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Abstract

There are many different cosmological models that aim to resolve the problems encountered in
Standard Big Bang cosmology. One such problem is the singularity problem that occurs because
the universe is compressed into an infinitely dense point at the time of the Big Bang. We pro-
pose that we must use string theory to describe the physics of the early universe because it has
enough degrees of freedom to prevent the cosmological singularity from occurring. When applied
to black holes, it has been argued that string theory prevents the formation of horizons and leads to
the formation of horizon sized objects called VECROs (Virtual Extended Compression Resistant
Objects). First, we review how VECROs have been used to resolve the information paradox and
the unbounded entropy problem encountered in the classical description of black holes. Then, we
briefly discuss cosmology in a contracting universe and summarize the previous results for black
hole formation in a contracting universe. Finally, we propose an application of VECROs to cos-
mology. We argue that it is possible that a background composed of a gas of VECROs can lead to

a non-singular bouncing cosmology.



Abrégé

Il existe plusieurs modeles cosmologiques visant a résoudre les problemes rencontrés dans le Mod-
¢le Standard de la cosmologie. Un de ces problemes est le probleme de singularité qui se pro-
duit lorsque I’univers est compressé en un point a densité immense au moment du Big Bang.
Nous suggérons d’utiliser la théorie des cordes pour décrire la physique de I'univers primitif,
car elle a assez de degrés de liberté pour prévenir I’apparition d’une singularité cosmologique.
Lorsqu’appliquée dans le cas des trous noirs, il a été suggéré que la théorie des cordes prévient
la formation d’horizons et mene a la formation d’objets de la taille d’horizons nommés VECROs
(Virtual Extended Compression Resistant Objects). En premier lieu, nous faisons un résumé de
comment les VECROs peuvent étre utilisés pour résoudre le paradoxe d’information et le prob-
leme de croissance incontrolée d’entropie présente dans la description classique des trous noirs.
Ensuite, nous discutons brievement 1’évolution cosmologique d’un univers en contraction et ré-
sumons certains procédées connus menant a la formation de trous noir dans un univers en con-
traction. Finalement, nous proposons une application possible des VECROs dans le domaine de
la cosmologie. Nous amenons 1’hypothese qu’il est possible qu’un gaz de VECROs mene a un

rebond de 1’univers, évitant ainsi le probleme de singularité.
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Chapter 1

Introduction

General relativity tells us that the gravitational force arises due to distortions of spacetime,
and it is the most successful theory of gravity. Previously, Newton’s more basic framework was
useful for describing the motion of massive objects, even though the origin of the attractive force
was unknown. However, experiments showed that Newton’s model did not line up with certain
observations. One such observation was made in the 1800s, and it was the precession of the
perihelion of Mercury. Rather than the elliptical orbit predicted by Newtonian gravity, general
relativity predicted that the perihelia of the planets would rotate around the Sun. Another important
observation was that light does not travel along straight lines in the presence of massive objects.
Although Newtonian gravity did predict that starlight would bend as it passed the Sun, it wasn’t
until Einstein’s formulation of general relativity that a reliable value that could be replicated in
experiments was calculated. The gravitational redshifting of light and the related gravitational
time dilation were also predicted by general relativity, and subsequently tested via light escaping a
white dwarf star, and through the use of atomic clocks respectively.

A more recent consequence of Einstein’s theory of general relativity was the detection of grav-
itational waves from binary black hole mergers by LIGO and Virgo. Gravitational waves, which
are ripples in spacetime that travel at the speed of light, also could not have been discovered with

Newton’s developments alone. They are especially important in studying the very early universe



because gravitational waves are generated during inflation, which is one of the popular theories for
the early universe, and have an effect on the cosmic microwave background (CMB) [28].

Despite the many successes of general relativity, there are still a few major problems. One of
those problems is the spacetime singularities that are present in the classical description of black
holes and the Big Bang, as shown by the Hawking-Penrose singularity theorems [20]. In general
relativity, singularities occur when the spacetime curvature becomes infinite, which is a sign that
the theory is incomplete due to the fact that spacetime is ill defined. Black holes form when an
object collapses to a sufficient degree after which it becomes an infinitely dense point of spacetime
surrounded by a hypersurface called an event horizon. Once a particle crosses the event horizon,
it can never escape. On the other hand, the cosmological singularity is what happens when we use
general relativity to extrapolate backwards in time to deduce what happened in the far past. For in-
stance, the equations for a model of spacetime called the Friedmann—Lemaitre—Robertson—Walker
(FLRW) metric can be followed back in time. From this, it was found that the universe began
in an infinitely hot and dense state, which is known as the traditional Big Bang. The singularity
arising from the FRLW metric tells us that general relativity is insufficient for describing the laws
of physics of the early universe.

Although general relativity is the best relativistic theory of gravity, it still only a classical
theory. This is concerning because the beginning of the universe involves very high energies,
which means that quantum effects are expected to be significant. For example, the information
paradox is a contradiction that arises when both general relativity and quantum mechanics are
applied to the study of black holes (see e.g. [23] for an introduction to the information paradox).
Hawking applied the laws of quantum mechanics to the general relativity definition of black holes
and found that black holes emit radiation, currently known as Hawking radiation [19]. It was also
argued that the radiation would only depend on the mass, charge, and angular momentum of the
initial black hole (see e.g. recent review [2]). However, many different states can be identical in
these three properties. This becomes problematic when we consider the formation of a black hole

that eventually evaporates away leaving only radiation in its wake. Many different initial states



could have evolved into this final state, which results in a permanent loss of information about the
initial state. This is in direct violation of quantum unitarity, which implies that the quantum state
at any time can be used to determine what the state looked like in the past or future [2]. We know
that the time evolution of a quantum state is a unitary process, therefore the problem must lie in
the general relativity description of black holes.

For a long time, it was thought that the information paradox could be solved by considering
the effects of small quantum gravity corrections (see e.g. the discussion in [26]). For example, if
the small corrections introduced correlations between the radiated quanta, then at the end of the
evaporation process, the radiation is not entangled with the remaining hole and we have no paradox
[2]. However, it was argued that small modifications are not sufficient to provide a solution to
the information paradox; instead, we require order-unity corrections [26]. Another possible way
around the paradox was to conclude that the evaporation of a black hole stops when it reaches the
Planck mass, and leaves behind a Planck-sized remnant [2]. Starting with a black hole with an
arbitrarily large mass, results in an arbitrarily large entanglement with the remnant [2]. This means
that the remnant has an infinite number of internal states [2]. However, the AdS/CFT duality
within string theory [22] does not allow for the existence of remnants because there cannot be
an infinite number of state for remnants at the center of AdS [26]. As we will see in the body
of the thesis, we must deviate from the classical description of a black hole in order to avoid the
information paradox. Instead of a spacetime singularity surrounded by a vacuum horizon, black
hole microstates should instead be horizon sized quantum objects with no horizon, and no vacuum
region, as was argued in [26]. As will be discussed later in this thesis, black holes in the fuzzball
picture can release information easily since there is no microscopical horizon. In fact, the final
stages of the evaporation are easier to describe since there is no singularity. The initial stages of
the evaporation will be the same as in the semiclassical picture. These quantum objects are called
fuzzballs, and they are intrinsically stringy [2]. The vacuum virtual counterpart of a fuzzball is

called a VECRO [26], and will be the focus of this thesis.



While there are no complete quantum theories of gravity, one promising candidate is super-
string theory [16]. As we have seen, general relativity coupled to matter as point particles is not
the correct way to describe nature. In string theory, rather than point particles, the building blocks
are instead fundamental strings. Strings have three types of states: momentum modes, oscillatory
modes, and winding modes. In comparison with point particles, we see that the new degrees of
freedom are the oscillatory modes and the winding modes [4] (see [10] for a review). Furthermore,
the T-duality symmetry from string theory also plays a very important role. T-duality provides a
relationship between winding modes in one compact space, with momentum modes in a dual com-
pact space [4]. Because strings allow for new degrees of freedom and introduce new symmetries,
they lead to a very different interpretation of the early universe [4, 8]. One such interpretation is
string gas cosmology [4], which addresses the issues of an initial spacetime singularity, as well as
the infinite temperature that arises as we approach the Big Bang. String gas cosmology makes use
of T-duality, string winding modes, and string oscillatory modes. This model comes from coupling
a gas of closed strings to a classical background, with all spatial dimensions compactified [4, 10].
When the spatial dimensions are taken to be toroidal, the T-duality symmetry tells us that the en-
ergy spectrum of the string states is the same if the winding quantum numbers and the momentum
quantum numbers are switched [4, 10].

The key realization comes from considering the thermodynamics of strings. As was first dis-
covered in [18], when a gas of closed strings is in thermal equilibrium, its temperature cannot
exceed a particular finite value known as the Hagedorn temperature. Moreover, as seen in [4], for a
gas of closed strings in a box, the temperature of the gas decreases as the radius of the box falls to
a value much smaller than the string length. If the gas of strings has a large entropy, then there is a
large range of possible box radii for which the temperature of the gas is near the Hagedorn temper-
ature [4]. This is known as the Hagedorn phase of string cosmology. The universe smoothly exits
the Hagedorn phase and transitions directly into the radiation dominated era of Standard Big Bang
cosmology [10]. The discovery of the Hagedorn temperature provided a solution to the infinite

temperature problem, and also leads to the absence of a curvature singularity [4]. However, de-



spite this, the background dynamics of string gas cosmology are not yet understood, which means
that there is no quantitative model for the Hagedorn phase [10]. Note that it is assumed in String
Gas Cosmology that the dilaton is fixed. Hence, the Einstein and string frames coincide.

Rather than have the universe start in an hot, dense state with high curvature, we can consider
a model that starts in a contracting phase, then “bounces" into the typical expanding phase. In
bouncing cosmology, the universe starts out as cold and large; vacuum perturbations on sub-Hubble
scales in this initial phase generate the primordial perturbations that become the structures we see
today (for a review of bouncing cosmologies see e.g. [6]). However, if general relativity and matter
satisfy the usual energy conditions, we end up with a singular bounce, that is, the energy density
becomes infinite [10]. As we discussed previously, general relativity is incomplete, so we do not
expect it to be able to correctly describe what is happening near the bounce. In order to achieve
a nonsingular bounce, we must use matter that violates the weak energy condition, or go beyond
Einstein gravity [10]. However, we need new Planck-scale physics in order to get the necessary
background cosmology that is not yet well established [10]. This is the main challenge when trying
to realize the bouncing scenario.

Aside from string gas cosmology, there have been a number of other attempts to use string
theory to resolve the Big Bang singularity. Two such approaches are the Pre-Big-Bang (PBB)
model and the Ekpyrotic scenario. Both of these models contain a cosmological bounce, however,
their effective actions break down at the bounce point [38]. This makes it impossible to properly
study how the background evolves as well as the resulting perturbations. In order to determine
the resulting cosmology after the bounce, the challenge in both models is to match the contracting
universe to the expanding universe along a space-like hypersurface that represents the bounce
region [38].

In the original Ekpyrotic scenario, the universe was taken to be a five-dimensional spacetime
that starts out cold and nearly vacuous [21]. The spacetime is bounded by two (3+1)-dimensional
surfaces: the visible brane, and the hidden brane [21]. The visible brane is the usual four-

dimensional universe with particles and radiation [21]. The bulk volume that is bounded by the



boundary branes also contains a brane that is attracted to the visible brane [21]. The two branes
approaching one another corresponds to the contracting phase, which is driven by scalar field mat-
ter with a negative exponential potential [7]. When the bulk brane and the visible brane collide,
there is a singular bounce from the low energy effective field theory perspective [6]. Then, some
of the kinetic energy from the bulk brane is converted into a hot bath of matter and radiation on the
visible brane [21]. Rather than starting from an infinite temperature as in Standard Big Bang cos-
mology, the hot expanding phase in this scenario starts evolving from a finite temperature before
entering the FLRW radiation dominated phase [21]. The main challenges in the Ekpyrotic scenario
are figuring out how to obtain a nonsingular bounce, as well as a mostly scale-invariant spectrum
of curvature fluctuations [7].

String theory predicts the existence of the dilaton, which has an associated scalar field, and
plays an important role in the PBB scenario [13]. The PBB phase begins in a flat, empty state,
composed of incoming gravitational and dilatonic waves [13]. This string vacuum is gravitationally
unstable, and therefore leads to the evolution towards higher and higher curvature and coupling
constants [15]. Therefore, unlike the Ekpyrotic scenario, the PBB scenario’s contraction period
is deflationary and driven by the kinetic energyy of the dilaton [13]. The PBB phase ends with
global singularity, where the Hubble constant is infinite [21]. The challenge is to match across the
singularity to the post-Big-Bang FLRW universe [21].

The goal of this thesis is to show that a gas of VECROs in a contracting universe will lead to a
nonsingular cosmological bounce. In chapter 2 we define VECROs and see how they are used to
solve problems in the current black hole formalism. We motivate the use of bouncing cosmologies
in Chapter 3, and describe the background and cosmological perturbations in a contracting uni-
verse. Chapter 4 gives an overview of previous work done in [35] that determines the conditions
under which density perturbations grow and collapse into black holes in a contracting universe. In
chapter 5 we argue that VECROs naturally result in a nonsingular bounce, and produce a scale-
invariant spectrum of curvature perturbations. The appendix includes a paper published by Robert

Brandenberger and myself about shape moduli stabilization in the context of string gas cosmology.



Chapter 2

Black Holes and VECROs

2.1 Classical Black Holes

Black holes are regions of spacetime that are separated from infinity by a hypersurface called
an event horizon. Once particles cross an event horizon, they can never escape to infinity. Though
black holes have horizons, the external geometry is the same as it is for more typical bodies, such
as stars or planets. In general relativity, the unique static spherically symmetric vacuum solution is
the Schwarzschild metric, which is given by:

—1
ds? = — (1—2GM) dr* + (1—ﬂ4> dr* + r*dQ? (2.1.1)
r
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We see that the Schwarzschild event horizon is located at Rg = 2GM, which means that all future
timelike paths cannot cross past this radius once they enter it. All stationary, asymptotically flat
black hole solutions that are nonsingular outside the event horizon are fully characterized by mass,
electric and magnetic charge, and angular momentum [14]. This is called the 'no-hair theorem’,
and it applies when electromagnetism is the only long-range nongravitational field [14]. The solu-
tions for charged and rotating black holes, are given by the Kerr and Reissner Nordstrom metrics,

respectively [14]. In the context of this paper, only Schwarzschild black holes are relevant.



2.2 Black Hole Puzzles

2.2.1 The Problem of Unbounded Entropy

Bekenstein’s expression for the entropy of a black hole is given by:

A
=— 221
Spek = 35 2.1

where A is the area of the black hole [1]. This is considered to be the maximum possible entropy
that can be in the region r < 2GM. Therefore, for a system of mass M, fixed volume V, and energy

E = M, that is confined to Rg, we expect:
S(E,V) < Sgex(M)

However, in the usual black hole metric where there is an event horizon, it was seen in [26] that
it is possible to construct a slice of spacetime with an arbitrarily large entropy inside Rg, while
keeping the energy at M. Referring back to the metric in equation 2.1.1, we will see that we can
construct a spacelike slice in this geometry with unbounded entropy.

For a constant # and 7, a spacelike slice can be taken as ¢ =7 outside the horizon, however when
r is inside Ryg, the spacelike slice will be r = 7 [26]. This is because space and time interchange
roles when you cross over the horizon. To demonstrate the problem of unbounded entropy, we
can choose to set ¥ = GM so that we are not close to the horizon of the singularity. We have the

freedom to construct a slice like this for any black hole, and using the generalized metric:
ds* = — f(r)du* + 2dudr + r*dQ? (2.2.2)

where u =t +r*, r* = %, and f(Rgs) = 0[26].



Figure 2.1: This figure shows a null shell (the cone) collapsing into a black hole [26]. The thin
dashed lines are the horizon, and the thick dashed line is the singularity. The solid black line is the
hypersurface r = 7 (inside the horizon) that we are adding quanta to, which are depicted by the red

arrows.

We can choose to add entropy to this slice by adding quanta to the portion » = 7 inside the
horizon. For massless quanta moving in the radial direction, the momenta are the following null

vectors:

ki = (0,k7) (2.2.3)

— 1 -
k= (k. 57H) (2:24)

where f(F) = f, and k} < 0 and k4 > 0 [26]. To ensure the momenta lie in the forward light cone,
we have required that k-7 <0, where 7 is the unit normal to the slice pointing in the direction of
decreasing r. The energies of the quanta are given by E = —K - k; where K is the Killing vector d;.

Therefore, we have [26]:

El=—ki>0 (2.2.5)

1.
E, = Efk% <0 (2.2.6)



This means that a quantum with momentum k; provides a positive contribution to the mass of the
black hole, whereas a quantum with momentum k, will provide a negative contribution. In order
to make a state with unbounded entropy, we can take our previously discussed spacelike slice and
add photons to the r = ¥ = GM portion that carries the energies E; and E; above [26]. Moving in
the direction of increasing u, we can place photons along the slice, and alternate between k; and
k> momenta. Each photon’s energy is very small, hence the mass inside the horizon is ~ M + §,
where 0 is very small [26].

Each photon will have two spin states, and carry an entropy of In2. Then, if there are N photons

corresponding to k1 and N corresponding to ks, the total entropy will be [26]:
S =2NIn2 > Spek (2.2.7)

The absence of an upper bound on the entropy comes from the fact that the slice we have chosen
has an infinite proper length, meaning that N can be arbitrarily large [26]. In specific, [26] shows

that if the length, L, of the r = 7 part of the slice inside the horizon satisfies:

d—1

R\ a1
L> (ﬁ) " Ry (2.2.8)

then we can get an entropy that exceeds Sp,; without a significant disturbance of the semiclassical
black hole metric. Here, d is the spacetime dimension, and /p; is the Planck length. The only way
we can get around this problem, is if we find something that prevents the allowance of such long

slices in the black hole geometry [26].

2.2.2 The Information Paradox

In the case of a collapsing shell, when the shell reaches the interior of its horizon, new physics
on it can no longer affect the behaviour of fields at the horizon due to causality [26]. However,

around the horizon, entangled particle-antiparticle pairs are constantly being created [25]. One
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quantum in the pair falls into the hole, and the other quantum escapes to infinity as Hawking
radiation [25]. When the black hole fully evaporates, the ending product is radiation that is entan-
gled, but there will be nothing that it is entangled with [25]. This results in a permanent loss of
information, known as the ‘information paradox’.

To demonstrate this more thoroughly, we can consider a spherically symmetric shell of mass-
less particles moving in the radial direction. Let M be the mass of the shell, and let its proper radius
be R(A), where we use A to parametrize null trajectories. Causality tells us that two particles p
and p’ on the shell cannot send signals to each other if they are not infinitesimally close together.
Furthermore, we can say that all fluctuations of importance can be confined to a length scale < lp;
[26]. The equivalence principle tells us that the inward path of particle p is identical to what it
would be in a section of spacetime that is approximately flat, because the classical gravity theory
and quantum fluctuations are not affected by the rest of the shell [26]. This would also be the case
as p falls through its horizon at R(1) = 2GM.

Light cones in the region R(A1) < r < 2GM point inwards, so assuming causality, the behaviour
of the shell as R(A) — 0 cannot have any significant effects on the low energy fields by the horizon
[26]. Therefore, we can only expect O(€) modifications to the Hawking pairs at the horizon,
where € < 1 [26]. Unfortunately, the small corrections theorem prevents the continued rise in
entanglement entropy between Hawking pairs from being resolved through small corrections to

the emission process [26].

2.3 VECROs

Horizons, and consequently singularities, only arise when we use a theory that doesn’t have
enough degrees of freedom. String theory, however, has a sufficient amount, and it leads to a
different microstructure of black holes than we what we find in the semi-classical theory [2]. That
is, when we try to construct black holes via string theory, we get horizon sized objects with no

horizon, and those are the previously mentioned fuzzballs [2].
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We must first make two assumptions. Firstly, semiclassical gravity will hold to leading order
if there are no horizons, and curvatures are low (Z < l;z) [26]. Secondly, causality will hold to
leading order if curvatures are low [26]. Then, we will see that there must be a new component of
the vacuum quantum gravity wavefunctional, that is not normally considered in the quantum field
theory vacuum [26]. This novel addition is composed of quantum fluctuations called VECROs, and
we will argue that they are required to solve the problems discussed in sections 2.2.1 and 2.2.2,

whilst also preserving our above two assumptions.

2.3.1 Spacetime Topology

Before getting into a more in-depth description of VECROs, we will first briefly discuss non-
trivial spacetime manifolds and why they are of interest to us. A good example to consider, is
the situation where a scalar field arises from a compactified extra dimension. For example, if we
compactify a dimension into a circle and parametrize it by @, then the scalar field, ¢, is defined by
[26]:

oo =€’ 2.3.1)

Fluctuations of the radius in the compactified direction correspond to excitations of scalar fields
on the noncompactified spacetime [26]. This is depicted in figure 2.2(a). In this case, the physics

is what we would expect from quantum fields on curved spacetime [26].

(a) (b)

Figure 2.2: (a) Fluctuations of the compact radial direction are included in the semiclassical ap-
proximation [26]. (b) Fluctuations where the circle pinches off leads to a different type of topology

that is not included in the semiclassical approximation [26].

However, other possibilities are fluctuations where the compact directions pinch off, as in figure

2.2(b). In this case, the compact spacetime is not a direct product with the noncompact spacetime

12



[26]. Here, the dynamics of the scalar field are not described by the semiclassical approximation
like figure 2.2(a) [26]. These types of nontrivial spacetime manifolds are important to consider,
because they appear in the fuzzball solutions for black hole microstates in string theory [26]. With-
out some of the semiclassical limitations, we get horizon sized objects with no horizon that will
not collapse. These objects are known as fuzzballs, and are excitations of the theory with various
masses [26].

Presently, we will be focused on the vacuum wavefunctional rather than the fuzzball solutions,
i.e. the excitations, themselves. The scalar fields, ¢, that exist on the spacetime manifold will
fluctuate in the vacuum. As we saw previously, it is possible for fluctuations in the radius of the
compactified directions to yield deformations to the vacuum wavefunctional like in figure 2.2(b).
Furthermore, it follows that the vacuum wavefunctional should have support over nontrivial man-
ifolds like figure 2.2(b) [26]. The part of the vacuum wavefunctional with this support is called
a VECRO, which is an acronym that stands for Virtual Extended Compression-Resistant Object.
The wavefunctional amplitudes will be lower in this case because it takes more action to reach
these configurations [26]. Black hole microstates have support over these topologically nontrivial
configurations (figure 2.2(b)), and have a very large number of states [26]. Therefore, even though
the wavefunctional’s amplitude will be smaller on the nontrivial configurations, the large number
of states ensures that the VECRO part of the vacuum wavefunctional is significant [26]. We will
see that there are situations where the classical theory would result in horizon formation, whereas

with VECROs there is no horizon.

2.3.2 When VECROs Become Important

Let us describe the curvature of a spacetime region by: L, the length scale over which the

) ) —1
curvature persists, and R, the curvature length scale with R, ~ Z 72 . If

L <R, (2.3.2)

13



is true everywhere, then the dynamics are governed by the semiclassical rules of quantum field
theory on a curved spacetime. The VECRO portion of the quantum gravity wavefunctional will
adjust to the changes in curvature adiabatically [26].

However, if

L>R. (2.3.3)

The VECRO configurations are squeezed and modified by order unity, causing an increase of
the VECRO energy that is on par with the classical energy that gives rise to R, [26]. We will
discuss why this happens in more detail in section 2.3.5. Instead of the vacuum, we now have the
creation of on-shell fuzzballs, which are excitations analogous to particle creation. We encounter
this situation for black holes, and the new physics allows us to avoid the problems in sections 2.2.1

and 2.2.2.

2.3.3 Virtual

The quantum electrodynamics vacuum has fluctuations that occur in particle-antiparticle pairs
such as electron-positron pairs, or quark-antiquark pairs, but it is also possible to have fluctuations
of more complicated bound states [26]. Similarly, vacuum fluctuations for large or extended ob-
jects, like atoms and benzene rings, should also exist virtually [26]. We do not normally consider
these types of fluctuations because they have a low probability of happening. We can approximate

the probability for a state with energy E, existing for a time 7', as [26]:
Pre S e BT (2.3.4)

It follows from our reasoning above that the vacuum should also contain virtual black hole
fluctuations for all masses M. In a d + 1 dimensional spacetime, with the horizon radius denoted

as Ry, the action is:

_ R d—1
S~ MRy ~ (-0) (2.3.5)
lP
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where we approximate 7', the duration of the fluctuation, as Ry [26]. This means that the probability
is small for Ry > 1,. However, black holes have a very large degeneracy, .4~ ~ Exp[Sp.] [27].
This larger number of degrees of freedom makes it possible for the total probability to be of order
unity [26]. What we take from this, is that the vacuum virtual fluctuations of black holes are

significant for all M.

2.3.4 Extended

Fuzzballs are extended objects that are bound states in string theory [26]. Although fuzzball
states are quantum, their size can be approximated by looking at specific subsets of states that have
classical descriptions [27]. In [27], a few simple cases were studied and it was found that the bound
state is horizon sized, which implies that the area of the boundary of the state gives the degeneracy
via a Bekenstein relation. This was proven for the brane bound states of Strominger and Vafa, as
well as the BFSS matrix model [2]. The full construction of states for all 2-charges also showed
that individual microstates do not have a horizon or singularity [27].

In semiclassical gravity, black holes are essentially empty space with a singularity at the centre.
As mentioned before, string theory shows that black hole microstates are fuzzballs, which are the
excited states of VECROs. Fuzzball solutions can arise due to characteristics of string theory
such as extended objects and a larger number of dimensions, whereas 3 4+ 1 dimensional quantum
gravity prohibits these solutions [26]. We can see this in the following example:
dr +1r%(d6? 4 sin® 0d§?) (2.3.6)
1—-1h

r

ds® = —di + (1 _ if) dt* +

where the Euclidean time, 7, is compact, and 0 < 7 < 47rg [24]. This is essentially adding a time
direction that is trivial to the 341 dimensional Schwarzschild solution. Dimensionally reducing on
the circle 7, allows us to view the solution as a 3+ 1 dimensional metric in (¢,7,0, ¢) coupled to the
scalar field that describes the radius of the compact direction [24]. We would usually discard this

solution because pressures diverge as r — rg. However, the problem isn’t the solution, but rather
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the dimensional reduction map itself when the radius of the compact circle goes to zero [24].
Equation 2.3.6 is still an acceptable solution of the 4 4 1 dimensional vacuum Einstein equations.

Many fuzzball microstates have been constructed in string theory, and most have the structure
of the example in figure 2.3. Figure 2.3 is an example of a configuration of the gravity theory
that fuzzball wavefunctionals are supported on. We will not be concerned with the details of the
constructions of fuzzballs; what is relevant for this paper is the fact that the field configurations
that support fuzzballs are extended. That is, energy is not squeezed into a point-like neighbourhood

they way it is in the semiclassical situation.

Figure 2.3: A depiction of a fuzzball [26]. The black dots are KK monoploes and anitmonopoles,
and the grey ellipses are S spheres that carry gauge field fluxes that maintain the rigidity of the
structure [26].

2.3.5 Compression Resistant

The gravitational force grows with Newton’s constant, which means that matter gets more
and more compressed as G increases. However, we also know that the size of the black hole
horizon also increases with G. Therefore, we expect that the index states would collapse behind a
horizon when the gravitational attraction becomes too strong for the matter to sustain the pressure
necessary to prevent core collapse [2]. String theory prevents this outcome through fractionation
of its spectrum on extended objects like VECROs. Fractionation occurs because string theory

contains solitonic branes. If N is a large number that represents the amount of branes in a set, and
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a string or brane is bound to that set, then the tension of that brane becomes 1/N of its original
tension [2]. As we mentioned before, VECROs are bound states in string theory, so this yields the

third key property: compression resistance.

Figure 2.4: A compressed VECRO configuration [26]. See text for explanation.

Because VECROs are compression resistant objects, their potential energy will rise quickly if
we try to squeeze or expand them. Suppose we have a VECRO configuration in flat space with
radius Ry. If the spacetime is then deformed into a section of a sphere with a curvature radius of

R, then the newly compressed radius of the VECRO is [26]:

R
R, = R.sin R—V (2.3.7)

C

This is depicted in figure 2.4. We define § such that the surface of the VECRO is compressed by a

factor of 1 — 0. There are two cases: either 0 < 1, or 0 ~ 1. In the first case, the compression is

1 /Ry\?
5~ (R_c) (2.3.8)

Furthermore, the potential energy change is quadratic in the compression, which means that U ~ &2

small, so [26]:

[26]. In the second case, when 6 ~ 1, the VECRO breaks, and its potential energy function levels
out at this critical value even upon further compression or expansion [26]. Now, we model the

potential energy as:

U = ksin® <§6§) 5, <8<, (2.3.9)

where &, is an order unity constant [26].
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To determine the energy scale, k, we assume that it corresponds to the mass of a black hole that

has a horizon radius Ry, [26]:

Rd—2
M~ Y 2.3.10
G ( )
Therefore,
R{™?
k= 2.3.11
B 3.1

where f3 is an order unity constant.
We will consider an example using an ordinary object like a star. Let Ry, be its radius, and let
the constant py be the uniform density of the star in d 4 1 dimensions. The curvature radius in the

region of the star is then [26]:

1
R~ (2.3.12)
© VGpo
We define a i such that:
Rstar - .URL (2313)

For a star, 1 < 1, but for an object whose radius is similar to its Schwarzschild radius, pt ~ 1 [26].

Furthermore, we know that the energy of the star is as follows:

Egtar ~ poR%, (2.3.14)

As we discussed previously, the curvature caused by the star will compress the VECROs and
therefore lead to an increase in energy. The most significant changes in energy will come from the
largest VECROs, which have Ry, ~ Rg,,. Since p is small, d follows equation 2.3.8. For VECROs

with Ry = Ry, the potential energy change is [26]:

Ryar )’
U ~ (PR ) (R—) (2.3.15)
.
However, because
~ut<l (2.3.16)

Estar
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the compression energy coming from VECROs will not significantly impact this star. In contrast,
when u ~ 1, we will have

—~1 2.3.1
- (2.3.17)

which means that VECROs will have a significant impact.

2.4 The VECRO Picture for Black Holes

2.4.1 Resolving the Unbounded Entropy Problem

In section 2.2.1, we saw that it was possible for there to be no upper bound on the entropy in the
horizon, while still keeping the mass in the horizon at ~ M, if we keep the traditional metric [26].
Now we will show that the VECRO hypothesis disallows the particular slices that are required to
get states with unbounded entropy.

We can first consider a hypersurface that is not stretched in the way required to get unbounded
entropy, and focus on the VECROs with radius R, 2 Rs. After the slice is evolved for a time  ~ Ry
the VECRO will have to expand to a larger volume [26]. The energy of the VECRO configuration
must then increase. For 6 ~ 1, the deformation of the VECRO wavefunctional gives the following
energy increase [26]:

Rdfz
AE ecro ~ U ~ ST ~M (2.4.1)

According to [26], AE,.cro > M so the total energy on the slice satisfies:

Eiotat = M + AEyecro > 2M (2.4.2)

Placing negative energy quanta on the slice would lower the energy, but because Ejogarive > —M, it

is not possible to bring E;,,; back down to M [26].

Etotal =M + AEyecro + Enegative >M (2.4.3)
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This is because the the horizon radius would vanish if the energy enclosed on the slice reached zero,
and consequently a spacelike slice wouldn’t be able to exist within the horizon [26]. Therefore,
we cannot have this type of slice in the black hole geometry because it does not allow energy to be

conserved.

2.4.2 Resolving the Information Paradox

In section 2.2.2, we described why black holes have an information loss problem, and now
we will argue how it can be avoided. Far outside of a collapsing shell, that is, R(A1) > Ry, the
gravitational pull outside the shell is weak, and VECROs are compressed to a slightly smaller
radius [26]. The distortion of the vacuum is small, and is already included in quantum field theory
on curved spacetime [26]. For the case of a VECRO with radius Ry, with R(1) < R, < Ry,
the VECRO part of the vacuum wavefunctional will be significantly deformed due to the inward
pointing light cones inside the Schwarzchild radius. The compression reaches 0 ~ 1, which results
in a linear superposition of on-shell fuzzball states in the spacetime region between Rg and the shell
radius. In particular, a collapsing shell tunnels into a linear combination of VECRO and fuzzball
states such that no microphysical state has a horizon [2]. This is similar to how the distortion of the
semiclassical wavefunctional creates on-shell particles [26]. Because fuzzballs radiate from their
surfaces like normal bodies, rather than by pair creation from the vacuum; we are able to avoid the

information paradox [2].

2.5 VECRO Equation of State

We will now argue that the energy density of a VECRO must be negative in order to elimi-
nate the metric singularity present in classical black holes. First, we start with the metric of an

uncharged, non-rotating, vacuum black hole

2GM 2GM
)dt? 4 (1 — ——

ds®> = —(1—
S ( r r

)~ lar? (2.5.1)
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where, ¢ is the time of an observer far from the black hole’s centre, and r is the radial distance such
that 4772 is the area of a sphere surrounding the black hole at a radius r [14]. For simplicity, we
have dropped the angular variables. A static spherically symmetric spacetime in the presence of

matter will have the general form:
ds® = —A(r)dt> + B(r)dr* (2.5.2)

where the functions A(r) and B(r) depend on the matter distribution [3]. For asymptotically flat
spacetime, A(r),B(r) — 1, and we recover the Minkowski metric. For the Schwarzschild metric
Alr)=1+ 2GTM, and B(r) = /ﬁ. In both of these cases we have no matter source, but in our case,
we have non-zero components of the stress-energy tensor, 7. If we introduce the functions f(r)

and h(r) to parametrize A(r) and B(r) as follows:
AN =f(r) Bl =f(n)! (2.5.3)
then, we can use the Einstein equations,
Ry =8nG(T} — %&‘Tg ) (2.5.4)
to give us the following equations of motion [3]:

B (r)=4rGrf(r) Y (T" —T) (2.5.5)

r(f(r)— 1) = 8nGr*T! (2.5.6)

These equations determine A(r) and B(r) in terms of the components of 7jy. As in [3], we can
redefine r(f(r) —1) as
r(f(r)—1)=—-2m(r) (2.5.7)
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so that

(2.5.8)

where m(r) can be interpreted as the effective mass of the solution at radius r. Using this expression

for f(r), equation 2.5.6 becomes:
m'(r) = AnGr* (—T/') = 4nGr*p(r) (2.5.9)
where we have assumed that matter is a perfect fluid [3]. In particular,

Tuv = (p+p)UnUy + ppy (2.5.10)

U* = (1,0,0,0) (2.5.11)

where U* is the four-velocity and Nuv 1s the Minkowski metric. Therefore, we can solve the

differential equation to find the effective mass at r.

m(r) =4nG /0 rdr’rlzp(r’) (2.5.12)

@rz, so there is no singularity at r = 0. For

If p is a constant, we can see that f(r) =1 —
VECROs, we don’t know the form of the energy density, but we can make an argument for its sign.
If the energy comes from a VECRO component with energy density py, and an infalling shell with

mass my, then the effective mass becomes
m(r) =my+4nG / dr'r?py(r) (2.5.13)
0

Without the VECROs, we would have f(r) =1— 2—’:10, which clearly has a singularity at r = 0.
In order for the VECROs to remove the singularity produced by m, we conclude that p, must be

negative.
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The equation of state shows how the pressure is related to energy density as: p = wp, where w
is the equation of state parameter. We now argue that the equation of state parameter for a gas of
VECROs is w = 1. That is,

Pv = Pv (2.5.14)

To justify this, we will use the same logic in [36] that was used for a stringy black hole gas. The
key input in the analysis of [36], is that the entropy of a single VECRO is given by its area, just as

it is for a black hole. Therefore, the entropy of a gas of VECROs is

S=NM:G, (2.5.15)

where My, is the mass of a VECRO, and N is the number of VECROs in a fixed comoving volume

V. The energy of a gas of VECROs is given by

E = NM,,. (2.5.16)

We can obtain the equation of state from equation 2.5.14 by using the following thermodynamic
identities:

p=T(dS/IV)E (2.5.17)

T-!'=(3S/0E)y (2.5.18)
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Chapter 3

Cosmology Overview

3.1 Bouncing Cosmology

There are many different models for the very early universe, but the most reliable ones should
explain our observations of the CMB. That is, they should predict a nearly scale-invariant power
spectrum of curvature perturbations with a small red tilt, a small tensor-to-scalar ratio, and small
non-Gaussianities [35]. One of the first models to accomplish this is inflationary cosmology [17],
which is characterized by a very early phase of near exponential expansion of the universe. This
model provides a causal mechanism for structure formation, and also solves some of the problems
encountered in Standard Big Bang Cosmology [9]. Despite the successes of inflationary cosmol-
ogy, there are still a number of conceptual problems.

One important challenge for the inflationary scenario is the singularity problem. Because the
dynamics of inflation come from scalar field matter coupled to the Einstein-Hilbert action, the
Hawking-Penrose singularity theorems imply that the must be a singularity before the inflationary
period [6]. This means that inflation cannot tell us the complete history of the very early universe.
Another challenge is the trans-Planckian problem for fluctuations. If the inflationary period lasts
only slightly longer than the minimal period required to solve the problems of Standard Big Bang

theory, then the wavelengths of modes we see today originated at sub-Planckian values [6]. The
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trans-Planckian regime is where general relativity and quantum field theory break down, therefore
the computations in inflation make assumptions about physics beyond the Planck scale [6].
Although inflation is self-consistent as an effective field theory, it does not emerge from an
ultraviolet complete theory. In particular, inflation does not naturally emerge from superstring
theory [5]. Superstring theory is the best available theory for describing physics at very high
energies, and is very restrictive [5]. The physics emerging from superstring theory should be able
to be described by an effective field theory at low energies [5]. However, there is a vast landscape
of effective field theories, and only a small subset of them are consistent with superstring theory
[5]. The compatible theories are constrained by the swampland criteria, and the rest lie in the
“swampland" [5]. The slow-roll inflationary model does not satisfy the swampland criteria, hence
it is not consistent with superstring theory [5]. On the other hand, string gas cosmology comes
directly from the fundamental principles of string theory, and the Ekpyrotic scenario can be easily

embedded in string theory [6]. Therefore, it is a good idea to consider alternatives to inflation.

TA
Tas : |:]{I -1
““h‘
Ta P
X
T fasssnes
7

Figure 3.1: A spacetime sketch of a bouncing cosmology: the vertical axis is the conformal time,
the horizontal axis is the comoving spatial coordinate, .7 ~! is the comoving Hubble radius, and

A is the physical wavelength of a cosmological fluctuation mode [10].
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One such alternative is the cosmological bounce scenario, which will be our focus for the
duration of this paper. By introducing new physics to obtain the bounce, this scenario naturally
avoids the singularity problem. Figure 3.1 shows a spacetime sketch of a bounce at a time 7 = 7p.
There are three main phases of a nonsingular bounce [10]. Initially, the universe existed forever in
a contracting phase where the Hubble radius decreased linearly with the magnitude of time. Then,
there is the bounce phase, where we transition from a contracting universe to an expanding one.
And thirdly, we end up in the usual expanding phase of Standard Cosmology. As we can see in
figure 3.1, the scales we observe today started out early in the contracting phase at sub-Hubble
lengths, which means that there is also a causal mechanism for structure formation [10]. We can
see that the trans-Planckian problem is avoided here because the length scales we observe are much
larger than the Planck scale [6].

One of the difficulties with bouncing cosmology is the growth of anisotropies in a contracting
universe [35]. In later sections, we will discuss previous work from [35], where the conditions
under which the growth of density perturbations in a contracting universe forms large inhomo-
geneities that collapse into black holes was studied. Then, we will do a similar analysis that

accounts for the presence of VECROs during the contracting phase.

3.2 Gravitational Potential In a Contracting Universe

3.2.1 The Background

In order to have nonsingular bouncing cosmology, we must have a background where the scale
factor, a(t), bounces in a nonsingular manner [10]. First, we define the reduced Planck mass by
Mp; = (87tGN)_1/ 2 where Gy is Newton’s gravitational constant [35]. Then, in order to eventually
find the evolution of perturbations in a contracting universe, we start with the following generic

action:

1

§=— d*x\/—gR+S 3.2.1
167rGN/ XV SR S (-2

26



where g,y is the metric tensor, g = det(g,v), R is the Ricci scalar, and S, is the matter action [14].
We will work in a flat Friedmann-Lemaitre-Robertson-Walker(FLRW) metric, so the background
metric is:

ds® = grdxtdx’ = a(n)?(dn® — &;jdxdx)) (3.2.2)

where a is the scale factor, 1) is the conformal time defined as dn) = a~'dt, with ¢ being the physical
time, and x; are the Cartesian comoving coordinates [28]. The energy-momentum tensor is defined

as [14]:
2 0,Sm
/g 8gHY

We assume the energy-momentum tensor takes the form 7,/ = diag(p,— p5ij ), where p is the

Tuv (3.2.3)

pressure and p is the energy density. Using this, the background equations of motion (EOMs) are

then:
A — 8”3GN p (3.2.4)
4G
H = ”3 Na2p(1+3w) (3.2.5)

where the prime is a conformal time derivative, and 7 = d’/a is the conformal Hubble parameter
[35].
We will be working in a hydrodynamical fluid setup, so we will assume the matter action has

the following form:

Sy = — / d*x/—gp (3.2.6)

The fluid’s sound speed is defined by the variation of the pressure, p, with respect to the energy

density, p, at constant entropy density, s [28]. That is,

2_ (9P
Cy = <%>S (327)

We will assume that the fluid only has adiabatic fluctuations, which means that we will be ignoring

entropy perturbations throughout the analysis.
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3.2.2 Cosmological Perturbations

Now, we perturb the background introduced above with linear scalar perturbations. The new

metric in the longitudinal gauge is [12]:
ds” = a(n){[1+20(n,x))dn* — [1 - 2(n.x)|&dx dx'} (3.2.8)

where we have no anisotropic stress, that is, (87; ;=0 for i # j). The metric fluctuation variable,
®, is the Newtonian gravitational potential. Then, using the perturbed Einstein equations, 6Gyy =

8nGO Ty, we can get the EOM [28]:
Q"+ 3 (142D + 2"+ (1+3c2) AP — 2V P =0 (3.2.9)
If we use the Friedmann equations and transform to Fourier space, we can rewrite the EOM as:
D 437 (1 + 2D} 4 3(c2 — w) 2Py + k> D = 0 (3.2.10)

where k is the magnitude of the comoving wavenumber associated with the perturbations [35].
We will consider a universe whose evolution can be separated into different periods of constant
EoS parameter and constant speed of sound. Hence, for w = constant, we can find the following

solution to the background EOMs [35]:

2
aoc (—n) T (3.2.11)
which yields:
2 ~1
=— — 2.12
A =175, (3.2.12)
and
H = - (—q)? (32.13)
143w o
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We can use the two equations above to rewrite the EOM as:

p 6(+cp) 1 s, 12(c2—w) 1 -
U B (S g ) B0 (3.2.14)

The most general solution to this ordinary differential equation is a combination of Bessel functions

of the first and second kind, Jy (x) and Yy (x):
Di(n) = [2(1 4 3w) (=m)]" [Cr v, (—eskn) + Co gy, (—ckm)] (3.2.15)

where Cy x and C;  are the constants of integration, and are set by the initial conditions [35].

5+46c; 3w

_ /25 +12¢2 4368 + 18w — 36¢2w + 9w?
2(143w) N

d
an \'%) 2(1+3W)

(3.2.16)

Vi =

2

Furthermore, [35] shows that having a constant equation of state parameter tells us that w = c5.

Therefore, the indices can be simplified to:

543w 543w
Vi=———— d vhW=——-— 3.2.17
YT 20w M T 201w (3:2.17)
which allows us to define v = v, = —v;.

We define two more useful quantities for a generic flat contracting universe using the results

above. The first is the gauge-invariant density contrast (in Fourier space):

&) a2k 3

where 8p(1,x) is the energy density fluctuation, and p©) (1) is the background energy density

[35]. Using equation 3.2.12 and the general solution for @y, the density contrast can be written

29



more specifically as:

1
&(n) = T3 aw) (=) {6(143w)x[Cy g Jy—1(x) + Co g Yy—1(x)]
(143w (3.2.19)
+ 12—6(5+3w)—|—c—2 [Cy v (x) + CopYy(x)] }

where x = ¢;k(—n) [35]. The second quantity is the power spectrum of the density contrast. In
dimensionless form, this is defined as [35]:
k3

Ps(kn) = 5 318(m)I* (32.20)

For adiabatic fluctuations, the equations of motion for the perturbations show us that there is
a critical wavelength, called the Jeans length A;. We will look at the density contrast and power
spectrum in relation to the Jeans scale and the Hubble scale. The sub-Jeans scales correspond to

the limit A < Ay, and the super-Jeans scales corresponds to the limit A > A;, where

3 Ve

ky= = 3.2.21
/ 2 ¢y 1+ 3wegn| ( )
and A; = 27 /ky [35]. The Hubble scale is given by
k= | = —= (3.2.22)
= - 2.
(L+3w)[n|

SO 7LJ < )LH [35].
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Chapter 4

Black Hole Formation in a Contracting

Universe

In [35], the adiabatic perturbations of a hydrodynamical fluid with constant EoS parameter and
sound speed were analyzed in a flat contracting universe. The evolution of the density contrast
also determined on sub-Jeans, super-Jeans/sub-Hubble, and super-Hubble scales. It was found that
the amplitude of the density contrast on sub-Jeans scales does not change over time during the
radiation-dominated regime. However, during the matter-dominated phase, it was found that the
amplitude of the density contrast grows with time on super-Jeans/sub-Hubble scales.

The generalized density contrast power spectrum was also determined in [35] for two differ-
ent initial conditions. For quantum vacuum initial conditions, the power spectrum for a matter-
dominated contracting universe was seen to be scale invariant on super-Jeans/sub-Hubble scales,
and grows as H?(t) /M}Z,l. In contrast, for thermal initial conditions, was not scale invariant be-
cause Ps ~ k> for the radiation-dominated phase (sub-Jeans) scales, and Ps ~ k! for the matter
dominated phase (super-Jeans/sub-Hubble scales).

Next, the analysis in [35] discussed the requirements for the overdensities from the growth of

perturbations to collapse into black holes. Assuming that the hoop conjecture holds, a black hole
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will form at the point q, and time #, if

Rg
qdp(t,,q) > ~— 4.0.1
/%(R&q*) a%p(ta) > 50 4.0.1)

where Z(Rs,q,) = {q € R*||q —q,| < Rs} [35]. After smoothing out the perturbations and uti-

lizing the Friedmann equations, equation 4.0.1 could be reduced to
(N, x;%s) > 8:(%s,m) (4.0.2)

at conformal time 7] and comoving position x. Zs is the comoving Schwarzschild radius, and &, is

the critical density contrast where

my 403)

6:(%s,m) = ( s

The Press-Schechter formalism gives the Gaussian probability for the fraction of mass in spheres

of radius & with overdensity 6 > &, as

_ 2 9| —erfe| S 4.04
F(#.m) \/ch(%,n)/&(%,n)déexp{ 202(%”’7)} erc{\/ﬁg(‘%)m) R

where o is the variance [35]. Using the Press-Schechter formalism and the requirement in 4.0.2,
it was shown that Hubble-sized black holes form first during the matter dominated phase when the

/

Hubble parameter reaches |H| ~ cf 2MP1 for quantum vacuum initial conditions. The results were
similar for thermal initial conditions, except |H| ~ cslg/ : (Mp;/Hini)'/°Mp; was the energy scale
for black hole formation. For the radiation-dominated period, black holes could only form when
|H| ~ Mp;. It was concluded in [35] that a nonsingular bounce is robust against the black hole

formation when the sound speed is sufficiently large. Once the Hubble-sized black holes form, the

perturbation analysis can no longer be used, so further evolution of the universe was not provided.
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Possible outcomes, such as holographic cosmology, and the evolution of black holes into “string

holes" were briefly discussed in [35].
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Chapter 5

VECROs in a Contracting Universe

5.1 Obtaining a Nonsingular Bounce

In section 2.5, we saw that VECROs can remove the singularity present in black holes due
to their negative energy density. We will now argue that their negative energy density and stiff
equation of state will also result in a nonsingular bouncing cosmology.

We start with a flat, homogeneous, isotropic, contracting universe that contains cold matter,
radiation, and VECROs. Their equation of state parameters are: wy,, =0, w, = 1/3, and wy = 1,

respectively. The continuity equation

p oc g 3UHW) (5.1.1)

3 4

tells us that the energy density scales as p,, ~ a~” in cold matter, as p, ~ a~ " in radiation, and as
|pv| ~ a~% in VECROs [28]. In the following discussion, we will disregard cold matter because it
is dominated by radiation and VECROs as we approach the bounce point at a(¢) = 0.

Early in the contracting phase, we assume that the energy density in VECROs is

pv(t) = —Ay (Z((;l))>6 (5.12)
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where #; is the initial time, and Ay is a positive amplitude representing the initial VECRO density.

Similarly, the energy density in radiation is

pr(t) = A, (zg)))ét (5.1.3)

where A, is the initial radiation density amplitude. We can now express the total energy density as

wo=mn| ()"~ ()

where p,, 1s a constant with units of energy density that is close to the maximum density during

contraction. This is the energy density when VECROs start to prevent further contraction of space,
and we expect this scale to be given by the string scale.

We recall the Friedmann equations

=" (p) (5.1.5)

and

a__4mG 1 3p) (5.1.6)

a3
The magnitude of the VECRO energy density starts out smaller than the radiation energy density.
However, as the universe contracts and the scale factor decreases, the magnitude of the VECRO
density will catch up to the radiation energy density, becoming equal at some time #,. Therefore,

from equation 5.1.5, we will have

H(t,)=0 (5.1.7)

Furthermore, because VECROs have a stiffer equation of state, that is w, > w,, at time ¢, the
magnitude of the VECRO pressure will be larger than the radiation pressure. Thus, by equation
5.1.6, we see that

H(t,) >0 (5.1.8)
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Equations 5.1.7 and 5.1.8 tell us that the addition of the VECRO component yields a smooth

cosmological bounce at t =t,.

5.2 [Evolution of the Scale Factor

Previously, we established that the bounce facilitated by the VECROs is nonsingular. Now we
will determine the evolution of the scale factor around the bounce point. We can switch to the
conformal time, 7, since ¢ = 7 at the bounce point, and p(¢;) = 0. We linearize the scale factor so
that @ is a small perturbation from the initial scale factor, and we choose 1 = 0 to be the bounce

time.

a(n) =ap+a(n)  a)=0 (5.2.1)

Using equation 5.2.1, we can approximate the total energy density as:

a
p(N) = 2pm— (5.2.2)
ao
The equation of state implies that the pressure can be written as:
() = pm | (£ AN (5.2.3)
P = Pm 3 ao ap o

Near the the initial time, this can be approximated as p(t) ~ —% Pm- Now, using the linearization

of the scale factor, we can rewrite the first Friedmann equation, i.e. equation 3.2.4, as:

A~ Z—O (5.2.4)
so that
, d//
A= (5.2.5)
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We can use the second Friedmann equation, 1.e. equation 3.2.5, and equation 5.2.3 to write:

. 8mG
Cl// ~ Tpm (526)

Then, it follows immediately that the scale factor is:

N InG

a(n) ~ =3=pmn’ +ag (5.2.7)

5.3 Scale-Invariance of Cosmological Fluctuations

Starting from vacuum initial conditions, we will now show that a gas of VECROs produces a
scale-invariant spectrum of curvature fluctuations at late times, and that the fluctuations remain in
the linear region as long as the energy density at the bounce (which is given by the string scale) is

lower than the Planck density. We first introduce the canonical Mukhanov-Sasaki variable [30, 37]:

v=a (5(p+§<1>> (5.3.1)
where
ag;
= — . '2
A (5:3.2)

and & is the scalar gravitational potential, and ¢ is the scalar matter field that is linearized about

its background as

P(x,1) = @o(1) + 89 (x,1). (5.3.3)

The Mukhanov-Sasaki variable is proportional to the curvature fluctuation, £, in the comoving
gauge where 6¢ =0 [29]:
(5.3.4)

U™
Il
N <
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The variable { is what determines the curvature fluctuations at late times, therefore we need to
compute its power spectrum:

Py (k) = K| (k)|? (5.3.5)

Note that we have used the Fourier transform of {.

In Fourier space, the EOM of the Mukhanov-Sasaki variable is as follows [29]:
Z//
v+ (kz — —) V=0 (5.3.6)
z
with vacuum initial conditions that impose:

V(1) = (5.3.7)

5 -
»-

Looking back at equation 5.2.7, we consider the time interval when a is negligible, so that a(n) ~
n?. This means that the VECROSs result in a matter dominated phase of contraction. In this case,

the solution of equation 5.3.6 on super-Hubble scales is

vi(n) =cin*+cn! (5.3.8)

where ¢; and c; are constants that are determined by the initial conditions [6]. In a contracting
universe, the dominant mode of this solution is the second one, which means that the canonical

variable scales as v (1)) ~ 1 ~'. We can now rewrite the power spectrum in terms of vy:

Pr(k,m) =Kz 2(n) (). (5.3.9)

Assuming that we have hydrodynamical matter where the kinetic energy dominates, we see that

z(n) = a(n)Mp; [29]. Now, making use of this, as well as the initial conditions and the dominant
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scaling of v, we find that:

2
Pk = 2(m) (L) i) (5:3.10

~ k7 ( T(]k)) (5.3.11)

~ ka2 (n)MpPn 2 ni(k)? (5.3.12)

The time of Hubble radius crossing is [6]
kLa(t(k)) = t;(k), (5.3.13)
and since a(r) ~ t2/3 and H(n;(k))~" = t;(k), we can see that

(5.3.14)

T],'(k) ~ kil.

Using the above equation, and the fact that a(n) n?, we see that the power spcetrum has no k

dependence, and is thus scale-invariant:

Py (k,m) = a‘z(n) ;ﬁn‘z (5.3.15)
~nt Mp, n~? (5.3.16)
~H*Mp?. (5.3.17)
Furthermore, the Friedmann equation states that H> = pM Pl ,
Py (k,m) ~ % (5.3.18)
Mp,

The fluctuations remain linear when PC (k,n) < 1, which means that p < Mf,l, and subsequently,

Pm < M}‘;l. This linear regime is important because when fluctuations become non-linear, our

perturbative analysis breaks down.
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Chapter 6

Discussion

The VECRO hypothesis [26] was first applied to black holes as a way to solve the information
paradox. VECROs are virtual fluctuations of extended compression resistant objects that are in-
trinsically stringy and have no horizon. They, along with fuzzballs [2], make up the horizon sized
microstates of a black hole. When a shell of matter is collapsing and approaches its Schwarzchild
radius, it will tunnel into a linear combination of VECROs and fuzzballs. The absence of horizon
formation in black holes is what allows us to avoid the information loss problem. It was also ar-
gued that VECROs would eliminate the metric singularity at the centre of classical black holes. We
proposed that in order to do so, they must have a negative effective energy density. Furthermore,
motivated by previous work done with string holes [36], we argued that the equation of state should
be that of a stiff fluid. That is, the equation of state parameter should be w = 1, such that p = p.

The inflationary scenario [17] is one of the most widely regarded theories of early universe
cosmology because it made a number of correct predictions about the CMB, and provided a causal
mechanism for structure formation. However, we stressed the importance of considering alterna-
tives to inflation, especially those that belong to the class of bouncing cosmologies, as they aim to
resolve the initial singularity. For example, the PBB scenario [13] is motivated by string theory and
thus has both the graviton and dilaton as massless modes. The Pre-Big-Bang phase is contracting,

and its solution has a growing string coupling, whereas the Post-Big-Bang phase is the typical radi-

40



ation dominated expanding one. New physics is required for the Pre-Big-Bang and Post-Big-Bang
phases to be connected smoothly. We also discussed the original Ekpyrotic scenario [21], where a
negative exponential potential causes a “bulk brane" and a “visible brane" to approach each other
in what corresponds to a contracting phase. When the branes collide, there is a singular bounce
into the usual expanding phase. Another alternative is string gas cosmology [4], which makes use
of the new degrees of freedom and symmetries that come from superstring theory. This model
compactifies all spatial dimensions, and is based on coupling a classical background to a gas of
closed strings [4]. One of the major benefits of string gas cosmology is that there is no temperature
singularity because a gas of strings cannot exceed the Hagedorn temperature [18].

The theory of cosmological perturbations [29] is one of the most important parts of modern
cosmology because it allows us to make a connection between early universe theories and obser-
vational data. Nonlinear structures, such as the galaxies and clusters we see today, initially started
out as small perturbations at early times. Describing the growth of these primordial perturbations
mathematically requires solving the linearized Einstein equations in an expanding background.
However, because we are interested in a bouncing cosmology, we referred to the analysis in [35],
which determines the evolution of perturbations in a contracting universe. The goal of [35] was to
determine when a contracting universe is robust against the formation of black holes. The density
contrast and power spectra were computed for both thermal and quantum vacuum initial condi-
tions, and the Press-Schechter formalism [34] was used to derive the general requirement for black
hole formation. It was found that black holes will not form in a nonsingular bounce when the
sound speed is sufficiently large, and that bouncing cosmologies drievn by matter satisfy the con-
ditions for black hole formation. However, we did not consider black hole formation in our study
of VECROs in cosmology, and instead focused on the perturbative analysis in [35].

Just as fuzzballs and VECROs emerge to prevent Schwarzchild singularities from forming in
black holes, VECROs also have a similar effect in the case of the Big Bang metric singularity.
Hence, we can view VECROs as a component of the quantum vacuum that works to counteract

the formation of singularities. Using this logic, we have given a proposal for a new nonsingular
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bouncing cosmology using VECROs. We were able to realize a nonsingular bounce by using the
two key arguments we developed. Namely, that the equation of state of VECROs is p = p, and that
they have a negative energy density. We then determined the behaviour of the scale factor near the
bounce, which allowed us to do an analysis of the cosmological perturbations under vacuum initial
conditions. We found that a gas of VECROs produces a scale-invariant spectrum of curvature
fluctuations at late times. Furthermore, we also showed that the fluctuations remain linear if the
energy density at the bounce is less than the Planck density.

As we mentioned previously, bouncing cosmologies can be obtained by modifying matter, or
modifying the effective gravitational action. However, it would be ideal if a bounce were obtained
via an ultraviolet complete theory. Superstring theory [16] is is a theory that unifies all four forces
of nature, and is the best candidate. There are many constraints imposed by fundamental physics
that are in tension with inflation, which is why alternatives must be considered despite its many
successes. We have discussed the Ekpyrotic [21] and PBB [13] scenarios, which both use stringy
effects to obtain a nonsingular bounce, but neither come from a complete quantum gravity theory.
We also outlined string gas cosmology, which is based on the principles of superstring theory, but
has no rigorous non-perturbative formalism [6]. Our proposal based on VECROs in cosmology
faces a similar problem in the sense that we cannot yet describe it in terms of an effective action. In
fact, the specific structure of the VECROs themselves are not well understood. In our arguments,
we have only made use of their basic qualitative properties to propose a mechanism to yield a
bounce. Our hypothesis is still in the very early stages, but is still relevant because it addresses one
of the main challenges in bouncing cosmologies.

The swampland criteria [11] are composed of a list of constraints that tell us if an effective
field theory can be embedded in superstring theory. One such constraint is the distance conjecture
[32], which says that the canonically normalized scalar field of an effective field theory must have
a field range that is smaller than an order one constant multiple of the Planck mass. Another one of
the swampland criteria is the de Sitter conjecture [31], which imposes a constraint on the steepness

of the field’s potential. In string theory, the scalar fields in the low energy effective action are
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called moduli fields, and they represent the radii and shapes of the extra compactified dimensions
[10]. Showing that the radion and shape moduli fields are stabilized is one of the major difficulties
in field theory models that are motivated by string theory. Our starting point in the work done
in Appendix A was string gas cosmology, where matter is a gas of strings with momentum and
winding modes coupled to the background. It is well known that the radion, R, is stabilized by the
winding and momentum modes [33], therefore, we only studied the shape moduli, 8. We derived
the effective potential for the shape modulus field on an internal two dimensional torus, and showed
that it is consistent with the distance and de Sitter conjectures. The shape modulus was found to
be stabilized at the value 6 = 0, and the radion was stabilized at the self dual radius R = 1. Our

work provided further support for the validity of the swampland conjectures.
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Chapter 7

Conclusions

We proposed a new nonsingular bouncing cosmology based on VECROs. We took inspiration
from the VECRO hypothesis for black holes, which resolved the information paradox and elimi-
nated the metric singularity at the centre of classical black holes. An original contribution was our
argument that VECROs must have a negative energy density and a stiff equation of state in order
to remove the black hole singularity. By combining these two new VECRO properties, we were
able to show that a gas of VECROs in a contracting universe naturally results in a nonsingular
cosmological bounce. We then analyzed the curvature fluctuations and showed that they produce
a scale-invariant spectrum. What we have done thus far is just a first step in developing the full
theory of a VECRO bounce. New physics is required to realize the bounce, and we expect that it
will be string or Planck scale physics. Furthermore, since VECROs have negative energy densi-
ties, they violate the null energy condition. However, because VECROs are quantum objects, it is
possible that we have a quantum violation of the null energy condition that is consistent with the
swampland criteria. This is an open issue, and more development is required to be able to embed

this model into superstring theory.
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Abstract In String Gas Cosmology, the simplest shape
modulus fields are naturally stabilized by taking into account
the presence of string winding and momentum modes. We
determine the resulting effective potential for these fields and
show that it obeys the de Sitter conjecture, one of the swamp-
land criteria for effective field theories to be consistent with
superstring theory.

1 Introduction

In recent years there has been a lot of interest in constraints
on low energy effective field theories which can emerge from
superstring theory. These constraints pick out a small sub-
space (the string landscape) of the huge space of possible
effective field theories. Effective field theories which are not
embeddable in string theory are said to lie in the swampland
(see e.g. [1,2] for reviews). Two key criteria are the distance
conjecture and the de Sitter constraint. The distance conjec-
ture [3] states that an effective field theory of a canonically
normalized scalar field ¢ is only consistent with string the-
ory if the field range A¢ is smaller than c¢im p;, where m
is the four space-time dimensional Planck mass, and ¢y is a
constant of order one. The de Sitter condition [4] states that
the potential V (¢) of such a field has to be sufficiently steep,
ie.

| >— ey

where c; is another constant of the order one, and a prime
denotes the derivative with respect to the field. In the case
that the potential has a local extremum, then the condition
(1) is may not be met, but in that case an extended version of
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the criterion applies which states that [5,6]

V// 3
7 < -5 2)
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where c3 is a positive constant of the order one.

The swampland conjectures have been formulated based
on well-motivated ideas from string theory, but they have not
yet been rigorously established. Assuming string theory, all
scalar fields appearing in a low energy effective action are
moduli fields of the string compactification, e.g. the radii and
shape parameters of extra dimensions. Hence, their poten-
tials are determined by string theory. In a recent paper [7]
the effective potential of the scalar field corresponding to
the radius of an extra dimension was studied. The starting
point was the String Gas Cosmology model [8] (see also [9]
for earlier work, and [10] for reviews), in which matter is
described by a gas of strings including both momentum and
winding modes, and is coupled to a background space-time.
It is known [11-14] that the radion modulus is stabilized
by the presence of both winding and momentum modes. The
momentum modes prevent the radion from decreasing to zero
while the winding modes prevent it from expanding without
limits. The resulting effective potential for the radion has
vanishing potential energy at its minimum. We found that
the effective potential is quadratic about the minimum and
hence satisfies the de Sitter criteria (1, 2).

In this paper, we will focus on the shape moduli. We fol-
low [15] and consider two internal toroidal dimensions with
radius R and angle 8. From the work of [15] it is known that
string effects stabilize the shape modulus field. Here we will
consider the effective potential for 8 and show that it is also
consistent with the conditions (1, 2).

In the following section we give a brief review of SGC. In
Sect. 3 we derive the effective potential for our shape modulus
field 6 and show that it obeys the swampland criteria. We
conclude with a discussion of our results. We work in natural
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units in which the speed of light and Planck’s constant are
set to 1. We also set the string length equal to 1 in our units.

2 Brief review of string gas cosmology

String gas cosmology is based upon coupling a classical
background (including the graviton and dilaton fields) to a
gas of strings. Strings have three types of states: momentum
modes, oscillatory modes, and winding modes. These string
states, as well as the T-duality symmetry, are the key features
of string theory that are used to develop string gas cosmology.
String theory requires six extra spatial dimensions, which we
take to be compactified and toroidal. Namely, the space-time
metric is:

ds? = guvdxtdx’ + yabdxadxb 3)

where the Latin indices label the compactified dimensions,
and the Greek indices label the four dimensional FRW metric.
The torus is parametrized by shape and size moduli.

A major challenge in string cosmology is stabilizing the
string moduli, that is, stabilizing the sizes and shapes of the
extra dimensions, as well as the dilaton. Note that we are here
considering moduli stabilization at late times when the back-
ground can be described by dilaton gravity.! The basic prin-
ciple of size modulus stabilization is that the winding modes
prevent expansion because their energies increase with R,
whereas the momentum modes prevent contraction because
their energies increase with % [11-14]. As we will review
here, the coupling of the string gas to the background also
provides a stabilization mechanism for a simple shape mod-
ulus field [15]. It can be shown [18] that nonperturbative
effects due to gaugino condensation can stabilize the dilaton
without interfering with size and shape modulus stabilization,
and the same mechanism leads to high scale supersymmetry
breaking [19].

3 Shape modulus potential

In the following we consider our space-time dimensions to
be non-compact, and add a number of compact dimensions
which we take to be toroidal. Strings have momentum and
winding numbers about the extra dimensions.

The matter action for a mas of strings at temperature S~!
in D space-time dimensions is given by

! In the initial high temperature Hagedorn phase of strings, dilaton grav-
ity is inapplicable since it is not consistent with the basic symmetries of
string theory. For a recent attempt to construct a background which is
consistent with the T-duality symmetry of string theory seee.g. [16,17].
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n%,wq,N,N,p,.

Mn“,wa,N,N,pncen“,wa,N,N,pnc’ (4)

where G is the determinant of the full metric, and the sum
runs over all free string states. These states are labelled by
their momentum numbers n¢, winding numbers w,, num-
bers N and N of right- and left-moving oscillatory modes,
and momentum p,,. in the non-compact directions. The quan-
tity Pont vy NN pre is the number density of a state with the
specified quantum numbers, and €t 1y NN pre is its energy,
given by

- — 2 2
ena,wanaNspnc - \/pnc + Mn“,wa,N,N’ (5)

where M 0wy NN is the mass of such a state. In the absence
of string interactions, the number density of states is constant
in comoving coordinates. We denote the comoving number
density by n,.. w,.N.&- 10 thermal equilibrium, the number
density of excited states is suppressed by the thermal Boltz-
mann factor. Hence, we can restrict the summation to run
over the lowest mass states which are the massless states
(the tachyon which appears in bosonic string theory does
not appear in the spectrum of superstring theory). Since the
determinant of the metric reduced to our expanding spatial
dimensions cancels out between «/6 and p, the matter action
becomes

— D, /_ - _
S_/d X GOO Z nnaxwastNsPncEna»wayNsN>pnc (6)

restricted

where the sum is restricted to the lowest mass states, and Gy
is the time component of the metric (the scale factor depen-
dence in the spatial dimensions has been cancelled against
the corresponding factor appearing in the number densities
)

In [11-15], the equations of motion for the size and shape
moduli were derived by deriving the energy-momentum ten-
sor of the higher dimensional theory with matter action (6),
and inserting the resulting expressions into the higher dimen-
sional Einstein action. Here, following [7], we obtain the
equations of motion for the moduli fields by inserting the
ansatz for the metric into the matter action (6) (more specifi-
cally, by inserting the ansatz into the mass formula), viewing
the resulting action as an action for the moduli fields, and
taking the resulting variational equations.

The string mass for a toroidal compactification depends
on the three sets of string quantum numbers, and is given by:

2 1 ab R2 a,. b
Mn,n,N = FV ngnp + (ﬁyabw w
2
+— (2N+n“wa —2), @)
o
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where n?, w?, and N are the momentum, winding, and oscil-
latory quantum numbers, respectively,? and y,;, is the space-
time metric. In the string units which we are using, o’ = 1.
The indices a and b run over all compact dimensions. Later
in this note we will be considering a two dimensional torus
representing two of the internal dimensions.

In SGC, the universe begins in a thermal state of strings>
The string partition function is then dominated by the string
states with lowest mass. These states satisfy N = 1 and
n* = w, = =1. Note that for each such state, there are
momenta and windings in only one of the directions.

If matter is treated as a gas of strings, then the dynamics is
governed by the following d space-time dimensional full low
energy effective action (the action for matter and geometry):

S 1
=52
2k

d4X=Ge 24

N 1
X [Rd +49,Pg0" Py — Zaﬂy‘wa“y“b — 2ng_2¢"n(E1>] ,
3

where «,’ l'is the reduced gravitational constant,  is the num-
ber density of the strings, G is the determinant of the metric,
® is the dimensionless dilaton field, R is the Ricci scalar, and
(E1) is the thermal average of the energy of a single string.
We consider this as the action for the moduli fields.

The final term in (8) contains no derivatives of the moduli
fields and hence acts as a potential for these fields, i.e.

V() = *Pin(E(#)). )

Since the partition function is dominated by the lowest mass
string states, the potential energy can be expressed in terms
of the mass of these states, i.e.

V($) ~ P pd + MP_| . (10)

We will now review how this potential stabilizes the moduli
fields, and extract the shape of the potential for a canonical
shape modulus field.

4 Moduli stabilization on a 2-dimensional torus

To be specific, we shall here consider the case of an internal
two dimensional torus. Thus, the metric we will be using is

2 More precisely, N is the number of right-moving modes, and we
have made use of the level matching condition to take into account the
left-moving modes.

3 Thermal fluctuations of strings in the early phase provide the ori-
gin for the cosmological fluctuations [20] and gravitational waves [21]
observed today.

that of Eq. (3) where y,;, is the metric for the torus:
R?  RZ%sinb
Vab = |:R2sin9 R?, } (i

where R gives the radius of the torus, and 6 is the shape
parameter. For & = 0, it is easy to see that the square mass
function (7) has a minimum at the self-dual radius R = 1,
and hence leads to stablization of the radial modulus field
R, as has been considered in [11-14]. The resulting modulus
potential was shown [7] to be consistent with the de Sitter
conjecture. Here, we focus on the shape modulus and its
potential.

The metric y,;, generally involves scalar fields ¢! called
modauli fields. The kinetic terms of the moduli fields are:

1
—Zauyaca“y“b = —8179,0" 8,0’ (12)

In our case, we fix R and hence consider only one moduli
field. It corresponds to the shape modulus 6. The correspond-
ing canonically normalized field is

My
= —90, 13
R (13)
which leads to the internal space metric
1
0
=4 14
g1y |:0 ! } (14)

in the limit of small ¢. Note that ¢ = 0 corresponds to a
rectangular torus, the enhanced symmetry point.

The stable fixed point is the rectangular torus where the
complex structure modulus 6 is zero, and R is set to unity. We
can explicitly find the string mass for the metric y,,; defined in
(11). Expanding equation (7) about small field values gives:

4
M}y ~ <¢2+0<1)A‘§—2>. (15)

pl

Using (10), we see that the resulting potential for the modulus
field ¢ is (dropping the quartic term in ¢)

V(p) = e *Pin,[p2, + ¢2 (16)

and that hence

Voo ® 1
V2Pt V24

where in the last step we have evaluated the result at late
times when the momentum p,,. in the non-compact directions
is negligible (since these dimensions are expanding and the
momentum hence redshifts).

7)
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Let us now make contact with the swampland criteria.
First, we note from (13) that, since |0| < 7 /2, therange of the
modulus field does not exceed the Planck scale, in agreement
with the distance conjecture [3]. Next, we see from (17) that,
since the field is confined to values |¢| < (7w /2)M;, the de
Sitter conjecture (1) is automatically satisfied, with a constant
¢ which (making use of the maximal value of |¢]), is given
by ¢ = +/2/7.

There is a caveat to our conclusions regarding the de Sitter
conjecture. As originally formulated [4], the de Sitter con-
jecture applies to a bare potential in the four-dimensional
effective field theory. Our potential, however, is an effective
potential which in fact changes its amplitude as our three
dimensional spatial sections expand.* On the other hand,
the derivation of the de Sitter conjecture in [6] based on the
covariant entropy bound of Bousso [22] concerns the poten-
tial function which enters the Friedmann equations, which is
the effective potential. Hence, when considering applications
of the de Sitter conjecture to cosmology it is reasonable to
consider the effective potential, as we are doing.

5 Conclusions

We have studied shape modulus stabilization using in the con-
text of string gas cosmology, and have seen that the effective
potential for this modulus field is consistent with the swamp-
land constraints (specifically, the distance and the de Sitter
constraint). Note that the string gas yields a potential that sta-
bilizes both the radial and the shape modulus fields, the radial
field being stablized at the self dual radius R = 1 of the extra
dimensions, and the shape modulus 0 at the value 6 = 0
which corresponds to a square torus. Our analysis showed
that the de Sitter conjecture is satisfied, and the value of the
constant ¢ was found to be 7.

Our analysis was done in the context of the simplest model
for the extra dimensions, but the physics which yields the
effective potentials which are consistent with the swamp-
land constraints should be generalizable to more complicated
compactifications. It is also important to point out the the ori-
gin of the potentials which we are considering are stringy. In
apure effective point particle field theory approach the wind-
ing modes which are responsible for modulus stabilization
and the shape of the potentials are not present, and the effects
we have discussed could not be seen.

In summary, our study provides further support for the
swampland conjectures.

4 As shown in [12], such a time-dependent effective potential is con-
sistent with constraints from late time cosmology. The analysis in that
paper was performed for the volume modulus field, but the conclusions
will carry over to the shape modulus field which we are considering in
the present paper.
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