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Abstract

In this thesis we study the recently proposed conjecture by Cumrum Vafa and Sergio Cecotti, about a
possible solution of the theta problem in QCD as a result of Quantum Gravitational consistency of the
theory in the UV [13] . The authors claim that one might be able to argue that the value of the theta
angle can be fixed for theories corresponding to the Landscape of String theory. They support their
claim by testing the theta angle corresponding to the graviphoton of N' = 2 Supergravity obtained
by type IIB compactification on rigid Calabi-Yau manifolds. They find that indeed for most cases
0 = 0 (only around 50 such manifolds are known). We test the conjecture in a more general context.
More precisely, we investigate the behaviour of the corresponding theta angles for the 4D low energy
theory of type IIB strings compactified on Calabi-Yau threefolds with arbitrary hodge numbers near
the boundaries of the complex structure moduli space. For this task, we employ several tools from
degenerating variations of Hodge structures. Based on the data coming from the SI(2) orbit theorem
we manage to find an electric-magnetic basis for the real threeforms which gives a vanishing theta
angle in the strong coupling limit for every type of one modulus denegeration and enhancement
between these. Moreover we investigate the weak coupling regime where we reproduce the known
behaviour for the large volume-large complex structure point but also find similar expressions for any
type of singular loci. This universal behaviour in each regime provides evidence for the restriction of
the theta angle values due to Quantum Gravitational consistency for the first time since the original
proposal.
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Chapter 1

Introduction

String Theory is a theory of Quantum Gravity in the sense that it incorporates Einstein Gravity
as its low energy limit but also predicts quantum corrections to it. Moreover, it is also a theory
which manages to unify gauge theories with gravity, since its spectrum includes apart from the
graviton, a number of gauge fields, whose gauge groups can be chosen (almost) freely through the
inclusion of extended objects such as D-branes [37]. Another attribute it possesses is the fact that
self-consistency plays a huge role determining several parameters of the theory without the need
of 'fine tuning’, such as the dimension of the spacetime which is fixed to 10. However, due to the
apparent gap between this number of dimensions and our real world, there is a huge freedom of
choice for the remaining dimensions, which results to a huge number of low energy four dimensional
theories since these correspond to the number of vacua one can construct. For many years people
believed that in order to connect String Theory with the experimentally tested characteristics of our
world, such as the Standard Model, one should find an extremely special manifold to compactify
on and all the problems would be solved. Nevertheless, the discovery of dualities between different
String Theories [21], made the search of a special compactification seem hopeless. The new way
of thinking essentially made people believe that in the context of String Theory, any kind of four
dimensional theory can be deduced provided that one makes an adequate choice of parameters and
configurations. This idea leads oneto believe that, for example the cosmological constant problem
could be solved using Weinberg’s anthropic principle [13]. Weinberg supports that out of the plethora
of possible vacua of a quantum gravity theory, the only one that can incorporate the existence of
humans, is the one with the value of cosmological constant we live in. In other words, any value of the
cosmological constant is fine in terms of consistency, but it happens that we live in a universe with
this extremely small value. This idea evidently makes String Theory seem ’useless’, since it looks
like any effective field theory can be produced by some kind of wild compactification and therefore
effective theories seem ’equivalent’ to the full String Theory. Thankfully this turns out not to be
the case. In particular, it is by now known that there are four dimensional effective field theories,
which seem self-consistent (no anomalies for instance) , but which cannot be completed into String
Theory in the UV. It is natural to actually investigate which theories cannot be completed into any
Quantum Gravity theory in the UV, not just String Theory which as mentioned earlier is ’a’ theory
of Quantum Gravity. Then we give the following definition

The Swampland can be defined as the set of (apparently) consistent effective field
theories that cannot be completed into quantum gravity in the ultraviolet [34].
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1.1. Outline

In contrast, the theories which can be completed into QG in the UV correspond to the Landscape of
QG (or String Theory). Evidently, this rather abstract concept gains a meaning only once one can
come up with criteria to distinguish between the two sets. This is one of the tasks of the Swampland
program, namely to understand what general properties QG has and how these reflect to their low
energy effective theories. The tool that is mostly used, is String Theory but also more general
arguments such as some coming from black hole physics are employed. Then the task is to be able
to understand the properties of String Theory well enough, to be able to deduce their effect on the
possible low energy theories, in order to distinguish between the Swampland and the Landscape.
Recent work towards this aim has been made with the formulation of a number of conjectures [31]
which are based on general properties observed.

The problem we put at test in this thesis is the Strong CP or theta angle problem. The issue arises
when one notices that there is CP violating term in the Lagrangian of QCD, which however through
experimental data is restricted to be .., < 107'? without any apparent reason. In other words the
question is why CP symmetry in QCD is not badly violated? We gain our motivation to study the
problem in the context of the Swampland from a recently proposed conjecture by Cumrum Vafa
and Sergio Cecotti [13]. The authors propose that a possible solution to the problem could come by
considering which values of 6 are consistent with QG constraints. In this work we investigate type
IIB compactifications on CY3 near the boundaries of the moduli space using the theory of mixed
Hodge structures. The resulting 4D theories are N/ = 2 Supergravity theories where the vectors from
the vector multiplets and the graviphoton from the gravity multiplet couple through matrices which
depend on the complex structure moduli of C'Y3. The gauge group is U (1)’12’1“. The hypermultiplets
coupling depend on the Kahler structure moduli space which will not interest us. The theta angles
in this model are the corresponding topological couplings of the field strengths which correspond
to the gauge group U(1)"'+1. The task is to find out whether these theta angles have a restricted
behaviour when considered as low energy limits of String theory, or put differently, if QG consistency
dictates a special behaviour.

1.1 Outline

We begin by introducing in chapter 2 in some detail the compactification procedure of type II strings
and their resulting 4D theories. We then proceed with introducing how the theta problem arises in the
QCD context [35]. Next, we give some details about the strategies developed through the Swampland
program[31] regarding the restrictions put on EFTs as a result of String theory compactifications.
Then, we discuss briefly the proposed conjecture and the toy model in which the authors test their
claims [13]. After that, the necessary, for our purposes, mathematics of variation of Hodge structures
is developed in 4. In 5 we compute the theta angles matrices for every type of one modulus and two
moduli limits by suitable choice of basis vectors and demonstrate their behaviour in the strong and
weak coupling regime. Finally we give an outlook of the work and point to new directions for the
future.



Chapter 2

String Theory compactification

2.1 Introduction

We know that in order to describe String theory with fermions and bosons in a consistent way the
strings should propagate in a ten dimensional spacetime !. This inevitably creates a gap between
the theory and our current understanding of our universe, since we believe that the latter is four
dimensional. However the idea of having a more fundamental and higher dimensional theory is
not new. Kaluza and Klein, trying to incorporate in a single theory electromagnetism and General
Relativity, developed a five dimensional model which was supposed to reproduce what was already
known from GR and EM in four dimensions. Their model was not successful but the basic concepts
in the procedure is still used. The general way of thinking is that the extra dimensions can be
considered as some compact space with small enough size that is not detectable yet. In the next
section we will see how this comes about for a higher dimensional field theory.

2.2 Kaluza Klein theory

2.2.1 Dimensional reduction on the circle

Let us start by a 4 + 1 dimensional field theory of gravity g,y with some additional scalars ® where
the total space is My x S' and has coordinates 2. By z*, we denote the Minkowski coordinates
and by y the coordindate on the circle which has radius R. Now assume that the five dimensional
metric can be written as

gun = (g;: Z;L) (2.1)

where V), is some massless vector and ¢ some scalar field. Now, the equations of motion for the 441
dimensional scalar field can be written as

A

Vsb(i) = ... (2.2

IThis requirement comes from the vanishing of the total central charge of the CFT on the worldsheet, which ensures
the absense of Weyl anomaly in the quantum case. This can also be solves with remaining to four dimensions but
considering an additional SCFT for the remaining degrees of freedom. Such approaches are usually called non-critical
string theories and we will not discuss them in this work.



2.2. Kaluza Klein theory

However, since our space is essentially split into to, so will the nabla operator. Therefore, we can
expand @ into eigenfunctions of the nabla operator on the circle as ®(z) = Z o, (x)em% and obtain
n

Vsd(i) =) (V - %22) ®, = ... (2.3)

n

Note that the effect of extra dimension, is viewed by the four dimensional theory simply as producing
massive modes with masses Ig—z. These modes are called Kaluza-Klein modes and the idea is that
since we want the size of the circle to be undetectable sending R — 0 ? makes these modes massive
enough to not be probed in the low energy theory. The issue of whether this is consistent becomes
much more involved for more complicated theories and more complicated spaces and we will give
more details later. The important thing to observe is that what we do is expand our fields into
harmonic functions of the internal space, and then ignore all the massive modes in the low energy
theory. Notice that in this case the field & does not depend on the internal coordinate y. Moreover,
observe that there is a U(1) gauge symmetry on the four dimensional field ®. This is a general
feature of Kaluza-Klein reductions, namely the isometries of the internal manifold are viewed as
gauge symmetries from the four dimensional point of view. This is used many times to build various
gauge theories with a desired gauge group. Next, we focus on reducing a higher dimensional theory
on a general internal compact manifold.

2.2.2 Dimensional reduction on general internal manifold

After giving the most trivial example of dimensional reduction we want to describe the general
procedure one needs to follow. Assume we start from a d + 4 dimensional theory with gravity gasn

and fields ® with action
/dd”i\/—g}?Jr L (2.4)

Next, we expand the higher dimensional fields around their vacuum expectation values, assuming
that they exhibit ’spontaneous compactification’ by which we mean that the metric decomposes as

[17]
- _ (G () 0

and it describes the space M, x M, with coordinates x# and y™ correspondingly. 3. After determining
the vacuum expectation values, we need to expand our fields around them as follows

dun = (Gun) + harw (2.6)
d = (D) + ¢ (2.7)

In order to obtain the four dimensional theory we must substitute these fields in their equations of
motion. Keeping only linear terms and maybe fixing a gauge, these can be written as

QU + O™ = 0 (2.8)

2More precisely, we assume it to be around the planck scale.
3This is not the most general assumption since it is also common to include wrap factors. However for this work
this will not be the case.



Chapter 2. String Theory compactification

where Oy, O, are differential operators of order p (p = 2 for bosons and p = 1 for fermions). We have
generally written the field ¢ as L”V’"_‘j,“ to demonstrate any possible indices it has. Now we must expand
as in the previous example the higher dimensional fields, in terms of the eigenfunctions Y (y) of
the internal operator Oy

() = 3 G () VI () (2.9)

Now we observe as before, that since OzY *™™" " = A\, Y™™ again the eigenvalues of this operator will
correspond in terms of the four dimensional theory to the masses of the resulting fields. The bosonic
fields that we will have at hand in this work, will obey equations of motions where the operators O
will be the V operator. For such operators on compact spaces we know that the eigenvalues scale
as g where S is the size of the compact space [20] and there is only one eigenfunction with zero
eigenvalue, the constant one. In this case ignoring again the 'massive modes’ the only remaining
fields are ¢,,.. which are a result of expanding the full field around harmonic functions Y™ of

the internal manifold. For example a p-form f?p decomposes as

A

B, = BYw;, + Bl jwi, + ...+ ... Byw;, (2.10)

where B,i””“ denotes 4, four dimensional £ forms and w;, denotes i harmonic k-forms. It is
important at this point to highlight again that the consistency when ignoring all the Kaluza-Klein
modes is not guarenteed. The reason is that one needs to replace this expansion in the original
action of the theory. While this is done, it is possible that there are terms which include interactions
between massive and massless modes which do not become small after taking the size of the internal
manifold to become small [19]. The particular way to obtain a consistent truncuation depends on
the case at hand and we will come back to it later.

So far we have only treated bosonic fields. Thereofore, one might wonder what happens with the
fermionic ones. In this case the operator O is the Dirac operator. The number of zero modes for
such an operator for an internal manifold is treated by topological methods such as index theorems.
For the particular case of our interest, namely when the internal space is a Calabi-Yau manifold,
there are only two zero modes, the covariantly constant spinors e, ,e_. We will come back to their
importance later on [19].

The story so far might seem rather convincing and simple. However, it is important to remember
that what we have shown so far only works for field theories. We have assumed that we have a
particular action to integrate over the whole spacetime. Nevertheless, our aim is to compactify a ten
dimensional superstring theory. Thankfully there is a way to obtain a low energy field theory out
of the full string theory by looking at length scales large enough such that the string length is not
important. This will be the topic of the next paragraph.

2.3 Low energy effective action of type II strings

As pointed out earlier, the Kaluza-Klein procedure requires the existence of some field theory action.
In order to derive such an action from the full superstring theory there are several ways to proceed.
First, one must keep in mind that since String theory describes the smallest possible scales (Planck
scale), any field theory action will simply be an approximation of the full String theory. In particular,
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2.3. Low energy effective action of type II strings

we are interested in peturbation in powers of the string scale o’ which is usually taken to be of order of
the Planck scale. The first step is to derive the massless spectrum of the superconformal field theory
on the worldsheet. Depending on the particular choice of conventions this leads to different types of
spacetime supersymmetry. The cases that we will be interested in correspond to N' = 2 spacetime
supersymmetry and the massless spectrum of the closed superstring is given in the following table

Type Masless bosonic spectrum
ITA gun, Ba, ¢, A1, Cj
11B 9gMN, B27 ¢7 CO; 027 A4

We have not given the fermionic modes here since they will not be relevant in the rest of the discussion.
More details can be found in [2]. Notice here that both types have a common part in the massless
spectrum, namely the metric gp;ny the so called NS 2 form By and the dilaton ¢. Type IIA also
contains a one form A; and a threeform C5. In type IIB we find a scalar C usually called the axion,
a two form C5 and a four form A, whose field strength is self dual, meaning that xoF5 = F5. The
rest of the spectrum in both cases contains states whose masses scale as m ~ (0/)’% . These are
evidently extremely massive and an effective description of the theory is not expected to describe

such states. We only want to focus on the massless spectrum. There are now two ways to proceed.

The first way is to write down a Polyakov action for the worldsheet where these fields have some
non zero background configurations. Then one must require that the superconformal invariance,
survives upon quantization since this is actually a gauge symmetry of the worldsheet and it cannot
be broken by quantum corrections. This amounts to require that the beta functions for all the
fields at hand vanish identically. This requirement comes about as an expansion in the o parameter
indeed. The interpretation then is that the equations we obtain will correspond to the equations of
motion of the massless fields. Then one writes down an action which reproduces these equations of
motion. This final action corresponds to the low energy theory of the full string.

The second approach is through scattering amplitudes. The idea is that one can use the vertex
operators which correspond to the superconformal field theory at hand to compute n-point functions.
Then, the task is to find a field theory which reproduces these scattering amplitudes and contains
the same field content. This matching then fixes the spacetime effective action. In particular, to
zeroth order in the o' parameter it is known that the effective description correspond to supergravity
theories. The two methods have been used to derive a correction to the Einstein-Hilbert action in
[27],[28] and they have been shown to match in [20].

The result of this procedure gives us two types of supergravity actions which can be found in [30]

2 1. ~ R ~
Sria :/6_2¢ <—§R x 14+ 2dp N xdop — Z_le VAN *Hg) (2.11)
1 ~ - ~ - 1 ~ A -

where

I:I;g:dgg, FQIdAl, F4:dég—A1Aﬁ3

4This is because o = 2 ~ 612, where /£, is the string length and ¢, the Planck length.

9



Chapter 2. String Theory compactification

and
INVARY U P
Srig = e —§R*1+2d¢/\*d¢— ZHg/\*Hg (213)
1 A . ~ S S .
_ 5\/ (dCoA*dCo+F3/\*F3+§F5/\*F5> (214)
1 A N N
-3 / Ay Ay 1 dCy (2.15)
where

By =dCy — CyHs
Fy =dA, —dBy A C,

We have used a hat symbol to illustrate that these fields are ten dimensional for later convenience.
Once we obtain our low energy effective action, we can proceed and perform the Calabi-Yau com-
pactification.

2.3.1 Why Calabi-Yau?

There are several reasons for which people are motivated to consider that the extra dimensions of our
universe predicted by String Theory, should be Calabi Yau manifolds. A first indication is that we
want our background fields to obey the classical equations of motion. In particular for the metric this
means that the manifolds under consideration should be Ricci flat. This condition is indeed satisfied
by Calabi-Yau manifolds. Another motivation is the surviving number of supercharges in the four
dimensional theory. Ideally, we would like to keep some supersymmetry since we know that this has
nice phenomenological implications and solves some long-lasting problems of the Standard model
such as the hierarchy problem[32] .> Most of the models constructed have A/ = 1 supersymmetry.
However, this is not restrictive enough and therefore relatively hard to work with, that is why many
people usually start working with A/ = 2 supersymmetry and only later break it to N' = 1. It
turns out that N' = 2 theories have small enough amount of supersymmetry to not be completely
trivial, but large enough to allow for convenient treatment. Our motivation is therefore to end up
with A/ = 2 in the four dimensional theory. Recall that we also have A" = 2 in the ten dimensional
Supergravity we start with. The general requirements are given in [0] to be

e The geometry to be of the form M, x Mg, where M, is a maximally symmetric ©
7

e There should be an unbroken supersymmetry in four dimensions.

e The gauge group and fermion spectrum should be realistic.®

5Tn short this problems comes from the fact that between the electroweak scale and the Planck scale there is a huge
window of energy scales which seperates them without any good reason.

6This essentially comes from the observation that our universe is homogeneous and isotropic.

"The main motivation comes from the solutions SUSY provides for issues such as the hierarchy problem which was
already mentioned.

8Evidently, we would like at certain energy scales to be able to reproduce the Standard model.
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2.3. Low energy effective action of type II strings

Let’s consider now that we split the total space as outlined in the previous section in the following
way My = My x Mg, namely we have our usual Minkowski space-time times a six dimensional
manifold. We want the two supercharges in the ten dimensional theory @i,(@: to transform in a
suitable way, such that their four dimensional components also correspond to supercharges. In general
since we have a split space the ten dimensional spinor representation we start with, will decompose
into a direct product of a four dimensional and a six dimensional representation Q1 = Q? ® €.
We would like to have an internal manifold such that under parallel transport the component €? is
not altered. We know that in general this vector is a Spin(6) ~ SU(4) representation. A non-zero
vector ¢ in C* can be written without loss of generality as 1 = (2,0,0,0)T. Therefore, keeping
this vector constant for any kind of path is equivalent to demanding that the holonomy group of
the internal manifold is restrcited to SU(3) [14]. The intuition behind this, should be that for each
supercharge to remain a spinor in the four dimensional theory, it should be unaffected by rotations
of the internal manifold, otherwise its definition would be inconsistent. There is another equivalent
way to argue about why the Holonomy group should be restricted to be SU(3) in [0]. It is well
known that manifolds with such Holonomy are called Calabi-Yau manifolds and their properties are
outlined in the appendix.

2.3.2 Calabi Yau compactification of type ITA supergravity

After briefly motivating the choice of Calabi-Yau manifolds for our six dimensional space we are
ready to perform the dimensional reduction from ten to four dimensions. We will only focus on the
bosonic sector since the fermionic one is fixed by supersymmetry. We will take all the background
values of our fields to be zero, except for the metric which obeys (2.5) As highlighted previously,
the task is to expand the fields in terms of the harmonic forms of the internal manifold. We first
start from the metric. We pick a background hermitian metric for the compact space and consider
the deformations thereof, as explained in the appendix. The intuition should be that we have one
topologically distinct manifold which allows for different kind of extra structures, such as the Kahler
and complex structure. We want to consider all the possible such structures at once. We have the
following expressions

Gap = 0+ 2° (b)

af
Joa = Joa — 10" (W) 4 (2.17)

For the matter part we have

(
3(2) = Ca(w) + A'(2) Awily) + €M (@)aaly) + Eal2) 54 (y)
(

where from the four dimensional perspective A%, A% i = 1,...,h%!, By are one-forms and u’,i =
1,...,h%, z0a=1,... %, b, &4 64, A=0,...,h%" are scalars. On the other hand from the
six dimensional point of view w; is a basis of harmonic (1,1) forms, b, is a basis of (2,1) forms and
a4, 34 is a basis of harmonic 3-forms. The fields are organized into supersymmetry multiplets as

11



Chapter 2. String Theory compactification

shown in the next table

gravity multiplet 1 (g, A°)

vector multiplets | AWD [ (A7 v bY)

hypermultiplets | A1 (za, £, fa> (2.22)
tensor multiplet 1 (B2, o, &9, €0>

The next step is to introduce this decomposition in the low energy effective action, use the properties
of the Calabi-Yau manifold to integrate over the internal space, and obtain an expression for the four
dimensional theory. We will only give the result of this procedure without giving any details which

can be found in [29]. The four dimensional effective action is given by the expression
1 . _
S][A = / |:—§R x1 — gijdtl A *xdt? — huvdqu VAN *dqv (223)
1 I g1 I J
—|—§ Im N F' A *F +§R€N]]F ANF (2.24)

where t = b® + iu’ are the complexified Kahler deformations, Ay, is the sigma model metric for the
hypermultiplets given by

Ruwdq® A xdg® =dp A xd¢ + gapdz® A xdz° (2.25)
+ ? [da + <5Ad§A - §AdéA>} N [da + (éAdgA - fAdéA)] (2.26)
— ? (Im /\/l_l)AB [déA + /\/lAcdfO] N [détB + MBDdSD} (2.27)

where M is defined in the appendix and a is the dual of By which we refer to as an axion and we
have defined F4 = (dA°, dA%).

2.3.3 Calabi Yau compactification of type IIB supergravity

The situation is very similar with the previous chapter except for the matter content. In this case
we have the following decompositions

o(2) = ¢(z) (2.28)
Co(#) = Co() (2.29)
By(#) = By() + bi(x)wily), i=1,...,hY (2.30)
Ca(#) = Cy(x) + ' (x)wily) (2.31)
Ay(&) = D) Awily) + pi(a) A (y) + VA(x) Aaaly) = Uale) ABAy), A=1,... h®Y

where Ds, By, Cy are two forms, V4, Uy are 1-forms and b, p;, ¢ are scalars from the four dimensional
point of view. These fields are arranged in the following multiplets

gravity multiplet 1 (s V)
vector multiplets | h(>1 (Ve z9)
hypermultiplets | R0 [ (07,7, ¢, p;)
tensor multiplet 1 | (B, Cy,0,Ch)

(2.33)

12



2.3. Low energy effective action of type II strings

Notice that we did not mention all the fields in the previous table. The reason is that the self duality
of the field strength imposes conditions which leaves only a few independent fields. We choose them
to be p; and V4. The resulting action is given by the following expression

Sip = / [—%R * 1+ %ReMKLFK ANFE 4 %ImMKLFK A xFE (2.34)
—Gapdz® N *dZ" — hpd@ A xdq?] (2.35)
where
Ppgd@® A *dq? =gi;dt" A xdt’ — dp A xdg (2.36)
- ijg—“j (dps — Kiac"db) A (dp; — Kjpnc™db") (2.37)
—2Ke*g;; (dc' — Codb') A (dc? — Codb’) — %IC@Q‘%ZCO A xdCy (2.38)
—%@2¢~(dh1 = b'dp;) A * (dhy — Vdp;) (2.30)
—e**Dh N\ xDh
with 1
Dh = dhy + ldhy + (' — 1b') dp; — SKiwc'cldb* (2.40)

and we have dualized the two forms Cs, B; into the scalars hy, ho. The symbols K, KC;;, are explained
in the appendix. Moreover we have defined F4 = dV4.

2.3.4 Consistency of Calabi-Yau compactification

In the previous section we argued that in order for the truncuation of the massive modes to be
consistent, one must take the volume of the internal manifold to be small enough such that these
modes are not probed in the energy scales we are interested in. To be more precise, the idea is to
impose the equations of motion into the original action and then find a way to isolate the y dependend
terms and integrate them out®. If this is not possible either because this splitting is not possible or
because higher derivative terms arise, the truncuation is not consistent. This procedure is however
not practical for Calabi-Yau compactification since one would need to know the internal metric,
which is generally not known for arbitrary CY spaces. That is for general type II compactifications
on C'Y3 more involved arguments are developed in the litarature to ensure consistency [16]. A final
remark follows. We mentioned earlier that in order to neglect the massive modes, one must take the
volume of the manifold to be small enough, more precisely we take it to be around the Planck scale.
However there is an additional source of corrections one needs to take care of. The expressions for the
effective action derived above, are only valid when the supergravity limit of String theory is a good
approximation. This requires that the momenta we have at hand are sufficiently bounded, or in other
words, when the characteristic length of the internal manifold is large enough. When this is not the
case, o corrections become important as well as instanton corrections [5]. This seems to contradict
with the requirement for consistent truncuation. One must be very careful with the assumptions and
the involved energy scales upon compactification. More specifically we have to consider Calabi-Yau
manifolds whose ‘average radius’ [y fullfills 110 <ly < Vo , where p is the characteristic momentum

9This should be also done in the supersymmetry transformations otherwise massless modes become massive and
vice versa.
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Chapter 2. String Theory compactification

of the lower-dimensional fields. This ensures that we do not get higher derivatives corrections to our
supergravity approximation and on the mean time that our energy scale is not enough to probe any
Kaluza Klein massive modes. More details can be found in [30].

2.4 Mirror symmetry and quantum corrections

Looking closely at the previously derived relations, one can get a first feeling for a hidden symmetry.
It seems like somehow there should be a way to obtain the same low energy effective action com-
pactifying on two different Calabi-Yau manifolds, provided that their complex structure and Kahler
structure are reversed. This is because one can observe that in type IIB for instance, the vectors in
the vector multiple couple through the matrices M which is the same matrix involved in the cou-
plings of the hypermultiplets of the type ITA action. Also if one looks at the other way around, the
triple intersections numbers are involved in the coupling of the hypermultiplets of type IIB theory,
and they appear again in the coupling of the vectors in the vector multiplet of type IIA through the
matrix N. The task of the next section will be to make this observation more precise.

Mirror symmetry is a deep mathematical result connecting pairs of Calabi-Yau manifolds. The
rough idea is that for each Calabi-Yau manifold C'Y5 with a certain complex and Kahler structure,
there is a mirror manifold C'Y'3 whose complex and Kahler structure are reversed. The first strong
indications came from the papers [23],[3] (and others). In the first paper the existence of the duality
from the String theory point of vie w (superconformal field theory on the worldsheet) is almost
trivial to observe. In the second paper the authors construct the mirror of the quintic threefold
and they show that the duality holds when one looks at the large volume-large complex structure
point of the pair. This property of Calabi-Yau manifolds is not proven yet, it remains a conjecture,
however many mirror paris are constructed and the community if very confident about the validity
of the conjecture. Our interest will be mostly be in the formulation of mirror symmetry in physics.
This states that there exist two kinds of topologically distinct Calabi-Yau manifolds C'Y3,CY'5 with
exchanged hodge numbers ' (CY3) < h2'(CY3) such that the resulting SCFTS are equivalent.
The result of this statement is that indeed compactifying type ITA on C'Y3 gives the same low energy
theory as compactifying type IIB on C'Y5. The particular mapping of fields of one action to the
other can be found in [5]. This symmetry (even if yet remains a conjecture) can be very useful in
calculating quantum corrections of our low energy effective theories by alternating between type 1B
and type IIA expressions '°. For example, we know that the field which dictates the loop expansion
of string amplitudes is the dilaton, which in the type IIB case sits in the N = 2 hypermultiplet.
Moreover we know that the moduli space of Calabi Yau manifolds locally splits into M9 x MES,
Since the hypermultiplet couples through expressions on M % these will not give loop corrections
to the vector multiplets couplings. The o' corrections as mentioned earlier are controlled by the
Kahler moduli which are related to the volume of C'Y3 and they also sit in the hypermultiplet in type
IIB case. Therefore the vector multiplets coupling dictated by M is classically excact while M
receives both @' and g, corrections . On the other hand in type ITA the Kahler moduli sit in the
vector multiplet and therefore give ' corrections to M S while the dilaton sits on the hypermultiplet

10Recall that from the previous discussion, in order for both low energy theories to be consistent, we must be near
the large volume-large complex structure point on the corresponding moduli spaces.

14



2.4. Mirror symmetry and quantum corrections

resulting in g, corrections to M*S. This fact can be used to compute M o-corrections for type
ITA vector multiplets couplings, using the mirror picture in type IIB which is excact [35].

15



Chapter 3

Theta angle and the Swampland

3.1 Strong CP problem

The strong CP problem (or otherwise called theta problem) in QCD is one of the puzzles of theoretical
physics, sometimes argued to be the most underated one [10]. The issue arises from the fact that
there is a mismatch between an aspect of the theory which is believed to explain strong interactions,
QCD, and experimental observations. In particular the QCD action in the limit of massless quarks
takes the form

Socp = iz /Tr{F AxF}  F=dA+i[A Al with Ae€su(3)®Q (M. (3.1)
g

To be more precise, A is an SU(3) gauge field taking values in the Lie algebra of su(3) and F is the
corresponding field strength and the star symbol is the usual Hodge-star operator. However, it is by
now known that there are certain allowed configurations for the gauge fields (instantons) such that
an additional term of the following form contributes

Sy = 32(; / Te{F A F}. (3.2)

This is a topological term and gives rise to time invariance violation (the hodge star in the
previous term protects T invariance). At this step, the Standard model has a saying, since it is
strongly believed that CPT symmetry, meaning charge conjugation, parity and time reversal, is a
symmetry of all interactions in nature. Therefore, the theta term violates CP symmetry. From the
QCD perspective there is no good argument to fix the value of theta, however experimentally it is
observed to be extremelly small, in particular .., < 107 [I]. This roughly constitutes the strong
CP problem of the Standard model. There is a big number of proposed solutions but none of them
has been verified yet, therefore this constitutes one of the puzzles that Physics beyond the Standard
Model has to tackle.

Let us briefly dive into the details of how such a term comes about in the context of QCD. It
is known that the QCD Lagrangian for N flavours, in the limit of vanishing quark masses, has a
global U(N)y x U(N) 4 symmetry. Now, since m,, mq < Agcp, where m,,, mg are the up and down
quark masses while Agep is the cut-off scale beyond which one cannot trust the theory, it is natural
to expect that this global symmetry mentioned earlier should hold true at least approximately.
However, experimentally one finds that while the vector symmetry is indeed a good approximation
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3.1. Strong CP problem

symmetry, the axial one is broken spontaneously. This problem was called by Weinberg as the U(1) 4
problem, suggesting that there is no such symmetry in the strong interactions. The answer to this
question originally came from t’ Hooft, who realised that the solution should be found to the more
complicated structure of the vacuum of QCD [12]. This vacuum structure is closely related to the 6
angle mentioned earlier. Therefore, the solution to the U(1)4 problem induces a new problem into
the theory, namely that since this term is violating time reversal symmetry, QCD ends up violating
CP symmetry. However, since as mentioned before, the value of the theta angle is extremelly small,
CP is not badly violated. Let us now quantify what we said before in order to see how the violating
term comes about. One should start with the axial current JL' associated with U(1) 4. We know that
there is a chiral anomaly, namely that quantum corrections prohibits the symmetry from surviving
quantization. This is demonstrated by considering the current divergence

¢*N
3272

0ty = o5 Fi(F,) (3-3)

where F:fy = %ewagF 8 This divergence effectively introduces the following term in the action

2 2
9N [ 4 g°N
_ KM — K* A
ow 39, d*z0, 39, /dau (3.4)
where
KH = GHQBVAGQ |:Fa67 — %fabcAbﬂAc'y} (35)

Now, depending on the boundary conditions one chooces to use, this integral might be non zero. The
most general ones, correspond to assuming that the gauge field must be gauge equivalent of zero,
translate to vanishing of the field strength at the boundary. Let’s investigate for simplicity the case
where the gauge group is SU(2). Demanding that A is a pure gauge means that

1 -
A=Ay = 'vigo (3.6)
g

where 7% are the Pauli matrices, 2 € SU(2) and we work in the A? gauge where the zeroth component
of the gauge field vanishes. Such configurations are classified by maps from the boundary, which
can be assumed to be S3 to the gauge group, which is SU(2) ~ S? in this case. The effect of
their existence, is that they effectively add an additional term in the Lagrangian of QCD which is
proportional to the theta angle as follows

2
g 4 VI
Seﬁ‘[A] = SQCD[A] + 8327}'2 /d (L‘Ff Faw, (37)
where
[
Ly = 03271'2 F(f Fawj. (3.8)

The interpretation of this term is that one should not assume necessarily that in the vacuum the
gauge field is zero, and therefore expand the path integral around this configuration to obtain the
quantum corrections. The full vacuum structure also requires settings where there is a non-trivial
configuration to expand around. These correspond to non-perturbative effects of the quantum theory
and they are extremely important for the full description of the physics involved.
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Chapter 3. Theta angle and the Swampland

To summarise, one should keep in mind that the theta angle in QCD, is naturally generated, when
one wants to get rid of the U(1)4 problem related to axial current conservation. Then the puzzle
consists of the fact that its value cannot be predicted by any theoretical arguments. There are several
approaches developed to explain this phenomenon such as the introduction of new particles but none
of them has been verified experimentally yet and therefore the problem remains open [35].

3.2 The swampland program

The new line of thought about QG developed through the Swampland program introduces several
new lines of work for the physics community. Evidently, a first step must be the determination
of the rules behind the separation of the Swampland and the Landscape. This task requires a
better understanding on the implications that QG theories impose on their low energy counterparts.
After understanding these general properties one should formulate them ,at first, as conjectures
which should hold true for every low energy theory. There is a number of conjectures already
stated which vastly differ in terms of their validity and rigour as well as the importance in terms of
implications they impose. An equally important task is to provide evidence (or even prove) in as
general as possible context or to discard them by finding counter examples. The usual way to test
the conjectures is by studying the already known possible vacua that one can produce through String
Theory compactifications. The issue is that these vacua have different levels of rigour which prohibits
some of them from being trustable ’experimental’ checks for the conjectures [34]. For instance, there
are vacua of the full string worldhseet description, where one picks a simple manifold for the compact
space which are called string derived. These vacua can be fully trusted when one wants to test general
properties of the low energy theories. On the contrary, there are vacua which are valid only after
specifying a number of assumptions which are called string inspired. These latter ones provide weaker
arguments since they are not enough rigorous to be fully trusted. A different line of work is using
generally known QG properties such as its holographic nature to determine the effect on EFTs. This
approach is much stronger in theoretical terms but the explicit derivations are not as clear as in the
context of string theory. Given these ideas, one might argue that the Swampland program can be
summarized in the following tasks

e Understand the fundamental properties of QG and determine their imprints on their EFTs.

e Construct the correct criteria to determine which theories belong to the Swampland in the form
of conjectures.

e Test the criteria in as general context as possible, preferably through general QG arguments
(not just string theory).

e Apply these criteria to already known problems of EFTs (such as the Standard Model) and
determine which ones can be accepted as part of the Landscape

Let’s see now how Quantum Gravity consistency can effect an apparently acceptable QFT. We
start from class of QFTs with a cutoff scale Agrpr. Then we want to couple these to gravity, with
finite gravitational strength given by a finite value of M,. The effect of the coupling to gravity should
be that the theory has to be modified (for example by introducing new particles), at some energy
scale we call Agyamp. The idea is that if the theory is not modified at that scale, then one will not
be able to complete it into a QG theory in the UV. Now, depending on the specifics of the QFT, the
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3.2. The swampland program

relation between the different energy scales we refer to, might change. For instance if Agyamp < Agrr
then the theory is not modified at all, but in case Agyamp > Agrr then the theory is strongly affecting
by the coupling to gravity. Lastly, it is also possible that Agyqemp ends up being smaller than any
energy scale of the theory, a situation which hints that the QFT is in the Swampland. These cases
are summarised in figure 3.1 .

Energy Scale

Figure 3.1: The figure demonstrates how different energy scales are present when one couples a QF T
to gravity [34].

The conclusion we would like to highlight is that this new way of thinking can push the work of
people working on the field in a number of directions. A first task, which has already drawn a lot
of attention, is coming up with the correct universal properties of Quantum Gravity, which will lead
to the essential conjectures about the low energy theories which correspond to the Swampland. For
this task, the most fruitful context so far has been the properties of String Theory, but general QG
arguments such as ones from the holographic nature of it or black holes are used. Another line of
work should be the test of the already existing conjectures in the most rigorous and precise possible
way. To state only a few, the Swampland distance conjecture, the Weak gravity conjecture and the
de Sitter conjecture have already been tested in a quite big extend already. Finally, once the rules of
the game to determine which theories belong to the Swampland and which belong to the Landscape
are well set, the next step is to apply them in the already known low energy theories in order get a
better connection to experimental evidence as well. This phenomenological interest is one of the most
important hopes of the program, since any Quantum Gravity corrections which are relevant around
the Planck scale are far away from the energies that experimentalists can produce. However, the
Swampland program might work as a connection between QG and low energy physics experiments
without the neccesity of studying processes around the Planck scale.

For the purposes in this work in particular, we would like to find some evidence for the value of the
theta angle in relation to the ability of QCD to be a low energy limit of String Theory. In particular,
we would like to test a recently proposed conjecture by Vafa and Cecotti [13] ,where the authors
claim that the value of # might be fixed from QG consistency, in a more general context. Before
that, we investigate their proposal in more detail.
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Chapter 3. Theta angle and the Swampland

3.3 The Vafa-Cecotti proposal

As stated in the previous section, up to now there are no strong arguments for fixing the theta angle
of QCD to a certain value due to consistency reasons. Let us now introduce the problem by looking
at how an action of our world would look like and whether we can say anything about how much it
should be constrained. More precisely, in the IR limit, the only massless fields in our world are the
graviton g,, and the photon A, (low energy limit does not allow for any other type of interactions).
Here, the photon is simply a U(1) gauge field, and the IR lagrangian is given by !

1 1
SIR:/V_Q(éR_Zl_eQF/\*F_’_ F/\F> (39)

3272

Notice that usually the topological term for a U(1) gauge theory vanishes(since we usually work
in Minkowski), but for a general gravitational background, there might be some configuration in
which this is not the case. The question now is to determine the restrictions that would exist for the
coupling and the theta angle, if this action was considered as the low energy effective action of a full
QG theory in the UV. To do so, we first define the parameter which controls the possible theories of

the above form as P
+ = (3.10)

s e2

Note that the theory enjoys an SL(2, Z) electric-magnetic duality transformation of the form

T

ar +b

T —
ct +d

(3.11)

where ad —bc =1 and a, b, c,d € Z. The choice of a particular 7 physically corresponds to fixing an
electric-magnetic frame, i.e. specifying which fields are seen as electric or magnetic. In order to have
a frame-invariant object to speak about, one defines the inequivalent actions to be parametrized by
the modular function

G(T) = q '+ 744 + chq" q=¢e"" ¢, €L (3.12)

n>1

Then the space of all possible actions is P!. On the other hand, a general feature of quantum gravity
theories, which is also formulated as a conjecture in [341] is that low energy effective theories which
complete to QG in the UV, can not have free parameters. In particular it is expected that all the
parameters correspond either to v.e.v. of light fields or to v.e.v of massive fields in the UV theory
which however do not appear in the effective description and thus give a frozen v.e.v. The set of
permitted actions from a QG perspective can then be called S and we are interested in determining
S C PL. In order to determine this set, we need a QG ’lab’ where we can test what possible types
of theories such as (3.9) one can produce in this context. The authors in [13] argue that the real
world action given in (3.9) is quite hard to be reproduced in the context of String Theory, therefore
they test a simpler problem, that of N' = 2 Supergravity. More precisely, in the long wavelength
limit this system also has a graviton g¢,, and a U(1) gauge field, which is the superpartner of the
graviton, called the graviphoton 2. A natural 'lab’ to check the restrictions that this theory should
have, is type IIB string theory compactified on Calabi Yau threefold. In that context, if one picks a
rigid Calabi-Yau manifold for the compact space (no complex structure deformations), then there is

!The cosmological constant is set to zero for simplicity.
2Here the fermionic sector is ignored.
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3.3. The Vata-Cecotti proposal

no vector multiplet (since the scalars in the vector multiplets correspond to moduli fields of complex
structure deformations) ®. Then the only gauge field is the graviphoton and the coupling 7 must be
a field dependent complex number depending on the particular choice of the internal space. More
precisely, for such a Calabi Yau manifold X, one has dim(H?(X,Z)) = 2 and there is always an
integral basis of 3-cycles 71, 72 such that we obtain the following decomposition on the Poincare dual
homology basis

A choice of such a basis fixes the electric-magnetic frame, resulting to the following expressions for
the coupling
[.Q
V2

f 7 Q
where (2 is the unique holomorphic threeform of the CY. Given these data, the authors now argue
that using a mathematical conjecture, and testing all the cases of about 50 known rigid CY manifolds,
the value of the theta angle is in most of them 0 and only in a handful of them 7. Even if only
in one of these cases the theta angle was zero it would still be very impressive since it would mean
that out of all allowed universes in terms of QG consistency, we simply live in one these universes
where § = 0. These values for the theta angle physically correspond to theories which preserve time
reversal symmetry (and therefore CP symmetry). After these indications they proceed to argue that
probably this is the case for all rigid CY manifolds (which are expected to be finite in number). Their
conclusion is that if our world was fully described by N = 2 Supergravity without vector multiplets,
then the theta angle would have a frozen value to 0 or 7 enjoying time reversal symmetry explained
only by QG consistency.

T=—

(3.14)

In this project our aim is to investigate whether this conjecture can be tested in a more general
context. In particular we will consider general Calabi Yau manifolds (with general complex and
Kahler structure) and see whether QG consistency dictates any special values for the corresponding
‘theta angle’ of the resulting low energy theory. Evidently, there is a huge gap between restricting
the theta angle to this context, and to saying something about our real world. However, this work
should be seen more like a new way of thinking for generally determining properties of effective field
theories, than actually fully solving the theta problem.

3The details about why this is the case can be found in 2.
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Variation of Hodge structures

Our aim in this section is to introduce in a physicists-friendly way, the most central tools that we will
need for our work, related to VHS. The context in which we work is type IIB compactification on a
CYj3. In particular, we are interested in the moduli space of complex structure deformations, which
in terms of physics in 4D, represents the scalars in the vector multiplets of N' = 2 Supergravity. It
has been shown in the past that smooth variation of Hodge structure on Calabi Yau manifolds are
in one to one correspondence with A/ = 2 supergravity in four dimensions [12]. The geometric data
of the moduli space provides us with the couplings of these vectors.

Before introducing the mathematical machinery of VHS it is important to clarify the geometric
meaning of what one calls moduli space of C'Y3. As the name suggests, it is related to the following
problem: I have a class of objects X; and some kind of equivalence relation between them C'. I am
interested in the space 1" that parametrizes the class of objects that I have modulo some equivalence
relation I want to impose. If I manage to specify the space T' I will end up with some kind of ’fiber
bundle’” with base T" where at each point over ¢ € T I will have a class of equivalent objects X;.
For our purposes the class of objects will be Calabi Yau manifolds with fixed topology (fixed hodge
numbers), the equivalence relation will be the complex structure and the space of parameters is the
moduli space of complex structures. Recalling the definition of complex manifolds, one remembers
that they are defined as spaces which look locally like C™, where on overlaps the transition functions
are holomorphic. The choice of transition functions and charts fixes the complex structure. Now
if one decides to give a different complex strucure on the same topological space, but there is a
biholomorphic map between the transition functions of the two choices, then one says that these
spaces as complex manifolds are equivalent. Note that two manifolds can be diffeomorphic as real
manifolds but still be equipped with inequivalent complex structures. It turns out that there is a
manifold parametrizing these different possible complex structures which is finite dimensional and of
Special Kahler type. Moreover, it has been constantly observed that these spaces exhibit singularities
and it is these singularities which highlight the interesting physics of the theory.

In most areas of physics, if not all, it is usually customary to work with spaces which are smooth.
When this is not the case we know that many ambiguities appear as for example the description of
black holes in General Relativity. The striking difference of String Theory is that it encorporates
a consistent description of spaces with singularities. Some of the most striking examples are the
existence of orbifold singularities which lead to smooth string S-matrix or the conifold singularity
[41]. This second one is actually a singularity in the moduli space, which is a result of a mistreatment
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of the low energy effective action and can be resolved by keeping the correct degrees of freedom during
the Kaluza Klein reduction. These observations motivate people to study further the structure of
theories resulting from String Theory, near such singularities. The VHS is an effort towards this
direction.

4.1 Monodromy and period map

As mentioned in the introduction our aim is to explore the consequences of having a singularity in
our moduli space. We are working in the complex structure moduli space which is a Kédhler manifold
with Kéhler potential *

K(z,2) = —log {i /Y3 QAN Q} = —log [ill"nz7117] (4.1)

In the last step we have chosen a certain real integral basis v7,Z = 1,...,2h%! + 2 for H3(CY3,Z)
such that

QO =1y, 127 = —/ Tz NVg (4.2)
CYs

In this context the vectors IIZ are called the periods of Q and they are shown to be holomorphic
functions of the complex structure moduli space. The assignement to each point in the moduli
space, of a period vector, is essentially what mathematicians call a period map. Moreover, 1z is
antisymmetirc and can be used to obtain a symplectic inner product on the space of threeforms as
follows
S(U,w)ES(V,W):VTnWE—/ vAw (4.3)
CYs
where u,w € H3(CY3,Z) and u,w are their coefficients in the chosen basis. This product is called
symplectic since the transformations of the group which preserves the structure is Sp(2h*! + 2, R)
meaning that
M™nM =n, M €Sp (2n*' +2,R) (4.4)

and therefore

S(v,w)=S(Mv, Mw) (4.5)

The way that singularities occur, is when one takes certain limits in the moduli space which makes
the Calabi-Yau manifold singular. This can be done for example as one shrinks some cycle to zero
length and a cartoon representation is given in figure 4.1. The lines in the figure correspond to
the points in the moduli space where singularities emerge, and are called discriminant loci. It is a
known result in mathematics that these loci, appear on divisors of the manifold and moreover these
divisors can be made to intersect normally. This is of technical importance such that the rest of the
formulation works but otherwise we will not be too much concerned about it. These lines, which
as mentioned correspond to divisors, will be called Ay, r = Ak, U... U Ay, where by this symbol
we refer to actually [ simultaneously intersecting divisors. The interest part now comes when one
considers a rotation of the period vector along these divisors. Since these correspond to singularities,
it turns out that the vectors IT ? are multivalued, which means that after a full rotation around a

'For more details about complex geometry consider A,B.2.
2By bold here we refer to the components of the monodromy matrix under the chosen basis.
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Figure 4.1: Pictorial representaiton of degenerating manifolds appearing as one moves along dis-
criminant loci on the moduli space [24]

divisor they change, through a transformation which we call monodromy. More precisely we have
the following expression encircling the k-th divisor A, by sending ¥ — e?7izF 3

(..., 2, ) =T, 'TI(...,2"..)) (4.6)

We have also introduced coordinates on the moduli space as in the appendix, such that the loci
A; are located at 2* = 0 for i € {1,...,h*'}. Now, these matrices turn out to have some very
interesting properties. First, monodromy matrices of different loci commute, namely [T}, 7] = 0
for loci A, A;. Second they are quasi-unipotent which means that there are some integers n,m
such that (77" —Id)™"" = 0. This allows us to define the logarithm of these matrices which will

be nilpotent as follows N, = mLklog (T;"*) = log (T k(u)> where T,gu) is the unipotent part of the

monodromy matrix. This definition ensures that there is an integer ny such that N}’ #t1 — 0. This
fact is very important and will play a major role to what comes next. To make our life easy we can
perform suitable rescalings on our coordinates to get rid of the integer m and always have unipotent
monodromy matrices *. Finally collecting all the different monodromy matrices for all possible loci
one forms the monodromy group I' which preserves the 7 pairing since I' C Sp (2h%! + 2, R).

4.2 Nilpotent orbits

In the previous section we introduced the main actors of our story and now we want to see how these
behave when we move to discriminant loci. More precisely, we want to ask the question whether
approaching the previously mentioned divisors, there is a simple (or at least simpler) expression for
the period vectors in terms of the coordinates of the moduli space. We already know that a general
expression of IT for the whole moduli space is extremely complicated, however the answer to the
previous question turns out to be positive. We want a local approximation therefore we have to
specify a particular patch to consider called £ such that

£ = (D*)" x D' e (4.7)

3The inverse appears depending on whether one wants to act on the vectors or on the basis therefore it is simply
a convention.

4This rescaling hides some types of singularities. We will not be concerned with this case, more details can be
found in [24].
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where D* is a punctured disc and D is a unit disc. The point under consideration is located ”on the
puncture” and it is evident that we are actually considering ng discriminant divisors A;,7 = 1,..., ne.
Our approximation will be valid as long as we are near these divisors but away from any other
additional ones. On this patch, the coordinates can be decomposed as the ones we intend to put the
divisors on, and the rest which do not play a major role as follows z/ = (zi, K ) where the divisors
are located at 2* = 0,7 =1,...,ne. Given these assumptions the Nilpotent orbit theorem proved by
Schmid give the following expression for the period vectors

_TLE

II(z,() = exp Z —% (log 27) Nj] A(z,(Q) (4.8)

e

= exp Z —thj] A (€2ﬂit, C) (4.9)

Lj=1

where A(z,() is a holomorphic function of z,¢ and we have made the following redefinition °

. . . 1 )
t=a +iy = — log 2’ 4.10
T+ 1y 9 og z ( )
But since A(z, () is a holomorphic function it admits the following series expansion
A(2,¢) = ap(¢) +a;(Q)27 +a;(Q)27 2 + ajm(Q)z7 2™ + ... (4.11)
where each ag,a;,... are holomorphic functions of the remaining coordinates ¢. At this point the

nilpotent orbit theorem comes to establish that the periods in the limit z* — 0 or ¢ — ico are well
approximated by [9]

IT,; = exp [Z —% (log zj) Nj] ap(¢) = exp [Z —tJNj] ay(Q) (4.12)

This approximation is good as long the remaining exponential terms from the expansion of A become
small enough. More precisely the terms we ignore are

I(t,¢) = exp [Z —thj] (ao(¢) +0 (¢*™)) (4.13)

(. s

~
nilpotent orbit IT,;

A first observation we can make from the above theorem is that the information about the
behaviour of the periods and therefore the behaviour of € is encoded in the log monodromy matrices
N;. In the next section we will make this observation more specific.

4.3 Hodge filtrations

In the previous section the nilpotent orbit seemed to hint that there is a crucial role to be played
in our description by the matrices N;. Let us quantify this statement. Recall from A that the third
cohomology group for complex manifold with fixed complex structure can be decomposed as

H?(CY3,C) = H**® H*' @ H"* ® H*? (4.14)

5This change of coordinates corresponds to putting the degenerating loci at t* — i00. Then we can think of these
locations as the boundaries of the moduli space.
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This decomposition is called a pure Hodge structure of weight 3 ¢. However, one expects this
decomposition to be altered when one changes the complex structure. That is indeed the case,
namely moving in the moduli space results in changing the notion of what (2,1) or (3,0) form means.
This can easily be seen by the formula of Kodaira which gives the variation of the holomorphic (3,0)
form as in (B.2) where we observe that a (3,0) form becomes a combination of (3,0) and (2,1) forms.
This motivates the definition of the following spaces

F? =m0 (4.15)
F? = g3 ¢ g*! (4.16)
F'=mo > o H'? (4.17)
FO — HS,O @ H2,1 @ H1,2 EB HO,?) (418)

The elements of these spaces are all holomorphic functions of the moduli space coordinates z'. It is
now possible to introduce a connection on this space, in order to determine how they vary as one
moves in M?!. One choice is a flat connection which is known as Gauss-Manin connection and it
has the property V;EFP C FP~!. For the special case of Calabi Yau threefolds it is known that all the
elements of the higher F’s can be obtained by taking appropriate derivatives of elements of the lower
F’s. This means that one can start from the highest one, where the holomorphic threeform €2 is the
only element, and by taking derivatives span the rest of the spaces. This is very useful because we
already have a well approximated expression for 2 given by the nilpotent orbit and we can work as
follows
0, Orj

Hnﬂ — NiHnil — NiNanﬂ — ... (419)
However, if one observes carefully the expressions for the nilpotent orbit, it is clear that the above
expressions diverge once we take the limits #* — ico. Nevertheless, it has been shown that it is
possible to capture the different types of singularities by forgetting about the divergent prefactor
and focusing only on the action of the log monodromy matrices to the vectors ay as follows

ag — N;ag — NiNjaO — ... (420)

Given the previous observations we want now to be more precise and introduce the objects that
will play the major role in the rest of the discussion. Our aim will be to come up with a structure
in a neighbourhood very close to the degenerating loci and to see how we can incorporate the
importance of the matrices V; in this structure. Let V be a rational vector space and Vo =V @ C
its complexification. A pure Hodge structure of weight w on this vector space provides the following
decomposition

Vo=H""oH " Mg, . oHW oHWw (4.21)

with subspaces satisfying H?? = FP? N F? with p + ¢ = w. Given this decomposition we can define
the Hodge filtration as FP = @;>,H"" " satistying

Voe=F'D>F'> ... DF" 1D FY=H"" (4.22)

such that HP? = FP N F9. The decomposition into H?? and the Hodge filtration are equivalent and
they define a pure Hodge structure on V¢ of weight w. A polarized pure Hodge structure has the

5The interested reader might want to take a look at [15] for a detailed introduction to Hodge structures.
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additional property of being equipped with a bilinear form S(-,-) on V¢ such that

S(HPI,H) =0 forp#s,q#r (4.23)
iP715(v,v) >0 for u # 0,u € HP? (4.24)
We now want to include the nilpotent matrices N into the game. We define [ 1] the monodromy

weight filtration W; to be the unique filtration of V'
W_i=0CWoCWi C... C Woyo1 CTWoy=V (4.25)
such that the following properties hold true
o NW; C Wi
e N’ :Gryy; — Gry_j is an isomorphism , with Gr = W,;/W,_,

These properties can be shown to fully determine the filtration. We can combine all the above into
what is called a mixed Hodge structure given by the data (V,W(N), F'). The defining property of
this structure is that the spaces Gr; admit an induced Hodge filtration

FPGr§ = (FPnW7) / (FPnW() (4.26)
with Gr;[-j = Gr; ® C and WE =W; ® C. More precisely, we have

Gri= @ M, H"" = F'Gr; N FiGr;, (4.27)

p+q=j

meaning that the F? induce a pure hodge structure of weight w on the Gr;. Taking into account
how N acts on F? we have NGr; C Grj_ and NHP? C HP~141. However, our aim is to extract the
behaviour of the filtrations, once we approach the singular loci. To do so we consider the following
limit (the notation is schematic but hopefully obvious)

F? (4.28)

ti—ioco

k
FP (A7) = lim exp [— ZtiNi
i=1

where by A} we mean the interesection of excactly k divisors, in a region away from any other divisor.
It turns out that the expression defined above is well behaved, and only depends (in a smooth way)
on the h*! — k remaining coordinates on the moduli space not send to infinity.

We know have all the data to define a more useful splitting once one wants to focus on the singular
loci of the moduli space. This splitting is called the Deligne splitting and is defined as

P4 — Fg N Wi N <Fg NWpig + Z Fg_j N Wp+q_j_1> (4.29)
j=>1

What we effectively do is to replace the information encoded in the objects (F&,>". N;) 7 by IP4.
The above definition might not seem handy at first glance, but the usefulness lies on the fact that it

7 At this point the choice of the nilpotent matrix for a multivariable degenerating locus with respect to each nilpotent
matrix for each variable might seem ambiguous. However it turns out that any choice among the ), a; N; with a; > 0
is equally good and gives the same filtration.
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is the unique filtration satisfying the relations ®

R=fr:, wm=g r, ri=1"md @ I (4.30)

r>p s p+q<l r<q,s<p

The Deligne splitting 79 satisfies some nice properties. Firstly, it indeed provides with a splitting
of 3-forms for the Calabi Yau manifold.

3
H*(CY3,C) = P 1" (4.31)

p+q=0

Moreover the nilpotent matrix acts on them in the following way
NP c prhat (4.32)

This is a very important fact because it means that starting from the highest /79 we can not generate
all the lowest weight spaces by acting with N. In contrast, there are subspaces which are not in the
image of N, these are called primitive parts and are defined as

PP4 = [P9 N ker NPH02 (4.33)

which obviously means that all the information about the splitting is encoded in these spaces. More
precisely we have the further decomposition of the Deligne splitting into primitive subspaces

17 = @) Ni(preiat) (4.34)

>0

Another important fact that will be handy later on is that these spaces obey certain orthogonal-
ity relations, coming from the fact that only top forms can be integrated and any other integral
automatically vanishes

S (PP, N'P*) =0forp+qg=r+s=1+3and (p,q) # (s,7) (4.35)
"5 (v, NP*77%5) > 0 for v € PP9,v # 0. (4.36)

Before proceeding to the next chapter regarding the Sl orbit theorem let us summarise what
we have done so far. We want to study the moduli space of complex structure deformations. It
has been proven that is problem is identical with studying the different filtrations occuring as one
moves in this moduli space.” Our interest lies on what happens when we approach a point lying
on a degenerating locus (or multiple loci). For that purpose we collect the information lying on
the limiting filtration and the nilpotent matrix N associated with the monodromy on the desired
locus, to obtain the Deligne splitting. Evidently, this splitting crucially depends on the point under
consideration, meaning that for instance by moving from a single locus to a multiple loci we expect a
different adequate Deligne splitting. This procedure will be further discussed later when we introduce
the enhancements of singularities.

8Pay attention in the last property. This essentially means that the subspaces are not ’symmetric’ under complex
conjugation, there is a dependence on all the lower subspaces. This feature is not pleasant and we will make particular
effort in the next section to get rid of it.

9This identification is called the Torelli problem in general but specifically holds for Calabi-Yau manifolds [33].
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4.4 Sl(2) orbit theorem

It should be clear by now that the nilpotent orbit theorem together with the Deligne splitting
give us very useful tools to study the singular points of the complex structure deformation moduli
space. However, it turns out that there is some further structure one can use to investigate these
properties. The first important point of the SI(2) orbit theorem is that it provides us with a better
approximation of the period vectors where the corrections are suppressed as a power law and not
exponentially, however with the cost of path dependence. Moreover it gives us a recipe to construct
a Deligne splitting which is R-split. This property means that complex conjugation of some subspace
does not depend on the rest of the subspaces with smaller weight and therefore 74 = [9? for all p, g.

Let us now see how the theorem is established. The situation is the same as before, we consider
ne intersecting divisors 4;, i = 1,...,ne with monodromy logarithms N;, ¢ = 1,...ng with an
ordering Ny, ..., N,, and everything will depend on this ordering. For different orderings one just
has to rearrange things. Given this data the SI(2) orbit theorem states, that there are associated
s[(2,C); commuting algebras acting on the period vectors [9]. Each of these algebras is generated
by three elements (N;”, N;",Y;) which satisfy the usual sl commutation relations [Y;, Nﬂ = +2NF
and [N;“, Ni_} =Y;. These triples are pairwise commuting, meaning that each operator in the i-th
triple commutes with any other in the j-th triple. This is a crucial feature as we will later see when
we discuss the different types of singularity enhancements. In order to get more comfortable with
these operators, one can think of them like lowering,raising and eigenvalue operators. The theorem
then states that the vectors ag can be decomposed into eigenspaces of one of these operators. This
will become more precise later though. In order for this action to be established though, since the
period vectors are representations of the sp(2h%! + 2) we also need a Lie algreba homomorphism
associated with each triple

p.  EPsl(2,C); — sp (20> +2,C). (4.37)

The central statement of the theorem, is that one can replace the data coming from (N, ag) with
(N~,ag) such that it is N~ that is part of the sl(2) triple and the new vector ay = e ‘e “aq
decomposes under the action of the triple into subspaces. The theorem also states that this new
vector, obtained after the action with these special matrices (,d can be used to define a new type of
filtration F' = eS¢ ®F such that the Deligne splitting obtained from the data (F , N;") denoted as

P9 satisfies the relation [pa = [97 making it R — split. The splitting provided by the data F N,
is called the SI(2) splitting of (F,W). The new splitting is decomposed into eigenspaces of Y(;) as

Y [P (A7 ) = (p+q=3)"(AY ) (4.38)

where Y(;) = Y1 + ... +Y; and IP(A° ) is the one associated to the intersection loci AS ,. More
details about how these are constructed can be found in the appendix D, in this work we will assume
that the procedure is already done and we have the SI(2) split already at hand. Observe here that
the above relation tells us that we essentially get a very nice decomposition of the 3-Cohomology
provided by the eigenspaces of the Y operators as following

H (Y3, R) =PV (= (b,....0) (4.39)
le&
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where [; € {0,...,6} are integers representing the eigenvalues of Y{3) = Y7 + ... 4+ Y} meaning
vy € V'[ — Yv(k)l)zz (& — 3) Vg (440)

Above, by £ we have denoted the possible vectors ¢ which consist of the eigenvalues of the operators
(Y, Yi2), . .. Y(5)) with associated eigenspaces V. This decomposition is quite remarkable, since now
one manages to decompose the cohomology elements into independent vector spaces that one can
imagine as spins. In particular these spaces satisfy the following relations

dim Vy = dim V;_; (4.41)
(Vi Vi) =0 unless £+7=06 (4.42)
where we denote 6 = (6, . ..,6).

The first of the above relations provides us with an identification between basis vectors of V; and
Vz_r- The second one is an orthogonality relation between these vector spaces which will be very
much used later. Both these properties hint that these eigenspaces can be properly identified with a
real symplectic basis for the complex structure moduli space as in (B.17). An important caveat at
this point is the vector spaces under consideration, are real vector spaces but we know that ag is a
complex vector. The statement we make is that ag will live in one of the complexified versions of
these spaces and only the real and imaginary parts lie in the original spaces, more precisely

fo € V3, 70C (4.43)

where later we will specify what is the significance of d.

As promised earlier, the SI(2)-orbit theorem apart from the very nice decomposition that it pro-
vides us with, it also gives an approximation of the period vector which is valid up to exponential
suppressed terms. This approximation is called the SI(2) orbit and is given by the following expres-
sion

Msiz) (y, ¢) = e &0(C) (4.44)
where t* = 2* + iy* and ¢ denotels the 1"est1 of the coordinates not taken to inifinity. The orbit is a
good approximation as long as 5—2, el y:,n ,y" — oo and x' = 0. A first observation we can make

here is that the validity of the approximation only holds once one specifies a particular path. In
other words, the order under which each modulus goes to infinity, is chosen to be the same order one
choses for the nilpotent matrix /N(; and only then the approximation is correct. If one wishes to pick
another path then the above expression must be suitably changed by rearranging the fields ;. The
second observation is that it seems arbitrary to set all 2 to zero and one might expect that switching
them on might be essential. However one can recall from the physical interpretation of coordinates
that they correspond to scalars in the vector multiplets of the N = 2 four dimensional theory. In
the mirror picture they will be mapped to the coordinates of the Kahler moduli fields. But the real
parts of them b* can be interpreted as axions, since the gauge invariance of the NS — NS two form
induces a shift symmetry on them !°. Therefore setting a2’ to zero is a sensible thing to do if one
looks on how this translates under mirror symmetry. Moreover from now on, due to this property
and general supersymmetry arguments we will refer to Re(#’) as axions and Im(#?) as saxions. This is
justified if one looks at the scalars of the superfield formulation of N'= 2 SUSY. We will investigate
the dependence on the axions in the next section.

19T be more precise, in the classical picture the constants are real but quantum corrections break the symmetry
to integer shifts.
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4.5 Welil operator and axion dependence

In this section we want to study the asymptotic behaviour of the Hodge star operator. Most of
the ideas presented here follow the line of thought developed in [25]. As one moves in the complex
structure moduli space we expect the Hodge star operator to change as well and our aim would
be obtain a some kind of simplification for its action just like before, when we move towards a
degenerating locus. This is a very important task because as we know the expressions for the real
and imaginary parts of M depend on it as one observes from the appendix B. Let us make a
quick recap on how the hodge-star operator looks like for a smooth geometry. We have the usual
decomposition

H?(CY3,C) = H¥ @ H>' @ H"? & H%® (4.45)

Away from singular points we know that the action of the hodge-star is xuP? = (—1)P~ %P9 for
uP? € HP4. It turns out that that using the nilpotent orbit theorem, the expression for the hodge
norm of a general element of v € H3(C'Y3, C) can be approximated as

ol = /Y VAR = (Coy, ) + O(e2) (4.46)

where C,; is called the Weil operator provided by the data of the nilpotent orbit theorem and by
bold symbols we refer to the components of the chosen element in the integral basis we mentioned
earlier. Moreover, by manipulating the results of the nilpotent orbit theorem, we can isolate the
axion dependence ! of the above expression, by defining the following new Weil operator [J]

Cnil(ta C) = e¢iNiénil€_¢iNia CA111i1 = C’nil (¢Z = 0) (447>
Given the above definition and also defining p(u,¢) = e *Yiy 12 we can obtain an expression to
approximate the hodge norm, valid up to exponentially suppressed corrections and all the axion
dependence captured by p(u, ¢)

ol = /Y v A %7 = (Coap, p) + O (4.48)

The next natural step to make, is to check what kind of approximation we obtain from the other
theorem we discussed, the SI(2)-orbit theorem. We expect again that the expressions will be valid
approximations up to terms suppressed as power law. The important part of the expression is the
fact that the power law suppression is strongly related to the components that the element u has in
the eigenspaces V; of the operators Y(;). In particular we have that if u = ) 7 . v’ then the hodge
norm is given by

) ) Sl 01—3 Sﬁil lh_1—3 s )
Jul NHU||51(2):Z(S_2) ( ; ) ()" lloe (w, DI (4.49)

Sn

—

et

this approximation is valid where we have also introduced the notation ||u|||« = (Csu, u) which gives
C the interpretation of Weil operator at the the singular point (not just near it). This operator

"1 Erom now one we will give the symbol ¢ for axions and s for saxions.
12Recall at this point that since N; are elements of sp(2h%! + 2) then e~ *Mi is an element of Sp(2h%! + 2 and
therefore it does not change the symplectic pairing.
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gives us a nice orthogonoality property between V; of different weight, which originates from the fact
that we can only integrate top forms

(O Vi Vi) =0, for7# 0 (4.50)
Moreover recalling (4.41) we conclude that
Coo 1 Vi Vo g (4.51)

An important remark here is again that in order to obtain the SI(2) approximation one has to
determine a path to approach the limiting point, or otherwise said, a growth sector given by

. . . 31 sﬁfl N .
Rm...ﬁ:{tj=¢]+isjl—2>7,..., - >7,3”>%¢]<5} (4.52)
S s™
with v > 1. Then the terms we drop are corrections which vary as power law s'/s"™!. We can
summarise the different types of approximations and regimes of validity in the next table
Regime of Asymptotic Strict asymptotic At boundary
validity: s' large Ri..;, with v > 1 st = 00
Approx. Hodge-operator: Chan Ca2) Coo
Corrections dropped: drop O (ez”“j> drop sub-leading S% -polys | ' -independent

Before closing this chapter let us recap on the main results, because they will be later heavily used
in our ’theta-angle’ analysis. We managed to obtain a simplified expression for the norm of our
cohomology vectors in different validity regimes, representing different kinds of approximations as
one moves towards the bounary point. Moreover, at the boundary point we observe that a new
structure emerges, as we also saw in the previous chapter, since the cohomology decomposes into
vector spaces orthogonal to each other, and to which one can act with ’creation’ (N*) ’annihilation’
(N~) operators and represent eigenspaces of different eigenvalue under Y's. Moreover, we managed to
isolate the dependence of the axions in our expressions. We also obtain an approximation of the norms
at the boundary points, where the expressions are moduli-independnt. However, reestablishing them
corresponds to looking at points not at the boundary but slightly away from it. This will be crucial
later, because we know that at the boundary the effective description of our theory can not be trusted
anymore and therefore we can not use it to deduce any general features of the consistency of the
low energy theory with quantum gravity. This is connected with the swampland distance conjecture
which states that at infinite distances, an infinite tower of massless states emerges, invalidating the
effective description of String Theory. We will come back to this point later.

4.6 Singularity classification

In this chapter the aim will be to classify the possible ways that a Calabi Yau threefold can degener-
ate based on [31]. It turns out that there is only a finite number of ways that this can be done and
also there are only a few operations one needs to make in order to characterize the degenerations.
As pointed out earlier, the basic structure of the singularity is encoded in the Hodge-Deligne decom-
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position. The dimension of these subspaces can be used to construct a so called Deligne diamond

Z'3,3
2'3,2 Z'2,3
7;3,1 Z‘2,2 il’S
>0 ! ih? i3 dimg 1P = P9 (4.53)
Z'2,0 Z’l,l ’iO’Q
2'1,0 Z’O,l
;0,0

Then the first type of classification comes from the possible Deligne diamonds that one can write
down. The possibilities are the ones that obey the following properties

3

hP3—P — Z P p=20,...,3 (4.54)
q=0

P4 = P = 37932 for all p, g (4.55)

Ll < P9 for p g < 3 (4.56)

These properties are true for general variations of hodge structures, however for our purposes Calabi-
Yau threefolds are our only interest. We know from the appendix A that these have h3° = 1. This
gives us four possible cases i>¢ = 1 for d = 0,1,2,3. These four cases label the different types of
degenerations and they are labeled by a latin letter correspondingly as IILIII,IV,V. Moreover, due
to symmetry properties of the diamonds we have only two independent numbers on each diamonds,
namely 73!, i%? which we depict as follows for example in the case d = 3

1 L
0 0
0 i2’2 0 d;‘ d d:!
1 g2l 21 1 ~ d=i*?d =i*! (4.57)
0 i2? 0
0 0
1

Actually, even these two numbers are not independent, since they satisfy i>! 4+ i%? = h?! and then
the diagramms can be classified as liz2, 1159, 11159, IVi22, Vi22. However, this is not the whole story,
there is a further classification of the types of singularities related to the properties of the nilpotent
matrix N. We are not going to focus on these properties here though, therefore the interested reader
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can find details in [24]. The classification is given in the following table.

singularity type | Hodge-Deligne diamond

11, (4.58)

I1I,

IVq

4.7 Singularity enhancement patterns

The classification given in the previous section is general for any number of degenerating loci. How-
ever a natural question arises from the intuition of singularities getting 'worse’. What happens if one
moves from a singular locus to a more complicating degeneration? Are there any restrictions on the
types of singularities in such patterns?

To answer these questions we investigate a situation such as the one in 4.1 but the results are valid
for any kind of degeneration pattern. Moreover we assume that on the locus A; the singularity is of
type Type,(A1). The problem at hand is to specify what can Type, (A12) be when we move to Ajs.
The possible enhancements will be denoted by an arrow as follows

Type, (A1) = Type, (A1) (4.59)

The conditions under which this is possible are rigorously given in [31]. Here we will only give the
final criteria but not prove them. More details can also be found in the appendix C. The analysis
for the possibility of any enhancements crucially depends on the primitive parts Deligne splitting
as defined in (4.33). As mentioned earlier these spaces encode the whole information about the
decomposition and we can write any Hodge-Deligne diamond as expressed in terms of these spaces
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as follows

P33
P32 p23
p3il P22 g N P33 pl3
P30 P21 @ N p3? P2 @ N p*3 pPos (4.60)
NP3l N P22 g N2p33 NPL3
N2p32 N2 P23
N3 p3.3

Then the primitive subspaces are

pb — p3.3 P5 — p32g p23

pt— ]33,1’69 P22 @ Pl3 P3 — p30g p2l g pl2 g pos (4.61)
The crucial feature of these spaces in relation to the enhancements is that each P/ with j =3,...,6

defines a pure Hodge structure of weight j. Now, in order to investigate what kind of primitive spaces
are probed when we move to a more complicated locus, the idea is to start from these pure Hodge
structures which split into a mixed Hodge structure. Therefore the picture one should have in mind
is the following '

PI(A) — [P (Ap) with0<p+q<2j (4.62)
Then the question is whether we can reassemble the spaces I”? to form a diamond of a certain type.
If that is the case then the enhancement is possible. A particular example of how this is tested is
given in the appendix C. The results of this analysis are given in the following table

starting singularity type  enhance singularity type

I; fora <a

I, IT; for a < l;, a < h?!
11, for a < é,a < h*!
IV; for a < ci,a < h?!

11, IT; for b <b (4.63)
II; for 2 <b< ¢+ 2
IV for1<b<d-—1

I11. III; for c < ¢
IVjforc+2< d
AV IV;ford <d

There are several remarks to make here. First we notice that the singularity type as we move to
more complicated loci, can only get 'worse’, we can only go to higher types of degeneration through
consecutive enhancements which fits ones intuition. Another point to make is that these results
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are not geometric. This means that the rules we obtain about possible types of singularity and
enhancements thereof do not guarantee us that there is a geometric situation where they occur.
Everything is derived using abstract algebraic methods and actually it is not currently known if
every one of these can occur for some Calabi-Yau threefold. In some sense one might argue that
testing our claims for all these cases might be overcounting, since at the end of the day we want
to speak about what happens for geometric situations. However, the machinery is so powerful and
gives us such great simplification tools that any possible overcounting is not an issue.
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Chapter 5

Computation of Re M

5.1 One modulus case general analysis

In this chapter we want to develop a general analysis for obtaining a basis of states of certain
eigenvalue under the action of the Y operator of the s[(2, C) triple on H3(C'Y3). To do so we will use
some general facts about representation theory [39]. Firstly, we recall that given an sl(2, C)-algebra
with generators {N~,Y, N*} every (finite dimensional) irreducible representation is isomorphic to a
vector space generated by a highest weight vector a?™, defined by demanding that (N~)” aP™ £ 0
while (N7)P™ a#+4 = 0 and its images under N~. In other words the irreducible representation can
be written as

spang {al+4,N—al+4, o (N‘)l&’+4} (5.1)

A general representation of this s[(2,C) -algebra is then given by a direct sum of irreducible rep-
resentations. Therefore it suffices to specify a set of highest weight vectors to fix a representation
of the sl(2, C)-algebra. The highest weight vectors essentially correspond to what was before called
primitive cohomology elements PP? in the Hodge-Deligne diamond. In order to construct our basis
we will assume that we have at hand some highest weight vectors spanning these primitive parts,
and then everything else can be obtained by consecutive actions with the lowering operator N™.
Moreover,we have the following polarization conditions for limiting mixed hodge structures

S (PP, N'P*)=0 forp+qg=r+s=1+3and (p,q) # (s,7) (5.2)
i"79S (v, NP*9790) > 0 for v e PP v #0

We start by assuming the existence of highest weight states d’,gjw, where k,, denotes that we probably
have multiple highest weight states of the same weight m. Then the following set of vectors span the
eigenspace of Y with eigenvalue labeled by m !
m \dimV,, __ —\a ~m+2a
{ul Yo = {(N7)%ag >y (5.4)
Using the commutation relation of the algebra one can indeed show that these are subspaces of fixed

eigenvalue under Y. These are just general facts for any representation. However, in our discussion
we want to make contact with the information obtained by the limiting mixed hodge structure theory.

n this expression we pick the first vectors to correspond to highest weight ones, which means that for j,, =
1,...,k, we have highest weight vectors, and the rest are non-primitive ones.
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For that reason recall that the space of threeforms is decomposed in the following way into primitive
and non-primitive parts

P33
P32 p23
p3il P22 g N P33 pl3
J= P2l @ N P32 PL2 g N P23 Po3 (5.5)
N P31 NP22 @ N2 P33 N pL3
N2p32 N2p23
N3 P33

This is very helpful because the possible weights for the basis vectors are evident from the decompo-
sition. However, our upshot is to contstruct a real symplectic basis for the real cohomology group,
namely for H3(CY3,R) thus we need real vector spaces. Then, the decomposition will have the
following data

H*(CY3, R @ Vi, Vin = spang {(N")"a"***} (5.6)

Now we want to identify these basis vectors with real forms a7, 37 I,J = 0,...,h%" such that

(B.17) is satisfied. More details about the interpretation of this basis can be found in appendix B.2
and in [11]. To do so we start by identifying first the a; in the following way 2*

{ar}izo,. n2n = (W} s ® Re{(N7)°a) '} (5.7)

By the real and imaginary parts of these spaces, we mean that for the vectors with eigenvalue 3,
we chose as the eigenspace the one given by the (p,q) decomposition above. Then for example one

highest weight vector of weight 3 which is identified with a; is “3’0;““0’3 and one non primitive vector
Na324+Na?3

of the same weight is . The reason is that otherwise we can not comply with the symplectic
pairing given by (B.17). Then, we chose the 37 such that (B.17) is satisfied taking into account how
these equations translate to (5.2). This gives the following identification

{87} =0, = {ul Y50 s © Tm{ (N 7) a7} (58)

Note that the normalization of these vectors is not automatically satisfied, one needs to include minus
signs in a case by case analysis in order to achieve that. The important fact is that essentially we
have the following decomposition

Hg(cyév R) = Vheavy ¥ Re ‘/;‘est ¥ Im ‘/rest ® ‘/light (59)
M Pe

2We pick the identification such that the first elements correspond to primitive vectors and the rest to non primitive.
3Note that at this point there is no difference in chosing o or 8 to be the heavy vectors. However the different
choices will correspond to different physics, once we introduce saxion dependence later on.
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5.1. One modulus case general analysis

where by heavy we mean m > 3, by light m < 3 and by rest m = 3. The reason for which we must
treat the V,.s separately lies on (4.41). This shows us that in order for (B.17) to be satisfied, one
needs simply to pick all the a in Vjeq0y and then 8 will be in V;4,+ automatically. This is not the case
for V,.s; though since the inner product of elements in this subspace does not vanish automatically.
The ambiguity comes when one considers the highest weight states of weight three. The rest of the
vectors in V. which are non-primitive, do not give extra restrictions because one can use the fact
that (., N.) = —(N.,.) to connect their inner products, with the ones corresponding to elements in
Vheavy and Vjigne. For example for u, w € spang(N~a;) we have

(u,w) = (N~a;, N~aj) = —((N~)%a;, a) (5.10)
which does not give an extra condition indeed.

The next step is to consider the Hodge norms approximations. We will begin by considering the
approximation valid at the boundary point, where the corresponding Weil operator is given by C.
Looking again at (4.51) we obtain the following relations

(ui" ,Cou? ) =0 for m#n (5.11)

J
(Wl Coot? ) = ks 8, (5.12)

m,6—m
These statements are obvious if one does not consider elements in V., since the action of Cg is
such, that only inner products between elements with the same weight are non-zero. Therefore it
essentially sends all 5 to a and the other way around. The V.., case is special and one must be more
careful since both a and S lie there. However, there is again a decoupling and the reason is that
since C, operator is used to define a positive definitive norm as in (4.49) it must map the previously
defined real part of the V,.s to the imaginary part and the other way around as we can also infer
from (5.2).

Let us explain this a bit further with an example. Take u = “pqgﬂ with aP? € PP p+q = 3.
Evidently, u belongs to V,..s;. We would like to know to which vector this is mapped under the action
of Cy. The only information we know is that ||v|||cc = (v,Cov) > 0. Moreover from (5.2) we can
write

PP aP? apd) > 0 (5.13)

and
(aP?, Coa®?) > 0. (5.14)

We know use the fact that we have an R-split filtration such that IP¢ = [9? and make the identifi-
cation
CopaP? = iPg%P (5.15)

. Combining these results we finally conclude that

= —(a”? — a?? 5.16
o = ) (5.16)
which verified that indeed C,, maps « vectors into § and vice versa. The normalization factors

are not important for this argument. At this point we would like the reader to appreciate the
importance of the R-splitness of the decomposition. If this tool was not available, then taking the
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Chapter 5. Computation of Re M

complex conjugate of a vector a”? would generate a number of vectors of lower weight as we can see
from (4.30). The issue is that in that context, these vectors would not be identified with a specific
a or  making the computations harder. In the R-split case C, indeed maps between basis vectors
identified with the symplectic basis.

Finally the hodge norm approximations at the boundary point are given by the following expres-
e 4
sions

/51 A+B7 = (uf wolly ) = k0 O (5.17)

/Oq AxB7 = (U, Coul ) =0 (5.18)

These equations also hold for the V.4 case based on the previous arguments.

We now want to slightly move away from the boundary point through introducing the approxima-
tion e?N Coe N for the Weil operator and later by introducing saxion dependence. The highest
weight state basis is very helpful in this task because the lowering operator acts on it canonically.
Moreover, the weight 3 primitive vectors vanish as N~ acts on them which is also useful as we later
see. The idea here is take advantage of the way that N~ behaves in the inner product in order to
obtain the following expression for u,v € H3(CY3, R)

(u,e®™ Cooe™ ) = (7N u, Cooe™ N ) (5.19)

This action can then be seen as a basis rotation and we have the following expression with the new
Weil operator approximation

lm

ut = €7¢N {( )adza+2a} _ f (_¢) um72lm (520)

Jm lml Im—2lm
™m=0

*¢>N

where [,,,, depends on each particular vector considered. Moreover, due to the fact that the action
of N~ on any vector, can only produce vectors of lower weight which are non primitive, in the
expression above not all the possible vectors in the lower subspaces are enhanced. We demonstrate
this fact by labeling the rotated vectors with red indices. More precisely we have that 7, o, =
k-1, - .., dim Vg, . Using this expression, which is identical also for the V41, vectors, we obtain
the following expressions

[ 8 nwp? =t e ) =

maxvlmaa: ( ¢)l"+l" / (521)

D o A Ol ,‘2”3 )
(Im)1m)!

; Zln
nn =0

4From now on we will use the symbol n for values corresponding to 3, and m for values corresponding to .
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5.2. Two moduli general case

Moreover we also have °

Im? In

/a; A*B7 = (e Ny Cooe™ N 0 ) =

I el

max)

Bee | e (5.22)
( ¢) < m—2" C un—2l">

i —gym 3 Wiy
lm%::() (lm)|(ln)| 21 21

To conclude which terms are non-zero in the above expression, one must see what kind of vectors of
the lower subspaces are enhanced and then match their inner products based on (5.11)-(5.12). The
idea is that we know how C, acts on our initial basis and since the new basis is written as a linear
combination of the old basis we can write everything in terms of the right hand side of elemets as
the one in (5.12). However there is an additional issue here. Due to the way we defined the basis
vectors for V,..q and the identification with the elements of the sympletic basis, one needs for each
Hodge-Deligne diamond to see how the previously defined inner products are related, in order to
conclude which terms vanish and which do not. The reason for that caveat is the fact that the basis
of V,es is not a natural image of actions of higher weight spaces and primitive vectors of weight 3,
we have mixed such terms into the identifications with the «, § basis.

We will not demonstrate a general expression for the theta angle matrix here because we believe
that the expression will look messy. In contrast, after giving the extention of this procedure to two
moduli, we proceed with considering particular examples to demonstrate our technique explicitly.

5.2 Two moduli general case

For two moduli fields sent to infinity we have at hand two copies of the s[(2, C) algebra. This means
that we will be working with the simulteneous eigenspaces of the operators Y{;), Y{2). As before, given
highest weight vectors &ann we can form the following spaces, which will be eigenspaces of Y(y), Y(2)
at the same time

Vinn = {u,7 Mo 5 = {(ND)* (N ) a2 oy (5.23)

jm,n jm,nzl - km+2a,n+2a+2b

We can make the following identifications

{ar}izo.mea = (U] Hmss ® Re({(N)*(Ny ) a7 20y (5.24)

Jm,n k342a,342a+2b

Then by demanding that the symplectic pairing is satisfied, as in the one modulis case, we obtain
the following identification for 57

{87} 520,21 = {u])" Himes @ Im({(N7)*(Ny )’y 2300 (5.25)

T, k342a,3+2a+2b

Then taking into account the way that N, , N, act, namely

N7VeCVp, 0=yl b =2,y —2) (5.26)

5An important remark to make here is that the allowed values for ™, I" are determined by the specific Hodge-
Deligne diamond that one has at hand.
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Chapter 5. Computation of Re M

for n moduli taken to infinity, we obtain similar relations with the one modulus case ¢

/ ar AxpB? = (7N Ul Cog(e N Ul ) = (5.27)
ZWA}AX’ZTMAXZZK}AXJ?{AX (_¢ )lm+lm( ¢2)ln+ln

m)1(]
Again the particular terms that survive, depend on the types of vector spaces we have at hand as

before, which additionally here depend on the possible enhancements that are allowed. However, as
before, only non-primitive vectors are enhanced through the action of the lowering operators.

m—20" n—2m—2|™ =2 f—2]™ 2|
< jrnf‘zlm,anln COO ]m 21 j 21 > (528)

One modulus example : type IV  We first show the procedure for one degenerating modulus in
the IV case. The only data we will need about the type of degeneration is the corresponding Hodge-
Deligne diamond. From this diamond we can read off the corresponding spaces V; based on their

d
d’ d

eigenvalues under Y which are just the height of each element in the diamond. The dots represent
the positions where the dimension of the corresponding subspace is non zero. The letters correspond
to the dimensions of these subspaces and where there is no letter the dimension is 1. Moreover for
the above diamond we have d +d = h*!,1 < d < m. We read off the following subspaces

Ve = spanc{ap} dim(Vg) =1 (5.29)
Vi = P?**(N7) @ spanc{N ap} dim(Vy) = (5.30)
Vi =P3N") dim(V3) = 2d (5.31)
Vy = PYY(N™) @ spang((N7)%a) dim(V) = d (5.32)
Vo = spanc{(N")%a,} dim(Vp) =1 (5.33)

At this point we already assume that we have made the required steps to obtain an R-split decom-
position such that 77 = [9P. Therefore all but V3 automatically admit real bases. More precisely
we write *

P*? = spang{e®} (5.34)
NP?*? = spang{e?} i=1,...d (5.35)
N?P33 = spang{e}} i=1,...d (5.36)
(5.37)

N3P33 = spang {e®}

6By hat indices we refer to vectors identified with 3 and the indices without hat refer to a.
"We assume that we have done the procedure outlined previously in the general analysis to obtain a basis coming
from highest weight states, and then we simply write this basis in a nicer notation.
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5.2. Two moduli general case

As for V3 we will write down a basis for the real part as e2, m =1,...d and for the imaginary

part asel, m=1,... d". Then the decomposition of the real threeforms according to (5.6) is
H3(CY3,R) = Ve @V @ Re(Vs) @ Im(V3) @ Vo @ V) (5.38)

Given this decomposition we can now make the following identifications for the real symplectic basis
ar, 7 such that (B.17)

2,1
ap ~ €’ al,...ad“:ef, adt? " e

2,1
B~ el 61,...5‘”1:6?, g2 g~

SODISOD

—
ot
e~
(==}

~—

Recall that both the identifications we make and the particular choice of basis for the subspaces
is at our hands. The only requirement is that (B.17) is satisfied. This means that we can always
make suitable rescalings and permutations as long as these equations remain valid. The next step
is to calculate the terms involving the Hodge-star operator. We will start from the theory at the
boundary where there is no ¢ or s dependence and the valid approximation is C, and then introduce
the axion dependence through alternating to the operator e*NC.e~?" and later through introducing
saxion dependence as well. Recall from (4.51) that C, : V; — Vs_,. We will rearrange our basis such
that this operator maps vectors with the same index, for example we chose our basis such that

Coel = Ee?,  Cooe? = ke

u (5.41)

3
m
One can check that once this choice is made the identification of the symplectic basis gives us

/ ar AxB7 =0, B Axp7 = diag(...) (5.42)
CYs CYs

Looking again at equations (B.24)-(B.26) we conclude that at the boundary point the 'would be’
Im M is diagonal giving Re M = 0. Recall that the zero in the right hand side is true up to corrections
which get suppressed once we set all the moduli fields to infinity. The usage of the words 'would be’
is made because exactly at the boundary point the effective theory is not valid and these integrals
lose their physical meaning. This is due to the fact that at infinite distances, there are towers of
state which become massless invalidating the effective theory description . Recall that in order to
obtain the 4D theory in chapter 3 we ignored all the massive KK modes by making the volume of the
internal manifold small enough. However moving infinite distance in the complex structure moduli
space, produces states whose masses are small enough to be probed. This procedure is investigated
by the Swampland distance conjecture, for which one might find details in [24],[34]. In order to
retain the 4D physics, we must slightly move away from the boundary point. This is done by the
introduction of the axions as we said earlier. First we need to see how N~ maps between subspaces.
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Chapter 5. Computation of Re M

In the chosen basis, we have ®

<
<

1|d|d]|d] adl1 1| dl|d]|d]|dl|1
t{oflofolo]lo0]oO t{olololofo]o
d|sslo[olo][0]0 dlofofofolo]o
N-=|d|ololojo[o]o |, (N°)?)=|d|o]o]o]o|o][O |, (5.43)
dlofolojo]o]o0 dlolololo|o]o
dlof[1[olo] 0o dléal 0l0]0]0]0
t{ofolof[o]d:]0 1 6110 0[0]0
1|d|d|d]|dl|1
1{ojofof[o]o0]0
dlojo[ofolo]0
(N)¥=] d]olo[o]o]o]O (5.44)
dlolofo]olo]o
dlofo[o]olo]0
1{1{ofofofo]0
Then we conclude that since e Y =1 — ¢N~ + %2(]\/_)2 — %3(]\[_)3, we have
1 d |d|d]| da |1
1] 1 0 [o]lo] 0 o
dl—¢sn| 1 [0]0] 0 |0
e = d]| 0 0 [1]0] 0 |0 (5.45)
d|l 0o 0 [o[1] 0 [0
d| Zon | —e1]0o]o] 1 o
1] -2 [Zs]0]0] 001

Inserting these into the new definition of the Weil operator is equivalent to rotating our chosen basis.
Therefore the new basis vectors are

, 2 ¢3
e¥ =eb — gey + —ep — —eq (5.46)
2 6
2
e = el —geh+ 56051'1 (5.47)
e =en (5.48)
el = el (5.49)
e = e} — deodi (5.50)
e =¢° (5.51)

8Each row and each line in the following matrices is (1,d, d,,d/, d,1) dimensional following the decomposition of
real threeforms. This notation will be used in the rest of the thesis.
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5.2. Two moduli general case

We now compute the inner products between «, 5 on this new basis

/ OZ[/\*ﬁJ =
CY3

CY3

/ /

BIA*BJ:

1d|d|d d 1
110lo]o 6,1  kos
d{0]0]0]0 ¢k§45¢j+%25¢15j1 %2k065i1
dlololo]o 0 0
d 0 0 0
d 0 0 0
1 0 0 0

1dld| d d 1

1/ofo]o 0 0 0

dlof[o]o0 0 0 0

dlololo 0 0 0

d[0]0]0[kRdm,| O 0

0[0]0 0 ky40i5 | Pkosdin

1 O 0 O O ¢k065j1 k06

(5.52)

(5.53)

Note that due to the identification of the real basis, the first matrix has components only on the top
right and low left side and the second one only in the low right side. We only show the elements
that will be important in the calculation of Re M here. Given this computation we then have from

(B.24)-(B.26)

1
ReM;; = (/ Oé[/\*ﬁK) ( ﬂK/\*ﬁJ)
CYs3 CY3

/

/

1|d|d|d d 1
1lololo]o <ca<1>+%3k0652> Su | B+ Lhogaldt)
| ajolofo]o ((Cl)na“w%Qk%ﬁ?)dﬂéﬂ 0
| d]olojo]o 0 0
dlolojo]o 0 0
dlojololo 0 0
1[1]o]o0]0 0 0
where we have defined the following constants
2 4
C = —?kil — %ko@
. (;53
C1 = ¢ky,045 + ?koﬁaﬂ(sjl
1
) _
a -
kyy — ¢*kos
s =0
’ kgy — ¢*kos
NUSI. R
¢2k06 - k%4k06
L ¢
7= P —

45

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)
(5.59)
(5.60)

(5.61)
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It is important to note that none of the constants & can be zero.

Two moduli example I, — III. enhancement The first step is to investigate the way that
this enhancement takes places. The idea is that this enhancement describes the situation where we

Figure 5.1: The dimensions above obey a+a = h?>',0 <a < h?>', c+c =h*'—1,0<c < h>' =2

first move to the first degenerating limit, and therefore the diamond is induced by the action of N,
and then we move to the interesection of two degenerating limits. This diamond can be split into
primitive spaces of the form (N; )*P°(N; ). The result of the second limit is that N5y induces a
mixed hodge structure on each one of these primitive subspaces. The enhancement is possible if the
resulting diamonds coming from a type I degeneration can be reassembled to form a diamond of type
III degeneration, in our case . More details about determining the allowed enhancements can be
found in [31] for the mathematically inclined reader, or in Appendix C,[21] for a physicist. We will
mostly be interested in the eigenspaces of Y operators. The eigenvalues of these vectors correspond
to the height that they have on the diamond. A vector space V4 for instance corresponds to the
vectors belong to height 5 in the diamond coming from N; and to height 4 in the diamond induced
by N5 . Recall that the fact the the sly triplets are commuting is very crucial here, since that means
that there is a simultanesouly diagonalizing basis. Let us now investigate the example at hand to
find out what kind of eigenspaces occur. First we must decompose the primitive spaces that are
shown in the previous diagram. We have the primitive spaces P*, P3. The weights of the induced
mixed hodge structures are (0,0, a,0,0) and (0, 1, a.d, 1) respectively, with diamonds At this point
we recall that in order for the enhancement to be possible the following equation must hold true

o(FyNg)= o(F,;,N,;> [a] (5.62)
3<k<6
0<a<k-—3

The right hand side is the following diamond We conclude that in order for the enhancement to be
possible we must have r 4+ 1 > 0 which gives a < ¢ for the enhancement to be possible. We can now
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5.2. Two moduli general case

read off the following eigenspaces of Y(y), Y(y)

Vi = P*2(N)) dim Vi = a (5.63)
Vi35 = spanc{ap, ap} dim V35 = 2 (5.64)
Vay = P*(N7) N P*2(N ) dimVay =a — 7 (5.65)
Vag = P°(Npy) Uspanc{N a0, Ny ao} dim Vaz = 2(r + 1) (5.66)
Vip = Ny (P*(Ny) N P**(Ny,)) dim Vyy = a’ —r (5.67)
Vay = Ny P*2(N)) dim Vay = a (5.68)
Va1 = spanc{ (N, )?ag, (N, )*ag} dim V3 = 2 (5.69)

Based on these vector spaces we can find a real basis each of these vector spaces except for V33 which
will be split into real and imaginary parts. More precisely we make the following identifications

o, ottt el B, B ~ el (5.71)
ot ,a1+“+“/_r ~ eb, pgrre ,BH‘”“/_’" ~ ek, (5.72)
aFterd =T ot o Re(eqs) grrota—r | ghtt o Im(ejs) (5.73)

With this identifiation we essentially have the following decomposition of real threeforms

H*(CY3,R) = Vs & Viy @ Vs ® Re Vaz & Im Vg & Vay @ Vip @ Viy (5.74)
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This identification can be shown to satisfy (B.17). The next step is to see how Ny, N,
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5.2. Two moduli general case

Then in the new basis, just like before, we compute the matrices

2lala —r|r+1| r+1 |a —1r| a | 2
2 0]0 0 0 Cgéigémg 0 0 C1
a |0]0] O 0 0 0 [Cs5]0
a—r|0]0] 0 0 0 c, 1o]o
/ arAxB7 = r+1]0[0] 0 0 0 0 010 (5.79)
OYs r+1 0 0 010
a—r 0 0 010
a 0 0 010
2 0 0 010
2 ald —rlr+1] r+1 a —r a 2
2 oo O 0 0 0 0 0
a |0]0] O 0 0 0 0 0
a—r|0]0] 0 0 0 0 0 0
giaxg’ =| r+1[0[0] O 0 0 0 0 0
Cvs r+110l0] 0 0 | k26, 0 0 0
a—rlofo] o 0 0 k8 5y 0 | k35,16,
a |o]o] o 0 0 0 kigy 6, 0
2 lolo| o 0 0 |5 P6,m62] 0 k2 0s,
(5.80)
Which in turn give °
—1
RGM]J: (/ Oé]/\*BK) (/ ﬁK/\*ﬂJ)
CYs CY3
r+1 a—rl| a 2
2 CQCL(I) + (01)1152512(%1 0 0 0251 + (01)11a(d+1)5z'25j1
— a 0 0 [l 0 (5.81)
a—r 0 »#1 | 0 0
r+1 0 0 0 0

9Here we only demonstrate the right upper part of the theta angle matrix while the parts we do not show vanish.
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Moreover we have defined the following constants and matrices

N2
o = (¢%) KOs,

31

Cy = ¢2k§(1) - (¢2)3k§?(2)
NON L
k?gg(l) _ (¢2)2/€§f(2)
2 _ —¢? (5.82)
kgg(l) _ (¢)2k35(2)
gl = ¢*
(¢2)2k§i>(2) _ kgg(l)
@) _ K

We observe that in both cases we discuss in this paragraph it is evident that the inclusion of the
axion dependence rotates our basis such that Re M does not vanish identically. This corresponds
as mentioned earlier to slightly moving away from the boundary point. In this case one obtains
an expression for Re M whose dependence on the powers of ¢ differs on each singularity type one
considers. In particular it turns out that the types which corresponds to monodromies of higher
order, also give higher order corrections in terms of ¢. This is true for both one modulus and two
moduli cases and also fits to the intuition that singularities of higher order, correspond to 'worse’
degenerations. Moreover, one obviously notices that setting ¢ = 0 in the previous expressions gives
ReM = 0 as expected. This might seem as a trivial statement given the way we approach the
problem. After all, the ¢ dependence is there only once we introduce it, therefore setting the axions
to zero tautologically gives Re M = (. However one needs to always keep in mind what is the task we
have at hand. We want to show that there is a way to obtain an electric magnetic basis corresponding
to «, f such that for all the limits in the moduli space, there is a universal behaviour of the theta
angle matrix. The hope is that once we include saxion dependence of our expressions, approaching
the boundary, this dependence will be present only in subleading terms and the leading behaviour is
at most allowed to depend on the axions. The reason is that it is generally known that one can not
stabilize saxions. However there is a way to stabilize the axions. This is done by turning on fluxes
for the ten dimensional fields we started with because in the four dimensional theory they introduce
a potential for axions. The minimum of this potential determines the vacuum expectation value of
the moduli. More details can be found in [15],[22]. The result of this procedure is that, indeed the
theta angle is not a free parameter, complying with a relevant Swampland conjecture in [1], but will
be determined by the vev of the axions. We will come back to this point later on.

The next task is to see what happens when one introduces saxion dependence. The hope is that
once we approximate the Weil operator with Cys, which is the one obtained by the Sls orbit theorem,
there should be a choice of electric magnetic basis «, 8 such that the dependence on the saxions relies
only on suppressed terms. In the next chapter we will identify such a basis for any type of limit for
one and two moduli cases.
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5.3. Saxion dependence

5.3 Saxion dependence

The procedure to obtain an expression for Re M is very similar with the one explained before. An
important difference is that since we want to find a basis where all the elements decay, and we know
that Re M scales as the inverse of the norms of the 5/, we should pick 7 to lie in the Vieqy, since
this will lead to a decaying contribution. We will only show two examples here one for one modulus
and one for two moduli but the results we mention are tested for all kinds of limits. In the two
moduli case we also need to determine the path which we consider for the degeneration. We also
give a general expression for one modulus case based on the results of the previous chapter.

One modulus case Let us see how the general expressions (5.21),(5.22) once we introduce the
saxions, provided that we now identify 37 with the heavy states and o with the light ones. Note
that saxions are introduced as in [25], by using the operator e(s)e "™ Cy, to approximate the Weil
operator. The e(s) operator is defined by the following expression

e(s) = [ [ exp {% log (s”) Yj} (5.83)

sl - gn1 e i
e(s)up= | = (") 7wy upeVy (5.84)

We then get the following equations in the new approximation

/ﬁl A*BT = (e N Cooe’¢N_u§-L,> =

n

'maz7lmaa: anrl” " n/ , (585)
> % [ et

0 —on

mn =0

where since n,n' > 3 we have n +n’ > 0 this will be the leading order term. Note that in this
expression there will also be terms which actually decay as long as the exponent becomes negative.
Moreover we can also generally write

/OHA*ﬁJ (e up,, Coce™™ ) =

oo (_¢)lm+ln m+4n—20""—21"—6 m—2lm n—2ln (586>
>y ) W G
™, "=0

tm—2im’ OO iy _oin
where in this case we have m < 3,n > 3 giving indeed only decaying terms.

IV degeneracy Let us now proceed to a concrete example, the type IV degeneracy. We make the
following choice of basis. Note that this is the reverse identification from the previous chapter:

[0~ b, pl~ el M~ e (5.87)

3
m
ap ~ e°, o ~ e? ™~ el (5.88)
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where similar conventions as in the previous chapter are used. Given this identification we find the

following rotated vectors

3
L 4

€0 =e(s)e Vel = 53¢ — s2e] + %s_ée% — s_%geo (5.89)
2
et =e(s)e Vel = sret — psT2e? + 53%605,-1 (5.90)
el =¢? (5.91)
e’;; - ef’n (5.92)
e = s_%ez2 — ps 2egdn (5.93)
€0 =g 2¢ (5.94)
Given this data we in turn compute
1 d |d|d|dl|1 1 d |d|d|d|1
1 0 0 0 11 Cy |Ce1] 0 10]010
d 0 0 0 d|Cy;| C3 | 0]0]0](0
/ anB =1 d ] 0 0 |0 / BiInkpl = | d| 0 0 |Cil0]0]0
d| 0 0 [0]0]0]O d| 0 0o/ofjofo
d| B | Bs [0[0/0]|0 d|l 0 0O |0(0|0]0
1| By |Bsjn|0]0]0]0 11 0 0O |0[0|0]0
(5.95)
where we have defined
¢3
B, = —3—3?@06 (5.96)
¢ 1 9 s
BQ = ?S k’24 + ES k?()(; (597)
3
By = —¢s ' kiy0i5 — 55 kosndjn (5.98)
¢2
B, = 3—3?1@06 (5.99)
_ 3 AT 39"
Ol = —S ]{760 - 8k342 + ZS ]{?24 + s %k}(m 5.100
Cy = —skj, 5.101

4
C3 = —8]6?12(51']' + ¢2571k;4(5¢j + Ss%koﬁéildjl
Cy = k350,n

We now observe that in all cases taking s — oo we obtain

ReMI,U,IH,Ivls%OO —0

(5.104)

This is obviously expected since we have decaying contribution from ([ 5; A *8;)~" as well as from
the a’s. However, one should keep in mind that the above expression is correct up to exponentially
decaying terms of the form s™,n > 0. The result is still surprising, it tells us that indeed there
is suitable choice of basis, which makes the theta angles vanish near the boundaries of the moduli

space.
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5.3. Saxion dependence

Two moduli We again demonstrate one example and then comment on the general behaviour
of the expressions at interest. We give the example of the enhancement I, — II;, and we follow a
similar procedure as the one in the previous section, therefore many details are ignored. We make

the following basis identification

BB e, g,y €y (5.105)
B BT TR s ek, ol g ek, (5.106)
pote s B e g e (5.107)
Moreover we compute
a a —rlr+llr+1ld —rla
a 1 0 0 0 0 0
o a—r| 0 1 0 0 0 |0
N =1 ry1] 0 0 1 0 0 [0 (5.108)
r+1 0 0 0 1 0 0
a—r| 0 [—=¢1] 0 0 1 |0
a —¢'1 0 0 0 0 1
The new basis we get based on the SI(2) approximation of the Weil operator in the spirit of the

procedure in the previous section will be

ey = e(s)e Niel, = (s1)3(s?)3el, — oL (s) 2 (s) 2ely
1
2

el = (s7) 2 ek, — ¢*(s%)”

'm _ m
€33 = €33
'm _ m
€33 = €33

6’;}2 = (32)_%632
1
2

with this identification we in turn obtain the following expressions

ald —rlr+1lr+1|ld —-rla
a 0 0 0
a—r|0 0 0
/am*ﬂ’: r+11]0 0 0
r+110 0 0 0 |0
a—r| 0| A 0 0 0 |0
a |[A] 0 0 0 0 |0
ald —rlr+1]lr+1]ld —-rla
a |b| 0 0 0 0 |0
a—r[0] by 0 0 0 |0
/61/\*6“’: r+1][0] 0 by 0 0 |0
r+110] 0 0 0 |0
a—r|0 0 0 0 0 |0
a 0] O 0 0 0 |0
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where the parameteres above are defined as

by = (s1)(s%) kT + (61)°(s1) (%) ks "0y (5.117)
by = (sHEEW 5 + (62)2(s%) kW5 (5.118)
by = ki "™ (5.119)

Ay = —¢'(s") (D) i Vay (5.120)

Ay = =¢*(s7) iy Vo ( )

Now in order to determine the asymptotic behaviour of the theta angles, we must chose a path. In
this case we will pick the following path towards the degeneration

1
Ris = {(tl,tz) % >q,82 >y, ¢ < 5} (5.122)

where v, § are positive constants. With this path choice taking the limit z—; — 00, 82 — 00 we observe
that

Re M|y00 — 0 (5.123)

where again one ignores subleading polynomial corrections. More impressive is the fact that for any
kind of enhancement making the same kind of identifications for our choice of basis, one finds a
vanishing theta angle matrix. At this point it might seem that we are proving nothing. Afterall, it
looks like we start from the boundary theory, we chose a basis adapted to the data provided by the
SI(2) orbit theorem, then we move away from the boundary point through introducing axion and
saxion dependence of the Weil operator and thus the Hodge norm. In the final step, taking s — oo
one expects that we are now considering again the boundary point. However this is not true at all.
The boundary theory is not obtained simply in a continuous way from the 'bulk’ theory. This can
be seen in a number of ways. The first obvious hint is that, as mentioned earlier, at the boundary,
the would be theta angle vanishes identically, since Im M is diagonal and [ a; A 37 is zero, making
Re M vanishing exactly. However, in a case by case analysis one can observe that the non-diagonal
terms in Im M do not vanish (they actually grow as a power law) after making the saxions very large
failing to reproduce the boundary theory result. Moreover in the next section we show that there
is another choice of basis which gives again different result compared to the boundary theory. This
fact demonstrates that there is something special about the theta angles in this context, their values
can be chosen to be as small as one wants through moving close enough to the boundary point of
the moduli space.

There is an important remark to make here. The choice of basis that we make does not correspond
to the usual theory that one studies once moving towards the boundaries of the moduli space as for
instance in [26]. This can be noticed from the fact that this basis actually corresponds to a strong
coupling limit of the theory. This can be seen from the fact that the gauge coupling matrix decays,
which means that the corresponding couplings (which are the inverse of this matrix) grow. The idea
is then that this different choice, corresponds to a magnetic description of the theory. Therefore
this result should be thought of as a strong coupling one. In the next section we clarify what is the
corresponding result for a weakly coupled theory.
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5.4. The weak coupling limit

5.4 The weak coupling limit

As mentioned earlier, identifying 8 with Vj,eq., corresponds to a strongly coupled regime of the theory.
In that context one finds that approaching the boundaries of the moduli space, all the components
of the theta angles vanish up to power law suppresed terms. We would like to also consider the
weakly coupled regime for the type IV case. This type as already mentioned corresponds to the
large complex structure point, which gets mapped to large volume point of type IIA theory on the
mirror manifold. Therefore, mirror symmetry tells us that considering type IV case here, we should
reproduce the result of (B.16). More precisely we expect that close to the boundary, the theta angles’
leading behaviour corresponding to the real part of M will be a polynomial in the axions ¢. Let us
see what we find making that analysis. We only demonstrate the result here, the choice of basis is
the one that matches a with Vjeqpy and 8 with Vigp: as we did earlier in (5.39)

1 d—1 1
1 | Zhes| 0 [¢— Lk
RGM gVOO = 2 ) 6 3 (5124)
- 1 ¢ 0 | &=+%
d—1] 0 | =¢1 0

Again, this expression is valid up to power law suppressed terms. The behaviour that we find is
exactly the expected one. The real part of M close to the large volume-large complex structure
point, does not depend on the saxions to leading order. In contrast all the non zero terms are
polynomials of maximum order 3 as expected. Note that this is indeed the same qualitatively as in
(B.16). However the formalism we develop goes beyond the already known behaviour at type IV
degenerations. In particular we find that in all kinds of one modulus cases, the leading behaviour
of the theta angle matrix is still a polynomial of maximum order the number defined by the type of
degeneration. More precisely we have

Re My [ET — 416+ a9 (5.125)

S§—00

where a; and ay are constants related to the norms of the vectors at infinity as defined in (5.12)
. This expression means that all the leading terms of this matrix are polynomials in terms of the
axions ¢ without a constant where the subleading terms decay as power law expressions in terms of
the saxions. This is a remarkable fact. Not only we manage to reproduce the known behaviour for
the large volume-large complex structure case, but we also find explicit expressions for all types of
possible ways that the manifold degenerates. This demonstrates the power and the generality of the
techniques we use. In this context, it is clear that stabilizing the axions is the next natural step as
we have already mentioned. However the interesting fact is that also in this basis, we manage to
find a universal behaviour of the theta angle matrices which reflects something very special about it
in the context of Calabi Yau compactifications. The special property it has is that in both choices
of basis corresponding to strongly and weakly coupled EFT, there is a universal behaviour as we
approach the boundary. In the strongly coupled case every element of the matrix decays to 0 while
in the weakly coupled one the only remaining leading terms depend polynomially on the vev of the
axion and there is no constant.
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Chapter 6

Summary and comments on the results

In this section we would like to give the outline of the work done in this thesis and propose possible
extensions for the future. The main task was investigating the proposal from Vafa and Cecotti
regarding a possible connection between that the theta problem and the Swampland. The claim
is that quantum gravitational consistency puts restrictions to the values that the theta angle can
take, and these restrictions might be exactly the values that preserve CP symmetry. We investigated
this claim in the context of C'Y; compactification of Type IIB strings. Focusing on the boundaries
of the moduli space, using the data from SI(2) orbit theorem we test the behaviour of Re M as
one moves towards the boundary. To do so we start from the boundary point and gradually move
away from it through introducing axion and saxion dependence. We find that in the choice of basis
which corresponds the strong coupling regime of the EFT, there is a universal behaviour on any
type of one modulus singularity and the enhancements between these. This universal behaviour is
that every element of the matrix decays as a power law expression. Moreover, we also test for one
degenerating modulus the behaviour on the weak coupling basis. In this case there is also a universal
behaviour for any type of singularity, since in the limit of large saxions, we find that the leading
behaviour is a polynomial expression without a constant term, in ¢ and the saxions appear only in
subleading terms. This fact, apart from matching with the already known expressions of type IIA in
the mirror picture, gives us a generalization thereof, since the machinery developed here works for
any type of singularity not only the large volume-large complex structure one. In some sense these
results indeed verify the hopes of the conjecture since indeed the theta angles in this context have a
restricted behaviour at least once we approach the boundaries of the moduli space which, depending
on the basis, corresponds to either weak or strong coupling limit of the theory. Note that this is the
best that one can do, since having a ’continuous’ moduli space here where the moduli fields are not
restricted by any potential, the only essential limits to consider are the ones we do. For a general
point of a moduli space it is not expected to obtain any special behaviour. This is in contrast to
the original test of Vafa and Cecotti where they only consider a small number of rigid Calabi-Yau
manifolds (no complex structure moduli space) and therefore test around 50 cases. In this work
the approach we follow treats any topologically distinct Calabi-Yau threefold which corresponds to
thousands of possibilities. Finally it is important to remember from the discussion in section 2.4
that the vector multiplet sector which is related with the complex structure moduli space in type
IIB compactification, is classically exact, there are no quantum corrections neither in o’ nor in the
string coupling gs.
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It is fair to say that the work done in this thesis, should be seen as a first step towards the
investigation of the nature of the theta angles in terms of the Swampland. The aim is mostly to
shed light in the ideas of the Swampland, as well as the usefulness of the machinery coming from
asymptotic Hodge theory in this context. However, the results we obtain give us clear directions
regarding the next steps that one should make in the future. More precisely, as already mentioned,
in this context there is nothing to restrict the vevs of the axions. Therefore an immediate question
is what would happen if we turned on fluxes, which generate a potential for the axions and therefore
fix their vevs. The hope is that it will be possible to fix these vevs at (¢) = 0. Then the theta
angles, even in the weak coupling limit will vanish, since they depend only on powers of ¢. Another
unsatisfactory feature of our setup is the gauge group under consideration. The EFT we have is
a gauge theory containing a bunch of abelian gauge fields and therefore the total gauge group is
U(1)"'+1. This is obviously very different from the QCD gauge group which is SU(3). Therefore,
another step we would like to make in the future is to enhance gauge groups which are closer to the
QCD onw. This can be done by the introduction of extended objects in the theory such as D-branes
[37]. Finally, we believe that it is possible to reproduce the results of this thesis in a general context.
Namely we believe that one can come up with general expressions without referring to every different
type of singularity separately. This task is also left for future work.
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Appendix A
Kahler and Calabi Yau Manifolds

In this appendix the basic properties that we need about Kéahler and Calabi Yau manifolds will be
presented. The basis however for these, is the definition of a complex manifold. More details can be
found in [3].

Definition A.0.1. Let M be a 2m dimensional real manifold. We define an almost complex structure
J on M to be a smooth tensor field J € T'(TM ® T*M ) on M such that fiberwise it squares to the
wdentity J -V — V with Jo J = —1.

Then naturally we call a manifold which admits an almost complex structure, an almost complex
manifold.

Definition A.0.2. We define the Nijenhuis tensor Ny on an almost complex manifold to be the
tensor field acting on (u,w) € (TM) @ I'(T'M) as

Nj(u,w) = [u,w] + J[u, Jw] + J[Ju, w] — [Ju, Jw] (A.1)
Now we can finally define what a complex manifold is.

Definition A.0.3. Let M be a 2m dimensional real manifold and J an almost complex structure on
M. If Ny =0 we call J a complex structure on M. A complex manifold is defined by the data (M, J)
where J is a complex structure on M.

This definition might seem too technical. After all our intuition would be that as a real m
dimensional manifold looks locally like R™ then an m dimensional complex manifold should locally
look like C™. Actually there is a theorem which states that this is indeed the case, in particular one
can define complex manifolds similarly to real manifolds but with holomorphic transition functions.
However, the given definition here is more useful when one wants to speak about more complicated
constructions such as Kahler manifolds. The intuition behind the definition of a complex manifold
is similar to the definition of complex number. The complex structure J gives us a decomposition of
the complexified tangent space of the real manifold into two parts, the ones that have eigenvalue ¢
w.r.t the J action and the ones that have eigenvalue —¢ under the J action, more precisely TM @ C =
TODM TOY M. Next, we want to define Kihler manifolds and the following definition is required.

Definition A.0.4. Let (M, J) be a complex manifold, and let g be a Riemannian metric on M. We
call g an Hermitian metric if the following condition holds

g(u,w) = g(Ju, Jw) where (u,w) € D(TM) @ I'(T M) (A.2)
In other words, one intuitively understands that an Hermitian metric is a possitive definite inner

product TN @ TOD at every point of the complex manifold M.
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Given these data one can define an Hermitian form w such that w(u, w) = g(Ju,w) ! for any vector
fields u,w in M. One can show that this is indeed an antisymmetric expression and in particular
that w constructed in this way is a (1,1) form.

Definition A.0.5. Let (M,J) be a complex manifold and g an Hermitian metric on M with Her-
matian form w. g is called a Kahler metric if dw = 0. In this case w is called a Kahler form and we
call the complex manifold (M, J) endowed with a Kdhler metric, a Kdhler manifold.

Notice that essentially a Ké&hler manifold simultaneously has a symplectic structure (because w
is closed) and a complex structure (provided by J). Another important remark is that one can show
that any (1,1) form on a Kéahler manifold can be locally written as w = dd°K where K is called the
Kéhler potential and d¢ acts on the space of complexified forms sending a k form to a k41 form.

We are now ready to define Calabi Yau manifolds. There is big number of equivalent ways in
which one can give a definition, with different choices reflecting different properties one is interested
in.

Definition A.0.6. A Calabi- Yau manifold of real dimension 2m is a compact Kahler manifold
(M. J.g)

e with zero Ricci form

o with vanishing first class

e with Hol(g) = SU(m) (or Hol(g) € SU(m))

o with trivial canonical bundle

e that admits a globally defined nowhere vanishing holomorphic m-form.

For our purposes only the first, the third and the fifth property are important but all the previous
definitions are equivalent. Given these properties and defining h?? = dimH g’q(CYg, C) where Hy is
the Dolbeault Cohomology one can construct the hodge diamond of the Calabi Yau manifold which
is simply a represenation of the dimensions of its cohomology groups

Figure A.1: Dimensions of cohomology groups of Calabi Yau threefolds

IThe definition of w implies that it is essentially just the complex structure with one index lowered. However it
turns out that the Kéhler form contains the same information as the Hermitian metric, which can be seen by picking
an eigenbasis for the complex structure. After all , if one chooses to rewrite everything in real coordinates then w only
depends on the metric.
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Appendix B
Moduli space of (Y3

In the context of Calabi Yau compactifications, one always has to deal with massless fields, namely
fields which do not have any potential to restrict their behaviour. It turns out that these fields, which
we call moduli, have a geometric significance, they parametrise the different inequivalent Calabi Yau
manifolds with fixed topology. We want to present the basics of the space of parameters for C'Y3
which we call moduli space, mostly based on [7]. A very exciting mathematical conjecture, whose
proof was partly also initiated by its importance in physics, is the Calabi conjecture, stated by Calabi
(1954,1957) and proved by Yau (1977,1978). The conjecture (nowadays a theorem) states that for
given a Kéhler manifold (M, Jy) where Jy the Kéhler form, there is a unique Ricci flat metric for M
whose associated Kahler form .J is in the same Cohomology class Jy. This means that the changes
we are allowed to make can be parametrized by the different possible complex structures, and the
corresponding possible Ricci flat metrics. . Looking at figure A it is not hard to suspect that the
only possible parameters one should keep unchanged is the dimensions of the Cohomology groups.
It actually turns out that for CY manifolds with H*°CY = 0 the two type of deformations are
independent. Now, recall that one of the properties of such manifolds is that they are Ricci flat.
Therefore a deformation thereof should satisfy the following equation

Rn(g) =0, Ryn(g+0g) =0 (B.1)

where the indices run from m,n =0, ...,6.

However we want to make sure that we only consider non-coordinate transformations . To do so
we impose the additional condition V"d¢,,, = 0. This gives us the following condition on the
deformations known as Lichnerowicz equation

Vlvlgmn — [Vla vm} 5gln - [Vl7 vn} 5glm =0 <B2)

The above equation now splits into two, one with mixed indices(real-complex) dg,» and one with
pure ones d¢,, (or dgzs), since all these components satisfy the equation independently. It turns
out that the first type of variations are related to changes in the Kéhler structure (metric), and are
parametrised by elements in H'!(CY3) while the latters are connected with the complex structure
deformations and are parametrized by H'(TCY3) ~ H®Y(CY3). More practically, this means that
the mixed and pure index deformations of the metric, belong to the aforementioned Cohomology
groups and can therefore be expanded in a basis consisting of (1,1) and (2,1) forms respectively.
The coefficients of these decompositions will correspond to coordinates on the space of deformations,
which turns out to be itself a manifold. This manifold decomposes as a product of complex structure
and Kahler structure deformations M = M?! x M1 Each of these manifolds turn to be Special
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B.1. Kahler structure moduli space

Kéhler which means that apart from being Kéahler they have an additional interesting property to
which we will refer later. From the physics point of view, after compactification the coordinates of
these manifolds correspond to massless scalar fields from a 4 dimensional point of view and are called
moduli fields.

B.1 Kahler structure moduli space

As mentioned earlier the Kéahler structure deformations turn out to be parametrized by H"(CY3).
By a small abuse of notation we will denote J as the Kahler form and expand it in a (real) basis w;
of HYY(CYs3)

hl,l

J = Z u'w; (B.3)
i=1

However in String theory we know that there is another two form which does not come from the
geometry but is a result of the field content, that is the NS-NS form B,. This means that actually
the variations we can consider without chaging the topology should be parametrized by By +iJ. The
moduli fields are then given by t' = b* + 7u’. Note that the previous types of deformations, need to
result in a possitive definite metric. This set of such deformations are called the complexified Kéhler
cone. With these at hand we can define the following quantities

1
IC:—/J/\J/\J (B.4)
6 Jy
ICi:/wi/\J/\J (B5)
Y
]Cij = / (JJi A Cx.)j A J (BG)
Y
ICz-jk = / wi /\wj /\wk (B?)
Y
It is evident that these objects satisfy the following identities
ICijkvk = ICZ']‘ (BS)
ICij'Uj = K; .
K" = 6K (B.10)
Next we want to define a metric on the complexified Kahler cone as follows
1 1 1

As mentioned earlier, the moduli space of Kahler deformations is itself a Kahler manifold, for which
we define the following Kahler potential K

e X =8K (B.12)

We also mentioned that it is not only Kéhler, but in fact it is special Kahler. This in short means
that there is always a choice of symplectic basis (X7, F;)T with X7 = (1,¢") such that there is a
function F satisfying

0

e =i(X'F - X'"F)), Fr= o

F (B.13)
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Appendix B. Moduli space of C'Y3

with

1 Kip X' XIX*
3! X0
More details about this geometry can be found in [14].

The vectors in the vector multiplets of type ITA and the scalars in the hypermultiplets of type IIB
couple through the following matrix

F=_ (B.14)

21
XPIHI.FPQXQ

Nig=Frs+ Im Frg X5 Im F Xt (B.15)

More precisely we distinguish between the imaginary and real part of this matrix, which is physically
identified in the type IIA case with the gauge couplings and theta angles of our U(1) fields as follows

Re%o = —%Kijkbibjbk’Im/\/’oo = K+ (Kij B 1]Cilcj) bt

4 K
Re/\fio = 1]Cukb]bkaIrnj\/’zo = - ICij - EKZICJ b] (B16)
2 4 K
1 N
ReMj = —]Cijkbk, IIIl./\/’ZJ = (]CZ] - ZIC;éC]>

B.2 Complex structure moduli space

We now turn to the complex structure deformations which as mentioned earlier are parametrized by
elements in H®Y. Recalling that the only other three forms on a Calabi Yau manifold are given by
the unique holomorphic (3,0) form 2 and its complex conjugate 2 we conclude that probably a basis
of real threeforms would be useful in the description of this moduli space. To see that this is indeed
the case we can start from a canonical homology basis of H3(CY3,Z), (A4, Bg), a,b = 0,...,h*!
and the Poincaré dual real cohomology basis a4, 3 such that

/ CYA:/ aA/\BB:éf, / /BB: BB/\(IA:—(SE (Bl?)
Ab CY3 BA CYS

The above choice of basis is invariant under the symplectic group Sp(2(h*! + 1),Z). The different
possible choices of the basis vectors physically correspond to defining what electric and magnetic
states mean [14]. Given these, and the decomposition of the real three forms H*(M) = H*' & H*' @
HY @ H*? we can expand the holomorphic (3,0) form as

QZZAOéA—.FAﬁA (B.18)

ZA:/ Q, ]—"A:/ Q (B.19)

Moreover, observing that 2 is homogenous of degree one, means that a rescaling does not alter
the definition of Z4 thus we conclude that only h*! of them are independent. This can either be
formulated by saying that they are projective coordinates Z4 € P*! or by writing Z4 = (1, 2%).
These can be seen as coordinates for the moduli space. However, because only the Z’s are enough

where we have defined
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B.2. Complex structure moduli space

to represent coordinates of the manifold, we conclude that the F4 should be functions of Z’s. In
particular one can derive that

OF
aZA
where F is again a homogenous function of degree two called the prepotential. Using these coordi-
nates we can moreover derive the famous formula of Kodaira

Fp= (B.20)

%Q = 2+ in, (B.21)

where 1, € H*! and ¢, are constants w.r.t. Calabi Yau coordinates.

With this expression at hand one can now define the metric on the moduli space of complex
structure deformations

ifcynaAﬁb o 0 . ~
e e S (R QAQ) ) =0.0,K B.22
w=arn ~oson (M, 000)) e e

By this expression one concludes that the Kahler potential for the moduli space of complex structure
deformations is given by

K / QAQ =i (Z4Ca— Z2°G.) (B.23)
CYs

Finally we want to give the expressions which appear as couplings of the vectors in the vector
multiplets of type IIB and scalars of hypermultiplets of type ITA

/aA Axap = — (ImM + (Re M)(Im M) (Re M) , (B.24)
/BA A*BE = —(Im M)~ HAB (B.25)
/aA A*BE = — ((ReM)(ImM)*l)i (B.26)
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Appendix C

Deriving enhancement patterns

In this section we give the general analysis of determining the allowed enhancement patterns. The
analysis will be based on [31]. The first step is to consider a function which quantifies the HD (Hodge-
Deligne) diamonds one has at hand and allows for manipulations thereof. Given a HD diamond with
hodge number {i”?} we define an integer valued function o(p, q) := i"? on the lattice Z x Z. Then
in turn, a diamond of a variation of weight-w Hodge structure polarized by some nilpotent matrix
N with hodge numbers (A0, ho=11 . hO%) is abstractly defined as any integer valued function
o(p, q) on the lattice Z x Z such that

> olp,q) = hP"P, for all p (C.1)

q=0

and satisfying the symmetry properties

o (p,q) =o(q,p) = o(w — q,w — p), for all p,q (C.2)
o(p—1,g—1) < o(p,q), forp+q<w (C.3)

It will be also useful to define a summation as well as a shift of this function. The sum of two
diamonds ¢ + ¢9 corresponding to variation of the same Hodge structure (not neccessarily of the
same weight) is naturally defined as the pointwise sum, giving the diamond

o (p,q) = o1(p,q) + <2(p, q) (C.4)

Moreover, the shifted Hodge-Deligne diamond o[a] which correspond to [a] shifts of the diamond ©
is defined as

olal(p,q) = o(p+a,q+q) (C.5)

Having defined all the required objects we are now ready to answer the question we are interested
in. Assume we have two nilpotent orbits at hand (F;, N7) and (Fy, Ny) with corresponding diamonds
o(F1, N1),o(Fy, Ny) and we are interested in whether the degeneration (Fy, N1) — (F3, N») is possible.
In order to answer this question one must look at the primitive subspaces Pk(Nl),B < k<6
of the limiting hodge structure (Fy, W (N;)) corresponding to (Fy, N1). These subspaces turn out
to form a pure Hodge structure of weight-k since P*(Ny) = @,4,=1PP?(N;) and hodge numbers
g% = dimcPP4(Ny). When one wants to consider the enhancement mentioned before, what happens
is that IV, induces a mixed Hodge structure on the primitive subspaces. It is very important that the
matrices Ny, N, are matrices corresponding to commuting sl triplets, which allows for the positions
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of vectors on each subspace to be independent since the operators commute. Then denoting (F,;, N, ,;)

these induced mixed Hodge structures, the enhancement is possible when the following equation
holds

o(FyNp)= 3 o(FLN})[d] (C.6)
3<k<6
0<a<k—3

The intuition behind this statement is that after inducing the mixed hodge structure on the primitive
subpsaces of (F1, W (Ny)), if one can reassemble the resulting diamonds into the ones corresponding
to (Fz, W(Nz)) then the enhancement is possible. One can see it in a different way by looking at the
eigenspaces of the Y operators from the s[(2, C)-triplet. More precisely, when it is possible to find
A basis for H3C'Y3, which simultanesouly diagonalizes Y; and Y5 then the enhancement is possible.
This is actually a statement that is very useful for this work.
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Appendix D

S1(2)-splitting data

We have extensively used the results of the SI(2) orbit theorem regarding the possibility of obtaining
an R split filtration F' as well as a number of commuting sly-triples acting on H3(C'Y3). These two
properties are very important for the present work and for that reason we would like to expand in
this appendix on the way that one constructs these objects given only the data coming from the
MHS (V, F,WW(N)). The mathematically rigorous details and proofs can be found in [10] but we will
mostly follow the appendix of [24].

D.1 R-split decomposition

The central statement we need to investigate is that given a MHS with data (V, F, W (N)), there are
operators 4, ¢, such that the MHS with data (V, F', W(N)), where F' = e¢e ¥ F splits over R. The
difference between the initial decomposition and the one which is R-split lies on the fact that the
corresponding Deligne splitting in the first case satisfies the following relation

Ipa = 1" mod @ 1. (D.1)

r<q
s<p

The difference therefore with the second situation lies on the dependence on the lower weight sub-
spaces. Therefore we should find a proper rotation to eliminate those. We start from the initial data
(V, F,W(N) where we have the decomposition Ve = €P,, _; [P7. We know that associated to this
splitting there is a semi-simple operator 7" which acts on I”? as multiplication by | = p 4+ ¢q. More

details about its nature can be found in [10]. The complex conjugate of this operator is defined as
Tw):=T(), veVe (D.2)
Then T and 7T should be related by some conjugation of the form
T = e 20T (D.3)
where the operator § acts as follows
5 (177 C @IT’S, for all p, ¢ (D.4)
r<p

s<q

The reason for this relation between the grading operator and its complex conjugate is more involved
than we demonstrate but the details are not in our interest at this point. What we are interested in is
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D.2.  S1(2)-triples

how to compute §. The strategy should be to use the (D.4) as an ansantz, plug it in (D.3) and solve
the equation. It turns out actually that because d preserves the polarisation, namely §7n +nd = 0,
since it commutes with N, the solution to the equation (D.3) is actually unique.

The next task is to find (. We start with the new filtration F = ¢ ®F at hand. We now have the
following Deligne decomposition for the R-split filtration F'

Vo= 1 (D.5)

ptq=l

This decomposition induces a further decomposition for the operators themselves, where each com-
ponent correspond to the action on each of the constituents of the above direct sum. Given this, we

can write
5= by (D.6)

P,q>0

Each component acts as follows
d_p—q (fr’8> C I"P=9_ for all 1, s. (D.7)
A similar decomposition can be constructed for the ( operator as well

¢= Z C—p—q- (D-8>

p,q>0
The relation between the two operators can be found in Lemma 6.60 of [10] to be given by the
following expression
i (—i)* -
e = et (Z X ad®; (Gr) (D.9)
k>0

where ady = [N, ] is the usual adjoint action. Moreover, g, is a real operator which preserves the
polarization 7 of the real vector space V but whose details are not important here. The Lemma
6.60 also tells us that there is a way to write ¢ as a polynomial in terms of the components d_, _,
and commutators thereof. The important statement in this section is that there is always a way to
obtain an R-split decomposition for the threeforms even if there might be practical difficulties. This
fact is very crucial in the identifications we make with the real basis of threeforms in the main text,
since in particular for the V,.q vectors, without an R-split decomposition the choice of basis would
become extremelly hard and unclear. The existence of such a filtration is very surprising because
it creates some kind of decoupling of the corresponding vector spaces IP¢ which allows for many
applications and simplifies the expressions. However, the physical interpretation of the rotations we
need to perform in order to achieve this, is not yet clear.

D.2  SI(2)-triples

In this section we would like to give an idea about how one constructs the sl, triplets which come
about through the SI(2) orbit theorem. The main tool we have at hand is evidently the filtration
data (V, F, W(N)), and then triplets (N, (), N;") should be constructed based on this tool. The
starting point will be the limiting mixed Hodge structure (F,,, W"<) associated to the intersection
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Appendix D. Sl(2)-splitting data

A1, . as predicted from the nilpotent orbit theorem and W" = W(N; + Ny + ...+ N.). Then in
order to construct the n. triplets one has to make n. iterations as follows. For clarity we will denote
the input filtration on each iteration k as (F', W*), therefore the first iteration is for k = n.. The
next step is to compute the corresponding S1(2) splitting of (F', W*) which we will denote (F},, W*).
Associated to the SI(2) splitting we also compute the Deligne splitting such that

Vo =D 1w (D.10)

p,q

We know that there is a semisimple grading operator Y acting on these subspaces as follows

Yimv = (p+ ¢ — 3)v, for every v € [E’}fbwk) (D.11)
The last step is to set (V¥ F},, W*~1) as the input of the next iteration and the loop stops at k = 0 and
we set Y(g) = 0. This procedure provides us with a series of grading operator Y;,_ and corresponding
R-split Hodge structures (F,_, W"), ..., (Fy, W?). Next we want to construct the lowering operators
N; . These are obtained in two steps. First we diagonalize the adjoint action of Y{;_1) on N; through
the decomposition

N; =) N (D.12)
such that each N/ satisfies
[Yv(i,l), Nza] = OKNZ-a (D13)
Then the lowering operators are defined as the ones corresponding to the components with zero
eigenvalues, namely N;” := N?. The grading operators attached to each triple are set to be
Y =Y — Y- (D.14)

Then the only remaining object to compute is the raising operators N;". They satisfy the usual si(2)
commutator relations

Vi, N;*] =2N;, [N, N7 =Y, (D.15)

They can be uniquely determined by solving the above equations given the fact that they should also
preserve the polarisation such that

(N7 n+aN7 =0 (D.16)
This concludes the data of the sl triples (Ni_, N}, Yi) for i =1,...,n.. The detailed statement of
the theorem and its proof can be found in theorem 4.20 of [10]. Note that for one modulus, since

Yoy =0 we have N = N~.
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