: B B
w=0da+08+~, (A.14)

for some (r,s — 1)-form «, (r,s + 1)-form B and harmonic form (r,s) form ~.
An important consequence of the above theorem is the following
Corollary A.5. Any cohomology class [w] in HJ*(M) has a unique harmonic representative.

In other words, given a cohomology class we can uniquely represent it as a harmonic form, and vice
versa. This is relevant in the context of string compactifications, where harmonic forms correspond
to the internal massless degrees of freedom of the string.



Appendix B

Compactification of the Ricci Scalar

We perform the dimensional reduction of the Ricci scalar using the following ansatz for the metric
gundzMdz™ = g, (x)dat dz” + ha,;dy“dgjg + 2'(x) (by) apdy®dy®. (B.1)

as introduced in [L.5
Computing the Christoffel Symbols

First, we need to compute the Christoffel symbols:

1
PPMN = *QPQ (

5 OMmgng + OngmQ — 0QgMN) - (B.2)

To first order in the moduli, the components of the inverse metric on Y4 are given by
gaB _ hal;’ gab _ _Zi(bi)ab'
We raise the indices using the background metric h, which is valid up to first order:
(b:)" = (bi)gh"*h" (B3)

Apart from the Christoffel symbols with purely Greek indices, the non-zero Christoffel symbols are
given by

1 1 _

Fuab = _ig!wal/gab = _i(bi)abauzl
1 ,.

Fbua = §gbcauga(_:

1 . _

= =32 01) ()

1 _ ) _
=—5bi- b;) 02 07
1 ..
Fbua = igbcaugaa

1 .. .
= *hjc(bi)aEaMZz

N = DN
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On to the Ricci Scalar

The Riemann tensor is given in terms of the Christoffel symbols as

Moreover, we have the following decomposition for the 11-dimensional Ricci scalar:

Rii = Ry + ¢ R% 0, + g (R“aub + RO, + R5a6b> + g% (R*‘W + R+ R ) +cc  (B5)

acb
where again c.c. stands for the complex conjugate of all terms before it, except for Rs.

We now make the following important remark. We are only interested in the kinetic terms for the
resulting fields, hence we work up to second order in the moduli. This implies that the contribution
from the I'? terms will be very simple. In particular, since the remaining indices will be contracted
with the metric, and ¢?° is proportional to the moduli z, the only relevant products will be

T 1 _ . _

FMaMFMub = FM&EFkub = _Z(bi ’ bj)aba“zzaufj
_ _ 1 - . . .
FcaMFMaE =Tl 5 = _Z(bi)ca(bj)al?auzlauzj

I‘auMFsz/ = Pauaraby = z(bz . 55)“bauzi8yzj.

Finally we note that none of the quantities depend on the Calabi-Yau coordinates y*, hence the oI'
terms are often zero. Now let us compute each term in the Ricci decomposition, starting from the
easier ones:

gab (Rcacb + Réaéb) = 0(3)
gabRc =0

acb
ach

. - 1 o 1 o
g RC 5 = T T 5 = *Zhab(bi)ca(bj)aéauzlaﬂzj =~ (br - b;)0,2'0"%

The final three terms are slightly more involved, because some will contains terms involving V,V*#,
for some space-time vector V*. Indeed, we have:

gabRuaub = _gab (aﬂruab + FVVHFuab)
1 . _ _
= =521 (b by) V0"

GURE 5= =g (90 5 TV, 0 ) b (T4, T8 T T )

1 - _ .
= —Zh“b(bg “b;) 0" 702
1 _ . -
= — (b 5,)0,5'0"F
K pa =g (9, T* —T¢ F)\ re FM
g pav g nt av art  pv + nM av
1

_ . 1 L
= 50" (b 0y)"02' V0,7 + g (bi - B)"00,7' 0,

1 _ - 1 _ . _
= _i(bl ’ bj)zlvua,uzj + Z(bz : bj)ﬁuzlayzj

\)
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We can deal with the covariant derivatives as follows. Note that all these expressions appear under
an integral over M 19, which contains a factor /—g3. Since the covariant derivatives only have
space-time indices, the standard rule for partial integration is adjusted:

V _gllvu‘/'u ~ _vu (\/_793\/g>8) Vi = _\/_7%‘/“8#\/9»7 (B6)

where ~ means ‘up to a total space-time derivative’ and the second equality follows from the fact
that ,/gs is a space-time scalar. Moreover, one readily calculates

1 a a7
Oun/35 = 535 (9" uas + 9" Ougap ) + 0. (B.7)
which gives
1 -
Oun/35 = 5v/5 (9" 0ugad + 9" uar) = O(2) (B.8)
In other words, we may freely change each 2'V,,0"z7 to —0,,2'9"z7 which results in
a 1 7 7 =7
9By~ 5 (i ;)02 07
. 1 - o
R (50,00
1 U T o
g“yRaMaV ~ i(bl . bj)auzzﬁuij + Z(bl . bj)auzzauij

1 7 i _7
= Z(bz - by7)0, 2 0" 7

Combining all these contributions, we obtain the following result for the dimensional reduction of
the Ricci scalar

1 _ -
Ri1 = Rs+ i(bl . bj)auzla”,?] (B.9)




Appendix C

Hodge Structures

In this section we give an overview of the various Hodge structures that appear in chapters (3| and
The aim is to provide a clear and concise list of the important definitions, whereas the motivation
and interpretation are left to the main text.

In the following we denote by V a finite-dimensional vector space. Moreover, we denote by Vg =
V @ C the complexification of V.

Definition C.1. A pair (V, HPY) is called a pure Hodge structure of weight w if the following
conditions are satisfied:

1. HP? C V¢ is a complex subspace, for all p, g € Z satisfying p 4+ g = w.
2. Hop = HPA,

3. Vc can be decomposed in terms of the subspaces HP? as

Vo= B (C.1)

pHg=w

An immediate example of a pure Hodge structure which is of relevance for is given by the cohomology
groups of a compact Kahler manifold M. Indeed, for n = 0,...,dim M, we have the following
decomposition:
H"(M)= @@ H"(M). (C.2)
pt+g=n

There is an alternative, but equivalent description of a Hodge structure, via a Hodge filtration.

Definition C.2. A Hodge filtration FP of weight n of V¢ is a collection of complex subspaces
FP C Vi satisfying the following conditions:

1. The spaces FP provide a finite decreasing filtration of V. That is, we have the following
sequence

0=Fy1CF,C---CF, CFEy=¢. (C.3)
2. For all p, q € Z satisfying p+ g =n + 1, we have

FPAFi=0, FP@®F1=V. (C.4)
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Explicitly, the relation between a pure Hodge structure and a Hodge filtration is given by
HP =FPnF4, FP=@H"™" (C.5)
12p
In the following, let S(-,-) be a bilinear form on V.

Definition C.3. A triple (V, HP4,S) is called a polarized pure Hodge structure if (V, HP9) is
a pure Hodge structure which has the following additional properties with respect to S:

1. S(HP9, H™*) =0, (p,q) # (r,s).
2. iP71S(v,0) >0, wve HPY v#0.
We say that HP? is polarized with respect to the bilinear form S.

Next, we introduce the main ingredient for the construction of a mixed Hodge structure. Let N be
a nilpotent matrix.

Definition C.4. The monodromy weight filtration W; of weight w of V¢ is a collection of
complex subspaces W; C V¢ satisfying the following conditions:

1. The spaces W; form a finite increasing filtration of V. That is, we have the following sequence
0=W_1CWyC---C Wy, = V. (C.6)
2. NW; C W;_s.
3. NJ . Grp4; — Grp_;j is an isomorphism, where
Gr; .= W; /W4 (C.7)
are the graded spaces.

To emphasize the dependence on N, we will often denote the monodromy weight filtration by
W;(N). Additionally, when V¢ admits a Hodge filtration F?, we require the following compatibility
condition:

NFP C FP7L, (C.8)
The main motivation for the monodromy weight filtration is provided in section where it
combines with the Hodge structure in an intricate way into a mixed Hodge structure.
Definition C.5. A triple (V, W;(N), F?) is called a mixed Hodge structure if the graded spaces
Gr; each admit a pure Hodge structure of weight j given by
— P,q Pq _ P ~ T4
p+q=j
where the induced Hodge filtration ]:]I? of Gr; is defined as
FP=(FPOW)/(FPOWEy), Wi=W;eC. (C.10)
Note that the operator NV acts as
NGrj C Grj_y, NHP?CHP LI (C.11)
In other words, it allows us to move down to the lower weight pure Hodge structure.

This concludes our overview of the various Hodge structures that are mentioned throughout the
text. In section [3.3] we already give the full details of how to package the information contained
in the mixed Hodge structure more elegantly in terms of the Deligne splitting, hence we will not
repeat that discussion here.



Appendix D

Calculations of Fyp...ip/n...

We first introduce a shorthand notation for the two-point function
Gz =Gz, %) =2 K5 = K(2,%) (D.1)
and the constrained two-point function
G 1= Gay(21,52) = Gia — DyGg (DgzDojGop) ™~ DojGoa- (D.2)

Finally, we recall the definition

FABA..|MN.A. — G;QI(DIADlB cee )(DQMDQN e )G(l)i (D3)
20=21=22
D.1 One Derivative
First, we have
= = -1
D11Gy3 = D14,G13 — (D1 Dg;Ghp) (Dg; DojGos)  DojGos
20=21 20=21
= = -1
= DyGoz — (Do D5:Gop) (DrDojGos) — DojGoa
= DorGoz — 6]kD0jGO§
=0.
A similar expression holds for DoG;3, hence we conclude the following:
D1Gy3 =DyGi3| =0 (D.4)
20=21 Zo=22

D.2 Two Derivatives

Since we now have to consider the repeated application of the Kéhler-Weil covariant derivative, we
should include the Levi-Civita connection as well, i.e.

DiD;f = DFDJ f —T*,;Dy f, (D.5)
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where by DiK we mean just the Kahler-Weil covariant derivative, without the Levi-Civita connection.
However, from the calculation in section we see that the single derivative term vanishes. Hence
we do not need to include the Levi-Civita connection. We then simply compute:

GooFi

7 = D1iD3;G1s

Z0=21=22

= Dy; - k055 (K13 — Kg3) G13

Z0=21=22

= k01,05;K 3

20=21=29
= r(0;0;K) Gy

= K9i7Gop-

Hence our main result for two derivatives is

Fyj; = Kgi7 (D.6)

Moreover, using this result we may simplify the expression for G(l)i as:
G5 = Gi3 — k7' g7 (DyiGhg) Gy (DojGos), (D.7)

which we will heavily use in the next section. Finally, using the two-derivative result, we note the
following result for the partition function used in chapter

Z = 7" det(D; D;G (20, Z0)) = 7" det (rgi;G(20, Z0)) = k"e™ K (Z0:20) det g (D.8)

D.3 Three Derivatives

As argued in [I], since there is no geometrical quantity associated with three (anti)-holomorphic
indices, we can immediately conclude that the triple derivative terms will vanish.

D.4 Four Derivatives
As we have seen in the text, we are interested in the following four expressions:
Fiwr: Fagur  Fagin Fije- (D.9)

We will dedicate a subsection to each of these terms. We also introduce another shorthand such
that )
GYy = G1s — 9" Hyn, (D.10)

where
Hpn = £~ (Do G1) Gy (DonGoz) = k05 (K15 — Koo) Gy Oon(Koz — Kop)- (D.11)

Note that there cannot be terms of order x* or higher.
Finally, we introduce yet another shorthand

Aom = K0y (K15 — Kog)»  Ano := k0on (Koz — Kog)» A = k01(K13—Ki1),  Agj = ks;(K13—Kas).
(D.12)
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This is helpful for the following two reasons. First, the covariant derivative acting on G35 is easily
expressed in terms of these quantities:

Dy;Gi3 = AiGrs,  DpGiz = —KOK 1 (D.13)

and similarly for the others. Secondly, in the limit z; = 29, both Ay; and Ag; vanish. In particular,
the only non-zero terms will be those where a 85]— acts on Aq; and vice-versa. This observation will
greatly simplify our calculations. In particular, note that

OQJAM = /ﬁéﬁjahf(lg = /ﬁéjaiK = /igl'j. (D.14)

20=%21=2%2 20=%21=2%2

Finally, let us note that, similarly to the discussion for the double derivative case, we should
in principle include the Levi-Civita connection as well. However, this will add terms which are
proportional to triple derivative terms, which vanish according to our discussion in the previous
section. Hence we do not need to include the Levi-Civita connection in our calculations.

GogFyxi(Gr3) = D2iD3;D1x D3G5

20=21=22

= —kD2; D3;D11,(017K17) G5

20=21=22

= —kD2; Dy; [A01pK 11 + 016011 K 1] Gy

20=21=22

= —kDy; [(93;A11) 917K 17) — Ag;01,017K 1) Gz

Zo=21=22

= —k [~K0i K p3(055811) 017K 11) — (92:82;011011K11] Gz

20=21=22

= [H?’&'K 90K + H29z‘jgkl’] Gop-

Hence we find )
Fiyi(Ghz) = K2 gizgur + 1° 910 K O K. (D.15)

Next, we consider the contributions due to Hy,,,. We have

Fij\k[(Hmn) = Kv_lD2iD§jD1kDIZ <A((—)17_2)G1(j . A(()(;LQ)GOQ>

20=21=22
02)

— ! [DQiDijA(()n Goi} : {leDifAélg)Glﬁ}

Z0=21=22

= [Dai(@,A07) G| - [ D111 ALY )G |

20=21=22

=K [321'K2§(525A8?12))Go§] : [81kK1151[A((312)G16}

Z0=21=22

= K> G gkm0i K O K
Contracting with ¢g"™" yields:
gmnFij|kl_(Hﬁ1n) = m?’g]—kaiKél—K, (D.16)

Crucially, we see that this cancels the x® contribution from Gy5. Therefore the final result is

Figwi = 52gijgkl_ (D.17)
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Again, we first consider the contribution from G;3, this is given by

GooF;jjri(Ghz) = D1iD1j Dy DsiGha

20=21=22

= D1;D1; D53 A5G35

20=21=22

= D1 D1 [AgzAg; + D53 A57) G3

Zo=21=22

= D1; [A1j055057 + 01 (A5t Agp) + 01055 857) Gz

Z0=21=22

= [01:01j (D53 857) + 01:01;05;,057] Gz

Z0=21=22

= [*(9:9;1 + 9:19;%) + K0:0;009(K] G-
Hence the complete contribution from G5 is given by

Fyii(Gra) = k00,000 K + £*(9,59,1 + 9;7.9:7) (D.18)
Next, we consider the contributions due to Hyp,. We have

_ _ 10 03
GooFijii(Hmn) = K~ D1iD1j Do Dy; (Aém)Glﬁ A )Goz)

20=21=22

=L [DuDleélrg)Glﬁ] : {DQEDQ[AE)??)GOQ}

20=21=22
=K [(5’11'313'4%?)@6} ' [(521;52#8?3))%2]
= H(@lajémK) (5,;5;8nK)G36

20=21=22

Hence we find
Fijr = # (8:0;0,0iK — (0,0;0mK) g™ (050,00 K)) + 52 (9ir9,7 + 95%9:7)- (D.19)
Lastly, we show that the linear term in « is given by the Riemann tensor. Indeed, we have
0,000 K — (8:0;0m K ) g™ (05070, K ) = 050ig,7 — 9™" (05 9,1) (Digjm)
= 10k (97" Digjm)
= _gniRnikj

= _RiEjZ7

hence we conclude that

Fijjr = —rRigji + 52 (99,1 + 9;%9:0) (D.20)




Appendix E

List of Index Conventions

In the table below we collect the prominent types of indices in this work, what they denote, and
the values that they take. We denote anti-holomorphic indices with a bar, e.g. a.

Indices Used for Runs from 1 to ...
M,N,P,Q Tensor indices on the total manifold Mg, d.
Wy Vs P, O Tensor indices on space-time My 41 d
a,b,c.d Tensor indices on Yp D
I,J,K,L Tensor indices on Mg hbL(Yy)
i,7,k,l,(m,n) Tensor indices on Mg and divisors of M.s: Az?r--inp h31(Yy) or dim M. generally
Monodromy matrices N; and sl(2)-algebra {V;, N:*} number of divisors
Monodromy weight filtration: W; and Gr; 2x number of divisors
Horizontal primitive spaces: P, 2D
o, Components of IT and N by(Ya)
D, q,7,S Hodge structures: HP4, FP 7% and PP? D
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