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ABSTRACT
Exploring the String Landscape:
The Dynamics, Statistics, and Cosmology of Parallel Worlds

Stein Pontus Ahlqvist

This dissertation explores various facets of the low-energy solutions in string theory known
as the string landscape. Three separate questions are addressed — the tunneling dynamics
between these vacua, the statistics of their location in moduli space, and the potential real-
ization of slow-roll inflation in the flux potentials generated in string theory. We find that the
tunneling transitions that occur between a certain class of supersymmetric vacua related to
each other via monodromies around the conifold point are sensitive to the details of warping
in the near-conifold regime. We also study the impact of warping on the distribution of vacua
near the conifold and determine that while previous work has concluded that the conifold
point acts as an accumulation point for vacua, warping highly dilutes the distribution in pre-
cisely this regime. Finally we investigate a novel form of inflation dubbed spiral inflation to
see if it can be realized near the conifold point. We conclude that for our particular models,
spiral inflation seems to rely on a de Sitter-like vacuum energy. As a result, whenever spiral

inflation is realized, the inflation is actually driven by a vacuum energy.
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Introduction

It has been a fundamental and largely unquestioned assumption in physics until the mid
20th century that the constituents of nature are point-like. While it may not seem like a
radical idea, introducing extended objects such as strings into physics has given birth to
an entire subfield of mathematical physics known as string theory. By simply requiring a
quantum mechanical fundamental string to propagate in a Lorentz invariant way one can
show that Einstein’s equations of general relativity must be satisfied. What may be even
more impressive is that one can also show that consistency can only be achieved in a specific
space-time dimension. So, while other theories of physics can be consistently formulated in
arbitrary dimensions, string theory requires there to be precisely ten dimensions.! Clearly,
we only experience four such dimensions at low energy so it becomes crucial to understand
what happens to the additional six. The most well-studied approach is to compactify the
additional dimensions on an internal manifold leaving only four large dimensions.

Ideally, one would like to make predictions on how the dynamics of string theory affects
low-energy physics in four dimensions. Here we currently reach a roadblock. As it turns
out there are many consistent low-energy solutions of string theory, and currently it is not
know which, if any, corresponds to our observable universe. This landscape of string theory
is in many ways one of the major challenges of modern string theory mainly due to its vast

size and computational complexity?. A heuristic argument based on counting the number of

Interestingly, the fact that this calculation should even yield an integer is not clear at the outset.

2There is actually also a landscape in quantum field theory. See the concluding remarks for a brief
discussion of this.



inequivalent flux compactifications for a generic Calabi-Yau manifold shows that there may
be as many as 10°% distinct solutions, clearly too many to sort through one-by-one. Clearly
it is of great importance to understand the structure of this landscape which is what we
presently attempt.

We begin this dissertation with a review of the required background material. This
includes Calabi-Yau manifolds and their associated moduli spaces, an in-depth discussion
on warping in the deformed conifold geometry for type IIB supergravity, as well as a brief
review of tunneling in quantum field theory and the numerical techniques that are useful in
finding these tunneling solutions.

In chapter 2 we focus on understanding the tunneling dynamics in the string landscape.
We find that tunneling solutions tend to be drawn incredibly close to the conifold point
which corresponds to a degeneration of the compactification manifold. We conclude that the
dynamics of the string landscape may be much more involved than previously thought.

In chapter 3 we discuss the statistical properties of the distribution of vacua in moduli
space. In particular while past work has concluded that the conifold point acts as an accumu-
lation point for vacua, we find that strong warping corrections highly dilute the distribution
in precisely this regime.

Finally, in chapter 4 we investigate whether cosmological slow-roll inflation can be sus-
tained in the landscape. In particular, we look to see if the recently proposed spiral inflation
has any chance of being realized. Our results here are negative in that spiral inflation, when
possible in our models, is actually driven by a vacuum energy rather than any novel form of

inflation.



Chapter 1

Background

1.1 Extra Dimensions in String Theory

The work contained in chapters 2, 3, and 4 will focus on various aspects of the string
landscape which more or less corresponds to the different compactifications of ten dimensional
string theory to four dimensions. As a result, it is very important to understand precisely
what these internal dimensions look like. We review the relevant concepts in this section
beginning with a brief discussion on supersymmetry in four dimensions and then continuing
to Calabi-Yau manifolds and their moduli spaces. The structure of Calabi-Yau manifolds
and their space of smooth deformations is an incredibly rich subject. As a result we will
here only be able to touch upon the particular concepts utilized in the remainder of this
dissertation.

From the perspective of the string action, whether it be the bosonic or supersymmetric
version, the dynamics of the string is encoded in a two dimensional field theory where
the degrees of freedom can be interpreted as the embedding coordinates of the string, X*,
uw=20,1,2,....,D — 1 and possibly their world-sheet superpartners. The space on which
these fields propagate is the two dimensional string world-sheet which corresponds to the

space-time surface that the string sweeps out over time. Even though the fields are part of



a nontrivial representation of the Lorentz group, this appears in the field theory as a global
internal symmetry and is therefore subject to anomalies. Requiring an anomaly free Lorentz
symmetry constrains the number of space-time dimensions to be D = 26 in the case of a
purely bosonic theory and D = 10 in supersymmetric string theories. Clearly this seems to
be too many since we only observe four such dimensions and it becomes critical to explain
what happens to the remaining six. A particularly useful approach to addressing this issue is
provided by Kaluza-Klein compactification in which one assumes that the overall space-time
takes on a product form between four dimensional Minkowski space M, and a six dimensional
compact internal manifold Mg

M10 = M, x M6. (11)

The question naturally arises what this internal manifold looks like. In particular, for the
superstring one can show that A/ = 1 supersymmetry in the four dimensional Minkowski

space M, restricts the manifold to be of Calabi-Yau type.

1.1.1 Calabi-Yau Manifolds

The spectrums of the various superstring theories are supersymmetric. In the case of the
type IIA and IIB string one obtains extended N' = 2 supersymmetry in ten dimensions while
for the heterotic and type I strings, standard N’ = 1 supersymmetry is realized. Based on
the following phenomenological and computational reasons, it is reasonable to suspect that
N = 1 supersymmetry should emerge at high energies in four dimensions. In particular,
the various coupling constants in the standard model seem to unify at high energies if one
assumes that the standard model at some point becomes supersymmetric. Furthermore, the
Higgs mass tends to receive large quantum corrections unless again supersymmetry emerges
at high energies. Finally, supersymmetry also provides us with powerful computational tools.
For all of these reasons, it is desirable to make sure that N = 1 supersymmetry survives

in D = 4 dimensions. Depending on the compactification manifold, various amounts of



supersymmetry will survive in the effective four dimensional low-energy theory.

In fact, as we will shortly see, each supersymmetry in ten dimensions can give rise to as
many as four supersymmetries in four dimensions. As a result, the N' = 2 supersymmetry of
the type II string can result in as much as A/ = 8 supersymmetry in four dimensions. This
happens if one takes the internal six dimensional manifold to be a six torus, T°. Clearly this
is too much supersymmetry and as a result one has to look for manifolds that break more
supersymmetry.

As has been shown in e.g. [1], the existence of a covariantly constant spinor implies
that there are four-dimensional background field configurations that satisfy precisely N =1
supersymmetry. More precisely, the variations of the bosonic fields are proportional to
fermionic fields which necessarily vanish classically. However, the variations of the fermionic
fields could potentially break supersymmetry since they are proportional to bosonic fields
which do not have to vanish classically. If we set some of these to zero (we will get back
to the validity of this later when we discuss flux compactifications), one can show that the

variation of the gravitino field is given by

oy = Ve, (1.2)

where € is the parameter for supersymmetry transformations (and is thus a spinor). In
order for this to vanish it must be possible to find a covariantly constant spinor field. For
the external space this, together with the assumption of maximal symmetry, leads us to
the understanding that M, must indeed be four dimensional Minkowski space and that the
spinors must themselves be constant. For the internal manifold however, the story is much
more complex. One can of course always find a spinor field on the internal manifold that
locally satisfies Ve = 0 by simply integrating this equation in some neighborhood. However,
it is not always possible to do this globally due to topological obstructions. The statement

that a covariantly constant spinor exists is equivalent to the fact that the manifold has



special holonomy. The reason is that if one were to parallel transport this particular spinor
around any closed loop, it would always return to itself. However, upon parallel transport
around a closed loop, spinors on a six dimensional manifold generically transform according
to the spinorial representation of Spin(6) = SU(4). For a spinor of definite chirality this
representation splits up and it would therefore transform either according to a fundamental
or anti-fundamental representation. The only way that a covariantly constant spinor can
exist is therefore if the true holonomy is not SU(4) but rather a subgroup of it so that the
fundamental of SU(4) contains a singlet under this subgroup. This means that the holonomy
must be at most SU(3). If the holonomy is an even smaller subgroup, there will be multiple
singlets which means that one obtains extended supersymmetry. In general one obtains one
supersymmetry in four dimensions for each supersymmetry in ten dimensions up to a factor

of the number of singlets in the fundamental under the holonomy group

Nip = Nigp x Singlets. (1.3)

As a result, one finds for an SU(3) holonomy manifold N' = 1 supersymmetry for the type
I and heterotic string and N' = 2 supersymmetry for the type II string. Despite giving
too much supersymmetry for the type II string we will still consider this compactification
since one can add in so-called orientifold planes to the compactification which reduces this
to A/ = 1 supersymmetry. As a result, we are on the hunt for SU(3) holonomy manifolds.
In fact, the existence of a covariantly constant spinor implies a few other properties of
the compactification manifold [3, 8]. In particular, as we will discuss in the next section,
it must be a complex Kéahler manifold. Together with the special holonomy property men-
tioned above this implies that it must be a Calabi- Yaou manifold. Just to reiterate, this
analysis involved assuming that various bosonic fields vanish or take on constant values. As
we will discuss later, turning these fields back on moves us away from the Calabi-Yau con-

straint and in fact stabilizes various aspects of the internal manifold that would otherwise



be unconstrained and thereby (at least partially) solves the so-called moduli problem.
In summary, N' = 1 supersymmetry in the four extended dimensions dictate that the
six internal dimensions must be compactified into a Calabi-Yau manifold. We now go on to

discuss some of the properties of this class of manifolds.

Properties of Calabi-Yau Manifolds

A Calabi-Yau manifold is a particular type of a six dimensional manifold which can support
complex coordinates in a consistent way (i.e. the transition functions are holomorphic).
Moreover, a Calabi-Yau must be Kéhler which implies that its metric can locally be written

in terms of a Kéhler potential,

g,ul? = auaDK<Zy 2)' (14)

Alternatively, a Kéhler manifold is one whose Kéhler form J = ig,;dz" A dz” is closed, that
is dJ = 0. This can be shown to be equivalent to the statement above that the metric can
be written in terms of the Kéahler potential. Such a Kéahler potential can generally not be
continuously defined everywhere so one must work in patches {U;}. In the intersection of
two or more such patches, U; N Uj, the different Kahler potentials must differ by Kéhler
transformations

AK = f(2)+ f(2). (1.5)
These transformations leave the metric invariant

9o = 0,0, K — 0,0,(K + f(2) + f(2)) = guw- (1.6)

The other components of the metric g, and gz vanish. A Calabi-Yau must also support a
Ricci flat metric. More precisely ¢;(Mg), the first Chern class of Mg, must vanish. The first

Chern class is, up to a factor of 2m, the cohomology class of the Ricci curvature 2-form

R = R,pdz" Ndz". (1.7)



A highly nontrivial theorem conjectured by Calabi and later proved by Yau in the late 1970s
states that any such manifold admits a Ricci flat metric whose corresponding Kéhler form is
in the same cohomology class as the original Kahler form. The opposite direction is trivially
true since a vanishing Ricci form of course corresponds to the trivial cohomology class and
therefore the first Chern class of the manifold must vanish. As a result these two definitions
can be used interchangeably. Often one speaks of a Calabi-Yau threefold highlighting its
complex dimension rather than its real dimension.

One very important consequence of being a Calabi-Yau manifold is that there exists a

nowhere vanishing holomorphic 3-form |3, 8|

Q= Qu,(2)dz" Ndz" N d2P. (1.8)

Since the components are holomorphic, this form is necessarily closed.

dQ = (0+0)Q (1.9)

= 0aQup(2)dz® Adz" AN dz” A dzP + 0aQyp(2)dz% A dz! A dz” AdzP =0 (1.10)

The first term vanishes since there are only three linearly independent one-forms (dz*, dz?, dz?3)
while the wedge product involves four such forms. The second term vanishes because the
components of €2 are holomorphic functions of the coordinates. Despite being closed, 2
cannot be exact since Q A € is proportional to the volume form and if the volume form were
exact, the Calabi-Yau volume would vanish according to Stoke’s theorem. As a result (2
defines a nontrivial cohomology class in H3°. Since the dimensionality of this class is given
by the Hodge number h*° = 1 (see below), this is a representative of the (up to scalings)
unique cohomology class in HY. This fact will be very important to us when we later define
integrals of this form over cycles of the Calabi-Yau since if €2 were exact, these would trivially
vanish due to Stoke’s theorem.

Before we move on, it will be advantageous for us to quickly mention the concept of Hodge



numbers and the Hodge diamond. For real manifolds one can compute various topological
numbers called Betti numbers which measures the dimensionality of the various de-Rahm
cohomology groups. However, since these manifolds are complex, one can refine the notion
of exact and closed forms to the holomorphic and anti-holomorphic sectors. In particular,
one can consider (r,s) forms that are closed but not necessarily exact with respect to the
exterior derivative 0. These forms organize into classes called Hg’s which were used above
in discussing the holomorphic 3-form. The dimension of these various spaces are called the
Hodge numbers, h"* and can be arranged in the Hodge diamond. Using various relationships
among them that arise from complex conjugation, Hodge duality, and Poincare duality one
can compute most of these numbers. The only unspecified Hodge numbers for Calabi-Yau

3-folds are h! and h'2. The Hodge diamond therefore becomes

}3:3 1
3.2 2.3 0 0
B3l }2:2 B3 0 pLL 0
1,30 p21 B2 1,03 — 1 Bl2 B2 1 (1.11)
h2:0 Bl 10,2 0 Q! 0
1.0 ! 0 0
1,00 1

The two remaining Hodge numbers will provide us with the dimensionality of the space of

smooth deformations of Calabi-Yau manifolds referred to as its moduli spaces.

1.1.2 Moduli Space of Calabi-Yau Manifolds

Given a certain Calabi-Yau, there exists a family of smooth deformations of the metric
that one can perform that respects the Calabi-Yau structure. In other words, each Calabi-
Yau really refers to an infinite set of smoothly connected manifolds. This space can be

parametrized by a finite, albeit sometimes rather large, number of parameters.



10

Consider two nearby metrics g and g+ dg. In order for these to both describe Calabi-Yau

manifolds we must have

Ryn(9) = Run(g +6g) = 0. (1.12)

One can then ask what sort of metric deformations dg are possible [3]. Many of these
deformations will actually be equivalent to each other by simple coordinate transformations.
After choosing a particular gauge, one can show that dg must satisfy the Lichnerowicz
equation

VAV 10 G + 2R, P 95g,, = 0. (1.13)

Consider then generic metric deformations dg,,,. Since this is a complex manifold, we may
divide these up into two kinds of deformations: those of mixed indices, dg,5, and those of
pure indices, dg,, and dgz;. Out of these deformations one can define both (1,1) and (2,1)
forms which can be shown to be harmonic (see the discussion below which parallels [3]). As
a result, the number of linearly independent such deformations can be computed in terms of
the Hodge numbers discussed above. In particular the deformations separate into two main

classes: Kéhler structure deformations and complex structure deformations.

Kahler Deformations

Recall that the Kéhler form is given in terms of the metric as

J =igupdz" NdzZ". (1.14)

As aresult, the metric deformations of the mixed index type, dg,, correspond to deformations
of the Kéhler form. These so-called Kahler structure deformations give rise to a (1,1) form

which, using the Lichnerowicz equation, can be shown to be harmonic [3]

Aw=0 with w=dg,dz" Adz" (1.15)
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As a result, the number of independent Kéhler parameters of our Calabi-Yau is given by
the Hodge number h'!. Note however, that since 9> = 9 the Kéhler form is necessarily
real. As a result the Kihler parameters parameterize an h''!' dimensional real space. In-
terestingly however there is also a 2-form potential B whose deformations can be combined
with these to form a total of hb! complex parameters. This is traditionally referred to as

the complexification of the Kdhler cone and we speak of the complexified Kihler form
J =B+il. (1.16)

The main point to take away however is simply that the number of complex parameters that
preserve the Calabi-Yau structure while modifying the Kihler structure is hA! which is a
topological number specific to each Calabi-Yau family. Also note that since each Calabi-Yau

comes equipped with a Kiahler form, we must have at least one Kihler parameter, A%t > 1.

Complex Structure Deformations

One can also consider the metric deformations of pure type, that is dg,,. Once these are
implemented, it is clear the metric no longer takes on the Hermitian form of only mixed
indices. Is it possible however that by a suitable change of coordinates, one can bring the
metric back into such a form? The answer is yes, but that these coordinate transformations
cannot be holomorphic since holomorphic transformations preserve the Hermitian metric
structure. In other words, if such a holomorphic transformation w(z),w(z) did exist, the
inverse transformation would have to take an Hermitian metric into one with nonzero pure
components. However, this is not possible:

() _ ow® 8@5 (w) ow® Ow” (w)

0 since Ow” o’
= ———q - Y = in =
Iy Ozt Ozv s Ozt Ozv Jas

Oz Ozv

=0. (1.17)

As a result, one must consider transformations that link inequivalent complex structures

together. These are therefore referred to as complex structure deformations. In order to
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analyze these further, one can construct a (2,1) form which again using the Lichnerowicz

equation can be shown to be harmonic [3]
dp=0 with 7= Quug™0gzdz" Adz" A dz° (1.18)

There are therefore h'? linearly independent metric deformations of this type. This time
around, the components dg,, are allowed to be complex and the h'? parameters are thus
allowed to be complex as well.

To summarize, there are A% 4+ h'? independent complex parameters that smoothly pa-
rameterize the space of metric deformations that are compatible with the Calabi-Yau struc-
ture. Since the various manifolds are smoothly deformable into each other it is possible to
choose a different compactification manifold for each space-time point in four dimensions.
This then implies that these h! + h'? complex parameters will appear in four dimensions as
complex scalar fields. This field space is referred to as the moduli space of the string theory
compactification. It is very important to recognize that these two sectors are independent

and that the total moduli space factors into the Kéhler side and complex structure side
M = M171 X M]_72. (119)

This implies that one can consistently focus on one of these sectors at a time.

An Example - the Quintic

As a canonical example of a Calabi-Yau manifold that will reappear later on, we here give a
quick construction of the so-called quintic.

Consider four-dimensional complex projective space CP* which is constructed from C® —
{0} by identifying points (z1,...,25) ~ A(z1,...,25) for A € C. This space is Kdhler and

compact although its first Chern class does not vanish. However, by restricting to a hyper
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surface defined by the vanishing of a quintic polynomial,

P(z1,...,25) =0 where  P(A\zy,...,Az5) = N>P(z1,...,25), (1.20)

one can retain the Kahler structure of the manifold while setting its first Chern class equal
to zero. In other words, this hyper surface is a Calabi-Yau manifold. In principle, each
quintic polynomial can give rise to its own distinct Calabi-Yau (although we will shortly see
that there is some redundancy in this description). The various polynomials are of course
smoothly related to each other by varying their coefficients. For a degree five polynomial in

five variables there are

=126 (1.21)
4

monomials of the form 27" ...25° with a, + ... 4+ a5 = 5. By a holomorphic change of co-

5 some of these can be removed. In order for this

ordinates in the five variables 2!,..., 2
transformation to be globally well defined, it must be of the form w’ = o + M ;zj . In order
for it to also respect the projective identification in CP*, (2!,...,2°%) ~ A(2!,...,2%), it must
also be homogeneous in the coordinates so that the most general form is w® = M ;zj The
matrix M JZ has 25 independent components, so that 25 of the original 126 parameters can
be removed, leaving precisely 101 parameters that cannot be removed using holomorphic
changes of coordinates. These therefore represent the complex structure deformations. The
Kéhler deformations are inherited from the complex projective space in which we are em-

bedding this hyper-surface. As a result, the hodge numbers are h''' = 1, h%? = 101 for the

quintic hyper-surface in CP* which is traditionally called the quintic.

The Metric on Complex Structure Moduli Space

As mentioned above, the low-energy approximation to string theory will contain scalar fields

that can be traced back to the various deformations of the compactification manifold con-
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sistent with the Calabi-Yau properties. It is of paramount interest to properly understand
their low-energy dynamics. Most naturally one would like to obtain the form of the scalar
potential that governs their dynamics. This can be a rather involved problem and so we
will postpone a detailed discussion of this until later. Another important aspect of their
dynamics is specified by their kinetic terms. Traditionally scalar fields are taken to have

canonical kinetic terms

Lyin = Z 0" ;0,01 (1.22)

However, as we will now discuss, the scalar fields that arise from deformations of the Calabi-

Yau compactification manifold will have non-canonical kinetic terms

Lyin = Gij(Ga, 6)0"¢' 0,0 (1.23)

This is tantamount to having a nontrivial metric on the moduli space [§8]. We take this
metric to be the Weil-Peterson metric

1 _ _
ds* = 5V / 9% 9 [69ac0G5q + (09440905 + 6 Bagd Ba)| /9d . (1.24)

Here we are integrating over the entire Calabi-Yau and take V as its total volume.! We will
for the remainder of this dissertation focus on the complex structure deformations and only
in passing mention the Kéahler structure part of the story. As a result, we can effectively

work with the moduli space metric

1 _ _
ds® = TG /gabgc‘i(;gacégbd\/gdﬁx. (1.25)

The variations 6g,, must be linear combinations of the h'? allowed deformations. Let us

decide on a basis for this space, (59((12‘) where the a labels the basis element. We can then

Tt is important to realize that this metric on moduli space is physically distinct from the metric that
exists on the Calabi-Yau itself. In fact, although we will soon determine the metric on moduli space, no
nontrivial Calabi-Yau metrics are currently known.
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write a generic deformation in terms of h? complex coordinates t* as

Sg = 169" (1.26)

g = 1999 (1.27)
The moduli space metric can then be written as
- 1 . 5
ds? = 2G,56t°07  with G5 = W / 9g°159(25g\7)\ gd°x (1.28)
M

We will now run through a standard argument [3| that allows us to write G, entirely in
terms of the holomorphic 3-form €2 that is defined on the Calabi-Yau manifold. The main
idea is as follows. When we decide to deform the metric by adding say dg., = 5250‘59((5:) and
8¢5 = 0ga, we must, as mentioned above, also change coordinates in a way that changes the
complex structure of the manifold. One should in principle be able to compute the necessary

coordinate transformation (we take §t* infinitesimal)
2% (2 2%, B 2 ) Rt M2 AL B L))ot (1.29)

for some function of the original coordinates M. Given this coordinate transformation, one
can compute what happens to the holomorphic 3-form. In particular, it will no longer be of

pure (3,0) type since the basis 1-forms will pick up an anti-holomorphic part

dz" — d2® + dMOSte (1.30)
oMe . OM®
= do (e o o 1.31
dz +(azbdz+azbdz)5t (1.31)
aM? . OMS
= (¢ @5t —25tdz". 1.32
(05 + 2b at*)dz" + e ot dz (1.32)

Furthermore since the 3-form components carry indices they also transform under the coor-

dinate transformation. Putting all of this together, one finds that 2 becomes partly a (3,0)
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form and partly a (2,1) form. Since the exterior derivative is independent of the moduli
space coordinates, these new forms must also be closed and therefore define cohomology

classes in H*% and H?*' as usual
0.0 € H* @ H*'. (1.33)

Since (2 is a representative of the unique class (up to scalings) of the cohomology group H?°
(recall that the Hodge number h*° = 1), the (3,0) part must be proportional to € itself and

we therefore have

02 = Ko + Ya (1.34)

for some closed (2,1) form y, and function K,. Note that K, only depends on the moduli
space coordinates and is completely independent of the coordinates on the Calabi-Yau itself.
The reason for this is that if K, depended on the Calabi-Yau coordinates, we would have
defined another closed (3, 0) form K, which is in a class of H*? that is linearly independent
of the class that € is in which contradicts the fact that A3? = 1.

One can of course run this argument backwards. Given a (2,1) form x, and a value for

K,, one can compute the metric deformation dg,,. If we define the components of x, as

1 _
Xa = §(Xa)ab5dza Adzb A dZE, (1.35)

one obtains for the metric deformations

1
0gas = —
I

Qa Cd(Xa)ch(Sta (136)
where we have defined the scalar

1 _
19|> = éQabCQ“bc. (1.37)
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In fact, ||Q]|? is constant over the Calabi-Yau manifold [3] (however it is not constant over

the moduli space). One can then use this in the moduli space metric from (1.28) to obtain

Got = fogaz o (1.38)

Using the form for x, from (1.34), we can write this as
Gy — 10 K(}Qg)z //\\ gﬂQ — %59 (1.39)
- {Mfag—ﬁgfﬁ - “foQAAa%Q T8 ffa ?ZQ/\/\QQ + KaKﬁ} (1.40)

At this point write 9,0 as K, + Y. again and similarly for 95Q in the middle two terms.
Then recognize that the wedge product between a (3,0) form such as K, and a (2, 1) such

as X vanishes identically so that

faaQ/\égg
= —+———+—— — K ,Kj 1.41
Gaﬁ { IQ/\Q ai)f ( )

Of course €2 is holomorphic over the Calabi-Yau, but it can be shown that €2 varies holomor-
phically with respect to the moduli space coordinates as well [8]. As a result the following
partial derivatives with respect to the moduli space coordinates vanish when applied to 2

and Q

8.0 = 0 (1.42)

930 = 0. (1.43)

The above expression for the metric can therefore be written as

Guos zﬁaﬁg{—log (2/9/\9)} (1.44)
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In other words, the moduli space of the given Calabi-Yau compactification is also Kéhler,

that is G5 = 0,05 K with the Kéhler potential

K = —log <Z/Q/\Q) (1.45)

Note that K is real according to this definition

K*:—bg(—i/@AQ):—1og<z'/Q/\Q>:K (1.46)

since the two 3-forms Q and Q anti-commute. In order to determine the form of the function
K, from (1.34) we take the wedge product of (1.34) with 2 on both sides and integrate over
the Calabi-Yau.

l/@QAQ:K@/QAQ+/}aAQ (1.47)

Since Y, is a (2, 1) form and € is a (0, 3) form, their wedge product vanishes identically and

so the last term above is zero. One can then solve for K, to find

oA Q

K, = _
O JaAQ

(1.48)

Once again, since {2 only depends on the moduli space coordinates ¢ holomorphically and

vice versa for €2, the partial derivative can be moved out to give
K, =—-0,K. (1.49)
As a result, the (2,1) form x, can actually be written as
Xa = (Oq + 0n )2 (1.50)

We will soon see that this particular combination can be interpreted as a covariant deriva-
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tive with respect to Kéhler transformations. Interestingly, although in principle one would
imagine that (9, + 0,K)Q2 € H*Y @& H*!, it is actually completely contained in H*!. We

will get back to all of these expressions later on when we get to the bulk of the discussion.

Kahler Transformations

The holomorphic 3-form is only defined up to an overall scaling. With our understanding
of the moduli space one can actually scale ) differently at different points in moduli space.

Consider then multiplying it by a moduli dependent function
Q — Q. (1.51)

Note that the scaling function is holomorphic in t* which is consistent with our previous
comments on how {2 must depend holomorphically on the moduli space coordinates. The

Kahler potential then changes according to
e X — i/ef(t)Q AelDQ = OO —K (1.52)

so that

K — K — f(t) — f(f). (1.53)

This is known as a Kdhler transformation. As a result, the Kéhler potential is only defined up
to such transformations. Fortunately, as we mentioned above, the metric does not actually
change under a Kahler transformation since it is obtained by applying both a holomorphic
and an anti-holomorphic derivative to K. Furthermore, it is clear that the partial derivative

does not transform covariantly under Kéahler transformations when applied to €2

0aft = 0 (/M) = /9,0 + /00, £ (1). (1.54)
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However, one can define the Kéhler covariant derivative aluded to above
Do = 0,2 4 (0, K)Q2. (1.55)

This definition of the derivative does transform covariantly since the connection K, trans-

forms in such a way as to absorb the extra terms
Do = 0,2 + (0, K)Q = 04 (e7VQ) + (0u K — 0uf (1)) (/VQ) = /D D, Q. (1.56)

Similarly, it is clear that the form of the other Kéhler covariant derivatives are

D, = 9,2=0 (1.58)
DaQ) = 050+ (0:,K)Q (1.59)

Period Functions and Special Geometry

It is clear from the above discussion that there is a tight link between the coordinates on the
moduli space and the holomorphic 3-form. More precisely, given the holomorphic 3-form at
two nearby points, one can compute the Kéhler potential using (1.45) and then the (2,1)
form x,0t* using (1.50). The metric deformation dg,, can then be found from (1.36). This
can all be done without any explicit reference to the coordinate system t“. As a result, €2
carries all the information in it pertaining to the coordinates on moduli space. One can
therefore use the 3-form to create a set of coordinates for M 5.

One way to do this is to consider integrals of Q over various 3-cycles, the periods |3, §].
Here it is important to recall that € is closed but not exact since the integral of an exact
form over a 3-cycle must vanish. Although there are infinitely many 3-cycles, here we only
care about 3-cycles in distinct homology classes. The reason is that according to Stoke’s

theorem the integral of a closed form such as 2 over 3-cycles in the same homology class
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(that is, they differ by the boundary of a 4-surface) are equal

/J\4+6NQ:/MQ+/3NQ:/MQ+/NCIQ:/MQ' (1.60)

We must thus find a basis of homology classes in Hs. We choose the symplectic basis where
the cycles are split into two groups, the A-cycles and the B-cycles where none of the A-
cycles intersect each other and similarly for the B-cycles. However, for each cycle in one

group there is a cycle in the other group that does intersect it
ATNA’=0 B NnB;=0 A'nB;=-B;nA" =4 (1.61)

This is analogous to how one can choose the cycles on a two dimensional surface. One can

Figure 1.1: Here we illustrate the A and B cycles for a g = 2 surface in two dimensions. The
3-cycles on the Calabi-Yau would be higher dimensional generalizations of these.

then define the periods over these cycles as

X! = /AI Q (1.62)
FJ:/B Q. (1.63)

All of the information that {2 contains is also contained in the periods. This can easily be
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seen by writing {2 explicitly in terms of them as
Q=X'a; - F;p7. (1.64)

Here we have introduced the 3-forms a; and 87 dual to these cycles A’ and B so that

/ oy =67 and / ar =0 (1.65)

A7 B,

Bl =—6" and Bl =o. (1.66)
AT

By

The periods X7, F; must therefore contain enough information to construct a coordinate
system for the moduli space. In fact, there is a large redundancy among them since there
are more periods than there should be coordinates. In particular there are dim(Hjz) = b3
distinct classes of 3-cycles. Using the fact that Hs and H? are isomorphic to each other, this
equals b®. Furthermore, this Betti number can be written in terms of the Hodge numbers
as b® = h30 + B2 + h1? + B3 = 2(1 + h'?). There are therefore more than twice as many
classes of 3-cycles as there are moduli space coordinates. As a result, the F; periods can be

taken to depend on the X! periods
Fy = F;(X"). (1.67)

However, the various X s still overparametrize the space since there are h'?+1 such periods.
This is accounted for by noting that € is itself only defined up to an overall scaling. The X’
are therefore projective coordinates. In a patch where X° # 0 one can then define the h'?
coordinates

xe

t* = <0 for o =1,2,...,h""?% (1.68)

The fact that the periods F; depend on the periods X! leads to the idea of special geometry
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[8]. To see how this works, consider differentiating Q with respect to X!

oFy

8IQZQI_W

3. (1.69)

Since 0;€2 must be the sum of a (2, 1) form and a (3,0) form as we showed above, the wedge

product Q A 9782 vanishes so that

/malgz _o. (1.70)
In terms of the periods, this implies that

Fr = X70;F;. (1.71)

This can trivially be rewritten as

Fr=0;F (1.72)
where we have defined the pre-potential,

1
F = §XIFI (1.73)

The fact that the periods F; can be derived from a single function, F is referred to as special

geometry |8].
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1.2 The Type II Superstring

There are five consistent string theories in ten dimensions. Throughout this dissertations,
we will focus exclusively on one of these called type IIB string theory, or more precisely its
low-energy limit, type IIB supergravity. In this section we briefly review the idea of the
superstring and provide a heuristic derivation of the field content of type IIB supergravity.
We then write down the action for this theory and discuss its SL(2,7Z) symmetry.

The first approach toward writing down a string action is the Polyakov action for the
bosonic string. However, this action only leads to states which are space-time bosons and
as such is not phenomenologically viable. There are two main approaches for incorporating
fermions into the theory. The most natural approach would be to formulate the theory not
in D dimensional space-time, but rather in superspace. There is however another equivalent
formulation known as the Ramond-Neveu-Schwarz (RNS) formalism that we employ here.
It is not immediately clear that these two formulations are equivalent or even that the
RNS formalism results in space-time fermions although the latter of these claims will be
confirmed below. The main idea of the RNS formalism is to add fermonic fields to the
world-sheet theory in such a way as to respect world-sheet supersymmetry. As a result, the
spinors must themselves transform as vectors under the global Lorentz group and thus carry
a vector index. Furthermore, in D = 2, it is possible to define Majorana-Weyl spinors. We
take the spinors ¢} and ¢" below to be of precisely this form for positive and negative

chirality respectively. The superstring action is then

1
4o

S:

/ B0 (00X, 0° X" — 20" O_t), . — 20" D1),_) . (1.74)

We will now continue by discussing the open and closed superstrings.
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1.2.1 The Open String
Boundary Conditions

Varying the action in (1.74) with respect to the fermionic fields yields the usual equations

of motion that one would expect

Oy = 0. (1.75)

These yield left moving and right moving sectors. Just like for the bosonic string we must
also specify our boundary conditions. In the case of the bosonic string, the action contains
two derivatives. As a result, the boundary term can be sent to zero by either choosing fixed
endpoints (Dirichlet boundary conditions) or vanishing o derivative (Neumann boundary
conditions). In our case, the action is only first order in derivatives, so we won’t be able to
send the boundary terms to zero by simply setting the o derivatives to zero. However, at
the same time we now have two independent fields ¢, and 1_. As a result, it may not be
necessary to have both of these fields fixed at ¢ = 0, 7. Instead, one may be able to play the

fields off each other. In particular, the boundary term is

35> [ dr((sdus —v-00-), — (st = ¥-50-),y). (1.76)
We can make this vanish by taking
1, = +1_  at the endpoints of the string. (1.77)

These two choices are both consistent. The choice 1, = 1_ is called Ramond boundary
conditions (denoted R for short) while the other choice, 1), = —1)_ is called Neveu-Schwarz
boundary conditions (denoted NS for short). One can show that the states that arise from
the Ramond sector are space-time fermions while those from the Neveu-Schwarz sector are

space-time bosons.
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Massless Field Content

The next step in the analysis involves writing the fermionic fields in terms of a Fourier
expansion. The coefficients of these modes become raising and lowering operators in the
quantum theory, something that is familiar from standard quantum field theory as well as
from the bosonic string. Just like for the bosonic string, the ground state for the superstring
is tachyonic. However, there is a consistent truncation of the theory which keeps only
those states with an odd number of (world-sheet) fermionic raising operators. As a result,
the tachyonic state is eliminated and the new set of states after this GSO projection have
non-negative mass-squared. The massless states (which are the ones that are kept in a low-
energy effective supergravity limit) consists of a massless vector field in the NS sector, 8,
and a massless spinor in the R sector. Since the spinor is massless it transforms under the
little group SO(8). The spinorial representation of this group has dimension 2%/2 = 16 but
is reducible into two inequivalent Weyl spinors each of dimension 8, 16 = 8, & 8. Whether
one chooses the left-handed or right-handed spinor is a matter of convention for the open
string, so we will for convenience simply choose the left-handed one. As a result, the open

string gives us a low-energy field content of

8, ® 8. (1.78)

A point that is far from obvious is that the supergravity theory is supersymmetric.

1.2.2 The Closed String

As is familiar from the bosonic string, the closed string sector can be thought of as two
copies of the open string tensored together. As a result, the low-energy field content of the
closed string will be that of (8, @& 8spiner) ® (85 B 8spinor). Now, in the open string the
chirality of the spinorial sector was a matter of convention. However, here we obtain two

distinct possibilities: do the two sectors have the same or opposite chirality? These turn out
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to be physically distinct theories with different field content. In particular, one obtains type
ITA string theory/supergravity if the two spinors have opposite chirality while one obtains
type IIB string theory/supergravity if the two spinors have the same chirality. Since we will
focus on the type IIB theory for the remainder of this dissertation, we just work out the
field content of type IIB. The two spinors have the same chirality for type IIB, but which
chirality is still a matter of convention. Let us pick the 8 for definiteness. The massless

sector then becomes
(8, 8)®(8,®8)=(8,28,)®(8,®8)® (8,®8,)® (8, ®8;) (1.79)

The first term represents the NS-NS sector since it is obtained by tensoring two copies of
the field content that originates in the NS sector. The middle two terms similarly represents
the NS-R and R-NS sectors respectively while the final term represents the R-R sector. Out
of these terms, only the NS-NS and R-R sectors lead to space-time bosons (the remaining
ones result in their fermionic superpartners). The NS-NS sector follows the standard anti-

symmetric tensor/symmetric traceless tensor/trace decomposition
8, ®8,=1D 28D 35. (1.80)

The last of these fields is the graviton in 10 dimensions while the first one is the scalar known
as the dilaton. The middle field is the antisymmetric tensor (or more precisely, 2-form). The

NS-NS sector thus gives rise to the fields

NSNS = gun, By, ¢ (1.81)
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As for the R-R sector, the reduction into irreducible representations of SO(8) gives us p-form

fields of three different orders with dimensions 1, 28, and 352
8, ®8, =13 283 35. (1.82)
These R-R p-form fields are traditionally labeled as follows
RR — CO, Oy, Civro (1.83)

They of course have corresponding field strengths,

F = dc© (1.84)
Fy; = dc® (1.85)
F, = dCW. (1.86)

We now move on to the low-energy supergravity limit that this field content gives us.

1.2.3 Type IIB Supergravity

The fields above interact at low energies according to the following type IIB supergravity

action

1
S[[B =52 dloﬂf\/ —g <R (187)

B i (€T 2T /O<2>AG3AG3
2K7)

277 1277 4-5! 8ik?, Tr

Here we have combined the field content from the previous section in various convenient
forms. In particular we have defined the axio-dilaton by combining the zero form R-R field
with the NS-NS dilaton

7=CO 1 e (1.88)

2Note that the dimensionality of this 4-form reflects the constraint that we discuss later that its field
strength must be self dual
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We have also combined the NS-NS 3-form field strength Hy = dB® and the R-R 3-form
field strength Fy = dC'® into
Gg :Fg—THg. (189)

Finally, we have defined
o 1@ 1 ©)
F5 = F; 50 /\H3—|—§F3/\B (1.90)

This 5-form is self dual, something that must be imposed separately from the equations of

motion

« Iy = Fy. (1.91)

An interesting aspect of this action is that it exhibits an explicit SL(2,R) symmetry under

which 7 and G5 transform as

at+b

1.92

T ct +d ( )
Gs

G ) 1.93

3 = ct +d ( )

In the quantum theory, this is broken to an SL(2,7Z) symmetry.
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1.3 Flux Compactification

In chapters 2, 3, and 4 we will investigate various aspects of the potentials that govern
the dynamics of the moduli of Calabi-Yau compactifications. In this section we review
how these potentials arise via so-called fluz compactification following the argument due to
[12]. In particular we begin by discussing the notion of warped compactifications which are
necessary modifications to the compactification of supergravity once fluxes are introduced.
We then go on to to discuss the back-reaction of these fluxes on the geometry near a singular
configuration of the Calabi-Yau called the conifold [4, 5]. This back-reaction due to warping
will be essential in all of the following chapters.

As we have eluded to a few times already, each Calabi-Yau manifold actually represents
an infinite number of distinct manifolds that are connected in a multi-dimensional moduli
space. The parameters of this space become massless scalar fields upon compactification.
Since no massless scalar fields have ever been observed, this presents us with a problem
— the moduli problem. The moduli come in two distinct sectors, the Kéahler moduli and
the complex structure moduli. Out of these two sectors, the latter can be stabilized via
flux compactifications. The idea is to turn on background configurations for the 3-form
fluxes F3 and Hj from type IIB supergravity to achieve the stabilization. Interestingly
these background configurations can exist without sources much in the same way that a
nonzero vector field can exist on a torus. There are however some subtleties about this
approach. As a result, one must be slightly more general. In particular one considers warped
compactifications where the space-time manifold does not quite factor into and external and

internal piece but rather as
ds? = Wy da'dz” + e A Wg,  dy™dy". (1.94)

Here p,v = 0,1,2,3 denote four dimensional space-time while m,n = 5,6,...,9 represent

the internal space. Notice the nontrivial warp factor in front of the Minkowski metric and
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the Calabi-Yau® metric, g, in (1.94). This implies that as one moves in the internal space,
the effective scale of the external space varies. Furthermore, note that in order to maintain
four dimensional Poincaré invariance, the warp factor can only depend on the internal coor-
dinates A = A(y). For a long time, it was believed that such warped compactifications were

impossible due to a no-go theorem [10] that we now turn to.

1.3.1 No-Go Theorem

Here we review the results from [10]. We will consider the most general background configu-
ration of type IIB supergravity that is consistent with four dimensional Poincaré invariance.

The axio-dilaton can only depend on the internal coordinates,

T ="7(y). (1.95)

The 5-form field strength Fy can furthermore only have either four components in the external
four dimensional space or none at all. These are of course related via Hodge duality, and
since this 5-form is already self dual, we can write the most general background configuration
for it as

5 = (1 + %)[da(y) Ada® A dat A da? A da®). (1.96)

Finally, there is no way for the 3-form fluxes F3, H3 to take on any external components

without breaking Poincaré invariance. As a result, we must take

F3,H3 S H3(M6,Z). (197)

The fact that we are here restricting to the integer cohomology is simply because the fluxes

must be quantized according to a generalized Dirac quantization condition.

3Technically once we allow for non-vanishing background configurations for the various form fields, our
analysis that showed that the internal space must be a Calabi-Yau is invalidated. However, one can run
through a similar argument to show that the internal manifold must still be conformally Calabi-Yau which
precisely means that the metric must take the form of (1.94) with g, a Calabi-Yau metric.
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One can then use these background configurations in the trace reversed Einstein field

equations [10] obtained by varying the type IIB action with respect to the metric,

1
RMN = Ii%o (TMN — ggMNT) s (198)

where Ty, is the stress energy tensor of the type IIB field content and T its trace. By
looking at the external components of this equation M, N = 0, 1,2, 3 and tracing over them,

one then obtains an equation for the warp factor

24 Gnp G
e —

V2 4A —
© 127,

+ e 540,,00™a 4 O, et om e . (1.99)
Here, the Laplacian as well as all the implied metric contractions in e.g. 0,,a0™« are
obtained using the Calabi-Yau metric g,,,. Now, integrate this expression over the entire
Calabi-Yau. The left-hand side must vanish since it is a total derivative. The right-hand
side must therefore also vanish upon integration. However, the right-hand side is positive
semi-definite. The only way that the integral of the right-hand side can vanish is therefore
if each term vanishes identically. One then obtains the no-go theorem that states that the

only possible background configurations are

Gy = 0 (1.100)
e = constant (1.101)
F =0 (1.102)

The last condition follows from the fact that « is constant. As a result, one finds that the
contribution of the various form fields vanishes and therefore that they cannot be used to
stabilize the internal manifold. There is however a nice way to evade this no-go theorem.

This involves adding various sources to the story.
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1.3.2 Adding Local Sources

So far we have only written down the part of the low-energy theory pertaining to the gauge
fields. In particular, we have not yet discussed what objects source the various fields. A
generalized version of Gauss’ law states that once we have found an object that sources the
field strength F), one can find its charge by surrounding it by a higher dimensional sphere
and then integrating the field strength over it. For a field strength F},, this must be a p
dimensional sphere, SP. As a result, the object must have precisely p + 1 transverse spatial
dimensions. Given a total of D — 1 spatial dimensions, the object must itself be D — p — 2
dimensional. These higher dimensional objects are well known from a discussion of open
strings, they are D-branes. As a result, the field strengths of type IIB supergravity couple

magnetically* to the following D-branes

F couples magnetically to D7 branes (1.103)
F3 couples magnetically to D5 branes (1.104)
Fy couples magnetically to D3 branes (1.105)

Similarly, one can couple electrically to various branes. The same counting works as above
expect that one finds the charge by integrating = F}, over a sphere rather than F},. As a result,

F,, couples electrically to a brane with dimension p — 2.

F couples electrically to D(—1) branes (1.106)
F couples electrically to D1 branes (1.107)
F; couples electrically to D3 branes (1.108)

The D(-1) brane is a D-instanton while the D1 brane is a D-string.

By considering these sources in addition to the field strengths, one finds that warped

4Which one is called electric and which one is called magnetic is a matter of convention.
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compactifications become possible [12]. In particular the sources will contribute to the right-

hand side of Einstein’s equations

~Ymnp
2A Gman

v? 4A —
© T Ty,

+ e 0" o + 0 0™ e + k1N T — TH)ioe- (1.109)

m

Note that the relative minus sign in the contribution of these sources to the right-hand side
is a direct consequence of the trace reversed Einstein equations. Now, as long as the contri-
bution of the sources is positive semi-definite, one again finds, by integrating the two sides
over the internal space, that the flux G35 must vanish, that the warp factor is constant and
that Fy = 0. However, if the contribution is instead negative, is is possible to satisfy Ein-
stein’s equations while having a nontrivial flux background and warp factor. Thus, nontrivial

warped /flux compactifications are possible when

m

(T =T )1oe < 0. (1.110)

In order to proceed from here, we introduce another constraint on the fluxes since the above
expression does not determine the form of the background fields by itself. This leads us to

introduce the tadpole condition

1.3.3 Tadpole Condition

Consider the definition of the 5-form field strength, F5 in (1.90). Taking the exterior deriva-

tive of both sides and using the definitions for F3 and Hj3 gives us
dFy = F5 A\ Hs. (1.111)
Integrating this over the internal manifold gives us (since the left-hand side is exact)

/Fg/\ngo. (1.112)
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However, as mentioned above, we must now also include localized sources. Some of these
sources generate a D3 brane charge that sources this 5-form flux. Clearly D3 branes accom-
plish this, but it turns out that even D7 branes carry an induced D3 brane charge as do O3
planes [12]. In fact, O3 planes carry a negative D3 charge. We must therefore also include

a source term on the right-hand side of the expression above for dFj

dﬁ% = Fg/\H3+2/€%OT3p3, (1113)

where p3 is the D3 charge density. The tadpole condition is then obtained by integrating

this over the manifold just as before

1

Now, as mentioned above this charge ()3 can arise from two sources. Either it is directly due
to D3 branes that fill the external 3 spatial dimensions, or it could be due to D7 branes that
are wrapping various 4-cycles in the Calabi-Yau and filling the external 3 spatial dimensions

or O3 planes that are space filling [12]. One can then rewrite the tadpole condition as

1

1043

Here L is the D3 charge due to all other sources besides D3 branes while Np3 is simply the
number of D3 branes. If one views the type IIB theory as arising as a limit of a certain
F-theory compactification (more on this later), one can compute L in terms of the Euler

character of the corresponding 4-fold C'Y,

x(CYy)
20

L= (1.116)
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Returning to (1.113), we can write it in terms of o, G3 and €*4 from before as

24 Gmnp *6 Gmnp

Vi =i
a=e 127

4 2e7540,,00™a + 2K2,*A Ty ps. (1.117)
Here *¢ refers to the Hodge dual in the internal space. Combining this expression with that

of the Einstein equations from before, (1.109), we find

€2A

2044 _ oy _
Ve —a) = o

1
iGs — *6Gs|* + e %40 (e* — o) |* + Emioe%(m’ — T —4Tsp;). (1.118)

Let us suppose that the sources satisfy the BPS-like condition

It then becomes clear (again by integrating both sides) that warped compactifications only

become possible if

%Gy = Gy (1.120)

M = a (1.121)

Notice, that unlike the previous case without sources, including sources does not imply a
vanish flux nor a trivial warping. As a result, flux compactifications are possible as long as
the appropriate sources are included and the complex structure moduli can, as we will see

below, therefore be stabilized.

1.3.4 Four Dimensional Physics

Now that we have illustrated that flux compactifications are in fact possible, we continue
to discuss the four dimensional effects of such a setup. In four dimensions, the moduli will

appear as scalar fields. However, unlike the zero flux unwarped case, their dynamics is now
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governed by a nontrivial potential. Such a potential can be derived from the Gukov-Vafa-

Witten superpotential [62]
W= /G3 A Q. (1.122)

Here 2 is the holomorphic 3-form on the Calabi-Yau and the integral is taken over the entire
Calabi-Yau space. Just as before we also have the Kéhler potential obtained by integrating

Q A Q over the Calabi-Yau [3]

K., = —log (Z/Q A Q) . (1.123)

This will only depend on the complex structure moduli. The Kéhler potential for the axio-
dilaton is given by a similar formula except that one uses the holomorphic 1-form on a torus
rather than €23. The result is

Kog = —log(—i( — 7)). (1.124)

The entire Kéhler potential is then given by considering both of these sectors
K =K.+ Ku. (1.125)

From the Kéahler potential, we can derive the Kéhler connection K, and the Kéahler metric

K,

.5 just as before®6

K, = 0,K (1.126)

K

a

5 = 0.0,K (1.127)

SThere are actually nontrivial corrections to the Kéhler metric and connection when warping is intro-
duced. These will be very important in the remainder of this dissertation so we will spend a considerable
amount of effort understanding these below.

6Note that before we defined K, = —9,K. From this point on we will drop the minus sign and simply
let K, = 9,K for simplicity.
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Using the connection we can, as before, define the Kéhler covariant derivative acting on the

superpotential

DJW = (0, + K,)W (1.128)

DWW = W (1.129)

We can now write down the scalar potential that the moduli see. It follows the standard
supergravity form

V=X (K“gDaWDEW - 3\W]2> . (1.130)

One can also consider the overall volume modulus, p with its corresponding Kéhler potential

Notice that the covariant derivative of W with respect to the volume modulus is given by

-3
D,W = K,W = ——W. (1.132)

This, together with the fact that
. 3

implies that the final term —3|W|? is cancelled against the contribution from the volume

modulus
lp—p 9

KD ,WD,W — 3|W|* = R

|W|? —3|W|* = 0. (1.134)

These models are referred to as no-scale models. We will work with these for the remainder

of this dissertation. The scalar potential therefore takes the form

eKcs

— K“T’Dawb—v‘v) . 1.135
16773 ( b (1.135)
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Here the sum runs over both the complex structure moduli as well as the axio-dilaton. We
have explicitly used the form for the Kéahler potential for the axio-dilaton and the volume
modulus in the pre-factor. Note that we assume that p; is fixed elsewhere and as a result is

just a constant factor that does not affect the dynamics.

1.3.5 Warping Correction to The Kahler Metric

As mentioned above, there will be corrections to the Kéhler metric and connection (and
therefore also to the kinetic terms and the potential in the Lagrangian) once warping and
fluxes are included. Roughly this can be thought of as the back-reaction of the fluxes on
the geometry. This correction will be one of the more important aspects throughout the
remainder of this analysis, so we spend a considerable amount of effort understanding it
here.

The original formula for the Kéhler metric in the absence of any warping was derived in

the section on geometry above, and is

K = —log (Z/Q/\Q) (1.136)

This was all derived using the fact that the compactification manifold is a Calabi-Yau space.
Since we are now considering warped compactifications, such an analysis is not quite accurate
anymore. A full treatment of the geometry of the moduli space now requires generalized
complex geometry. However, in [42, 43| it was argued that an effective Kéhler metric can be

derived using the following correction

K = —log (z'/e—‘“‘Q A Q) (1.137)

44 is the warp factor from above. The idea behind this correction can be understood

where e~
roughly as follows. In the unwarped case, 2 A Q is proportional to the volume form on the

Calabi-Yau. This is most clearly seen by recognizing that the Hodge number h33 = 1 and
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thus that any (3,3) form with non-vanishing integral over the Calabi-Yau must lie in the
same cohomolgy class as the volume form. Therefore, Q A Q) can differ from the volume form
by at most a total derivative. Now, when warping is included it is reasonable to suspect (at
least to first order) that the correct formula for the Kéhler potential would be modified in
the same way that the volume form would be modified. This is captured by how the 10D
and 4D Planck scales are related. To see how this works, consider the gravitational action
in 10D,

S ~ M3, / R0V Gd"x (1.138)

where Mg is the 10D Planck scale, Ry, is the 10D Ricci scalar, and G is the warped metric.

Integrating out the six internal dimensions, we should end up with

S ~ MZ/R4\/§d4:c. (1.139)

Where M, is the 4D Planck scale, Ry is the 4D effective Ricci scalar, and ¢ is the effective 4D
metric. In particular, we see that the 4D and 10D Planck scales are related by integrating out
all of the internal y-dependence. Counting everything up, we see that we get a factor of e =64
from the warping correction on the internal space, another factor of e*4 from the warping
correction on the external space, and finally a factor of e™24 from how the Ricci scalar
depends on the warp factor (this is easily seen by considering a Weyl scaling). Multiplying
these together, we see that the two Planck scales are related by an an exponential factor”
equal to e~*4. This is then the warp factor that should be included in the correction to the
Kahler potential.

It is therefore evident that in order to find the warp correction to the Kéhler metric, one
must first find the warp factor e #4. For general compactifications with small fluxes, one does

not expect a very large warp correction. However, there are certain singular configurations

"This is another nice aspect of warped compactifications. The fact that the two scales can be related
exponentially allows one to address the hierarchy problem effectively. In fact, warped metrics have been
studied for this reason alone.
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of the Calabi-Yau geometry where certain cycles of the manifold that can support fluxes
collapse. In these circumstances, it is expected that the corrections due to warping become
important. We will now briefly study these singular Calabi-Yau limits which are called

conifolds and then continue by analyzing the warp factor near the tip of the conifold.

1.3.6 The Conifold Geometry

Many Calabi-Yau manifolds can be constructed as intersections of hypersurfaces in products
of complex projective space. The simplest example was discussed above and is given by the

vanishing of a quintic polynomial in CP*

P(Zl,...,Z5) =0 (1140)

where z1,...,25 are projective coordinates in CP*. In general, the direction orthogonal
to the hyper surface is given by the gradient 0;P. However, in the particular case where
this vanishes together with the polynomial itself, one finds that the manifold develops a
singularity [4]. As an example we can consider the mirror manifold [7, 2] ® to the quintic

which is given by the vanishing of the quintic polynomial in CP*

P(z1,...,25) = 25 + 25 4+ 25 + 25 + 22 — Dbz 2232425 = 0. (1.141)

The gradient of this polynomial is given by

0P = 5z} — 52129232425 % (1.142)

8We won’t discuss mirror symmetry at all in this dissertation, but it is worthwhile quickly mentioning that
most known Calabi-Yau manifolds come in mirror pairs whose hodge numbers (h':!, h12) are interchanged.
As a result, the mirror of the quintic, called the mirror quintic has only one complex structure parameter
since the quintic itself has one Kébler parameter.
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The vanishing of the gradient then gives us (after multiplying through by z;) the set of

equations

52{’ — DY z129232425 = 0
523 — DY z129232425 = 0
5z§ — DY z129232425 = 0
522 — DYz129232425 = 0
52? — DYz120232425 = 0.

Multiplying these five equations together gives us a constraint on 1)
Y = 1. (1.143)

For the particular manifold where 1) = 1, there is a singular point on the manifold. If one
sits at the singularity and defines a local coordinate system (w;, we, w3, wy) in the embedding
space of CP* such that the origin w; = 0 correspond to the singular point, the manifold can

locally be described by the vanishing of some function of the four local coordinates w;
f(wr, wa, w3, wy) = 0. (1.144)

A hallmark of a singularity is that there is no first order approximation to the surface at
that point. As a result, if one attempts to Taylor expand the function f near the singularity,

one sees that there is no first order term

1 1
f(wl, Wy, W3, w4) = f(O, O, 0, 0)—|—w181f(0, O, 0, 0)—|—§wlw]828]f(0, 0, 0, 0) = éwle&@]f(o, O7 0, 0)
(1.145)
Thus, it is locally given by the vanishing of a quadratic polynomial. Any such polynomial

can be brought to the standard form below via a linear coordinate transformation. Let us



43

suppose that the original coordinates w; were chosen precisely this way so that near the
singular point we have

w? + w;y +w; +wj = 0. (1.146)

Now, notice that if w; represents a point that satisfies the above quadratic equation, then
so does the point with coordinates Aw; where A is some arbitrary complex constant. As a
result, the surface near the singularity is in fact a cone. The manifold is therefore called the
conifold. The singular point itself corresponds to the tip of the cone. Notice as a passing
remark that in the case where there are multiple complex structure parameters, one can
imagine fixing all but one of these and tuning the remaining one until the space develops
a conical singularity. As a result, the points in moduli space that correspond to a conifold
geometry is a complex co-dimension one subspace. In the case of the mirror quintic which
only has one complex structure modulus, this is therefore a point.

In general, a cone can be described by a base manifold whose size shrinks to zero as one
approaches the tip of the cone. In the traditional two dimensional cone, this would just be
a circle. However, here the base must be a five dimensional manifold. To find its topology,
we imagine centering a seven sphere S7 at the tip of the conifold with radius R [4, 5]. The
intersection between this sphere and the conifold itself then represents the base space. We

thus have the two constraints

i(wA)Z =0 (1.147)

lwal> = R (1.148)
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In order to solve these equations, we introduce the vector

w1y
Wa
w= . (1.149)
w3
Wy
The two equations can then be written as
wiw = 0 (1.150)
wiw = R (1.151)

Splitting the vector w into real and imaginary parts w = = + iy, we find the three equations

v-r = R?/2 (1.152)
y-y = R?/2 (1.153)
z-y = 0. (1.154)

The first two equations describe 3-spheres. However, the last equation forces x,y to be
orthogonal to each other. As a result, the x may parameterize a three-sphere while the y
may parametrize a two-sphere. The base, which we will denote 75!, is topologically the

product
T ~ S% x §% (1.155)

Although no Calabi-Yau metric is known, one can deduce the metric near the tip of the

conifold. In particular, it must take the standard cone-form

ds® = dp® + p*d>? (1.156)
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where d¥? is the metric on T%!. One can show that there is a unique metric dx? that gives

a Ricci flat metric ds? [4, 5]. This metric is given by
2 _ 1 2 Lo 2 2 2 2
dy” = 9(2dﬁ + cos 01d¢y + cos Oadpe)” + 6(d91 + sin® 01d¢] + db5 + sin® 02d¢3).  (1.157)
Here 6y,0, € [0, 7] while ¢1, ¢o, 8 € [0,27] are the coordinates on T, One can restrict to
the S? base or the S? fiber by choosing [52]
e 53 base —set Oy = ¢y = 0
e S? fiber — set B =0 (or some other constant), 6; = 65, and ¢; = —s.
We now define the following 1-forms [11]
el = —sin 01dpq
62 = d91
e3 = cos2fsinbydpy — sin 28dbs

e = cos2Bdb, + sin 2/ sin Oadp,

e’ = 2dB + cosbiddy + cos Oads.

Then using these, we define

o= (=)
= ()
P o Leee)
gt = %(eu&)
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In terms of this last basis, we see that the metric on the base becomes

dx? = 3(95)2 - % Z(gi)Q. (1.158)

The volume form on the base T is therefore =g A g> A g* A g* A ¢° so that the volume

of the base is

1 1
Vol(THY) = —1/\2/\3/\4/\5:—/ A2 A Aet Aed 1.159
AT = [ Gt nF A A AP = s [ Andadadad (1159)

Using the expressions above for the basis e’ we find that the volume is

2 1
2'133 </0 d¢> (/_1d0089> = ;—gw?& (1.160)

It will be helpful to define the forms [52]

Vol(Th!) =

wy; = 2df +cosb;dp; fori=1,2

1 1 1
Wy = §(g1 VAN g2 + g3 VAN g4) = 5(61 N 62 + 63 AN 64) = i(SiD 01d91 VAN dgbl — sin 02d92 VAN d¢2>
W3 = Wa VAN g5 = d(W12 VAN (A)H). (1161)

The forms wy and w3 can be integrated over the 2-sphere fiber and 3-sphere base respectively.

The result for the fiber is (recall that the fiber is obtained by setting 5 = 0, ¢; = 65, and
$1 = —¢2)
/ Wy = / sinfdo N\ dp = 4m. (1.162)
52 52

The result for the S® base is given by (again, setting 65 = ¢o = 0 to restrict to the base)

1
/ w3 = / é(sin 0dO A do) A (2dS + cos 0dep) = / sin0df A dp AdB = 8r%.  (1.163)
s3 3 3

Later on we will need to consider the Hodge dual of various forms on the six dimensional
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conifold. As a result, it will be beneficial to work out the Hodge dual of the form w3 above.
Note that this is the six dimensional dual, so we denote it as *x5. We therefore wish to

compute

1
*gWs = 5(*6(91 A g2 A 95) + *6(93 A gt A 95)). (1.164)

This is very easy to compute if one introduces the basis of forms

N = pgi/V6  fori=1,234 (1.165)
Xs = pg°/3 (1.166)
Xe = dp. (1.167)

In terms of this basis, the metric becomes the Kronecker delta. In this case it is simple to

compute the Hodge dual of ws to be

16-3
*gWy = §F(*6<)\1 A )\2 N )\5) + *6()\3 A\ )\4 A )\5))

16-3

- 57(A3M4AA6+A1M2M6)
13 3 4 1 2

- 55(g Ag* Ndp+ gt A g® Adp)

3
= —dpAwsy (1.168)
p
This is in fact exact since ws is closed:
kw3 = d(3log p wo). (1.169)

Now, given a 3-form

Aw;; ‘f‘B*G w3 (1170)

we see (using *2 = —1) that it is imaginary self dual if B = —i.A4 and can therefore be written
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as

A(Wg —1 *6 (U3). (1171)

Note also that this form is exact with a potential

1
A (§w12 Awiy — 3i logpwg) : (1.172)

1.3.7 Branes and Fluxes on the Conifold

We have now developed the necessary machinery to understand how fluxes impact four
dimensional physics when the compactification manifold approaches a conifold singularity.

—44[11]. As per our discussion above, we know

Our goal is now to compute the warp factor e
that for the case of sources that saturate the BPS-like bound in equation (1.119), the warp

factor can be read off from the 5-form Fk
e =a where Fy=(1+%)daAd®Ade' Ada? A da®. (1.173)

The goal is therefore to find the expression for this five-form. We will accomplish this by

analyzing the tadpole condition. In particular we know that
dFy = 2k%,Tsps + Hy A Fy, (1.174)

As a result, both H3 A F3 and p3 can be thought of as sourcing the 5-form. We will analyze
both of these below. Let us begin with ps. Suppose that we stack Nps; D3 branes at the
tip of the conifold that are point-like in the internal space and fill the external space. The
five-form Fy must therefore have a part to it, let us call it F since it can be identified with

the R-R 5-form F5 = dCy, that satisfies

1
W /TL1 F5 = ND3. (1175)
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As a result, we can write Fj as

1
F5 = §7TC¥/2ND3 wWo N\ w3 = 277r0/2ND3V01(T1’1) (1176)

where Vol(T™!) is the volume form on the conifold base. We will get back to this expression
for Fy later, but for now let us move on the the other contribution to F5, Hs AN F;. In
particular, suppose that we also place a stack of N D5 branes that wrap one of the S? fibers

and otherwise is localized at the tip of the conifold. The 3-form F3 must then satisfy

Am2a/

1
—/ Fy=N. (1.177)
SS

This suggests that the 3-form can be written as

/

ng %ng—i-f*(;w:),. (1178)

Note here the second term f x5 ws. This is needed later when we impose the self duality
constraint on GG3. Here it does not contribute to the integral, so we are free to add it in. We

also allow an NS-NS flux to source Hj so that

1

Ar2a) Jgs

H; = M. (1.179)

This similarly implies that H3 can be written as

/

H3 = %MW3+h*6 ws. (1180)
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Let us now determine f and h. This is done by requiring the 3-form flux G3 = F5 — 7Hj3 to

be imaginary self dual. Using the expressions for F3 and Hj3 above we find that

/

/
G = %ng, + [ xg w3 — T%Ma}g — Th xg w3 (1.181)
o o
- (51\[ — T;M) ws + (f — Th) % w. (1.182)

In order for G to be imaginary self dual we therefore need (according to (1.171)) that

CV,

f—71h=—i (EN - T%/M) . (1.183)

Collecting up real and imaginary parts, we find

O[/

f = —(N7g—|7°M) (1.184)
27’[
O{I

We will use the SL(2,Z) symmetry of type IIB supergravity to set the NS-NS flux to zero,
M = 0. The 3-form fluxes are then

Fg = —NUJ3+

Hg = —N*6W3 (1187)

We can then compute the wedge product Hz A F3 to be

/2N2 3N2d
T sws Aws =27 T A Vol(Th, (1.188)
Tr 27’] P

Hy A Fy =
Notice that this can be written as a total derivative

3N?
Hs A Fy=d (27 o log ﬁVol(T“)) : (1.189)

T Po
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As a result, the contribution to Fj itself from this must roughly be

- 3N?
Py ~ 27 2 log 2 Vol (M) (1.190)
27y Po

with the caveat that it must of course be self dual. Let us define

2

3N p
N, =N log —. 1.191
r1(p) = Nps + oy 08 ( )
We can then write the 5-form as
Fy = (14 %)Fs (1.192)
where we have defined
Fs = 2Tna’* N (p) Vol (TH1). (1.193)

We are now almost done. Recall that the ultimate goal is to find the warp factor which can
be read off from the expression for Fs. In particular, we would have to write F} as in (1.173).
However, here it is written in terms of the internal components. As a result, we must then

compute the Hodge dual of F5 above

Fy = (14 %)Fs = (1 + %) * Fs. (1.194)

We turn to this computation now.

1.3.8 Warping on the Conifold

In order to finally compute the warp factor, we must compute the Hodge dual of F5 above
which is equivalent to computing *Vol(7"1) [11]. In order to do this, we recall that the 7!
metric becomes d;;/p° in the basis \’. However, in this case we must compute the dual in

the full 10D theory. As a result, it would be beneficial to consider a basis in which the full
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10D metric becomes dy;n. The is accomplished by introducing the forms

Er = etda (1.195)

F'o= e\ (1.196)

In terms of this basis, the volume form on 7! becomes

1 5A
Vol(TH) = =M Ada AN AN AN = —F AF* A FS AP A F (1.197)
p p
We therefore have
65A
«Vol(T") = — « (F'ANF?ANFP ANF'AF?) (1.198)
p
65A
= —E'NE'NE*ANE’NF° (1.199)
p
8A
= —dpA dx® A da' A da® A da®. (1.200)
p

Using this in the expression for F5 we can now finally read off for the warp factor that

d N, d
40 _ e Nets )l (1.201)
a p
Integrating this we find
27ra? (N 3N?1 3N?
oA _ ol 47T2z ( D3 | Og(QP/PO) 2) ' (1.202)
p I 27Ty 8Ty

We have included a constant of integration ¢ above that reflects an overall scaling of the
Calabi-Yau. This is therefore related to the Kéhler side of the story.

We now have a good understanding of how warping and fluxes affect the 10D physics.
The question still remains how this translates to four dimensions. In other words, we still

have to compute the warped Kéhler metric that is derived from the potential in (1.137). We
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turn to this now.

1.3.9 Warped Kahler Metric on the Deformed Conifold

We expect the back-reaction due to warping/fluxes to become important as one approaches
the tip of the conifold. In other words, as long as one stays away from the singularity, the
warp factor shouldn’t really impact the physics much. As a result, it seem reasonable to
split the integral over the Calabi-Yau into two pieces, one that reflects the contribution near
the tip of the cone and another one that reflects the contribution due to the remaining bulk

of the Calabi-Yau where the warp factor is simply given by ¢ [42, 47].

K = —log <ic Q/\Q—l—i/ e4AQ/\Q> (1.203)
Bulk Conifold

If we define

Kpur = — log (ic / QA Q) , (1.204)
Bulk

we can (to first order) write the full K&hler potential as

K = KBulk - ieKB“”“ / 674AQ VAN Q (1205)
Conifold

The warping correction to the Kahler metric?, K, ¢¢ then becomes [42, 47]

Keg = —ielpue / e MY A X (1.206)
Conifold

where x is the (2,1) form that corresponds to complex structure deformations

T 8n2 &2

1 1 d
X = (w3 —1 X6 CU3> = — (wg - Sl?p VAN WQ> . (1207)

9Here ¢ is defined as complex structure parameter that vanishes at the conifold point and is normalized
according to £ = [¢, Q.
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We thus have

81i dp .
— — A Vol(T). 1.2
Ton7 A Vol(T) (1.208)

_ 1
XAX= 39,13 N oWz =

Near the tip of the conifold, the warp factor is only a function of p. As a result, the integral

for the warp correction to the metric becomes a single integral

. 3 Ao g
Kgg — _eKBulk / _p€—4A(p) (1209)
T PO P

Here we have introduced two limits on the integral over p that must be discussed. The upper
limit is straight-forward, since the conifold geometry at some point must be glued into the
bulk of the Calabi-Yau geometry. As a result, we cut off the integral at some point Aqg.
However, the lower limit is slightly more subtle and has to do with the deformed conifold
geometry. For the singular conifold, p may be taken arbitrarily small. However, from the
moduli space perspective, there exists deformations that takes one away from the strictly
singular conifold. In particular, while for the singular conifold the entire space T4 ~ S3 x §?
collapses, a finite size of the S? is retained for the deformed conifold. As a result, there is
actually a lower limit to how small p can become. If we take the complex structure parameter

¢ to gauge the size of this sphere according to

£=1 9, (1.210)
SB

We see that py must be related to |£| according to
po ~ [€]'7°. (1.211)

Using this in the expression for the warp correction to the metric above, we find that

A3
=04 cj/3.
&l 1€l

K¢ ~ c1log (1.212)
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This result will have to be combined with the result for the Bulk (which we compute later).
The main message to take away from this analysis is that there is a significant contribution
to the Kihler metric for small |£| that goes like |¢|7/3. This will be diluted by the overall

volume of the Calabi-Yau, and so will generally be multiplied by some small constant C,
Keg ~ Cul€|7¥®  for sufficiently small |€]. (1.213)

This warp correction will be incredibly important through the remainder of the discussion.
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1.4 Tunneling in Quantum Field Theory

In chapter 2 we will undertake a detailed investigation of the tunneling dynamics in the
landscape. In particular we investigate the instanton trajectories (or more precisely the
domain walls) connecting vacua related to each other by monodromies (closed loops) around
the conifold. In order to fully appreciate the arguments presented in that section it is very
important to have a firm grasp of tunneling in quantum field theory. An excellent exposition
of such processes has been given by Coleman, Callan, and de Luccia in the seminal papers
Fate of the false vacuum: Semiclassical theory, Fate of the false vacuum II: First quantum
corrections, and Gravitational effects on and of vacuum decay [13, 14, 15]. Here we briefly
review their original arguments in a form relevant to the rest of our discussion.

Consider a scalar field theory with a potential V' (¢) that has multiple non-degenerate
local minima. For simplicity, suppose that there are two minima located at points ¢ and
¢r with ¢r being the global minimum and that we shift the potential by a constant so
that V(¢r) = 0. An example of such a potential can be seen in figure 1.2. Classically, a
field that takes on the homogeneous value ¢(z) = ¢p can exist in that state indefinitely.
However, quantum mechanics renders such a state unstable to quantum tunneling. Keeping
with this idea, we will refer to the field configuration where ¢ takes on the homogeneous
value ¢(x) = ¢F as the false vacuum while the corresponding homogeneous state with
o(z) = ¢r will be referred to as the true vacuum. One would of course like to understand
the dynamics that underlies such a tunneling event and furthermore be able to compute
the rate at which such events take place. The relevant quantity is of course the tunneling
rate per unit volume, I'/V. As Coleman showed us [13, 14, 15|, this rate is computed by

considering the Euclideanized theory with potential —V (¢):

L= %(dﬂ + (Vo)) + V(o). (1.214)
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Figure 1.2: An example of a potential with two non-degenerate minima.

Up to a prefactor, the tunneling rate is then given by

)V =e58, (1.215)

where Sg is the action of a trajectory in field space, traditionally called the bounce, that
begins at the false vacuum at Euclidean time 7 = —oo and continues to a field configuration
where a part of space-time has transitioned into the true vacuum which we will take to occur
at time 7 = 0 where it momentarily stops. The trajectory then continues to move back to the
false vacuum at Euclidean time 7 = +oo (which is why it is called the bounce). Although,
a priori any kind of trajectory seems admissible, Coleman proved that the dominant decay
channel is given by the one that is O(4) symmetric. In such a case, the field only really
depends on the various coordinates and time through the quantity p where p? = 7% 4+ 72 so
that ¢(7,21,...,2p_1) = &(p).

Using this ansatz in the action, the D dimensional field theory becomes a 0+1 dimensional
action of a point particle rolling in the inverted potential where we would identify p as the

time variable. The equations of motion combine into the single ordinary differential equation

d*¢(p)
dp?

(- )™ _vig) o (1.216)
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This equation is supplemented by two boundary conditions. The fact that the field must
approach the false vacuum at infinity gives us the first boundary condition below. The
second boundary condition simply arises because we have chosen 7 = 0 to be the time at
which the field configuration reverses direction, i.e. bounces. An example trajectory in the
O(4) symmetric case can be seen in figure (1.3). The goal is therefore to find the bounce

trajectory and to compute its action.

¢(p=00) = or (1.217)
d¢
d_p(pzo) ~ 0 (1.218)

oF o7

Figure 1.3: The bounce for the Euclidean (inverted) potential

1.4.1 Thin Wall Approximation

Solving this problem is in general quite difficult. This can be traced back to the fact that the
boundary condition in (1.218) are of Neumann type and therefore don’t tell us where to begin
at 7 = 0. Given a generic potential with nontrivial vacuum structure one must generally

resort to numerics in order to find the bounce. However, there is an interesting class of
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potentials for which an approximate analytical solution exists. To see how this goes, please
notice that (1.216) is precisely the equation of motion for a point particle in the potential
—V with a time dependent friction term and that this friction term vanishes at sufficiently
large p. Now, suppose that the two vacua of V' (¢) are almost degenerate. Then if one wishes
to end at ¢p at p = 400, one cannot afford to lose too much energy. The trajectory must
therefore begin very close to ¢ and stay there for very long until the friction term has died
off and only then begin moving to the false vacuum. In other words, the bounce very closely
solves the equation of motion without a friction term and with Dirichlet boundary conditions

on both ends

dQC;Z;(Qp)—V’(d)) = 0. (1.219)
¢(p=00) = or (1.220)
p(p=0) = or. (1.221)

This of course is nothing but a soliton (stationary solution with fixed boundary conditions)
interpolating between the two minima. The field therefore spends a long time at the true
minimum, ¢ and then quickly transitions to values near the false vacuum where it stays
until p — oco. As a result, the transition between the two minima is effectively localized
in a very narrow region in p. These solutions are therefore called thin wall solutions and
the method of approximating the tunneling solutions by a soliton is called the thin wall
approzimation. An example of such a configuration in one dimension can be seen in figure
(1.4). There we shifted the coordinate so that the wall occurs at p = 0. Once the tunneling
event has occurred, the field begins its classical evolution in the state where 7 = 0. From
that point on it evolves according to the Minkowski space equations of motion which are
analytic continuations of the Euclideanized equations. As a result, the dynamics is given by
the same functional form ¢(p) but with p> = —t? +72. The initial field configuration is then

that of a bubble the interior of which is in the true vacuum and the exterior of which is in
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Figure 1.4: An example soliton that interpolates between the two vacua where we have
shifted the coordinate so that the wall occurs at p = 0.

the false vacuum. The overall action of the bounce has two main contributions: that due
to the interior of the bubble and that due to the bubble wall itself. If we suppose that the

bubble takes on a radius R, we have

Q
Sg = /dp PPt Qp Lp = EDRD(—V(ng)) + QpRP Sy (1.222)

Here, Sy is the action of the wall (i.e. soliton) and € is the solid angle in D dimensions.
In order to obtain a true tunneling solution, we must now find the saddle point of the action
by maximizing the action above over its only negative mode [14]. Inserting the appropriate

value for R back into the expression for Sg gives us

D—1
r - DP-DSw (1.223)
€
D o D—-1
Sp = QD;W (D 1) , (1.224)
€

where we for defined € = V(¢p) — V(¢7) for notational clarity. Note that the Euclidean
action goes to infinity for degenerate vacua (¢ — 0) and thus the tunneling rate vanishes as

one would expect.
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1.5 Numerical Techniques

In chapter 2 we will need to find instanton trajectories in a multi-dimensional landscape. As
argued above, this entails solving a set of nonlinear coupled differential equations with non-
trivial boundary conditions. Very often one must resort to numerical methods in these cases.
Here we review two of the main numerical techniques that are used in finding such solutions
[16, 52]. In chapter 2 we will employ the relaxation technique as well as its generalization
near singular points in field space both of which are described in detail below.

Given a generic potential with multiple non-degenerate minima, one can ask what the
tunneling rate is from a given false vacuum into either the true vacuum or another false
vacuum of lower energy via Coleman de Luccia instantons. Only in particular cases can

these rates be computed analytically. In particular, for an /N dimensional field space with

coordinates ¢; with ¢ = 1,2,..., N one must solve the set of differential equations
d*¢; d¢; OV
D—-1 =0 1.225

subject to the boundary conditions

¢(p=00) = ¢r (1.226)
do
d_p(pzo) _— (1.227)

where ¢ is taken as the initial false vacuum and ¢ is the vacuum to which we are tunneling
which may or may not be the true vacuum. In general these differential equations are
nonlinear and coupled and are therefore incredibly difficult to solve analytically and one
must rather generically resort to numerics. Here we discuss two main numerical approaches
to solving these sets of differential equations: the shooting method and the relaxation method

116].
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1.5.1 The Shooting Method

Let us for now focus on a single scalar field, that is set N = 1, so that our field space be-
comes one-dimensional. Then the system of equations becomes a single nonlinear differential
equation. Note that the equations (1.225) are equivalent to the equations describing a point
particle moving in the inverted potential —V with a time dependent frictional term that
dies off as p — oco. Coleman originally showed us that this equation always has a solution
using his famous overshot/undershoot argument which utilizes the fact that the motion of
a particle varies continuously with the initial conditions [13]. In particular he considered
dropping the particle with zero initial velocity from various points on the potential near
the vacuum ¢ and watching it move along the potential. If we place the particle too far
down the potential the particle will not have enough energy to reach ¢ at future infinity,
see figure 1.5. However, if we instead place the particle very near the vacuum ¢ it will
linger there for a very long time at which point the frictional term will have disappeared.
At that point the particle will have so much energy that it will not just reach the vacuum
¢or, but it will overshoot it, see figure 1.5. Coleman then deduced using continuity that a

solution must exist for some intermediate point. Although originally used for an existence

Initial Energy

g A BV
\‘ / Initial Energy\ F\_/ T \

Figure 1.5: Example of initial conditions that lead to an undershoot situation (image on
left) and an overshoot situation (image on right).

proof, Coleman’s argument suggests a numerical technique that has become known as the
shooting method. In particular, one chooses some initial point ¢(0) and drops the particle

there with zero initial velocity and watches the particle evolve for a very long time. If the
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particle ends up overshooting the false vacuum we move the initial point farther down the
potential while if the particle does not reach the false vacuum, we move the initial location
father up. We then repeat the process until we have found an initial location that satisfies
our requirements for precision.

This brings us to a note worth mentioning. In any numerical approach there is necessarily
some inherent precision issues. In the particular case of the shooting method, one must first
decide how long to wait for the particle to reach the false vacuum. For points near the correct
starting location it may take very long for the particle to reach ¢y or it may only reach ¢p
asymptotically. As a result, one will never be able to find the correct starting location but
by making the time we observe the system for sufficiently large, we can approximate the

initial condition arbitrarily well.

Strengths and Weaknesses of the Shooting Method

One of the main strengths of the shooting method is that it works equally well in potentials
that satisfy the thin wall approximation as in those that do not. This is very important since
those that do not admit thin wall solutions are particularly difficult to analyze analytically
since the boundary conditions are partly of Neumann type. Furthermore, as we will see in
the next section, the relaxation method is only really applicable in thin wall scenarios so the
shooting method is a nice complementary method to keep in mind when solving tunneling
problems.

The shooting method has however a glaring shortcoming. Consider a multidimensional
field theory with scalar fields ¢; with ¢ = 1,2,..., N. Finding the starting location then
entails finding the initial value of all of the fields, ¢1(0), ¢2(0),...,¢xn(0) and unless there
is some significant symmetry of the problem, using the shooting method becomes unwieldy.
The reason is simply that if the trajectory does not end at the false vacuum it is now
not a simple matter of overshooting/undershooting anymore. In particular, it is not clear

in which direction the initial point must be moved. The problem therefore turns into a
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multidimensional problem where it is not even clear that a solution must exist.
Fortunately, while the shooting method fails us in these instances, the relaxation method

which we discuss next handles these cases with ease.

1.5.2 The Relaxation Method

The relaxation method solves the ordinary differential equations (1.225) by converting them
to partial differential equations in two variables [16]. Although this seems like complicating
the situation, we will see that in some instances it can help us find numerical solutions to
the ordinary differential equations.

Consider a potential with a false vacuum ¢ and a true vacuum ¢r. Furthermore suppose
that the two vacua are nearly degenerate so that we can use the thin wall approximation and
therefore that the instanton locally looks like a soliton. Then the problem consists of finding
the soliton that interpolates between the two minima. This can of course be framed as the
ground state of a 1 + 1 dimensional field theory with the boundary conditions ¢(—o00) = ¢

and ¢(+00) = ¢ and Lagrangian
1
£ = 10,000~ V(0 (1.228)

Since the soliton is the ground state for these boundary conditions, any other field configu-
ration that begins at ¢ at p = —oo and ends at ¢r at p = +00 must by definition contain
more energy and will therefore decay into the soliton given a sufficient amount of time. In
principle one can therefore begin at t = 0 with any such configuration and simply allow it to
evolve in time. The configuration is of course not static and will thus radiate away energy
until it decays into the appropriate ground state. This is the essential idea of the relaxation
method, we simply let our initial condition relaz into the time independent solution.

There are a few numerical issues however that must be addressed. First of all, in any

numerical simulation one cannot specify the boundary conditions at +00. Instead, one must
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choose a large range in p and fix the boundary conditions at the edge of the box. As a rule of
thumb, the tension of the wall should be significantly larger than the energy scale implied by
the size of the box. Since we don’t know the tension a priori, we need to repeat the numerical
simulations a few times until we are certain that robust results have been obtained.
Moreover, another effect of the finite box size pertains to the relaxation itself. Although
radiation should escape to infinity thereby allowing the initial condition to relax to the soli-
ton, the finite sized box will, due to the Dirichlet boundary conditions, reflect this radiation
back in. As a result, the decay will never actually take place. As a work-around, we include
in addition to the standard terms in the equations of motion, a friction term that is meant

to remove the excess energy

b—¢"+ fo+V'(¢) = 0. (1.229)

Once the field has reached a static solution, such a friction term should not have any effect
on the dynamics. In order to ensure that the frictional force does not interfere with the
concept of relaxation, one tends to manually turn it off after a certain amount of time. If
the solution remains static afterwards, this is a good indication that an acceptable solution

has been found.

Strengths and Weaknesses of the Relaxation Method

The main strength of the relaxation method is that it is easily generalized to multidimensional
landscapes. One must then in general add a frictional term to each of the equations of motion
in order to remove the energy consistently from all fields. This is to be contrasted with the
shooting method that miserably fails in such multidimensional scenarios. An example of
the use of the relaxation method in a one dimensional field theory can be seen in figure
(1.6) as can another example of it being used in a two dimensional field theory. The main
drawback with the relaxation method is that it is only applicable in cases where the thin
wall approximation can be made. The reason for this is simply that the relaxation method

is useful in finding solitonic profiles which only approximate the instanton configuration
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Figure 1.6: (Left) Here we have run the relaxation method for the soliton interpolating
between the minima located at ¢ = +1 of the potential V(¢) = (¢* — 1), As is clear, even
an initial condition that is far away from the correct soliton profile will decay to the desired
shape rather quickly. (Right) Here we have run the relaxation method for the potential
V(¢p,1) = cos(¢) cos(y). One of the vacuum states is taken to be ¢ = 7,1 = 0 while the
other one is ¢ = 27,7 = 7 indicated by red dots in the image. The initial profile in red
is far from the correct solitonic profile but very quickly converges to the appropriate form
indicated in black. An intermediate profile is shown in blue.

for such nearly degenerate vacua. Furthermore, solving a set of nonlinear partial differential
equations tends to be computationally expensive effectively increasing the amount of memory
needed by a power of two compared to the original ordinary differential equations due to
the increased number of grid points. One also sees a similar increase in computational
complexity essentially due to the same reason. Finally, since the energy strictly decreases
during relaxation, it is sometimes possible for the field to settle down in a configuration that
is a local minimum of the energy although not the global minimum that corresponds to the
soliton. The reason for this is that the dynamics is only sensitive to local properties of the
field space. As a result one could imagine a field space that supports two static solutions
one of which has lower energy than the other. In order to avoid these sorts of issues, it is

important to try many different initial conditions when applying the relaxation method to

ensure that the solution that one obtains in fact corresponds to that of lowest energy.



67

Singular Points in the Field Space

As we have seen above, the field space may sometimes contain singular points (we will be
concerned with the conifold point below). Using the relaxation method in these instances
may be a traitorous endeavor especially when the soliton must pass near these special points
[52].

Suppose that the final solution interpolating between ¢ and ¢ passes very near a
singular point in field space. Then, if one uses the relaxation method to find this profile, one
must be very careful since the initial condition is not a static solution and will therefore at
least initially exhibit dynamics that could potentially draw the profile into the singularity
and thereby halt the numerical progress. The natural path to pursue is to insert initial
conditions that are close enough to the correct solution that the dynamics during relaxation
is not too violent. However, as we do not know the soliton profile a priori, this is not a
reasonable approach. Instead, one may insert an artificial hard wall shielding the profile
from the singularity. This is accomplished by adding a large step function barrier to the

potential

V(p1,02,...,0n) = V(d1,¢2,...,08)+H (7“0—\/@5%4‘---4‘@5?\;) 9(7“0—\/¢%+---+¢?v>-

(1.230)
Here we have chosen ¢ = 0 as the singular point for definiteness and have inserted a wall
of height H around the origin of radius rg. The field profile will then hit this wall after
some time. But instead of continuing into the singularity it will bounce back and eventually
lay itself against it. After some of the energy has been removed due to the already present
frictional terms, one may slowly remove the wall by decreasing ry. If this is done sufficiently
slowly, one may lower the profile near the singular point and once ry becomes smaller than
the distance of nearest approach of the final soliton it may settle into its final shape. In
such a way, one may avoid the singularity. This kind of approach is incredibly useful in

analyzing domain wall solutions near the conifold locus of string theory [52]. An example of
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this approach can be seen in figures (1.7,1.8) below.

Figure 1.7: Here we illustrate the use of the relaxation method with the origin (labeled by
a red dot) taken as a singular point. With a poor choice of initial profile (red curve), the
dynamics brings it through the singular point (blue curve).
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Figure 1.8: Here we have employed the hard wall approach described above. The region
around the singular point has been surrounded by a hard wall addition to the potential
which over time decreases in size until the profile has been safely lowered near the singular
point and taken on its final shape.
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Chapter 2

Conifolds and Tunneling in the String

Landscape

2.1 Introduction

When compactifying string theory on a Calabi-Yau manifold, there is an inherent ambiguity
regarding which Calabi-Yau should be chosen. There are certain discrete choices one must
make. However, in addition to these discrete choices, each Calabi-Yau comes with several
continuous parameters that are undetermined, the so-called moduli. Once the theory is com-
pactified, these parameters become dynamical in four dimensions and appear in the effective
action as massless scalar fields. In order to stabilize these fields and give them a nonzero
mass, one can turn on background values for the various p-form fields that also appear in
string theory. The precise values of these fields, while quantized, are still undetermined.
In general compactifications several hundred components must be specified. Each of these
choices can in principle yield a stable configuration of the moduli. As a result, very many
potential compactifications are possible. Each of these vacua of string theory leads to dis-
tinct low-energy physics. As a result it is very important to understand this landscape of

string theory.
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There are several questions that may be asked about the structure of these solutions.
Here we focus on the question of dynamics. While these vacua may appear stable classically,
quantum mechanics renders them unstable. Since the aspect that distinguishes these vacua
from each other is the choice of flux that is used in the compactification, it seems reasonable
that tunneling between them involves the nucleation of a brane that carries the appropriate
charge. Here we examine the question of tunneling from a field theoretical perspective where
the vacua can be continuously connected via monodromies around the conifold point in the
moduli space. We find that the instanton trajectory (or, more precisely, the domain wall
profile) is drawn very close to the conifold point. This can be interpreted in terms of brane

nucleation as well.

2.2 Flux Compactification of One Parameter Models

2.2.1 The Superpotential, Kahler Potential, and Scalar Potential

Type 1IB string theory contains two different 3-form field strengths, F3 in the R-R sector
and Hj in the NS-NS sector. By turning on nontrivial background configurations for these,
one generates a superpotential for the effective four dimensional theory that depends on the

complex structure moduli

W(z) = /Q/\ (Fy — 7 Hy). (2.1)

Here €2 is the holomorphic 3-form on the Calabi-Yau, 7 is the axio-dilaton, and the integral
is taken over the entire Calabi-Yau. This is of course a rather formal looking expression,
and in order to make explicit contact with physics one must first find a way to write this in
terms of computable functions. As a first step toward doing precisely this, let us introduce

a set of 3-cycles on the Calabi-Yau, C; with I =1,2,...,2(1 + h'?). Let us also introduce
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the Poincaré dual basis of 3-forms C7 so that for every closed 3-form «, we have

/C&:/CI/\a, (2.2)

where the latter integral is over the entire Calabi-Yau. Let us introduce the intersection

form, )7y, which tells us how the various cycles intersect each other

Q= /CI NCy. (2.3)

Here the integral is over the entire Calabi-Yau. Clearly the form of () depends on the choice
of basis for H3 although in any basis it must be anti-symmetric since the wedge product of
the two 3-forms is itself anti-symmetric. Let us now expand the holomorphic 3-form €2 in

terms of this basis

Q= Q0. (2.4)

We also define the periods of the Calabi-Yau as the integrals of €2 over the various 3-cycles

m:éﬁ. (2.5)

Using the expression for {2 in this basis, we have
H]:/CIQ:QJ/C[/\CJ:Q[JQJ. (2.6)
This implies that (2 can be written in terms of the periods as
Q= (QyI,)Cr. (2.7)
The two 3-forms F3 and Hj can similarly be expanded in this basis

F3—7'H3 :QI_}(FJ_THJ)C[ (28)
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Here we have defined the quantities F; and H; as the amount of flux over each of the 3-cycles

F[:/ FgZ/C]/\Fg (29)

Cr

H[:/ HgZ/C]AHg. (210)
Cr

Using these expressions, we then find that the superpotential is given by

W= /Q/\(Fg—THg)

= Q) (QgL)(FL —THY) / Cr A Ck
= (QuI)(Qgp)(FL — THL)Qrx (2.11)

= (Fy—7H)Q; ;1. (2.12)

In general any basis of 3-cycles is admissible. However it will be beneficial for our purposes
to focus on a particular choice of cycles for which the intersection form takes a particularly
concise form. This is the symplectic basis where the cycles come in pairs of so-called A-cycles

and B-cycles. The intersection form then takes the form

—1

0= ' . (2.13)
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In this case we can organize the values F; and H; into two vectors F' and H and the periods

into a vector II

HN<Z)
HNfl(Z)
I(z) = . , (2.14)
1o (2)
so that the superpotential can be written as
W =(F—-71H)-II(z). (2.15)

In addition to the superpotential, we would also like to understand the structure of the
Kahler potential and ultimately the full scalar potential that governs the dynamics of the

moduli in four dimensions. The Kéhler potential is given by

K. = —log <Z/Q A Q) : (2.16)

In terms of the periods, this becomes
Ks = —log (ill}(2)Q;;'11;(2)) = —log (iII'Q~'IT) . (2.17)

In addition to this, one also has Kéahler potentials for the axio-dilaton and the overall volume

modulus

K,y = —log(—i(t—7)) (2.18)

Ko — —3log(—i(p— ). (2.19)
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The total potential is then K = K s+ K4+ K,,,. From the Kahler potential, one can derive
the Kéhler connection and metric in the usual way. This then ultimately provides us with

an expression for the scalar potential. For our purposes it takes the no-scale form?

KCS

v

= o577 (K“Diwﬁjﬂ/) (2.20)

where the sum runs over the complex structure moduli and the axio-dilaton (i, j = 0). Flux
compactifications cannot stabilize the volume modulus p. As a result, we will assume that
it is stabilized by some other mechanism. The prefactor of p;* above is therefore simply an
overall constant and does not affect the dynamics of the other fields at all.

Now, how can one determine the components F; and H; that go into defining the flux
compactification? There are only two constraints on these components. First of all, they
must be integers since the field strengths satisfy generalized Dirac quantization conditions.

Secondly, they must satisfy the tadpole condition
/H3 ANFs<L — FQ,;H;<L (2.21)

where L is an upper bound on the D3 charge that can be carried by the 3-form fields that
in some circumstances can be derived by considering the system from the perspective of
F-theory (a generalized version of type IIB string theory). This concludes the discussion

about the fluxes. We now turn to the question: how can one find the periods for a certain

Calabi-Yau?

!This means that the terms K??D,W D,W and —3|W|? cancel in the expression for the potential.
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2.2.2 Picard-Fuchs Equations

The 3-form € belongs to the cohomology group H*°. Under variations of the complex

structure,  picks up a component in H?!. Continuing in this way one finds

Q e H* (2.22)

o0 € H*o H* (2.23)
20,0 € H* o H> o HY? (2.24)
2:0;0,Q € H**@ H* @ H"? @ H» (2.25)
2:0;0,0 € H* o H* o HY? @ H*? (2.26)

Notice that for each derivative the cohomology class picks up a new linearly independent
component. This is true until all of the distinct classes have already been enumerated. Once
this has happened, we find that the set of derivatives of €2 is no longer linearly independent
as far as cohomology classes go. In particular, a certain linear combination of these forms

must be exact

aijkl&@j@k@@ + Bmk(‘i@]@k&? + %j&»&jQ + 51819 + Q) = d’l]. (227)

In general, the coefficients above may depend on the complex structure moduli and are
therefore functions on the moduli space but otherwise independent of the coordinates on
the Calabi-Yau itself. We now integrate this entire expression over any of the 3-cycles C;.
The right-hand side integrates to zero since it is exact and the cycles have no boundary. We

therefore obtain a differential equation for the periods of the Calabi-Yau

aijkl&-aj@k@lﬂj + ﬁijk@@j@kHJ + %-j@-(’)jﬂj + ;0,11 + €ll; = 0. (2.28)
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These are the Picard-Fuchs equations. In this analysis we will focus on one parameter mod-
els for which h'? = 1. As a result, the Picard-Fuchs equations become ordinary differential
equations in the complex variable z. They are of fourth order so that they have four indepen-
dent solutions which is necessary since there are dim Hy = dim H? = h3° 4+ h21 + p12 4 03 =
2(1+ h'?) = 4 independent 3-cycles for which we can define periods. More precisely we will
focus on the “generic family of compact one-parameter models” of [28; 52| for which the

Picard-Fuchs equation takes the form

[54 — 2(5 + al)(é + 042)(5 + (1/3)(5 + 014)} H[(Z) =0. (229)

Here, we have defined the differential operator 6 = zd/dz. Different choices for the pa-
rameters «a; correspond to different Calabi-Yau moduli spaces. In particular, if we set
a; = 1/5,a9 = 2/5,a3 = 3/5, and ay = 4/5 we obtain the periods for the mirror-quintic.
These equations are generally solved by the Meijer G functions.

Now, there are four linearly independent solutions to this equation and a priori it is not
clear which linear combinations of them to take for the various periods. Of course, different
combinations can be related to different choices of the basis of 3-cycles on the Calabi-Yau
manifold. Since we will be interested in the symplectic basis we choose the solutions to the
Picard-Fuchs equation to represent this same choice [28, 52|. In order to find this linear
combination of solutions, one analyzes the monodromy matrices for the Meijer G functions
around the three points®: z = 0,z = 1, and z = oo [28, 52|. One can then tune the
linear combinations until the monodromy matrices take on the same form as they do in the
symplectic basis. We will get back to this issue below when we discuss how to compute the
periods in Mathematica. For now, let us just assume that the appropriate linear combination
has been found and that IT;(z) refers to the periods in the symplectic basis.

The monodromy behavior of the periods in the symplectic basis around the conifold

2These three points correspond to the large complex structure point (z = 0), the conifold point (z = 1),
and the Landau-Ginzburg point (z = o0). We will only be concerned with with conifold point in what
follows.
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point, z = 1 is given by

HO — H0+H3. (230)

Here we take II3 as the period over the collapsing cycle. Under such a monodromy, the

superpotential actually changes

W= (F—7H)-l— (F—7H)-TIl (2.31)

where 7" is a monodromy matrix that encodes the monodromy behavior in (2.30). For
fixed fluxes it is not quite clear what it would mean to perform one of these monodromies.
In particular it may be surprising that the superpotential (and also therefore the scalar
potential) is not single-valued. In an attempt to make sense of this, we notice that rather
than having the monodromy matrix act on the periods above, we may allow it to act to the
left on the fluxes

(F—7H) — (F —7H)T. (2.32)
In terms of components, this implies that (for G; = F; — 7H;)
Go — Go + Gg
G1 — G1

G2—>G2

Gg — Gg.

As a result, one may think of the various sheets as potentials arising from flux compact-
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ifications with different fluxes. This prescription therefore allows us to study tunneling
phenomena in field theoretic terms without having to resort to discussing brane nucleation
explicitly®. This is precisely the perspective that we will take below. Using the relaxation
method, we will attempt to numerically find the domain wall that interpolates between two
supersymmetric vacua. In order to speed up the computations, we will need to pre-compute

the periods on a grid. We turn to this analysis next.

2.2.3 Numerical Computation of Periods

Numerical computation of the Ké&hler potential K, Kéhler metric K., superpotential W,
and the flux potential V' require the use of Meijer functions that solve the fourth-order
Picard-Fuchs ODE. Mathematica has built-in Meijer functions, however these evaluate too
slowly for analytical computations. Instead, we generate a table of look-up values for these
functions on a grid running from (—5.01,4.99) in both the Re(z) and Im(z) directions. The
grid spacing is 0.05 between each vertex.

The numerical Meijer functions for our models are defined using the built-in ones as

follows

Up = cMeijerG[{{1—ay,1—ay1—as1—as},{}},{{0},{0,0,0}},—2],

U, = %Z,MeijerG[{{l — a1 —ag,1—as,1—ag}, {}},{{0,0},{0,0}},2],
Uy = ﬁMeijerG[{{l —ay,1— a1 —as,1—as}, {}},{{0,0,0},{0}}, —2],
Us = ﬁ MeijerG[{{1 —as,1 —ap,1 —as, 1 —as}, {}},{{0,0,0,0},{}},2],

where the a-parameters are the ones that appear in the Picard-Fuchs equation and define

the class of Calabi-Yaus considered. The constant ¢ is given by

1
()T ()T (as)T(ay)

CcC =

3Note that this only works for fluxes that are related via these particular monodromy relations.
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It is also useful to compute look-up tables for the derivatives of these functions:

0.Uy = cMeijerG[{{—ay, —ag, —az, —as}, {}}, {{0}, {—1,—1,—1}}, —z],

o.U, — —%MeijerG[{{—al,—042,—ag,—a4},{}},{{0,—1},{—1,—1}},2],
o.U; = (ZTCi)ZMeijerG[{{—al,—ag,—a3,—a4},{}},{{0,—1,—1},{—1}},—2],
0,Us = —ﬁMeijerG[{{—al,—ag,—ozs,—a4},{}},{{0,—1,—1,—1},{}},2].

Initially, we arrange for the branch-cuts to lie along the real axis from (—oo, 0] and [1, 00).

To do this, we must define

5 if Im(z) < 0,
Uy = (2.33)
Uy, — Uy, if Im(z) >0
and similarly for 0,Us,.

Let the look-up tables constructed from the above definitions be U0, U1, U2, U3, dUO0,
dU1l, dU2, and dU3. These arrays contain just the values of the Meijer functions at the grid
points. To form the interpolating function on the grid for say, Uy one must form a table
associating each entry in U0 to its corresponding grid point. One can then run Mathematica’s
Interpolation function on this table. Usually this is one of the final steps after computing
the table of values for a function of interest such as the flux potential.

The periods in the symplectic basis II; are encoded in the look-up tables PO,P1,P2,P3

where

P3 = m2U1 + m4U3,
P2 = 301 — m4U2,
P1 = —Ui,

PO = UO. (2.34)
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The m; are given in terms of the parameters «; that specify the model under consideration

as

my = 4 (sin(roq)? +sin(ras)®), my=1—ms, (2.35)

my = 16sin(ra;)?sin(mas)?, ms = —my. (2.36)

The computation of all the other functions of interest in terms of the canonical periods now
follows.

As we will see below, the numerical simulations will drive us near the conifold point. As
a result, it will be important to know the form of the potential etc. in this regime. We turn

to this now.

2.3 Near-Conifold Potential and Numerical Data

In general, a conifold locus in the moduli space represents Calabi-Yaus that develop various
singular points due to the collapse of certain cycles. In the one-parameter examples, there
is a single conifold point and a single cycle that degenerates while the periods of the other
cycles become constant [2].

Due to the paired intersections of cycles in a Calabi-Yau, the collapsing cycle’s partner
develops interesting behavior in the moduli space (despite going to a constant at the conifold
point). Call the collapsing cycle 7 and the intersecting cycle 2. Making a closed loop in
moduli space around the conifold point, one finds that there is an ambiguity involved in
determining what happens to the %-cycle. From the perspective of the periods, a loop

around the conifold point sends 11, — 114 + II,,. This implies that

§

H - Ho’ -
a 5 +7Td<€)7 B o

log Aig + 72(§), (2.37)

where the functions 7., and 74 are O(£?) and O(1), respectively. The monodromy of the
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HB-cycle period is captured by the behavior of log in the expression above. The constant
A3 arises from cutting off the conifold geometry and gluing it into the bulk Calabi-Yau at
r ~ Ay where r is the radial coordinate for the singular conifold.

Given the above expressions, we can work out the behavior of the Kahler potential,
Kéhler metric, superpotential, and the flux potential in the near-conifold limit. We will first

do this while ignoring corrections from strong warping.

2.3.1 The Kahler Potential and its Derivatives

The complex structure Kéahler potential for the one-parameter models is
Koy = —log (i (TT3ITy — T3TT, + T T, — I, TT) ) . (2.38)

In our notation, the collapsing cycle is given by II,, = II3, and its intersecting partner is
I14 = I1y. Plugging in the near-conifold behavior of these cycles and sweeping up all of the

O(1) dependence into a function k() gives

2
K., = log (‘€| log W + k:) —log k, (2.39)

where the expression after the arrow indicates the limit of the Ké&hler potential when we
neglect terms of order O(¢).

The derivative is then

K¢ = effes ( S <1og |/§X|62 - 1) - k§> — —%. (2.40)

And the Kihler metric is

1 AS 1 A§
Kee = |Ke|? + e ( (log o 2) - k&—) 57108 @ + K(§), (2.41)
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where k(§) ~ O(1). The near conifold Kéhler metric possesses a logarithmic singularity at
the conifold point.
In order to include the effects of strong warping for very small ||, we modify the expres-

sion for the Kéhler metric above by introducing the warp correction term

ASK O

1
K~ — ey
€5 ok TR TR R

(2.42)

where C} is taken to be very small, reflecting that we are working with a large (but finite)
volume Calabi-Yau manifold. Note also that we have replaced x = K;/k in the above as it

is more convenient to work with in the final expression for the flux potential.

2.3.2 The Superpotential and its Derivatives

The superpotential is as above
W=F-I—7H -1l =A+71B. (2.43)

Recall that we can use the SL(2,Z) invariance of type IIB supergravity to ensure that Hj
always vanishes. This means that while A has non-trivial monodromy near the conifold
point, B does not since the flux multiplying Il is set to zero.

The near-conifold behavior of these functions is easily computed

A= log 3 +al6) = al6), B =b(), (2.44)

where a and b are O(1) and depend on the choice of the fluxes associated to the other cycles
(including the #-cycle). We also have

F,
Agz—%(log%+1)+a§—>

Fy
— log —=. 2.45
271 3 TS AD (2.45)
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Thus, the derivatives D:W and D, W of the superpotential take the following form near the

conifold
Fey §
DgW =~ % lOg A_g + Al — TBl, (246)
and
D, W ~ Vk(Ay + 7By). (2.47)

2.3.3 The Flux Potential Near the Conifold

The leading behavior of the flux potential in £ is determined by the behavior of A in the

superpotential above. Recall that the flux potential is given by

eKCS

— K€D, W2 KﬁDTW2>. 2.48
167,57 (KEIDAWE + K7D | (2.48)

Inserting the expressions for the Kéahler potential, metric, and superpotential near the coni-

fold, we have

2

F
—d10g§+A1—TBl +|A2—|—77'B2|2 s

21

1 1 AS c, \ 7!
V=—__|(—log—L+K +—
16717} <(27r SERR |§|4/5)
(2.49)
where C is a small constant (its order of magnitude mainly reflecting the large volume of

the compactification manifold) and Ag the cut-off characterizing where the singular conifold

is glued into the bulk Calabi-Yau geometry.

2.3.4 Mirror Quintic Near-Conifold Numerical Data

Our numerical simulations have been carried out for vacua arising from flux compactification

on the mirror quintic. Given the fluxes F' = (3,—6,—-9,—1) and H = (—1,0,-7,0), the
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parameters in the near-conifold flux potential (2.49) are

K, = 0.524211,

Ay = 13.1691 + 17.36321,

By = 0.209511 4 0.000277995 %,
Ay = —9.55217 4 7.75481 1,

By = —2.26182i. (2.50)

The choice of F' flux implies that F, = F3 = —1.

The mirror quintic period data near the conifold is approximated as follows: for the
period functions that are regular near the conifold, we used Mathematica to compute them
in terms of Meijer G functions and find their expansions to first order around the conifold
point. The period II, picks up a monodromy on sending ¢ — €*™¢. We captured this
behavior, the O(1) and O(z) behavior by fitting a function of the appropriate form to a
numerically generated period function. The fit is good for [£] ~ 0.04 for A3 ~ 1. The result

18

I, — &= —0.355878 (2 — 1)i,
I, — 6.19501 — 7.11466 — (2.33032 -+ 2.85683 %)<,
I, — 1.29357i+ 0.423645¢,

M, — Qi log(—i€) + 1.07128 — 0.0630147 i £.
T

We now turn to finding supersymmetric vacua of the theory.
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2.4 Finding Vacua

Supersymmetric vacua are points for which D,W = D,W = 0. Note that in principle
we should also have D,/W ~ W = 0. However, since we are not stabilizing the volume
modulus anyway, we consider solutions to the first two conditions to be supersymmetric.
The condition D, W = 0 is simplest to solve. In particular, using the form of the Kahler

potential for the axio-dilaton from (2.19) we have

1

K = OK=—— (2.51)
T—T
= 1
Koo = 0.0K = — 2.5
|7 — 7|2 ( )
~ 1
K7 = o=l (2.53)

We can therefore compute the covariant derivative with respect to the axio-dilaton explicitly

DW =0.W+ K,W = — —(F—7H)-1I (2.54)

T—T
Setting this equal to zero gives us an expression for the axio-dilaton in terms of z

F.
F=__"" 2.
T P (2.55)

=

We can then use this result in the expression for D,WW = 0 to obtain a single equation for
the complex structure parameter z. Unfortunately, the resulting equation for z is far too
complicated to solve analytically except for in certain regimes (such as in the near conifold
limit). In order to find a generic vacuum one must therefore resort to numerics.

Since we ultimately wish to analyze the tunneling trajectories (or more precisely the
domain wall profiles) for two vacua that are separated by a monodromy around the conifold
point, it may be necessary to sort through several choices of fluxes before a satisfactory set

of vacua can be found. Two such vacua are obtained by setting the fluxes as follows.
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e Choosing F' = (3,—6,—9,—1) and H = (—1,0,—7,0) results in a vacuum at z =
0.463 — 0.1244.

e Choosing F' = (2,-6,—9,—1) and H = (—1,0,—7,0) results in a vacuum at z =
0.229 — 0.363:.

Notice that these two choices of flux are precisely related via the monodromy relations in
(2.33). Now that we have found two vacua related in the appropriate way, we continue to

study the domain wall that interpolates between them.

2.5 Numerical Conifunneling

In this section we apply the numerical relaxation method to find domain wall solutions in
degenerate vacua—these solutions are excellent approximations to instantons with weakly
non-generate vacua. We postpone discussing the physical interpretation of our solutions
to the next section. Our goal is to look for instantons between vacua that reside on sep-
arate sheets of the flux potential. In our construction, such vacua are associated with the
monodromy transformations around the conifold point. If we take the perspective of the
monodromies acting on the fluxes, the instantons describe tunneling between different flux
compactifications.

It will turn out that the bounce solution connecting these flux vacua generically passes
very close to the conifold point. The instanton solution is driven there by the presence of
non-trivial kinetic terms despite the seeming lack of an obvious path in the potential.

Seeing this behavior numerically requires knowledge of both the Kahler metric and the
potential in both the bulk (i.e. far away from the conifold point and near the vacua), and
near the conifold point in the field space. In the bulk where an analytical form for the
potential and metric are unavailable, we use look-up tables for the relevant functions. Near
the conifold point however, analytical expressions for the potential and metric are available.

In principle one could imagine glueing these two regimes together. However, relaxation is
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easier to implement when we split the problem into two parts: relaxation in the bulk and

relaxation near the conifold point.

2.5.1 Equations of Motion and Setup

Our goal is to find domain wall solutions using the relaxation method for this system given

an action

L=—(K.0,20'2+ K.70,70"T) + V(2,7) (2.56)

where z is the complex structure modulus and 7 is the axio-dilaton. We assume that the
Kéhler moduli fields are frozen by some mechanism and that they do not contribute to the
dynamics, so we will simply treat them as constants. Hence, we have a system with four real

fields. It is convenient to choose the following parameterization
re’=2—-1, 71=u+iv (2.57)

where ¢ = {r,0,u,v} are all real dynamical fields which we have collected into a vector ¢

for notational simplicity. In the same vein, we also define

K.:=-f(r,0) (2.58)

1
2

and remind the reader that

1
Ker=50s (2.59)
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We are looking for domain wall solutions which are effectively 1+1 dimensional, hence we

can choose (z,t) as coordinates. Ignoring gravity, the equations of motion are

1 1 . .

fF—=7r")+ 5(7'”2 —7r'?) — ié?r(rgf)(GQ — 0+ 0pf (07 — 01+ 0,V = 0

. 1 . 1 )
fr2(0 —0") + 57“289]”(92 —0"7) — éagf('r‘g — 1)+ 0,(fr*) (70 —'0) + 0V = 0

L. /o1 L R _

—Q—W(vu—vu%l—éhﬂ(u u')+0,V = 0

1. 1 . I .
—E(UQ—U/2)+m(UZ—u/Q)-}-w(U—UN)—FaUV =0

(2.60)

with dots and primes denoting time and space derivatives.
Domain wall solutions, ¢.(z), are static solutions to the set of differential equations (2.60)

with boundary conditions

Ps(x = —00) = @1, Pu(T — 00) = g (2.61)

where ¢; and ¢, are the locations of the minima.

We solve (2.60) on a finite 1-dimensional grid, with a domain {Z,in, Tmae:} Where the
domain’s size is much larger than 1/m, m being the characteristic mass of the domain
wall*. In practice, we choose the size of the domain to be a balance between accuracy and
computational efficiency. Once a solution is found, we vary the size of the domain to ensure
that the results are robust.

We insert a test solution at some initial time ¢y, ¢o(x,to). In addition to possessing the

correct boundary conditions, we fix the first derivatives at the boundaries to be identically

4This is not known in advance of course, but one can make a good guess at a value just after a few
iterations of our prescription.
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zero at all time (i.e. Dirichlet boundary conditions)
é(xmaxa t) = (é(xminy t) =0. (262)

Given these boundary conditions, we then guess several initial profiles for ro(z,%y) and
Oo(z,to) that interpolate between the two vacuum positions. Using these test profiles we
find the corresponding minimum points of a given r and 6 for uy(z,ty) and vo(z,ty), which

we can find by solving for®

ov ov
%(UQ,UQ) =0 s %(Uo,vo) =0. (263)

The total energy functional of the system is the integral of the Hamiltonian over the domain®

Elop(z)] = / e Bf(rQ — "2 4202 — 20 + L(112 —u? 4+ 9 =)+ V(r,0,u,v)

ZLmin 81}2
(2.64)
The true domain wall solution, if it exists, minimizes the total energy of the system
E[p(x)] = El¢.(z)]. (2.65)

Hence any deviation from the true solution means that there is additional energy in the
system, which manifests itself as scalar radiation as the fields seek to relax to their true min-
imum energy configuration. In a perfect world, the radiation propagates to spatial infinity,
never to be seen again. However, our fixed boundary conditions act as a rigid barrier at

finite distance, and hence radiation will bounce back from this barrier and remain in the

5This choice for uy and vy is motivated by the fact that we expect that in the actual domain wall solution
u and v do not deviate radically from this global minimum solution. However, they do deviate in general,
which we can easily see by their equations of motion (2.60): the spatial derivatives must be supported by a
non-zero derivative of the potential.

6We have suppressed two spatial dimensions — the energy functional is formally infinite if integrated over
these suppressed dimensions.



91

system. To remove this radiation, we introduce friction terms into the equations of motion

p+¢" +..=0=0+¢" +..+ANt)p=0, (2.66)

allowing the fields to relax into the true minimum energy configuration (i.e. a domain wall).
Note that we allow the friction term to be a function of time; we will say a bit more about
how we engineer the friction term later. In principle, the friction term turns itself off once
the static solution has been found. We check for the robustness of our solution by manually
turning off the friction term.

The test solutions themselves are not very important. In practice, we find that a well
chosen initial profile may speed up the computation marginally, but most guesses find iden-
tical static solutions in the end. More insidious however, is the possibility that there exist
multiple static solutions which are not the minimum energy solution ¢,. To test for that,
we choose several different initial profiles with different initial total energy and check that
they all relax to the correct solution.

In addition, there may be no solution. The simpler case of this possibility is that the
total energy becomes negative after some time. Since our potential is bounded from below
and positive, V' > 0, this never happens. More difficult to detect is the possibility that the
field approaches, but never quite converges to, a static configuration. In this case, the system
never completely relaxes and long code run times may be mistaken for a true solution. We
can check for this by taking the time derivative of the total energy, but in practice we never
encounter such a situation.

In the following sections, we separate the field space into two regimes: far away from the
conifold point r > 0.1 which we call the bulk and the near conifold regime where r < 0.1. The
cut-off at r = 0.1 is arbitrary, motivated by the fact that we lack accurate numerical data
for the potential below this point. Near the conifold point, the calculation of the potentials

is tractable analytically. Note that the numerical bulk potential does not include the effects
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of warping, but since the data is only really accurate down to r = 0.1 and strong warping is
not expected to be important until » < 1, this is not a problem.

In summary, we find that in the bulk relaxation phase, the field profile for r relaxes
towards the conifold point rapidly, reaching r» < 0.1 where we do not possess numerical data
for the potential. To investigate the near conifold behavior, we use our analytic potentials
and find that the field profiles do indeed continue to be driven to near r = 0, but then
making a turn-around back into the bulk. While deep inside the near conifold regime, we
find that # makes a rapid transition across the sheets, hence tunneling across a monodromy
transition. We dub this behavior, where the fields are driven towards the conifold point in

order to transition into a new flux configuration conifunneling.

2.5.2 Relaxation in the Bulk

We first look for domain wall solutions between two supersymmetric vacua related by a
conifold monodromy in the bulk. We choose the fluxes before and after the monodromy

according to

Fy=(3,-6,-9,—1) — Fy=(2,-6,-9,—1) (2.67)

Hy=(-1,0,-7,0) — H,=(-1,0,-7,0). (2.68)

The potentials at each corresponding sheet in z-space are generated using numerically com-

puted Meijer functions. The vacuum positions are to rather high precision

= 0.4628 — 0.1237i (2.69)

z9 = 0.2286 — 0.3631%. (2.70)

We use coordinates (r, ) around the conifold point to unwrap the potential and stitch the

data together across the sheets. From this, we generate the effective super and Kahler
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potentials. The vacua positions in these coordinates are then, with 6 = 0 being the branch

cut,

¢1 = (r =0.556, = —2.92,u; = —3.41,v; = 4.22) (2.71)

¢o = (ro =0.85,00 = 3.58, uy = —3.37, vy = 4.17). (2.72)

The vacuum positions for 7 = u + v are found using conditions (2.63). We use the following

test profile

2(0,—0

oleto) = %tan_l (77) + 61 (2.73)
2 min — — 2 — I'min — _

T(l‘,to) = (Tfm)tan 1 (e(w x1)/A1) + %tan 1 (e(m xg)/AQ) +

(2.74)

where A, § are parameters which control the initial test thickness of the walls, 1 < x5 control
the location of the walls, while 7,,,;, sets the radial turn-around point (see figure 2.1).

We then run relaxation simulations, using uniform and constant friction for all 4 dynam-
ical fields, varying both the initial test profiles and the magnitude of the friction (ranging
from A = 0.1 to A = 10) to ensure that our general conclusions are robust. Generically, the
field profile for r rapidly relaxes to near the conifold point » < 0.1 where we do not possess
good numerical data for the bulk flux potential (see figure 2.2), hence the simulation breaks
down at this point. As a result, we must complement our analysis in the bulk with one that

focuses on the near conifold regime.
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0.85 3.58
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0.13
-2.91

=50 0 50

(a) (b)

Figure 2.1: Initial (blue) and final (red) profiles for the complex structure field r (left) and
0 (right) in the bulk relaxation phase. We stopped the simulation at the final configuration,
r < 0.1 even though the fields are still not static (indeed they are highly dynamical) since we
do not have numerical data for the potentials. Nevertheless, it is clear that the path between
the two vacua is rapidly relaxing to the conifold point. We will replace the numerical potential
with a near-conifold analytical potential in the next section.

Figure 2.2: Figures showing the path of the complex structure (r,0). On the left, we su-
perimposed the initial (black) and final (red) profiles of the bulk relaxation phase over the
reduced potential V (7, 6, tnin(7,0), Vmin(r, 0)), where uy;, and vy, are global minima for 7
found using (2.63). On the right, we suppress the structure of the potential, but instead plot
the final path in polar coordinates. The two sheets are joined at § = 0 with » = 0 being the
conifold point. It is clear from this picture that the path traverses close to the conifold point
as it wanders down the “funnel”.
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2.5.3 Results from Relaxation in the Vicinity of the Conifold Point

In order to investigate the behavior of the solutions near the conifold point, we use the

analytical approximation described above

2

F
— log 0.35r + A; — 7B,
21

+ | Ay + %Bg|2) .
(2.75)

1 1 AS o\ !
Ve — [ [—log —0 4 K+ L
1670% ((27? %8 1035z T T |O.357“|4/3)

Note that this is simply equation (2.49), with the rescaling |¢| = 0.35r for consistency with
the notation we are using in this section. The parameters of this near conifold potential are
derived assuming that the two vacua are associated by the monodromy described by (2.67).

The values for the various parameters were given in (2.50) for the mirror quintic. — This

1(x)

o
0.2975| =

358

0.1925

s =291
-1 0 1

(a) (b)

Figure 2.3: Initial (blue) and final (red) profiles for the complex structure field r (left) and
6 (right) in the near-conifold relaxation phase. In the final configuration, a static solution is
achieved and hence is a true domain wall solution. The complex structure modulus funnels
very close to the conifold point, the proximity depending on how strong the warping is. In
terms of the r and 6 fields, it is clear that a very sharp # transition occurs when the field
is near the conifold point r < 1. This indicates that there are three clear phases in the
entire process—a shrinking of the 3-cycle associated with the formation of the conifold, a
monodromy transition as # tunnels into the next sheet, and then a return of the 3-cycle to
near its original size.

approximation becomes almost exact near the conifold r < 0.1, but breaks down in the bulk.
The key feature that is lost is the existence of the original vacua. To stabilize the vacuum

positions, we drill Gaussian supersymmetric vacua into the potential

V=Vt Vi +Vh (2.76)
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3.7

3.6

35

3.4

~1 0 1 -1 0 1

(a) (b)

Figure 2.4: The final (red) profiles for the axio-dilaton field u (left) and v (right), and the
global minima (black) wm, (left) and v, (right) in the near-conifold relaxation phase. In
the final configuration, a static solution is achieved and hence is a true domain wall solution.
It is clear from the equations of motion (2.60) that w,,;, and v,,;, are not static solutions.
The actual final static domain wall solutions are mildly localized. The global minimum
solution exhibits a sharp feature as expected from the highly localized nature of the complex
structure z domain wall solution.

with

Vi=—Vae(ri, 0i, ws, Uz‘)6[_(9_01)2_”_”)21/02 (2.77)

where o is the width of the Gaussian holes. At these vacuum positions, V; = 0. The
positions of the holes are matched to the actual vacuum positions for their respective flux
configurations, as given in (2.71). Note that we do not drill holes in the 7 directions; we
simply solve for the minima of 7 via equation (2.63) as in section 2.5.2. Since the behavior of
the domain wall will be dominated by the near conifold regime, we do not try to reproduce
the shape of the potentials beyond this modification. As long as the solution conifunnels
towards » — 0 when it is at » > 0.1 we are satisfied with the overall bulk behavior.
Nevertheless, there remain two subtleties involved in choosing the exact coefficient for
the strong warping factor ;. First, in principle it may depend on 7, although such a
dependence will not greatly effect the behavior of 7. Second, the exact numerical value of
this coefficient is treated as a free parameter related to the overall volume of the Calabi-Yau
manifold. Consistency requires that the parameter be chosen small enough so as not to have

any effects on the bulk of the moduli space. For the purpose of our numerical simulation,
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we choose (' such that the warping term is subdominant when r ~ r; 5 i.e.

1 A§
C —log ——2— + K, ) [0.35¢[*% at r = 1y, 7. 2.78
1 < (27r og 0351 + 1> 0.357 %7 at r =1y, 1y (2.78)

Again, we use the test solutions (2.73) and (2.74), varying the test parameters to ensure
robustness of our conclusions (figures 2.3 and 2.4). However, due to the strong warping
term r~%/ in the flux potential, instead of inserting constant friction terms for all our field

equations, we use instead an exponentially damping friction
Ao (t) = Ag(to)et7t0) (2.79)

where o is some parameter which governs how rapidly friction is turned off’. The static

Figure 2.5: Figures showing the path of the complex structure (r,0). On the left, we su-
perimposed the initial (black) and final (red) profiles of the near conifold relaxation phase
over the “reduced” analytic near-conifold potential V. (7, 0, tmin (7, 0), Umin (7, 6)), where upi,
and vni, are global minima for 7 found using (2.63). On the right, we plot the final path in
polar coordinates, suppressing the gaussian vacuum holes but keeping the structure of the
potential near the conifold visible — the strong warping term %3 suppresses the potential
deep inside the conifold point, resulting in a potential that looks like a true “funnel”. The
two sheets are joined at 6 = 0 with » = 0 being the conifold point. The final static path
falls deep into the funnel but reemerges on the other side of the monodromy—the conifold
funnels the path across the monodromy, hence our moniker conifunneling.

"We also imposed a hard cut-off of the friction when we check for stability after a solution is obtained. In
addition to this, we employ the hard wall regulator discussed in the numerical methods section that allows
the profile to avoid the conifold point.
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solutions are shown in figure 2.5. The solution relaxes towards the conifold point as we have
seen in the previous section using the bulk potential. However, instead of falling into an
abyss, the domain wall solution passes very close to the conifold point, and then turns back
up into the bulk. In other words, a stable static domain wall solution exists between two
vacua related by a monodromy transformation. Moreover, the domain wall passes very close
to the conifold point—the exact proximity being determined by the coefficient in front of
the strong warping term r~*3 in the Kéhler metric. The smaller the coefficient, the later

the turn-around occurs®.

2.6 The Physics of Conifunneling

Despite trying to find a tunneling path through non-singular parts of the Calabi-Yau moduli
space, numerical relaxation drove our solutions into the vicinity of the conifold point. These
instantons represent conifunneling. Relaxation was only able to succeed due to the crucial
effects of strong warping, analyzed in [47, 43, 44], and described both in general and for the
conifold above in the section on warping. In this section we interpret conifunneling from a

geometrical perspective.

2.6.1 Geometric Interpretation

Figure 2.6 shows the value of the tension integrand in terms of five separate terms: kinetic
terms in each field and the flux potential term. We can see that the kinetic terms in 7
are very small, which means the dynamics are mostly in the complex structure moduli, 2°.
In particular, the dynamics separates into three distinct parts: radial changes toward and

away from the conifold point occur in the beginning and the end of the transition, while

8We note that although both logr and »~*/3 blow up as r — 0, the rate at which this blow up occurs is
crucial in determining whether the domain wall will turn around sufficiently quickly.

9This means that we would have got similar results if we had reduced the problem from 4D to 2D and
only focused on z. But it is not obvious that 7 would essentially act as a spectator field, so we included it
in the analysis for completeness.
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Contribution to Lagrangian

Figure 2.6: The action integrand (Lagrangian) broken up into contributions from five terms.
The thin-blue line is the potential term, the dashed-purple line is the kinetic term in r, the
solid-purple line is the kinetic term in 6. Kinetic terms in the two components of 7 are
colored red and green, and barely contribute. Note that the potential dips below zero for the
two vacua, this is an artifact of our procedure for drilling these vacua in the near-conifold
potential.

angular changes around the conifold occur in the middle. The two vacua are connected by
a monodromy transformation, namely, a change of Af ~ 27w. We just need to determine the
most economical way to perform this transformation. Namely, minimizing the tension with

3 terms,

oc=01+0,+0,, (2.80)

where o, is the tension for a monodromy transformation in the vicinity of a point in the
moduli space—i.e. keeping close to some geometrical configuration M, for the Calabi-Yau.
The first term o, comes from deforming the Calabi-Yau from vacuum 1 to the geometry M.,

and oy from deforming M, back to vacuum 2.



100

For our case, o, is essentially the action integral in the 6 direction,

O = / V2V — 2V /K. db | (2.81)

and oy, 0y are like integration in the r direction,

0 = / V2V = 2V /K= dr . (2.82)

These expressions illustrate that taking the fixed geometry M, to be very near the conifold
minimizes 0,,. However, o and 05 grow in this same limit. As a result, there is some optimal
M, whose precise form is determined via the interplay between oy, 0,,, and o,. However,
one thing is clear: since o, is minimized near the conifold, one should expect that the profile
may at least be drawn somewhat close to the conifold point.

The geometric picture is quite straight-forward. The shrinking 3-cycle near the coni-
fold point is exactly the cycle which we cut and twist in the monodromy transformation.
Physically the shrinking 3-cycle (with flux) cannot go to zero size, so eventually it becomes
strongly warped and the monodromy happens at the tip of the strongly warped conifold, as
shown in figure 2.7. Both shrinking and warping help to reduce o,,. We can also understand
this process in the dual picture, where the flux is changed by nucleating a charged brane
instead of monodromy. The fluxes due to F3 and H3 change by nucleating a 5-brane. Three
legs of this 5-brane will wrap the shrinking cycle leaving two spatial directions for the (2+1)D
domain wall in the 4D space-time. As depicted in figure 2.8, the monodromy contribution

is replaced by a brane,

aigbrane = ai’ggra“e(%hrinking 3—cycle) (volume factor)(warp factor) . (2.83)

The volume factor corresponds to the dimensional reduction from the 10D theory string

frame to the 4D theory Einstein frame. It is a constant in our case since we have frozen the
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Figure 2.7: Top left is the vacuum configuration of the Calabi-Yau manifold. A monodromy
transformation (on the red cycle) contributes less to the action if the 3-cycle is small (top
right), and even less if it happens on the tip of the strongly warped conifold (bottom).

By

TN

O D

Figure 2.8: The extended horizontal direction represents 4D space-time. The top tube comes
with the 3-cycle wrapped by the D5 brane, which wants to shrink. The bottom tube represent
the other 3-cycle where the flux is changing, in which the brane is a point like object where
the flux line can end. Placing the charge on a locally warped region also reduces 4D tension.
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Kahler moduli. It is also easy to see why the shrinking 3-cycle volume and the warp factor
help to reduce the effective 4D tension.

Of course, it is very surprising to see that the balance between reducing o, and increasing
01 + 09 happens at such an extreme geometry—a strongly warped Calabi-Yau. In the next
section we will provide a more quantitative analysis in this particular case. Here we want
to suggest a good intuition for general multi-field tunneling. The roughly equal separate
contributions shown in figure 2.6 suggest an equipartition among the three terms oy, o9, and
om that make up the action, (2.80). This is quite natural assuming that the three terms
depend on a parameter in the same way (say polynomially or exponentially). What we have
is essentially a generalized virial theorem telling us that the three terms should have similar
orders of magnitude. Knowing this in advance, we could use this to estimate how big the

deformation of the vacuum geometry is.

2.6.2 The Shortest Path

Our numerical results suggest a simple analytical argument for conifunneling. As noted
previously, although the axio-dilaton 7 changes during tunneling, it contributes very little to
the action integral. Therefore the dynamics is similar to a 2D problem in just the complex
structure modulus z.

We start from the simplest case with 2D canonical kinetic term in polar coordinates,

L= (7’"2 n r2é2> — Viverse(7, ) . (2.84)

N —

Let us first assume that the inverse potential Vi,yese does not have any special properties
near the conifold point (taken to be at the origin, » = 0). In this case, minimizing the action
is like finding the shortest path, which is of course a straight line. If there are multiple sheets
through branch cuts emanating from the conifold point along 6 = 27n there is an additional

constraint. When the angular separation between two points is larger than 7, a straight line
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will be obstructed by the branch cut. Therefore the maximum angular separation is 7 if two
vacua are to be connected by a tunneling path.
The strongly warped behavior near the conifold point in our mirror quintic case tells us

that we must modify the above with non-canonical kinetic terms

K .
L= % (f«? 4 r292>  Vinverse(1,0) - (2.85)

Assuming that the dominant behavior of the Kéhler metric is of the form

K(r)=r%, (2.86)

we may change to a more natural set of variables, defining

B+l

7= . 2.87
B+1 (287)
This yields
1 /. . -
L= (72 + 728 + 1)) — Vinere(7.,0) . (2.88)
where
‘vaerse(fa 9) - anerse ([(ﬁ + 1)f]1/(6+1)7 0) . (289)
Ignoring the inverse potential, we can see that
T
Abpax = . 2.90
B+1 (2.90)
In our case f = —2/3, 80 Abnax = 37, namely 3/2 of monodromy transformation, is the best

we can get. We have confirmed this with numerical simulations.

Also, note that if we did not include the strong warping correction, we would have had

K(r) ~logr, V(r) ~logr, (2.91)
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near » = 0. Since logr diverges slower than any 77 with 8 < 0, it should give us roughly
Ab.c = 7. Also the uncorrected V' has a logarithmic divergence, which corresponds to an
attractive core in the inverse potential. It is also weaker than, for example, Viyerse = —1/7.
As we saw in the simulation, there is no reason that a path can make Af ~ 27.

From this point of view, conifunneling happens because the path needs the strong warping
correction to the Kéahler metric in order to make a monodromy angle change of 27. For our
particular choice of fluxes F3 = —1, this is the minimum amount by which F{ can change.
With |F3| > 1, one might expect to see several vacua on one sheet, which would correspond
to changing F{ by 1 several times. We have not seen such things in any of the examples
we have investigated!®. However, let us for the moment simply assume that there are cases
with multiple vacua for |F3| > 1. From our result, it is quite natural to make the following

3 conjectures:

e For angular changes less than 7, which means |AFy| < |F3|/2, tunneling is possible

regardless of warping and the path does not get close to the conifold point.

e For angular changes larger than 7, which means |AF,| > |F3|/2, we will see conifun-

neling.

e For angular changes larger than 3w, which means |AFy| > 3|F5|/2, there will be no

tunneling path.

2.7 Discussion

We have undertaken a detailed study of the flux transitions in type IIB one-parameter models.
We have focused throughout on the mirror-quintic for definiteness. Vacua that are related

by a monodromy transformation around the conifold point were studied and domain wall

10Multiple vacua in a given sheet have been observed in other analyses [37], but 7 is treated as a fixed
parameter. Our 7 is dynamical and we know of no physical reason that requires multiple vacua on a single
sheet.
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solutions that interpolate between them were found numerically. A general feature is that the
domain wall was driven near the conifold point where strong warping effects dominate. A nice
geometrical picture associated with this transition was given. In particular, the nucleating
brane favors a small cycle so that the effective 4D tension is minimized. Balancing this
against the action required to deform to and from this configuration tells us that the cycle
must approach some minimal size at which point the monodromy/brane nucleation takes
place.

The usual intuition might have suggested that since these flux vacua are near each other
in the complex moduli space, it should be simple to construct an appropriately charged
brane whose nucleation brings one from one vacuum to another. Our findings suggest that
competing effects between the energy required to nucleate a brane wrapping the appropriate
cycles and the contraction or growth of these cycles are an essential aspect of the dynamics.
Thus, it seems clear that given an initial flux vacuum, finding the most probable tunneling
path is more subtle than simply looking at the separation in z-space and concluding that
a brane can connect two neighboring vacua. Rather, such a brane would still need to wrap
appropriate cycles in order to absorb the appropriate charges, and thus, we expect that
the dynamics of these cycles will play a crucial role in determining when such a brane can
be nucleated. Because of this, we expect conifunneling to be important in determining how
tunneling occurs through a “discretuum” [17] of flux vacua such as that envisioned by Bousso

and Polchinski [18].
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Chapter 3

Warped Vacuum Statistics

3.1 Introduction

Complex structure moduli in type IIB string theory are stabilized by turning on various
p-form fluxes on the internal manifold. This process yields a very large number of stable
configurations each of which in principle leads to distinct low-energy predictions. Under-
standing this landscape of string theory is of utmost importance. Above we have seen an
in-depth discussion of the dynamics governing these low-energy solutions and found that
the conifold point seems to be of distinguished importance [52]. However, another aspect of
the vacua that is well studied in the literature is that of statistics |18, 53, 54]. As argued
in [18], the existence of very many vacua with closely spaced vacuum energies may take us
one step toward understanding the seemingly unnatural value for the cosmological constant.
Furthermore, it is reasonable to suspect that the distribution of vacua in moduli space will
also have an impact on the dynamics since nearby vacua would be expected to have different
tunneling rates than distant ones. As a result, it is valuable to understand various statistical
aspects of the distribution of vacua better. Such studies were undertaken in [53| and [54]
and later numerically in [32] where they found that the conifold acts as an accumulation

point for vacua in the landscape. In fact, in a Monte-Carlo search [32] a significant number
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120 where ¢ is the complex structure modulus taken

of vacua were found as far in as [{| ~ e~

to vanish at the conifold point.
Interestingly we also know that it is precisely near the conifold point that the back-

reaction of fluxes in the form of warping becomes important. It thus seems natural and

necessary to investigate precisely what type of effect warping has on the analysis carried out
Yy g p y yp ping y

in [53, 54, 32]. Here we undertake such an analysis.

3.2 Background

Compactifying type IIB string theory on a Calabi-Yau manifold leads to a low-energy effec-
tive field theory that contains various scalar fields called moduli. These moduli are related
to the smooth ways in which the internal Calabi-Yau manifold can be deformed. Some of
these scalar fields, the ones that are related to the complex structure deformations, may be
stabilized by turning on various p-form fluxes that naturally appear in the supergravity the-
ory on the internal manifold. This process generates the Gukov-Vafa-Witten superpotential
62)

W(z) = /Qg/\Gg. (3.1)

Here the integral is taken over the Calabi-Yau manifold, (23 is its holomorphic (3,0) form,
and G35 = F3 — 7H3 is a combination of the the two 3-form field strengths and the axio-
dilaton. These are the fluxes that are turned on to yield the superpotential above. As the
complex structure is deformed, the value for W changes, something that is indicated by the
explicit dependence of W on the complex structure parameter z. Given this superpotential,

the scalar potential is given by the usual supergravity form

V = eK/ME <K“5DQWD,;V_V> . (3.2)
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The sum here runs over the complex structure moduli (a,b = 1,2, ..., h*!) as well as the axio-
dilaton (a,b = 0). Notice that the term —Mi}% |WW|? that is usually present in the expression for
the potential in supergravity is absent above. This is because for the overall volume modulus
p, the term K*?|D,W|? precisely cancels against —Mi%|W|2. This is simply a symptom of
the fact that flux compactification can only stabilize the complex structure parameters so
that the superpotential ends up independent of the Kéhler moduli.

The strategy is now to analyze the minima of the potential in (3.2). In particular we will

focus on supersymmetric vacua in the discussion to follow.

3.3 Analytical Distributions

We are ultimately interested in understanding the distribution of vacua near the conifold
point. However, a more tractable quantity to compute is the so-called index density defined
below. This is closely related to the count of vacua, and in fact approximates the count very
well in the cases we discuss. We begin by reviewing past results and then continue with the

analysis by adding modifications due to warping.

3.3.1 Counting the Vacua

Here we will review the derivation of the index density given by Douglas and Denef in [54],
focusing on areas where our analysis, including the effects of warping, will differ. We will
restrict attention to supersymmetric! vacua that satisfy D,W = 0 for all complex moduli
and the axio-dilaton. The strategy is to consider these equations as constraints on the choice

of fluxes and otherwise, simply allow the fluxes to scan. First, assume that fluxes are fixed

!Technically supersymmetric vacua must satisfy D,W = 0 for all moduli including those in the Kihler
sector. However, since we are not stabilizing the Kéhler moduli, we refer to vacua for which D,W = 0 only
for the complex structure moduli and the axio-dilaton as supersymmetric.
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and consider the function on moduli space given by?

G (DWW (2)) = 8(DoW (2)) ... 8(DyW (2))8(DoW (2)) ... (DLW (). (3.3)

Clearly this provides support only at the locations of the vacua. However, as written each
vacuum does not contribute with the same weight. To see this, rewrite equation (3.3) as a

sum of delta functions which explicitly spike at the locations of the minima

62n+2(z _ Zvac)

4
[ det D2WV| (3:4)

DWW (2)) = >

Here the determinant arises from expanding the argument of the delta functions near each

minimum in much the same way as

SUF) = 3 00 (reno) (5 — Tuene)) = 3 % (3.5)

The matrix denoted D?W is the (2n + 2) X (2n + 2) matrix

0. DyW 0, DyW
_ , (3.6)
OzDyW  0,DyW

where we let a,b range over the n = h%? moduli as well as the axio-dilaton. Note that the
partial derivatives in the matrix above can be replaced by covariant derivatives at the vacua

since there the conditions D,W = 0 render the two expressions equivalent

0.DyW = D, D\W — (0, K)D,W = D,D,WW  at supersymmetric vacua where D,W = 0.
(3.7)
If we then integrate this over the moduli space we find contributions from each vacuum

associated with the fixed set of fluxes with weight |det D?*TW|~!. Since the value of this

20ur conventions for the delta functions and integration measures depending on a complex variable z
are given by §%(2) = §(Re 2)d(Im 2), and d*2 = d(Re 2)d(Im z2).
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expression varies over the moduli space, the result of this integration will not reflect the
number of vacua but rather some sort of weighted sum of them. To actually count the

vacua, we must instead integrate over the delta-functions appropriately weighted
/ P27 622 DWW (2))| det D2V, (3.8)

This expression defines the vacuum count for a given set of fluxes. Another useful quantity
related to the vacuum count considered in [54| is the index, which involves dropping the

absolute values around the determinant of the fermion mass matrix
/ d*"zd?7 62" 2 (DW (2)) det D*W. (3.9)

This integral then counts the number of positive vacua minus the number of negative vacua,
where parity is given by the sign of the determinant of the matrix in equation (3.6). The
index therefore provides us with a lower bound to the number of vacua (since the difference
between positive and negative vacua is always bounded above by their sum). So far our
discussion has focused on a fixed set of fluxes. To count all vacua, we must then sum over
the fluxes. The fluxes must satisfy the tadpole condition which can be thought of as a

consistency condition on how the fluxes can be organized on the internal manifold
L:/ F3sNH; < L,. (3.10)
cY

Here L, is the maximum possible value for L. L, can be derived from F-theory and as
a result it will turn out to be useful to lift this discussion from type IIB supergravity to
F-theory. To see how this works, recall that the action for type IIB supergravity has an

SL(2,7) symmetry under which the axio-dilaton transforms as

ar +b

T —
ct +d

where  ad —bc = 1. (3.11)
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By using these transformations, one can restrict the value of the axio-dilaton to lie in the
region®

~1/2<Re(r)<1/2 and || >1. (3.12)

This should be familiar as the fundamental domain for the complex structure parameter of
a torus. It is thus natural to ask if one can incorporate the dynamics of the axio-dilaton by
considering some new theory which naturally lives in 12 dimensions which is then compact-
ified on a space that is locally the direct product of a Calabi-Yau threefold and a two torus.
This is in fact possible, and the theory one must consider is called F-theory. More precisely,
the internal manifold M is taken as an elliptically fibered Calabi-Yau four-fold, whose base
consists of the original three-fold and fibers are given by the auxiliary 2-torus whose complex
structure parameter is given by the axio-dilaton 7. In general F-theory compactifications,
the four-fold does not have to be a global direct product bundle of a three-fold and a torus
(as is true for any fiber bundle) and in fact below we consider precisely such a nontrivial
bundle.

We decompose the holomorphic 4-form of the Calabi-Yau four-fold on which F-theory
is to be compactified in terms of the holomorphic 3-form from the type IIB Calabi-Yau

three-fold and the holomorphic 1-form defined on the torus

Q= QA Q. (3.13)

If we consider the two 1-cycles A and B on the torus, we can define the two 1-forms a and
f3 dual to the cycles A and B such that [,v= [.aA~yand [;7 = [, 8 A~ for all closed

1-forms . Then, as long as we define our holomorphic 1-form €2; as

0 = a— 70, (3.14)

3In particular one would use the transformations 7 — 7+ 1 and 7 — —1/7 multiple times to accomplish
this.
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we will have 7 = [ A/ /, 5§41 as we want for the complex structure of the torus. Furthermore,
if we write the flux 4-form that appears in F-theory in terms of those from type IIB as

G4 = B N F3 —a N\ Hs, we can write the left-hand side of the tadpole condition as

1
—/ G4/\G4:—/ Oé/\ﬁ F3/\H3. (315)
2 M T2 CY3

If we normalize the F-theory torus volume so that sz a N = —1, this exactly reproduces
the tadpole condition in the type IIB picture. With K = dim Hgys we've lumped the 2K
fluxes Fy, ..., Fx_1,Hq, ..., Hx_1 into the 2K components of GG4. Also note that with this

definition of the flux 4-form, we can write the usual type IIB superpotential as

W:/ Q4 A G (3.16)
M

As a result, we have made explicit the correspondence between type IIB supergravity and
F-theory. We continue by choosing a particular basis of 3-forms on the CYj3 {X¥;} with

1=1,2,...,dim Hgyg, and denote the intersection form in this basis as );; so that

CY3

We can extend {¥;} to a basis of 4-forms of M by wedging them with the 1-forms o and § on
the torus, {a A X, 5 A 3, }. In this basis, we denote the components of the field strength G4
by N, with a =0,1,...2K —1, and the intersection form in the full 4 (complex) dimensional
space by 74. Then, the tadpole condition in equation (3.10) can be written in terms of the

components of the two fluxes (F = F'S; and H = H'Y;) as
1 , 4
L= 5Jvanaijb = F'Q;H <L, (3.18)

We should then sum only over the fluxes that satisfy this inequality. We can accomplish this
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by summing over all fluxes while including a step function that enforces the inequality.

Index = »  O(L. — L) / " zd?7 522 (DW (2)) det D*W (3.19)

Fluxes

We write the step function as an integral over a delta function?,

L. L
(L, — L) = / (L — L)dL (3.20)
yielding
Le _ _
Index = Z / dL / d*"z2d®7 6(L — L)5*"*(DW (z)) det D*W. (3.21)
Fluxes ¥ ~°
By treating the fluxes Ny,..., Nog_1 as continuous, we can approximate this sum by an
integral,
Le _ _
Index — / ii / 2K N / =7 5(L — D)8 2(DW (2)) det D2W. (3.22)

It is natural to define the index density in moduli (and axio-dilaton) space by
L. _ ~
pr(z,7) = / dL / d* N 6(L — L)5**2(DW (2)) det D*W. (3.23)

Upon integrating over 7, z, this will then equal the total index. We now pursue the logic of
[53, 54| and rewrite this index density in terms of geometric properties of the moduli space.
A first step in doing this is to change basis from {a A X,, 8 A X,} to the set of linearly
independent 4-forms {4, D,Q4, Do D;24} U {c.c} where a ranges over the complex moduli
as well as the axio-dilaton while ¢ ranges only over the moduli. This proposed basis consists

of 4(n 4+ 1) elements where n denotes the number of complex moduli in our theory, which

4Note that in [54] the step-function is expressed in terms of a contour integral over an exponential e®~.
Our expression in terms of a delta function proves to be more useful for the analysis incorporating warping
effects.
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agrees with the 2K elements of the original basis. This new basis satisfies

/ WUAQy = e K2 (3.24)
M
/ DU ADQy = —e KK S (3.25)
M
/ DoDiU A DgD;Qy = e MK K, (3.26)
M

with all other combinations vanishing. We now manipulate this new basis in a way to produce
one that is orthonormal. First, by rescaling all of our basis elements by the factor e®(m2)/2,

the new basis won’t have any of the extra exponentials in their inner products:

/ K20 g Kra20, — 1 (3.27)
M
eK(T,z)/QDiQ4/\eK(T,Z)/2D—.Q4 = —Kiﬁ (328)
J J
M
/eK(T*Z)/ZDODZ-Q4/\eK(T’Z)/QD()DjQz; = K=K, (3.29)
M

And because of the properties of the covariant derivative, that is that it transforms co-
variantly under Kahler transformations, we can accomplish these changes by rescaling the

holomorphic four-form by this same factor:
Q, — K22, (3.30)

For notational simplicity we will redefine €24 to represent this rescaled version. When we

want to explicitly refer to the actual holomorphic 4-form, we will denote it as Qu:
Qy = /20, (3.31)

Finally, we can consider any linear combination of the basis above. In particular, we consider

the set B = {Q4, DaQy, DoDQ4} U {c.c.} where Dy = €% D,, and the vielbeins ¢% satisfy
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eie%Kag = 045, as usual. Our new basis is orthonormal:

/94/\(’24 =1 (3.32)
M
/DAQ4/\DBQ4 = —d4p5 (3.33)
M
/DODIQ4/\DODJQ4 = 017 (3.34)
M

The 4-form flux G4 in the new basis is given by
Gy =X —YADAQ + Z'DyD;Qy + c.c. (3.35)

with X, Y4, 21 X, YA,7I being the coefficients of G4 in this basis. We have chosen the
signs in front of the various coefficients for later convenience. Note that GG, does not de-
pend on the complex structure moduli or axio-dilaton, which implies that the coefficients
X, v4 721X, YA,7I must themselves depend on z* and 7 in such a way as to cancel the
dependences arising from €24 and its derivatives in the expression for G4 above. Since G4
does not depend on the complex structure of the Calabi-Yau or the axio-dilaton, we can

relate these coefficients to various combinations of derivatives acting on the superpotential.
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In particular

W = /94/\G4:X (3.36)
DAW = /DAQ4/\G4—YA (3.37)
DyD)W = 0 (3.38)
DyD/W = / DoDiQy NGy = Z; (3.39)
D;D;W = / DiD;Qs NGy = Frox 2™ (3.40)
DiD;W = 67,X (3.41)
DoDW = X (3.42)
DygD/W = 0. (3.43)

Note that we have defined the coefficients Frjr = ifCY Q3 A DiDjDgQly = ifcy Qs A

0r0;0k823. Also, note that W denotes the rescaled superpotential; when we want to explicitly

—

refer to the original one, we will once again place a hat on top of it (IW). We briefly divert

our attention to deriving these expressions for the components of Gj.

o W =X

By the definition of the superpotential, we have

W = /G4/\Q4
M

= / (X =Y DaQu+ Z'DyDQy + c.c.) ANy = X (3.44)
M

In the last step we used the orthonormality of the basis.

o D,W =Y,
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Since (G4 is independent of the moduli, we can move the covariant derivative inside the

integral so that it only hits €)y.
DWW = / Gy AN DSy (3.45)
M

Then inserting the expression for (G, in the new basis and again using the orthonor-

mality of the basis ([, DgQy A DAy = —65,), we obtain
DW= / (XQ =Y DaQy+ Z'DyDy Q2 + c.c.) A DSy
M

= —Y”F / DpQu A DaQy = +Y, (3.46)
M

DQDQW - 0

Once again, since (G4 is independent of the moduli, we have
DQDQW = / G4 N DQDQQ4 (347)
M

Now D24 is a (0, 1) A (3,0)-form (where we highlight the order of the form in the fiber

and on the base respectively) since
Doy = (Do) A Q3 € H*' A H3O, (3.48)

In fact, we see that

DOy = (8, + K,) (a — 78) = K, (o — 78) = K.y (3.49)

where we have used K; = —1/ (7 — 7). Using the fact that the vielbein ef = 1/K,, we
have

DQQ4 == ﬁl A Qg, (350)
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As a result, the expression under investigation reduces to
DQDQQ4 - (Dgﬁl) N Qg. (351)

However we know that Dy€2; = 0, so the identity holds.

DyD,W = Z;

This identity follows from orthonormality:

DQD[W = / G4/\DQD[Q = / (YQ4 - ?ADAQ4 + ?IDQD[Q4 + C.C.)/\DQD[Q = Z]
M M

(3.52)
=K
We will again use the definition for G4
D]DJW = / (YQ4 — YADAQ4 + ZIDQD[Q4 + C.C.) N DIDJQ4 (353)
M

It is useful to note that D4Dpy is a (2,2)-form. In fact, given the nature of our
Calabi-Yau 4-fold, essentially factorizing into a 3-fold and a torus, this (2,2)-form can
be decomposed as (2,2) = (1,0) A (1,2) & (0,1) A (2,1). To see this, note that D 4§y

could in principle be a mixture of a (3,1) & (4,0), but the (4,0) component vanishes:

/DAQ4/\§4:DA (/ Q4A§4>—/ Q4 A D4Qy =0. (3.54)
M M M

The second term here vanishes since €, varies holomorphically with respect to the
moduli space coordinates while the first term vanishes due to the definition of the

covariant derivative and the Kéhler potential:

Dy ( / Q4 A 54) =Dae =04 + Kpe ™ = ~Kpe ¥ + Kye ™ =0. (3.55)
M
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Similarly D4Dgy could in principle have (2,2) & (3,1) @ (4, 0) structure. However,

/ DsDpQyANQy= Dy (/ DBQ4/\§4> —/ Dy A DAy =0 (3.56)
M M M

implying that there is no (4,0) component. Furthermore
/ DaDp A Dol — Dy ( / D0 Aﬁcm) - / DuOu A DADS  (357)
M M M
the first term on the left-hand-side is equal to D055 = 0. The second term becomes
5AC/ DU AQy=0 (3.58)
M

which shows that there is no (3, 1) component in D4 Dg€)y either and therefore that it
is completely contained in H%2. Because of the direct product nature of the four-fold,

one can further break this up as
D,DpQy € HYO N HY @ H™ A H*!, (3.59)

Now, D;D ;€ is precisely a (1,0) A (1, 2)-form since the covariant derivatives only act
on the 3-fold factor. The only pieces of the integral in (3.53) that can yield a non-zero
result must then be of the form (0,1) A (2, 1), which are thus proportional to Dy D {y.

This leaves us with

DiD,W =Z" / DyDy A Dy Dy, (3.60)
M

The Dk and D, derivatives commute, so we have

D[DJW = 7KDK (/ DQQ4 A D[DJQ4) — ?K/ DQQ4 A DKD[DJQ4. (361)
M M
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The first term on the right-hand-side vanishes due to orthonormality since Dy, is a
(3,1)-form while D; D€y is a (1,0) A(1,2)-form. Factorizing 24 = €4 AQ3, we see that
DSy = Q1 A Q3. The integral over the torus will simply yield a factor of —i (recall
that €y refers to the rescaled holomorphic 1-form on the torus, so the usual factor of

e K7 is absent), leaving us with
D;D,W =iZ" / Q3 A D DD ;Qs. (3.62)
cy

Pulling out all scaling factors and vielbeins, and explicitly writing out the covariant
derivatives, we see that the resulting derivatives can all be converted to partials. This

allows us to rearrange the ordering and finally gives

D]DJW = ZZK/ Qg VAN 818J8K93 = .F[JK7K (363)
cy

where we have defined the coefficients Frjx = ifcy Q3 A 01050k 3.
DADBW = 5ABX
First consider

—~

DanW - 7@(8{; + Kb)/W — (5@8}, —|‘ Kba + Kbga)/w - Kab/w (364)

The first and last term vanish since W is holomorphic in the moduli. Then, since

W = X, by reintroducing the scaling factor e%/? and the vielbeins, we have

DiDsW = 855X. (3.65)

DgD/W =0

We can easily see this by noting that the outer derivative is a regular partial derivative

and that this commutes with the inner derivative. Then, since W is holomorphic in 7,
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0y sends the expression to zero.

We now return to our main analysis. With the expressions (3.36-3.43) we can then
rewrite all of our expressions in terms of these new functions on moduli space. For the

tadpole condition we obtain

1 1
L:?WN:§/GU“%=WP—WP+MR (3.66)

where |Y|* = vy s 4, etc. The index density then becomes

L. _ -
M@ﬂ:/ M/fXﬁwYﬂ7ﬂ®wWLﬂmﬂﬁW—MWWWMMXP

X6y — ZIX? - FrixZ®

x det o _
FrixZ® Xory — %

(3.67)

Here J is the Jacobian obtained in changing variables from N, to X, Y4, Z;, which we will

determine explicitly below. We have included an additional factor of | det g| which comes

from transforming both the delta functions and the determinant to the new variables, and
note that factors of eX cancel between the delta functions and the determinant.

Let us now compute the Jacobian |J|. In the original basis, the components of G, were

given by N,. We can now write the N, in the new basis
N =9 (XII - YDAl + Z'DyDyI1 + c.c.) . (3.68)

Here the IlIs are the periods of the rescaled holomorphic 4-form and are related to the usual

K/2

ones by a factor of e™/“.We can see from this expression that the change of basis is achieved

by the application of the matrix

M = Y11, = D4I1, Dy Dy11, c.c.). (3.69)
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If we use the convention that d?z = Q%.dz A dz, we find that the appropriate Jacobian is
J = 22D det M| = 4™ det n|~Y/?| det MM |Y/2. (3.70)

We have MTnM = diag(l,—1,41,1,,1,—1,41,1,), which follows from our choice of an

orthonormal basis of 4-forms. This implies that the Jacobian is given by
J = 4" det n| V2, (3.71)
The final expression is then (after explicitly integrating over Yj),

L 5 N
pr(z,7) :4”+1|det77|_1/2/ dL/d2Xd2”Z\detgya(L— X2 —|Z)|X|?

Xop — 22 FikZt
xdet [ 77X RS (3.72)
FroxZ® X0ry — —ZIYZ‘]

We can explicitly integrate over the phases, leaving only integrals over the magnitudes | X|
and |Z|, showing that the tadpole delta function fixes the region of integration to lie on
a circle of radius VI in the |X|,|Z| plane. There is therefore no need to integrate over
negative Es, and furthermore the remaining finite integral can be evaluated. Following this

approach, one can show that the index density has a nice geometrical interpretation [54]:
pr(z,7) = det(R + wl), (3.73)

where R is the curvature 2-form on the moduli space and w is the Kéhler form. For the case

of one complex modulus (and the axio-dilaton), this reduces to
pr = —n2| det | "%we A Ry (3.74)

where wy is the Kéahler form on the axio-dilaton side while R; is the curvature form on the
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moduli space side. In order to obtain this, one must use a relationship between the Kéahler

and curvature forms on the axio-dilaton moduli space: Ry = —2wy.

3.3.2 Incorporating Warping

The analysis above neglected the back-reaction of the fluxes on the geometry. These effects
become pronounced when one approaches the conifold locus essentially since one of the cycles
that carries flux collapses there. A complete treatment of warped Calabi-Yau geometry
involves using the machinery of generalized complex geometry |55, 45, 56|. However, a rough
method that produces the appropriate functional behavior induced by warping near the
conifold will suffice for our purposes. This behavior can be derived by taking the warped

Kéhler potential to be approximated by [42]

e K = / e ONQ, (3.75)

44 = 1 4 e~*0/c is the warp factor, with e~#4° capturing the significant warping at

where e~
the conifold while ¢ is a constant related to the overall volume of the Calabi-Yau manifold.
One can roughly divide up the Calabi-Yau manifold into two regions, one that corresponds
to the part near the tip of the conifold and another one that corresponds to the rest of the

manifold that we will call the bulk. In the bulk, the warp correction is negligible so that

e~ — 1 there. As a result, we can write

N - e—440 B
e_Kz/ Q/\Q—I—/ <1+ )Q/\Q. (3.76)
Bulk Conifold c

In general, we will use tildes to denote quantities that include warp corrections. The warp-

corrected Kéhler metric has been shown to have the near-conifold form [52, 47, 44, 43|

~ K, 1
Keg ™ -

P A K[ — Keg + Keg, (3.77)
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where § is the local coordinate around the conifold point, k& = limg¢_, eKE8 and K is
a constant (to leading order) associated with the K&hler metric’s expansion around the
conifold. The hatted quantity in the rightmost expression corresponds to the warp correction
to the original, unwarped Ké&hler metric. The constant C, is on the order of the inverse
volume of the Calabi-Yau, capturing the suppression of the warping effects at large volume.

We find by integrating the expression for the Kéhler metric in (3.77), that up to shifts

by functions holomorphic and antiholomorphic in &, we have

K ~ K+9C,¢*=K+K, (3.78)
N gi/3 N
Kg = K§—|-3Cwm = Kg—FKf. (379)

To take warping into account in computing the vacuum count and index, we follow the basic
logic laid out above while incorporating various necessary modifications. First, we continue
to define quantities such as X,Y, and Z without making any reference to the warping.
This is perfectly fine since those are simply geometric quantities defined on the Calabi-Yau
itself. As a result, the logic for converting the step function #(L, — L) into an integral is
unchanged. What does change however, are the expressions within the delta-functions and
the determinant of the fermion mass matrix. More precisely, the positions of the vacua are
now determined by the conditions D AW—i—[/(\' AW = 0, where the second term is the correction

due to warping. Thus, the delta-functions must now read
522V 4+ KaX), (3.80)

and the quantities appearing in the fermion mass matrix now have to incorporate warp
corrections: (DA + K A) (DB + K B) W. Note that at a vacuum we have the equivalence
8A(DBW+I?BW) — <DA + I?A) (DB + [?B> W, and in general we will make use of similar
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equivalences in what follows. We have:

Do(Di + )W = 7, (3.81)
(D, n f(l> (D pt I?J) W = FuxZ +RyX+ Y, (3.82)
(D, + f{l) (DJ + I?J) W= (5, o j> X. (3.83)

The first expression is a direct consequence of equation (3.39) together with the fact that

there is no 7 dependence in the warping correction

Do(D; + K)W = DoD;W + Do(K ;W)

— Zi+ K DW = Z;. (3.84)

The second expression is easily obtained by distributing the various derivatives and tossing

away terms proportional to (D + K 7)W which vanish at the vacua.

(D, n f(,) <DJ n f(J> W = D;D,;W + Dy(K,W)+ Ki(Dy + K))W
= D D;W + K ;W + K;D;W

= FuxZ¥+ KX+ K,Y; (3.85)

Finally, the third expression above is obtained by again distributing the derivatives and

tossing away terms proportional to (D J+ K J) W as well as recognizing that D;W = 0.

(D[+f(1> (DJ+1?J>W - DIDJW+D[(KJW)+I%I<DJ+[?J)W
= 6IjW+KIjW

- <5Ij + f(]j> X. (3.86)

Upon making these substitutions in order to include warping and then integrating over the
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Y4 we find the index density

L* ~ ~
ur o= 4”+1ydetnyl/2/ dL/d2Xd2”Z]detg\5(L—@\X!Z—|Z]2> X2 (3.87)

— Z. —K
Xpry — ZI;?J FrxZ +opX

x det (3.88)

- X, = v ZiZ
Frri" +o;X Xpry — =&~
~ =1 ~ ~ ~ ~
where o =1 — K]K y Uig = 6Ij—|—K]j, and org = KIJ — K[KJ.
In order to compute this density, it proves helpful to consider the special case of one

complex modulus as well as the axio-dilaton. In this particular case, we obtain the expression

i o / i / X a7 | detg| 8 (L - alX[2 = |Z) (121 + (4 = o)X = (20 + |FP)X P 122)
- (3.89)
Here F = JFj11 is the only component of Fj i in the case of a single complex modulus and
similarly for the other indexed quantities. Note, that we have eliminated a few terms that
will integrate to zero because they depend explicitly on the phases of X, Z. Far from the
conifold, o approaches 1 since the warping corrections can then be neglected. However, when
one moves toward the conifold, a gets progressively smaller until at some critical value it
equals zero, and then the warping correction drives a negative. As long as « is positive, the
tadpole delta function fixes the range of integration so that |X| and |Z| lie on a finite ellipse.
Upon computing the integral, one therefore obtains a finite value for the index. However,
when « goes to zero, this ellipse becomes increasingly stretched until for a = 0, the range of
integration for |X| becomes unconstrained. At this point, the integral above for the index
density diverges. Then, as a goes negative, this divergence persists as the ellipse turns into
a hyperbola. Naively, this suggests that there should be an infinite number of vacua within
a finite disk surrounding the conifold point. This is in stark disagreement with numerical
Monte-Carlo searches which find a finite density near the conifold (we discuss such numerical

simulations in detail below). However, a more careful analysis that we carry out next takes
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into account the finite bound on the fluxes and yields a finite result.

3.3.3 Finite Fluxes

One major difference between the analysis above and numerical simulations is the range of
the fluxes. In numerical simulations fluxes are necessarily kept within a finite range, while in
the derivation above, arbitrarily large ones were included. To derive a theoretical distribution
that mirrors the effects seen in numerical studies, it is best to include a bound on the fluxes.
This complicates the final expression for the theoretical distribution but, of course, the finite
bound is physically well motivated since the supergravity approximation breaks down for
large enough fluxes. In the absence of warping, the finite range does not lead to dramatic
differences from naively taking the bound to infinity, but as we will see, this limit is more
involved when warping is included.

Suppose that we bound our fluxes by the range N; € [-A,A]. The N, and X,Y,Z

variables are related by

X = NI, (3.90)
Yy = N,Dul, (3.91)
Z; = N,DyDl,. (3.92)

Here the II's are the periods of the rescaled holomorphic form, as before. We would thus
expect the ranges on X, Y, Z to be moduli dependent. Let us separate the phase and mag-
nitude of X, Y, Z. Although in principle, the ranges of the phases may have a complicated
dependence on both the moduli and the magnitudes |X|,|Y],|Z]|, we will neglect this sub-
tlety and suppose that they range over the usual [0, 27]. As a result, we can easily integrate

these variables out, leaving us with the integrals over the magnitudes. We would expect to
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have these range over the values

X € [0,Afx(&7)] (3.93)
Yal € [0,Afy(§7)] (3.94)
1Zi| € [0,Afz(&,7)] (3.95)

for particular functions on moduli space fx, fy, and f7. Let us consider fx. The largest
value that | X| will take corresponds to the fluxes IV, taking one of their two extreme values
of £A; which of the two possibilities maximizes |X| depends on the near conifold behavior

of the periods. We must choose the eight signs for the eight fluxes N, in such a way that we

) . (3.96)

Since the periods are all finite in the near conifold limit, the ¢ dependence decouples. How-

maximize the expression

fx :max<

> ETL(67)

ever, the value for fy will still be 7 dependent. As far as fy and f are concerned, the idea
is the same except for the fact that the & dependence can’t be neglected due to logarithmic

divergences. In particular, we find that

fx = fx(7) (3.97)
o= fr( = fi(r)log(€)] (3.98)
fz = fz(n)1 = f7(1)log(€). (3.99)

Here we have defined functions only of the axio-dilaton fx, fv, f&, f4, f2. Now consider a
fixed point in moduli space & as well as a fixed value for 7. Then the upper limits on these
integrals will involve particular constants multiplying the flux cutoff A. Integrating over the

variables Yy in the expression for the index density, the delta function 6 (Yy) fixes Yy = 0,
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leaving us with

L. _ pfxA fyA fzA . 5 9
proc [ dk [T [ i) [ 121z el S(E - ol X - 12)

x 82 (yl + fch) (121" + (12 = o) [X]" = (20 + |FP) X121 212) - (3.100)

The remaining delta function constraints come from the tadpole condition and the supersym-
metry condition D:W + K ¢W =0, equivalent to Y7 + K ¢X = 0. Satisfying these constraints
will place complicated restrictions on the upper and lower bounds of the remaining integrals.
Let us first examine the region of integration imposed by the supersymmetry constraint

Y'1+[?€X:OI

e When |X]| is at its lower bound of 0, the constraint is trivial to satisfy by also setting

|Y1| = 0. Thus, the lower bound of | X| is unchanged.

e However, when |X| > 0, there will be points in the moduli space where the warping cor-
rection to the Kéahler connection is rather large so that ’[AQX ‘ > fy A. At such points,
the supersymmetry constraint cannot be satisfied and so the delta function imposing
the constraint Y; = —IAQX must vanish. We thus see that the upper bound of | X| is re-

stricted in such cases to fy A/ ‘IA( ¢ ‘ Solving the delta function constraint for Y; requires

Note that in our scheme for bounding the fluxes, the upper limits of integration for | X|, |Y|

that the upper bound of the | X| integral be taken to be | X |y = min <AfX, Afy/ [A(g

and |Z| all scale with the cutoff A in the same way. So, simply taking the limit as A — oo
won’t affect the analysis. From our scheme’s perspective, it is only in the strictly infinite case
where the naive divergence reappears as discussed at the end of section 3.3.2. (One could
imagine more complicated schemes for bounding the fluxes, treating X,Y, and Z indepen-
dently, allowing for a set of limits that recover the divergent results of the naive approach.
Such a scheme would increase the difficulty of relating the numerical and theoretical analyses,

as investigated in the unwarped case in [53, 54, 32] and also summarized above.
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Given the new limits of integration on | X|, we can freely integrate out the delta function

fixing the value of Yi:

Ly — ‘X|A fzA ~
T / dL/ |X|d|X|/ |Z|d|Z||detg|5<L—a|X|2—|Z|2>
—00 0 0

< (121 + (12 = o) IX ] = (21 + | FP2) [XPI2P2). (3.101)

To simplify our notation, let us change variables to v = |X|? and v = |Z|?. The density can

then be written as

L. _ pua f2A2 .
i oc/ dL/ du/ dv|detg\6(L—o¢u—v> (v+ (1 = |o]?) v = (2p + | F?) wo)
—o0 0 0
(3.102)
2
where uy, = |X|3 = min <A2f)2(,A2f32,/ ’Kg) )

It is useful to consider the two cases a > 0 and « < 0, separately.

The case a > 0

The delta function in (3.102) arising from the tadpole condition is 6(L — au — v). This
constrains the value of v to be L — au. However, since v must itself lie in a certain interval,
this indirectly also constrains the region of integration on the L Ju-plane. In the sections to

follow we will adhere to the notation Xuip7 X éi)wn

for the upper (up) and lower (down) limit
of integration for the variable X in the case of positive (+) and negative (—) a.

Let us first determine the lower bounds on L and wu:

e Since u,v and « are all both positive, the tadpole delta function fixes L to be positive
as well. As a result, we don’t have to integrate over negative Ls and therefore restrict
the lower limit of integration for L to be zero:

It

down

= 0. (3.103)

e If the upper bound v,, = f2A? on v is too small so that v,, < L for a fixed E, then the
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delta function cannot be satisfied for arbitrarily small u. As a result, the lower limit on
u must then be taken to be (Z — f§A2> Ja. If instead vy, > L then it is consistent to
take the lower bound on u to be 0. In order to incorporate both of these possibilities,
we take the lower bound on u to be

L — f2A2
ul = max (0, %) : (3.104)

Now for the upper bounds:

e For large values of L the values that u and v must take on in order to satisfy the
tadpole delta function become large as well. As a result, if the upper limit L, for L is
too large, the delta function may vanish identically for all values of u and v. It may
therefore be necessary to cutoff the upper integration bound for L. In particular we

will set

L{,=min(L,,Ly)  where Ly = auy + f5A%. (3.105)

e If at a fixed E, we had au, > E, then since the lower bound on v is 0, this places an
upper bound on wu of L /a. If the inequality is reversed, then the upper bound on w is

up. So, in general the upper bound on w is

u

ul, = min (uA, z/a) . (3.106)

Various possible regions of integration in the L /u-plane are illustrated in figure 3.1.

Using the bounds described above and integrating over v yields

i o /OLip dL /;ffp((zz)) du| det g ((Z - au>2 + Bu* + yu (Z - au)) (3.107)

down

where and 3 = p?—|o|? and v = —2u—|F|%. Then, expanding everything out and integrating
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over u, we obtain

Ly - — 20~
,U;r X /0 dL|det g| <L2 (ujp - ujirown) + ! 2 L ((ujp)z - (ujirown)2>

- W ()" = (dun)”) )

where the L dependence of u,, and uqewn has been suppressed in the last line.
In order to integrate over Z, we must separate the integral above into two parts since

ujp and uj  are different functions of L. Let fqug be the portion of the integral involving

terms containing powers of ul and .Z;"  be the portion of the integral containing u} .

up down
Note that we will remove the |det g| factor from these integrals. Focusing first on #;5 we
see that for® 0 < L/a < uy, (L.), we can replace instances of uy, (Z) in the integral with

L/a, while if ut, (L) < L/a, then u, = uy, which is independent of L. So SF splits into

integrals over the two regions:

(L
g+ :/ p(L)dz<l+v—2a+a2+ﬁ—a7>z3
up

0

o 202 3o’

Lt 2

up ~ ~ — 2 ~ _

+ / dL (L%A + 0T w@) (3.108)
aujp(L*) 2 3

Integrating yields

- (Lezze b ey ol v L)

o 202 3o 4
(L) — o (ufy (L)) ua
+ ( p . p ) L0 42a <(L:p)2 o2 (Ujp (L*))?’) 2 (3.100)
2
+ —
-+ w (Li_p — aujp (L*)) U?\

For the integral . . we consider the regions 0 < L < f2A and fZA < L. In the first

down?

®Note that we could have considered ul‘fp (Ll‘fp) instead of ujp (L.) as the upper part of the interval.
However, recall that L is the smaller of either L, or La. If L. > Ly, u}, (L},) = ul, (La) = uy since
from the definition of Ly, the inequality up < Lj/a always holds.
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case, uj. = 0 in which case this entire portion of the integral vanishes, while in the second,

own = U, so we have

ud = (Z - f%A) Ja. If L, < f2A? then the entirety of %

Lip B _ _ _ _ _
T = —0(L, — f2A?) / dL (l GEPVARE Qafo‘ (L7 = 2/20°0% + AT

f%A2 (0%
?+ B —ay [+ 21272 ANAT 6 A6
+T<L _3£2A2L 4 3fEA L—fZA)
Lt 2
w1 y—2a a*+F—ay)~+
= —0 (L, — f2A\? / dL| | = L? 3.110
( /2 ) F2A2 04+ 202 + 3a3 ( )
1 y—2 218 —av) ~
—f%AQ(—+7 2a+0‘+ﬁ3 O”)H
o « «
—20 o+ p-ay) ~ o + 0 —ay
404 v T — fBAS il
+ 1z 2002 + 1% Iz 3a3

Integrating yields

1 -2 2 —
jdtwn:_e(L*_f%Az) <f§A8( 7 Oé+oz +p Oﬁ)

12c 2402 1203
2 2
66 th—ay | aaa (V20 "+ B —ay 12
— fSA TLup + f7A ( ozt 5o (LE) (3.111)
L,o.of1l ~7—2a o*>+8—ay 3 1 v—-2a o*+B—ay 4
a ngA (E * a? * % <LUP) + 4o * 8a? * 1203 (LUP)

Notice that when one ignores warping and the finite fluxes, a = 1, IAQ =0, and A — o0,
implying 8 = 1, v = =2 — | F[%, ut, (L.) = L., and L} = L,.. In this case, we must go
back to the expression (3.108) and note that the second integral in that expression vanishes
since the lower and upper bound of integration are both L,. Furthermore the integral .7

down

vanishes due to the f-function prefactor. The index density in the unwarped case is thus

— LY (6437 —6+2+28—2y Lt
e, ) = det gl 5 = laen gl

o * 2
- = |detgl 52 (2~ |FP)
(3.112)

This precise combination gives us the curvature tensor as argued in [53, 54]. So, our ex-
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pression reduces to the correct form in the unwarped, infinite flux case. We now turn our

attention to the case where a < 0.

The case a < 0

Once again, we first establish the lower and upper bounds on L and u.

Let us begin by analyzing the lower bounds.

e The tadpole delta function fixes L = au + v. The smallest value that L can take on
therefore corresponds to taking u at its maximum (since v < 0) and v at its minimum.
As a result, we find

L = Q. (3.113)

CTOWH
Note that this is negative.

e Consider some fixed L < f2A2. If L > 0, then there is always a v = L to cancel it, and
the lower bound for « in this case is 0. However, if L< 0, the fact that v > 0 implies
that for the constraint to hold, we need the lower bound for u to be L/a (which is

positive). So in general, the lower bound for u is
g, = max (0, Z/a) . (3.114)

We now turn to the upper bounds on L and u.

e The largest L that could possibly satisfy the tadpole condition L = au+ v is obtained
by taking w at its lower limit of zero and v at its upper limit of f2A?. This gives
L = f2A2. If L, is smaller than this value, we must keep the upper limit at L,.

Otherwise, it must be modified so that we take

Ly, = min(L,, f7A?). (3.115)
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e Consider again a fixed L. Then, since u is given by u = (Z — v)/a, the largest u that
can satisfy the tadpole condition corresponds to taking v as its maximum value (since
a < 0). This would give u = (L — f2A%)/cv. If this falls within the original range of
integration, the delta function will vanish identically for large u. We can then restrict

the upper bound for u so that
Uy, = min (uA, (Z - f§A2> /a) (3.116)

Given these bounds on u and E, we may now integrate over v, eliminating the tadpole delta

function to get

p o /iup dL /;up(;)) du | det g| (ZQ + (y — 20) Lu + (& + 8 — av) u2) : (3.117)

down down

Carrying out the u integration yields

Lo _ Y
0o / dT| det g| <L2 (ug, — ) + L (7 5 a) ()" = (tan)”)

down

W (()* = (o)) > (3.118)

where we have suppressed the L dependence of u,,

and ug .

As before, split the integral into two parts, .Z and Z,

downs 1nvolving just the w,, and

Ugowy Parts, respectively. To compute ﬂu; we consider two cases:

e Suppose L, < Ly, where we recall Ly = auy + f2A% Note that since a < 0, we have
that Ly < fzA* and thus, Ly, = L, in this case. We also see that u;, = us, and so in

this case, the integral .#  is simply

I = / dL (L2uA +L (7 > O‘) wZ + wui (3.119)

down
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e Suppose that L, > L,. In this case, for L< Lp,u

u

ap = ua as before, but when L> L,

we have u,, = (Z — f§A2> /a. So the integral splits into two parts

La s . _2 2 _

down

() () (222
Ly «Q 2 «

~ 3
; XFfzor (L_f%M) ) (3.120)

3 «Q

These two expressions can be joined if we introduce Ly;q = min (L., Ly):

Lwia _ [ _ . ) 2 _
S = / dL(LQuAJrL<7 > O‘) ui+wui>

- 3
down
_ ~ ~ 2
I /L“p dz va2 L — f%AQ n v — 2a Z L — f%A2
Liia « 2 @
2 B T r2A2 3
+ 2 +§ e (L JzA ) ) (3.121)
o

The integral in the second line above vanishes if L,;q = L., since in that case Lljp also is L.

Carrying out the integral yields (after plugging in L . = auy)

-9 2 -
= (-0t ) + TR (2 - 0 ) + TR (Lo — (02

(i ) (- ) 129
_ %3/\2 (é il ;2204 N a? +£3— oﬁ) ((L;p)g B Lrgnid) (3.124)
N f%2A4 (72—;@ Lo +§3— on) ((L;pf _ Liﬁd) (3.125)
— foA° (W) (L — Lumia) (3.126)

The integral £, vanishes when L > 0 since in that case Ugown = 0. Thus, the only region

own
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that contributes is where Ly < L < 0, in which Ugown = L/a. We have,

down

0 2
_ ~(1-s ~v—2a: a*+p—ay=
I oon = — dL ( —L° L? L? 3.127
down /g <Oé + 2002 + 3a3 ( )
which gives
_ 11 ~v—2a o*+p—ay\ 44
jdown = Z <a + 202 + 303 Q Up (3.128)
where we have again used Ly = qu,.
The full index density is thus
pi(€,7)/ detg = (Fg + FIgum) 0(0) + (S + o) (=) (3.129)

In the unwarped, infinite flux case where a concise geometric result is obtained, one can
integrate out the axio-dilaton to obtain an effective density only in terms of the complex
moduli. However, in our case this type of integration proves intractable. As a result we will,
when comparing with simulations, have to fix a value of the axio-dilaton and compare the

un-integrated form of our density. We now turn to a numerical study of this problem.

3.4 Numerical Vacuum Statistics

To perform a numerical study of the distribution of vacua in moduli space near the coni-
fold point, we will randomly choose appropriate fluxes F' = (Fy, [y, Fy, F3) and H =
(Ho, H1, Ho, H3) and then solve the conditions D, W = 0 and DWW = 0 for the moduli
space coordinate ¢ as well as for the axio-dilaton 7. Here W = N,II; is the superpotential,
and N is an 8-vector whose first four components are those of F' and last four are those of
H. We work in a basis such that the vector of 4-fold periods IT = (X, 73), where ¥ is the

vector of periods on the 3-fold. Near the conifold point, the vector of 3-fold periods takes
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the form:

Y= f: a,&" + b log(—if), (3.130)

n=0

where the a,, and b are constant vectors associated with the expansion of the periods. Note
that in the case of a single complex modulus, the vector b = (0,0, 0,5"), since only 3y has
non-trivial logarithmic behavior near the conifold. Also, the local coordinate around the
conifold point is proportional to Y3, which implies that the vector ag = (0, a2, ag,a)). We

begin by illustrating this approach in the case where the warping correction is neglected.

3.4.1 Unwarped Analysis

The unwarped Kéahler potential is

e = —iDQY = ~i (@ Q an)&"" + (b Q- ay)"Elog(i€) + (@ - Q - 0)E"E log(—if)) ,
(3.131)
where the term proportional to b - @ - b has been dropped since given b and 7 it vanishes.

For supersymmetric vacua in the unwarped case
DW = N - (O I1 + I1K) = 0. (3.132)

Keeping logarithmic and constant terms gives

Q- Q-

(F = 7H) - (a1 + b (log(~i€) + 1)) = (F = 7H) - aoz—5—-

= 0. (3.133)

where the fact that ay- @) -b = 0 has been used to simplify the expression. This is an equation
of the form

A+ Blog(—i€) =0, (3.134)
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A = (F—7H) - b@o Q-ao)+ (F—7H) a(@- Q- ao) — (F — 7H) - ao(@ - Q (31d}5)

B = (F—rH) b@ Q- ap).

The leading-order constraints arising from requiring D, W = 0 are

F-¥ F-a
T = — = .

H-Y H-a

This implies that
P (HﬂO)F—_(FﬂO)H.
H - ap

As a result, we can quickly see that

€] = le= 5.

(3.136)

(3.137)

(3.138)

(3.139)

Before considering the effects of warp corrections, it is worth determining how close to the

conifold vacua may be found in the unwarped scenario. The D:W = 0 constraint implies

that |£] is exponentially suppressed by the ratio of |A/B]|, so if |A| is even just a couple of

orders of magnitude greater than |B|, we should expect to see vacua on the order of e~

100

units away from the conifold point—indeed, this has been observed in previous studies [32].

In order for |A| to differ appreciably from |B| the quantity |(F —7H)-b| should be relatively

small compared to [(F'—TH)-ag| or |(F'—7H)-ay|. Using the form of the vector b above, this

indicates that the fluxes through the collapsing cycle, F3 and Hj3 should be small relative to

some of the other fluxes. We now turn to the warped analysis.
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3.4.2 Warped Analysis

Introducing warping leads to the corrections (3.78) and (3.79) to the Ké&hler potential and
its derivative. The modification to the near-conifold supersymmetric vacuum condition is
then

£1/3
N -IL (3.140)

D;;-W — DgW + 30111@ .

Now, assuming that C,, is small (i.e. the volume of the 3-fold is large) these new terms will

matter only close to £ = 0. The supersymmetry condition thus leads to

. 51/3
with A and B as before and
C=3Cu(F—T7H) - a. (3.142)

We will turn to an in-depth analysis of the solutions to these equations in the following
section. However, before we get there we want to discuss the rough effects that the additional
warping term will have on the distribution.

100 or so away from the

In the unwarped case, we expect to find vacua at a distance e~
conifold. This would require fluxes for which |A| ~ 100|B|. Furthermore, for fluxes con-
strained to lie in (0, 100) this hierarchy is about the maximum order of magnitude difference
that one would expect. If however, C,, ~ 1072°, then for |£| ~ 10719 the warp term contri-
bution is on the order of 10!, swamping the logarithmic contribution and requiring fluxes
for which |A] ~ 10'° which lies beyond the range we consider.

In the region of strong warping where the logarithmic term is dominated by the warping
term, the distance of a vacuum from the conifold point is thus set by |C/A|®>. Given that A
is at maximum of roughly 100 or so, the constant C,,, and thus, the overall volume of the

Calabi-Yau, determines how near the conifold vacua lie. This can dramatically truncate the

range—since the assumption of large but finite volume is well satisfied by volumes of order
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10%°, but in those cases, vacua will not show up much closer than 107%°. We can get vacua
at around 1071%° by taking a volume of order 10°, but in the absence of warping, vacua as
far in as 1072 are expected.

The main message of this argument is that warping pushes the vacua farther away from
the conifold point. Thus we expect to find in the next section that the conifold point no

longer acts like an accumulation point for vacua.

3.4.3 Monte-Carlo Vacua

For the numerical analysis, we use the Calabi-Yau manifold labeled model 3 in the appendix
of [52]. This family of Calabi-Yau can be expressed as a locus of octic polynomials in
WPHELLL The corresponding orientifold arises from a certain limit of F-theory compactified
on a Calabi-Yau fourfold hypersurface in WP'**11b1 - following the methods of [57], and
briefly described in [40]. For our purposes, we use the fact that the fourfold has Euler
characteristic x = 23328, which implies that L., = x/24 = 972 for the tadpole condition
for flux compactification on the corresponding orientifolded 3-fold.

Since the warped form of the near conifold equation is not as simple to solve as in the
unwarped case, a slightly more involved approach is necessary. We begin by defining two

real variables p and # such that

—i& = pie® (3.143)

We take p > 0 and 0 < 6 < 27. In terms of these variables, eqn (3.141) and its complex

conjugate expression take the forms

A+ 3BIn(p) +iB6 + %ew =0 (3.144)
A+ 3BlIn(p) —iBO + %e"" = 0. (3.145)

Multiplying the first equation by B and the second one by B, and then adding and subtracting



142

the two, we find two purely real or imaginary equations. Letting A = ae’®, B = be*?, and

C = ce”, we have

asin(o — B) + b0 + %sin('y —B—0) = 0 (3.146)

acos(a — ) + 3blog(p) + gcos(y —-p—0) = 0. (3.147)

We now solve for p in terms of # and then numerically solve the final equation for 8. It seems
natural to solve equation (3.146) for p since it is a linear equation. However, this approach
fails in the limit C\, — 0 since then ¢ — 0 too. Instead we solve for p in equation (3.147).

One can rearrange the equation as

cer

pel log(pe") = 5 cos(y — 5 —0). (3.148)

acos(a

—b_ﬂ). This is of the form zlog(z) = y which has

Here we have defined the constant I' = 3

the solution = = y/W (y) where W(y) is the Lambert W-function. We therefore find

—ccos(y— 3 —0)

pl) = 3bW(——cos(’y B—0))

(3.149)

Consider using this expression for p in equation (3.146), which now only depends on 6.
Under the assumption that there is only one near conifold vacuum for each set of fluxes,
the left-hand side must either start out positive, and go negative or vice versa. To find the
zero-crossing, we divide the region [0, 27| into two equal pieces and then determine in which
region (if any) equation (3.146) changes sign. If such a region is found, we apply the same
method to that region, splitting it into two smaller intervals, continuing in this way until we
reach a predetermined level of accuracy.

There are two relevant comments to be brought up here. First, in equation (3.149) it is
not clear that the value of p is positive, or even real. We must therefore exclude the regions

where p is either negative or complex. Fortunately, if p is real, it is never negative since
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W (z) must have the same sign as z. A necessary and sufficient condition for p to be real is
that the argument of the Lambert W function is greater than or equal to —1/e. This means
that the relevant region to begin with may not be the entire interval [0, 27]. Second, it turns
out that the Lambert W function has two real branches for arguments between —1/e and 0.
Thus, both of these branches must be considered.

To better compare the numerical and analytical and numerical distributions, we fix 7 and
then select a random sets of fluxes F' and H consistent with our choice of 7 and satisfying
the tadpole condition, F'- Q) - H < L,,4.. For the particular model we consider, L,,q. = 972,
and we display a run using 7 = 2i, and C,, = 10~® against the corresponding analytical
prediction in figure 3.2. We plot the vacuum count and integrated analytical distribution as
measured around the conifold point using a log scale for the distance from the conifold. As
is evident from the figure, the count receives two major contributions: the one farther away
from the conifold point is the usual contribution that is present without warping. However,
we also see a major contribution much closer to the conifold at a distance roughly on the
order of C3. This contribution is due to the strong warping effects and is matched by the
cumulative analytical results. Furthermore, notice that the number of vacua found within
this critical distance of roughly C? is negligible. This supports our conjecture that the vacua
that would have been present near the conifold point without warping are now either absent
or pushed farther away. In other words, the conifold point is no longer an accumulation

point of vacua to the same extent that it was without incorporating warping into the story.

3.5 Discussion

We’ve analyzed the distribution of flux vacua in the vicinity of the conifold point, including
the effects of warping, and confirmed our results by a direct numerical Monte Carlo search.
In comparison with the well known results, that don’t include warping, we find a significant

dilution of vacua in close proximity to the conifold, with the proximity scale set by the
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volume of the Calabi-Yau compactification.

One complication in the analytical approach, relative to the unwarped case, is the need
to bound the fluxes — a physically sensible requirement but one that can be avoided in the
unwarped analysis, yielding the geometrical result of [53, 54]. In the unwarped story, there
is a very nice geometrical form of the distribution in terms of the curvature on moduli space.
Given the type of bounding that was necessary above, we cannot determine if a similar

interpretation is available to us in this instance.
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Figure 3.1: Various possible regions of integration for « > 0. In (a) L. > Lj, where
Ly = aup + f2A? and up, = min (A2f§(,A2f§/[?§) so the region is cut off at uy. In (b)

f2A? < L, < Ly. In (c), L, < f2A? and up < L,/a. Finally, (d) shows a region where
L. < f2A? and up > L, /a.
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Vacuum Count
40

1€

Figure 3.2: A comparison between numerical and analytical distributions. Red circles mark
the numerical data while the blue curve is the integrated analytical distribution. Distance
from the conifold || is plotted on a log scale on the horizontal axis, while the vacuum count
is plotted on the vertical axis.
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Chapter 4

Exploring Spiral Inflation in String

Theory

4.1 Introduction

It is widely believed that the early universe underwent a dramatic expansion called inflation
during which its size increased exponentially. There are many reasons to believe this, most
notably the incredibly successful prediction of the anisotropies found in the power spectrum
of the cosmic microwave background. Being of such fundamental importance in early universe
cosmology it is essential that it is embeddable within the structure of string theory.

There are multiple ways to approach inflation, most notably slow-roll inflation. Recently
a novel perspective on this kind of inflation was offered under the name spiral inflation [58|.
Spiral inflation is very interesting from the perspective of string theory since the type of
potentials required to sustain it are very natural near the conifold point. Below we will
briefly review the ideas behind spiral inflation and then investigate if it can be realized in
string theory. Our results are negative in that whenever spiral inflation seems to be realized,
the inflation is actually driven by a non-zero vacuum energy. We back this assertion up with

a numerical investigation.



148

4.2 Spiral Inflation

From the perspective of string theory, it is reasonable to suspect that multiple scalar fields
participated in the inflationary phase of the universe. However the generalization of the
standard slow-roll parameters to the case of multi-field inflation is nontrivial and many
proposals have appeared in the literature [58, 59, 60, 61].

One recent proposal [58] is particularly interesting from the perspective of string theory
since, as we will see in more detail below, it requires potentials with non trivial monodromies
around special points in their field space, a situation that is very natural in string theory.

To see how one arrives at such a conclusion, we briefly review the analysis from [58].

4.2.1 Slow-Roll Conditions for Multiple Fields

The analysis of slow-roll inflation begins with the assertion that the Hubble parameter must
vary slowly (this will produce an exponential expansion). In other words the relative change

of H during one Hubble time, 1/H, must be small

e < 1. (4.1)
We consider multiple fields ¢q, ¢o, ..., ¢, taking on homogeneous configurations ¢;(¢). One
can then write the Hubble parameter as
8tG (1.
== (—qbf + vw») (4.2)
This gives
. 871G /- .
QHH — WT ((b,- + aiv) é. (4.3)

The equations of motion for the scalar field in the background FRW metric are

¢i + 3Ho; + 0,V = 0. (4.4)
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Notice the additional term 3H¢; referred to as the Hubble friction. This results from the
minimal coupling of the scalar fields to gravity. These equations can then be used to write

the expression for H as

H = —47G¢>. (4.5)

The condition that the Hubble parameter changes slowly, (4.1), then gives

14,2
<l - —X—— <1 (4.6)

m %@2 + V(i)

This in turn implies that the dynamics of the field must be potential energy dominated
1.2
5@; <L V(). (4.7)

So far the analysis for the multiple field case does not differ from the standard single field
case. One can then define the first slow-roll parameter €. Traditionally this is written in
terms of the potential and its first derivative but that way of writing it actually depends on
further conditions that do not have to be satisfied in the multiple field case. As a result we

stick with the dynamical definition

<1 (4.8)

In order to obtain sustained inflation, one must also make sure that € stays small or more

precisely that the relative change in € during one Hubble time is small

— < 1. 4.9
6H<< (4.9)

Using the form for € above, ¢ can be written as

152\°
e—cbzcbﬂ(b] Y en (2(3 ) : (4.10)
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Using the fact that e < 1, i.e. that the potential energy dominates over the kinetic energy,

we find

N 1 N =
"7 S "=u b2
J

< 1. (4.11)

In other words, the kinetic energy should not change much over a Hubble time. It is this last
expression that allows us to depart from the standard slow-roll conditions on the potential
when multiple fields are involved. Traditionally, one satisfies (4.11) by setting the acceleration
(bz to be very small. Together with the equations of motion this would imply that the slope
of the potential is proportional to 3H gbz Using the fact that the motion is potential energy

dominated this further implies that the slope must be small

c 2

2
OV ~ —3Hd; ~ —Jﬁg@ - M2 (ay) LY (4.12)
P

V V

However, in the present context it is clear that there are other ways to maintain small kinetic
energy without having a negligible acceleration. In particular, one only needs to ensure that

the acceleration is always perpendicular to the motion
5 5 505 .9
6lé — G-g< Ho. (4.13)

As a result, no conditions are imposed on the steepness of the potential. Instead the con-
ditions are imposed on the dynamical trajectories that the fields travels on. The conclusion
of [58] is therefore that slow-roll inflation may be possible in steep potentials that otherwise

would have been overlooked by the standard slow-roll arguments.

4.2.2 Spiral Trajectories and the Global Properties of the Potential

Requiring the acceleration of the field to be orthogonal to its motion but not necessarily
small itself means that its trajectory must locally be roughly circular. This is why this

type of inflation was referred to as Spiral Inflation in [58]. If we choose the center of the
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circle to lie at ¢; = 0 and furthermore restrict to the case of two scalar fields ¢, ¢o, we can
(after moving to polar coordinates) parametrize it as r = const with 6 changing during the

evolution. In polar coordinates the equations of motion become

f+3Hf—r92+6a—V = 0 (4.14)
r
- y L. OV
r°0 + 2rr + 3Hr 9—1-% = 0. (4.15)

It is clear that the only way a stable circular orbit can exist is if the potential in this regime
is radially attractive and furthermore if we balance the inward force due to the gradient of
the potential against the centrifugal term in the effective potential. Setting » = 0 above

gives
4

o OV
rg* = 5

(4.16)

In order for this type of inflation to differ significantly from standard slow-roll in a flat
potential, we really want the slope in the orthogonal (i.e. radial) direction to be large

enough so that we violate the standard slow-roll condition

oV V

This means that the kinetic energy of the field is given by

Lo2ge 1OV T, (4.18)

We see that balancing the attractive radial force against the centrifugal force necessarily puts
the kinetic energy on the order of the potential (up to a factor of ). In order for this orbit

to still be potential energy dominated, one must therefore take r < Mp. One can rearrange



152

the above expression for the kinetic energy as

(4.19)

The change in 6 during one Hubble time is then approximately

0 . [3M2
A= =0y = = V6Mp/r (4.20)

Since we must take r < Mp, we find that A@ is rather large. In other words, during a
single Hubble time, the field will cover a large angular displacement. In order to allow for
multiple e-foldings, we must then consider multiple laps around the origin. In order for the
acceleration to be orthogonal to the motion of the field, we must take 6 = 0. As is clear
from the equations of motion for ¢, the potential must therefore have a monotonic slope in

the angular direction
oV .
— = —3Hr?0. 4.21
50 (4.21)
Clearly upon one revolution such a potential cannot return to its original value. As a result,
one is forced to consider potentials with multiple connected sheets. As was pointed out in
[58] this is very natural in string theory. In [58] one particular model was presented that

satisfies all of these constraints. We briefly review that model here. Consider the potential,

written in polar coordinates,

C2 ro
V(T,@) :%—I—CQ—I—WW (422)
We can obtain a stable circular orbit by initializing the system according to
- ¢ (4.24)

C3HR?
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Despite initializing the system in this way, it is possible that the circular trajectory will still
decay over time. In particular one must make sure that r = R remains a minimum of the
effective potential even as one moves down the monodromy ladder. This can only be the case
if the angular momentum is conserved. Fortunately the angular momentum s conserved by
virtue of balancing the angular tilt against the Hubble friction. This can easily be seen by

rewriting the angular equation in terms of the angular momentum L = r26

. ov
L HL+— =0. 4.2
+3HL + 55 =0 (4.25)

Thus besides being critical for spiraling, balancing the Hubble friction agains the angular
slope also ensures that one can sustain the circular motion. As a result, the model above
that was introduced in [58] allows for the circular motion to be sustained indefinitely.
Clearly the monodromy of the potential was an essential part of the story without which a
sufficient number of e-foldings could not be achieved. This is particularly interesting from the
perspective of string theory since the scalar potential for the complex structure deformation
in flux compactifications of string theory on Calabi-Yau manifolds exhibit precisely such
monodromies near the conifold locus. We thus turn to studying the near conifold potential

of such models to see if one can realize spiral inflation in string theory.

4.3 Potentials in String Theory

The moduli space of string theory consists of two main sectors, the Kéhler moduli space
and the complex structure moduli space. Out of these, only the complex structure moduli
can be stabilized by turning on fluxes on the internal manifold. We imagine that the Kéhler
sector has already been stabilized in some way and focus on the complex structure moduli
space. As a result there will be contributions to the vacuum energy of the potential from
the Kahler side of the story. Also different classes of Calabi-Yaus have different values for

various parameters. As a result, we will below treat all of the parameters (including the
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vacuum energy) that go into defining a particular potential as adjustable.
We will focus on one parameter models and take the coordinate on moduli space to be &

and the axio-dilaton to be 7. The scalar potential is then given by

€K

V(é? T) = 167—]p§

(Kﬁﬁ' IDW? + KT?\DTWP) . (4.26)

Here p; is related to the volume of the Calabi-Yau and is thus part of the Kéhler moduli.
We imagine that it is stabilized in some other way and therefore only acts like a constant

here. The superpotential W is given by the Gukov-Vafa-Witten form [62]

W = (F —7H) - Ti(¢), (4.27)
and the covariant derivatives are computed as always like

D;W = oW + (0; K)W. (4.28)

In these expressions K is the Kéahler potential on moduli space and the metric components
K¢ and K7 are given by applying two derivative to the Kéahler potential K;; = &-éjK . The
vectors F = (Fo, F1, Fa, F3) and H = (Ho, H1, Ha, H3) are vectors of the components of the
fluxes F,H in a certain basis of three-forms. Using modular invariance we set H3 = 0. The
vector Il = (T3, I1, 11, IIp) is a vector of the periods of the holomorphic three-form €2 in the

basis of three-cycles, C;, that is dual to whatever basis is chosen for the three-forms

I, (€) = /C o (4.29)

We choose the coordinate £ on the moduli space in such a way that the conifold point, where
we take II3 as the period over the collapsing cycle, occurs at ¢ = 0 and furthermore normalize

the coordinate so that II3 = £ near £ = 0.
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We pick a particular basis known as the symplectic basis where the intersection form takes

the form
0O 0 0 -1
0O 0 1 0
Q —
0 -1 0 O
1 0 0 0

Near the conifold point of one parameter models, the periods are given by

() = ¢
Mh(z) = ag+ ari€
H1<Z) = bo + blé

o(z) = % log(—i&) + co + 1€

(4.30)

(4.31)
(4.32)
(4.33)

(4.34)

We now use these expression to derive the form of the Kéhler potential, connection, and

metric as well as the superpotential and scalar potential.

Kaiahler potential, connection, and metric

The Kahler potential (for the complex structure moduli £) is given in terms of the periods

as

K° = —log(ilI'Q'11).

(4.35)
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As || — 0, this remains regular. The connection K¢ = J¢ K also remains regular while the

the metric Kgg = 85551( ¢ develops a logarithmic divergence

2
K = —log(k:+|2€—’10g|§|2)—>—logk (4.36)
e
KO = o (ke £ (ogleP +1 ke 4.37
¢ = —¢ |kt (loglef +1) ) = —— (4.37)
1 ke 1 1
K% = [|KP == -2} - —log|¢]> = v — — log [¢]%. 4.
b= (IR 2= M) - ogleP - Lol @3y

Here we have introduced various regular functions k(§), k¢(§), kee(§), and x(§). Since we
are interested in the near conifold limit, we will evaluate them all at £ = 0 so that they
essentially become model dependent constants.

Since we are working in the near conifold limit we must also consider the back-reaction
of the fluxes on the geometry in the form of warping. The warping correction to the Kéhler
metric is given by [12, 42, 52|

Keg = Kgg + Cul¢| 7. (4.39)

One can integrate these to derive the warping correction to the Kéahler connection

£1/3
Ke = K¢ +3Cu g7, (4.40)

The warping correction to the Kéahler potential is regular and therefore subleading com-
pared to the terms that are being kept in this approximation. We now move on to the

superpotential.

Superpotential

The superpotential is given in terms of the flux components and the periods as

W = (F; — 7H)IL(E) (4.41)
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and is regular as |£| — 0 (where regular involves terms like £ log §). The (ordinary) derivative
of W is

F3
W, = 3 op e 4.42
g =we+ 5~ log¢ (4.42)

Here we have isolated all of the regular terms from W in the quantity we in order to highlight
the logarithmic divergence in W¢. The covariant derivative of W which is what is used in

defining the scalar potential is then given by

ke J-" &r
DgW = Wg + KgW = | We — ?w + | =— 10g§ + 30 52/3 (443)

where again we highlight the divergent terms. For simplicity we lump all of the regular terms

into a function that we will call w so that

./—" 51/3
DW =w+ (— log & + 3C,, weas ) (4.44)

The covariant derivative with respect to the axio-dilaton is given by

DW = L (F— FH)IL(E) = (4.45)

Here we have defined a function M that is regular in £&. As a result we will treat it as an
adjustable parameter (that technically depends on 7). In terms of polar coordinates r, 0 we

can write

DW =w+ é logr + 59 + 3C,rY3e Py (4.46)
2m 2m
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The scalar potential

We now have all of the ingredients necessary to construct the full scalar potential. If we
write w = |w|e?* and w = |w|e?® the square of the covariant derivative becomes
F\? F\? F
|IDW [ = |w]*+ <2—3> (logr)* + <2—3> 0? + 9C2 123 w|? + Z2|w| sin(6,,) log 7
T T T

—l—ﬁ\w\ c05(6,,)60 4 6C.p|w]||w]r2 cos(6,, + b, — ) +
7r

373 w|Cypr~'3log rsin(f,, — 0) + 373 w|Cyr =120 cos (6, — 6). (4.47)
7T

We see that the angular dependence comes in two versions: periodic and non-periodic. Out
of these, the periodic dependence will complicate things quite a bit as far as spiral inflation
goes. The reason is that since we want to balance the Hubble friction against the angular
slope, a varying slope will result in the angular momentum not being conserved and thereby
forcing the orbit to move closer to or farther away from the conifold. Although in principle
these variations could be very small, it is not clear how one would analyze these terms in
any systematic way. As a result, we will focus on the regions where this periodic dependence
is subleading. This happens when we take r > C2. This amounts to neglecting the warping

correction to the Kahler connection K¢. In this regime the above expression reduces to

2 2
|IDW | = |w|® + (25;) (logr)? + (%) 0 + %w; logr + %wRQ (4.48)

where we have reverted back to cartesian form w = wgr+iw;. By shifting the angular variable
as ¢ = 0+ 2rwg/F3 we can absorb the linear term in §. The scalar potential then takes the

form

V(r,¢) = Vo(r) + Va(r)¢? (4.49)
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where we have defined the two functions

—(logr +7)° (4.50)

Vi(r) = . (4.51)

The constants «, 3,y are given by

| M*
2]{?7'[

5 - L (&Y
- 2km \ 27

2mwr
= . 4.52
1= F (4.52)

4.4 Spiraling in String Theory

As spiral inflation requires circular trajectories, one is naturally led to consider multi-sheeted
potentials such as those appearing in complex structure moduli space in string theory, (4.49).
In order to maximize the time spent inflating, one should initialize the field in a minimum
of the effective potential

12

Vepr = 5.5 V(1 9). (4.53)

Here we briefly neglect the effect of a nontrivial Kéahler metric to illustrate the main approach
in the argument to follow. By balancing the Hubble friction against the angular tilt, we end
up conserving angular momentum. This in turn implies that the centrifugal uplift of the
potential is conserved and that a circular orbit may perhaps be sustained for a sufficiently

long time.
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4.4.1 Spiral Inflation Versus de Sitter Space

Minimizing the effective potential gives

2 av

L©_ov 454
r3 or (4.54)

Since the motion is entirely in the angular direction, this equality can be used to express the

kinetic energy in terms of the potential as

L 1 90V

This is a direct result of spiral inflation. In our case we have a nontrivial Kahler metric, so

the effective potential is really
L2

L (4.56)
2K£g7"2

Verr =

where the angular momentum is defined as L = K EET%' Despite this complication, the same

logic holds. In particular minimizing V. ;s results in

L2 %(TQK&') oV

= —. 4.57
2Kegr? 12 Kyg or ( )
The kinetic energy is thus in our case given by the more complicated expression
L? OV 1K
= & (4.58)

2K ¢er? or %(ﬂK&-)'

So far everything results directly from the spiral condition but in addition to the spiral
condition one must always make sure to be potential energy dominated. As a result, one
gets a constraint on the potential

e OV

i A S Ve (4.59)
%(TQKgg) or
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This will be the pitfall of spiral inflation in string theory. It will turn out to be impossible
to satisfy this constraint without adding a large constant to V. This of course means that
inflation isn’t really driven by the spiral nature of the trajectory but rather by a de Sitter
like vacuum energy.

Consider any function of the form

f(r)=r"(logr)™. (4.60)

The derivative of such a function is at least on the same order as f(r)/r as long as n is not

too small
of 1 m(logr)™! , m f(r) m
O o log 1™ 4 PO 100 _ . (461
g = (logr)™ +r . " log ) <n+logr> . (n+logr> (4.61)

Interestingly both the expression involving the K#hler metric, r2 K, ¢£, above and our potential
V' (r, ¢) consists precisely of such terms. As a result we first of all have that
2 ) i (16
oy T e 3 :
More precisely, near the conifold point where the warping correction dominates, we have

r(r?Ke)' = 2(r?Kgg). The condition on the potential from (4.59) therefore becomes

ov
— 4.
e <V (4.63)

Since the potential also consists of terms polynomial and logarithmic in r, the left-hand
side in this expression is on the same order as the potential itself seemingly violating this
condition. There is however one caveat. Since any terms independent of r will be annihilated
by 0,, the left-hand side is just on the same order as the radially dependent terms in V.

As a result, the only way to retain a hierarchy such as the one described in equation (4.63)
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would be to have the potential dominated precisely by the terms independent of 7.

r%—‘: ~ radially dependent part of V<V —  V ~ radially independent part of V.

(4.64)
In the original model proposed in [58] this could have been accomplished in two independent
ways: either by moving far up the monodromy ladder (i.e. setting 6 very large) or by
choosing a large constant contribution to the potential V. However, in our case moving to
large values for ¢ won’t do us any good since the angular dependence is intrinsically coupled
to a radially dependent function Vi (7). As a result the only way for us to retain the hierarchy
in (4.59) would be to require the vacuum energy set by the constant « in (4.52) to dominate

the value of the potential

V(r,¢) ~V(0,0) = (4.65)

This means that in order for spiral inflation to work, we must essentially be rolling around
in a highly uplifted de Sitter minimum. The inflation is in other words not so much driven
by the spiral nature of the trajectory but rather by a vacuum energy that would have
yielded standard de Sitter inflation anyway. In fact, the numerical simulations below indicate
that when one tries to implement spiral inflation the trajectory quickly begins violating the
orthogonality requirement set by the spiral conditions while continuing to inflate due to the
presence of a nonzero vacuum energy.

It is possible that examples exist outside of the context of flux compactifications where
the potential is not given by terms polynomial or logarithmic in r. In such cases it would be
possible that spiral inflation could yield new interesting inflationary scenarios. The schematic
form of such a potential is given in fig. (4.2). Regardless of its potential success outside of
the context currently being studied, the fact remains that within the realm of flux compacti-
fications in string theory, spiral inflation does not allow inflation to proceed in regimes where
regular de Sitter space like inflation could not have already been realized. In order to further

strengthen our point, we now turn to a numerical investigation of this topic.
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Vacuum Energy

Figure 4.1: The general form of a sheet of the near conifold potential for the complex
structure modulus highlighting the need for an uplifted potential.

4.5 Numerical Simulations

In this section we investigate numerically precisely how long spiral inflation can be main-
tained in the type of potentials encountered in string flux compactifications. The first step
toward achieving this is to understand the optimal initial conditions for the field. Since we
are looking for circular trajectories, we clearly want to initialize the field without any radial
velocity, 77 = 0. However, in order to sustain a circular orbit we also need to make sure that
7 = 0 or in other words that we start in a minimum of the effective potential. The worry is of
course that as the system begins to evolve, the minimum of the effective potential begins to
shift. We can avoid this by conserving angular momentum. This way the centrifugal uplift
of the potential will be conserved and the initial radial location will remain a minimum of
Vers for longer. This requires us to balance the Hubble friction against the angular tilt of
the potential,
ov 3HL 3HL
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Figure 4.2: A schematic form of a potential that could potentially allow for spiral inflation
without relying on a de Sitter like vacuum energy.

The sign here simply tells us that we must move down the potential. Without any loss
of generality we can and will take L negative and therefore ¢ positive. Once L is given,
the equations in (4.57) and (4.66) determine the initial conditions of the field. The radial
velocity must be taken to be zero and the angular velocity is calculable from the angular
momentum. As a result we obtain a one parameter family of initial conditions parameterized
by the amount of angular momentum present in the system. One can therefore scan through
different values for L and for each value calculate the initial conditions. Once these initial
conditions have been specified, it is a simple matter to evolve the system forward numeri-
cally to see when exactly the spiral conditions fail. Clearly the equations (4.57) and (4.66)
are difficult to solve analytically so we spend some time in the next section solving them

numerically.
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4.5.1 Initial Conditions

The optimal initial location for the field is given by the simultaneous solution of equations

(4.57) and (4.66). Using equation (4.66) in (4.57) gives us an equation for the radial location

_ el BR(r) 23 . (3HL\?
L= Ry 2Ry \ Fglr? (BT T gy (08T ) = BEelr) ( 25 )
(4.67)

Rather than trying to solve this equation analytically we proceed numerically. One generally
finds that the equation has multiple roots. For sufficiently small angular momentum, a single
solution exists. Then as the angular momentum is increased, two additional roots appear
closer to the conifold point. These two additional solutions then begin to separate. One
approaches a limit point near the conifold point while the other root moves farther away from
the conifold point until it annihilates the root that was present for small angular momenta.
As the angular momentum is increased further, only the near conifold root remains. This
process is illustrated in figure 4.3 below. Since each of these roots is a legitimate starting

8,Vesr(1.60) 8, Vet (r.6)
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Figure 4.3: 0, Vs (evaluated with ¢ = ¢(r) where equation (4.66) is satisfied) is here plotted
for C\, = 107°. (Left) Two additional solutions appear near the conifold point for sufficiently
large L. (Right) One of these solutions moves out to annihilate another one farther out as
the angular momentum is increased.

location, we investigate them all in the next section.
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4.5.2 Duration of Spiral Inflation

The strategy is to first fix angular momentum and then initialize the field at one of the (up
to three different) radial locations given by solving equation (4.67). The angular location
is furthermore given by equation (4.66). Once the initial conditions have been specified,
we integrate the equations of motion forward numerically. Simulations show that the axio-
dilaton does not evolve in any dramatic way. As a result we fix 7 = 2¢ for the duration of

these simulations. For our system, the equations of motion are given by

Kég(r)rzg}é + Kég—(r)r%’“qb + QK&—(?")W(;.S + 3HK5£-(7’)7~2¢ - (?9_‘; = 0 (4.68)
Keg(r)it + %ng +3H Kee(r)r — (%Kég(T)T‘Q + K&(T)r) P + %—‘: = 0. (4.69)

We then track the orthogonality of the acceleration and the velocity. More precisely, we
track how quickly the kinetic energy changes. Since our system has a non-canonical metric

on the moduli space the relevant quantity to track is

1
Kee(r) (72 + 1242

n= | © (Kee)( +726%) (4.70)

We repeat this for a set of angular momenta in the range 1071 < |L| < 10® each time
solving the equations of motion for each of the possible initial conditions. We generally
find that despite being satisfied at ¢ = 0 the spiral condition 17 < 1 becomes violated very
quickly. The time dependence during a generic run is displayed in figure 4.4. Furthermore,
the number of e-foldings one obtains before the spiral condition fails is far too small as is clear
from figure 4.5 where we display the number of e-foldings for each of the up three possible
initial conditions. This analysis is repeated for different values for C,, although we here only
display the results for C,, = 1075, Interestingly, as we can see in figure 4.6, even after the
spiral condition 1 < 1 fails, the motion continues to be potential energy dominated. This

is just a symptom of the fact that we are rolling around in a de Sitter minimum. We also
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Spiral Condition
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Figure 4.4: Evolution of the absolute value of the spiral condition from equation (4.70)
plotted here for C\,, = 107° and L = 107°. This is for the solution nearest the conifold point.
want to bring attention to the fact that the initial angular location tends to be very large.
If we interpret the angle as a proxy for how much flux is present in the compactification,
we see that one must necessarily move to very large fluxes. This is clearly something we
want to avoid for physical reasons since our supergravity approximation relies on these being
small. Despite this constraint on the size of the fluxes, we still consider this regime out of

completeness of our discussion.

4.6 Discussion

We have investigated the possibility of embedding spiral inflation in string theory. Although
at first it seems natural from a stringy perspective since the monodromies that are needed are
ubiquitous near the conifold point, we have found that this novel type of inflation is inherently
tied to de Sitter inflation in the particular models one encounters in flux compactifications.
As a result, even if spiral inflation was realized, the inflation would actually be driven by a
vacuum energy. This assertion was backed up by a numerical investigation. In particular it
was found that inflation continues due to the vacuum energy even after the spiral condition
fails to hold. We thus conclude that while intriguing, the spiral inflation model does not

offer any new vantage points in the realm of flux compactifications in string theory.
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Figure 4.5: Number of e-foldings for various choices of angular momentum |L| for the three
possible solutions. Note that the various solutions only exist for a range of |L| (see figure

4.3)
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Figure 4.6: Even though the spiral condition in this particular simulation failed at ¢t =
2.2 - 107%, the motion continues to be potential energy dominated for much longer. This
reflects the fact that we have a de Sitter like potential, and is not a result of spiral inflation.
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Concluding Remarks

It is amazing how powerful the concept of the string really is. The consistency of a relativistic,
quantum mechanical string requires the existence of gravity and provides us with Einstein’s
equations. It tells us about the dimensionality of the universe, and shows us that our world
must fundamentally be supersymmetric. It gives us gauge theories and D-branes, dualities
and string geometry. Despite all of its successes though, string theory remains a highly
controversial theory.

The arguments against string theory often involve the fact that the energy scales involved
are so large that “it is not falsifiable”. This however is not so much a criticism of string theory
as it is one of quantum gravity in general since the Planck scale involved is common to any
such theory. In fact, being a theory of more than just gravity, string theory actually has a
hope of giving testable predictions at much lower energies such as those probed at the LHC.
Of course teasing these predictions out of string theory is not a simple task, and to some
extent this is where the real issues with string theory lie. As we have discussed in some
depth above, the set of low-energy solutions in string theory is all but well understood. This
landscape of string theory may contain as many as 10°%° low-energy vacua each with distinct
physical signatures. Clearly there are too many solutions for us to go through one-by-one,
and statistical searches therefore become of relevant. In fact even if one could find the precise
vacuum that corresponds to our observable universe, the natural follow-up question would
be “what happened to the other worlds?”.

Barring some sort of super-selection rule that singles out our vacuum as the only admis-
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sible one, we will be forced to question how natural our vacuum is both from a dynamical
and a statistical perspective. In particular, let us suppose that we find that the physical
properties of our vacuum are rather common throughout the landscape but that somehow
it is dynamically isolated. Despite being happy with our vacuum from a statistical perspec-
tive, the nagging question still remains, “how did we get here.” Clearly it is therefore very
important to understand both the statistical and dynamical properties of the landscape.
Within the domain of dynamics we must include both the quantum mechanical tunneling
solutions found in chapter 2 as well as the classical slow-roll scenarios investigated in chap-
ter 4. Furthermore, it is worth emphasizing that the subject of statistics and dynamics are
necessarily intertwined. In particular the density of vacua, and thus the distance between
them in moduli space, can certainly be argued to impact tunneling rates. Thus, even the
work presented in chapter 3 can be taken to impact the question of dynamics.

It is worth noting that even the fundamental problem of the landscape is not clearly
insurmountable. In fact, even quantum field theory suffers from a landscape problem which
in fact is much worse on the face of it than the corresponding issue in string theory. In defining
any quantum field theory one must specify a set of coupling constants and masses. These are
real parameters and as such one finds a multidimensional (continuous) landscape of coupling
constants. This is to be contrasted with string theory where one must specify a set of discrete
parameters — the fluxes. As an example, even the simplest supersymmetric extension of the
standard model, the MSSM, contains 124 different parameters. The difference of course
between string theory and quantum field theory, and the reason why no one is throwing
their hands up in despair in response to the landscape of the MSSM, is that there is a well
understood formalism that can be utilized in deriving the physical signatures in quantum
field theory and furthermore that this formalism is invertible so that any set of physical
observations can be directly used to constrain the space of coupling constants. However
there is no analogous formalism for string theory. It is conceivable that if such a general

method was developed, the landscape of string theory would no longer be an issue. In fact,
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since the landscape of string theory is fundamentally discrete, it is in principle possible to
find the precise vacuum that corresponds to our world whereas for quantum field theory any
experimental uncertainty will always manifest itself in a corresponding uncertainty in the
values for the coupling constants.

As a concluding remark, it is worth noting that even the existence of the landscape is
debatable. It is not clear how a thorough understanding of quantum gravity will alter our
understanding of these solutions and so looking to the future it is not clear that the notion
of the landscape will survive. However, one thing is clear: if the landscape does survive, a

thorough understanding of its dynamics, statistics, and cosmology will be essential.
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