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ﬂ I was walking up the stair,
I met a man who wasn’t there,
He wasn’t there again today,

I wish, I wish he’d stay away.

As I was sitting in my chair,

I knew the bottom wasn’t there,
Nor legs nor back, but I just sat,
Ignoring little things like that.

Hughes Mearns
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Abstract

Advances in string/M-theory have recently motivated the study of braneworld scenarios for
which our Universe would be embedded in compactified extra dimensions. Playing the role
of a toy model, the five-dimensional Randall Sundrum scenario is of special interest. In that
model, the extra dimension is compactified on an S} /Zs orbifold, with two three-branes on

the fixed point of the Zy symmetry.

In this thesis, we develop a four-dimensional effective theory for Randall Sundrum mod-
els which allows us to calculate long wavelength adiabatic perturbations in a regime where
the p? terms characteristic of braneworld cosmology are significant. This extends previous
work employing the moduli space approximation. We extend the treatment of the system to
include higher derivative corrections present in the context of braneworld cosmology. The
developed formalism allows us to study perturbations beyond the general long wavelength,
slow-velocity regime to which the usual moduli approximation is restricted. It enables us
to extend the study to a wide range of braneworld cosmology models for which the extra
terms play a significant role. As an example we discuss high energy inflation on the brane
and analyse the key observational features that distinguish braneworlds from ordinary in-
flation by considering scalar and tensor perturbations as well as non-gaussianities. We also
compare inflation and Cyclic models and study how they can be distinguished in terms of

these corrections.

We then focus on the study of the Randall Sundrum scenario in the case where the
boundary branes are very close. In that regime, we obtain an effective theory, correct to

all orders in brane velocity. The resulting theory is derived via recursive differentiations of
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the five-dimensional equations of motion. It extends the low-energy effective theory to the
high energy regime. In the case of cosmological symmetry the theory reproduces the five-
dimensional behaviour exactly, which the low-energy theory fails to do. This extension has
the remarkable property of including corrections only as powers of first order derivatives.
This important feature makes the theory particularly easy to solve. Perturbations in the
tensor and scalar sectors are then studied. When the branes are moving, the effective
Newtonian constant on the brane is shown to depend both on the separation of the branes
and on their velocity. In the small distance limit, we compute the exact dependence between
the four-dimensional and the five-dimensional Newtonian constants. We then extend the
theory by introducing a potential for the radion and show that for a fixed background,
the perturbations propagate the same way as they would in a standard four-dimensional

scenario.
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Arbol, the Shape of the Universe by the Mayas

1.1 Early Universe Cosmology

1.1.1 Cosmology

Throughout history, cosmology has progressively evolved from addressing questions about
our environment and what surrounds us, to a scientific study of our Universe, its structure,
its evolution and most intriguing of all, its origin.

The earliest view of our world was anthropomorphic, where all forces of natures were

alive, then 5,000 to 20,000 years ago, myths took over to address more complicated issues

1



CHAPTER 1. INTRODUCTION

of our Universe. The creation of the Universe is, for instance, addressed in Egyptian
cosmology where the sky Goddess Nut feeds from Ra, (the sun God) and gives birth to Ra
nine months later. Ra is thus a self-creating God, and the Universe is cyclic and eternal.
The idea that our Universe might be cyclic avoids the disturbing notion of a real beginning
and end of our Universe, what is before the birth of the Universe is the Universe itself. This
idea was shared by the Mayas who believed in successive cycles of creation and destruction
of about 5,000 years. In Mayan cosmology, the Universe is surrounded by a crocodile eating
its own tail. The sky is supported by the Mayan Ceiba tree which communicates with the
Underworld, or other world. As we shall see, some of these notions are still very much
alive.

One of the first systematic studies of our Universe dates to the Babylonians, although
no real model was developed to explain their observations. The Greeks, on the other hand,
used many of their observations to create a geometrical model of our Universe, strongly
based on mathematical logic, which is still the language in which most of cosmology is
studied nowadays.

Although these different myths often mixed observational facts with supernatural be-
liefs, they all had for common aim to give a rational explanation of the everyday world, as
it was observed, or as it was believed to be. Their proper logic might have been different
from ours, but they were all seen as consistent stories. Even if the specific terminology
and the details of the stories are not the same, many notions used nowadays in cosmology
are not original to our time but have been shared by many cultures before us. In any
culture and epoch, the questions puzzling us are often very similar and remain open until
a “consistent” and “reassuring” model is proposed. What is consistent probably depends
on which logic is used, but what is reassuring often depends to what extent one finds ones
own place in the model.

Over the past 20 years, some specific questions have puzzled cosmologists and have
driven them to come up with a model of the early Universe in which inflation plays a
crucial role. Taking this modern approach, we shall describe which questions are at the

core of “modern” cosmology and how these issues may be addressed.
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1.1.2 Early Universe and Modern Puzzles

Present observations of distant supernovae strongly suggest that the present Universe is
expanding and is well described by a spatially flat Friedmann Robertson Walker (FRW)
metric with scale factor a. The expansion of the Universe is mainly “fed” by dark matter
and a cosmological constant, as described by the Friedmann equation which relates the

Universe expansion to its matter content [1]:

K
0 = 54,0, (1.1)

where p is the energy density for the dark matter and the cosmological constant, and the
Hubble parameter H = a/a ' describes the evolution of the scale factor a. If we assume
that the Universe has followed the same behaviour in the past, its origin must have been
singular, originating from a point around 15 billion years ago. Just after its creation, the
temperature of the Universe must have been very important, (going as T ~ a™!), leading
to the Hot Big Bang model. This model is believed to give a relatively accurate description
of the Universe since the time of nucleosynthesis and relies on the assumption that before

this period, the Universe was composed of a hot gas [2].

Flatness Puzzle

The present Universe appears to be almost flat. In a FRW Universe, as described by
eq.(1.1), any deviation from flatness would increase as the Universe expands. In other
words, in order to observe such a flat Universe today, the deviation from flatness just after
the Big Bang must have been tiny. The average density p of our universe must be very
close to the critical density p. which would be necessary in (1.1) to observe a perfectly flat
Universe. If just after the Big Bang, 2 = p/p. had a value slightly greater than one, its
current value, 15 billion years later, would be huge and conversely if €2 had started slightly

smaller than one. For € to be so close to one today (a value of |2 — 1| ~ 0.1 is observed),

'In this thesis a dot designates the derivative with respect to the proper time and x4 represents the

four-dimensional Newtonian constant.
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its departure from that value just after the Big Bang must have been of order ~ 107 or

smaller which seems to be of a highly unlikely precision.

Magnetic Monopole Puzzle

This puzzle has at its origin the fact that no monopoles have to date been observed. Yet,
they seem to be predicted in large numbers by the conventional Hot Big Bang scenario
combined with Grand Unified Theories, and should dominate the energy density of our
Universe before Helium synthesis [3]. Indeed, in theories that unify all forces of nature,
such as Grand Unified Theory (GUT, without gravity) or superstring theory (with gravity),
topological defects (such as monopoles or cosmic strings) are expected to be generated
during phase transitions. At very large temperature, such as the ones in the Hot Big Bang
scenario, the probability for the production of such topological defects is large, much larger
than that compatible with observations. In three spatial dimensions, two cosmic strings
may interact and annihilate each other. This is however not the case for monopoles. In
the conventional Hot Big Bang model, monopoles are therefore expected to be found in

large numbers.

Horizon Puzzle and Origin of the Large Scale Structure

The observation that physical properties, such as temperature and in particular the Cosmic
Microwave Background? (CMB), appear remarkably smooth in all directions is at the
origin of the horizon puzzle, (or what is called the homogeneity or causality problem) [4].
Deviations from the 2.728° K temperature of the CMB are indeed of order of 5.107% % [5].
Widely separated regions of space therefore share some of the same physical properties.
Although this does not seem to be a problem today, as these regions are causally connected,
when looking at these regions at the time when the radiation responsible for the CMB was

emitted, they appear to be causally disconnected (as it can be more clearly seen on fig.

2 Although the existence of the CMB has been predicted independently by G. Gamow in 1948, and by
R. Alpher and R. Herman in 1950, it is only in 1965 that it was first observed, by accident, by A. Penzias
and R. Wilson.
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Causally disconnected regions

Figure 1.1: Horizon problem: regions with the same temperature were causally discon-

nected at the time where the radiation was emitted.

1.1). If the Universe was around one million years old at the time of emission, the distance
between these regions would have been about 100 million light years se. much greater than
the Hubble length scale, making it impossible for these regions to interact and therefore
to explain why their temperature could have been so close.

Although the CMB appears to be homogeneous with fluctuations of order 1073 %,
surprising results may be observed from the CMB data once the uniform value of 2.728° K is
subtracted from all regions. In particular the study of the remaining anisotropies, presents a
remarkable large scale structure [6]. A possible explanation for the origin of this large scale
structure was first given using cosmic strings. But although the perturbations generated
by cosmic strings are almost scale invariant, their exact spectrum is not compatible with
observations. The origin of the large scale structure is thus not well defined in the standard

Hot Big Bang model, even if some potential candidates have been proposed.

Origin of the Big Bang

In the Hot Big Bang model, the origin of the Universe is singular. Although the different
phases of the Universe can be understood with good accuracy, and its evolution can be
followed between 1s after the singularity until the present time, no explanation is given on
the origin of the Big Bang itself. In the Hot Big Bang scenario, the origin of the Universe
is therefore only postponed by the presence of the singularity, what happens before that
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and what generates it remains mysterious. It is actually extremely difficult to make much
progress on that subject, although this is one of the most intriguing questions. So far
very few acceptable ideas have yet been proposed. As an example, we may suggest the
idea that our Universe might have been created by quantum tunnelling from nothing [7].
This proposal relies on the existence of a Hawking-Moss instanton from which the Universe

could have been self-created.

Dimensionality of our Universe

So far, no remarks have been made concerning the dimensionality of our Universe. From
the every day life point of view, no objections can be made to the fact that we appear to
live in a (3 + 1)-dimensional spacetime, and to date no deviation from four-dimensional
physics have yet been observed, not even at very small physical scales. Since the concept
of extra-dimensions is very hard to picture, the fact that only three spatial dimensions
are observed did not seem to present any problem before models requiring more spatial
dimensions have been suggested. The Hot Big Bang scenario does not give any explanation
for this fact and, as we shall see, very few explanations have actually been proposed. An
anthropic argument might answer half the question: If our spacetime had less than three
spatial dimensions, it is reasonable to assume that life would probably not have developed
and the question of the origin and dimensionality of that Universe would not be posed. For
superstring theory to be a consistent theory, extra-dimensions have to be considered, as we
shall see. The reason why only three of these dimensions are observed remains uncertain
but a more detailed discussion on this subject and on some proposed mechanisms is given

in section 1.3.2.

As we shall see in what follows, an explanation for some of these puzzles is given in the
model of inflation which will be described now. This is no proof of the validity of inflation
nor of the uniqueness of such a model but it is however reassuring to find a model capable
of explaining some of the main features of cosmology, although many questions remain

open and some new puzzles arise.
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1.1.3 Inflation

de Sitter Cosmology

The idea behind inflation relies on the possibility that our Universe underwent a nearly
de Sitter phase prior to the usual Hot Big Bang evolution. Inflation is not a substitute
of the Hot Big Bang scenario but rather a mechanism that sets the initial conditions
for the usual evolution. Such a phase would be generated if the right hand side of the
Friedmann equation (1.1) was a constant, the scale factor would then grow exponentially,
leading to a de Sitter cosmology [8]. This is for instance the case if the only energy density
present (or the dominant one), arises from a uniform vacuum energy A. The scale factor
would then grow in proper time as a(t) ~ eff* where the Hubble parameter H is constant:
H = \/k4\/3, leading to a uniform expansion of the Universe. Such an evolution has the
advantage of diluting any deviations from flatness as well as any topological defects, giving
an explanation for two of the previous puzzles, although inflation was first proposed only
to solve the monopole problem. Its capacity to solve some of the other puzzles has made

this model specially interesting.

If we suppose that some curvature k£ was present at the beginning of the Universe, this

would give rise to the following Friedmann equation:

K4 k
H>=—A-—. 1.2
3 a? (1.2)
The effective energy density associated with this curvature, p, = —3k/k4a?, would be

exponentially suppressed in comparison with the energy density for the vacuum: py/pp ~
a2 ~ e72H! Any deviations in flatness are therefore exponentially suppressed by the
exponential expansion of the scale factor, explaining why the present Universe is observed
to be so flat. Similarly, in such a scenario, topological defects such as magnetic monopoles

could still be produced, but their energy density would be exponentially suppressed in a

de Sitter spacetime, explaining why so few (or none) have yet been observed.

Although the scale factor may be very small in a de Sitter spacetime, the time T needed

7
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for it to go to zero back in time is infinite:

ag d ag d
T:/ ﬁ:H—l/ —a:oo, (1.3)
o a 0o a

in a purely de Sitter spacetime, it would thus take an infinite proper time to go back to the
singular pointlike Big Bang origin. Since the geometry is actually only approximatively
de Sitter, the actual time to go back to the Big Bang is very large, but finite. This would
still be enough to solve the horizon problem, if at some point before the usual Hot Big
Bang evolution, the Hubble scale had been greater than the physical scale. This would be
possible if 9, (aH)™" < 0, ie. if the comoving Hubble length was decreasing in time. This
is in general one of the conditions required for inflation. The Hubble scale can hence be
greater than the physical scale at the beginning of inflation, and so interactions within a
region of the size of the physical scale would be possible. This would hence explain the
large scale homogeneity of the CMB.

A possible explanation for the flatness, the horizon and the monopole puzzles would
therefore be available if our Universe underwent an inflationary period of about 60 efolds
after the Big Bang [8]. Since this is one of the most commonly accepted explanations, we

shall describe below how such a phase could arise.

Inflaton Scalar Field

In order to obtain a nearly de Sitter phase, one needs a vacuum energy density which
dominates the content of the Universe. For a conserved fluid to have such properties, its
pressure p = wp should be related to its energy density p in such a way that p does not
vary. From the conservation of energy, p = —3H (p + p), this fluid needs to have a pressure
p =~ —p, in other words, the parameter w for the equation of state should be very close
to w ~ —1. This is possible if a scalar field ¢ is present in the theory and dominates the

contributions to p and p. The stress-energy tensor will then derive from the action:

5, = [artv=a (5 007+ Vo)) (1.49)

8
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where the potential V(¢) describes the scalar field interactions [9,10]. Assuming cosmo-
logical symmetry, the energy density for this scalar field is p = %@2 + V() whereas its
pressure is p = % ¢@? =V (p). In the regime where the scalar field is evolving very slowly, its
kinetic energy may be neglected in comparison with the potential energy, ¢? < V (), and
the required property p ~ —p is thus satisfied. This leads to an almost constant Hubble
parameter H? ~ %V (o), as long as the field is moving slowly ¢ ~ ¢,. This scalar field is

often called the inflaton.

In this model, the contribution of the potential should be very important, so the scalar
field can not be stationary at a minimum located at V' = 0, (which would be for instance
the minimum for a free massive scalar field with potential V' = %m2902). Instead one can
imagine a scenario for which the scalar field is located at a non-vanishing minimum of the
potential. Including temperature corrections, the effective potential may spontaneously
change configuration and new vacua can appear. The scalar field can hence tunnel to
a new vacuum after having stayed (for about 60 efolds) in the false vacuum with non-
vanishing vacuum value. In that model, the assumption that the scalar field moves slowly
(or not at all) would hence be valid but we shall see later that this idea does not work. In
many scenarios, the scalar field is instead assumed to star “up the hill” of a slowly-varying
potential and rolls slowly towards the minimum, although few explanations on why the
scalar field would start up the hill are given. The potential should then be very flat and

satisfy some slow-roll constraints [11].

Predictions of Inflation

Although inflation seems to solve three of the previous puzzles, some questions remain
open. The origin of the Big Bang, for instance, is still unaddressed. Inflation has however
the remarkable property to solve a supplementary question which is the origin of the large
scale structure and to model with a surprising accuracy some of the large scale structure

details.

In the inflationary scenario, the large scale structure finds its origin in the curvature
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perturbations (sourced by the scalar field perturbations). The inflaton is indeed expected
to have very small thermal fluctuations which should be almost the same at every scale
and have a gaussian distribution. The subsequent fluctuations in the curvature could then
explain the anisotropies observed in the CMB measurements [12,13]. The power spectrum
of such perturbations generated within an accelerating de Sitter background is surprisingly
close to current measurements [14,15]. Although one might argue that other theories might
give the same prediction [16,17], this represents a very important prediction of inflation
and is the reason why it has been the subject of so much interest despite the presence of

some problems (which we shall summarise in the following).

So far no uncontested alternative theories have been proposed and although the origi-
nal inflation scenario has found some failures, some more complicated versions have been
proposed. Among these models, we may in particular point out hybrid inflation, which is
generated by two scalar fields, one responsible for the large vacuum value and the other
one for the thermal perturbations [18]. After tuning, these more elaborated versions of

inflation could model a wide range of different large scale structure observations.

Problems of Inflation

e Interpretation of the inflaton scalar field
One of the most fundamental problems of inflation is the origin of the inflaton scalar
field as no such fundamental spin-0 particle has yet been observed. In the original
scenario [19], A. Guth suggested that the inflaton scalar field could be identify as
one of the fields present on the SU(5) GUT as the Higgs field [20]. In this idea,
the non-vanishing vacuum value for the inflaton would be obtained through the false
vacuum mechanism we explained earlier on. However in that model, the amplitude
of the false vacuum should be tuned to a value much beyond what would be natural
from the GUT scales. Furthermore the decay rate of the false vacuum would be
very important. The interpretation of the inflaton as a possible Higgs candidate has

therefore been dropped. Some other attempts have been given but so far the question

10
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remains opens.

¢ Fine-Tuning
Another fundamental problem of inflation is its requirement of impressive fine-tuning
in its different parameters and initial conditions. The potential needs indeed to sat-
isfy some slow-roll conditions and, at the same time, should be capable of generating
60 efolds of inflation. The original value of the potential should thus be enormous
and especially compared to the present cosmological constant. It seems highly im-
probable that such fine-tuned quantities just happened to take place and to provide
the Universe with such convenient features. The physical intuition seems to suggest
that some fundamental underlying physics is not understood and should explain why

such value could have been picked or provide an alternative mechanism.

e Inflation in question
The previous two problems have put inflation into question despite its accurate pre-
dictions of the large scale structure. In particular the way the initial conditions
should be imposed is subject to important polemics especially since the origin of

inflation itself is not fully understood.

We have mentioned so far only the two main problems of inflation but some other
criticisms exist. In particular, inflation does dilute the topological defects but once
inflation has ended, monopoles could still come back in large numbers. Another
open question is how does inflation end? In the original idea of A. Guth, a natural
ending would occur when the scalar field spontaneously decays into the true vacuum,
however this idea is no longer considered. Instead the scalar field is often assumed
to roll gently down the potential hill and it is difficult to find a natural ending to
inflation. In models of hybrid inflation, such an end is more easy to track since one

scalar field is directly responsible for the shape of the potential.

Despite the success of inflation to explain some of the most important puzzles of cosmology,

some questions remain open. Since the idea of inflation was first suggested, 24 years ago,

11



CHAPTER 1. INTRODUCTION

enormous efforts have been placed into this area to extend this model, fill the open questions
and test its predictions by important observation programs. Despite all these efforts no
real alternative or explanation can yet be given although many new important ideas are
in the process of being tested. String theory, born more than 30 years ago and followed
by Superstring theory 25 years ago has gained an incredible interest as a fundamental
unified theory. The idea that gravity could be associated with other forces (for instance
electromagnetism) in a unified theory is however not new and dates from Kaluza Klein
compactification. As we shall see, these unified models require extra-dimensions [21] whose
implications for cosmology shall be the main focus of this thesis (for a review on extra-

dimensions, see [22]).

1.2 Extra-dimensions and Braneworld

1.2.1 Kaluza Klein Compactification and Extra Dimensions

The notion that our Universe could be embedded in compactified extra-dimensions is not
new. In 1919, T. Kaluza suggested that our Universe could have actually been five-
dimensional with the fourth spatial dimension curled into a circle of radius R <« H~!
where H~' is the horizon scale [23]. If R was much larger than our horizon scale, our
Universe would effectively be five-dimensional. When R ~ H~!, we would not see the
fifth dimension exactly as one of our three spatial dimensions, but some effects would be
present. In particular, to go from one point to another, light could circle on a geodesic
around the compactified dimension any number of times. It would therefore seem to us,
that any object would be repeated with a certain periodicity depending on R. In the case
where the radius of the extra-dimension is of order the Planck scale, we expect to recover
an effectively four-dimensional spacetime as we observe. In that case, the energy required
to excite modes in the extra-dimension is huge and, at low energies, no such “Kaluza Klein”

modes are excited.
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Figure 1.2: Kaluza Klein compactification.

In Kaluza theory, the five-dimensional spacetime would have the metric:
ds®* = @ dy® + 24, dy dz* + g, datda”, (1.5)

where y designates the extra-dimension and z* our four-dimensional spacetime. Only
gravity can propagate in the fifth dimension but on our four-dimensional spacetime, elec-
tromagnetism is recovered as a consequence of the presence of the vector field A,. A,
could indeed play the role of the photon, ® is what is called the dilaton scalar field, and
9w Plays the role of the graviton. From five-dimensional general relativity, we recover Ein-
stein gravity and Maxwell electromagnetism. An extension of this model was performed in
1926 by O. Klein [24]. In that theory, a pointlike particle in four dimensions is described
as a circle wrapping the fifth dimension. Excitations along this circle (or string) can be
responsible for different characteristics of the pointlike particle. This idea is at the basis
of string theory. In string theory, the higher-dimensionality of spacetime is not a possibil-
ity but a requirement. We shall see for instance in superstring theory, that our Universe
should be ten-dimensional. Since only three spatial dimensions are effectively observed,
one might think that the extra-dimensions should be compactified. However there exists

an alternative: The notion of branes, that we shall describe later. The notion of a domain
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wall in an extra-dimension can be understood independently to string theory, however the
existence of branes has been motivated by string theory where they represent a hypersur-
face on which open strings end. We shall therefore very briefly review the basic notions of

string theory in the next subsection and see how the notion of branes has emerged.

1.2.2 Basic notions of String Theory
Conformal Invariance and Critical Dimension

At the basis of string theory, is the notion we have already mentioned that particles might
not be pointlike but might be extended objects with their own dimension [25-28]. A
particle line element is given by \/m (where a dot is a derivative with respect
to its proper time), X being the coordinate of the particle in the (d + 1)-dimensional
target space and G, its metric. By analogy, the worldvolume of an extended object is
instead the square root of the determinant of the tensor V.3 = —Gap 050 X 0,5 X b where
0% = 7 is the proper time of the object and the other ¢! represent its proper spatial
dimensions. In particular, a string has only one spatial dimension o' and the tensor V3 is
two-dimensional. A priori, there is no reason to consider a string rather than a membrane
(with two spatial proper dimensions) or any other extended objects, but we shall see that
strings have the very remarkable property to preserve conformal invariance, which is not
the case for any other extended object. Furthermore, despite attempts which have lead to
Matrix theory [29], it has not yet been possible to give a consistent quantised theory for
extended objects with dimensionality higher than two. Finally, string theory is the only
theory able to unify gravity with the other forces of nature. This is the reason why strings
play a very special role in modern physics.

The starting point for the study of string theory is the Nambu-Goto action [30] which,

by analogy to a pointlike particle’s action, is given by
S=_T / 2o [det (—Glap e X° aoﬁxb)lﬂ : (1.6)

where T = 27a’ is the string tension and o', which has the dimensionality of a length
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square, is the fundamental parameter of the theory. Although this action is more intuitive
to derive by analogy to the point-particle action, the presence of the square root makes it
hard to quantise. Instead we may derive the same equations of motion from the Polyakov

action [26]:
T
S=73 / A0 V=1 Gy h® 0,0 X 0,5 X°, (1.7)

where the worldsheet metric h,s appears as a Lagrange multiplier in this new action
imposing the constraint X ,-X —% h X ~X s hap = 0, (where contractions are performed
with respect to Ggp). This implies the conformal relation between the worldsheet metric
and the induced metric: hog = Q? X, - X 5, with an arbitrary conformal factor Q. This
new Polyakov action is clearly invariant under the conformal transformation h,g — Q*hapg,
which would not be the case if the worldsheet was not two-dimensional. This theory
is therefore conformally invariant and is a special case of a conformally invariant sigma
model [31]. When quantising this theory, it seems therefore natural to require that this
symmetry remains preserved. Although this is trivial at the classical level, at the quantum
level, some quantum anomalies break that symmetry [25,26,31]. (Quantum anomalies are
generic to quantum field theories. They arise from regularisation which have to be made
at the quantum level in order to calculate correlation functions, since operators can not be
evaluated at the same point.) For bosonic string theory, it is however possible to cancel
the quantum anomalies and to preserve the conformal symmetry if the dimension of the
target spacetime is fixed to 26 [32,33]. This number seems to come out of nowhere, and in
its derivation, it appears to be an integer only by chance, however this is a very important
result and we shall assume in what follows, that we live in a target spacetime with the
critical number of dimensions for the theory to be conformally invariant at the quantum

level.

Boundary Conditions

In the actions (1.6) or (1.7), some boundary conditions need to be specified for the string

coordinates X“. In particular we might either think of periodic conditions or Neumann
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boundary conditions which are both consistent with the variation principle. When the

strings are quantised, the different excitation levels lead to different particles.

e For Neumann boundary conditions, the string is open, and the condition 0, X% = 0
is imposed at its end points. In that case, the mass square of the string is given
by M? = (—1+n) /o’ where n is the excitation number of the string. In particular,
when the open string is in its vacuum state (no excitation), its mass square is actually
negative, leading to the presence of a tachyon. It is the presence of this tachyon which
makes bosonic string theory ill-defined. For n = 1, the string is massless. This degree
of excitation may be parametrised by a vector A, which defines along which direction
in the target space the string is excited. From the target space point of view, this
corresponds therefore to a massless vector field, in other words this string could be

interpreted as a photon.

e [or Periodic boundary conditions, the string is closed and X%(o,7) = X%(0 + 27, 7),
if we assume its total length to be 27. For such a string, excitations can propagate
in two possible directions (clockwise or anticlockwise, which are called left or right
movers), without interfering with each other. The number of right and left excitations
need however to be the same, even if the directions of excitation on the target space
are not necessarily the same. The mass square of the string is then given by M? =
(=143 (np+ng)) /o’ where np g are the excitation numbers on both directions,
ny = ng. The first excited state of a closed string is therefore massless and is
parametrised by a tensor field (with one index for each right and left moving mode).
This tensor field may be decomposed as a traceless and symmetric tensor S,;, an
antisymmetric one By, and a scalar field S’. Sy, represents a spin-2 massless particle
and is hence a good candidate for the graviton. String theory (or superstring theory)
is the only theory which incorporates gravity. The antisymmetric tensor field B,
represents what is called the Kalb-Ramond field and S’ the dilaton scalar field, both

these fields are massless.
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Although this is only the basic description of bosonic string theory, (which presents various
problems), the same general ideas remain valid when its extension to superstring theory is
considered. In particular, the presence of the graviton is a key element of string theory. The
notion of a curved spacetime can for instance be interpreted as a flat Minkowski spacetime

on which closed graviton strings are propagating.

Superstring Theories

Despite being the first theory capable of incorporating gravity in a natural way [34], being
unstable (due to the presence of the tachyon scalar field), and lacking of any formalism to
describe fermions, the bosonic string is not of great interest. Its extension to superstring
models [35] and to heterotic strings, on the other hand, has gained a very popular interest.
Today five different superstring theories have been found: the Type I, with N/ = 1 super-
symmetry followed by the Type ITA and IIB theories with N/ = 2 supersymmetry and the
two Heterotic SO(32) and E8 x E8 string theories. For these theories, the critical target
space dimension is 10 rather than 26 [36]. In 1984, M. Green and J. Schwarz indeed showed
that in ten dimensions, not only the anomalies related with the conformal symmetry of the
worldsheet cancel, but as well the target space is free of chiral or gravitational anomalies

for some special groups [37].

The main difference between these theories relies on which boundary conditions are
imposed (fermions have more complicated boundary conditions), and whether the strings
are oriented or not. In heterotic strings, which are theories for closed strings excursively, the
left and right movers do not belong to the same theory, one satisfies superstring conditions,
while the other belongs to the bosonic sector. The heterotic theories however remain ten-
dimensional. Among these theories the only one that contains open strings is the Type
I, all the others are exclusive to closed strings. The open string need however to contain
closed strings as well since an open string may close itself up and form a closed string. Due
to the fermionic nature of superstrings, open strings have charges (or Chan-Paton factors)

attached at their end points.
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T-duality

The last crucial point we shall briefly mention about string theory is the notion of 7-
duality [38]. We have seen that particles may be interpreted as strings with different
vibration or excitation numbers. Furthermore for the theory to make sense, the dimension
of the target spacetime should be 10 (or 26)-dimensional. Since we only observe three
spatial dimensions, it makes sense to consider that some of these dimensions might be
compactified on a circle of radius R, just as the Kaluza Klein compactification. Strings
might therefore wind around these compactified dimensions. The energy needed for a
particle to wind around a compactified dimension is proportional to R. Inversely, for
a particle to be excited along the compactified dimension, the energy required goes as
o/ /R. If we consider a string with m winding modes, and n excitation number along that
compactified direction, its energy will therefore be the same as the one of a string with n
winding modes around a compactified direction of radius o//R and excitation number m.
Torii of radius R will therefore share the same energy spectrum as torii of radius o’/ R, with
the only difference that the role of winding modes and vibrations modes will be inverted.
The duality R — o//R plays a crucial role in string theory and in particular the fixed
point of the symmetry, at R = o/, suggests the existence of a smallest length scale for
theories of closed strings on a torus (since any length scale smaller than /o is equivalent
to a length scale bigger than va/ ), although some branes could probe smaller scales in
other situations.
This T-duality actually relates the different closed superstring theories:

T-duality
type ITA — type 1IB

heterotic SO(32) — heterotic E8 x E8.

1.2.3 M-theory and Orbifold Branes

As already mentioned, five well-defined different string theories exist. We might therefore

ask the question whether these theories are really independent or if they are not part
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of the same fundamental theory and represent different limit of it. This is a sensible
question since T-duality relates some of them. Furthermore only a perturbative approach
to string theory is known. The underlying fundamental theory could then be the answer of
the quest of a non-perturbative approach to string theory incorporating the five different
string theories known so far. This theory has been named “M-theory”, but apart from its
known string theory limits, very little is actually known about it, (for a review, see [39]). It
has been shown that an additional limit of M-theory could be found, and at low-energy, M-
theory should look like 11-dimensional supergravity, (see for instance [40]). The underlying
fundamental theory should therefore be 11-dimensional, and appear ten-dimensional only
in some special limit such as for the five different string theories [41].

Any object in the ten-dimensional string theory description should therefore behave as
an extended object in the 11-dimensional M-theory. Thus, a string in the ten-dimensional
string theory should, for instance, look like a (2 + 1)-dimensional membrane in M-theory,
and similarly for any Dp-brane in string theory. In particular, a special interest can be
given to what the heterotic £8 x E8 should look like from the 11-dimensional M-theory
point of view. In 1996, P. Hotava and E. Witten suggested that from the extended M-
theory point of view, the heterotic E8 x E8 string theory would appear as a Heterotic
M-theory, compactified on a S'/Z, orbifold with orbifold-branes located at the fixed point
of the symmetry [42]. The extra-dimensional should be larger than the other compactified
dimensions (compactified on a Calabi-Yau), suggesting that there could be a regime where
the Universe would appear five-dimensional. This model has opened an entire new set of
possibilities for the study of orbifold branes. It is motivated by advances in this subject,
that so much interest has been given to braneworld cosmology. The main part of this thesis
is indeed devoted to the study of orbifold branes in the Randall Sundrum model which is
a very simple five-dimensional version of the real Heterotic M-theory model.

It might seem strange that the same fundamental theory would be capable of describing
all of the five superstring theories, especially when one of them contains open strings while
the others not. The reason for that is the existence of another duality, the weak/strong

coupling duality (or S-duality), that relates the different theories [43]. In particular, the
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heterotic SO(32) theory is dual to the open (and closed) type I superstring theory. At weak
coupling, open strings in the heterotic sector might exist but they are highly unstable and
hence quickly decay into closed strings. The type I theory might be the strong coupling limit
of some region of M-theory. In order to incorporate open strings in a more fundamental

way to the theory, we shall see that D-branes should be considered.

1.2.4 D-Branes as the End Points for Open Strings
Dirichlet Boundary Conditions

S-duality relates the Type I open string theory to the heterotic SO(32) closed string theory.
The notion of T-duality on open strings is however less clear. For T-duality to work, the
string needs to wind around a compactified direction and not be able to unwind without
interactions. When Neumann boundary conditions are imposed at the end point of strings
(requiring their spatial momentum 0, X® to vanish at that point), open strings can unwind
without any interaction. However this would not be the case if their end points were
instead fixed. For that, Dirichlet boundary conditions may be imposed, and T-duality
could have for effect to swap Neumann and Dirichlet boundary conditions. If d is the
spatial dimension of the theory (ie. d =9 for superstrings), we may consider that (p + 1)
of the string coordinates satisfy Neumann boundary conditions (0 < p < d), while the end

points of the remaining (d — p) coordinates are constrained to Dirichlet conditions:

0, X (1,0)| 0, a=0,---,p (1.8)

o=0,7

Xb(T,U)‘ = )_(b(T), b=p+1,---,d. (1.9)

o=0,7

The end point of the string is therefore fixed on a p-dimensional hypersurface called
D(irichlet)p-brane [28,44]. The study of D-branes will present interesting links with gauge
field theories. In the previous example (1.8 - 1.9), the boundary conditions were taken
to be the same on both ends of the string, but there is actually no reason to impose this
condition and we might as well take into consideration “mixed” coordinates for which a

Neumann condition is imposed at one end and a Dirichlet one at the other end. The special
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case considered until now, for which all coordinates had Neumann boundary conditions,
represents the situation of spacetime entirely filled with a Dd-brane. In that case the

strings are completely free to move in the entire spacetime.

Figure 1.3: Closed strings propagate in the entire spacetime while the end points of open

strings are attached to D-branes.

Maxwell Gauge Theory

After quantising the open strings on Dp-branes, we may consider the first excited state
(analogous to the photon massless state we presented earlier). If the string is excited along
the directions tangent to the Dp-brane, a (p + 1)-dimensional massless vector field A, will
parametrise the vibrations. This field will have (p — 1) independent variables. From the
Dp-brane perspective, this field will therefore play the role of a Maxwell gauge field. If
on the other hand, the string was excited along the direction normal to the Dp-brane,

the (d — p)-dimensional vector field A,, parameterising the vibrations, will not carry any
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indices along the brane. This field having (d — p) independent variables, the Dp-brane will
therefore see (d — p) massless scalar fields. We therefore recover in a completely natural
way a p-dimensional Maxwell gauge theory on the Dp-brane. This is a remarkable result,
explaining the special interest which has been given to these objects.

So far we have only considered one Dp-brane alone. If we extended this model to N
parallel D-branes, we could see that the same result would remain valid, and in particular
if N such D-branes were coincident, they will carry a U(N) gauge field.

D-branes are hence extended objects of superstring theory which carry charges (electric
and magnetic Ramond-Ramond charges) [45] and present very interesting properties. In or-
der to understand their implications to cosmology some special cases should be considered,

and the model will be largely simplified.

1.2.5 Hierarchy Problem and Large Extra-dimensions
Hierarchy Problem

One of the most confusing problem of particle physics is why two fundamental quantities,
sharing the same unit, do not share the same order of magnitude. Naively, one would expect
all numbers coming from a fundamental theory to have the same order of magnitude. This
is not the case for the Planck and the electroweak scales. The electroweak symmetry breaks
at an energy scale of order 250 GeV (around which the vacuum expectation value of the
Higgs field is hence taken). The Planck scale (at which quantum gravity effects come in),
on the other hand, is of order 10'® GeV. The Higgs mass is hence about 10 times lighter

than the Planck mass.

Compactified Extra-dimensions

So far, even though we considered the spacetime to have extra dimensions, we implicitly
assumed the extra dimensions to be compactified on torus of small radius a la Kaluza
Klein (or compactified on a Calabi-Yau manifold). These compactifications were made

so that effectively our Universe would remain four-dimensional, the radius of the extra-
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dimension being too small for Kaluza Klein modes to be excited at low energies. In these
models, the four-dimensional physics is unaffected by the presence of extra-dimensions, and
in particular problems occurring in usual physics (such as the hierarchy problem) remain
unsolved. Although it is convenient to recover usual four-dimensional theory in some limit,

[43

the presence of these extra-dimensions may appear as “wasted”.

Large Extra-dimensions

Motivated by heterotic M-theory, (where the 11%-dimension could be compactified on
an S'/Z,-orbifold), there has recently been an increased interest to models where some
extra-dimensions could be “large”. If all forces of nature, but gravity, were confined on
a four-dimensional hypersurface, the usual physics will apply for them. Gravity (being
propagated by closed strings), on the other hand, could be allowed to evolve in the entire
spacetime. This may be justified by the fact that gravity is the weakest force of nature
at short-distances and has been tested only up to distances of order of a millimetre® [47].
It is hence possible that departures from Newton’s law might occur at lower scales, which
would be the case if gravity was not confined to a four-dimensional spacetime. This new
idea, suggested by N. Arkani-Hamed, S. Dimopoulos and G. Dvali, [48], has motivated the
study of large extra-dimensions, in which gravity might “leak off”. The key point of this
idea is that the presence of wrapped extra-dimensions could resolve the hierarchy problem.
The higher-dimensional Planck scale could indeed be of the same order of magnitude as the
electroweak scale if one extra-dimension was of the size of the solar system while all other
extra-dimensions would be compactified on a small torus. This extra-dimension would be
huge, but if two dimensions were taken to be large, the hierarchy problem could be resolved
if their size was only of order of the millimetre.

It is based on this idea that different models where suggested, such as [49] and especially
such as the first and second Randall Sundrum models [50,51]. In these models, (which

3The E6t-Wash Short-range experiment has measured the strength of gravity for distances slightly
smaller than 0.2 millimetre and have observed no deviations from the Newton’s law, but recent experiments

are still testing gravity at sub-millimetre scales [46].
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we shall describe in great detail in chapter 2), all forces of nature (not counting gravity)
are confined on the orbifold branes, where the presence of the orbifold is motivated by
heterotic M-theory. This has the advantage of avoiding charges and form fields which are
usually present when D-branes are considered. Although this model is greatly simplified
compared to any realistic model emerging from string/M-theory, it has the great advantage
to be a consistent toy model on which the idea of large-extra dimensions may be tested
in cosmology. Later extensions of this model have been proposed to solve the hierarchy
problem in more realistic scenarios [52].

A predecessor of the Randall Sundrum scenario was the model suggested by A. Lukas
et.al. [53]. After deriving a five-dimensional effective theory of the 11-dimensional Horava
Witten’s theory, a five-dimensional cosmological solution was studied and shown to repre-
sent a consistent solution for early Universe cosmology. In their model the boundary branes
are actually three-brane domain walls on which gauge and matter fields are confined. The
Randall Sundrum scenario represents a very special case of their general solution, for which
all gauge fields are set to zero.

But the idea that our Universe could be a four-dimensional membrane in a higher-
dimensional world is much older [54]. One of the first toy models which considered this
possibility was given by G. Gibbons and D. Wiltshire in [55]. In that work, the Einstein-
Maxwell equations are solved and give a consistent solution, for which the Kaluza Klein
corrections may be ignored if the membrane has curvature or if a negative cosmological
term is present in the higher-dimensional spacetime. This idea is present in the Randall

Sundrum as well, for which a negative cosmological constant is used in the bulk.

1.3 Brane Gas and Dimensionality Puzzle

In the previous section, we showed how the concept of braneworlds could be derived from
string theory and in particular, we have suggested the idea that our Universe could be a
four-dimensional membrane embedded in a higher-dimensional world. Although this might

explain why we only see three spatial dimensions despite the fact that the true world
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might be higher-dimensional, this does not explain why a four-dimensional membrane
was considered in the first place. Unless some specific mechanisms are found to explain
why four-dimensional branes are favoured with respect to other dimensional branes, the
puzzle remains open. In this section we shall summarise the different ideas that have
been proposed to explain why only three spatial dimensions are observed. There have
been two main ways of attacking this problem. In the first one, developed well before
M-theory was proposed, R. Brandenberger and C. Vafa suggested a reason why only three
spatial dimensions could grow large [56]. But the way of attacking the problem has taken
another direction since a possible underlying theory with a relatively large extra-dimension,
(which would be unobserved in some limit), has been pointed out. Instead of showing why
a scenario with only three large spatial dimensions is favoured (or is the only possible
scenario), people have tried instead to understand why three-branes (on which we might
live, or on which usual physics laws are derived) might be favoured compared to higher-
dimensional branes. All these ideas rely strongly on the notion of brane gas (as an extension

of the string gas concept) which we shall describe first.

1.3.1 Brane gas
Conservative and democratic initial conditions

In the context of string cosmology, the first question one might ask is which initial condi-
tions should we consider. In the standard Hot Big Bang scenario, the Universe is initially
extremely hot and dense and hence a homogeneous and isotropic hot gas of matter is usu-
ally taken for initial conditions. The same idea may apply here and one might assume
the spacetime to be filled with a homogeneous gas of strings. This initial condition is
hence “conservative” as argued by the authors of [56,57]. But since the realisation that
D-branes must play an active role in string theory, the notion of a gas of strings has been
extended to a gas of branes, (where strings are similar to D1-branes, putting aside the is-
sue concerning the brane charge). In this assumption, branes of different dimensionalities

are generally considered to be initially present with a comparable density so no brane is
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favoured initially.

We would like to understand why only three spatial dimensions are observed, or in other
words why three spatial dimensions seem to be special and distinguish themselves from
the nine spatial dimensions necessary for string theory. For that, one should start with a
“democratic” treatment of all the spatial dimensions, (“democratic” as argued again by
the authors of [56,57]). Being compactified or not, all dimensions should be considered
exactly the same way in the initial conditions. Hence either all nine dimensions should be
uncompactified or all of them should be compactified the same way. In particular, if all
dimensions are compactified, a natural assumption would be to take them compactified on
a torus of radius R ~ v/a/. This is a reasonable assumption since the only fundamental
scale of string theory is the length scale v/a/, we might therefore expect all dimensions to
be compactified on a torus of this size. This respects the “democratic” condition.

From this initial condition, several proposals have been given to understand how three
spatial dimensions might separate themselves out. But first we might raise the question of
how this brane gas was created in the first place. In the next subsection will shall therefore
follow the argument by [58] where from a configuration including only spacetime filling
branes, the creation of a brane gas might be understood. In particular, we shall see how
branes of different dimensions might be favoured and hence their density might not be the

Ssame.

Creation of D-branes

In order to understand how brane-antibrane pairs might be produced, we shall follow the
study of [58]. Working in the framework of superstring theory, with nine uncompactified
spatial dimensions, they assume, as a starting point, that all open strings satisfy Neumann
boundary conditions. Or in other word, that the space is initially filled by D9-branes and
D9-branes (antibranes). The initial state presents actually N coincident D9 - D9 pairs.
This configuration is stable at high-temperature but as the temperature cools down,

pairs of D-branes and anti D-branes of lower dimensions are produced. Similarly to a
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particle-antiparticle pair, a brane-antibrane pair is indeed an unstable configuration at low-
energy, and the initial state possess tachyons which are related to this instability. At high
temperatures, the tachyon is at the minimum of its potential and the configuration is stable,
but when the temperature cools down, the potential is deformed and the tachyon is no
longer at the minimum but at the maximum. The tachyons hence decay to the true vacuum
leading to the annihilation of the D9-D9-brane pairs. But depending on the symmetry
group of the vacuum, different regions of the spacetime may take different topological
configurations and hence topological defects can be created. Since N coinciding D-branes
have an U(N) group, the initial vacuum symmetry group is U(N). We denote by (M)
the different ways S* may be mapped on the group M, (mx(M) is the homotopy group
of M). The different ways S' may be mapped onto U(1), for instance, is characterised
by the winding number (which is a topological invariant) thus 7 (U(1)) = Z. As long
as m,(M) is non-trivial (ie. there exists different possible maps), the tachyon will take
different topological values on different regions of space hence creating a topological defect
of codimension (k + 1), or a D(d — k — 1)-brane, at the intersection of these regions (for
a review on topological defects see for instance [59]). In particular, a D3-brane will be
created if w7 (U(N)) # 0, which is indeed the case if N > 3, (77 (U(N)) = Z). With this
mechanism, only D-branes with odd spatial dimensions will be created. This mechanism
explains how D7, D5, D3 and D1-branes can generically be created out of the initial stable
state. But the way they exactly form and the probability for such a creation depends
on how many regions need to intersect. Branes of lower dimensions require more regions
to have a common intersection (a codimension k object can be seen as the intersection
of (k4 1) regions, so the creation of a D3-brane requires seven regions with different
topological configurations to intersect, while the creation of a D7-brane requires only three
such regions). The creation of D7-branes would hence initially be favoured unless some
energetic and entropic arguments are taken into consideration. This will be performed in
what follows in order to understand why lower-dimensional branes might be favoured.
However the same mechanism described for the decay of D9-D9 pairs, can now apply

for the daughters brane pairs. In particular pairs of D7-D7 branes may decay and give
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rise to new topological defects or D-branes of lower dimensions. This will hence create a
cascade of daughter branes of lower dimensions.

In this mechanism, the creation of D-branes does not lead, in general, to a homogeneous
gas of branes of different dimensions. The initial conditions considered for this scenario
may as well appear not very natural. It gives however a consistent mechanism for the
production of a brane gas which could be considered in order to understand why only

three spatial dimensions are observed.

1.3.2 String theory contributions to the dimensionality puzzle
Annihilation of extended objects

We shall now focus on the “dimensionality puzzle”, trying to understand either how three
dimensions may distinguish themselves or whether D3-branes are favoured in some scenar-
i0s.

Both these ways of attacking the problem rely on the similar idea that strings or other
extended objects may not annihilate for large dimensions but can for lower dimensions.
In order to understand this, we may use the analogy with monopoles, comic strings and
domain walls in standard four-dimensional cosmology. As already mentioned, in three
infinite spatial dimensions, the probability for two monopoles to “collide” is very weak and
in general we consider that monopoles do not decay, thus the magnetic monopole puzzle.
Two cosmic strings, on the other side, (unless they are parallel to each other) will interact
and can annihilate. The same will hold for any extended object of dimension p such that
2(p+ 1) > (d+ 1), where d is the spacetime spatial dimension. When there is equality,
2(p+1) = (d+ 1), such as for strings in d = 3 dimensions, the collision will happen only
at an instant, but for 2(p + 1) > (d + 1), the intersection happens at all time, this is for
instance the case for domain walls (with p = 2), their intersection can be seen as a 1-brane
(or string). The same will be true in higher dimensions, we thus expect extended objects
with p spatial dimensions (or p-branes) with 2p < (d—1) to survive in a (d+1)-dimensional

spacetime. For larger objects, on the other hand, they will interact and annihilate.
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Brandenberger Vafa mechanism

Long before the idea of branes had gained much interest, R. Brandenberger and C. Vafa
suggested a proposal [56] to understand why only three large spatial dimensions can be
large. Their starting point was the assumption that at the beginning all nine spatial
dimensions were small and probably compactified on a very small torus of radius R ~
Vva/. Strings will then naturally wind around this torus, preventing the dimensions to
expand since the energy required for a winding mode would grow as R/a’. Spontaneously,
however some dimensions can tunnel to a state where they grow a bit larger. When this
happens, strings wrapping these dimensions compress them back to their normal size; or
this is what happens in the usual case. But if three or less spatial dimensions grow large,
strings wrapping these dimensions may annihilate and let these dimensions “free”, as can

been seen in fig. 1.4. Indeed, if we consider strings (extended objects with p = 1), in
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Figure 1.4: Two winding and antiwinding modes can intersect in three or less dimensions

and form a loop (plus radiation).

dimensions lower that d < 2p + 1 = 3 they may interact with each other and hence
annihilate. This is not the case, however, for dimensions greater than three, and is hence an
argument explaining why no more than three spatial dimensions may grow large. Of course,

only two or one dimension might have grown large, but if we imagine a scenario where
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the small compactified dimensions may spontaneously grow large with a non vanishing
probability, there would be as many dimensions growing large as possible, hence three
dimensions. Another argument relying on the anthropic idea has already been mentioned.
In this mechanism, the other dimensions will remain small and “compressed” by the strings
winding around them. The pressure applied by the strings on the compressed dimensions
might even help the expansion of the other ones.

In this scenario, although some dimensions are capable of expanding and becoming
large, they will still remain compactified. For this to be consistent with present observa-
tions, the radius of their present compactification must be larger than the Hubble radius.
In such a case, we would not be able to notice this compactification and our Universe would
effectively appear to have three infinite dimensions.

The notion of T-duality can be extended to branes [57] and in this mechanism, one
can imagine instead that a brane gas is filling the spacetime and wrapping compactified
dimensions. The argument will then be exactly the same since strings are the extended
objects with the least dimensions, they can still prevent more than three dimensions to
expand while higher-dimensional branes can annihilate.

In the context of heterotic M-theory, the nine-dimensional compactified spacetime de-
scribed above could play the role of the orbifold fixed point of the Zs symmetry imposed
on the 11*" dimension. If only three out of the nine dimensions were allowed to expand, in
heterotic M-theory this would effectively correspond to the presence of a three-dimensional
braneworld (at the orbifold fixed point) embedded in a five-dimensional spacetime.

Early simulation works have confirmed the hypothesis of this model [60]. However more
recent work seem to suggest that this mechanism can indeed happen but its probability

appears to be weak [61].

Majumdar Davis mechanism

Since the appearance of branes as a “popular” object of string theory, another way of

explaining the puzzle has been proposed. Although different alternatives to the problem
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have been suggested the main idea behind them is similar. Working in the framework of
superstring theory (in particular we will choose type I1IB), with nine uncompactified spa-
tial dimensions, the different proposals rely on the same idea that at some point the entire
spacetime could have been filled with a gas of branes and antibranes, but the different sce-
narios suggest slightly different initial conditions and evolutions. Nonetheless, they all have
the final conclusion that D3-branes are favoured compared to other (higher-)dimensional

branes, although we should as well point out that D7-branes play an important role.

We have seen earlier how the study of [58] could explain the creation of a brane gas
from the decay of pairs of D9-D9-branes. In that mechanism, branes of lower-dimensions
were however not necessarily favoured in comparison to the higher dimension ones. In
order to explain how D3-branes might be favoured, one needs to rely on energetic and
entropic arguments as is done in [58]. To perform this last step, they compute the entropy
of a gas of Dp-branes and show that it goes as p~!. They can then conclude that the
probability of ending in such a configuration is exponentially suppressed compared to the
probability of ending in the same configuration with instead a gas of Dg-branes with ¢ < p.
Lower-dimensional branes are hence favoured as long as the initial state possess a large
number N of D9-D9 pairs.

In later work [62], they consider the annihilation of brane-antibrane pairs. Although
the creation of higher-dimensional branes is favoured in comparison to lower ones, their
calculation showed that D-branes of higher dimensions annihilate more rapidly than lower-
dimensional ones. Starting with a gas of branes of different dimensionality, at late times,
the spacetime might be filled with only lower-dimensional ones. It is relying on this last

idea that the proposals in the next subsection have been suggested.

Annihilation of brane-antibrane pairs

The previous argument, relying on the annihilation of D-D-brane pairs, is at the origin
of new proposals [63,64]. In that case, a gas of D-branes and antibranes of arbitrary

dimensions is directly considered as the initial condition mentioned earlier.
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Spontaneously, pairs of branes and antibranes can then annihilate and using a simple
dimensional argument, only branes of dimension three or lower are expected to survive.
This is a simple consequence of the fact that in a (d+ 1) = 10-dimensional spacetime, only
extended objects of dimension p < (d — 1)/2 can miss each other and hence survive. The
other Dp-branes will indeed either intersect at all times or interact at one point but will
eventually disappear, creating at the same time the entropy of our Universe.

This is the proposition given by [63] and then extended by [64] to expanding spacetimes.
In this last paper, an argument relying on the energy density of the different Dp-branes is
used in order to select the most probable configuration in an expanding ten-dimensional
spacetime. In their proposal, the Dp-brane with the highest energy-density is assumed to
be the most favourable one. They then compute the energy density of the different Dp-
branes in an expanding Universe and point out that the total energy density is dominated
by the D3-branes and D7-branes, which are hence the most favourable branes.

The argument goes as follows: If the spacetime is filled with a (homogeneous) fluid with
equation of state p = wp where p is its pressure and p its energy density, the scale factor
a will scale as a ~ t¥%“+1) where ¢ is the proper time and d the spacetime dimension
(d =9). For w < w. = —1 + 2/d, the expansion accelerates, we will hence consider only
cases for which w > w.. A homogeneous distribution of Dp-branes, that do not interact, can
be considered as a fluid with w, = —p/d and energy density p, ~ a?~¢. If the Dp-branes
interact, te. for p > 3, their energy density scales instead with the Hubble parameter
and not the scale factor: p, ~ (H™')P~@ ~ =% If no branes where interacting, the
higher-dimensional branes will hence be favoured in an expanding spacetime since their
worldvolume is considerably larger, but interactions modify this argument. If at some point
spacetime is dominated by D3-branes, effectively the spacetime would be filled with a fluid
with w = —1/3. The energy density of the D3-branes will hence scale as p3 ~ a=¢ ~ 72,
Among the interacting branes, the only ones which would have a comparable energy density
are the D7-branes: p; ~ t=2 and the higher-dimensional ones. However, one expects the
D8-branes not to be present in type IIB string theory (which only contains branes with odd

spatial dimensions). The D9-branes are different since they are space filling and overlap
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entirely, the authors of [64] hence argue that their energy density is zero. The D3-branes
together with the D7-branes are therefore favoured in that situation.

Even if the spacetime is initially not dominated by D3-branes, w > —1/3, the D3-
branes will still have the greatest energy density (this time even compared to D7-branes),
and the spacetime will eventually be filled with mainly D3-branes. Their initial assumption
is hence reasonable and gives a very simple argument explaining why D3 and D7-branes

are the branes dominating the spacetime energy density.

These arguments only give a rough proposal on how one might attack the problem and
explain why we are living in (3 + 1)-dimensions, but at least they suggest that a possible
solution to the puzzle might be found in the future. Several issues should be studied in
more detail, such as what would happen with the last mechanism if some dimensions were
compactified, and if branes interactions were considered in a more general way. But for
the purpose of this thesis we will concentrate on branes with only three spatial dimensions

and motive this choice by the previous arguments.

1.4 Brane Inflation

Motivated by the arguments of the previous section, we now study the contribution of
three-branes to cosmology. For this, we only give a brief overview of the leading models
which have first been proposed in the context of brane inflation or its alternative. This will
not be an exhaustive presentation as we will only concentrate on specific models, which

have been greatly extended since.

1.4.1 Dilaton and Moduli Fields

One of the most interesting features of string theory is its scalar fields abundance which
arises naturally without the need for any specific assumptions. This seems to be a very
different situation from other areas of physics where scalar fields are assumed to be present,

but their origin can not be explained. The presence of these scalar fields in string theory
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can for instance be associated with the presence of compactified dimensions. The moduli
fields are indeed related to the size of these dimensions. Unless some non-perturbative
effects are considered, the compactification radius is free to vary. In terms of the moduli
fields, this imply that their potential should be flat. In string theory, the strength of the
gravitational coupling may be freely redefined. Another scalar field, the dilaton, can thus
be associated with this degree of freedom. And one should expect its potential to be as
well flat. The dilaton is indeed a massless scalar field. String theory hence predicts the
existence of massless moduli and dilaton scalar fields. Their existence is at first puzzling
since no massless scalar fields are observed. But if supersymmetry is broken, their potential
is expected to be modified and such fields might becoming massive. Such supersymmetry
breaking could be generated by non-perturbative effects. One of the most important issues
in this subject is the necessity of stabilising these fields. Much effort has indeed been
devoted to the study of realistic models capable of generating an effective potential for the
dilaton, with a minimum where the dilaton may sit. On the other hand, the flatness of
the moduli and dilaton field potentials could have a very interesting application. A flat
potential is indeed one of the most important requirements of inflation. Dilaton and moduli
fields can thus be seen as very good candidates for the inflaton scalar fields [65], this is

very interesting since the origin of the scalar field in inflation remains an open question.

1.4.2 D-brane Inflation

One of the first proposals that has made use of the notion of D-branes to cosmology is
the one suggested by G. Dvali and S. Tye in [66]. Their idea is to derive inflation from a
model including two D-branes. They first consider two coinciding D3-branes embedded in
a bulk with N large extra-dimensions (and suppose that N > 2, hence giving a reasonable
explanation to the hierarchy problem). Calculating the forces between the branes, they
show that this configuration is stable. However, this might not be the initial conditions,
and to start with, they consider the branes to be separated by a distance r while they

still remain parallel. As mentioned previously, one of the most interesting contribution of
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D-branes to cosmology could be the interpretation of this moduli field (the distance r or
the size of the extra-dimension) as playing the role of the inflaton scalar field.

The supersymmetric configuration will be BPS (Bogomolny-Prasad-Sommerfeld [67,
68]), if the contribution from the different forces between the branes cancels out and leads
to a static and stable configuration where the branes are on top of each other. The different

interaction sources between both D-branes are the followings:

e The modes localised on the branes do not couple when the branes are largely sep-
arated. When they get close to each other » — 0, on the other hand, these modes
couple and give a negative contribution to the vacuum energy of the brane which
cancels with the positive branes tensions. When the branes are close, this contribu-
tion vanishes, but when they are separated, this gives a contribution to the potential

V(r) = 2\ where A is the branes’ tension.

e As already mentioned, D-branes have charges (Ramond-Ramond charges) which will
create a repulsive force between the branes and hence give a negative contribution

to the potential V (r) ~ —2r2=V.

e Dilaton closed strings can as well be exchanged between both D-branes and contribute

positively to the potential V(r) ~ 72V,

e Finally, the exchange of graviton closed strings gives rise to a gravitational attraction

between the branes V (r) ~ r2=%.

The three last interaction terms therefore cancel in the supersymmetric BPS configura-
tion and since the first term vanishes when the branes are close (or on the top of each
other), this leads to a static configuration at » = 0. But when non-perturbative effects are
generated, supersymmetry could be broken. The bulk modes will get massive and create
instead a Yukawa potential of the form r?>~Ve=™" where m is their effective mass after

supersymmetry breaking. This affects both the dilaton strings and the charge exchange

and the effective potential between the branes for large brane separation hence becomes:
V(r) ~ 2 +ar¥? (14 e ™" —2¢7™rr") | (1.10)
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where « is a constant and me, mgrgr are the different fields masses after supersymmetry
breaking. Although the exact details of this calculation are very hard (if not impossible)
to calculate, this suggest a mechanism which could lead to a very flat potential (1.10) in
which the inflaton scalar field (associated to r) could evolve and create a scale invariant
power spectrum. Another beautiful aspect of this model is its graceful exit from inflation,
which would naturally happen when the branes get close to each other. When r — 0, the
contribution of the first term is modified and we should include the contribution of the
localised modes on the branes which vanish exponentially with . For small r, this will
lead to an exponential contribution to the potential which could hence be steep, inflation

would stop and the reheating period will start.

1.4.3 Brane - Antibrane Inflation

Despite the elegance of the previous scenario, its lack of proper non-perturbative calcula-
tion irrefutably represents a heavy down side. This weakness can be cured if one considers
its natural extension using instead a non coincident brane-antibrane pair [69-71]. Although
the work in [69] takes for initial conditions a set of non-coincident parallel D-branes and
antibranes, the main results remain the same. In [70], it is shown that the different in-
teraction sources from the previous D-brane pair model remain the same although the
interaction between the charges on each branes generates now an attractive force. Hence
the charge contribution does not cancel out the contribution from the dilaton and graviton
exchange in the BPS configuration. In that case, a simple naive calculation in perturbative
theory can be performed and gives rise to a Newtonian potential (plus a positive constant).
Thanks to the presence of the positive constant, the potential will prevent the branes from
separating too much, and hence avoid a “runaway” form. Unfortunately, the slow-roll
conditions required for inflation to work are not satisfied (although the potential is flat, its
second derivative is not small enough unless the distance r between the branes is taken to
be much larger than the size of the dimensions perpendicular to the brane, which is not

possible). In order to remedy this problem, a more elaborate calculation should be made.
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In particular, if the large extra-dimensions (perpendicular to the branes) are compactified
on a torus, one should include in the calculation the different images of the branes in the
covering space of the torus (especially if the distance between the branes is comparable to
the torus radius). When this is taken into consideration, one gets instead a potential which
is quartic in the brane separation r and hence satisfies the slow-roll conditions required
for inflation. This is, to our knowledge, the first model capable of giving an origin for the

inflation potential and exactly computing its form from a purely string theory scenario.

Furthermore, it has the very nice feature of giving a computable scenario for the end of
inflation. If one considers open strings to stretch between the branes, their mass depends
on the exact distance r. The interesting point is that the mass vanishes for a (finite)
critical brane separation and becomes tachyonic below the critical value. This leads to a
tachyonic scalar field which contributes to the potential. The potential becomes a function
of two scalar fields (the tachyon and the distance between the branes characterised by r)
and is actually of the same form as the one usually proposed in hybrid inflation in order
to facilitate the end of inflation. The sudden appearance of a tachyonic scalar field when
the branes are close, makes it possible for the scalar field r to “leak” or transfer part of its

energy and hence provide a graceful (and computable) exit for the end of inflation [72].

This model has inspired many works relying on the same idea and extending the original
scenario [73] (where the assumption of parallel branes is, for instance, relaxed [74,75], or
branes could be of different dimensionality, such as in a model of D3/D7-brane inflation [76]
or D4/D6 [77]). For a review on brane inflation, see for instance [78,79]. One interesting
idea, connecting with notions mentioned in the previous section, is the generalisation of this
model to brane gas. It is interesting to point out that the tachyonic part of the potential
can lead to topological defects (and hence Dp-branes by the same mechanism as expressed
in section 1.3.1). The spacetime could hence be filled with a brane gas. The same D-brane

inflationary scenario could then apply to pairs of branes which are not coincident [80].
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1.4.4 Inflation on a Probe D3-brane driven by a DBI Action

Another scenario worth mentioning is the one presented in [81]. In that model, the brane
velocities could be large. As we shall see, this is an issue to which a very special interest will
be given in this thesis. They consider N coinciding D3-branes, where all moduli fields have
a vanishing vacuum expectation value (VEV). Then they study the possibility of one brane
to peel off (corresponding to one moduli field ¢ having a non-vanishing VEV (¢) # 0). At
low-energy or low-velocity, the kinetic contribution arising from the motion of this brane
is given by the standard one %) = —%'02, where v is the brane proper velocity and is
associated to the moduli field evolution by v = \/ng/ ®?, X\ being the coupling constant.
But this can be shown to be only the low-velocity leading term arising from the exact
Dirac Born Infeld (DBI) Lagrangian of a probe D3-brane (whose exact form may be found
in [82]). Ignoring for simplicity the coupling to gravity, the DBI Lagrangian for the probe

D3-brane can be expressed as:

Lo = (9)7" [det (—na — F(8)0u006)* — 1] . (1.11)

where f(¢) = \/¢*. At low-velocity, we indeed recover the usual kinetic contribution, but
beyond this regime, higher powers in v should play a significant role. We may as well
notice that in that case the velocity is bounded v < 1, which is nothing else but the five-
dimensional Einstein causal speed limit and the parameter v = (1 — 112)71/ % is analogous to
the special relativistic factor (this speed limit on the moduli field has already been pointed
out in [83]).

We may as well point out that the potential term —1 in the action cancels with the
leading term of the square root expansion. The brane is hence BPS.

The down side of this model is the introduction of a potential for the moduli field
¢ capable of generating inflation. In this model its origin is not explicitly calculated
although some arguments are given. The presence of D3-branes in the bulk, for instance,
might contribute with a quartic potential. This is a simple consequence of the fact that the
DBI Lagrangian of the antibrane can be expressed just as (1.11), with the potential term

being +1 instead of —1. The leading term in the square root expansion does not cancel
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and contributes with a term of the form ¢?/\. Some other contributions to the potential
for the moduli field are as well to be expected when the coupling to gravity is taken into
consideration or when interactions with other fields are considered.

Once such a potential is generated, an explicit calculation for the power spectrum of
density perturbations is given and is shown to correspond to what would be predicted
by usual four-dimensional inflation, despite the fact that no constraint is assumed on the
probe-brane velocity (or equivalently on the moduli evolution). The ratio between scalar
perturbations and tensor perturbations is shown to be decreased by a factor /1 — v2.
Measurement of tensor perturbations might hence give some constraints on v.

In this model, the potential can not be explicitly derived, and constraints on the po-
tential are hence just imposed by hand. Despite this fact, this model is of great interest
as it raises the possibility to extend the notion of inflation to a regime where the slow-roll
conditions do not necessarily imply a slow evolution of the scalar field when higher deriva-
tives corrections to the initial low-energy model are present. The study of higher-derivative
corrections and their impact on cosmology (and especially to inflation) has as well for in-
stance been studied in [84,85]. In these models, an inflationary expansion of the Universe
can be driven by these higher-order derivative terms, even without the introduction of a
potential. However an origin for these higher-derivative terms is not explained. It is hence
interesting to study this proposal in the context of braneworld models, which generically

produce such corrections.

1.4.5 Ekpyrotic Scenarios

We finish this section on brane inflation by giving a brief overview of the Ekpyrotic scenar-
ios [86,87] which share with the previous model the possibility of generating a scale invari-
ant spectrum when slow-roll conditions are violated. Based on heterotic M-theory, both
Ekpyrotic scenarios consider the 11" dimension to be compactified on a S!/Zy-orbifold
with two orbifold branes on the fixed point of the symmetry. Relying on the analysis of

section 1.3.2, one can consider the fixed point to have only three large or uncompactified
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dimensions, and will hence be considered as orbifold three-branes. One of the brane is

supposed to have a positive tension, while the other one has a negative one.

In the first Ekpyrotic scenario [86], the authors consider the possibility for a bulk brane
to peel off from the positive tension brane and propagate in the bulk until it collides with the
negative tension brane. The different interactions between the branes and possible terms
arising from bulk degree of freedom is modelled by the introduction of a potential for the
distance between the branes. For adequate constraints on the potential, a scale-invariant
power spectrum might be produced [88]. But one of the most interesting realisations of
this model is that the collision of the bulk brane to the boundary brane will create a four-
dimensional singularity (although from the higher-dimensional point of view, the geometry
remains regular). This can hence be interpreted as the origin of the Big Bang singularity
(giving the name Ekpyrotic to the scenario, which in the Stoic philosophy describes a

Universe which is consumed by fire and gets recreated from the same fire).

An interesting alternative to this model has been given in a second Ekpyrotic scenario
[87], where the role played by the bulk brane is suppressed. Instead the orbifold branes
are directly studied in a regime where they move towards each other. In that case, the
collision of the two orbifold branes is considered as the origin of the four-dimensional Big
Bang. The singularity is this time five-dimensional and makes the study of physics through
the collision very hard to follow. These models offer the very interesting possibility of the
generation of the large scale structure before the Big Bang, as opposed to after the Big
Bang as usually proposed in inflationary models (although some models such as the Pre
Big Bang model have explored the same idea [89]). The down side of this model, is the
necessity of transmitting perturbations through the singularity which is a very difficult and

contestable task to achieve [90,91].

After the boundary brane collision or Big Bang, the branes move apart for a long period
until the potential becomes slightly positive and stops the expansion of the 11*" dimension.
The branes are thus forced to move back towards each other again and the same process

starts again. This leads to an eternal and cyclic model of the Universe.
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1.5 Outline

So far a very brief overview has been given. This introduction does not pretend to reflect
an objective nor exhaustive view on the subject (which is subject to much polemics itself),
but rather to present different concepts I have personally came across throughout my PhD
course and have found especially interesting. I hope this might help understanding why
so much interest and effort has recently been given to braneworld models and how this
area can be tightly linked to cosmology. It indeed offers an entire new set of possibilities
for the study of cosmological scenarios and incredible progress have been made in the past
six years. As a very small contribution to the study, I have focused my thesis on the
understanding of braneworld cosmology in regimes beyond the low-energy limit. I believe
these regimes to be of interest as it is beyond the low-energy limit that braneworld models
differentiate themselves the most from other more “standard” cosmological models.

From an effective field theory point of view, one generally tends to incorporate the
higher-dimensional degrees of freedom (which come in at high energies) by integrating
them out. The resulting theory thus contains additional higher derivative terms (which
are generally negligible) in the four-dimensional effective action. However this procedure
will only be valid when the energy scales of the modes which have been integrated out
are large in comparison to the four-dimensional ones. Beyond the low-energy regime (ie.
when the four-dimensional energy scales become comparable to the one which have been
integrated out), this four-dimensional effective field theory approach should hence break
down.

In order to work beyond the low-energy approximation, I suggest instead to attack the
problem with a different perspective. After studying the five-dimensional effects, I suggest
to translate them into a four-dimensional language. This is in general a very challenging
task to do, but once some approximations are made for some specific cases, much progress
can be made. The aim of this thesis is hence to explain this way of approaching the problem

and to illustrate it with some specific examples. For this I suggest to proceed as follows:

In chapter 2, I give a more detailed study of braneworld cosmology. In particular I focus
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on the study of the modified Einstein equation on a brane, its low-energy limit and
departures from usual four-dimensional gravity. In order to simplify the description,
I focus on a remarkably simple toy model: the Randall Sundrum model. Extensions

to more realistic models are then discussed.

The physics presented in this section is an overview from prior studies and develop-
ments. However the derivations of many of the results has been expressed in a more
original form which will connect more easily with further works presented in the next

chapters.

In chapter 3, a formalism is presented for the study of brane inflation in a regime where
corrections to standard four-dimensional theories are present. These corrections, are
first pointed out in chapter 2, but take an integral part of chapter 3. I present a
formalism in a general setup and then focus on the study of the one-brane limit of
the Randall Sundrum model. In that special limit, the evolution of an inflaton scalar
field on the brane is studied. Making use of perturbation theory, the power spectrum
and the spectral index for both scalar and tensor fluctuations are computed, and
the magnitude of non-gaussianity perturbations can be estimated. Departures from
standard four-dimensional inflation can be stressed, although very few differences
can actually provide us with a systematic way to distinguish inflation occurring in a
genuinely four-dimensional spacetime and inflation on a brane embedded in a higher-
dimensional world. This is not surprising as corrections arising from Kaluza Klein

modes have been neglected in that study.

The aim of chapter 4 is hence to work beyond this assumption. Although Kaluza Klein
modes can be properly computed in only very few specific models, their study is still
precious since it enables us to understand how Kaluza Klein modes behave in these
regimes. It is then possible to model them in a four-dimensional formalism and to
use this model on a larger class of scenarios. This is exactly what is done for the first
Kaluza Klein mode in the quasi-static limit. After suggesting an ansatz that correctly

models the first Kaluza Klein mode in the quasi-static case, I extend the study to the
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previous model of brane inflation. This provides a way to track part of the Kaluza
Klein contribution, although the exact behaviour can be much more complicated. In
particular, I study the effects this term has on the production of scalar and tensor
perturbations. These are shown to propagate at a sound speed slightly different
from the speed of light and the estimate of the non-gaussianity suggests a possible
deviation from usual inflation predictions. I then use this formalism to test the
duality between slow-roll and fast-roll potentials and show that corrections arising

from Kaluza Klein mode will generically break the duality.

These last two chapters are mainly based on work which has been summarised in [92]

and some unpublished works which I have found interesting have been included.

A different route is then taken in chapter 5, where I focus instead on the study of
the Randall Sundrum model in the close-brane limit. In that limit, I develop a
four-dimensional effective theory which is checked to be consistent with previous
studies and gives sensible results in different limits. This new theory presents higher-
derivative corrections which can now be studied in a new and original way. As
practical and non-exhaustive examples, I suggest to show how this theory may be
applied to the study of perturbations in different scenarios. In the first one I consider
fluctuations generated by a stiff source of matter present on the brane. I show that
perturbations evolve in a similar way than in genuinely four-dimensional theories, but
I point out that the effective Newtonian constant is affected. As another example, I
study the propagation of perturbations when a potential for the radion is introduced.
In that model, I show that the behaviour is very similar to standard four-dimensional
studies. Unfortunately, this does not provide a way to clearly distinguish braneworld
scenarios from four-dimensional ones, but I believe that the effective theory which
has been developed in this chapter can be extended and used to work with more

realistic models.

This chapter is strongly based on work in collaboration with Sam Webster [93],

although it has been presented in a way which reflects my own contribution and
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point of view to the study. The last two sections include unpublished personal work.

Finally, the results are summarised in chapter 6, where the key points of this the-
sis are stressed. Despite some critics that I shall present, many possible extensions

can be studied which I believe to be worth some interest.
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Chapter 2

Braneworld Cosmology

Shu, Holder of the Sky (Egypt)

2.1 Introduction

In all areas of physics, the study of a simple toy model can allow us to understand many of
the central features of a specific problem. If we really live on a brane, be it a D-brane, an
orbifold brane, or any other kind of brane, the first question one might address is how would
we know about it, or more physically, what would be the key observational signatures that
would indicate that this is indeed the case? To understand these characteristic braneworld
properties, we will concentrate on the study of a remarkably simple toy model: the Randall
Sundrum (RS) model [50,51]. As we shall see, the underlying idea behind this scenario is

relatively straight-forward, nevertheless, the physics is far from trivial. Several features of
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CHAPTER 2. BRANEWORLD COSMOLOGY

braneworld cosmology can be easily understood through the study of this toy model. In
particular, one of the main focus of this thesis is to understand the effect of five-dimensional
physics on our four-dimensional world assuming we are living on a brane. To perform this
task, we need a covariant formalism capable of describing the theory on the brane. This
is possible through the Gauss-Codacci formalism which projects the five-dimensional bulk
equation onto the branes. We present this formalism in this chapter and show how, applying
this idea to the RS model, brane gravity differs from ordinary four-dimensional gravity.
The main departure from four-dimensional gravity comes from the coupling to quadratic
terms in the stress-energy and from the presence of an additional tensor (the induced
five-dimensional Weyl tensor) which encodes information on the bulk excitations. Due to
the presence of this term, which is not determined from a four-dimensional point of view,
the Einstein equation is therefore not enough to study the brane cosmological evolution,
since the system is not closed. These key features are more easily understood for the
special case where cosmological symmetry is considered. For that specific case, the five-
dimensional geometry is remarkably simple, and the five-dimensional effects on the brane
can be pointed out very clearly. However if we want to make further analytical progress
without assuming specific symmetries, one should understand the contribution of this Weyl
tensor by studying its evolution in the bulk. The derivation of its evolution is presented
in this chapter and in particular we show how it is possible to extract information from
this now closed-set of equations in order to obtain an effective theory on the brane. This
is in general very subtle, but by making use of a low-energy approximation, remarkable
progress can be made. The resulting theory on the brane is nothing but standard gravity
coupled to a scalar field, which can be interpreted as a moduli representing the distance
between the branes. However this four-dimensional low-energy effective theory misses
out all the key features that distinguish braneworld gravity to standard four-dimensional
Einstein gravity (or its Brans-Dicke extension [94-96]). Although it is reassuring to recover
four-dimensional gravity in some limit, working in this regime does not allow us to point
out any peculiar features which could not be explained from a four-dimensional theory

of gravity and therefore could provide a signature of braneworld cosmology. Instead, we
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2.2. DESCRIPTION OF THE RANDALL SUNDRUM MODEL

would like to track down specific features of braneworld cosmology which could be used
to differentiate both models and hopefully could be checked by observations. For this,
it is essential to work beyond the low-energy approximation. In that regime, the bulk
excitations are visible on the brane and give rise to Kaluza Klein modes, which are generic
to higher-dimensional theory. To understand their behaviour and how it might be possible
to model them, we first present their effects for static branes. In that case, it is possible
to solve the five-dimensional equations at the perturbed level and hence, to see the effect
of the Kaluza Klein modes in that regime. We shall then see in chapter 4, how it might be
possible to model some of their behaviour.

Finally we present possible extensions of the RS model to more realistic braneworld
models. This can be done either by introducing bulk scalar fields or by considering bulk
branes. For late time cosmology, a realistic braneworld model should have its moduli
stabilised which is not the case for the RS model. Moduli stabilisation can be facilitated
by the presence of bulk scalar fields, and although this is not the main focus of this thesis,
we will give a brief overview of this issue. Then we concentrate on the study of bulk branes,
for which gravity couples to matter in a very peculiar way and is therefore of great interest
for the purpose of this thesis. But first we shall start by giving a description of the RS

model on which most of this thesis will focus.

2.2 Description of the Randall Sundrum model

In what follows, we shall be interested in the two brane RS model as a specific simple
example of braneworld cosmologies. For a review of braneworld cosmology, see for instance
[97]. In that model, the spacetime is five dimensional, with a compact extra-dimension
having the topology of an S;/Zy orbifold. The stress energy of the bulk is assumed to
be from a pure negative cosmological constant |A| = %, K = # = MLZ’ with M,, the
n-dimensional Planck mass. Two boundary branes with positive and negative tension

(referred as +-branes) are assumed to be located at the fixed points of the Zy symmetry

on which gauge and matter fields with Lagrangians .2 are confined [50].
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The presence of the negative cosmological constant in the bulk has the effect of curving
the bulk geometry, warping the fifth dimension and hence making gravity on the positive
tension brane more easily localised than in a usual compactification a la Kaluza Klein.
In the original RS model, which was proposed as a possible explanation for the hierarchy
problem, our Universe was suggested to lie on the negative tension brane. Because gravity
is more easily localised on the positive tension brane and because of the way gravity couples
to matter on the negative tension brane, in this thesis we will be more inclined to assume

that our Universe lies on the positive tension brane.

In the original two brane RS scenario [50], although no stabilisation mechanism is
present, the branes are static and the distance d between the branes is arbitrary. Since no
stabilisation mechanism is present, this configuration is unstable and one of the aims of
this thesis will be to understand the effects of the variation of d on the branes geometries.
The second RS scenario [51], can be seen as the limit of this first model, when the distance
between the branes is taken to infinity. In this limit, the fifth dimension is infinite and has
a Zs topology with the positive tension brane on the fixed point of the symmetry. Gravity
on the positive tension brane indeed decouples from the negative tension brane and, at

large distances, gravity on the brane satisfies Newton’s force law.

It is in this limit that we shall first derive the induced equations on the one-brane model

in the next subsection, its generalisation to the two-brane case will be straightforward.

2.3 Gauss-Codacci Formalism

2.3.1 Derivation of the Gauss-Codacci Equations

In order to derive the induced equations on a RS brane, we consider the five-dimensional
bulk with negative cosmological constant A and a four-dimensional hypersurface M on
which matter fields are localised. This hypersurface has as well a tension A\ and we denote

by .Z = Zmatter — A the total Lagrangian on M. For simplicity, we choose coordinates
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Identified with the Positive tension brane Negative tension brane
negative brane

d(x)
wrapped
bulk
"""""" A<0
T — Z, Z,
Z, image Symmetry Symmetry

- 5
A\ J

Figure 2.1: Two brane Randall Sundrum model.

where the metric is of the form

ds? = gudztda®

= Ay, 2)dy* + g (y, z)dz"dz”, (2.1)

with x# the transverse coordinates and y parameterising the extra dimension. We choose
this frame, such that the hypersurface M is located at the fixed position y = 0. Such
a gauge can indeed always be fixed. If M was not fixed at y = 0, but was moving
with location y = y(z*), we could perform the coordinate transformation § = y — y(z*)
such that M would be located at § = 0. The metric would then be of the form ds? =
A% (dj 4 §,d2*)? + qu(y, v)darda”, and the cross term dgdz* could be cancelled by a

suitable change of the x* coordinate. It is therefore always possible to find a frame of
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the form (2.1) for which the hypersurface M is at fixed position [98-100]. In that frame,
¢ (Y, x) is the induced metric of a y = y = const hypersurface. The Einstein tensor on a
y = const hypersurface will be written simply as G, whereas the fully five-dimensional
tensor will be denoted by Gy, and similarly for any other tensor. We use the index
conventions that Greek indices are four dimensional, labelling the transverse x* directions,
while Roman indices are fully five dimensional. The symmetrisation over two indices will be
denoted with a bracket Z(,,y = (Z,, + Z,,) /2, whereas a square bracket will represent the
antisymmetric part Zy, = (Z,, — Z,,) /2. We denote by V,, five-dimensional covariant
derivatives with respect to gq, and D, four-dimensional ones with respect to q,,. In this
subsection, we give a brief overview of the derivation of the Gauss-Codacci equations and
the Israél matching conditions on the brane which, as will shall say later, will play a similar
role as the Einstein equation and the conservation of energy constraint on the hypersurface.

Our starting point shall be the five-dimensional action [101]:

S = /de\/—_g (i )R — A> + /M Aoy =g (L — K). (2.2)

For a y = const hypersurface we denote by K, its extrinsic curvature and n, its unit
normal vector. K is the trace of K,,: K = ¢"”K,, and K, is defined by [101, 102]:

1 1
K = 5Latu = =51 Vaduw + dau Doy, (2.3)

where £, is the Lie derivative with respect to n. For a purely four-dimensional tensor,
L,=A19,.

We may define the electric part of the five-dimensional Weyl tensor £, as:

By = 00 gl (2.4

From the properties of the five-dimensional Weyl tensor ®)C? . we can easily check that
E,, is traceless with respect to g,,,. In the frame (2.1), using the five-dimensional Einstein

equation Go, = KAgaes, the expression for F,, is

1
E" = (5)Cyayyqau — Ryawqau + P "
1
= —L,K'—~A'D'D,A — KMK® + ﬁéf;, (2.5)
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where we used the expression for the Christoffel symbols: 'Y, = —A'K,, and ry, =
A7'9,A. Using this relation (2.5) and the fact that Ry,.p = (5)Rw,aﬁ + 2K, K5, ,
the five-dimensional Ricci scalar in (2.2) can be decomposed in terms of four-dimensional

quantities [103]:
GCr = (5)Rawuqaﬁquv + 2(5)Ryuyqu
= R—(K*-K,K")-2L,K —2K,, K" —2A7'0A, (2.6)
where 00 = D*D,,. Substituting this expression for ®)R in the action, the normal derivative

of K can be integrated by parts. The surface term cancels with the Einstein-Hilbert

boundary term K in (2.2) giving rise to the action:
1
S = /d%A\/—q (2— (R+ K? - K, K" —2A7'0A) — A) + /d4m\/—qﬁ. (2.7)
K

Formally, S is a functional of the five-dimensional metric ¢?°. Extremising S with respect to
g% gives rise to the five-dimensional Einstein equation ®)G 4, = kA gqp in the bulk. Instead,
we may consider S as being a function of A, ¢ and n* and extremise S [¢", n*, A] with
respect to these variables. Expressing K, in terms of n® and g, using (2.3), we may

extremise S with respect to n#. This gives rise to the Codacci equation [103,104]:
DoK — D,K" = 0. (2.8)

The differentiation of the action with respect to ¢"” gives rise to

1 1
Gunly) = —rAGw = 5K G + 3K Ky — S KopK g — 2K,0 K7 (2.9)
— K O

—A1 (DA Quv + D#DVA) - L, [Kq,w — K#V} + Z T;Vt 5(y>

We may integrate the previous expression around M and obtain the jump condition,

better known as the Israél matching condition [105] which relates the jump of the extrinsic

curvature across the hypersurface y = 0 to the stress-energy tensor T ;,‘it = —;\gj—g&qﬁ on
M [102-104]:
+e
AlKqu — K| = lim / dy (Kqu — Ku) = T (2.10)
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Decomposing L, [K qu — K uv} into a continuous part and a delta function:

1
Lol — K] = [Kauw - Kuly o) (2.11)

3
—i—ﬁqw, +2K K, — Ko K® — K3 K*q,,

~ A" (0OAqu + D,D,A) + E,,
the continuous part of eq.(2.9) can then be interpreted as the Gauss equation [102-104]:

R, = (5)RW + (KK, — Koy K2) — E,, (2.12)

3 o
T2 Quv + (KK — Koy KJ) — B,

which is the analogous of the Einstein equation on the hypersurface M.

Finally, the differentiation of S with respect to A confirms the fact that £, is traceless:

12
R = ~73 K? + K, K™. (2.13)

2.3.2 Gauss-Codacci Equations on the Boundary Branes

In the previous subsection, we derived the Gauss-Codacci equations for an arbitrary hy-
persurface M located at y = 0. We now identify M with the boundary branes of the RS
scenario. These branes have the important property to be Zy symmetric so the extrinsic
curvatures K,, on each side of the branes are equal and opposite and can be uniquely

determined using the Israél matching condition (2.10)

1
AK,, = +2K%) = —x (T&)tot —-T® totqfﬁ) : (2.14)

4 nv n% 3

where the + superscript indicates the induced value of the given quantity on the positive
or negative tension brane. We now suppose that the branes have a tension A* which is
fine-tuned to its canonical value and absorb any deviation from it to the stress-energy

tensor for matter fields living on the branes T,Sf)

Tﬁ:)tot _ —)\iQﬁ)"‘T;Ef) (2.15)
6
— (2.16)
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The extrinsic curvature on each brane is therefore:

1 K 1
Fon () oM TH(E) _ Z7E) gk ) 2.17
v LYY 2 v 3 Y ( )

Using this expression in the Codacci condition (2.8), we recover the equation for the con-

servation of energy on the branes
DFETHE = 0. (2.18)

Writing the extrinsic curvature in terms of the stress-energy tensor, and using the Gauss
equation (2.12), the projected Ricci tensor on each brane can be expressed as [103, 104]

1 2 1
R;(ui/) — :I:% (T;Ef) _ 5T(i)gl(i)> _ % (Tﬁi)a o(jf) _ 5T(i)Tﬁt)) _ Eﬁ), (2.19)

where the fine-tuned value of the tensions A* is fixed to exactly cancel the contribution
from ©®R,, in (2.12). We can remark on two features in this modified Einstein equation.
The first one is the presence of terms quadratic in the stress-energy tensor. The aim of part
of chapter 3 will be to understand the implications of those terms to braneworld cosmology.
The second departure from the standard four-dimensional Einstein equation arises from the
presence of the Weyl tensor F,,, which is undetermined on the brane. It is worth pointing
out that when the cosmological constant in the bulk is important, the length scale L is
negligible compared to any other length scale present in the theory. In that case, the first
term in (2.19) dominates and we recover standard four-dimensional gravity for the positive

tension brane (up to the redefinition of the four-dimensional Planck mass M7 = £).

2.4 Background Behaviour

We assume the five-dimensional Universe to be homogeneous and isotropic in the three
spatial directions, therefore we consider both the bulk metric and the branes stress-energy
(£)

tensors 7),” to have the required cosmological symmetry. We may work in the frame

where the bulk is static (the existence of such a frame is a consequence of Birkhoft’s
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theorem [106], [100,107]). In that frame, the most general geometry is Schwarzschild-Anti-
de-Sitter (SAdS) with parameter C associated with the Black Hole mass [98-100, 108]:

ds?* = dY? —n*(Y)dT? + a*(Y)dQ: (2.20)
with CLQ(Y) _ —2Y/L 9 2Y/L_kl_L2
3 2
, C

n*(Y) = L Y)?=d——

a?’
where k is the spatial curvature, and can take values —1,0 or 1 depending if dQ5 = H? R?
or S®. We may indeed check that (2.20) satisfies the five-dimensional Einstein equation
Gap = £AGab-
In this frame, the branes are not static but have location Y = YL(T). The Israél
matching conditions, associated with the Z,-symmetry, impose the condition on the ex-

trinsic curvature (2.17), with the branes stress-energies:

T = —pp, T =pLal (2.21)

J

On the brane, the spatial components of the extrinsic curvature are:

-2
K (V) = (1—Y—§> )

ni

&%, (2.22)

so using (2.17) the branes’ velocities must satisfy:

: av.\? n% KL\’
+ ( dT ) ( a:t ( 6 pi) ) ( 3)

where a4 (T) = a(Y = Y4(T')) is the value of the scale factor on each brane, and similarly

for nL(T"). The induced line element on the branes can be read off as

ds2 = —(ni —Y2)dT? + a2dx?

af (—drf +dx?), (2.24)
defining the conformal time on each brane:

dry ni—Yﬁ_ni( kL )_2

= = 2.2
dT a’ a’ (225)
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The evolution of the scale factor on each brane in terms of their respective conformal time

daz\> ., (dT\? da(Y)]? at kL \° nk
—E) v = = = 14+ — —— 1. 2.2
(dTi) + <d7i> av |, L? 6 I+ al (2.26)

It follows that each of the two branes satisfies the induced or modified Friedmann equation:

1 kL 2 pn2
H? = —|[[1+== - = 2.2
+ L? <( 6 pi) ai) (2.27)

(2.28)

18:

where C' = C — ’“QL . This is a very well-known result pointed out in a large number of
work [98-100, 103,104,108-111]. The same features as in the modified Einstein equation
(2.19) can be pointed out, namely the presence of the quadratic term in the energy density

as well as the presence of an extra-term looking like radiation. This last term can be

L2 4
associated to the contribution from the Weyl tensor in (2.19). Indeed, knowing the bulk
geometry exactly, the Weyl tensor £, defined in (2.4) can be calculated. For homogeneous
and isotropic metrics, the value of £, on the branes can be seen to have the form of the

stress-energy tensor for radiation:

@o _ 3C @i C
E 0= ~Tral E j_LQaiaj' (2.29)

These are the two main features that distinguish braneworld cosmology to any ordinary
four-dimensional cosmological scenario. This is the reason why this thesis will have for
main focus to study the effects of these terms in a general cosmological setup. For this, it
is essential to have a closed set of covariant equation that describes the brane geometry.
The modified Einstein equation (2.19) is a good start, but it contains information from the
Weyl tensor £, which is a priori undefined on the brane. The purpose of this thesis will
be to derive as much information as possible for the behaviour of £, in different scenarios.

We shall therefore start in the next subsection by deriving its equation of motion in the

bulk.
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2.5 Evolution of the Weyl Tensor

On the brane, the only quantity which remains to be defined is the electric part of the Weyl
tensor F,,. In this subsection we shall find the evolution equation of the Weyl tensor in
the bulk in order to have a closed set of equations for the induced geometry on the branes.

We consider the frame (2.1) for which both branes are static and located at y = 0 (for
the positive tension brane) and y = 1 (for the negative one). We recall that £, is the Lie
derivative with respect to the normal vector of a y = const hypersurface and for any tensor
lying purely in this hypersurface, the action of £,, is equivalent to A~19,.

In the frame (2.1), the expression for the Weyl tensor is derived in (2.5). In particular,
we can see that F,, is associated with the normal derivative of the extrinsic curvature
which itself is the normal derivative of the induced metric ¢,, on a y = const hypersurface.
Substituting this expression for E,, into the Gauss equation (2.12), we therefore have a
non-linear second order differential equation for g,,. This equation however is extremely
difficult to solve (even for cosmological symmetry). Another way to proceed is instead to
differentiate (2.12) recursively as we shall see in chapter 5. For this we shall need the Lie
derivative of E,, [112].

We denote by I'j, the four-dimensional connection associated with g,,. Its Lie deriva-

tive is:

1
LTy, = < (D (AKS) + D, (AKS) = D*(AK,) ). (2.30)

giving rise to the evolution of the four-dimensional Riemann tensor:

2

(DD (AKY) + DDy (AKY) — DD (AK,)), (2.31)

and the evolution of the Ricei tensor:

L, R, = % (DQDZ,(AKE‘) + DoDg(AKS) — O(dKs,) — D, Ds(AK)). (2.32)

Using this relation into the Gauss equation (2.12), together with (2.5) and the relation
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LR = ¢""L, Rs, — 2K" R, we therefore have [113]

L.EY = L,RY+L, (KKK — KK))

o 3 1 o Q,
= 2K} - SKE) - 5@35&5 + O K 4 (K (2.33)
1
5zl [A*D"K.,, + A’D,K! — 2A’D, K] |

where (K?)" are some cubic terms in the traceless part of the extrinsic curvature whose
exact form will not be relevant for the purpose of this study (it is enough to note that
this term vanishes if K* ~ §#). This set of equations is still very difficult to study, and
unless some special limits are considered very little analytical progress can be made. At

low energies however, the geometry on the branes simplifies remarkably and is very close

to standard four-dimensional theories since the bulk degrees of freedom are not excited.

2.6 Low-energy Effective Theory and Four-dimensional

Action

2.6.1 Low-energy Regime

As we shall see below, at low energies the system is well-described by a four-dimensional
effective theory. In this limit, braneworlds behave like conventional scalar-tensor theory of
gravity where the bulk effects are represented by a single scalar field.

Many different derivations of the low-energy effective theory can be found in the lit-
erature [96, 111,113, 114]. Among them, the most intuitive derivation is probably the
one arising from the moduli space approximation (first defined in [115] and applied to
braneworld models in [86,116-119]), but we choose to derive it in a more covariant way
and remain in the frame (2.1) where the branes are static. As already mentioned, when
the bulk cosmological constant is important, the bulk warping strongly localises gravity on
the very massive brane and we expect to recover standard four-dimensional gravity for the

positive tension brane. This is the limit we study here, in particular we assume the AdS
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CHAPTER 2. BRANEWORLD COSMOLOGY

length scale L to be much smaller than any other length scale [ along the four transverse
directions, and L~! much greater than any derivative scale. This is therefore equivalent
to neglecting any derivatives higher than second order in the theory. The resulting theory
should therefore only be valid at long wavelengths and at small velocities. However this
does not mean that the distance d between the branes is large. The distance between the
branes is not associated with the length scale [ along the four transverse directions and
taking the low-energy limit is not equivalent to taking the limit L. < d. This theory is
hence valid for branes about to collide as much as for the one-brane limit of the model,
provided that the system is at low-energy L <.

Using the low-energy limit, we will expand the extrinsic curvature K, and the Weyl

tensor E,, as power in derivatives.

2.6.2 Leading Order

To lowest order in derivatives, the equations (2.5) and (2.12) are simply:

_%55 + <K(O)K(0)’; _ K(O)NQK(O)O‘V> . E(O)’; _ A’layK(o)Z (2_34)
1
—pOr _ gOr Oy 0 = 0, (2.35)
which imposes E(O)’; to vanish and K(O)K(O)‘: = 7504, such that K(O)’V‘ = — 1064, (the

solution K ¥ ’;

= 164 is not consistent with the boundary conditions (2.17)). We may
check that this solution is consistent with the evolution equation for E,, (2.33) to zeroth
order in derivatives. Recalling from (2.3) that the extrinsic curvature is K,, = A™9, qu,

to leading order in L, the induced metric on a y = const hypersurface is therefore [113]:

qﬁ(l)l)@? z) = e*2d(y’m)/qu;) (2), (2.36)

where q,(;)(x) is the induced metric on the positive tension brane and d(y, z) is the proper

distance between the positive tension brane and the hypersurface located at y = const:
d(y, ) = nyA(y’ ,x)dy’. This is a remarkable result: At low-energy, the induced metrics

on y = const hypersurfaces are all conformal to each other [120], and in particular the
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positive and negative tension branes are related by the conformal factor ¥

g (r) = VgD (x) (2.37)
U = Y (2.38)
where d(x) is the proper distance between the branes: d(z fo Ady. We note that this

result has been established without using any assumption on the background geometry, in
particular, this result is still valid even if the background geometry is not AdS.
Since to leading order, the metric on both branes are conformally related with factor

U = =%~ the induced Einstein tensor on each brane must satisfy, at low-energy:

2
G =G - - (fo)Df,*)d— OWdq(h) + a do,d+ o7 (ad) qh ) . (239

nv

2.6.3 Expression for the Weyl Tensor

To first order in derivatives, using the previous result, the evolution equation for E,,, (2.33)
implies (using the fact that £, is traceless)

4
_E(l)u
L

Atg,EW* " (2.40)

whose solution is simply:
EW (y, z) = €4J(y,x)/LE(+)“(3;)' (2.41)

If we stop the expansion at this order, the Weyl tensors on each brane are as well confor-

mally related:

VE) = E, (2.42)

1%

but using (2.19), the induced Einstein tensor are

G =-EF + B (2.43)

pv F

(the quadratic terms in the stress-energy tensor are negligible at low-energy). This implies

the second relation between the induced Einstein tensor on each brane:

G -G = = (T +v*T()). (2.44)

K
L
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Using (2.44) in (2.39) we therefore have the modified Einstein equation on each brane

(:i:) 2 6_2(d_?ji)/L (i 9 (i
G;w — AR (D D )d — O dqW + 6 do, dj: (8d) G )(2.45)
1 K
T(+) \IIZT(
+1 — w2 ( + )

where g, = 0 and y_ = d. Comparing (2.45) with (2.43), at low energies, the expression
for the Weyl tensor is therefore:

2 6_2(d_gi)/L
& _—_=2=-

. o

[D(i)D Jd—0Wdg® + ada d+ - (ad)2 &) (2.46)

K _
+5 (1) +Tlﬁy))]

Furthermore, the tracelessness of the Weyl tensor imposes the equation of motion for d:

R® = ;%Ti (2.47)
2

O%d = (az) + 5 (10 + v T0) (2.48)
2

05d = —(8? +g(T(‘)+\I/‘2T(+)). (2.49)

At low-energy, it is therefore possible to find an effective four-dimensional theory on the
branes. The resulting theory is simply gravity conformally coupled to a scalar field ¥ (or
d). This theory strongly relies on the fact that both the brane metrics and the induced
Weyl tensor are conformally related on each brane. At higher-order in derivatives, we do
not expect this to be true (again this is true, independently from the brane separation).
As we shall see in section (2.7), this effective low-energy theory actually models the zero
mode of the tower of Kaluza Klein excitations ie. this effective theory is correct as long
as no bulk degrees of freedom (or Kaluza Klein modes) are excited, this is as expected
for a low-energy theory. Since this theory looks like a conventional scalar-tensor theory of
gravity, it might be possible to find a frame for which gravity is minimally coupled to the
scalar field and to derive it from an action. But first we may check the consistency of this
effective theory for the background, where it is possible to compare its predictions with

the five-dimensional results of section 2.4.
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2.6.4 Background Behaviour

Assuming cosmological symmetry, we can find the Friedmann equation on each brane. Its

expression is simply a consequence of (2.47) which imposes the Ricci tensor on each brane to
-2 .

be R®) =6 <% + Z—zi + Z—i) = +7% (p+ — 3p+), where a “dot” designates a derivative with

respect to the proper time on the brane. Using this relation together with the conservation

of energy py = —3% (p+ + p+), the Friedmann equation on the branes is simply
wo By, Ds (2.50)
S Y RT at’ '

where D is an integration constant. This Friedmann equation looks very similar to the
exact result for the background (2.28) at low-energy, when pL < 1/kL and the quadratic
terms in the energy density may be neglected. It is important to point out that this is only
a consequence of the tracelessness of the Weyl tensor. The four-dimensional low-energy
theory models the background correctly to that level only because it reproduces the fact
that the Weyl tensor £, is traceless. The exact expression for the integration constant Dy
has to be derived from the modified Einstein equation (2.45), and in particular there is no
reason why it should reproduce the exact result obtain from the five-dimensional theory,

we shall indeed see in chapter 5 that this is actually not the case.

2.6.5 Einstein Frame

So far, the low-energy effective theory has been derived in the brane frame. In the modified
Einstein equation (2.45), the presence of the terms of the form D?d implies that if this
Einstein equation was derived from an action, this action should include a term of the
form f(d)R™). In order to derive these equations from an action describing a scalar field

minimally coupled to gravity, we may perform the change of frame:

q5) = Vg, (2.51)

Q, = cosh (gzﬁ/\/E) , Q_ = —sinh (gb/\/é) : (2.52)
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where in what follows, any “bar” quantity will designate a quantity with respect to this
new frame, which is the Einstein frame as we shall see below. Since the conformal factor

relating the two branes is W, we have the relation [117]:
U= et — _tanh (gb/\/é) . (2.53)

In this frame, the Einstein equation (2.45) simplifies to

_ 1 _ K _
G = 0u 006 — 5 (0d)? G + 7 (TP +Q2T)), (2.54)
with the equation for the scalar field:
_ K K

This low-energy effective theory can therefore be derived from the effective action of a

scalar field minimally coupled to gravity with non-minimally coupled matter [116]:

s=2f d‘w—( R——<a¢>) 1]+ Sl (2.56)

where Si[g*] = [daty/—gr Ly = [dat\/=§ QL .Z, are the conventional four-dimensional
matter actions on each brane.

In the one-brane limit, when the distance between the branes is taken to infinity, ¢ — 0,
the positive tension brane is equivalent to the Einstein frame €2, — 1 and we recover
standard gravity minimally coupled to a scalar field on that brane. Its coupling to matter
on the negative tension brane indeed vanishes since {2_ — 0. However, from the negative
brane point of view, gravity becomes highly coupled to the matter on the positive tension

brane.

2.7 Kaluza Klein modes for Static Branes

2.7.1 Derivative Expansion

For the purpose of this study we will consider the branes to be spatially flat and static
for the background. Using the Israél matching condition (2.23), this is possible if the
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background geometry is pure AdS (no bulk Black Hole, C = 0) and if the branes are empty
T,Ef) = 0 in the background. To study this system, it is easier to work in the frame of the

form:
ds? = dy?* + e Wty daida?, (2.57)

with the branes located at y = 0 and y = d (for the background), and their induced metric
is ¢\ = Ny gl = e/ Ly, We shall denote by Wy = e~%L the constant conformal

factor relating the background metrics on the two branes.

Following the procedure of [121], we consider the metric perturbations sourced by mat-
ter confined on the positive tension brane, with stress-energy tensor (5T,E§). Since matter
is introduced as a perturbation, to first order, the matter fields confined on the brane are
living on the background flat metric qﬁ;).

As considered in [121], we shall first solve the equations of motion for the perturbed
metric in RS gauge. In this gauge, the position of the positive tension brane is not fixed.
We denote by dy the deviation from its fixed background location. In order to express
the perturbed metric induced on each brane, we will later change to Gaussian normal
coordinates. When the distance between the two branes is finite, the perturbed metric on

the branes can then be expanded in momentum space.

In RS gauge, the perturbed metric is:
ds® = dy® + (e 2"/ Ty, + hy,) datda (2.58)

with h# = 0 and h, = 0, (2.59)

where h,, is transverse and traceless with respect to the background metric g, = e~ 2Mvl/ an,

In this gauge, the five-dimensional Einstein equation and the Israél matching conditions

read:
4
[e2y/L|j + (95 — ﬁ] hu =0 for 0 <y <d, (2.60)
2 —Kk X, aty=0
0 at y=d
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where [J is the Laplacian on the four-dimensional Minkowski space. The tensor X, is a
functional of the matter on the positive brane: X, = 6T,Sj) — %5T(+)77W — %(53/, v, With

ST = prv 5Tﬁ). From eqgs.(2.61) and (2.59), the tensor ¥, must be transverse and

traceless with respect to its background flat metric qf;) = 7w - The deviation oy from the
background position is therefore given by dy = —%% ST
1 1
—57H) _ Z57(H) _— 57T
Sy = 0TS — 36T i + 5 =0T, (2.62)

The differential equation (2.60) with boundary conditions (2.61) can be solved, giving the

expression for the perturbed metric in RS gauge:

~

By, ) = 6 F(5) 5,0, (2.63)

where the operator F' can be expressed as:

Py — L L(eV'FLy/=0) Ky (¥ Ly/=0) + I (e¥* Lv/~0) Ky (e¥/* Ly/—0)
W) =78 |7 (o) Ky (VD) — h(Ly D) (VL =5)

with I, (resp. K,,) the n'" Bessel function of first (resp. second) kind.

(2.64)

Since in RS gauge, the negative tension brane remains located at y = d, h,, (2", y = d)
is hence the metric perturbation induced on that brane. However, this is not the case for
the positive tension brane. In order to find the induced metric on that brane, we need to
perform a gauge transformation and work in terms of the Gaussian normal (GN()) gauge
for this brane:

y=y—oy

T =k + (H(x").

(2.65)

When working in the GN) gauge, with coordinates (¢, 7*), the positive tension brane is
located at § = 0. Performing the gauge transformation (2.65) with dy = —%%6T(+), the

perturbed metric induced on the positive tension brane is given by:

K 1
3—anﬁ(5T<+> — Cluw)s (2.66)

where the indices are raised and lowered with the metric n*¥. We may fix the remaining

W (G =0)=hu(y=0)+

degrees of freedom by imposing the gauge choice:

_ 1. )
By, = Sht, at g =0. (2.67)

2 12214
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This gauge choice corresponds to the de Donder gauge and is obtained by fixing (*(x")

such that ¢, = — 5707
In de Donder gauge, the metric perturbation induced on the positive tension brane is
therefore:
- 1 2k 1
R =y (y = 0) + 1, =0T 4+ == =570 2.68
ny M(y )+3L77M O +3LD2 g ( )
This leads to the perturbed metric on both branes:
_ . 1 1 2 1
+) _ - +
hiy) =k (F(O)EW + B—meim )+ :TL@M:EW)) : (2.69)
) =k F(d)S,. (2.70)

We now focus on the interesting fact that the expression (2.64) of [ has a derivative

expansion:

P(y) = 200 [~ 25 + fly) + O(L*0)] (2.71)

) = 2 — (1= e e, 272)

The first term in (2.71) can be interpreted as the zero mode and the second one as the
first Kaluza Klein (KK) mode from the infinite KK tower. In the limit where d — oo,
the expansion in (2.71) is ill-defined as the function f in (2.72) diverges and dominates
over the zero-mode. In the limit of one positive brane embedded in a non-compactified
fifth dimension (in the second RS model), a derivative expansion is not possible. There
is indeed no mass gap between each mode in the KK tower which becomes a continuum
when the fifth dimension is infinite.

To first order in derivatives, the perturbed metrics induced on each brane in their

respective de Donder gauge are therefore:

- 2Lk 1 K 1 2k 1

At = — — £(0) + O(L’0)| Sy + =1 =0T) + 26T (2,73
wv 1—02 [L2D J(0)+ O )} w3 T3 s (273)
_ 2LKW2 [ 1

(=) — 0 - 2 4
ht, T {BD f(d)+0O(L D)} I (2.74)

From this expression, we can read off the first KK mode on the branes. It is worth pointing

out that in the limit of small distance d < L, we may expand F' as a series in d instead of

65



CHAPTER 2. BRANEWORLD COSMOLOGY

derivatives. In that expansion, we recover the presence of a zero mode and KK corrections

h, (2.0 L —d2 ?O(d/L)| & 2.75
,uu('r ) )_ L(1—6_2d/L) _D + 3 + ( / ) 4 ( : )
ke —2d/L 1 d?
H = - —_—— — 2
by (2", d) = [ G +d O(d/L)] - (2.76)

This result will be useful for the following. In the small d limit, the mass gap between
each KK modes is important, and it is hence natural to decompose the tower and study
the different modes one after the other.

An important point to notice in the previous result is that beyond the zero mode,
the brane metrics are no longer conformal to each other (as would be predicted from the
four-dimensional low-energy theory). The zero mode is very well described by the low-

= e 2/L ig precisely

energy effective theory of section 2.6, and the conformal factor W?
the one expected from (2.37). This comes with no surprise as the branes are static and
empty for the background and the low-energy condition is therefore very well respected.
Even though, beyond the zero mode, no KK corrections could be predicted by that theory.

The low-energy effective theory neglects any contribution from the bulk degree of freedom,

which is the reason why it appears as a standard four-dimensional theory.

2.7.2 Kaluza Klein Correction Outside a Source in Real Space

In the case of a single brane in a non-compact infinite extra dimension, it can be shown
[51,104,121] that the KK modes add a correction of order 1/r® to the gravitational potential
around a source point. If we consider a spherically symmetric source such that the stress-
energy tensor on the brane is 7),, = p(r)u,u,. The potential can therefore be expressed in
terms of the Green function for the Laplacian operator as V = § [ d*2'G(x, 2")p(2"). With

the Green function on the brane:

ksin(kr) [ 1 > 2¢”™dm
A ) 2.
Gl @) / 2m2r [LH +/0 Lm(m? + k)(Ji(mL)? + Y1(mL)?) (277
1 1 [ (Lmtm
~ 1 —mr ) g 2.
ALwr 7% ), ( 8r ‘ - ) . 27

12

1 L?
T (1+ﬁ+--~), (2.79)
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with 7 = |z — 2’|, giving rise to the r=3 modification at long wavelengths in the potential:
V= —sldoee) (1+%+--.).

However, in the case of a compactified extra-dimension it is not possible to express the
corrections as an expansion in real space (this is to be expected since an expansion in
derivatives (ie. in momentum-space) is possible). Considering the extra-dimension to be
compactified in an S'/Zs-orbifold of dimension d, this provides a mass gap between the
modes in the infinite KK tower, and the expression of the Green function for the Laplacian

operator is modified to:

Lmn
~ —nr/d
Gz, a) = 4L7T7“ 7r2 8d2 (2.80)
1 L2 e—r/d
~ — 14— +--- 1. 2.81
4L7r ( + 2d? (1-— e—r/d)Q T > ( )

In the limit where d — oo it is possible to express the corrections as a power expansion
in real space at long wavelengths, but as soon as the extra-dimension is finite, at long
wavelengths, the potential looks like a Yukawa kind of potential mediated by a massive
particle of mass m = 1/d, V = —% <1 + % e~/ .. ) which is precisely the

kind of corrections expected from Kaluza Klein theory.

2.8 Extensions

2.8.1 Bulk Scalar Field and Potential for the Radion

The RS scenario represents a simple model for which no bulk scalar fields are present and
the branes tension are fine-tuned to their canonical value. Although this model is rich in
new physics, it remains a toy model for which no stabilisation mechanism is possible. A
natural supersymmetric extension of this model is a BPS braneworld setup for which scalar
fields ®; with potential ¥ (®;) are present in the five-dimensional bulk. The potential ¥
replaces the role of the cosmological constant and the branes tension are assumed to be

functions of the bulk scalar fields Ay = Ay (P7(y+)). A\x and ¥ (P;(y+)) are related by a
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BPS condition when they are such that the effective four-dimensional cosmological constant
on the branes cancels, this is equivalent to the fine-tuned condition for the brane tension
in the RS model. For this supersymmetric configurations, the position of the brane is
arbitrary as in the RS model and therefore the radion is a moduli. Instead one can consider
a scenario for which the relation between the potential on the bulk and the brane tensions
are not BPS. This would arise if the supersymmetry was spontaneously broken, generating
for instance some cosmological constant on the brane. If the interaction terms on the brane
are not the same as the interaction term in the bulk given by the potential ¥ (®;), the
vacuum expectation value of the scalar fields will be y-dependant. This is in particular
the idea proposed by W. Goldberger and M. Wise [116, 122, 123]. Their stabilisation
mechanism relies on the assumption that the bulk potential includes quadratic interaction
terms whereas some quartic interaction terms are localised on the branes. The classical
solutions for these scalar fields will depend on the fifth dimension coordinate y. After
integrating over the fifth dimension, one obtains an effective potential U for the radion
(the potential is indeed a function of the distance d between the branes). For the special
case of the Goldberger and Wise stabilisation mechanism, the resulting effective potential
has a minimum for a given value of d. However in the Goldberger and Wise mechanism,
the bulk potential and the brane tensions are introduced by hand in the five-dimensional
theory. In a more realistic model, details of the higher dimensional physics should be
studied in order to deduce the exact form of the bulk potential and the brane tensions
as in done in the models of brane inflation presented in the introduction of this thesis.
Unless a realistic model for the origin of the bulk potential is proposed, very little can be
deduced on the effective four-dimensional potential U which represents interaction between
the two branes. Despite this fact, several models have considered the possibility of using
this potential U to generate a scale-invariant power spectrum on the branes, corresponding
to a scenario of inflation for which the inflaton may be interpreted as the radion. From a
four-dimensional point of view, the five-dimensional effects generating interaction between

the branes could be interpreted as the presence of a potential in the four-dimensional action
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(2.56)

5= [aey=g (3R~ 5007 - U). (2.82)

for simplicity we have assumed no gauge and matter fields to be present on the branes. In

that case the equation of motion for the scalar field is modified to:
06 =U'(9), (2.83)
and the Einstein equation in Einstein frame becomes:

G = 0,60,6 — (506 +U) g 289

We therefore have the theory of gravity with a minimally coupled scalar field with potential
U. If U satisfies the normal slow-roll constraints for inflation, ¢ might be interpreted as
an inflaton scalar field: its perturbations around a quasi-de Sitter background might have
generated the observed large scale structure. This gives a natural physical origin for the
inflaton which is in general missing in inflationary scenarios [65].

We can now go back to the positive-tension brane frame by performing the confor-
mal transformation (2.51) with the relation (2.53) between ¢ and d: (cosh ((ﬁ/\/é))2 =
(1 — e*2d/L)_1. The theory on the brane is modified to:

oy = 21312\112 [D,D,d—Ddgf) + (a dd,d + = (ad) q,w)]
U (o(d)) (1 - %) g (2.85)
Od = (azi) _%(1_\11\11) UI(¢)
= (azz) +%(1—\P2)3%U(¢(d)) (2.86)

where all covariant derivatives and index raising is taken with respect to q,w . The mod-
ification of the equation of motion of the scalar field (2.86) ensures the right hand side of

the Einstein equation (2.85) to stay conserved even after the addition of a potential.
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Figure 2.2: Randall Sundrum model with a bulk brane not submitted any Z,-reflection

symmetry.

2.8.2 Bulk Branes

The RS simple structure comes from the fact that the bulk is empty apart from a negative
cosmological constant. In the previous subsection we considered a possible extension of
this model by studying the effect of bulk scalar fields. Another possible generalisation
could come from the presence of bulk branes (as opposed to orbifold branes), Cf. fig.
2.2. Such a bulk brane would not be subjected to any reflection symmetry and could be
relevant for the study of D-branes or M-branes in heterotic M-theory. Although realistic
D-branes or M-branes have charges and associated form fields that we ignore in the RS
picture, they share the same property of the bulk brane to have arbitrary location in the
higher-dimension bulk and, as opposed to the boundary branes, not to be constrained by

any reflection symmetry.

Background behaviour

We denote by R, the region between the positive tension brane and the bulk brane:

Y. <Y <Y, and by Ri the one between the bulk brane and the negative boundary
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one: Y, <Y < Y_, where the boundary branes are located at ¥ = Y, (T') and the
bulk brane at Y = Y,(T"). In what follows, L, R indices will designate quantities with
respect to R g. We consider the bulk to have a negative cosmological constant Ay p =
—6/kK Li r- Assuming cosmological symmetry the five-dimensional geometry can be seen
to be SAdS with parameter Cy, r associated with the Black Hole mass on each region. The

five-dimensional geometry may be written as
ds* = —a*(Y, T)dT? 4+ n*(Y, T)dx* + dY?, (2.87)

with, in the different regions Ry g,

CL2(Y, T) = aLr (e_Q(Y_Yb(T))/LL,R + Ci’TvRBQ(Y—Yb(T))/LL,R) (288)
Cr.ro?
n(Y.T) = Bu (aQ— LQLR) (2.89)

and for simplicity we assumed the branes to be spatially flat. In order to keep the five-

. . . . . -1
dimensional metric continuous across the bulk brane, we impose ar g = a? (1 + Crr/4) ",

and B g = nj (af — CL’Ra%VR/ag)_l, where ay, is the value of the scale factor on the bulk
brane and similarly for n,.

We now suppose that the bulk brane tension is fine-tuned to its canonical value

3 /(1 1
N=—|———]. 2.90
b K (LR LL) ( )
From the Israél matching condition (2.10) on the bulk brane, we have:
i i i K i
AKG(Yy) = K507 = K5(7) = =3 (et m)dj, (2.91)

with p, the energy density of matter fields located on the brane and

i i 1 C ,
K(YE) = ot \/ BL - H2. (2.92)

2 T2
LR,L LR,L%

with Hy, = a%%. It is worth pointing out that from the five-dimensional point of view,
b

ay is a constant, but if the bulk brane is moving, Y, = Y3(7'), the scale factor on the brane
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is not constant. Solving (2.91) with the background expression (2.92) for the extrinsic

curvature, we obtain the modified Friedmann equation on the bulk brane:

1 /k 2 1 1 1 1/C Cr\1*
H = ~ (= (pp+A L < AT
P G T 5onoa(ho)] ew

(S CL+CR
o |22 T T\ 2 T )|

As mentioned in previous works [124], the absence of Zy-symmetry gives rise to additional

term in the induced Friedmann equation of the bulk brane. Besides the presence of the
dark energy term and the quadratic term in the energy density which have already been
noticed for boundary branes, the Friedmann equation of a generic bulk brane contains as
well a term of the form a=® which can not be interpreted as any kind of physical matter.
Furthermore matter couples to gravity in a very peculiar way as it can be seen from the
presence of the (g oy + )\b) 2 term.

If a reflection symmetry had been imposed around the bulk brane, the relation Ly =

— L and Cy, = Cg should have hold and the extra asymmetric term would have cancelled:

HE = Ao+ % pi + % which is precisely what we obtain for a Zs-symmetric orbifold
brane. Furthermore, we can notice that this extra term are of higher order in velocity, such
term will therefore be absent at low energies. However they represent characteristic terms

of braneworld cosmology which we believe are worth studying.

Covariant formalism

In what follows, we will consider the Gauss-Codacci formalism in order to understand the
origin of the extra asymmetric terms present in (2.93). For simplicity we shall first consider
an empty brane. Staring from the Israél Matching condition (2.10), the key difference in
the extrinsic curvature of a brane with or without Zs-symmetry can be emphasised. We
can then give a brief overview of what happens when matter is confined on the brane. The

extrinsic curvature on each side of the branes can be expressed as

1 _
KUYE) = g0+ K. (2.94)

72



2.8. EXTENSIONS

When the brane is submitted to a reflection symmetry, the “average”- tensor (or “asymmetric”-

tensor) K = 15— (Lr K%(Y,") — Ly K%(Y;)) vanishes but for a bulk brane this is not

necessarily the case. Using the Gauss equation (2.12), the Ricci tensor may be expressed

on each side of the brane by:

RE(YE) = _L2 (K‘,ﬁ + %K 5*;) + (K K% — KEKS) — BY(Y5). (2.95)
R,L

The Weyl tensor E,,, being traceless,

K+ (K? = KogK*) . (2.96)

R(YE) = —
(b) LR,L

The metric has to be continuous across the brane junction and so does the Ricci tensor.
Imposing R(Y,") = R(Y, ), the average part of the extrinsic curvature must be traceless
K = 0. Furthermore, from the Codacci equation (2.8), K, should be transverse. The
“average”- tensor K, for an empty brane is therefore transverse and traceless. The Ricci
tensor will be well-defined on the brane only if the Weyl tensor satisfies:

EA(YF) = 2 K%+ EY, (2.97)

Lp1

with the tracelessness of F,, implying E’/j = (0. For an empty brane, the Gauss equation

therefore simplifies to:
R' = KHK® — BV, (2.98)

where K, is transverse and traceless. For the background, it therefore looks like the
stress-energy tensor of radiation, exactly as the Weyl tensor E,, (2.29). However K v
comes in quadratically in the modified Einstein equation and therefore leads to the extra
a, ¥ term in the modified Friedman equation (2.93). This is a property of any brane not
submitted to any reflection symmetry. In a low-energy theory, these terms are expected
to be negligible, but the purpose of this thesis is to go beyond the low-energy limit and
therefore to understand the way these terms might affect cosmology in such a brane. In the
presence of matter, the Gauss equation on the brane becomes much more complicated as it

presents some quadratic terms in both K w and in the stress-energy tensor for matter fields
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on the brane. The resulting “average”-tensor K, is therefore not traceless and transverse

anymore but satisfies:

TRy = MK =4 (25 T (2.99)

K=K, (2.100)

Here we notice a remarkable fact, when non-conformal matter is present on the bulk brane,
the average tensor K, can not cancel if Lp # Ly, ie. if there is no reflection symmetry
between R, and Rp, having non-conformal matter on the brane imposes the presence of

an asymmetric term in the brane. The Modified Einstein equation on the brane is then

2
R: = %Tng + KERe — BP, (2.101)

where TW =T, — %qu,. This result seems at first sight very surprising as there does
not appear to be any linear term in 7}, as would be expected in a usual theory of gravity.
However the linear terms in 7}, come in through the quadratic terms in K v Which depend
on 7}, through (2.99) with the condition (2.100). It is a priori very difficult to make
much analytical progress on these equations when dealing with covariant quantities and
not in a specific scenario. For the background, we have shown that the modified Friedmann
equation was genuinely very different from standard gravity and we have here presented

the covariant approach to point out the particularities of such a model.

2.9 Discussion

The Randall Sundrum model is a remarkable toy model on which several features of
braneworld cosmology can be tested. Despite its simplicity, a number of departures from
standard four-dimensional gravity can be observed. First the coupling of gravity to matter
is genuinely different, and becomes very peculiar for a bulk brane not submitted to any
reflection symmetry. Another difference arises from the presence of Kaluza Klein modes
on the branes which represents bulk excitations and are generated on the branes through

the induced Weyl tensor. At low energies, an effective theory can be derived on the branes.
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In that case gravity behaves in an essentially four-dimensional way and couples to a scalar
field which can be interpreted as the distance between the branes. However most of the
characteristic features of the RS model are left out by this low-energy effective theory
such as the Kaluza Klein corrections, and the peculiar coupling to matter. Despite this
fact, numerous work has been done on the derivation and the use of this effective theory.
We have here chosen to show its derivation in a different way from what is usually found
in the literature, in order to understand better where specific approximations have been
made and how extension can be studied, which is the main motivation of this thesis. In
the next chapter we shall therefore start by showing how the low-energy theory can be
extended in order to model correctly the way gravity couples to matter and see how this

could potentially affect cosmology.
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Chapter 3

Quadratic Terms in the Stress-energy

Itzam N&, God of the Sky (Maya)

3.1 Introduction

In this chapter, we shall concentrate on braneworld models for which the energy scales are
important in comparison to the brane tension. As we have seen in the previous chapter,
their gravitational behaviour is then expected to be genuinely different from conventional
four-dimensional gravity. From the cosmological point of view, this aspect is of great

interest as it may potentially provide new scenarios for the beginning of our Universe.
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Although we expect the conventional low-energy limit of braneworld gravity to be valid
at the present time, the low-energy approximation might well be violated in the early
Universe. This will, for instance, be the case if the energy scale of inflation is comparable
to the brane tension scale. In such a scenario, the Friedmann equation just after the Big
Bang, might thus be modified. Additional terms such as the dark radiation or the p? terms
(where p is the energy density of matter on the brane) can then play an important role.
Unfortunately, working beyond the low-energy limit usually requires a five-dimensional
description [125,126], making analytic solutions very hard to follow or requiring numerical
methods, (unless some very restrictive conditions are imposed). For the study of perturba-
tions, and in particular their possible interpretation as generating the observed large scale
structure, the analysis would be facilitated if it could be reexpressed in a four-dimensional
language [127,128]. In order to do so, and to get a better insight into the high-energy
regime, it is useful to use approximation methods that capture the essential physics, if
not the precise solution. In this chapter, we will focus on the adiabatic approximation,
allowing us to go beyond the low-energy restriction. Using this approximation, we shall
see that the same four-dimensional tools can still be used for the study of perturbations.
As already mentioned in chapter 2, we may use the Gauss-Codacci formalism to derive
the modified Einstein equation on a brane. However, from the brane four-dimensional point
of view, the five-dimensional nature of the model cannot be completely ignored. Indeed,
the system of equations obtained on the brane is not closed since the modified Einstein
equation contains a new term: the electric part £, of the five-dimensional Weyl tensor.
This term encodes information about the bulk geometry, which cannot be solved exactly
unless one assumes cosmological symmetry or considers other specific cases. To start with,
the exact solution for the background may be used to derive a covariant expression for £,,.
Formally, this expression is only valid for the background, but for linear perturbations in
an adiabatic regime, we may argue that the main part of this expression remains accurate.
Furthermore, when this formalism is applied to the two-brane RS model, an important
assumption can be made: This work will rely on the assumption that the metrics on both

branes are conformal to each other.
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The underlying idea behind this formalism can actually be applied to a wide range of
braneworld scenarios. The same concept may for instance be used to study the asymmetric
term present on a generic bulk brane. As another example, we may consider the one-brane
limit of the RS model, bringing the negative tension brane to infinity and leaving the
positive tension brane embedded in an infinite extra-dimension. In this limit, no conformal
assumption is hence required.

In this special one-brane limit, this formalism is used within the context of brane infla-
tion as studied in [129-132]. The inflaton scalar field is confined on the brane and evolves in
a potential which should satisfy some slow-roll constraints [131,133,134]. In the one-brane
limit, the negative tension brane does not backreact on the positive one and the radion
does not couple with the inflation scalar field introduced on the brane, the physics will
hence be straight-forward. However, in the context of braneworld inflation, the constraints
on the potential are expected to be different from the potential of chaotic inflation and can
indeed be computed. In order to do so, the scalar and tensor perturbations are evaluated
and we give an estimate of the non-gaussianities. When the slow-roll conditions are im-
posed, the model reproduces the nearly scale-invariant spectrum for density perturbations
of standard inflation. It is hence possible to show how the main features of brane inflation
may generally be reinterpreted as arising from an ordinary inflation model with a redefined

potential, or equivalently with redefined slow-roll parameters.

3.2 Covariant Treatment

3.2.1 Two-brane Formalism
Conformal Assumption

The aim of this section is to formulate a covariant treatment for the quadratic terms in
the stress-energy. These terms are indeed present in the induced Einstein equation of a
brane (2.19) and we imagine a scenario for which their contribution could be important.

Our starting point is the assumption that, for long wavelength adiabatic perturbations,
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CHAPTER 3. QUADRATIC TERMS IN THE STRESS-ENERGY

the metrics on both branes remain conformally related
a5 = V). (3.1)

This assumption is clearly trivial for cosmological symmetry: Assuming such a symmetry,
the background metric on the branes have indeed no other choice than being conformal to
each other. This relation is as well valid in the low-energy effective theory (2.37), however
the relation between the conformal factor ¥ and the proper distance d between the branes
does not need to be the same as the one fixed in that limit (2.38). In a general case, we
will assume ¥ to be a generic function of d, and of any of its derivatives. For a SAdS
background for instance, as in (2.20), the conformal factor between the branes will be a
function of the Black Hole mass associated with C, which in turn can be expressed in terms
of derivatives of the distance between the branes.

However, one might worry that this conformal relation should not hold in general. We
have indeed seen in section 2.7, that beyond the cosmological symmetric case, the metric
on both branes does not remain conformal to each other at the perturbed level. In the
quasi-static case, for instance, a five-dimensional treatment shows that the induced metric
on both branes (2.73) and (2.74) is not conformal beyond the zero mode, and this is true
independently of the proper distance between them. However, we may stress that for this
quasi-static case, the zero mode was well described by the low-energy effective theory of
section 2.6 since the branes were static and empty for the background. If on the other
hand, the stress-energy of matter fields living on the brane is important, the low-energy
effective theory will not be an acceptable model, not even to describe the zero mode. This
is the reason why in this chapter we focus on the study of the zero mode beyond the low-
energy approximation. This treatment will not reproduce all the general features present
in braneworld cosmology, but we will see that it represents a good starting point for the
study of the quadratic terms in the stress-energy. In the next chapter, this treatment can
then be extended, and in particular, we shall then see how this formalism may be modified
in order to introduce corrections coming from the KK modes (which are indeed missing

here). In that case, the conformal assumption (3.1) should hence be modified.
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Properties of the Weyl tensor

Using this conformal assumption (3.1), the Ricci tensor on the negative tension brane can

be expressed in terms of the Ricci tensor on the positive one:

U2R() = WR) — 20D, D,V + 409,V 0,V — q}) (VOU + (0V)?) (3.2)

where all derivatives and contractions are taken with respect to the metric qﬁ,ﬁ) on the

positive tension brane. This will be our convention throughout this section unless otherwise

specified. The trace of equation (3.2) then provides the equation of motion of the scalar

field W:

0¥ = — (R — ¥*R)) v, (3.3)

| =

where R(7) = q(_)“”R,(L). We may notice that if the negative tension brane is empty,
R =0 (as a consequence of (2.19) and of the tracelessness of the Weyl tensor). In that
case, the scalar field ¥ will hence appear to be conformally invariant with respect to the
positive tension brane metric: ¥ = %R(“ U, and conversely if the positive tension brane
is empty ¥~! will be conformally invariant with respect to the negative one.

As already mentioned in section 3.2.2, the only unknown quantity in the projected
Einstein equations on each brane is the Weyl tensor E,(jf) as defined in (2.4). Although
Efﬁf) is not determined from the brane point of view, its exact expression can be derived
for the background and may be expressed as in (2.29). For the background, Ef;) and Efflf)

are therefore conformally related:

VE) = E() (3.4)

U2

as predicted by the low-energy effective theory in (2.42), although we recall that the relation
between ¥ and d is not necessarily the one predicted by (2.38). Covariantly, however,
the only property which is known for the Weyl tensor is the requirement that Efﬁf) is
traceless and that its divergence must be consistent with the Bianchi identity on each

brane DG * = 0,

v
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Using the expression (2.19) for the induced Ricci tensor on each brane, we can construct

the quantity (RELJE) — \II2R,(;)>:
2 — 2 _
(R —W2R()) = (1) — v°11)) — AE,,, (3.5)
where we have used the notation

K 1 /ﬁ}2 Ha 1
e =+ (T;f> - §T(i)qf$)> - (T< o g _ gwimgzﬂ) | (36)

Much of the following work will rely on the fact that AE,, vanishes for the background,

which is simply a consequence of (3.4). Covariantly, AE,, is indeed defined as:

AE,, = (E)) —W2E)). (3.7)

Since the brane metrics are conformal to each other, the traceless property of E,(f,f) can be
extended to AE,,:

¢ AE,, = 0. (3.8)

Using the covariant relation between R,S;) and Rﬁ) (3.2), the Ricci tensor on the positive

tension brane may now be expressed in terms of the scalar field W:

R =1 + UL, — AE,, (3.9)

ny
where the tensor U}, satisfies:
Uy, = —2UD,D,V + 40,V 9,¥—q¢(}) (PO + (09)%) + ¥R} — ¥1I()  (3.10)
Hpv ¥ _
¢ U =0 (3.11)
DPUYE = - w2DOT . (3.12)

I

For any tensor Z*#, we define the associated tensor Z # such as Z =7z~ — %Z @ o4, For the
Bianchi identity to be satisfy on the positive brane, the divergence of AE,, is constrained

to be:
Dl(f) (¢ AR,,) = Dl(:r)f[(*)’; — \Ilsz;)fI(*)’;. (3.13)
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Decomposition of the Weyl tensor

In the following, we shall decompose the traceless tensor AFE,, into a vector part and a
tensor (transverse) part. In other world, we shall assume, the inhomogeneous part of AE,,,

to be absorbed into its vector part:

AE,, =&, +EL), (3.14)
with the vector part
1 «
Ew = DVE, + DIVE, — éqf;)ng)s , (3.15)

and the homogeneous part ETT’; satisfying the relations:
O TTu TTp _
DIMVE™H =0 and E' =0. (3.16)

The vector &, = S,SH — 5,(17) can then be determined using the divergence relation (3.13)

for AE#:

Ew =E) —E), (3.17)
DHeT = w2, (3.19)

Although this determines the vector part only up to some integration constants (or more
precisely up to a homogeneous part), we may for instance avoid this problem by assuming
that all the divergenceless parts of AE,, are contained in EEVT . More precisely, the vector
part will be uniquely determined if the condition D,& (i)’j =0 < Eﬁi) = 0 was imposed
as well with some initial conditions. Adding the contribution of & (7)5 to U l‘f’y, we obtain

the conserved and traceless pseudo-stress-energy tensor T/f;jeff:

Ueff " —
Ty =Uy +E5), (3.20)
Ty =40,9 0,% — 2VD, D,V + ¢\ (200¥ — (9V)?) (3.21)
+ G — WL + €0,
Hpuvpv eff
gyt =0, (3.22)
Hoeffu
DEOTY <t = 0. (3.23)
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When the negative tension brane is empty, we may note that \IIQﬁf;,) = S,SZ) = (. Using the
relation (3.3), T/}l',eﬁ is then precisely the stress-energy tensor for the conformally invariant
scalar field W. The tensor T’ j{fﬁ can hence be seen as the natural extension of the stress-
energy tensor for the scalar field to the case where matter is present on the negative tension
brane. In particular, the traceless and divergenceless properties of the pseudo-stress-energy
tensor are still satisfied. For this to remain valid, some contributions had been added to the
stress-energy tensor and accommodate the fact that ¥ is no longer a conformally invariant

scalar field with respect to the positive tension brane.

In the modified Einstein equation (3.9), the only part that remains undetermined is the
traceless and divergenceless contribution EZVT to AE,,. However, from the relation (3.4),
we may recall that AE,, = El(flf) —\IIQE,SZ) = ( for cosmological symmetry. Furthermore, we
may check that for any kind of matter satisfying conservation of energy in a homogeneous
and isotropic background, the divergence of ﬁ(i)’f/ in (3.18, 3.19) vanishes. Hence both
vector parts S,S,jf) vanish for the background, and we may point out that this result remains
valid even when the bulk geometry is not taken to be pure AdS (C # 0). The remaining
part EEVT is hence bounded to wvanish for the background as well. For the purpose of long
wavelength adiabatic perturbations, it is therefore consistent to neglect any contribution

from E}T, as it will be argued in what follows.

Adiabaticity argument

It is a well-known result that for long wavelength adiabatic scalar perturbations, the quan-
tity dp/p (where p is the energy density) is the same for any conserved fluid, regardless
of its equation of state [10]. In particular, this is true for the conserved tensor E} (with
density pp and wp = 1/3). The transverse condition implies pp = —4 %pp. Comparing
pe with the energy density p of any other fluid present in the theory, the adiabaticity
condition at long wavelengths imposes dpgr/pE ~ dp/p which may be expressed as:

)
Spp ~ —4pp 2P (3.24)
ap

84



3.2. COVARIANT TREATMENT

Since the tensor Eg,,T vanishes for the background, pg = 0, the perturbations are hence
bounded to do the same dpr ~ 0. In an adiabatic regime, the long wavelength scalar
perturbations of £ can thus be neglected.

For the three-dimensional-tensor perturbations, the same approximation will be made,
although no analogous argument may be given in that case. It is however in the context

of this approximation that we shall consider inflation on the brane in the next section.

Covariant formalism for the two-brane model

Thanks to the Gauss-Codacci formalism and to the conformal assumption (3.1), we have
therefore shown that it is possible to find an expression for the Weyl tensor E,, up to
a conserved traceless tensor that we shall neglect as a first approximation. Comparing

equation (2.19) with (3.9), the expression for the Weyl tensor is

EG) =Ty T+ ). (3.25)

[17%

In this regime, the metric on both branes is governed by the following closed set of equa-
tions, including the modified Einstein equation on the brane, and the associated Klein

Gordon equation for the scalar field:

Ri = (1) — &) + T8,
(3.26)
OV = 3 (R — 1)) ¥,

with the following definitions:

p

ai) = Vgl

) = 45 (10 - 4160)) - 2 (1Tl - 1o 1))

TY e = 49,V 0,V — 20D, D,V + g (20000 — (90)%) + VG — W2IIL,) + 5,5,)(3 -
£ = DIER® + DI — L DL g®e '

DIE I — P

D/(j—)gls—)# _ quD,g_)fI(_)#
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where we wrote 1) = q(i)“"ﬂ,(fﬁ), and any other contractions and derivatives are per-

formed with respect to qﬁ).

These may look formidable, we have an equation of motion for a non-minimally coupled
scalar field ¥ and equations for the metric qﬁ) sourced in a highly non-trivial way by both W
and the stress-energy on each brane. However, we argue that the system (3.26) with (3.27)
is now closed, is self-consistent, and allows us to calculate the long-wavelength adiabatic
perturbations when the p? terms play a significant role and cannot be neglected. This

resulting model is perfectly consistent with the effective theory derived in the low-energy

limit. Indeed, in the limit where p. < A, we recover the same theory as in section 2.6.

In the limit where ¥ vanishes, we immediately recover the one-brane RS model, where
the brane is embedded in a non compactified extra-dimension [51]. We will study this
limit in more detail in the next section, but first we may point out how this technique may
be used in the case of a non-Z, brane to model the asymmetric which term generically

present, Cf. section 2.8.2.

Characteristic terms of a non-Z, bulk brane

In this subsection, we shall only point out how the previous method can be applied for the
study of bulk branes. In particular, we shall apply the same formalism to the asymmetric
term K, which is typically present on bulk branes Cf. eq.(2.94). We have seen in section
2.8.2, that the asymmetric term K, has some interesting properties when non-conformally
invariant matter is present on the bulk brane. However in what follows, we shall focus on
the situation for which no matter and gauge fields are confined to the bulk brane. In that
case, we have seen from (2.96) that K w 1s traceless and, from the Codacci equation, that
K w1 transverse. Furthermore, assuming cosmological symmetry, the five-dimensional
geometry can be solved and so the exact expression of K w for the background can be
found. Covariantly, K, may therefore be expressed as a term K, ,(fl),) which gives the correct

result for the background plus an extra piece KEVT which cancels for the background.

Bearing in mind that [_(ZVT is traceless and transverse, it is therefore possible to neglect

36



3.2. COVARIANT TREATMENT

its contribution, for adiabatic perturbations. Since this goes beyond the purpose of this
chapter, we will leave the details of this computation to the appendix A. In this appendix,
we will see that K L?) depends both on the distance between the bulk brane and the orbifold
ones and on the matter content of these ones, Cf. eq.(A.16). The aim of this subsection
was only to illustrate the fact that this method could be used in a number of different
scenarios in braneworld cosmology. In what follows, we shall concentrate our study to the

one-brane RS limit.

3.2.2 One-brane Limit

We shall now consider a special case that will allow us to focus on the effect of the quadratic
terms in 7},,. In particular, we choose the background geometry to be purely AdS (C =0
in (2.20)). In that case, each brane evolves independently from each other in the back-
ground since the Weyl tensor vanishes for the background, and hence no information can
be transmitted through the bulk. The distance between the brane, has no impact on the
brane, and in particular, the negative tension brane could be very close or could be sent to
infinity without noticing any differences on the positive brane. When the distance between
the brane is infinite, we actually recover the one-brane RS model for the positive tension
brane, which is the limit we shall focus on in what follows. Since we will be interested in
quantities on the positive tension brane only, the superscript (4) will be suppressed.
Following the same decomposition for the Weyl tensor as in the previous subsection, in

(3.14), we may write the Weyl tensor on the positive tension brane as:

E.=&D+EL, (3.28)
D.ETH =0, ETTH =0 (3.29)

Furthermore, since the Bianchi identity has to be satisfied for the four-dimensional brane

Einstein tensor, the divergence of the Weyl tensor must be:

'Li2 (e} 1 (6% [0 1 (0%
D, E" = —ZTQ (Dﬁ(TV — §T5V) — D,(T§ — gTéﬁ)) ; (3.30)
— D, M. (3.31)

87



CHAPTER 3. QUADRATIC TERMS IN THE STRESS-ENERGY

The longitudinal part may be determined up to a homogeneous tensor which is absorbed
in the transverse and traceless part EgVT . As already mentioned, the divergence in (3.30)
vanishes for any kind of matter satisfying conservation of energy in a homogeneous and
isotropic background, the part contributing to the Weyl tensor in (2.29) is hence homoge-
neous and D, E# = 0 for the background.

As before, EZVT is the only quantity that remains undetermined, but for the purpose
of this chapter, we will make the important assumption that EIT can be neglected. For a
pure AdS background, the Weyl tensor vanishes and EZVT only comes in at first order in
perturbations. Corrections arising from this term will be considered in the next chapter,
but for now, we only focus on the behaviour of the quadratic terms in the stress-energy.
We can hence use this approach to study inflation on the positive tension brane and
understand the effect of the quadratic terms in that scenario, this will be the purpose of

the next section.

3.3 Inflation on the brane

In this section, we shall consider the inflaton to be an additional scalar field living on the
positive tension brane '. This setup is equivalent to the one first studied in [129], but
as we shall see, some contribution of the Weyl tensor will be taken into account. If the
energy scale of inflation is well below the brane tension, this system is well described by the
low-energy effective theory of section 2.6. However, if the typical energy scale of inflation is
comparable to or larger than the brane tension, we may use the formalism of the previous

section to get a better insight.

IThis notion of inflation on the brane should not be confused with the notion of brane inflation intro-
duced in the introduction, where the inflaton scalar field was the distance between the branes. In what

follows the inflaton scalar field will be considered to live on the brane.
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3.3.1 Background

For simplicity, let us assume that the brane is spatially flat in the background (k = 0).

The stress-energy tensor of the inflaton is given by:

1
T = 00— (5 0+ V(9)) (3:32)

where the inflaton scalar field ¢ evolves in a potential V(¢) which is assumed to satisfy
some slow-roll conditions. The exact slow-roll constraints imposed on the potential will
be specified later on. For the background, the energy density for the scalar field can be

expressed the usual way:

1.
p=—T5 =V(py)+ 5903, (3.33)

where a dot represents derivative with respect to the proper time and ¢y is the background
value of the scalar field.
When the kinetic energy of the scalar field is assumed to be negligible compared to its

potential energy, 3 < V(¢p), the modified Friedmann equation (2.28) reads:

N\ 2
2 (4) o 2V (V)L
H* = (a) ~ 7oy <1+ 2)\) ~ constant. (3.34)

where A\ = 6/kL is the positive tension brane tension (2.16), and we may recall that for a
spatially flat background, with pure AdS geometry, the dark energy term C vanishes. It is
worth pointing out that an expansion in p/\ is equivalent to an expansion in L?H?, in the
low-energy limit L?H? < 1 we indeed have 2p/\ ~ L?H?. In what follows we will keep
all terms in L2H? so any result will remain valid at high energies, when L?H? > 1. As
mentioned before, in the limit where the length scale L is negligible compared to the other
length scales of the theory, we should recover the standard four-dimensional low-energy
results.

Since the inflaton is confined on the four-dimensional brane, the Klein-Gordon equation

for the scalar field will remain unaffected by the presence of the fifth dimension:

V(o) = —¢o — 3 H ¢y, (3.35)

39



CHAPTER 3. QUADRATIC TERMS IN THE STRESS-ENERGY

which is a simple consequence of the conservation of energy D,T# = 0. In the slow-roll

regime ¢y < Hy, this results simplifies and one obtains the conventional relation:

Ve

“ar (3.36)

Yo

We may now use the formalism of the previous section to consider scalar and tensor per-

turbations as well as an estimate of non-gaussianity.

3.3.2 Linear Scalar Perturbations

We now focus on the study of linear isotropic perturbations around this conformally flat

background. For this, we choose to work in the longitudinal gauge,

ds* = a® (=1 +2®)d7* + a® (14 2¥)dx?, (3.37)
p(t,x) = po(t) + op(t, x), (3.38)

where 7 is the conformal time, and in what follows a prime will designate its derivative:

’E@T:aat.

Anisotropic stress

As mentioned previously, in order for the equation of motion to be consistent with the
Bianchi identity the Weyl tensor must include a term cancelling the divergence of the

quadratic terms in 7,,,. Using the background equation of motion, the Weyl tensor should

satisfy:
K2 1 1
_ 3 « o o «
D,E" = vy T (Dg(Tl, — §T5V) — D,,(TB — gTéﬁ)) , (3.39)
K2 0
= —— ) 3.40
- (3.40)

—208 (=00 + @5 P + 20 09) ;
We stress that the time-like component of this divergence vanishes. This is specific to

stress-energy tensors coming from a scalar field and will not, as far as we know, be true
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for a general fluid. This allows us to decompose the Weyl tensor in the simple form:

B, =&+ +ETT, (3.41)
0 0 0
with &) = 1 . DEWH = ) . (3.42)
0 X}ij — §V2X’Yij §V2X7i

where V? is the spatial Laplacian. This is remarkable since an expression for the longitudi-
nal part of the Weyl tensor has been found without needing to solve a differential equation
involving time derivatives. This is especially interesting since no initial conditions need
to be specified. The exact expression for X can then be found by comparing (3.42) with
(3.40):

2

R™ .. . . .
V2X = T G0 (—@odp + @5 @ + 0 0¢) - (3.43)

This provides us with a consistent expression for the Weyl tensor (3.42), which can be

substituted into the modified Einstein equation (2.19):

6 9
G = 32T ~ Ner2

N 1 1 N 1
(T#Tm, = 3T T = 5TesT B + 6T2qw> — &M (3.44)

A second interesting feature arises from the ansatz (3.42) when the (ij) (with i # j)
component of this equation is considered. This equation directly points out the presence

of an effective anisotropic stress X at high energies:
X = v-90. (3.45)

Since only the p? terms contribute to X, (eq.(3.43) is quartic in the fields so quadratic
in the energy density), we notice that at high energies, the p? terms play the role of an
effective anisotropic stress.

For linear perturbations, the (0i)-component of the modified Einstein equation (3.44)

reads:

oL .
S = — (H@+\1;>. 3.46
T oVl 2D (3.46)
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Using this expression in (3.43) and (3.45), we can express ® in terms of ® and U, U, V.
This result can then be used in the (00)-component of the modified Einstein equation to

derive the following relation between ® and W:

L2a?H a’ d
o=(1-—" | w=(1-22 (nvit2H2) ) W. 4
( 1+L2H2> < Hdt(n * )) (347)

Note that the first and second time derivative of ¥ cancel exactly, giving a surprisingly
simple expression for the anisotropic stress. In the low-energy regime where L?H? < 1,
the anisotropic part cancels out, and the usual result is recovered.
Substituting this relation between ® and ¥ into the previous expression we had for ®
in terms of ®, U, ¥, ¥ finally gives the decoupled second order equation for W:
a/ (p// a/
U = VAU -2 (— — —?) (\If’ + —W) + L*(H')?
a ¢ a

L2 90” H
2aH (V- ——  (HO - HZ2 ¥+ =V 3.48
@ ( 1+L2H2( agh +a ))’ ( )

2 — L2H? N L*H"H
14+ L2H? 1+ L2H?

where we used derivatives with respect to the conformal time in order to simplify the
notation and to compare this equation with the usual results. We may point out that the
only difference with the usual four-dimensional scalar perturbations will arise from this
second-order equation for W. We have indeed already mentioned that the Klein-Gordon

equation remains in the usual four-dimensional form D,T% = 0:

/
00" = V28p — 200V, + 0200V, — ) (3U' + ') =225 (3.49)

Mukhanov equation

In order to solve the differential equation (3.48), it is useful to perform a change of variables.
For that we will work instead in terms of the gauge invariant variable u which is related
to the metric perturbation by v = 2V with z = %\/#72[{2. We may point out that its
expression in terms of the scalar field perturbations is simply:

—2L i
5o — <u’ + 20 u) : (3.50)

ak 0
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te. precisely the conventional relation between the Mukhanov variable v and the scalar
field perturbations [135], after defining the four-dimensional Planck mass to be M7 = L/x.
Substituting, the Mukhanov variable u into the equation (3.48) for ¥, one obtain the usual

second order differential equation:

uj + k2—g) up = 0, (3.51)
. ﬁ 9" H
th —=—, 0= — .52
with — = -2, R (3.52)

which is precisely the standard Mukhanov equation. This is a very critical point: Although
the background behaviour is different, the evolution of the perturbations remains the same
as in standard four-dimensional gravity. In particular, the braneworld nature of the theory
has only altered the relation between the Hubble parameter and the potential. This mod-
ification might affect observable quantities, such as the power spectrum of perturbations,

but can probably be interpreted as a change of background variables.

We may now follow the usual four-dimensional formalism for inflation [10, 135, 136].
In particular, we will find relevant to follow some of the prescription of [16]. Assuming
that B may be treated as a constant — the conditions necessary for this assumption will
be specified by the slow-roll parameters later on — an analytical solution of (3.52) can
be computed. After decomposing the Mukhanov variable into different k-modes uy, the
integration constant for each one of these modes may be fixed by requiring the fluctuations
to be in the Minkowski vacuum well inside the Hubble radius, ie. when k272 > f3, the

modes should be of the form:

ie—ikr
L et ?
dpp ~ —— 1—— 3.54
ok ak \/2k ( kT) ’ (3:54)

which corresponds to the Bunch-Davis vacuum [137]. Imposing this condition, uniquely

fixes the free parameters. We then study these modes in the regime which interests us ze.
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at long wavelengths, when k%72 < 1, their expression is slightly more complicated:

v s (1) R () e

Gl

with the index n = /0 + }1.

Curvature Perturbation and Power Spectrum

In order to have a physical interpretation of this result, we can relate it to the gauge in-
. . . r .
variant curvature perturbation on comowving hypersurfaces ¢, = ¥ — %?‘f. To be entirely
rigorous, one could also consider the curvature perturbations on uniform-energy-density
hypersurfaces (, or the curvature perturbations on uniform-effective-energy-density hyper-

surfaces

/
Cp = __F or Cpeff:\ll__ o (3.56)

where T /jlf,f is given by the right hand side of (3.44). All those three quantities are conserved

at long wavelengths by conservation of energy. We may indeed check this result directly:

a’dp
Cp = \Ij + 3@6 2@7
/ 4%/ T 2%2/ 2

Since Tﬁf is also conserved (despite not being linearly related to 7},,), we may again argue
that (,,,, is conserved at long wavelengths. If the adiabaticity condition holds for linear
perturbations, then (,, ., ¢, and ¢, should coincide at long wavelengths,

for K272 <1, (D) =~ (C),,) =~ (¢2).
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In the following we will concentrate on (,, in particular, we derive its behaviour at long

wavelengths, in the slow-roll regime:

2LH iLH
Opp >~ — ~ T .
Pk K U \/ﬁ/ﬁ]{3/2 € ) (3 58)
’s o H?
oo~k T (3.59)

— —e
a @y 2k ¢

The power spectrum P ~ k3((?) is hence given by the standard expression:

L2 &2H4 HG
P ~ —— — 3.60
2r? 9062 T=7% ‘/737 T=7% ( )
3
3
P T=T%
with 7% the time of horizon crossing when & = aH. Once again the departure from

the standard four-dimensional inflation is a direct consequence of the modification of the
Friedmann equation (3.34) at the background level. Expressed in terms of the potential,
the power spectrum will therefore get an overall factor of (1 + %)3, as mentioned in [129].
For a given potential, it will hence appear to be redder than for chaotic inflation. The
spectral index, on the other hand will remain unaffected. Indeed, for small 3, (we will

study in the following the conditions for 3 to be small), the spectral index is given by:

ng—1 = T - 20426+ O(5°). (3.62)

Slow-Roll Conditions

We may now define the slow-roll parameters as follows:

H’ d"lne
— d A" = .
aH? an dlna ™

€ =

(3.63)

Each parameter A may be treated as a constant as long as A"V < 1, (with A(O) = ¢).

In terms of those parameters, (3 takes the exact form:

a2H27_2

8=-" [ 222 — (24 AW (26 + AD) (3.64)
20>
“r ey <

2+ 6e+ L°H?(2 + 3¢)) }
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In order to obtain an almost scale invariant power spectrum (3.60), with a small spectral
index (3.62), two main assumptions have been made on 3. [ is indeed required to be small,
B < 1, and to be almost constant. For 3 to be small, the parameters € and A(M, A need
to be small. This will be translated into the slow-roll parameter conditions.

If A and A® are small, € can be treated as a constant and the scale factor a hence
behaves as a ~ —H~'r=1. The overall coefficient in the expression (3.64) for 3 is therefore
a?H272 ~ 7727, Thus it is consistent to treat 3 as a constant (as has been done to get the
expression (3.55)), if the slow-roll conditions are respected: ¢ < 1, A < 1 and \® <« 1.

Up to first order in the slow-roll parameters e and A", (considering all other A™ to be
negligible), using eq.(3.62), the spectral index takes the form:

22

1 = 9\ _ =7
ng—1 = —2¢—\ 1—|—L2H2€'

(3.65)

We will hence recover the standard result for the spectral index [10,135,136], if we define

the second slow-roll parameter n such that:
ng—1 = —6e+2n+ O(e,n). (3.66)

In that case, the parameters € and 17 may be expressed in terms of the scalar field as pointed

out in [129,133,134]:

H L 1+V/x V3
H2 2k (1+V/20)2 V2’
H 1+%L2H2 L 1 VZWP

- e 3.68
TS TopE T RE T Rivia v (3.68)

(3.67)

€ =

If we worked at higher order in the slow-roll parameters, there would be some departure
from standard four-dimensional gravity in the spectral index. However, once again, this
departure could be eliminated by an adequate redefinition of the third slow-roll parameter
£? (as defined for instance in [133,138]). We do not wish to show the calculation explicitly

here, but it can be seen that if the second order parameter is defined in our case such that

=TV +r2a2 €

2V VvV 27172 .
€2 = L Teegte  SLOHO (2 the power spectrum to second order in the slow-roll parameters

will recover the same form as in the standard four-dimensional chaotic inflation.
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3.3. INFLATION ON THE BRANE

At this point, from the knowledge of the amplitude of the scalar perturbations at long
wavelengths and their scale-dependence, it is not possible to distinguish between a model
of standard four-dimensional chaotic inflation with potential V9 satisfying the standard
slow-roll conditions with parameters €4q, 114, €44, and a model of brane inflation with a

potential V| such that at the beginning of inflation when the first modes exit the horizon,

|4 |4
4d) v \4
ViR > V(1+2A) (HA), (3.69)
v\ /2
4d)
Ve =~ v, <1+;) : (3.70)
Vv
V,c(p4sg) ~ Vo <1+X)> (3.71)
v\ v\ 3V3 v
Vs(igsl = (1 + X) (Vsow <1 + ﬁ) + §ﬁ (1 + ﬁ) : (3~72)

We argue that observations of long wavelength scalar perturbations alone are not enough
to differentiate between standard chaotic inflation and inflation on a brane with a potential
satisfying the modified slow-roll conditions €, < 1, n as given in (3.68). Such observations
are not sufficient to distinguish between inflation occurring in a purely four-dimensional
universe and on a brane embedded in a fifth dimension.

An important point to notice however, is the constraint the potential must be submitted
to. In conventional inflation, the slow-roll condition (3.67) € < 1 imposes the variation on

the potential to be small, ie. the potential to be nearly flat:

2
I V(4d)
) = (ﬁ < 1. (3.73)

2k
The condition imposed on the “brane potential” V', on the other hand are less constraining;:

L 1+V/A V2
_ . 1HA Ve o 3.74
S PICERTOINCATE I (3.74)

2
This constraint will be satisfied for a flat potential as for conventional inflation: % < 1,
but could as well be satisfied for a very large potential: V' > A, for which the flat condition

would not be required. This opens up the possibility for steep inflation as discussed in
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CHAPTER 3. QUADRATIC TERMS IN THE STRESS-ENERGY

[129,131,139] which might facilitate the end of inflation: Inflation could start with a steep
potential at high energies V' > X\ and would naturally stop when the order of magnitude
of the potential V() reaches the brane tension A\. Observational constraints that have to
be imposed on the brane potential have for instance been studied in [140].

To extend this study we will consider, in the next chapter, typical effects that may arise
on the brane due to the non-local nature of the theory. We will see how the behaviour
of the perturbations may then differ from the standard case. However we first notice
that in the limit of large wavelengths, comparing scalar and tensor perturbations will give
a different signature in steep brane inflation than in standard four-dimensional inflation

with one scalar field.

3.3.3 Tensor Modes

The scalar field ¢ is the only source of matter of the theory. The effect of the quadratic term
on the behaviour of tensor perturbations will hence strictly be a “background effect” (ie.
equivalent to introducing some TSQT Bﬁh(t) *8_kind of source terms, with TSOC the background
value of the stress-energy tensor). In particular, for purely tensor perturbations, the vector

part (3.28) of the Weyl tensor must vanish, which will make the derivation very similar to

the usual four-dimensional one. Indeed, we can consider the metric perturbation:
dS2 = —CL2 dT2 + (l2 (51.7 + hz]) dﬂfidl’j, (375)

where the three-dimensional tensor hg; is transverse and traceless ki = 0, d;h} = 0, and in-
dices are raised with 6. With respect to this metric, we may indeed check that D, E* = 0.

Using the background equation of motion, the tensor modes satisfy the standard equation:
a’ 9
" /

where the only difference to the chaotic inflation case arises in the relation of the scale
factor a to the potential through the modified Friedmann equation (3.33, 3.34). We can

therefore treat the tensor perturbations the same way as it is usually done in standard
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inflation. The power spectrum is given by [129, 136]:

72
= ——H? __. .
Py = e (3.77)
24 \%
~ 1+ — ) )

Here again, we notice that for a given potential, the power spectrum for gravitational waves
will appear to be redder. However the overall factor is less important than for the scalar
power spectrum this will hence be reflected in the ratio.

The tensor spectral index can be derived the usual way:

dlnP,  L2AVZ 1+%
nr Ik e (1+%)2 €, (3.79)

and the ratio r of the amplitude of the tensor perturbations at Hubble crossing to the
scalar perturbations is modified by a factor (14 V/\)~':

€
~ . 3.80
1+ V/X|._ (3.:80)

As mentioned in [129], even though the tensor spectral tilt remains the same as in standard
inflation: ny = —2¢, for high energies V/A > 1, the ratio of tensor to scalar perturbations
on the brane will in general be smaller than what is expected from ordinary single scalar
field inflation. However for slightly more complicated models of four-dimensional inflation,
such as hybrid inflation, the ratio r will similarly be reduced. The relation of tensor to
scalar perturbations is thus still not enough to distinguish between such a model and a
scenario of brane inflation. The Cyclic-model predicts as well a low amplitude for the tensor
modes. In the following chapter we shall hence study some more fundamental features of

the five-dimensional nature of this model, but first we might check what the behaviour of

the non-linear terms is expected to be.

3.3.4 Estimating the Non-Gaussianity

In order to have a consistency check on the validity of the perturbative approach, we
estimate the non-gaussianity corrections to the power spectrum. We consider the non-

gaussian part to be strongly dominated by the scalar field perturbations. In general, an
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estimate can be given by comparing the cubic terms in the Lagrangian to the quadratic
ones. Unfortunately this method cannot be used here, so as a first approximation we will
compare the quadratic term in the redefined gauge invariant comoving curvature to the
linear one. Using the result of [141, 142], to second order, the gauge invariant curvature
perturbation on uniform-energy-density hypersurfaces (&2) is given by:

/ ’ / 2
(qﬂ+2—f;x11+a 5%")
. (3.81)

¢

T
Again we could be interested in the curvature perturbation on uniform-effective-energy-
density hypersurfaces or on comoving hypersurfaces instead, but for the purpose of this
estimate, those three quantities will give a coinciding result. The ratio of the second term
to the first one in this expansion gives an estimate which is the same as in the context of

slow-roll inflation:

& 3
~ —— €.
gV

To lowest order in the expansion, the correlation function for the scalar field perturbations

(3.82)

2
is: (pp) ~ (gé”) , whereas the cubic terms are: (pp) ~ ,5%,52) so it does make sense

1/4 @
to consider the ratio of the cubic terms to the quadratic ones (%) ~ C“p’ ~ € to
P

estimate the order of magnitude of the non-gaussian terms.

In this approximation, some explicit L2H? corrections will arise at second order in the
slow-roll parameter e. However this remains an estimate which aim was only to check
that the non-linear terms were indeed damped in comparison to the linear ones. The
damping occurs with an order of magnitude proportional to the slow-roll parameter, which

is precisely what is found in the context of standard four-dimensional inflation [141].

3.4 Discussion

In the first part of this chapter, we derived a consistent formalism for the two-brane RS

model capable of modelling the quadratic terms in the stress-energy in a covariant way.
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Although this formalism could be complicated in general, it is completely generalisable to
any other braneworld model. We have, for instance explained how the different ideas could
be used to study the asymmetric terms present on a general bulk brane not submitted to
any Zs symmetry.

This work relies on the important assumption that the branes remain conformal to each
other. Although this assumption is not true when KK corrections are taken into account;
we will see in the next chapter that this work may be extended in order to accommodate
this fact. But starting with this assumption, we have seen in this chapter that much
analytical progress could be made.

Another important assumption has been made in this chapter. After having separated
out in the Weyl tensor a part EgVT which is transverse, traceless and vanishes for the back-
ground, we have argued that for the purpose of long wavelength adiabatic perturbations,
the contribution of £” could be neglected.

Using these assumptions, an effective theory could be derived for the two-brane RS
model, in a regime where the quadratic terms in the stress-energy tensor could play an
important role. We have then taken the one-brane limit of this theory, considering the
background geometry to be purely AdS and bringing the negative tension brane to infinity,
leaving the fifth-dimension uncompactified. In that limit the effective theory simplifies
considerably, since no backreaction from the negative tension brane is observed on the
positive one.

It is in this one-brane limit of the model that we have then studied the effect of the
quadratic terms in the stress-energy to brane inflation. For this we have considered the
inflaton scalar field to live on the brane (instead of being represented by a moduli), and
have solved the modified Einstein equation for brane inflation driven by a scalar field in
a slow-roll potential. We showed that the perturbations are anisotropic in longitudinal
gauge, in contrast to the case of standard inflation. When the potential for the inflaton is
important, or equivalently, when LH > 1, we showed how to generalise the expression of
the standard inflation variables and parameters. The corrections to these terms arise from a

purely background effect. Indeed, assuming adiabaticity, the corrections can only influence

101



CHAPTER 3. QUADRATIC TERMS IN THE STRESS-ENERGY

the background. For a given inflation potential, the power spectrum of both the tensor and
the scalar perturbations are redder than in the normal four-dimensional case. Compared
to scalar perturbations, the tensor perturbation amplitude is weaker. However for scalar
perturbations, this model can be reinterpreted as standard four-dimensional inflation with
a redefined potential, giving rise to the same astrophysical observations. These results have
already been well-understood in numerous previous works. Among them we can point out
the work by R. Maarteens et.al. [129] where the possibility of having different slow-roll
constraints on the potential has first been pointed out and then used in many following
studies [127,131,133,143] extending the model to hybrid inflation [144], or even to stochastic
inflation [145] and working out the non-gaussianities [134,146]. However, all these studies
have relied on the assumption that the Weyl tensor could be entirely negligible. Although,
we recovered the same results, our study is an important consistency check as it enables
us to verify the prescription and to extend it in the next chapter. The relations between
the brane inflation variables and the redefined standard inflation variables have been given
with precision, and our results are reliable up to second order in the slow-roll parameters.
Another important feature of our four-dimensional effective theory is its straightforward
extension to more interesting and realistic scenarios where both boundary branes have
their own dynamics. This opens up the possibility of studying a large range of braneworld

scenarios.
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Chapter 4

Typical effects of Kaluza Klein

corrections

Chaac, Rain God (Maya)

4.1 Introduction

In the previous chapter, the analysis of the quadratic term in the stress-energy relied on
two main assumptions. The first one was the hypothesis that the two boundary branes
metrics could be treated as being conformal. The second one was relying on the idea that
the homogeneous part of the Weyl tensor could be neglected for the purpose of adiabatic

perturbations. In this chapter we wish to extend this study and in particular to understand
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the effect of some Kaluza Klein modes which would break both these assumptions. We
shall indeed see that the contribution of the KK modes is encoded in the homogeneous
part of the Weyl tensor. Furthermore, once some KK modes are taken into account, the
metric on both boundary branes may not be taken to be conformal anymore. The two
main assumptions of the previous chapter will therefore be relaxed.

In order to consider possible corrections that might arise from the homogeneous part of
the Weyl tensor, we shall summarise the different properties such a tensor should have. We
can then suggest an ansatz and include the contribution from a specific four-dimensional
tensor A, that we check is consistent with the proprieties of the Weyl tensor, and thus
represents a natural candidate to consider. This tensor represents the term that would be
derived if some four-dimensional Weyl-squared terms were included in the four-dimensional
effective action.

Around static branes, the first order perturbations on the brane metrics have been
solved exactly in chapter 2. We have seen that in the presence of an extra-dimension, an
infinite tower of KK modes affects the four-dimensional geometry. As long as the extra
dimension is of finite size, the modes are discrete. For static branes, we show that including
the contribution of A,, to the effective theory, correctly reproduces the effects of the first
KK mode in the case where matter is present only on one-brane. It seems therefore natural
to study the effect of the tensor A,, in more general setups. We then use this idea in two
specific examples.

In the first one we extend the brane inflation treatment from the previous chapter and
study the effect of the correction term in that model. In particular we concentrate on the
study of scalar and tensor perturbations, and point out the characteristic features which
distinguish their evolution from a standard scenario. We give as well an estimate of the
non-gaussianity and stress its different contribution.

As a second example, we compare brane inflation and fast-roll models and analyse
whether they can be distinguished in terms of these corrections. As mentioned in the
introduction of this thesis, the Ekpyrotic and Cyclic models [86-88,147,148] have recently

been studied as a potential alternative to inflation, giving a new picture to solve the
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homogeneity, isotropy and flatness problems. Some work suggested that the Ekpyrotic
and Cyclic models might provide an alternative scenario for the production of a nearly
scale-invariant spectrum. While the production of such a spectrum in inflation is based
on “slow-roll” conditions in an expanding universe, the Ekpyrotic and Cyclic models, on
the other hand, use a “fast-roll” potential in a contracting universe for which the issue
of the “beginning of our Universe” is avoided. Further studies [16,17] have shown an
exact duality between the two models in the production of density perturbations making
the two models hard to distinguish without bringing in results from the observation of
tensor perturbations. In this chapter, we use our prescription to compare the behaviour of
the fast-roll and slow-roll models in the case when A, contributes to the transverse part
of Weyl tensor. We examine how these corrections influence the production of a scale-
invariant spectrum, showing how they enable us to distinguish between general models

with slow-roll and fast-roll conditions.

4.2 Model for the First KK Mode in the Low-energy
Effective Theory

4.2.1 DModification of the Low-energy Effective Theory

In this section, we suggest a possible extension of the four-dimensional effective theory that
is capable of recovering the first KK mode as described in the quasi-static limit of section

2.7.

We work in a low-energy limit, where the density of the matter confined on the branes
is much smaller than the brane tensions. In that case, we have seen in section 2.7, that
the zero mode of the two brane RS model is described by the four-dimensional effective

low-energy theory derived in section 2.6.
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Properties of the Weyl tensor

In this theory, the metrics on both branes are conformally related q,(ﬂ_,) = \IIQQLJ;), as it has

already been mentioned in the previous chapter (3.1). In the low-energy limit, the modified
Einstein equation on the positive tension brane is:

GEI/) = %Tuu - E/(jyr)a (41)

with 7}, the stress-tensor of matter on the positive brane. If we introduce matter on this
brane only, the expression for the tensor E in this effective theory is (2.46)

E(Y) = —40,08,¥ +2UD,D,¥ — (2U0 — (90)?) ¢ — W>GLY), (4.2)

1%

where all covariant derivatives are taken with respect to ql(flf) (as will be the case through-

out this section unless otherwise specified). Furthermore the low-energy effective theory
predicts the conformal relation (2.42) between the induced Weyl tensor on each brane:
E,S;) = U2 E,(;) These relations (4.2, 2.42) for E,(ﬁf) can be checked to model correctly
the behaviour of the zero mode (ie. the long wavelength limit of the exact five-dimensional
theory) and the conformal relation (2.42) can be checked for the background. However there
is no reason for expressions (4.2, 2.42) to remain exact for non-conformally flat spacetimes
in general. The electric part of the Weyl tensor Efﬁf) is indeed the only quantity which
remains unknown from a purely four-dimensional point of view as it encodes information
from the bulk geometry. It is through this term that the bulk generates KK corrections
on the brane.

We have seen in chapter 2, that from the properties of the five-dimensional Weyl tensor
(2.4), El(tf) is traceless. Furthermore, in the low-energy limit, by the Bianchi identity, Eﬁ)
is divergenceless. Outside the low-energy limit, as was the case in the previous chapter,
E,, was not transverse, but we have seen in section 3.2.1, that a transverse and traceless
part noted as EEVT could be separated out in the expression for Eﬁ) What will be said for

E

w in what follows in the low-energy limit, can therefore equivalently be applied to EEVT

when the low-energy constraint is relaxed.
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Possible modifications from the Weyl tensor

If we want to modify the four-dimensional effective theory of section 2.6, the only modifi-
cation that would be consistent with the five-dimensional nature of the theory is to add a
correction to the expression (4.2) of ES, (or to (2.42) for EELZ)). Motivated by [149, 150,
let us consider a possible term E™ that could be added as a correction to (4.2). We shall

now summarise the properties E72™ should have:

e In the low-energy limit, the relation (4.2) is exact for the background. E7J™ therefore
needs to vanish for conformally flat spacetimes. We shall see in the next chapter that
the expression (4.2) for El(flf) does not model correctly higher order in velocities. But
beyond the low-energy regime, we will instead consider corrections to EgVT , Which

does vanish for the background even at high energies. Thus the corrections to that

tensor need to vanish for the background as well.

e Since E,(f,f) is transverse, so is £, and we might think of it as being derived from an
action Sg. It is however important to point out that the existence of such an action
cannot in general be proofed. The requirement that E7J™ derives from an action is

hence not always valid, but E72™ still needs to be conserved.

e Furthermore, since E™ is traceless, the action Sp (assuming there is one) must
be conformally invariant. Indeed, the variation of this action under a conformal

transformation with d¢q,, o g, will be:
1 T 174
0SE = §/d4x\/—q BT 0q", (4.3)

and since E7" is traceless, the action Sk must be conformally invariant.

e Finally, if we want to modify the effective theory in order to accommodate the first
KK corrections present in (2.73), we need to add to the action a term of fourth order

in derivatives.
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If we want to consider a contribution E7J" arising from the Weyl tensor, which might be
able to model the first KK mode in some limit, this correction term £ has to satisfy the
previous properties. Furthermore, for simplicity, we will restrict ourselves to a correction
E7™, which is a functional of the metric only. It could be argued that there is a priori no
reason why this term should be expressed locally in terms of four-dimensional quantities,
however this will be our ansatz, as motivated by [149,150]. Then the most straightfor-

ward term derived from a conformally invariant action, which vanishes for conformally flat

spacetimes and is of higher order in derivative, is [151]:
1 08
2y/=q g

Aulg] (4.4)

with the action Sz defined as:
chz = /d4£L’\/ —(q Caﬁfy(scaﬂ’yé. (45)
The stress-tensor derived from the action is then:
1 1 1
A,U,V[Q] = — DR;U/ -+ gDNDVR -+ EDRQMV — 6
2 1
gRRW + §Ra5RaﬁqW — 2R s R,

Here all covariant derivatives are taken with respect to the general metric g, . Since the

RQQW (4.6)

+

Weyl tensor vanishes for conformally flat spacetimes, the tensor A,, [¢] has all the require-
ments it should satisfy: It is indeed traceless, transverse and vanishes for the background.
Adding a term ES™ oc A, lq™] to the expression (4.2) is therefore consistent with the
Gauss-Codacci and the Bianchi identities and is consistent with the background results.
Following this argument, it seems to us natural to consider the effects that the addition of
such terms would have in the theory.

Moreover, from the results of section 2.7, we can point out that when the first KK
corrections are taken into account, the brane metrics do not remain conformal to each
other any longer. We therefore need to modify the relation (2.37) between the brane
metrics. In this procedure we suggest breaking the conformal relation by including some

independent contribution to Eﬁ)

satisfy the conformal relation (2.42), ie. B\, " % W—2E} "

By independent, we mean that the corrections will not
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4.2.2 Ansatz

Our idea is to include a contribution from the stress-tensor (4.6) in the effective theory.
More precisely, we will include a term proportional to AW[q(i)] to the electric part of

the Weyl tensor. We will therefore consider the theory governed by the four-dimensional

equations:
i 2
G = 7T+ 49,90,V — 2V D, D,V + (290V — (90)?) ¢} (4.7)
2 corr
+ UGG — B e,
o1 )
G) = o5 (=2UD,D, W +40,99,% + (2900% — (90)?) ¢(3)) (4.8)

(+) _ go(—)corr
+ G, — B, ,

1
OV = ER(”\D, (4.9)

where again, all derivatives are performed with respect to q,(f,f), and with the corrections

terms:

E( o = a L*A, g™, (4.10)
El(;)corr — ﬁLQAHV[(](i)], (4_11)

We shall now test this modified four-dimensional effective theory against the exact results

(2.73) and (2.74) obtained from five-dimensional analysis.

4.2.3 Consistency check of the Ansatz for Static Branes

In this section we shall check the previous ansatz against the exact solution derived in
section 2.7, in the case of perturbations around static branes. The ansatz we propose
has to be considered as a first order correction and we will check whether it correctly
reproduces the behaviour of the first KK mode from that section. We will therefore not
solve the system completely but only work out the zero mode and the first order correction
generated by the additional terms in (4.10), (4.11). We study the same scenario as in

section 2.7 and we consider metric perturbations around static branes, sourced by the
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addition of matter on the positive tension brane. In the background, the positive tension

brane is located at y = 0 and the negative one at y = d. To first order in perturbations,

¢\5) =+ hiY) (4.12)
U =Wy + 60, ¥y =e ¥l = const (4.13)
a5 = U5 N + B, (4.14)

and we consider matter to be present at the perturbed level only on the positive tension
brane: T,Sff) = 5T,S,Jf). To that order in perturbations, we can consider the matter fields

and the perturbed scalar field W to live on the background metric:

R — _% ST, (4.15)
K
000 = —— 0y 67 4.16
6L 0 ) ( )
1 1
A = —OR( + —RU) + ~ORMy,,,, (4.17)

3 6

giving rise to the modified Einstein equation for the positive tension brane:

k/L 1 P2 p2
R = ﬁ {mﬁ = 5 0T, + =2 0T, + 2 5r<;3} (4.18)
0
ak/L 1 1
— = O 6T — = 6Ty, + — 6T"F)
(1—w2) { w300 e 3 0

+ 7 0 (aLiTHTLY)

To get this result, we have only considered the first order corrections generated by the
addition of the term (4.6) in the effective four-dimensional theory. We notice that up to
first order in perturbations and to first order in the correction term «L?C], we have the

remarkable relation:

A4 — k/L

~ ox
w 1— 02

(4.19)

ns

with the tensor ¥, as given in (2.62). This is an important result, based on which, our
ansatz will be verified.

For the negative tension brane, the modified Einstein equation reads:

o Oow
- + , v 2 —
R/(w) - R/(w) - 2\1;—0 B \I/—On/“’ - 6[’ A!(w)7 (4'20)
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THEORY
so that:
L 1 «
R = S (g L 20| %, 4.21
In the de Donder gauge, the Ricci tensor is related to the metric perturbation by:
1 _
+) _ )7 (+
R = = O, (4.22)

The perturbation of the brane metrics is therefore:

- L 1 « 2K K

) — g K — O(L*)| ¥, ST + —— 67y, (4.23
o T—wz |0 1ow O] Bt g 0w+ 57 01 e, (4:23)

_ L2 1 1 a

B — 9 %0 (- =)+—"" )2, 4.24
w =2y | pn - Mm@ i) | B (4.24)

We can compare these results with the exact zero and first modes obtained in (2.73) and
(2.74). The zero modes agree perfectly as one should expect. This just confirms the well-
known result that the effective theory gives the correct zero mode on the brane in the
low-energy regime.

More remarkable is the result for the first KK mode. Comparing the expression (4.23)
with (2.73), the results agree perfectly if the dimensionless constant « is fixed to the value:

3 4
a=(1-U2)f(0) = % +0 (%) : (4.25)

Similarly, we have a perfect agreement between the ansatz for the negative tension brane
(4.24) and the exact result (2.74) if the constant [ is fixed to the value:
%
12

g (f(0) = f(d)). (4.26)

This is an original result. It has been possible to extend the notion of a four-dimensional
effective theory in order to accommodate the first KK correction arising from perturbations
around static branes.

We should however note that in order to fit to the exact results, the coefficients o and
[ have to depend on the distance between the branes, or equivalently depend on the scalar

field W. If the scalar field is not fixed in the background, 9, V¥, # 0, in general the action
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[ d*xy/=q a(\IJ)Cagngaﬁ”"; is not conformally invariant, and our procedure is not valid.
The generalisation of the effective theory to the case for which the branes are not fixed
in the background is therefore not straightforward. In that case a more general analysis
is needed as in [152] for the study of perturbations. However, to our knowledge, an exact
five-dimensional derivation for the KK modes in a more general scenario has not yet been
studied. It is therefore difficult to check any new ansatz for a four-dimensional effective
theory in any more elaborate scenario. We hope that this work can be used in order to check
the validity of a four-dimensional effective theory and gives insight on how to generalise it
to take some typical five-dimensional features into account. When the distance between
the branes is taken to be small, as will be the case in the next chapter, it is possible to
derive the contribution of KK mode in a more systematic way. In particular in section 5.7,
we show the validity of our ansatz in that regime and its possible extension for more general
cases, beyond the low-energy approximation. This gives an extra argument to motivate
the study of A, as a possible correction to the effective theory, modelling part of the first
KK mode.

4.3 Effects of the C? Terms on Brane Inflation

In section 3.2.2, we have pointed out the presence of a transverse and traceless term in the
Weyl tensor EZ:IT which has been neglected in the treatment for brane inflation in section
3.3. This was motivated by the fact that EEVT vanishes for the background and we can
check that within this approximation, we recover the long wavelength limit of the exact
five-dimensional theory. We gave also an argument to justify this approximation in the
regime of long wavelength adiabatic perturbations for scalar fields. However, there is no
reason for the tensor EEVT to remain negligible in general. This term actually encodes
information about the bulk geometry. At the perturbed level, the bulk geometry is not
purely AdS nor even SAdS anymore. The fluctuations in the bulk geometry will generate
some KK corrections on the branes. Those KK modes are mediated by the only term which

remains undetermined from a purely four-dimensional point of view: the tensor ESVT .
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In this section, we modify the treatment of section 3.2.2 in order to study the typical
kind of corrections that may arise from the perturbed bulk geometry. The only modification
consistent with the overall five-dimensional nature of the model is to add a contribution
coming from ESVT . We want to modify the effective theory in order to accommodate terms
that are negligible in the long wavelength limit of the five-dimensional theory. We therefore
need to consider terms of higher order in derivatives (compared to the other terms already
present in the theory). Following the idea of the previous section, a natural ansatz for
corrections coming from EgVT would be the introduction of the tensor A,, defined in (4.4)
or (4.6). The purpose of this section is therefore to study the effect of the introduction
of such terms in the model of brane inflation studied in the previous chapter, section 3.3.

The modified Einstein equation for this one-brane RS model is therefore:

K 1 K2 o 1
R/ﬂ/ — Z (TMV - §TQMV> - Z <T#TOZV - gTTMV) - EMV’ (427)
L TT
E.=ED+ET
ElS =20 L*A,, +O(R},), (4.28)

where T),,, as defined in (3.32), is the stress-energy for the inflaton introduced on the
positive tension brane. « is a dimensionless parameter that we assume to be small. All
through this study, we will work only up to first order in a. We may emphasise again that
A, does not alter the background behaviour and will be present only at the perturbed

level.

4.3.1 Tensor Perturbations

We consider the previous scenario of brane inflation from section 3.3 and keep all terms in
L?H? so that the analysis remains consistent at high energies. To start with, we consider
tensor perturbations in detail. We denote by h;; the three-dimensional tensor perturba-
tion. By the same argument used previously, the quadratic terms in the modified Einstein

equation have only a “background” effect on the tensor perturbations. In particular, they
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can be derived from the action:
S = / dla (a® " 9,h D1, + a L2 1% (2 0ah; Bysh, — Ol Bagh’)) . (4.29)

This gives rise to the equation of motion for h;; (omitting the ij-indices for now on):

" a/ / 2 aLz " AN 4
W' +2—h' —V?h+ —— (K" = 2V?h" + V*h) = 0. (4.30)
a

a2
Where again a prime designates a derivative with respect to the conformal time and V>
represents the three-dimensional spatial Laplacian. We use here the assumption that the
constant « is small and expand h as a series in a: h = hg + ahy + O(a?), where hg; do
not depend on a. To lowest order in «, we should recover the results from section 3.3.3.
ho therefore satisfies: h{ + 2% h{ — V*ho = 0. Keeping only the terms up to first order in

a, the last term in eq.(4.30) can be written as:

h//// o 2V2h// + V4h — hg// o 2V2h6/ 4 V4h0 4 O(Oé) (4_31)
" I/ /3 2 12 "
= 2| 9l T ] h’+4[ < —a—} V2h + O(a).
a a a a a
~ ~~ ——
=2aa’ H2e+¢e O(e,n) =a2?H?e

Using this approximation, equation (4.30) simplifies considerably:
/
W' 425 (1= 20L2H?€) W — (1 — 4aL>H? ) V2h = O(a?). (4.32)
a

In this result, the terms beyond first order in the slow-roll parameters have been omitted.
Eq.(4.32) is consistent with the original eq.(4.30) if we study only the terms up to first
order in « in the expression for A. This is an important assumption since the fourth
order differential equation reduces to a second order one, allowing us to specify only two
parameters on the initial Cauchy surface instead of four. Using this assumption, the
requirement that we recover a normalised Minkowski vacuum when the modes are well
inside the horizon is then enough to specify h;;. Similarly to the standard case, it is

simpler to study instead the evolution of the associated variable u:

u = zh, (4.33)

z=a(l+al’H*(1+¢)), (4.34)
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so that the second order differential equation for the tensor perturbations simplifies to:

u” + (ci k* — —) u =0, (4.35)
where, up to first order in the slow-roll parameter € and in «, the speed of sound ¢, and

the parameter (3 are defined as:
c=1—4eal*H? (4.36)
B=243e(l—2aLl’H?). (4.37)

The main point to notice is that the tensor modes do not propagate at the speed of
light anymore but at the speed of sound ¢;,. The C*-corrections (as introduced in A,,) will
therefore modify the effective speed of linear perturbations on the brane. There is a priori
no reason for the constant a to be positive. If o is negative, it is possible that the speed
of sound will be effectively larger than the speed of light from a four-dimensional point of
view. This may result in instabilities at higher order, but we believe that this should be
interpreted the same way as if the phase velocity of a fluid is larger than the speed of light.
In that case no information is actually transported faster than the speed of light.

The amplitude of the tensor perturbations at sound horizon crossing (aH = cpk) is

multiplied by an extra mode-dependent factor:

24 4
Py =~ Elv (1 + ﬁ) (1 —2aL?H?)

The effect of the C%-corrections is extremely simple and the extra term becomes negligible

(4.38)

T=T7%

at low-energy and at long wavelengths k?72 < 1, but it is important to point out that this
is not negligible at high-energy. Similarly, the tensor spectral index is modified by an extra

mode-dependent factor:
ny = —2¢ (1 —2aL’H?). (4.39)

Neglecting the slow-roll parameters, H may be treated as constant in this result. We can

interpret the previous result as a background redefinition:
é=e¢ (1-2aL’H?), (4.40)
even if the C2-corrections did not perturb the background behaviour.
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4.3.2 Scalar Perturbations

The scalar perturbations can be treated within the same philosophy as the tensor pertur-
bations so some of the details will be skipped.

In longitudinal gauge, for scalar isotropic perturbations, the contribution of the tensor
Ay s

Ay = 2% v Vo (U + ®). (4.41)
V20; [% (02 —V?) (0;; — 6;;V?) + &-jaﬂ

Introducing this term in the modified Einstein equation (4.27), the equation (3.52) for u
gets modified to:

u=30, (4.42)
£
u” + (cikQ g |u= 0, (4.43)
with the modified parameters:
z=z(1+4+az), (4.44)
412 H? 1 L*H? 1—1r2H?
= S 2L*H? (1420 — —2— 4.45
1T ( +21+L2H26>+ ( T T e E)’ (4.45)
21+ 7/4L*H?
2 —14+8ul?H* (1 4+ >—"L—"— 4.46
c + 8« + 3 1L L , (4.46)
B3=p+4aLl*H?e. (4.47)

In the next section, the exact result is derived in the low-energy regime. In particular it
is shown that the duality between slow-roll and fast-roll conditions in the production of
a scale invariant spectrum remains valid when those kinds of corrections are taken into
account. But for now, for simplicity, we consider the first order terms in the slow-roll
parameter only; in the previous result, terms beyond first order in « or in the slow-roll
parameters have been omitted.

We can notice here the same phenomenon as for the tensor perturbations: the scalar
perturbations do not propagate at the speed of light any more but at the speed of sound

Cu, which is not the same speed as for tensor perturbations.
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The rest of the discussion remains the same. Assuming again that B may be treated

as a constant, an analytical solution can be found for (4.43) and the constants are chosen
ie—tcukT

o in the regime where Ak2r? > (. The

so that we obtain Minkowski vacuum wu; ~

expression between the scalar field perturbations dp and the variable w is:

2L /"
dp=——[(1+2aL’H*+ O(e)) v’ + gi?

2 2 2
— o (1+2aL*(2V?+ H* + O(e))) u|, (4.48)

so that at short distances, the spacetime is locally flat and we recover the Bunch-Davis

vacuum for the scalar field perturbations:

for 2k*m? > 2,

jet cukT

(2 cak)3?

L —icokT
(SQOk ~ —— ¢ (1 —

akK \/2c k

with ¢, =1 +4al’H* + O(e) and c, =1+ 8aL*H*+ Ofe).

U =~

) (14 6aL’H?), (4.49)

c kT

We point out that the scalar field perturbations propagate at a speed of sound slightly
different from the speed of sound of the Mukhanov scalar w.
Following the same procedure as before, the spectral index for scalar perturbations

reads:
ng — 1= —6¢+2n — S8al’H”¢, (4.50)
which could be again interpreted as a redefinition of the slow roll-parameter:
fi=n+10aL*H?e. (4.51)

The overall amplitude of the scalar perturbations gets a mode-dependent factor:

Ve (14 5)°

1— 16 L?>H? . 4.52
Mf V:i ( o ) ( )

T=T*/cy
We obtain the same kind of corrections as for tensor perturbations (4.38) which again

might be significant at high energies. Since the scalar perturbations propagate at a speed
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of sound ¢,, there is an extra factor when evaluating (4.52) due to the fact that the modes

exit the horizon at a different time: V' (14 %) V (14 %) (1 —8eaL*H?)

L.; but

T*/Cy ~
this difference is negligible at long wavelengths.

The ratio between the amplitude of the tensor perturbations to the scalar ones acquires

the additional mode-dependent factor (to first order in €):

r (14 16aL’H?) (4.53)

€
1+ V/A

TRT*
We may also check that non-linear corrections remain small in the context of this pertur-

bative approach:

— € —

G V2

We can see that the ratio is slightly modified by a mode-dependent term which is not

Ve? 3
~ 8v2aL*H? (4.54)

T=T7*

damped by the slow-roll parameter. Within this approach the correction term is required
to be small since we are making an expansion in «. However, a region can exist for which
« might be small but still important compared to e. In this case some deviations from
non-gaussianity might be observed. (We can point out that they will not be present at
low energies, when the terms L?H? are negligible.) This is one of the most interesting
consequences of the addition of the C*-corrections within the context of brane inflation.
Another result is presented in the next section, where we will study the consequences of

those corrections while considering the production of perturbation with a fast-roll potential.

4.3.3 Slow-roll versus Fast-roll

It has been shown [16,17] that within the low-energy approximation, there is an exact
duality between “inflation”-like and “Ekpyrotic or Cyclic”-like potentials which give rise
to the same observational features (for scalar perturbations). We intend to study here
whether this duality is preserved when the C?-corrections are taken into account. In the
setup of the previous section the scalar field was confined on the brane. We will make the

analogy between this case and the case for which the scalar field can be interpreted as the
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dilaton in a two-brane RS model. In that case the dilaton does not live on a specific brane,
however from the four-dimensional effective point of view, the formalism will be the same.
In what follows we will work in a low-energy regime and neglect the quadratic terms in the
stress-energy tensor. In the Cyclic scenario, the two boundary branes from the RS model
are taken to be empty (at the time when the fluctuations responsible for the structure are
produced) and the effective four-dimensional theory as derived in section 2.6 is modified
by the introduction of a potential V:

L

K

5 / Ao /=g (%R _ % (06)? — V(¢)) | (4.55)

V' represents an interaction between the two branes which may come from bulk fields such
as in the Goldberger-Wise mechanism. The metrics on the branes are conformally related
to the effective one by the relations (2.51). The action (4.55) gives some equations of
motion which are consistent with the background ones. However the addition of the term
al? 6’045756"3“’37‘S in this action will not alter the background behaviour and thus will be a
consistent term to consider. When deriving the covariant four-dimensional effective action
in section 2.6, there is indeed no reason why such a term could not have been introduced.
We will therefore consider the following action:

L

K

S / d*zv/—q (%R - %(8@2 — V(¢) + aL? Coprs Oaﬁvé) : (4.56)

It is important to remember that the Einstein frame has no physical significance here; it
is in the sense of the theory translated back into the brane frame that we think of those
corrections. But working in terms of (4.56) we may think of those corrections in the same
way as we have done so far and compare them with the case of standard slow-roll inflation
on the brane.

Following the work of [16], in the low-energy limit, the differential equation for the
scalar modes may be expressed as:

u’ + (ész — ﬁ) u =0, (4.57)

T2
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where u is related to the curvature by u = % (1 4+ « 2) ¥, with notation:

H

B d"lne

__Hd w4 e 4
= N T dma (4.58)
4 L2k
F=g ot 2L2H? (14 3¢ — A1), (4.59)
a
8
=1+ §QL2H2 (3 + 2¢), (4.60)
R 2 72,2
B=-LTT (220@ = (24 40) (26 + AD)) (4.61)

+ 20l H* (M?’) @ \W)\@ _g\@
+ 2¢ 4 4€% — 6€% 4 3e V) + 1162/\(1)>.
Using the same arguments as in section 3.3, eq.(4.57) will admit a nearly scale-invariant

solution if the variation of B is negligible and if B < 1. If the parameter € is considered

constant as a first approximation (we set all the A™ to zero to start with), then by

integration, H = m The expression for B simplifies to:
3= ’ _61)2 [1+4aL?H? (1 + 2¢ — 3¢%)] (4.62)
H~ 7 T, (4.63)

Setting the constant « to zero in this expression gives rise to the standard result: B remains
a small constant B < 1 for both € < 1 and € > 1. However, adding the C?-corrections in
the effective theory gives rise to the slightly more complicated situation: In the standard
slow-roll inflation case as studied in the previous section € < 1, so that 3 ~ € (1 + 4aL>H?),
with H ~ constant during inflation, giving rise to the almost scale-invariant spectrum as
discussed previously.

For € > 1, on the other hand,

1
e =5 <1, (4.64)
B =26 (1-3al?H%;?), (4.65)

where €, denotes the fast-roll parameter as introduced in [16].
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Two important problems arise here. First of all, a L2H? should be of the same order
of magnitude or smaller than €2 to avoid the correction term to become large. If not, the
procedure breaks down as the correction becomes more important than the “leading” term
and higher order terms in a have to be introduced as well as other corrections in the Weyl
tensor. In the low-energy limit the term L?H? will indeed be small, but not necessarily
small compared to €;. The second departure from the standard result arises from the 7-
dependence of the correction term. In the context of fast-roll, the Hubble parameter is not
constant but varies as H ~ 77!. In general the corrections to B will not be constant and
it will not be possible to follow the usual derivation from eq.(3.52) to get the expression
(3.55) and find a scale invariant power spectrum.

If in the Cyclic scenario, the large scale structure is produced while the Hubble param-
eter is still tiny and its variations small enough for the quantity L?H?¢.;? to remain small
and constant during the process. Those corrections will therefore have a negligible effect
on the power spectrum of the perturbations. It will be consistent to keep treating B as a

small constant, giving rise to the almost scale-invariant spectrum:
NS, fastroll — 1 = —dep — 4np + 12 aL? H?e,! I (4.66)

with the second fast-roll parameter as defined in [16]: 7y = 1 — nep.

However in a more general case of braneworld cosmology, if we consider a general
potential satisfying fast-roll conditions, we will generically expect to see some departures
from a nearly-scale invariant spectrum when some C2-corrections are introduced in the

Weyl tensor.

4.4 Discussion

In this section we have presented a consistent way to modify the low-energy effective theory
in order to accommodate corrections coming from the first Kaluza Klein mode. In order
to perform this task, we have explained how exactly these corrections could come in the

low-energy effective theory and have presented the different properties these corrections
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should have. We have then focused to a specific example for which the correction term is a
function of the metric only and can be derived from an action. In that case a specific ansatz
has been suggested and checked in the quasi-static limit. In that limit, the perturbations
around static branes can be worked out from a five-dimensional point of view giving a
solid consistency check for our ansatz. Comparing this exact result with the proposed
ansatz allows us to fix the undetermined coefficients and to give a strong motivation for
the study of this ansatz to other braneworld cosmological scenarios. In particular, we have
concentrated our study on two particular examples.

First we analysed the contribution of this correction term (introduced with a coefficient
«) in the model of brane inflation of the previous chapter, where again the typical energy
scale was important compared to the brane tension. Several new features were observed
which, as far as we are aware, extend previous results in chaotic brane inflation. First of all,
both tensor and scalar modes propagate at a speed different from the speed of light. The
corrections bring a new mode-dependent term in the amplitude of both tensor and scalar
perturbations which does not compensate in their ratio and which could be important at
high energies. There is as well a new mode-dependent term in the estimate of the non-
gaussianity which is proportional to the small coefficient «. This term is not damped by
any slow-roll parameter. This is a critical feature, addressing the issue of the importance
of non-gaussianity when those corrections are introduced. Our prescription only makes
sense when the constant « is small, so that we can not address the issue of non-gaussianity
outside this regime, however there could be some situations for which the new term in the
non-gaussianity estimate might be the leading one. In that case, the cubic terms might
not be small compared to the quadratic ones, and a perturbative approach might not
be sensible. These are important features that have to be considered seriously in order
to distinguish between purely four-dimensional inflation and brane inflation. Comparing
these results with observations might give a constraint on the order of magnitude of the
constant a and hence on the distance d between the branes.

In the second example, we used the formalism to study how the duality, relating density

perturbations in expanding and contracting Friedmann cosmologies, was affected by the
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introduction of this correction. We compared the production of a scale-invariant spectrum
in a model of slow-roll inflation where the typical energy scale was much smaller than the
brane tension, with an Ekpyrotic or Cyclic model for which the scalar field was evolving in
a potential satisfying fast-roll conditions. The first order corrections, proportional to the
constant «, become negligible in the slow-roll limit but could be large in a general fast-roll
limit. We therefore recover the nearly scale-invariant spectrum in the slow-roll inflation
but the situation becomes more complicated in a general fast-roll scenario. In this case,
the departure from a scale-invariant spectrum could become more important when these
corrections interfere. This is an important new result enabling us to differentiate between
the fast-roll and slow-roll scenarios. Slow-roll inflation can be considered both in a purely
four-dimensional context and in a model of braneworld cosmology. Fast-roll models, on the
other hand, require a contracting Universe and only make sense when the intrinsic theory
is higher-dimensional. In that situation, KK corrections cannot be avoided. It is therefore
vital to understand in detail the consequences of those modes for this model as we have
here attempted to do.

The main limitation of this study is the derivation of the correction term which has
been introduced as an ansatz and checked only in a specific limit. In the end of the
next chapter we shall give another argument for the study of this correction term in the
close-brane limit, which provides an extra motivation, but does not confirm the validity
of our ansatz in the one-brane limit of the model. We have tried however to go beyond
the usual assumptions and incorporate some effects of the brane nature of the theory. To
be completely rigorous, one should ultimately try to attack the five-dimensional problem
directly, which shall be done in the close-brane limit in next chapter. Nonetheless, we hope
that our formalism can be used to give greater analytical insight into typical braneworld

effects.
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Chapter 5

Close-brane Effective Theory

5.1 Introduction

Nut, Sky Goddess (Egypt)

In chapter 2, the existence of an effective four-dimensional theory as been pointed
out and derived at low energy. Beyond this limit, however, braneworld models differ
remarkably from standard four-dimensional models and have some distinguishing features
which could either generate cosmological signatures or provide alternative scenarios to
standard cosmology. In particular, in the limit where two three-branes are close to each
other, characteristic properties of the model may be determined and analysed, which will be
the focus of this chapter. Near the brane collision, the low-energy effective theory predicts

that the Hubble constant on each brane is related to the proper contraction or expansion
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velocity of the fifth dimension d by L2H2 = d?/4. However, an exact calculation gives
the result L2H? = tanh®d/2. As expected, this agrees with the four-dimensional effective
theory only at low velocities. To lowest order in velocity, the low-energy limit gives an
accurate result for the brane geometries. The aim of this chapter is to go beyond the low-
energy limit and to develop a covariant formalism which describes these velocity corrections
exactly in the small distance limit d < L.

In chapter 3, we mentioned that in some scenarios of brane inflation [129, 131, 139,
153], the potential could be important compared to the brane tension and some different
constraints for the potential can hence be considered. In a scenario where the potential is
steep, for instance, an alternative explanation for the end of inflation can be given [139]. In
the Cyclic Universe [86,87], as another example, it is suggested that terms of fourth order
in velocities should be considered in order to obtain a scale invariant spectrum after the
bounce [154]. To work with such models, it seems important to understand the behaviour
of these high-energy corrections and in particular to understand their consequences for the
production of the large scale structure, as much in the context of an expanding than in a
contracting Universe. Part of this chapter will therefore be devoted to the development of
a covariant formalism capable of describing these velocity corrections.

However, in order find a solvable theory when the low-energy constraint is relaxed, we
need to work in another limit. For the purpose of this chapter, we choose to work in the
special limit where the distance between the branes is much smaller than the length scale
L characteristic for the five-dimensional AdS bulk. We stress that this is not equivalent to
taking a Minkowski limit. As we shall see, the resulting effective theory is still sensitive to
the bulk curvature. This limit is interesting in cosmology for two main reasons. Firstly,
there has been a considerable interest in the interpretation of the Big Bang as a brane
collision [86, 87,119, 154-156], or as a collision of bubbles [157]. In such a model, we
therefore expect to find a regime for which the distance between the branes is very small
just before or just after the Big Bang. Hence, such a limit seems relevant for the study of
perturbations.

Furthermore, it is in the limit where the distance between the branes is small that we
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expect the geometry on the branes to be well-described by a four-dimensional theory, as
we have seen in chapter 2. This provides us with a second reason motivating the study of
the model in the close-brane regime. Indeed, when the branes are far apart, the excitation
of the bulk degree of freedom requires less energy. This allows many Kaluza Klein modes to
affect the brane geometry (even a continuum of them for an important brane separation),
making the theory on the brane non-local [149,158].

Following these arguments, we shall hence focus on the close-brane limit. To work in
this regime, we follow part of the idea of T. Shiromizu et.al. in [112] although our final
result will be different. The main idea of this paper is to express the extrinsic curvature
on the negative-tension brane as a Taylor expansion in terms of the extrinsic curvature
on the positive-tension brane and its derivatives along the normal direction. We can then
use the five-dimensional Einstein equations to express any second (or higher) order normal
derivatives of the extrinsic curvature in terms of first normal derivatives and derivatives
along the four transverse directions. Since the normal derivative of the extrinsic curvature
on the positive-tension brane is known up to the induced Weyl tensor on that brane, this
gives a formal equation for the induced Weyl tensor on the positive-tension brane, which
is the only unknown information on the brane.

As we might expect, the exact expression for the Weyl tensor in the close-brane limit
has some higher derivative correction terms which are not present in the low-energy four-
dimensional effective theory. However we may check that, at low velocities, this expression
for the Weyl tensor is consistent with the one derived from the low-energy effective theory
in the small d limit. Furthermore, as a non-trivial check we may verify that our result
gives precisely the correct result to leading order in d for the background solution where
it is possible to solve the five-dimensional geometry exactly. However the prescription is
completely covariant and will allow us to study perturbations without needing to solve the
full five-dimensional equations.

Having checked the consistency of this effective theory for the background, we use it in
order to study the effect of matter perturbations about an empty background, (ie. a ‘stiff

source’ approximation). For this we consider the branes to be empty for the background and
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introduce matter on the positive-tension brane only at the perturbed level. We then study
in detail the propagation of tensor and scalar perturbations. Although the five-dimensional
nature of the theory does not affect the way tensor and scalar perturbations propagate in
a given background, the coupling to matter is indeed affected. In particular, we show that
the effective four-dimensional Newtonian constant depends both on the distance between
the branes and their rate of separation. We then extend the analysis in order to have a
better insight of what might happen when the small brane separation condition is relaxed.

As mentioned in chapter 1, one of the most promising routes of braneworld cosmology
is the possibility of interpreting the radion scalar field as playing the role of the inflaton
scalar field on the positive-tension brane [66,78,159]. During inflation both branes could
be moving apart. When the negative-tension brane moves towards infinity, its effect on
the positive-tension brane becomes negligible which means that the scalar field decouples,
giving an explanation of why such a field is not seen on the brane at the present time.
In order to interpret the radion as a candidate for the inflaton a potential for the radion
has to be introduced as explained in chapter 2. After reviewing how the introduction of a
potential can be generalised to this close-brane effective theory, we can therefore study the
propagation of perturbations in a background evolving with a potential for the radion. We
then study to which extent the radion can be interpreted as a possible candidate for the
inflation and show what would be the characteristic features (if any) present in the power
spectrum.

Finally, we have shown in chapter 4, that in the quasi-static limit, the first Kaluza Klein
mode could be correctly modelled by the presence of a term A, in the Weyl tensor. We
have shown that A,, could be obtained from an action and was satisfying all the required
condition to model a Kaluza Klein correction. However, the introduction of such a term
was only an ansatz which was checked to be consistent in the quasi-static limit. In the
close-brane limit, the validity of this ansatz can be tested again. In particular, an exact
covariant expression for this term can be computed and checked against A,,.

But first we shall start this chapter by pointing out the main discrepancy between the

effective low-energy theory and the exact five-dimensional result, giving a motivation to go
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beyond the low-energy limit.

5.2 Test of the Low-energy Effective Theory in the

Close-brane Limit

5.2.1 Five-dimensional Background Behaviour

Following the background study of section 2.4, we find the five-dimensional background
solution for the two-brane RS model in the frame where the bulk was static (2.20). We
now consider the specific case where the branes are moving apart after a collision and the
aim of this section will be to relate the Hubble parameter on the branes to the velocity of
the distance between the branes in the close-brane regime. We suppose that the collision
occurs at 7 = 0 and denote by ag the value of the scale factor when the branes coincide (the
situation where the branes are moving towards each other before the collision is completely
analogous).

In contrast to the exact treatment of section 2.4, we now only consider the system in
the limit of small brane separation, te. a, ~ a_ ~ ag, ny ~ n_ = ng. In what follows
we will describe only the leading term in d/L and denote by ‘~’ the leading order in this

expansion. Using (2.23), to linear order we have:

2 —2
ng ( kL
V+ = Ny ——= |1+ — p:l:) s (52)
\/ a? 6

where the collision happens at 7' = T and Y = Y;. When the branes are close, the

proper distance between the branes goes as d ~ (T — Tp), so the corrections are of order
@) (%) =0 (%) This is the limit in which we will work all through this chapter.

So far we have worked in the frame where the bulk was static. However if we are
interested in the proper distance between the branes, it is more intuitive to derive it from

the frame where the branes are static. The gauge transformation between the frame (2.20)
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where the bulk is static and a frame of the form (2.1) where the branes are static is in
general complicated. However, for the purpose of this study, it is enough to consider
the frame in which the branes are “quasi-static”, or static to leading order in d/L or in

(T'—Tpy)/L. In order to work in such a frame, we may perform the gauge transformation

(Y, T) — (y,1):

T = T+ ni cosh a(y) (5.3)
= Yy + t sinha(y) (5.4)
aly) = ytanh™ (2—0) — (1 —y) tanh™* (ZL—Z) . (5.5)

We can indeed check that at y =0, Y = Yy—v, (T —Tp) and at y = 1, Y = Yo +v_(T—Tp).
In this new frame, the branes are static to leading order in d and located at y = 0 and
y = 1. In terms of the new coordinates y and ¢, the bulk geometry in the limit of close

separation is:

ds* = A(t)*dy* — dt* + a*dx?, (5.6)
with A(t) = ¢ (tanh1 (U—+) + tanh ™" (U—)> , (5.7)
o Mo

2 —
where we have treated v. as constants v4 =~ ng \/ 1-— % (1 + % pi(TO)) ?_ In this limit,
0

the induced metric on the branes is then ds? = —dt* + a(t)?dx?, where ¢ is the proper

time. When d < L, the proper distance between the branes is given by:

/0 1 A(t) dy
t (tanh_l (Z—Z) + tanh ™ (Z—;)) : (5.8)

so that, to leading order, the expansion of the fifth dimension with respect to the proper

d

Q

Q

time ¢ 1s

d ~ tanh™ <U—+> + tanh™* (U—_) , (5.9)

N no

where, here and in what follows a dot represents a derivative with respect to the proper

time t. At the collision, vy is related to the Hubble parameter (2.27) by:

v na kL R kL -
0 0
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giving the relation between the Hubble parameter on the positive tension brane and d:

. LH VIZHE = 55 (py o+ po) = B2 (02— p2)
d ~ tanhfl (ﬁ) + tanhfl hl 3 ”Lp 56 - s (511)
o — 5o

which can be inverted as

d L
LH, =~ tanh <§> + %p?f (5.12)
eff 1 ]
Py = —— (coshalpJr +p_> . (5.13)
sinh

This result is derived directly from the full five-dimensional equations subject only to the
assumption that the branes are close, so this result is only valid just before or just after a
collision. In the absence of matter, we can point out that the Hubble parameter is bounded
L*H? < 1 which is consistent with (2.27) when py = 0. The expression of the Hubble
parameter on the negative tension brane and the expansion of the fifth dimension can be
derived in a similar way. We obtain the analogous result
LH_ ~ tanh (g) — % p, (5.14)
with pff = (cosh dp_ + p+) /sinh d.
We can compare this result with the analogous relation derived from the standard low-
energy effective theory derived in 2.6. In Section 5.4.1 we will then compare this result
with the one obtained from the close-brane theory, derived in this chapter and we shall see

that they agree perfectly.

5.2.2 Comparison with the Low-energy Theory

We may now examine the behaviour of the effective theory in the special case of a flat
FRW background as in 2.6.4. We consider the special case where the positive-tension
brane expands. As a consequence of the tracelessness of the Weyl tensor, we have already
mentioned in (2.50) that the Friedmann equation on the brane was of the same form as

(2.28), with an integration constant D which has to be expressed in terms of the distance
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between the branes. Using the 00-component of the modified Einstein equation in the
low-energy effective theory (2.45), we find the expression for the constant D in terms of

d:

b v [ i @
L2l =1 9° <—2—H+ + 5+ o (o + P—)) : (5.15)

Substituting this expression in the modified Friedmann equation (2.50), we therefore have
(1— 0?) 1?2 conrlpy, e = (py + %) (5.16)
+ 7 PRy A S '

This is a quadratic equation with the two solutions:

d kL
LH, = ———— | =02+, /U2 4 (1 — V2 U2p )| . 5.17
+ (1_\112)< \/ +3d2( ) (s + P)) (5.17)
The two possible signs correspond to the branes moving either in the same (—) or opposite
(+) directions, which can be seen as follows. For empty branes, the Friedmann equation
simplifies to
d

LH, — —— .
R R

(5.18)

So for empty branes, using the conformal relation (2.37) (ie. a_ = Wa, ), the Hubble

parameter on the negative-tension brane can be written in terms of H, as:

o= S 4y ey,
a_ L
= ¥H,(1+0(d/L)). (5.19)

So the — sign in (5.18) or in (5.17) corresponds to the situation where H_ ~ H for which

the branes are moving in the same direction. In that case, near the collision,

d~—dH,, (5.20)

so the branes take an infinite time to collide. Instead, we are interested in the situation
where the collision happens at finite time and the branes are moving in opposite direction

H_ ~ —H,, corresponding to a + sign in (5.18) or in (5.17). This is the situation we
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consider for branes moving apart just after a collision. In this case, taking the close-brane

limit of the Friedmann equation (5.17), we get

d &
H ~—+— _ f L. 21
+ 2L+6d<p++p)’ or d < (5.21)

We notice that both H; and d are finite at the collision,

d~LH, ~(d/L)". (5.22)

We may compare this result with (5.12), which is correct to all orders in d for small d/L. As
expected, the low-energy theory reproduces only the leading term in d and gravity seems
to couple the same way to the matter on both branes. This is due to the fact that the
effective low-energy theory neglects part of the contribution from the Weyl tensor which
depends on the matter content of both branes. The effective theory is therefore only valid
at low-energies (p < 1/kL) as already mentioned in section 2.6.4 and only to leading order
in velocities (even for the background). We may point out that in this result both LH,
and d appear to be unbounded. This is only true in this low-energy regime for which the
restrictions are very strong LH: ~ d < 1. As seen in (5.12) when LHy ~ 1 some new

restrictions have to be imposed.

Since the low-energy effective theory only predicts the leading order of velocity, it might
be possible to go beyond the low-energy restriction and find a theory which would be valid
to all order in velocities. In order to derive such a theory, we will work in a regime where
the branes are close to each other. In the rest of this chapter, we show the existence
and consistency of such a theory which successfully reproduces (5.12) and agrees with the
low-energy theory in the regime of small separation and velocity in which they are both

valid.
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5.3 Derivation of a Close-brane Covariant Theory

5.3.1 Toy model

In order to understand the procedure we will follow to work out the theory on the brane in
the close-brane limit, we first examine the following one-dimensional example. We consider

a second order differential equation:

[ W) =UWf () +V(y)fly) +W(y), (5.23)

where U,V and W are some known function of y.

We assume that the function f is known at y = 0 and at y = 1, and we wish to find the
value f’(0) and f'(1) of its derivative on the boundaries. One way to do it would be to
solve the differential equation exactly with the two boundary conditions for f. Once f(y)
is known for any y, we can infer f’(0) and f’(1). But this method would be equivalent
to solving the five-dimensional Einstein equations exactly in order to obtain the induced
geometry on the brane. Although this is in theory possible it would be very hard to do.
Instead we will summarise in this example the method used by [112]. The idea is not to
solve the differential equation exactly but to differentiate it in order to use it in the Taylor

expansion:

fly=1=3 /") (524)

n>0

By differentiating equation (5.23), we can find an expression for ™ (y):

FU2 ) = Un() f'(y) + Va(y) f(y) + Waly), (5.25)
where U, V,, and W,, may be found in a recursive way:

+U(y)Un(y), with U() = U(y),U,1 = 1,U,2 =0
+ V(y)Un(y), with VE) = V(y), V_1 = 0, V_Q =1
+ W(y)Un(y), with Wy=W(y),W_1=0,W_5=0.
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Using these expressions, we may write f/(0) as:

0y — 1 1
fO = 155 (f(l) —gmwn_z(mf(m—Wn_2<0>>>- (5.26)

Knowing U,,,V,, and W,, in a recursive way, we can perform the sums and find an exact
expression for f'(0). We may point out that this method actually allows us to find f'(y)
for any y between the boundaries. This will be very similar to the method we will use to
find the induced Weyl tensor on the brane. Although the extrinsic curvature is known on
the branes, its normal derivative (which involves the Weyl tensor) is not. We can derive,
however, a second order differential equation for the extrinsic curvature which allows us to
calculate this derivative in the same way as (5.26).

However, already in this linear one dimensional problem, the recursive relations are
non-trivial. The five-dimensional problem is even harder since, unsurprisingly, the equa-
tions are non linear and formidably complicated. However, if we keep only the leading
terms in d/L, we find that the second order differential equation for K, is linear and,
remarkably, the Taylor series corresponding to (5.26) becomes tractable. We therefore
end up with an expression, correct to leading order in d/L, for the normal derivative of
the extrinsic curvature on the positive-tension brane which enables us to write down the

Einstein equations and obtain the close-brane limit of the exact theory on the brane.

5.3.2 Regime of validity

From now on we will work in a regime where the branes are very close d < L. As already
mentioned in section (5.2.2), there are two types of solution for the background, depending
on whether the branes are moving in the same or in opposite directions. If the branes are
moving in the same direction, we have seen in (5.20) that, for the background, d ~ d/L. Tt
is subject to this assumption that [112] was derived. In this regime, we may check that to
leading order in d, they recover the low-energy effective theory. Therefore, for this regime,
the low-energy effective theory is valid to all order in velocities (at small d). However from

(5.22) we see that this is not valid when the branes are moving in opposite directions. In
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that case, d ~ (d/L)° ~ 1. This will be the solution we will be interested in for the rest
of this work and we will assume the relation 9,d ~ (d/L)°. Although this is strictly true
only for the background, if we work with perturbations in a comoving gauge, this relation
will still hold. In that gauge, 9,d ~ (d/L)" will still be true covariantly.

Furthermore, for adiabatic perturbations, the perturbations behave the same way as the
most general background solution. For the background there are two kinds of solutions,
one where the branes move in the same direction for which d,d ~ d/L and one where
the collision happens at finite time, for which d,d ~ (d/L)". This is true for adiabatic
perturbations as well. The adiabatic perturbations will follow a similar evolution to one
of the two background solutions or a superposition of them. Since the low-energy effective
theory reproduces correctly one type of solution we may focus on perturbations that follow
the other kind of behaviour for which d,d ~ (d/L)".

At the level of perturbations, one might think that this procedure might break down
since the perturbations diverge. But this divergence is actually logarithmic in d and is
therefore negligible compared to the terms in 1/d that we will find in the theory (5.100).
Compared to L/d, log(d/L) ~ (d/L)°. In [156], it is actually shown that in the right gauge,

the perturbations remain “small” going towards the bounce.

5.3.3 Gauss-Codacci equations

In this subsection we will follow the formalism of [112]. In order to simplify the imple-
mentation of the Israél junction conditions, which would be otherwise difficult, we work
in a frame (2.1) where the branes are assumed to be static, located at the fixed positions

y=0,1:
ds*> = A*(y,2)dy® + qu(y, z)dztdz”. (5.27)

In what follows, we use the same notation as in section 2.3, in particular we recall that
q,(;)(a:) = qu(y =0,2) and qu;)(x) = ¢u(y = 1, x) are the induced metrics on both branes.

From the Gauss equations, the Einstein tensor on a y = const hypersurface is given by
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(2.12)

o 1 «
G (y) = oy + KK — KUK — 200 (K — KOK) - B, (5.28)

The unknown quantity in (5.28) is the electric part of the projected Weyl tensor E* which
is traceless:

12
R=—2- K*+ KU K¢, (5.29)

The Weyl tensor E* can be expressed in terms of more recognisable quantities as (2.5)

19 1
B'=—— K"~ —D'D,A—~ K"K% 4 —g" .
v = " Zay T Lgéy (5.30)

Gauge Choice

To start with we consider A, the yy-component of the metric in (5.27), to be independent
of y. Such a gauge choice can indeed be picked for the background geometry of the close-
brane limit (5.6), and we will see in section 5.3.6 that the final answer is not sensitive to the
y-dependence of A. In that case the proper distance between the branes is: d(x) = A(x).
We can now rewrite the expression for the modified Einstein equation (5.28) in the form

(11 [D“D d+ (%K” + L—Z o8+ dK K" — 515# (K2 — K2K5) ] (5.31)

GF —
where the three last terms are negligible in the small distance limit d < L, and where
%K kis the only quantity undetermined on the brane (the extrinsic curvature itself is
indeed determined through the Israél matching condition (2.17)). In order to find an

expression for the derivative of the extrinsic curvature we will use a similar procedure to

the toy model.

5.3.4 Taylor expansion of the extrinsic curvature on the branes

Knowing the extrinsic curvature on both branes, we write an expression for its derivative

using the Taylor expansion:

Ly
Kily=1)=) —0)'Kl| . (5.32)

n>0
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and we will use the notation: Q' = 9,Q and Q™ = 8§,n)Q for any quantity Q(y, x) carrying
indices only along the directions of a y = const hypersurface.

In order to find the expression for K%™ in (5.32) we need the derivative of the Weyl
tensor and of the Christoffel Symbol. The last one is given by (2.30)

P8 = Du(dKS) + D, (d K2) — D*(d K,,). (5.33)

For the Weyl tensor derivative, we may use the result derived in (2.33)

3 1
B = d(ngEg — SKEY — SKGENS, + " iK™ + (K3)‘,j> (5.34)
|
37 D° [ED Koy + d*D, K — 20°DaKL]

Both these relations (5.33) and (5.34) are valid for any y in the gauge where A is y-
independent. The important point is that the system is now closed. The second derivative
of the extrinsic curvature can indeed be expressed in terms of £, and £}, which themselves
can be expressed back in terms of the extrinsic curvature and its first y-derivative. We
obtain a second order differential equation for the extrinsic curvature which is non-linear
but involves four-dimensional quantities only. We may therefore apply the procedure of
section 5.3.1. So far all the results are exact and valid for any distance between the branes.
However in order to be able to formally sum the Taylor expansion (5.32), we will, from
now, on assume that the branes are close to one another and keep only the leading order in
d in the expansion. The purpose of the next subsection will be to show a recursive relation
for the derivatives of the extrinsic curvature on the brane K%™(0) in the small d limit.

The sum of all these terms in the Taylor expansion will then be straight-forward.

5.3.5 Recursive relation for the derivative of the extrinsic cur-

vature in the close-brane regime

In what follows we denote by %™ (z) the leading order in d/L of K%™(y = 0, ), sym-

bolically,
K™ (y=0,2) = K" (x)(1+0(d/L)). (5.35)
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Using the small distance approximation, we rewrite the expansion (5.32) as:

Kiy =10~ %/o;(”) (2), (5.36)

n>0

where we recall that ~ designates the leading order in the expansion. In order to find
a general expression for K™ we will work in a recursive way. We will show in the next
subsections that we may express the n'® y-derivative of the extrinsic curvature in the
recursive way: KL = O™ where O is a four-dimensional operator that we shall
calculate. In order to simplify the calculation, we will first start by considering empty
branes, leaving the effect of matter for the final stage. If no matter is present on the

branes, the Israél matching conditions on each brane (2.17) impose the extrinsic curvature

to be:
1
Ky(y=12)=K)(y=0,2)= -7, (5.37)

such that when the branes are empty, the Taylor expansion (5.36) can actually be simplified

to

3 %IC;‘ ™) (z) = 0. (5.38)

n>1
In order to find this recursive relation, we first start by expressing K ™) and the leading

order of the Christoffel symbol in the n =1 and n = 2 case.

Example for the n=1 and n=2 case

We first concentrate on the n = 1 and n = 2 cases in detail in order to gain insight; the

technicalities of the general n case are left for later.

e For n = 1, the first derivative of the extrinsic curvature on the brane, can be found

using (5.30) and (5.37):
K¥'(y=0) = —dE! — D"D,d],_, . (5.39)

Since 9,0d ~ od ~ d° the second term goes as d°. In the effective theory, from
(2.46), we can check that on the brane E* ~ (1—¥2)"' ~ (d/L)"!. Although
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we have argued that, at high energy, the effective theory does not give the exact
expression for the Weyl tensor, we have seen (at least for the background) that the
behaviour is the same, differing only in corrections of higher order in the velocity. In
particular E# should go as d~' at high energies as well (we will check later that this
is indeed the case). We therefore have K*'(y = 0) ~ d°. Furthermore, from (5.33),
we have IV ~ 0d ~ d° at y = 0, so the derivative of the extrinsic curvature has the

same order of magnitude.

For the second derivative we have:
K4"(y) = —d BY — ¢"'DgD,d + ¢"°T' §)0ad — d 9, (KLKY) .

On the positive-tension brane we may compare these terms with the ones from

K*!'(y = 0) as they both contribute to the Taylor expansion (5.32)

terms from K" terms from K’

AL = gy < dBY,
5.40
¢"*'DgD,d = 2D'D,d < D*D,d, (5.40)

do, (KLK) = -3 K < Ky,

where the relation ¢"%' = dL,¢"% = —2dK"? has been used to simplify the expres-
sions. When d < L, the only term which is not negligible in comparison to the terms

present in K'*(y = 0) is the one coming from the derivative of the Christoffel symbol:

¢""T§)(0) Oad = —%(Qaﬂdayd—(ad)%g) (5.41)
~ KJ'(0).

This last term will give a contribution of the same order as K*'(y = 0). We may as
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well calculate the contribution from the second derivative of the Christoffel symbol:

LL"(y) = (dKY )+ (dKL)w — (dK,,) " (5.42)
+d (T KL+ T Kh — 200 K)
~dq*’que (TG KL —Th K7
—d (¢"a0)" (U5, K0 = T4, 7).
On the brane the last line is of order (d/L)* and the two middle ones are of order

d/L. The three last lines are therefore negligible in comparison to the first line which

gives a contribution of order I''(0) ~ dK'(0) ~ d°:
r'5(0) ~ d,d Ky'(0) + 0,d K4'(0) — 0%d K,,,(0), (5.43)
where terms of order d/L have been omitted.

e In the previous specific case, we have therefore shown that the leading terms in the
derivative of the extrinsic curvature were of same order of magnitude for n = 1 and
n=2 KW = —dEF — D"D,d ~ d° and K4® = —1 (207dd,d — (9d)* o) ~ d°.
We therefore have K™ ~ d° for m = 0, 1,2 and the same is valid for the derivative

of the Christoffel symbols.

General n case

In what follows we will use a symbolic notation omitting any indices or coefficients. We
write symbolically, ¢us = ¢, K = K, 9, = 0 and d, = . In particular, we have: ¢’ = dqK.
Using this notation and expressing E* in terms of K*’ in (5.34), we may symbolically write

an equation for K*”:

K" = d(0?+T0+0I +1?) ¢ 4+ dK’ + dK (5.44)

+dKK'+ qdd(I" + dTK + dOK) + 8*dq,

where again by 0 we designate a normal derivative (as opposed to covariant derivative)

with respect to any coordinate x* along the four-dimensional y = const hypersurface. This
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expression is true for any y. The leading order in d/L in this expression comes from the

term ¢ OdI" ~ d°. All the other terms are of order d.

e For n = 2, we have shown that on the brane

K™ (0) ~TM™(0) ~d® ¥V m<n. (5.45)
and
rem0) ~ 0,dKe™ D +0,dke ™ —o%dKin", VYm<n (5.46)
S A A (5.47)
where we used the notation K4 = Kty =0) = —% 0¥. The last line translates the

fact that the leading contribution of the derivative of the extrinsic curvature comes

from the derivative of the Christoffel symbol uniquely.

e Now let us assume that these three relations (5.45 - 5.47) hold for a given n > 2. In
particular, T™(0) ~ d° and

¢ 0) ~ dK™ Y0<m<n, (5.48)

q(0) ~ d°. (5.49)

For the next order in n 4+ 1 we have, using the symbolic relation (5.44),

n+1 n—1
K0 = gln=b " (5.50)
— gn) [d (0% +T0+ 0T +T%) ¢ + dK* + dK + dKK' + 0%d ¢

Y
+qdd (T + dTK + daK)},
with
oy Y ddry| = do? [¢™(0)] ~ d. (5.51)
Similarly we may check that

OV [d (To+0r +T%) ¢ +dK* + d K]

Y

d (5.52)

}y:O ~

O [d KK+ g0d (dK + doK) + 9*dq]| _ ~ d, (5.53)
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and

Y

n—1
o'V lq'ad)|,_, = 0d 3 €7 iq" M O)F(0), (5.54)
m=0

with ¢"=1=™)(0)L ™+ (0) ~ d* if m < n — 1 and ¢I'™(0) ~ d° so that:

oy Y [ql'od]| _, ~ d°. (5.55)

We have therefore shown that if (5.45) is true for a given n, then K™+ (0) ~ d° and
its leading contribution comes from the derivative of the Christoffel symbol uniquely

o0 (5.47) is also valid at order n + 1.

We now want to show that the recursive relations (5.45) and (5.46) are true for the
Christoffel symbol as well. We have K™ (0) ~ d° for any m < n+1 and '™ (0) ~ d°

for any m < n. Using the relation (5.33) for IS/, we have:

Lo (y) = (dK5™) 0+ (@dK5™) 0 = gup(d K5™) (5.56)

—|—d8 (n) [FO‘ Kp +I'* K — 2Fp Ka - C]aﬁqua (ngKle - FZVK;T) }

vp

- Z 1 de(m ) ﬁaz(lnim) (qaﬁqup) )

where C™ | is the Newtonian polynomial, and where d 85" (T K) ~ d and "™ (4*Pqpp) ~
d for n > m, so the two last sums go as d. Finally the first term goes as (d K, ("))# =
d,K%™ +O(d). The Christoffel symbol goes therefore as [ ~ d0 if (5.45) holds

for a given n, and its leading contribution comes from

Lam(0) & d (K5 ™ +d, K50 — dKf (5.57)

IU/’

the relation (5.46) therefore holds for n + 1.

Assuming (5.45) and (5.46) to hold for a given n, we have therefore shown that these

relations hold as well for n + 1. We can therefore finally conclude that

K™ ~T™ ~ d® for any n > 0, (5.58)
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and similarly, (5.46) is valid for any n > 0. Furthermore, we have seen through this
development that the leading contribution for the extrinsic curvature comes from the
derivative of the Christoffel symbol only and we have shown that the relation (5.47)

is valid for any n > 2.

e To summarise, we have shown recursively that the leading term in the extrinsic

curvature uniquely comes from the term

]Cl;(n) — qﬁurgu(n—l) Od

= (PRS0 g en ) geforn) g (5.59)

We therefore have a recursive expression for the leading order in d/L of the normal deriva-
tives of the extrinsic curvature that we can use in order to formally sum the Taylor ex-
pansion (5.32) or (5.36). In particular we have shown the remarkably straight-forward

recursive relation between the leading orders of the extrinsic curvature derivatives:

Krm = Ok (=2, (5.60)

14

with the four-dimensional operator O defined as
OZM = [d"Z% 4+ d 2" — d°Z" ] d 4, (5.61)

for any four-dimensional tensor Z¥. This is a remarkable result since it will make the
Taylor expansion (5.36) very easy to sum. We may note that in this summation, the term

K™ comes in with the same contribution as %"

, so all derivatives should bring an
equivalent contribution to the Taylor expansion. Furthermore we can see that the operator
O is second order in derivative. So in a low-energy theory, the successive action of O should
be negligible, although this is not the case for the situation we consider.

For simplicity we exposed in detail the case for which no matter was present on the
branes and A? = g,, was assumed to be y-independent. In the next section we shall see

what happens when theses assumptions are relaxed. It is unclear whether a gauge for

which A is y-independent can always be fixed, for a discussion of this gauge issue see [160].
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Although our result seems to be completely gauge invariant, it has been derived in a
gauge whose existence can not be completely justified. To be entirely consistent, we shall
therefore show in the next subsection that assuming A to be y-independent does not affect
the method we used nor the result in the close-brane regime. The extension to the case of

matter on the branes will be given afterwards.

5.3.6 Relaxing the approximation
Gauge Invariance

The previous result has been derived assuming that A in (5.27) was independent of y.
It is possible to show that such a dependence does not affect the final result. In order
to show this, we will separate the y-derivatives of A from the other y-derivatives. Then
by summing over the derivatives of A, we will recover the quantity d. We denote by
da=A(y)0a+ A" (y)0a + 0, A (y)0s,4 + - - - the y-derivative which acts exclusively on A.
In order to differentiate any other quantity, we can apply the operator 5y = 0y — 04 which

has no effect on A. In particular we write:

9,Q(y) = 0,Q(y) = Q'(y), (5.62)

for any quantity @ = K%, E%, q,,,1';,. In the previous section, A was y-independent and
so the operator §4 had no effect, we simply had 9, = 9,. Now this relation does not hold
anymore and we need to include the effect of 64 in the Taylor expansion (5.32) bearing in
mind that d4 and 5y do not commute. Indeed, a new A appears each time the operator
5@; is applied on a quantity () since @Q = AL,Q, where L,, is the Lie derivative along the
normal direction. So §4Q = 0 whereas §40,Q = UA (y) where U is some four-dimensional

operator. If we consider for instance the y-derivative of the extrinsic curvature in (5.30),

we have:

040, Kt (y) = 0aK" (y)

= —AW)E) - DDA(Y) — AW)KAWKS) + A ) 75 (5.63)
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In the Taylor expansion, (5.32), there will be a term, which we denote by J#;" (0), that

has only the first derivative along 5y and all the other ones along d 4:

1

APy = —s0YVa, KR (y). 5.64
W) nglm! a0y (y) (5.64)

We may write
04 Vo, Kb (y) = UHAmY, (5.65)

where the operator U # can be read off from (5.63). In particular, on the empty positive

brane,
Ul(y = 0) = —El(y) — D"D, |,y (5.66)

Using this relation, we have:

N 1 _
A (y) = UL Y — AT (y)
m>1
Ly
= U’lf/ Ay dy'. (5.67)
y
In particular the term J#;" (0) that contributes to the Taylor expansion (5.32) is:
1
HL0) = Oty =0) [ A dy (5:68)
0
= —dEBy(0)—D"D,d|,_,, (5.69)

which is precisely the first term (5.39) that was contributing to the Taylor expansion when
A was assumed to be y-independent. In what follows we shall see that the Taylor expansion
can be written as a sum of %, which expression is precisely the same as K™ when A is
assumed to be y-independent.

We shall work in a symbolic way, omitting any indices. First we notice that the Taylor

expansion (5.32)or (5.38) can be written in the form:

S %%(0) =0, (5.70)

n>1
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with

1 M1,y Mn
—aly) =Y A (571)

mi, ,mn 20

where we wrote l, = (my + -+ m, +n) and
Fremn = 5 sy, 9,600, K. (5.72)

Recalling that each time K is differentiated with respect to y, a new power of A appears,

we therefore have:
MK = T, [AUn_l ( . U1A>] , (5.73)

where each operator U, depends on y but includes only derivatives along the y = const
hypersurface and quantities Q = K, E, q,T ie. U; does not depend on A. Using this

notation, F,, is:

Frmmn g7, 5 [AUn_l §irmn=1) (A...U2 542 (AUlA("“)) )] , (5.74)

~

where the operators U; should be treated as independent variable of y so that for instance

572 (ATA™D) = 37 Ch, ARG A, (5.75)

k>0

When all the sums are performed, we obtain:

) =0 {AU} (A [ (Aﬁn / Ady) dy ) dy} dy.  (5.76)

So on the brane, we can express %, in the form:

A(0) = n() (5.77)
Vily) = U /OyA<y>Um+1<y>dy, m<n (5.78)
Vily) = U, / " Al)dy = 0, d(y). (5.79)

with d(y,z) = J5 A(y)dy. So far this result is exact. When the branes are close, this result
will simplify remarkably. First we point out that 0 < ci(y) <d< Lforany 0 <y < 1. This
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follows from the fact that the bulk geometry is completely regular, so between the branes,
A(y,x) > 0, which implies 0 < [/ A(y,z)dy < d(z) < L for any 0 < y < 1. This holds
similarly for any multiple integral. The same simplifications as in the previous section will
therefore be valid here. For instance if in the previous section we had U;d ~ dd, then this
will remain true in this case as well: Uyd(y, z) ~ dd(y, ).

In the following we shall label with a “bar” any quantity which was derived in the
previous section assuming A was independent of y. In the previous section, we had A = d

and so V,,, was simply:

Vin(y) = mf:—lj;)‘ 0, [d Ui (d Upso - -dUnd>] , (5.80)
so we had:
K™ = 0, [d A (d Oy - - - dUndﬂ , (5.81)

using the fact that at d < L, the action of the operators U; was considerably simplified

and at leading order in d/L, they were equivalent to the overall operator o™,

KM0) = U™gr (5.82)
. 1
ith 7Y — _— —  (_E(0) — D?) D®V 5.83
b (2n + 1) (=B(0) = D) (5:83)
. 1
Ut — _—K(0)D® 5.84
o] (0) , (5.84)

where D is a four-dimensional covariant derivative along the y = const hypersurface. The

leading contribution was indeed:

K@) = K'(0) (9d)™ (5.85)
K®(0) = K(0) (ad)™. (5.86)
Now we may go back to the situation where A has some y-dependence. Because 0 <

d(y,z) < d(z) < L for any 0 < y < 1 and similarly for any multiple integral in V,,,, when
the operators U, are applied on these integrals, we can reproduce step by step exactly the

same procedure as we followed in the previous section in order to keep only the leading
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order in d/L. In particular, the repeated action of each U; on each multiple integral can be
substituted, in the small d limit (which implies a small [--- [ Ady limit) by the action
of an overall operator U™, If we do so, the leading contribution can be expressed in the

same way as in (5.82):

%%(0) _ U(n>{/1A</y...A/OyAdy)], (5.87)

with the operator U™ as given in (5.83, 5.84). Now the multiple integral is simply:

[A(f o )= ([ an) =55 (58%)

So the rest follows exactly as in the previous case. For any n, the leading contribution to

S, 1s:
H,(0) = U™, (5.89)

exactly as in (5.82). So the leading order in d/L of the Taylor expansion (5.38) is indepen-
dent on the y-dependence of A, and in particular we obtain the same result whether A = d
or any other function of y such that fol Ady = d. The result derived in the previous section
is therefore valid independently of the precise expression of A, as this should be since our
result is gauge invariant. This result comes without surprise but had to be checked for
consistency of the close-brane formalism developed in the previous section.

The other assumption that was made to derive the result of section 5.3.5 was taking
the branes to be empty. This assumption was only made to simplify the notation and to
focus on the main ideas, however all the procedure is completely generalisable to the case

where matter is present on the brane as we shall in the next subsection.

Matter on the brane

We can now give a brief overview of what would happen when matter is introduced on the

branes. The exact, expression of the extrinsic curvature on the branes is modified to (2.17)

Kh(y = 0) = —Zag+ ’;T< h (5.90)
Kh(y=1) = _Z st — STH“ (5.91)
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where we use the same notation as in section (2.8.2) T(i)ﬁ = T(i)’; — 2T®)6k . However,
despite this modification, the method remains the same. In particular K™ ~ d° for both
m = 1 and m = 2, and using the same recursive argument, we may show that this remains
true for any m > 0. The symbolic expression (5.44) for the second derivative is still valid.
So the leading contribution still comes from the derivative of the Christoffel symbol, which
formal derivative can still be expressed the same way. To summarise, we therefore still have

the following schematic steps which are completely valid even in the presence of matter:

]Cl;’ = —D'D,d+---
N——
Ky = ¢™T5)0.d+0(d/L)
——
= O K" +0(d/L)
~~
Ke® = oKy
ke = oKy,

The main result that %™ = OKL™? can therefore be completely generalised to the

situation when matter is present on the branes.

5.3.7 Normal Derivative of the Extrinsic Curvature on the brane

We now may use these results to perform the sum of the Taylor expansion (5.32) which can
be expressed as (5.36) in the small d limit. Using the notation of the previous subsection
and the fact that 4™ = OAIC’,”,("_” the Taylor can be expressed as

oo 1 o0
- - = Orier@) ngp(
z:%n 2:2n+1)01C +(2n)01C

n=0

. h A _
= %5 KE M 4 cosh \/5 LA (5.92)
O

We then have a formal expression for the first derivative of the extrinsic curvature on the

brane:

L - Vo [cosh\/_K(+ KO*, (5.93)
dy y=0 smh\/_

150



5.3. DERIVATION OF A CLOSE-BRANE COVARIANT THEORY

where K(i)’; = K#(y = 0,1). The same method could be repeated using the negative-
tension brane as the reference brane instead. This would be equivalent to taking —d instead
of d all the way through. The derivative of the extrinsic curvature on the negative-tension

brane is therefore

[COSh VOor© Kw (5.94)

v

\/—
y=1 smh \/_

We can now implement what is known from the Israél matching conditions on the brane:

the extrinsic curvatures of the two branes are given in terms of the stress-energy tensors and
the tensions by the expressions (5.90) and (5.91). The derivative of the extrinsic curvature

on the branes can therefore be written as

K(i \/_ cosh \/_ - 1 “og fﬁA (cosh \/BT(i)ﬁ + T<]F)5> - (5.99)
sinh \/_ 2 sinh \/5

Using the fact that

O = F* = 20Mdd,d — (dd)* 6" (5.96)
OF" = (dd)* ", (5.97)

the first term in (5.95) can be expressed exactly as

Vo LEvE 2 cosh VO — 1 o = L {\8d| (tanh od] _ tan @) o (5.98)
T smh VO oL 2 2
b (ann 24 194
oa] \"" 2 2
with [0d] = /—q®)10,do,d. (5.99)

We may point out that this procedure seems to break down in the limit where |0d| — 7, for

|adl — 00. Thus the action of the operator \/5 cosh seems to be ill-defined

sinh \/_

in that case. This might be an interesting feature which has not been pointed out before,

which tan

however we do not believe that this limit has much physical relevance or that anything
happens when the fifth dimension expansion approaches to this value. In what follows we

will check that when physical quantities are calculated, the relevant part does not depend
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on the trigonometric quantities but rather on their hyperbolic counterpart which have no
singularities at |0d| = .

The action of the operator Oina generic stress-energy tensor is, on the other hand, less
trivial, and a generic expression in the covariant form can not be given in general. However
we will see in what follows that for the specific cosmological case we shall be interested in,
the second part of (5.95) can be simplified as well. But first we can look at the effective

close-brane theory that we find on the brane.

5.4 Close-brane effective theory

5.4.1 Four-dimensional Close-brane Effective Theory

In the previous section we have shown that an effective theory could be derived on the
brane, in the close-brane regime. We can now put all the results together and show
explicitly what this theory is and test it in different regimes.

Having an expression for both the extrinsic curvature on the branes (5.90, 5.91) and its
derivative (5.95), the Gauss equation (5.31) is now completely determined and gives rise

to the modified Einstein equations on the branes:

GHe o clz[D(i WD + |8LdV @5# (5.100)
Lo oo

+ ELA (cosh \/gf(i)’j —i—T(jF)fj) ]
2sinh\/5

Furthermore, from the tracelessness of the Weyl tensor, the Ricci scalar in (5.29) satisfies
2

&) _ = Ep@) B ()2 _ pE)aqpE) 8
RS = 276 4 I (792 - f@ep®7), (5.101)

and the Klein Gordon equation for the scalar field is constrained to be

0®a ~ 24 <3t 124 @) +%L (Cosh VOT®) +T<3F>> (5.102)
S1

L 2 nh\/_
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Furthermore, the conservation of the stress-energy tensor on the branes follows directly

from the Codacci equation (2.8)
DHTHr =, (5.103)

This procedure has allowed us to derive an effective close-brane theory on both the positive-
and negative-tension branes in a covariant way. These expressions are exact in the close-
brane limit and the formalism could be generalised to work out the effective four-dimensional
Einstein tensor on any y = const hypersurface.

The effective theory on the branes describes gravity coupled to a scalar field in a non-
trivial way. This theory has some higher-derivative corrections as expected but, remarkably,
they are both simple in form and entirely first order, ie. involving only powers of first
derivatives. This leads to the important result that the theory remains second order in
derivatives even when correct to all orders in velocity. The initial data on a Cauchy surface
that needs to be specified for the theory to be solved is the same as that needed in the low-
energy effective theory. There will be no need to specify extra information or to consider
the corrections to be small, a feature which will make the theory straightforward to solve.
Although this theory does not seem to be derivable from a four-dimensional action, it may

be solved using standard four-dimensional methods.

5.4.2 Conservation of Energy

In order for the theory to be consistent, the Bianchi identity on the brane needs to be
preserved. This means that, to leading order in d/L, the Klein-Gordon equation (5.102)
must imply the right hand side of (5.100) to be transverse. In other words, if we consider
the right hand side of (5.100) to be the stress-energy tensor T’ ;{f for the scalar field d and
matter on the brane, the Klein Gordon condition should impose that it is conserved, e.
divergenceless. In order to check this requirement, we will focus on the positive tension
brane. We will see that it is important to add the next to leading correction dE,, where
E,, ~ d°. As we shall see, although E,, does not contribute to the leading order of the

Einstein equation, it does contribute to the leading order of the divergence of Tl’j,ﬁf. This is
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due to the fact that, although dE,, ~ d is negligible, its derivative is not (8,d) E* ~ d°.
We therefore need to consider its contribution as well. The transverse requirement will
therefore impose a condition on the next to leading order in d.

Using the equation of motion for the scalar field, we may rewrite (5.100) and (5.102)

in the form:

_ eff
a o= T
1 2 _ 2 3 _
T = o [DMDVd + 79 0ud0,d — d Ey, — (D d+ % + ff - dE> q};)}(amz;)

—l—ﬁﬁ(cosh\/_T ”—l—T )
k VO

1 _
O d = —5 (4f+2%) +dE+

6 sinh \/5

where for simplicity we used the notation z = |9d|, f = f(z*) = % (tanh % — tan ) and

(COSh VoT® + T(_)> , (5.105)

g=g(z") =5 (tanh Z + tan ). f and g are viewed as functions of z* = (8d)* since their

Taylor expansions only contain powers of 2%. Therefore, for example,

Ouf(z) =22°f'(2) 0, () . (5.106)

The divergence of the stress-energy tensor as defined in (5.104) is given by:

DT = Yy () (74 )]
— [E% — E§!] 0,d + % O(d/L). (5.107)

For the stress-energy to be transverse to leading order in d, we therefore have a constraint

equation on the next-to-leading order contribution E,,,:
[E% — E6) 0,d = —— [g9f +2° (f — 2%9) (/' + 2°9)] Dud. (5.108)

Furthermore, from the eq.(2.45), at low-energy and to leading order in velocities and in
d/L, E,, should be:

_ 1
E

w =7 [D D,d+ — (a dd,d — = (ad) a5 )} +%O((@d)4,d/L). (5.109)
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A natural ansatz for E;w is therefore:

D,D,d + 1 (F(zYa) + 3N Fu) | - (5.110)

E 7 s

WZZ

Using this ansatz in the constraint (5.108), we find the equations for f and g:
f=f+22G—9) = 4(gf +2fg =2 gf") +42° (ff — 2'99) .
Since f and g are functions of z* uniquely, their expression is:

F(ZY = f+4gf + 42 (fg' — gf") (5.111)

g(z") = g +4ff —42'gg" (5.112)

In the slow-velocity limit, we may check that f = O((dd)*) and § = T+ O((dd)*) so we
recover the result from the low-energy effective theory (5.109). Furthermore, using the
expression (2.46), the next to leading order £, (5.110) will be conformally related to the
leading order: E,, = (d/L) Ep, only if f = f and g = g. However, from the expressions
(5.111, 5.112), this can only be the case in the low-velocity limit where f = f = —”Z—T—i—(’)(zg)
and g = g = % + O(z%), but the higher order terms in velocities do not match and hence
the conformal relation E,,, = (d/L) Ej, does not hold.

This expression for E,, with the relations (5.111, 5.112) is consistent with the close
limit theory since it ensures that the stress-energy tensor is conserved to leading order
in d/L. However we may emphasise that this is not the only possible answer and relies
strongly on the ansatz (5.110). Since we only want to focus in the leading order in d/L
of the theory, the exact expression of E,, will not be relevant, it is enough to show that
it is possible to introduce its contribution in such a way that the transverse condition is
preserved. If we wanted to go further in the study of the next to leading order term of the
theory, we should check that this expression of EW is consistent with its exact expression
that can be derived in the background using the SAdS five-dimensional geometry. This is
beyond the purpose of this chapter which aim is to focus on the close-brane limit and to

neglect any terms which are not of leading order in the expansion.
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5.4.3 Tests on the Close-brane Effective Theory
Low-energy limit

As a first consistency check of this close-brane theory, we consider its low-energy limit and
compare it with the effective four-dimensional low-energy theory section 2.6 [95,109, 113,
114] for small brane separation. In that common limit, both theories should agree.

In the low-energy limit, the magnitude of the stress-energy tensor on the brane is small
compared to the brane tension. Any quadratic term x2T7? is negligible compared to
k/L T™®) so the quadratic terms may be dropped in (5.101). The Ricci tensor on the
brane is then

R® = ;%T@ (5.113)

Furthermore in the low-energy limit, the branes are moving slowly, |dd| < 1, to linear
order in |Od|, we may use sinh \/5 ~ \/5 and cosh \/5 ~ 1, or equivalently, tan@ ~
tanh @ ~ £18d| in (5.100) and (5.102). The effective Einstein equation on the brane at

low energy is therefore

G~ %D&)ﬂDgﬂd oo (T 1) (5.114)
1 1 9
+— (0"d0,d — = (0d)” " ],
2 ( 5 00742
with the equation of motion for d:
1
OWd = & (9d)° + g (T + 70 (5.115)

We can therefore write (5.114) in the more common form:

1 1 1
GHEr y (D®DHd —OHd ) £ Ta (8“d d,d + 3 (0d)? 5*;) (5.116)

v

o (T T,

which is precisely the result in (2.45), (2.48), (2.49) that we get from the effective low-

energy theory in the close-brane limit.
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We might think that the low-energy effective theory (2.45) could still give a correct
answer provided that the relation between the conformal factor ¥ and the proper distance
between the branes d was modified. If that was the case, the relation between these two
variables should include some higher order velocity terms: W = W(d, 0d) such that, in the
low-velocity limit, ¥(d, dd) ~ e~%%. The theory should then include some terms of higher
order in derivative of the form 0“dD,, D, 0,d V¥ p4. This is not compatible with the theory in
(2.45) which only contains terms up to second order in derivatives. The close limit theory

in (5.100) and the low-energy effective theory (2.45) are therefore genuinely different.

Cosmological Symmetry

Having a theory which should be exact in the close-brane limit, we may now check that
it correctly reproduces the exact background behaviour obtained in (5.12). As already
mentioned in section 5.3.7, in a general case, the exact coupling to matter can only be
expressed in a formal way in terms of the action of the operator O on the stress-energy
tensors. However, if we are concerned with the specific case of cosmological symmetry, as
a check on the validity of the close-brane theory, we will see that the second part of (5.95)
can be simplified and the coupling to matter is indeed tractable.

For simplicity we shall consider flat spatial dimensions. First we point out that the
tracelessness of the Weyl tensor forces the Ricci tensor to be given by (5.101). For the

background, this implies the condition on the Hubble parameter:

2
R =6 (fy+202) = -7 4 2 (T2 - 570 7)
K K2
= —7 (ped3p) = o (ps +3py), (5117

where p, is the energy density of the matter fields living on the positive brane, and p,
is the pressure. Using the same notation as in section 5.2, H, is the Hubble parameter
on the positive brane and H+ its derivative with respect to the proper time. Using this

result together with the conservation of energy condition (5.103): py = =3 (p+ +p+) Hy,
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we may solve this differential equation for H,. The Hubble parameter on the brane is then

C K K2
H? = —
+ T 28 T30 T 36

ay (5.118)
where C' is an integration constant. This is in agreement with (2.28). In what follows
we shall see that the integration constant C' is related to the radion degree of freedom in
exactly the same way as in the exact five-dimensional theory. For this we will show that in
the close-brane limit, the relation (5.12) for the Hubble parameter in terms of the radion
dynamics is satisfied.
For the background, any tensor can be expressed in the form:
Z% 0
Zh = . (5.119)
0 Z
where Z% ~ ¢%. Working in terms of the proper time, |9d| = d, the effect of the operator

O on such a tensor is:

. . S [ —Z 00
0z Z =d . (5.120)
0 Z
Using this notation, the derivative of the extrinsic curvature on the positive tension brane

n (5.93), may be expressed as

o, K = \/_ [Cosh\/_K(Jr _“}

! : smh \/_

_ 1 (coshd . cosd) K(Jr)tj 1 (COSh(? cosd) K(+) (5.121)

sinhd sind sinhd sind

1 1 1 _ 1 1 1 ~
vy (ot o) KO g (o - o) B
2 \sinhd sind 2 \sinhd sind

we therefore have:

d : _
oK = — (—cosd KG+ K7 (5.122)
| d .
o,k = - (—coshd KM+ K)? (5.123)
Y J sinh d
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which can simply substitute in the modified Einstein equation (5.31)
1
G =~ | DDA+ 0,K )+ Od/1). (5.124)
In particular for the ii-component of this equation, we have
ot — g2 _Llpm 12
1 = Hi-g3 (5.125)
d

cosh d ()1 1 (-)1
= |- - K4 K :
d [ " sinhd ' sinhd !

(5.126)

where the first line is simply the expression of the Einstein tensor for the flat FRW geometry
and the second line is a consequence of (5.124), using D'D; d = —d H,. To leading order
in d/L the Hubble parameter should satisfy

hd 1 _
e A b (5.127)
sinh d sinh d

~
~

unless d goes to zero at the collision, which is not the situation we are interested in, as

discussed in section 5.3.2. Recalling from the Israél Matching condition (5.90), (5.91) that

. 1 K .
()i _ i
we therefore have:
1 d K .
H, ~ —tanh - — . <coshd + _> , 5.129
+ I 2 Geinhd P+ TP ( )

in perfect agreement with the five-dimensional result (5.12). Replacing d with —d, and p4
by p+ we would get the corresponding Friedman equation for the negative tension brane,
which would as well be in complete agreement with the exact five-dimensional result on
the negative tension brane (5.14). The modified Friedmann equation on the brane gives
precisely the exact result predicted from the five-dimensional treatment of the background.
This is a non-trivial check on the validity of this close-brane four-dimensional theory as it
reproduces the right result to all order in velocities with the right coupling to matter in the
small distance limit and not only to leading order in d as was the case for the low-energy

effective theory. This is a very strong check that allows us to consider this theory seriously
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and study its prediction for perturbations where the five-dimensional geometry can not
be solved exactly and therefore very little analytical progress can be made unless such an

effective four-dimensional theory is used.

5.5 Perturbations Generated by Stiff Matter Source

One of the most interesting application of the close-brane theory is the study of pertur-
bations that could arise close to a brane collision. The study of perturbations through a
collision has been subject to numerous polemics however we shall be interested, for now, in
the well defined question of the propagation of perturbations just before or just after such
a collision. What happens at the collision itself will be beyond the scoop of this section.
We motivate this study by the proposal that the Big Bang could have been generated by a
brane collision. In such a model perturbations occurring at the beginning of the Universe,
just after the brane collision could be at the origin of the observed large scale structure. It
seems therefore essential to study the way perturbations would evolve in such a braneworld
scenario. In particular in this scenario, the low-energy approximation would most certainly
be violated at the beginning of the Universe, however the close-brane limit would be re-
spected. This gives therefore a strong argument for the validity of the close-brane theory
in this model.

In what follows we shall give a few examples of how perturbations propagate and point
out some interesting features.

First we study in this section the perturbations generated by a stiff matter source ze.

we consider matter to be introduced only at the perturbed level:

T =TO" L 57 (5.130)

14

)ff = 0. The background solution is

where T(O)ff is the background matter contribution: S
that obtained from (5.127), (5.129) in the absence of matter. Furthermore the successive
action of the operator O on a perturbed tensor is straightforward. Indeed, if 6Z% is a

tensor of first order in perturbations, then to that order, the action of the operator O on
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this tensor is:

570 0

062" = |ad|? _
0 6z

(5.131)
Throughout we work only with the positive-tension brane, assuming the negative-tension
brane to be empty, and drop the &+ signs. The matter contribution in the modified Einstein

equation (5.100) is therefore:

~ cos|dd| ¢ T
\/5 cosh \/5 ST — |0d| sin|0d| 0T 5T? (5.132)
smhvVO 0Ty 0d) S T

The effect of matter at the perturbed level can therefore be tracked down exactly.

5.5.1 Tensor Perturbations

The study of tensor perturbations around a FRW background is remarkably straightfor-

ward. We consider the metric perturbation:
ds? = —a®(7)d7? + a®(7) (645 + hyj) da'da?, (5.133)

where the three-dimensional tensor h;; is transverse and traceless h! = 0, &-h;- = 0, and
indices are raised with 6. We assume that these gravity waves are sources by tensor matter
5T§» at the perturbative level, with 67 = §7% = 0. Furthermore for tensor perturbations,

the radion is not perturbed, d = 0, and |dd| = d.

For tensor perturbations, in the frame (5.133) the perturbed Ricci tensor is:
1= .3 .9
5Rij = —§|:|h1] + aa hij +a hij; (5134)

where [J designate the Laplacian on Minkowski space: [ = =92+ V2 = —a20? —aad; + V2.
Using this expression of the Ricci tensor in the modified Einstein equation (5.100) with

the relation (5.132), we have:

6Ri; = = |0(D;D; d) + %tanhg a’hi; + gdcothd 5Tij], (5.135)

Ul
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with §(D;D; d) = —aZ%Zhij — aadhy;. For an empty background, the relations (5.12) or

(5.129) imply the equality at small d:
d
LH, = tanh 7 (5.136)
Putting all this together, we therefore have the equation for the tensor perturbations:

4 . .
Chy = {i - i@} hi; = —= dcothd 6T, (5.137)

d d 7
where d’ = ad is the derivative of d with respect to the conformal time 7. The operator [ is
the same operator that would be expected from the low-energy effective theory. Indeed, the

scale factor @ in the Einstein frame! is related to the scale factor a in the positive-tension

brane frame by (Cf. section 2.6.5)

2
2 a

a” = 1 _ e2d/L

(5.138)

In the small d limit, % a 2%/, which is precisely the factor we would get in the operator [
in the low-energy theory: O=0- 2% O;.
The main point to notice is that the effective four-dimensional Newton constant on the

positive-tension brane is related to the five-dimensional one by:
B _d
Rag = cothd k. (5.139)

As it is the case in the low-energy effective theory, the coupling to matter is different for
the background as it is for the perturbations - for the background, the coupling can be
identified from (2.28) or (5.118) as x/L, as opposed to (5.139). When either the branes
are stabilised, and d is not treated as a dynamical variable, d ~ dy = const, or the velocity

is small d < 1 (which is the case in the low-energy limit), we recover the standard result:

k() ~ dio. (5.140)

1Strictly speaking the notion of “Einstein frame” is meaningless beyond the low-energy approximation
since there is no such a frame for which the equations of motion derive from the action of a scalar field
minimally coupled to gravity. However we consider here the frame which is conformally related to the

brane frame in the same way as it is in the low-energy effective theory in (2.51).
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However, for arbitrary brane velocities, when the radion is not stabilised, the exact result
for small d is given by (5.139). As expected, the effective Newton constant picks up a
dependence on d, as it does in the low-energy theory, but more unexpected, it also contains
some degree of freedom: the brane separation velocity. Whilst this is not expected to be
relevant today, since one would assume the radion is stabilised in the present Universe,
it would be extremely important near the brane collision. As discussed in section 5.2, d

would be approximately constant, d ~ v, leading to

th
k() ~ Cot Uk, (5.141)

where the coefficient cothv could take any value greater than 1 depending on the matter

content of the branes.

5.5.2 Scalar Perturbations

We now consider the scalar perturbations generated by the presence of a perfect fluid on

the positive brane:
T = (p+ p)uyun, +palh). (5.142)

where w, is the four-velocity u,u* = —1 and p and p its pressure and energy density.
We suppose that the background contribution of this fluid cancels (again, the background

geometry is taken to be empty). For scalar perturbations, we therefore have from (5.132)

Vo cosh VO U |0d| Z?§||§§|| (26p+ dp)

~ 14
. |0d| cosh|dd|
sinh \/5 3 smhlod op

(5.143)

The presence of this fluid will generate scalar perturbations in the metric. We choose
to work in comoving gauge for which the distance d between the brane is unperturbed
0d = 0 ie. we evaluate the perturbations on hypersurfaces of constant d. The metric can

be expressed in the form:
ds? = a? ( (=1 +20) dr? + 4E,drda’ + (1 + 20) 6, dxidxﬂ'). (5.144)
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In that gauge we then have:
5 |0d| = do. (5.145)
From the expression of the Ricci scalar (5.101), we get:
K
OR = T (6p — 30p) . (5.146)

Working in terms of the conformal time (with ' = 0;), we have a” = 0 for the background
(since we assumed the brane to be empty and spatially flat). Deriving the expression for

the perturbed Ricci tensor in (5.146), we have:

/ k2
VL (2K E + 0 30 + 5 20+ 2F' — @) = GQG% (6p — 30p) . (5.147)
a

We now perturb (5.100), using for simplicity the notation

X(|8d)) = |9d|tanh(|0d| /2)

y(lod) = @ (tanh(|0d| /2) + tan(|0d] /2))

The ij (with ¢ # j) component of the Einstein equation, to first order in the perturbations,

reduces to:
/ d/
-V 2E — (zﬁ + 25) E, (5.148)
a
and the 0z-component to:
, a d
R k2 (5.149)

So far these equations are equivalent to those one would have obtained in the low-energy

limit. The difference comes from the 00-component of the perturbed Einstein equations:

U a2

!
Yo 4L <2X _dx’ d3Y’> & — 2120 — L (61 + 4K2E
y + 7 + - (60 + )

U

d .
- —agg cotd (20p +30p),  (5.150)

and from the equation of motion for d:

/ d/a/2 a /32 I ! 2
P+ (8 i X—i—Z(Yd —4X" ) D+ 3V 4 2k°F

= —ag (cotd(25p+ 3p) — 300thd5p> . (5.151)
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Note that one must, at this order, treat ®,& ¥ and ¥’ as four independent variables;
differentiation with respect to conformal time will miss terms arising from higher order in
d, since d and d’ are of different order. We must then solve the five equations (5.147-5.151)

simultaneously. Using (5.148) to eliminate ® from (5.147), we obtain

2 d/ CL/ " 2 CL/ ! / K 2
A (2= — | B = 6"+ 270+ 6— (&' +30') — = a* (6p —30p) . (5.152)
a a

We may use a combination of (5.150) and (5.151) to find an expression for ®' in terms
of ®, ¥ §p and dp and hence write E in terms of W, W' U” §p and dp. This can then be
used in (5.150) to obtain a complicated expression for ¥ in terms of W/ W” §p and dp. We
then only keep the leading order in d for each coefficient, resulting in the much simplified
equation for the curvature perturbation on comoving hypersurfaces:

. _ 4 d .
0 = {D - E(ﬂ U= —a2ga cothd op, (5.153)

giving rise to the same relation between the four-dimensional Newtonian constant and the
five-dimensional one as in (5.139). Here again we may check that, apart from the mod-
ification of the effective Newtonian constant on the brane, the perturbations propagate
in the given background exactly the same way as they would if the theory was genuinely
four-dimensional. This is a very important result for the propagation of scalar pertur-
bations if they are to generate the observed large scale structure. The five-dimensional
nature of the theory does affect the background behaviour but on this given background
the perturbations behave exactly the same way as they would in the four-dimensional
theory.

This result is of course only true in the close-brane limit, for which the theory contains
no higher than second derivatives, only powers of first derivatives. When the branes are no
longer very close to each other, the theory will become higher-dimensional (in particular the
theory becomes non-local in the one-brane limit). The presence of these higher-derivative
corrections (not expressible as powers of first derivatives) is expected to modify the way
perturbations propagate in a given background, mainly because extra Cauchy data would

need to be specified, making the perturbations non adiabatic (Cf. chapter 4). However if
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we consider a scenario for which the large scale structure is generated just after the brane
collision, the mechanism for the production of the scalar perturbations will be very similar

to the standard four-dimensional one.

5.5.3 Relation between the four- and five-dimensional Newto-

nian Constant

The relation (5.139) between fff,;) and the five-dimensional constant x is formally only
valid for small distance between the branes. However if we consider the analysis of section
5.3.5, we may have some insights of what will happen if we had not stopped the expansion
to leading order in d. Here, terms of the form dd and more generally any term of the
form d"d™*Y have been considered as negligible in comparison to d and therefore only the
terms of the form d” have been kept in the expansion. In a more general case, when the
branes are not assumed to be close to each other, any term of the form d” d™*Y should be
considered and would affect the relation between the four-dimensional Newtonian constant
and the five-dimensional one. For moving branes, we therefore expect the relation between

/@(J) and ~ to be:

o d . . o
KD = 7 0 (Z,d,dd, e drd +1>) . (5.154)
The relation is therefore a functional of d: Q [d(t)] has an infinite number of independent
degree of freedom.

In the low-energy limit, or when the radion is stabilised, d ~ dy = const, the exact

expression of  is [121]:

pdo/L
Q—Qdt)=dy)) = —————. 1
= Q[d(t) = do] 2sinhdy/L (5.155)
For close branes, another limit is now known: When d < L,
d .
Qd< L] = p coth d. (5.156)

But in a general case, Q (and therefore Ki;)) is expected to be a completely dynamical

degree of freedom. For the present Universe the radion is supposed to be stabilised, but

in early-Universe cosmology, the effective four-dimensional Newton constant could be very
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different from its present value. It might therefore be interesting to understand what the
constraints on such time-variation of the Newtonian constant would be and how it would
constrain the brane velocity [161], or whether such a time variation could act as a signature

for the presence of extra dimensions.

5.6 Perturbations in the Presence of a Potential

We now consider perturbations in the absence of matter on the branes when a potential for
the radion is present. As seen in section 2.8.1, the origin of this potential is not completely
understood but could be generated by the presence of bulk scalar fields in a mechanism
similar to the one proposed by Goldberger and Wise. For the purpose of this study however,
we shall not worry about its origin but introduce such a potential by hand directly in the
effective theory. This is similar to what has been done for the low-energy effective theory
(giving rise to the modified Einstein equation on the brane (2.85) and the Klein-Gordon
equation for the radion (2.86) ). The same procedure can now be applied to the theory in
the close-brane limit. For simplicity we will consider the branes to be empty. And work in
the positive tension brane frame, unless specified otherwise. The superscript (+) will be

omitted to lighten the notation.

5.6.1 Introduction of a Potential to Close-brane Effective Theory

We consider the addition of a potential in the close-brane theory by modifying the effective

stress-energy tensor for the radion in the Einstein equation (5.104):

g 1 2 _ 22g  3f _
I = 5| DD+ £90,d0,d — d By, — (Dd + = —dE+ V(d)) qW], (5.157)

where the potential V' is related to the potential U introduced in the low-energy effective
theory by V(d) = 2d*>/L U(¢(d)) in the close-brane limit. For this stress-energy to remain
conserved after the addition of the potential, the equation of motion of the scalar field

(5.105) has to be modified as well:

1 _
Od = —Z(ngg+4f)+dE+W, (5.158)
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where the correction term W is a functional of the potential V' (d) to be determined. The
modified Klein Gordon equation (5.158) should be consistent with the conservation of the
modified stress-energy tensor in (5.157). The divergence of T ;f can be calculated using the

constraint (5.108) for E,,:

SW +4V 2g
2—d+f(3W+2v)

+ 2o (2 (v e m)] o). (6as)

dD, " = ayd[—v’(d)Jr

To lowest order in d/L, we therefore need to modify the equation for the d with a term W:

2

W:
3

(dV'(d) — 2V(d)), (5.160)

where all covariant derivatives and index raising is taken with respect to qﬁ). This is

precisely the same term which had to be introduced in the Klein Gordon equation (2.86)
in the effective low-energy theory, in the presence of a potential. Indeed, using the relation
between the potential U in (2.85) and the potential V' in (5.157) for close branes, we have
V(d) =2d?/L U(¢(d)) so W = 2 (dV'(d) — 2V (d)) = %% U 4 which is the small d limit of

L2

sz (1— \112)3 U4 in (2.86). This procedure is completely consistent with the low-energy

theory and will give the same result to leading order in (9d). In the absence of matter, the

scalar curvature does not vanish anymore but couples to the potential as
R =2V'(d). (5.161)

We have shown that it is therefore possible to modify the close-brane theory by intro-
ducing a potential in such a way that the conservation of energy and thus the Bianchi
identity remains unaffected. When no matter is present, it is therefore possible to extend
the close-brane theory in order to study the possibility of a potential for the radion. So
far no constraint has been imposed on the potential V' (as long as its order of magnitude
is comparable with the other terms of the theory), however if V' satisfies some slow-roll
or fast-roll conditions as explained in chapters 3 and 4, production of a scale invariant
spectrum might be possible. The inflaton could then have a natural physical interpreta-

tion as representing the distance between the branes. The five-dimensional nature of the
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theory represents the key feature for the interpretation of the scalar field, it is therefore
essential to understand the higher-dimensional effects that such a scenario would have on
the production of a scale invariant spectrum. We suggest to study these effects (if any) in
the close-brane regime, where the effective theory on the brane seems genuinely different

from a standard theory of gravity in four-dimension.

5.6.2 Production of a Scale-invariant Power Spectrum in the

Close-brane Limit
Background behaviour

In order to study the perturbations in the close-brane theory with potential, we first con-
sider the background behaviour. For this we assume cosmological symmetry and consider

the positive tension brane to be spatially flat. Working in the conformally flat spacetime
ds? = a*n,, dzda”, (5.162)

in terms of the conformal time 7, the Ricci scalar (5.161) is

2

a
R = 65 = 2V'(d), (5.163)
and the equation of motion for the radion (that we will consider to play the role of the
radion) is given by (5.158):

d=—3Hd+ % (Qd'?g(z) +4 f(z)) . g (dV'(d) — 2V (d)), (5.164)

with z = d = %. Using (5.163) and (5.164), the relation between the Hubble parameter

and the brane velocity in the presence of a potential is:

d d 1
H? = — h—-— —V. .
77 (tan 5 LH) + 6dv (5.165)

In the absence of a potential this was leading to the relation between H and d: LH =

tanh g, but if the potential V' is of the same order of magnitude than H or d (in particular
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if V' does not diverge at the collision, when d — 0), this leads instead to

LH = tanhc—i + £ V. (5.166)
2 6d

As expected, the presence of the potential modifies the background behaviour. For ap-
propriate conditions on V', the Hubble parameter might evolve in such a way that the
production of a scale invariant spectrum in a contracting or expanding universe might be
possible. For a given potential, the background behaviour will be different than a stan-
dard four-dimensional one. However we do not concentrate on the specific constraints
the potential should have and we assume that it possible to tune the potential such that
the Hubble parameter satisfies the required background evolution. Instead, we consider
the propagation of perturbations on that given background and check whether the per-
turbations evolution for one given background is any different from the one in standard

four-dimensional gravity.

Scalar Perturbation

In order to study scalar perturbations, we work in comoving gauge for which dd = 0:
ds® = a(7)? (N, + h,) dztdas”, (5.167)

with hgg = 2®, ho; = 2E; and h;; = 2W6;;. In that gauge, the curvature perturbation on
comoving hypersurfaces is simply ¢ = W. Following the same procedure as in section 5.5.2,

we find the remarkably simple evolution equation for the curvature perturbation:
d/
¢+ = C+E(C=0, (5.168)

where derivatives are performed with respect to the conformal time. The derivation of this
result does not need to be shown in detail as no main features differ from the derivation
of the scalar perturbations in section 5.5.2. However it is worth pointing out that the

derivation and the final result does not depend on the exact expression of the functions

£(2) and g(2).
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This is a remarkable result which is surprisingly similar to what would be obtained in
standard four-dimensional gravity with a scalar field. We have already pointed out that
in the effective low-energy theory, the scale factor @ in the Einstein frame is related to the
scale factor in the positive tension brane frame by: a = \/Zg a, so that %, ~ 2%, which in

the small d limit corresponds exactly with what we have from a four-dimensional theory:
a

(" +2— +K¢=0. (5.169)
a

This seems to suggest that the curvature propagation will not be affected by the five-

dimensional nature of the theory in the close-brane limit.

Consequences for brane inflation

In the context of inflation, if the potential V' is such that the Hubble parameter satis-

fies slow-roll conditions, or more specifically if the potential is such that %/ ~ 771 e

a ~ —(H7)™!, the curvature perturbation will evolve following the same behaviour as
in standard inflation and will therefore generate a scale invariant power spectrum which
could be responsible for the present large scale structure. On the down side, using the
close-brane theory, it seems difficult to track any characteristic signature of such a brane
inflation model in the large scale structure. One of the reason why the resulting perturba-
tion evolution seems to be so similar to a normal evolution comes from the fact that the
close-brane theory differs by the presence of higher-order derivatives terms which can all
be expressed as a function of |dd|. As it is always possible to work in a gauge for which
|0d| is unperturbed, only the background will be strongly affected by the presence of this
functions. At the perturbed level, on the other hand, the differences from standard four-
dimensional gravity can always be reinterpreted as background effects. So by modifying the
background behaviour, the evolution of the perturbations will appear unaffected. This is
however only valid to leading order in d/L where terms of the form d 9,0,d are considered
to be negligible in comparison to 9,d 0,d. When the theory is genuinely of higher order in
derivative ¢e. including terms which can not be expressed in terms of first or second order

derivative, this result might not hold any longer. However we have seen in chapter 4, that
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the presence of quadratic terms in the Weyl tensor, (which are genuinely higher order in
derivatives) did not seem to affect brane inflation, but could on the other hand affect the

production of a scale invariant spectrum in a fast-roll potential.

Consequences for a fast-roll potential

It is worth pointing out that the result in (5.169) corresponds exactly with the result used
in a number of work [90,91] and in particular by P. Creminelli et. al. in [156]. Their
argument is therefore completely valid. In particular they show that for an expanding
universe with slow-roll constraints on the background behaviour, there will be production
of a scale invariant spectrum. We have shown here that the five-dimensional nature of
the theory does not affect the result provided the large scale structure is produced in a
regime where the branes are very close to each other. On the other hand, in the case of a
fast-roll background behaviour, which necessities a contracting universe, no scale invariant
spectrum seems to be observable. The reason why there seems to be production of a
scale-invariant spectrum as shown in the previous chapter, section 4.3.3, seems to be a
gauge artifact. In section 4.3.3, we have indeed worked in Newtonian gauge, for which
the variable u in eq.(4.57) seems to acquire a scale invariant growing mode. However,
as shown in [156], this is due to the fact that the wrong variable is used to study the
power spectrum. Working in terms of the curvature perturbation in comoving gauge, the
propagation evolution satisfies (5.169) which generates a scale invariant power spectrum
only if @ ~ 77! and therefore does not produce any scale invariant power spectrum in the
fast-roll contracting case for which @ ~ 72¢¢/(1=2¢¢) where ep < 1. Their argument was
relying on the fact that a four-dimensional theory was valid to study the evolution of the
curvature perturbation, which could be contestable. But we have shown here that this is
indeed the case, if the branes are close enough to each other. We can therefore argue that
their result would be reliable in that case and no scale invariant power spectrum seems to

be produced in such a fast-roll scenario.

This conclusion can appear to be in contradiction with the one of [154], where they con-
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clude that a scale invariant can indeed be produced in this scenario using five-dimensional
arguments. We can however point out that their result was relying strongly on the validity
of the moduli space approximation, or low-energy effective theory, which we have shown
to be valid only to second order in velocity. Their result, however predicts the production
of a scale invariant power spectrum with coefficients to fourth order in velocities, which
appears to be much beyond the regime of validity of the moduli-space approximation, and
therefore can not be entirely trusted.

To finish this chapter on close-brane theory, we shall end up by giving in next the section
an extra argument confirming that the terms included in chapter 4 are indeed generic to

braneworld cosmology and can be interpreted as part of the first Kaluza Klein modes.

5.7 First Kaluza Klein Mode in the Close-brane Limit

We now work with the same philosophy as [112] in order to find the next to leading order
term in the low-energy effective theory of section 2.6, and see in particular if, in the close-
brane limit, it is possible to work out the covariant expression of the first KK mode as
derived in the quasi-static limit in section 2.7. For this we consider matter on the positive
tension brane only.

In order to find the contribution of the Weyl tensor E* for the zero mode (given by the
low-energy effective theory in (2.46)) as well as the first KK mode, we may use the same
technique as before which is to expand the extrinsic curvature on the negative brane as a

Taylor series around the positive brane

K(—)M _ K(+)N —

. 1 1
L= ST = 0, K SR R (5.170)

where T 1 is associated to the stress-energy tensor of matter on the positive tension brane
and the first equality is a consequence of the Israél matching conditions (5.90) and (5.91).
For simplicity, we will work in what follows in a low-energy limit, where the quadratic (and

cubic) terms in the stress-energy tensor can be neglected as well as the coupling of matter

with the radion. Furthermore we assume that we can work in a gauge (5.27) where the
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branes are static and for which A, the yy-component of the metric, can be considered to
be independent of y. In that case, using the evolution equations for the extrinsic curvature

(2.5) and the Weyl tensor (2.33) are

. d

0,K} = —dB)—D"D,d—dK{K;+ 50 (5.171)
d .

0,E" = 2dK°E" — dgKEﬁ — 5[(;;1355:; +dUK" + d(K*)" (5.172)

—9°d [D" K, + D, K" — 2D, K"].

where again (K?®)% are some cubic terms in the traceless part of the extrinsic curvature

and the operator U is such that for any tensor Z,

A

1
uzr=c" 7% — 3 [D,D"Z% 4 D,D,Z* — 207" . (5.173)

v avf3

We can now differentiate the extrinsic curvature to third order, using the relations (5.171)
and (5.172) and neglecting any term of the form ddT or any higher order in 7. We find

the following relations evaluated on the positive brane:

2 -
8,K* = —d E"(0) — D*D,d + STy (5.174)
d 2 1 62
2R — 2 \E(0) — 4= D" Dyd — = 9" —(9d)? 6" — —E" 1
0K = & X4(0) = 4 DDy — 2 0"d0,d +  (9d)* 81y — =~ E4(0)  (5.175)
o n = & pu + & hE"(0) 4 < (E2(0))" (5.176)
Y v L3 v L2 v L3 g v .

with x#(0) = —5U T — 245 T# and h = L>U — 28. By (E*(0))" we designate quadratic
term in the Weyl tensor on which the operator g acts. The exact action of g is not necessary
as it is negligible at low-energy. The tensor B* can be expressed in terms of the radion
and the extrinsic curvature and does not depend explicitly on E* . for this study we do not
need to compute its exact expression.

Using these expressions in the Taylor expansion (5.170) to third order in d, we therefore

get the equation for E#:

2 ~ 2
a1 432 - Civpr) - g (1 429y 4+ Ton o) (5.177)

L 6L2 L 2
d 1 1
—D"D,d —2—=D"D,d — — | 0"dd,d — =(0d)*s" | ,
a 7 (000, j0ara)
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where we have omitted terms coming from higher derivatives of the extrinsic curvature
and terms that are negligible at low-energy. If we consider the Weyl tensor to be of the
form E* = B 4 B! where E°™ is the Weyl tensor derived in the low-energy effective
theory (2.46), which corresponds to the zero mode in section 2.7. The KK modes should
thus be encoded in E*# . Substituting this expression back into the equation (5.177) for
E¥ we get:

14

B — —g dUT", (5.178)

which should correspond to the first KK mode at low-energy, and to lowest order in d.
We may now compare this result with what is found in the quasi-static limit. We

have shown in section 4.2.1, that in the quasi-static limit, the first KK mode was correctly

reproduced by the term 1_1 E7T with

P2
Bt = al?A,,, (5.179)
and o = % + (’)(g—i). Where the tensor A,, was the one derived from the action

[ da*y/=qC?, given in (4.4) or (4.6). When the evolution of the radion is negligible,
we indeed have, to linear order, the standard Einstein equation on the brane R,, =
£ A (T — 3Tqu), so we have T ~ 24 (R, — $Rq,y). Substituting this into the

expression (5.178) for the first KK mode, we therefore have:

2 1
e g (R’;ﬁ — —Ré’j,)
3 6
d? d?
= -3 C" s R+ n [Do DM RS 4 Do D, R — 200 R")] (5.180)
2
- f—g (D*D, R — 20R6"] .

Decomposing the Weyl tensor C* owp 10 terms of the Riemann tensor, the Ricci tensor of

the scalar curvature, and using the fact that D,D'RS = %D“D,,R + R¥ R% — R* OWBRO“B ,
we obtain:
KK d? 3 1 1
E™P = 3 2R", sRY + ORY — gD“DVR— EDR&; (5.181)
1 2 1
SR~ SRRY — SRR
—I— 6 v 3 v 2 ﬂ v
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which corresponds precisely to the tensor A, we took as an ansatz for the first KK mode

in section 4.2.1:

ENS = %ZAW = ﬁEZﬁ”. (5.182)
This is therefore a strong argument confirming that the ansatz we took in chapter 4 to
model part of the first KK mode is consistent with the five-dimensional covariant derivation
of this mode. In particular in the section 4.3.3, we worked in a low-energy regime and
studied the effect of this mode in the duality between fast-roll and slow-roll. For that
low-energy study, this derivation confirms the validity of our ansatz and therefore the
conclusion that were drawn on that section. In a more general case, however the term
EKK‘; =—5d U T~ﬁ should be considered as representing part of the first KK mode in the

close-brane limit.

5.8 Discussion

In the first part of this chapter we pointed out the discrepancy between predictions from the
effective four-dimensional low-energy theory and the exact five-dimensional results. The
difference has been established in the regime where the branes were close and all through
this paper we worked to leading order in d/L.

In order to go beyond the low-energy effective theory, we established a formalism to
find the electric part E,, of the five-dimensional Weyl tensor on both branes. This tensor
represents the only quantity which is unknown from a four-dimensional point of view as
it encodes information about the bulk geometry. Finding its expression on the brane
is therefore the key element in order to study the geometry of a brane within an extra
dimension.

Using this formalism in the small distance limit, we found an exact expression for the
Weyl tensor on each brane, valid at leading order in d/L but at all orders in velocities, or
for any energy scale. We were therefore able to modify the regime of validity of the effective

theory from a low-energy regime valid independently of the branes distance to a regime
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valid at all energy scales for close branes. This regime of validity is relevant for cosmology
since it represents one of the main focus of present braneworld models. Understanding the
behaviour of branes just before or just after a collision is indeed crucial if our Universe
emerged from a brane collision. If the Big Bang were initiated by such a collision, it is
consistent to assume that the large scale structure was produced in a regime where both
branes were close. Even if this regime is not valid after a while, effects that originated
during this period are unlikely to be eliminated once the branes are far apart and the fifth
dimension has opened up, leaving the possibility of exciting the Kaluza Klein modes.
Keeping this objective in mind, we established a theory that allows us to study such
scenarios and have checked the consistency of its predictions for homogeneous and isotropic
geometries. We argue that this theory is remarkably straight-forward to use since it includes
only four-dimensional quantities and is effectively second order in derivatives, the only
higher-order corrections coming as powers of first derivatives. This feature will facilitate
any comparison with other four-dimensional theories. It is worth pointing out that it is
different from other higher-derivative theories [150,162] in that it is not derived using the
assumption that it can be derived from an action, and it is different from a theory relying
on purely string effects [81,163,164]. Already for the background, an interesting result
can be pointed out: when the branes are empty the Hubble parameter on each brane is
bounded by L?H? < 1, which could not have been derived from the low-energy effective
theory, although this does not hold anymore when some matter is introduced on the branes
or if a potential is added for the radion. Another interesting result of the theory is that the
expansion seems to break down when the velocities are of order |0d| ~ m. However when
any physical quantity is calculated (for the background as much as for perturbations), the
terms of the form sin |dd| ™" do not contribute and the result is limited by any value of |dd|.
We can then use this close-brane effective theory in order to understand the way matter
and the radion couples to gravity at the perturbed level. In order to do so, we considered
a scenario in the stiff source approximation for which the background is supposed to be
unaffected by the presence of matter and considered the production of curvature and tensor

perturbation sourced by the presence of matter fields on the brane. Although the five-
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dimensional nature of the theory does affect the background behaviour, we have shown
that for a given background the perturbations propagate the same way as they would in a
standard four-dimensional theory. This is only true in the limit of small brane separation
and is not expected to be valid outside this regime. However, since the large scale structure
of the Universe might have been produced in a period for which the branes could have been
close together (for instance just after a brane collision initiating the Big Bang), this regime
is of special interest. The fact that the perturbations behave the same way, for a given
background, as they would in a four-dimensional theory is a remarkable result for the
production of the large scale structure which could be almost unaffected by the presence
of the fifth dimension. This is true for an inflationary scenario. On the other hand in a
fast-roll scenario, this confirms the fact that no scale invariant power spectrum seems to
be produced. This is however only valid if we consider the perturbations to be generated
in a regime where the branes are close enough.

The relation between the four-dimensional Newtonian constant and the five-dimensional
one is however affected by the expansion of the fifth-dimension. As we have shown in the
Introduction of this thesis and in chapter 2, as well as in [50, 121], the four-dimensional
Newtonian constant is dependent on the distance between the branes, giving a possible
explanation of the hierarchy problem. In this chapter, we have shown that the four-
dimensional Newtonian constant also has some dependence on the brane velocity which
we computed exactly in the small-distance limit. This might provide us with an obser-
vational signature for the presence of extra dimensions. Outside the small d regime, we
expect the four-dimensional Newtonian constant to depend on the five-dimensional one
not only through the brane separation velocity d but also on higher derivatives of the dis-
tance between the branes d™, making the requirement for moduli stabilisation even more

fundamental for any realistic cosmological setup within braneworld cosmology.
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Chapter 6

Conclusions

Ah Puch, the Underworld (Maya)

We end by summarising in this chapter the main points of this thesis. As we shall see,
there are several criticisms that can be made either of the formalism developed or of the
validity of the results. We shall therefore emphasise possible extensions of this work, and

show how some potential problems might be cured.

6.1 Objective

The notion of low-energy effective field theories has become a familiar concept in particle
physics. In these theories, the influence of higher energy degrees of freedom (or equivalently

higher dimensional ones) is described by the addition of higher derivative or mass terms
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(irrelevant operators) in the effective action. These can be obtained by explicitly integrating
out the high energy modes. This approach is valid as long as the energy scales of interest
are much less than the energy scales of the modes which have been integrated out (ie.
when these modes are very massive).

In this thesis, the approach is philosophically distinct: We have attempted to model
the five-dimensional effects in four-dimensional terms, in regimes where the energy scales
of interest are comparable to the five-dimensional energy scales. In these regimes, the
traditional four-dimensional low-energy effective field theory approach will thus not be
valid. By making various simplifying assumptions in distinct cases, we have nevertheless
been able to model the five-dimensional effects with a four-dimensional theory, although

this often may not be describable in terms of an action.

6.2 What did we learn ?

Although not every step of this thesis is fundamentally new, the general analysis has led

to several results or concepts which are worth emphasising one last time:

Braneworld cosmology is well described by an effective theory at low energies,
but is genuinely different at high energies. The modified Einstein equation on an orb-
ifold brane presents two characteristic terms. First gravity couples quadratically to
the stress-energy tensor of matter on the brane. Secondly, Kaluza Klein modes, repre-
senting excitations from the bulk degrees of freedom, are present on the brane. These
two elements (which disappear at low energies), reflect the genuinely five-dimensional
nature of the theory, and hence the necessity of going beyond the low-energy descrip-

tion.

The low-energy effective theory breaks down at large-velocities, even for the back-
ground where it could be believed to give an accurate result to all orders. This
discrepancy is indeed independent of the Kaluza Klein modes observed at the per-

turbed level in the quasi-static limit and of the quadratic terms in the stress-energy.

180



6.2. WHAT DID WE LEARN ?

It reflects the fact that the integration constant (arising from integration of the Ein-
stein equation), is related to the radion dynamics (or in a more general system, to
the moduli dynamics). The relation predicted by the low-energy effective theory is

shown to be only valid at low velocities and to break down at second order.

To go beyond the low-energy limit, the zero mode can be correctly modelled using
an adiabatic argument together with a conformal assumption. Using this assumption,
we explore the possibility for the branes to be conformal to each other. In such a
case a homogeneous tensor which vanishes for the background can be separated out
from the Weyl tensor. Since scalar perturbations of a conserved fluid follow their
background behaviour in an adiabatic regime, this homogeneous part of the Weyl

tensor can be neglected as a first approximation.

In this model, Kaluza Klein modes, which break the conformal assumption, can be
introduced as corrections to the homogeneous part of the Weyl tensor. By consider-
ing different corrections on each brane, the conformal assumption is hence relaxed.
The treatment allows the study of Kaluza Klein type of modification to the brane

geometry.

In the quasi-static limit, the first Kaluza Klein mode can be modelled by a four-
dimensional local tensor. This term can be derived from an action containing quadratic
terms in the four-dimensional Weyl tensor. The first Kaluza Klein mode can be mod-
elled by the presence of this new term which is introduced with different coefficients
on each brane. This model gives an exact result only in the quasi-static limit, and one
can argue that in a general setup, this result should not be valid. However, it is very
unlikely that its contribution could be cancelled out in generic situations. Although
in general situations, the term we have considered might not be the more significant
one, it should still be present in a wide range of scenarios. This term might hence be

present and have an affect beyond the quasi-static limit.

In the close-brane regime, a four-dimensional effective theory can be derived. By
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successive integration of the bulk equations of motion, the induced Einstein equa-
tion of the brane can be expressed covariantly and in a closed form. The resulting
theory contains terms of higher orders in derivatives although they can actually be
expressed as a power of first derivative terms. The Cauchy data to be specified in
the initial conditions of the theory is hence the same as for a genuinely second order
theory, there is no need for new information to be specified. Although it appears
effectively four-dimensional, this theory precisely models five-dimensional effects of
the theory and gives precisely the exact result for the background in the close-brane
regime. It can as well be seen as a generalisation of the well-known low-energy four-
dimensional effective theory in the close-brane limit and is hence an extension of this

theory beyond the low-energy approximation.

Using these results, and the different modelling theories, signatures in the propagation
of perturbations are shown to be very weak. Indeed, when the inflaton scalar
field lives on the brane, corrections to standard four-dimensional chaotic inflation
come at second order in the slow-roll parameters. The main differences arise from
the background behaviour, which can always be remodelled by a change of variables.
Such background differences lead to a possible reinterpretation of the potential. The
constraints to apply on the potential are hence different, and in particular a scenario

for steep inflation, for which the potential is not flat, is possible.

Furthermore, perturbations produced in a regime where the branes are close enough
follow a general four-dimensional behaviour, although the underlying theory is gen-
uinely different from four-dimensional scenarios. We can hence conclude that the
four-dimensional treatment is usually acceptable in an adiabatic situation and gives

accurate predictions.

The presence of a shear tensor can however be pointed out at high energies when the
inflaton lives on the brane. This anisotropic term is usually absent in standard chaotic
inflation and hence is interesting to study in braneworld inflation. Unfortunately, it

does not provide any observational signatures which could characterise braneworld
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scenarios.

On the other hand, higher-order derivative corrections modify the way perturba-
tions propagate. When correction terms that could model Kaluza Klein corrections
are taken into account, the behaviour of perturbations is genuinely different. In par-
ticular, perturbations propagate with a speed of sound slightly different from the
speed of light, which is not necessarily the same for tensor and scalar perturbations.
Another interesting difference arises in the estimate of the non-gaussianity. Although
it remains small in our analysis, it does not appear to be damped by the slow-roll
parameters. It hence opens up the possibility for the non-gaussianity to be relatively

large in a general braneworld scenario.

In the case of this study, the corrections are considered to be small and do not
affect the general features of inflation. The differences are not important enough to
create an observable distinction to inflation. However, for perturbations evolving in
a fast-roll potential, the production of a scale invariant power spectrum is in general

affected and the slow-roll/fast-roll duality is hence broken.

A general bulk brane has an induced Einstein equation which presents different re-
markable elements, not present on an orbifold brane. The presence of these terms
is related to the degrees of freedom present on the brane and not fixed by the Z,-
reflection symmetry. At high energies, the coupling to matter is very different from
what is usually expected from four-dimensional theories. Their study is of special
interest, as their behaviour is closer to usual D-branes (putting aside the charges and
form fields), and hence their study can lead to interesting features for these branes as
well. When an adiabatic regime is considered, an effective four-dimensional theory
can be derived on such branes, provided no matter fields are introduced. The way
to derive this theory is very similar to what has been done for orbifold branes and

general Kaluza Klein type of corrections could be considered as well.
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6.3 Criticisms and Going forward

Although we believe the previous development to be formally correct, different criticisms
can be made. We shall summarise them in what follows and see what alternatives can be
proposed to extend the study. Such an extension could give rise to more interesting results.

The different points one might criticise are the followings:

The treatment of the Weyl tensor. In chapters 3 and 4, the treatment of the Weyl
tensor has been imposed by hand at each steps, instead of being inferred by solving
the five-dimensional equations of motion like the more coherent procedure which is
followed in 5. The treatment of chapters 3 and 4 does go beyond the usual assump-
tions, where the Weyl tensor is often simply neglected [129, 139, 144] or treated as
radiation [165], but despite this fact, the way the homogeneous part of the Weyl ten-
sor is treated is still far from an exact analysis. Part of its behaviour, is only guessed
in chapter 4 and an ansatz is put by hand. This extends the treatment of [162], for
instance, which assumed the presence of some generic terms in the action, without
constraining these terms with the known background behaviour, nor the quasi-static

limit, or any other well defined and computable regime.

The treatment of chapter 5, on the other hand presents a better way to attack the
problem, in a more five-dimensional way. In particular, the last section shows how
the ansatz of chapter 4 can be incorporated in a more general calculation. We believe
this is a better way to treat the problem, and further works in this direction should

bring better insight on the behaviour of the Weyl tensor.

The one-brane limit has been considered in chapters 3 and 4. In this limit, the negative
tension brane decouples from the positive one and the study could hence be focused
on the quadratic terms in the stress-energy tensor on the brane or on Kaluza Klein
corrections, without needing to include the backreaction of the negative brane. But
in the one-brane limit of the RS model, the notion of a discrete Kaluza Klein tower

has to be replaced by a Kaluza Klein continuum. There is hence no real sense in
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considering the first Kaluza Klein mode and its effect in that model. However this
does not mean that corrections are not present, (Kaluza Klein effects are expected
to be more important in the one-brane limit). In particular if the correction term
we have considered affects the brane geometry in some limit, it is unlikely that other

terms present in the Kaluza Klein continuum will cancel this effect.

In chapter 4, the correction term modelling the first Kaluza Klein mode was

assumed to be small, and hence no real conclusive remarks could be clearly made.

This assumption was made because the correction generates a term of fourth order
in derivatives. It is hence difficult to understand how initial conditions should be
imposed and to solve the equations exactly. We may stress that this problem does
not exist in other higher-derivative theories such as in [81] or in theories including
Gauss-Bonnet terms [85], since the higher-derivative terms are expressible as powers

of first or second order derivatives.

This problem could be solved if the equations were solved numerically and if the
usual Bunch-Davis vacuum was still considered as the initial condition. Assuming
this vacuum was still valid at higher order in derivatives, initial conditions could
hence be imposed after differentiation of the Bunch-Davis vacuum. By using such a
method, it would be possible to go beyond the small correction assumption, and hence
consider the entire effect of this term. This should lead to much more interesting and

conclusive remarks.

Only a first order expansion in brane separation has been considered in the close-
brane theory. Although the first order expansion has been remarkably simple and
straight-forward to work with, it has not led to any features that could not be ob-
tained from a four-dimensional scenario. However, if we go beyond the first order,
some genuinely higher-order derivative terms will appear and affect the behaviour of
perturbations in a non-trivial way. Studying the next to leading order terms in the

close-brane effective theory would hence be a natural extension to consider.
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No mechanism has been suggested to explain the presence of a potential. Such
a potential is indeed needed either for inflation or to generate a scale-invariant power
spectrum, but has not been derived from any theory. In chapters 3 and 4, inflation
was considered on the brane where an inflaton scalar field was supposed to live. In
that case, the problem is the same as for usual four-dimensional inflation: The origin
of the inflaton scalar field is unknown and we only assume the existence of a potential
satisfying some slow-roll constraints. In chapter 5, the radion plays the role of the
inflaton, but the potential is introduced by hand in the effective theory. In order
to take this model seriously, one should suggest a mechanism for the production of
such a potential, relying on higher-dimensional features, such as the Goldberger-Wise
mechanism [122], or on properties of the underlying theory such as the one considered

for brane inflation, as explained in the introduction.

We have focused our study on unrealistic models. The Randall Sundrum model is
indeed nothing else but a toy model, in which some of the higher-dimensional prop-
erties can be explored. However, it seems absolutely necessary to incorporate these
effects in more realistic scenarios emerging from string/M-theory. These scenarios
will in general contain D-branes, which are much more complicated objects than
orbifold branes. Not only are they not submitted to any reflection symmetry, but
their physics is much richer due to the presence of gauge fields which have here been
neglected. The extension of the study in this thesis to more realistic and richer

scenarios is hence the real objective one should aim at.

This thesis is therefore only a small step in the study of cosmological signatures of
braneworld cosmology. Due to the nature of the toy model we concentrated on, and because
of the approximations we have made, the conclusion can only be limited. However, it has
allowed us to develop different ways to attack the problem depending on which specific
regime we are interested in. Understanding the problem as a whole is a very difficult task
to address, but we have attempted to decompose it in small, better defined questions. For

these specific questions, a set of tools has been developed which can then be used in more

186



6.3. CRITICISMS AND GOING FORWARD

sophisticated situations. Applied to the RS toy models, not many new physical results can
be expected, but we hope that the way of approaching the problem can be extended to

more realistic scenarios where the physical implications would be richer.
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Appendix A

Covariant study of an empty bulk

brane

In this appendix, we apply the same formalism as in section 3.2.1, in order to model the
RS model in presence of a bulk brane as described in section 2.8.2. In particular, we start

with the similar assumption that all branes may be treated as conformal to each other:

G = X% (A1)

where we use the same notation as in section 2.8.2: the superscripts (£) designate the
positive and negative boundary branes and quantities referring to the bulk brane are la-
belled with the index (b). Although this conformal assumption is not valid in general, we
expect it to remain valid for long wavelength adiabatic perturbations, and in chapter 4,
we explain how this conformal assumption may be broken for the usual RS scenario. The
same procedure could be used to extend the bulk brane treatment that we shall explain in
what follows.

In what follows we consider matter to be present only on the boundary branes, the
bulk brane being empty. We will use the same notation as in section 3.2.1 and work in
the bulk brane frame. Therefore all covariant derivatives and indices raising will be taken
with respect to qfﬁ,) unless specified otherwise. Considering the equation of motion (3.3) of

the conformal factor in the two-branes model, the fields X and Y can be shown to satisfy
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the analogous equation of motion:

OX® = é(R(b)—XQH(i))X(i) (A.2)

where II#) are defined in section 3.2.1. For empty boundary branes, we may point out
that X and Y are conformally invariant with respect of the bulk brane.

The procedure used in section 3.2.1 in order to express the Weyl tensor covariantly as
in (3.25) may be followed exactly the same way here. There are now two traceless and

conserved pseudo-stress-energy tensor ij;y °f defined the same way as in (3.21 - 3.23):

TXT e = GRX®2 49, X 9,X® —2x®p,D,x® (A.3)
b + + +)\2 +) 277(% +
4 (2XHDX® — (9XE)*) — X 2 4 g0

g X® et _ g (A.4)

D, TX" e — (A.5)

where E,Sf) satisfy the equation (3.18), (3.19). For the background, following the procedure
of section 2.8.2, the induced Weyl tensors on each brane give rise to the dark energy terms

in the modified Friedmann equations (2.93):

+)i 1 P05 _ Cr 1
BV 3 0% L? at % (A.6)

Y 1 ) Cpr 1

E( )i E( )0 ¢i R i
j 3 o) L% at % (A7)

_ 1 - X C —C 1 ..

£ 1 pmog rLr —CrLp i A8
3 07 LiLp(Lr—Lg)a} 7’ (A4.8)

where we have considered the bulk brane to be empty. In the background, the induced

Weyl tensor on each brane are therefore related as follows:

_ L L

FEO — __TL xy2pH) L TR ()2 p) A9
nv LL _ LR ny + LR . LL v ( )

By analogy to (3.5), we construct the traceless quantity AE,, that vanishes in the back-

ground:
LL LR — _
AE,, =|-—=—xW2nt ___ ¢ xE)276) A.10
o ( LL o LR uv LR . LL uv ( )
—( rp® _ LXH)?RH) _ LX(—)2 RO
"W Lp—Lg W Lr—1Lyg m
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Using the same arguments as in section 3.2.1, the Weyl tensor projected onto the bulk

brane shall be expressed in terms of the pseudo stress-energy tensors,

L (+) Lg =)
EO — __ZL pXWeft TR pXTeff | o) L ARTT A1l
1% LL _ LR 1% LR _ LL g + g + g ( )

where the longitudinal part 55,),) is introduced so that the Bianchi identity on the bulk
brane (2.98) is satisfied:

1
£ = DuEY + DLEY — Saf) D0 (A.12)
_ 1_ _
D&Y = p® (K/;Kg -5 aﬂ@%g) . (A.13)

The Weyl tensor is therefore covariantly known up to a traceless and conserved tensor
AE]T which vanishes in the background. Following the same argument we used before,
this tensor is negligible for the purpose of long wavelength adiabatic perturbations and
shall be set to zero in what follows. In order to extend this treatment, we could include in
AEZ;,T the same kind of corrections as the one considered in chapter 4, but we will neglect
this contribution for now.

Unlike in the case of Zs symmetric branes, the Gauss-Codacci formalism can not be
used to determine the extrinsic curvature entirely. The average part K, in (2.98) remains
unknown despite the conformal assumption. However from its background behaviour, we
might check that K, should be of second order in derivatives and from the Gauss-Codacci
formalism this tensor is known to be conserved and traceless. Inspired by the covariant
expression of the Weyl tensor in terms of the pseudo-stress-energy tensors Tifj(i) °ff these
tensors represent a natural ansatz for the expression of K,,. A rough argument to justify
this goes as follow: when the three branes are empty, up to second order in derivatives,
the only local, conserved and traceless tensor that can be constructed from the theory (ze.
from gravity with two scalar fields) without introducing new dimensionful parameters are
the two stress-energy tensors T/f,i(i) fWhen matter is included on the boundary branes,
the tensors Tlff,(i) °f as defined in (A.3) remain traceless and conserved. As K, satisfies
the same properties, a natural ansatz is therefore a linear combination of these two tensors.

Furthermore K w characterises the asymmetry around the bulk brane. It must therefore
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vanish when the reflection symmetry is locally imposed around the bulk brane: qff,ﬁ) = qff)

ie. when X = Y) Imposing I_(W to vanish when X)) = YY), forces the possible
combination of these two tensors to be their difference. It is therefore reassuring to see

that for the background, K, is precisely what we expect from this previous argument:

- - . 1 LpLg
K,, = (TX”’ of _ X )eff> _ with th tant y = — = ° A.14
w =T v wi e constant y = o T, — L) ( )

Covariantly we can therefore argue that the real expression for K w should be
K = KO +KLS (A.15)
- 1 LpL _

0) _ + HL&~R (TX(+) eff TX( ) eff) A.16
nv 2 (LL - LR) uv v ( : )

where the tensor [_(;fyT includes higher that second order in derivatives, is conserved, trace-
less and vanishes for the background. For the study of adiabatic perturbations, it is
therefore consistent to neglect its contribution. Beyond this approximation, KEVT might
include the same kind of corrections as expressed in sections 4.2.1 and 5.7. In particular,
a natural ansatz for K7 would be the tensor ar/L* A, (as defined in (4.6)), or the ten-
sors (/L% U T;fj(i) °f (where U is defined in (5.173) and a and § are some dimensionless
coefficients). We may note that in that case, the presence of these correction terms in the
modified Einstein equation (2.98) will lead to terms of 6'" and 8" order in derivatives.
Based on the Gauss-Codacci formalism, the conformal assumption for the Ricci tensor
on the bulk brane can be found in terms of two scalar fields and the matter content of the
boundary branes. For the purpose of long wavelength adiabatic linear perturbations, we

argue that as long as the bulk brane is empty of matter and gauge fields, its metric should

satisfy:
1 L2112 _ _
Rl(fﬁ _ 1t LR ; <TX<+> eff;z _ px¢ )effz> <T£(+> eff_Ta)i( >eff) (A.17)
4(Lp — Lg)
LL X () off LR X (=) off
L pXWey SR pXO e ol
+<LL—LR R ey w
O® x & — é (R(b) _ x®2 H(i)) X&) (A.18)

with T;ﬁ(i) °f as defined in (A.3).
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The result of this procedure may again seem tedious to exploit. However for the purpose
of linear perturbations we argue that the result will be reliable and will correctly take into
account the characteristics features of its braneworld nature, namely the p? corrections on
the boundary branes and the asymmetric terms present on the bulk brane.

It is straightforward to extend this model to a higher number of bulk branes. A less
obvious generalisation of this prescription would be to add matter onto the bulk brane.
In that case the average extrinsic curvature couples to the matter on the bulk brane in a
highly non trivial way and its covariant expression seems less straightforward. We argue
however that this procedure allows us to study the asymmetric terms present in a bulk

brane in a original way and goes beyond the general treatment.

193



APPENDIX A. COVARIANT STUDY OF AN EMPTY BULK BRANE

194



Bibliography

[1] A. Friedmann, Zeitschrift fiir Phys. 10 377 (1922)

[2] E. W. Kolb and M. S. Turner, “The Early Universe,” (1990). T. Padmanabhan, “As-
pects of quantum field theory,” TUCAA-15-93.

[3] J. Preskill, Phys. Rev. Lett. 43 (1979) 1365.

[4] C. J. Hogan, N. Kaiser, M. J. Rees, Philos. Trans. R. Soc. London Ser. A 307 97
(1982).

[5] D. J. Fixsen, E. S. Cheng, J. M. Gales, J. C. Mather, R. A. Shafer and E. L. Wright,
Astrophys. J. 473 (1996) 576 [arXiv:astro-ph/9605054].

[6] Ya. B. Zel’dovich, Astron.Astrophys. 5 84 (1970). P. Coles and F. Lucchin, “Cosmol-

ogy: The Origin and evolution of cosmic structure,” (1995).

[7] A. Vilenkin, Phys. Lett. B 117 (1982) 25. A. Vilenkin, Phys. Rev. D 27 (1983) 2848.
J. B. Hartle and S. W. Hawking, Phys. Rev. D 28 (1983) 2960.

[8] A. H. Guth, Phys. Rev. D 23 (1981) 347. A. Albrecht and P. J. Steinhardt, Phys.
Rev. Lett. 48 (1982) 1220. A. D. Linde, Phys. Lett. B 108 (1982) 389. A. D. Linde,
Phys. Lett. B 129 (1983) 177.

[9] A. D. Linde, “Particle Physics and Inflationary Cosmology,” Harwood Academic Pub-
lishers (1990).

195



BIBLIOGRAPHY

[10]

[11]

[12]

[14]

[15]

[17]

[18]
[19]

[20]

A. R. Liddle and D. H. Lyth, “Cosmological inflation and large-scale structure,” Cam-
bridge University Press (2000).

A. R. Liddle and D. H. Lyth, Phys. Lett. B 291 (1992) 391 [arXiv:astro-ph/9208007].
A. R. Liddle and D. H. Lyth, Phys. Rept. 231 (1993) 1 [arXiv:astro-ph/9303019].

W. H. Press, Gen. Rel. Grav. 11 (1979) 105. K. Sato, Mon. Not. Roy. Astron. Soc.
195 (1981) 467. V. N. Lukash, Sov. Phys. JETP 52 (1980) 807 [Zh. Eksp. Teor. Fiz.
79 (1977) ]. V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33 (1981) 532 [Pisma
Zh. Eksp. Teor. Fiz. 33 (1981) 549].

Phys. Lett. B 115 (1982) 295. A. H. Guth and S. Y. Pi, Phys. Rev. Lett. 49 (1982)
1110. A. A. Starobinsky, Phys. Lett. B 117 (1982) 175. J. M. Bardeen, P. J. Steinhardt
and M. S. Turner, Phys. Rev. D 28 (1983) 679.

R. L. Davis, H. M. Hodges, G. F. Smoot, P. J. Steinhardt and M. S. Turner, Phys.
Rev. Lett. 69 (1992) 1856 [Erratum-ibid. 70 (1993) 1733] [arXiv:astro-ph/9207001].

C. L. Bennett et al., Astrophys. J. 583 (2003) 1 [arXiv:astro-ph/0301158]. C. L. Ben-
nett et al., Astrophys. J. Suppl. 148 (2003) 1 [arXiv:astro-ph/0302207]. E. Komatsu
et al., Astrophys. J. Suppl. 148 (2003) 119 [arXiv:astro-ph/0302223]. H. V. Peiris et
al., Astrophys. J. Suppl. 148 (2003) 213 [arXiv:astro-ph/0302225].

S. Gratton, J. Khoury, P. J. Steinhardt and N. Turok, Phys. Rev. D 69 (2004) 103505
[arXiv:astro-ph/0301395].

L. A. Boyle, P. J. Steinhardt and N. Turok, Phys. Rev. D 70 (2004) 023504 [arXiv:hep-
£h/0403026].

A. D. Linde, Phys. Lett. B 249 (1990) 18. A. D. Linde, Phys. Lett. B 259 (1991) 38.
A. H. Guth and E. J. Weinberg, Phys. Rev. D 23 (1981) 876.

H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32 (1974) 438.

196



BIBLIOGRAPHY

[21]

[22]
23]
[24]

[25]

[26]

[30]

[31]

[32]

J. Scherk and J. H. Schwarz, Phys. Lett. B 57 (1975) 463. J. H. Schwarz, CALT-68-637
Presented at Orbis Scientiae, Coral Gables, Fla., Jan 15-20, 1978

R. Sundrum, arXiv:hep-th/0508134.
T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys. ) 1921 (1921) 966.
O. Klein, Z. Phys. 37 (1926) 895 [Surveys High Energ. Phys. 5 (1986) 241].

M. B. Green, J. H. Schwarz and E. Witten, “Superstring Theory. Vol. 1: Introduc-
tion,” Cambridge University Press (1987). M. B. Green, J. H. Schwarz and E. Witten,
“Superstring Theory. Vol. 2: Loop Amplitudes, Anomalies And Phenomenology,”
Cambridge University Press (1987).

J. Polchinski, “String theory. Vol. 1: An introduction to the bosonic string,” Cam-
bridge University Press (1998). J. Polchinski, “String theory. Vol. 2: Superstring the-
ory and beyond,” Cambridge University Press (1998).

E. Kiritsis, “Introduction to superstring theory,” arXiv:hep-th/9709062.
B. Zwiebach, “A first course in string theory,” Cambridge University Press (2004).

A. Bilal, Fortsch. Phys. 47 (1999) 5 [arXiv:hep-th/9710136]. D. Bigatti and
L. Susskind, arXiv:hep-th/9712072. H. Nicolai and R. Helling, arXiv:hep-th/9809103.
T. Banks, Nucl. Phys. Proc. Suppl. 67 (1998) 180 [arXiv:hep-th/9710231]. T. Banks,
arXiv:hep-th/9911068.

Y. Nambu, Lectures at the Copenhagen symposium, (1970). O. Hara, Prog. Theor.
Phys. 46 (1971) 1549. T. Goto, Prog. Theor. Phys. 46 (1971) 1560.

D. H. Friedan, Annals Phys. 163 (1985) 318. A. A. Tseytlin, Phys. Lett. 178 B (1986)
34. C. G. . Callan and L. Thorlacius, PRINT-89-0232 (PRINCETON)

C. Lovelace, Phys. Lett. B 34 (1971) 500. L. Brink and H. B. Nielsen, Phys. Lett. B
45 (1973) 332.

197



BIBLIOGRAPHY

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[44]

P. Goddard, J. Goldstone, C. Rebbi and C. B. Thorn, Nucl. Phys. B 56 (1973) 109.

J. Scherk and J. H. Schwarz, Nucl. Phys. B 81 (1974) 118. J. Scherk and J. H. Schwarz,

“Dual model approach to a renormalizable theory of gravitation,” (1975).

M. B. Green and J. H. Schwarz, Nucl. Phys. B 181 (1981) 502. M. B. Green and
J. H. Schwarz, Phys. Lett. B 109 (1982) 444. J. H. Schwarz, Phys. Rept. 89 (1982)
223.

A. Neveu and J. H. Schwarz, Nucl. Phys. B 31 (1971) 86.
M. B. Green and J. H. Schwarz, Phys. Lett. B 149 (1984) 117.

K. Kikkawa and M. Yamasaki, Phys. Lett. B 149 (1984) 357. N. Sakai and I. Senda,
Prog. Theor. Phys. 75 (1986) 692 [Erratum-ibid. 77 (1987) 773].

J. H. Schwarz, Nucl. Phys. Proc. Suppl. 55B (1997) 1 [arXiv:hep-th/9607201]. M. Li,
arXiv:hep-th/9811019.

D. Z. Freedman, P. van Nieuwenhuizen and S. Ferrara, Phys. Rev. D 13 (1976) 3214.
S. Deser and B. Zumino, Phys. Lett. B 62 (1976) 335. M. J. Duff, B. E. W. Nilsson
and C. N. Pope, Phys. Rept. 130 (1986) 1.

E. Witten, Nucl. Phys. B 443 (1995) 85 [arXiv:hep-th/9503124]. J. H. Schwarz, Phys.
Lett. B 367 (1996) 97 [arXiv:hep-th/9510086]. M. J. Duff, Int. J. Mod. Phys. A 11
(1996) 5623 [arXiv:hep-th/9608117].

P. Horava and E. Witten, Nucl. Phys. B 475 (1996) 94 [arXiv:hep-th/9603142].

C. M. Hull and P. K. Townsend, Nucl. Phys. B 438 (1995) 109 [arXiv:hep-th/9410167].
P. K. Townsend, Phys. Lett. B 350 (1995) 184 [arXiv:hep-th/9501068].

E. Witten, Nucl. Phys. B 443 (1995) 85 [arXiv:hep-th/9503124].

C. V. Johnson, “D-branes,” Cambridge University Press, (2003). J. Polchinski,
arXiv:hep-th/9611050.

198



BIBLIOGRAPHY

[45]

[46]

[47]

[48]

[54]

J. Polchinski, Phys. Rev. Lett. 75 (1995) 4724 [arXiv:hep-th/9510017].

C. D. Hoyle, U. Schmidt, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, D. J. Kapner
and H. E. Swanson, Phys. Rev. Lett. 86 (2001) 1418 [arXiv:hep-ph/0011014].

I. Antoniadis, Phys. Lett. B 246 (1990) 377.

N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429 (1998)
263 [arXiv:hep-ph/9803315]. I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and
G. R. Dvali, Phys. Lett. B 436 (1998) 257 [arXiv:hep-ph/9804398]. N. Arkani-Hamed,
S. Dimopoulos, G. R. Dvali and N. Kaloper, Phys. Rev. Lett. 84 (2000) 586 [arXiv:hep-
th /9907209).

M. Gogberashvili, Int. J. Mod. Phys. D 11 (2002) 1639 [arXiv:hep-ph/9908347].
A. G. Cohen and D. B. Kaplan, Phys. Lett. B 470 (1999) 52 [arXiv:hep-th/9910132].

L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370 [arXiv:hep-ph/9905221].
L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690 [arXiv:hep-th/9906064].
R. Gregory, Phys. Rev. Lett. 84 (2000) 2564 [arXiv:hep-th/9911015].

A. Lukas, B. A. Ovrut and D. Waldram, arXiv:hep-th/9802041. A. Lukas, B. A. Ovrut,
K. S. Stelle and D. Waldram, Phys. Rev. D 59 (1999) 086001 [arXiv:hep-th/9803235].
A. Lukas, B. A. Ovrut and D. Waldram, Phys. Rev. D 60 (1999) 086001 [arXiv:hep-
th/9806022]. A. Lukas, B. A. Ovrut, K. S. Stelle and D. Waldram, Nucl. Phys. B
552 (1999) 246 [arXiv:hep-th/9806051]. A. Lukas, B. A. Ovrut and D. Waldram,
Phys. Rev. D 59 (1999) 106005 [arXiv:hep-th/9808101]. A. Lukas, B. A. Ovrut and
D. Waldram, arXiv:hep-th/9812052.

V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 125 (1983) 136. M. Visser,
Phys. Lett. B 159 (1985) 22 [arXiv:hep-th/9910093]. E. J. Squires, Phys. Lett. B 167
(1986) 286.

199



BIBLIOGRAPHY

[55] G. W. Gibbons and D. L. Wiltshire, Nucl. Phys. B 287 (1987) 717 [arXiv:hep-
th/0109093].

[56] R. H. Brandenberger and C. Vafa, Nucl. Phys. B 316 (1989) 391.
[57] T. Boehm and R. Brandenberger, JCAP 0306 (2003) 008 [arXiv:hep-th/0208188].
[58] M. Majumdar and A. Christine-Davis, JHEP 0203 (2002) 056 [arXiv:hep-th/0202148].

[59] E. P. S. Shellard, Prepared for International School of Astrophysics (D. Chalonge):
3rd Course: Current Topics in Astrofundamental Physics, Erice, Italy, 4-16 Sep 199/
R. H. Brandenberger, Pramana 51 (1998) 191 [arXiv:hep-ph/9806473].

[60] M. Sakellariadou, Nucl. Phys. B 468 (1996) 319 [arXiv:hep-th/9511075].

[61] R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, JCAP 0502 (2005) 009
[arXiv:hep-th/0409121].

[62] M. Majumdar and A. C. Davis, JHEP 0312 (2003) 012 [arXiv:hep-th/0304153].

[63] R. Durrer, M. Kunz and M. Sakellariadou, Phys. Lett. B 614 (2005) 125 [arXiv:hep-
£h/0501163].

[64] A. Karch and L. Randall, arXiv:hep-th/0506053.

[65] P. Binetruy and M. K. Gaillard, Phys. Rev. D 34 (1986) 3069.

[66] G. R. Dvali and S. H. H. Tye, Phys. Lett. B 450 (1999) 72 [arXiv:hep-ph/9812483].
[67] E. B. Bogomolny, Sov. J. Nucl. Phys. 24, 449 (1976) [Yad. Fiz. 24, 861 (1976)].

[68] M. K. Prasad and C. M. Sommerfield, Phys. Rev. Lett. 35 (1975) 760.

[69] G. R. Dvali, Q. Shafi and S. Solganik, arXiv:hep-th/0105203.

[70] C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, JHEP
0107 (2001) 047 [arXiv:hep-th/0105204]. C. P. Burgess, P. Martineau, F. Quevedo,
G. Rajesh and R. J. Zhang, JHEP 0203 (2002) 052 [arXiv:hep-th/0111025].

200



BIBLIOGRAPHY

[71]

[72]

[73]

[74]

[75]

[76]

S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, JCAP
0310 (2003) 013 [arXiv:hep-th/0308055].

A. Mazumdar, S. Panda and A. Perez-Lorenzana, Nucl. Phys. B 614 (2001) 101
[arXiv:hep-ph/0107058].

P. Brax and D. A. Steer, JHEP 0205 (2002) 016 [arXiv:hep-th/0204120]. Y. S. Piao,
X. m. Zhang and Y. Z. Zhang, Mod. Phys. Lett. A 18 (2003) 2109 [arXiv:hep-
th/0305171]. H. Firouzjahi and S. H. H. Tye, Phys. Lett. B 584 (2004) 147 [arXiv:hep-
th/0312020]. J. P. Hsu and R. Kallosh, JHEP 0404 (2004) 042 [arXiv:hep-th/0402047].
C. P. Burgess, J. M. Cline, H. Stoica and F. Quevedo, JHEP 0409 (2004) 033
larXiv:hep-th/0403119]. O. DeWolfe, S. Kachru and H. L. Verlinde, JHEP 0405
(2004) 017 [arXiv:hep-th/0403123]. J. J. Blanco-Pillado et al., JHEP 0411 (2004)
063 [arXiv:hep-th/0406230]. X. g. Chen, Phys. Rev. D 71 (2005) 063506 [arXiv:hep-
th/0408084]. K. Becker, M. Becker and A. Krause, Nucl. Phys. B 715 (2005) 349
[arXiv:hep-th/0501130]. X. g. Chen, arXiv:hep-th/0501184. D. Cremades, F. Quevedo
and A. Sinha, arXiv:hep-th/0505252. J. M. Cline and H. Stoica, arXiv:hep-th/0508029.
A. R. Frey, A. Mazumdar and R. Myers, arXiv:hep-th/0508139.

M. Berkooz, M. R. Douglas and R. G. Leigh, Nucl. Phys. B 480 (1996) 265 [arXiv:hep-
th/9606139]. H. Arfaei and M. M. Sheikh Jabbari, Phys. Lett. B 394 (1997) 288
[arXiv:hep-th /9608167]. I. V. Vancea, JHEP 0104 (2001) 020 [arXiv:hep-th/0011251].
R. Blumenhagen, B. Kors, D. Lust and T. Ott, Nucl. Phys. B 616 (2001) 3 [arXiv:hep-
th/0107138]. J. Garcia-Bellido, R. Rabadan and F. Zamora, JHEP 0201 (2002) 036
[arXiv:hep-th/0112147]. J. Garcia-Bellido, arXiv:astro-ph/0306195.

R. Blumenhagen, B. Kors, D. Lust and T. Ott, Nucl. Phys. B 641 (2002) 235
[arXiv:hep-th/0202124]. M. Gomez-Reino and I. Zavala, JHEP 0209 (2002) 020
[arXiv:hep-th/0207278].

K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, Phys. Rev. D 65 (2002) 126002
larXiv:hep-th/0203019]. F. Koyama, Y. Tachikawa and T. Watari, Phys. Rev. D 69

201



BIBLIOGRAPHY

[31]

[82]

[83]

[84]

[85]

(2004) 106001 [Erratum-ibid. D 70 (2004) 129907] [arXiv:hep-th/0311191]. K. Das-
gupta, J. P. Hsu, R. Kallosh, A. Linde and M. Zagermann, JHEP 0408 (2004) 030
[arXiv:hep-th/0405247].

C. Herdeiro, S. Hirano and R. Kallosh, JHEP 0112 (2001) 027 [arXiv:hep-th/0110271].
F. Quevedo, Class. Quant. Grav. 19 (2002) 5721 [arXiv:hep-th/0210292].
A. Linde, eConf C040802 (2004) 1024 [arXiv:hep-th/0503195].

S. Alexander, R. H. Brandenberger and D. Easson, Phys. Rev. D 62 (2000) 103509
[arXiv:hep-th/0005212]. D. A. Easson, arXiv:hep-th/0111055. R. Brandenberger,
D. A. Easson and A. Mazumdar, Phys. Rev. D 69 (2004) 083502 [arXiv:hep-
th/0307043]. R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, JCAP 0401
(2004) 006 [arXiv:hep-th/0307233].

E. Silverstein and D. Tong, Phys. Rev. D 70 (2004) 103505 [arXiv:hep-th/0310221].
M. Alishahiha, E. Silverstein and D. Tong, Phys. Rev. D 70 (2004) 123505 [arXiv:hep-

th/0404084].

S. R. Das and S. P. Trivedi, Phys. Lett. B 445 (1998) 142 [arXiv:hep-th/9804149].
O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, Phys. Rept. 323
(2000) 183 [arXiv:hep-th/9905111].

D. Kabat and G. Lifschytz, JHEP 9905 (1999) 005 [arXiv:hep-th/9902073].

C. Armendariz-Picon, T. Damour and V. Mukhanov, Phys. Lett. B 458 (1999) 209
[arXiv:hep-th/9904075]. T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D 62
(2000) 023511 [arXiv:astro-ph/9912463].

J. E. Kim, B. Kyae and H. M. Lee, Phys. Rev. D 62 (2000) 045013 [arXiv:hep-
ph/9912344]. J. E. Kim, B. Kyae and H. M. Lee, Nucl. Phys. B 582 (2000) 296
[Erratum-ibid. B 591 (2000) 587] [arXiv:hep-th/0004005]. I. P. Neupane, JHEP 0009

202



BIBLIOGRAPHY

[90]

[91]

[92]

[93]

[94]
[95]

[96]

(2000) 040 [arXiv:hep-th/0008190]. K. A. Meissner and M. Olechowski, Phys. Rev. D
65 (2002) 064017 [arXiv:hep-th/0106203]. Y. M. Cho and I. P. Neupane, Int. J. Mod.
Phys. A 18 (2003) 2703 [arXiv:hep-th/0112227]. S. C. Davis, Phys. Rev. D 67 (2003)
024030 [arXiv:hep-th/0208205]. Phys. Lett. B 608 (2005) 130 [arXiv:hep-th/0411058].
K. s. Aoyanagi and K. i. Maeda, eConf C041213 (2004) 1102.

J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64 (2001) 123522
[arXiv:hep-th/0103239].

J. Khoury, B. A. Ovrut, N. Seiberg, P. J. Steinhardt and N. Turok, Phys. Rev. D 65
(2002) 086007 [arXiv:hep-th/0108187].

J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 66 (2002) 046005
[arXiv:hep-th/0109050].

M. Gasperini and G. Veneziano, Astropart. Phys. 1 (1993) 317 [arXiv:hep-
th/9211021]. G. Veneziano, arXiv:hep-th/0002094.

A. Linde, arXiv:hep-th/0205259.

R. Brandenberger and F. Finelli, JHEP 0111 (2001) 056 [arXiv:hep-th/0109004].
F. Finelli and R. Brandenberger, Phys. Rev. D 65 (2002) 103522 [arXiv:hep-
th/0112249]. D. H. Lyth, Phys. Lett. B 524 (2002) 1 [arXiv:hep-ph/0106153].
D. H. Lyth, Phys. Lett. B 526 (2002) 173 [arXiv:hep-ph/0110007].

C. de Rham, Phys. Rev. D 71 (2005) 024015 [arXiv:hep-th/0411021].

C. de Rham and S. Webster, Phys. Rev. D 71 (2005) 124025 [arXiv:hep-th/0504128].
C. de Rham and S. Webster, Phys. Rev. D 72 (2005) 064013 [arXiv:hep-th/0506152].

C. Brans and C. Dicke, Phys. Rev. 24, 925 (1961).
L. E. Mendes and A. Mazumdar, Phys. Lett. B 501 (2001) 249 [arXiv:gr-qc/0009017].

T. Chiba, Phys. Rev. D 62 (2000) 021502 [arXiv:gr-qc/0001029].

203



BIBLIOGRAPHY

[97] P. Brax, C. van de Bruck and A. C. Davis, Rept. Prog. Phys. 67 (2004) 2183
[arXiv:hep-th/0404011]. A. C. Davis, P. Brax and C. van de Bruck, arXiv:astro-
ph/0503467. D. Langlois, Astrophys. Space Sci. 283 (2003) 469 [arXiv:astro-
ph/0301022]. R. Maartens, Living Rev. Rel. 7 (2004) 7 [arXiv:gr-qc/0312059].

98] P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565 (2000) 269 [arXiv:hep-
th/9905012].

[99] P. Binetruy, C. Deffayet, U. Ellwanger and D. Langlois, Phys. Lett. B 477 (2000) 285
[arXiv:hep-th/9910219].

[100] S. Mukohyama, T. Shiromizu and K. i. Maeda, Phys. Rev. D 62 (2000) 024028
[Erratum-ibid. D 63 (2001) 029901] [arXiv:hep-th/9912287].

[101] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15 (1977) 2738.

[102] H. A. Chamblin and H. S. Reall, Nucl. Phys. B 562 (1999) 133 [arXiv:hep-
£h/9903225].

[103] T. Shiromizu, K. i. Maeda and M. Sasaki, Phys. Rev. D 62 (2000) 024012 [arXiv:gr-
4¢,/9910076].

[104] M. Sasaki, T. Shiromizu and K. i. Maeda, Phys. Rev. D 62 (2000) 024008 [arXiv:hep-
th/9912233]. K. i. Maeda and D. Wands, Phys. Rev. D 62 (2000) 124009 [arXiv:hep-
th,/0008188].

[105] W. Israel, Nuovo Cim. B 44S10 (1966) 1 [Erratum-ibid. B 48 (1967 NU-
CIA,B44,1.1966) 463].

[106] G. D. Birkhoff, Proc. Natl. Acad. Sci. USA 13 160 (1927)

[107] P. Bowcock, C. Charmousis and R. Gregory, Class. Quant. Grav. 17 (2000) 4745
[arXiv:hep-th/0007177].

[108] S. Mukohyama, Phys. Lett. B 473 (2000) 241 [arXiv:hep-th/9911165].

204



BIBLIOGRAPHY

[109] J. Khoury and R. J. Zhang, Phys. Rev. Lett. 89 (2002) 061302 [arXiv:hep-
£1,/0203274].

[110] D. Langlois, Prog. Theor. Phys. Suppl. 148 (2003) 181 [arXiv:hep-th/0209261].

[111] P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 615 (2001) 219 [arXiv:hep-
th/0101234).

[112] T. Shiromizu, K. Koyama and K. Takahashi, Phys. Rev. D 67 (2003) 104011
[arXiv:hep-th/0212331].

[113] T. Shiromizu and K. Koyama, Phys. Rev. D 67 (2003) 084022 [arXiv:hep-
th,/0210066].

[114] S. Kanno and J. Soda, Phys. Rev. D 66 (2002) 083506 [arXiv:hep-th/0207029].
[115] N. S. Manton, Phys. Lett. B 110 (1982) 54.

[116] J. Garriga, O. Pujolas and T. Tanaka, Nucl. Phys. B 655 (2003) 127 [arXiv:hep-
th/0111277].

[117] P. Brax, C. van de Bruck, A. C. Davis and C. S. Rhodes, Phys. Rev. D 67 (2003)
023512 [arXiv:hep-th/0209158].

[118] G. A. Palma and A. C. Davis, Phys. Rev. D 70 (2004) 064021 [arXiv:hep-th/0406091].
G. A. Palma and A. C. Davis, Phys. Rev. D 70 (2004) 106003 [arXiv:hep-th/0407036].

[119] S. L. Webster and A. C. Davis, arXiv:hep-th/0410042.

[120] P. Brax, C. van de Bruck, A. C. Davis and C. S. Rhodes, Phys. Lett. B 531 (2002)
135 [arXiv:hep-th/0201191].

[121] J. Garriga and T. Tanaka, Phys. Rev. Lett. 84 (2000) 2778 [arXiv:hep-th/9911055].

[122] W. D. Goldberger and M. B. Wise, Phys. Rev. D 60 (1999) 107505 [arXiv:hep-
ph/9907218]. W. D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83 (1999) 4922
[arXiv:hep-ph/9907447].

205



BIBLIOGRAPHY

[123] T. Tanaka and X. Montes, Nucl. Phys. B 582 (2000) 259 [arXiv:hep-th/0001092].

[124] A. C. Davis, S. C. Davis, W. B. Perkins and I. R. Vernon, Phys. Lett. B 504 (2001)
254 [arXiv:hep-ph/0008132]. B. Carter and J. P. Uzan, Nucl. Phys. B 606 (2001)
45 [arXiv:gr-qc/0101010]. K. Takahashi and T. Shiromizu, Phys. Rev. D 70 (2004)
103507 [arXiv:hep-th/0408043]. I. R. Vernon and D. Jennings, JCAP 0507 (2005) 011
[arXiv:hep-th/0412083].

[125] D. Langlois, Phys. Rev. D 62 (2000) 126012 [arXiv:hep-th/0005025]. C. van de
Bruck, M. Dorca, R. H. Brandenberger and A. Lukas, Phys. Rev. D 62 (2000) 123515
[arXiv:hep-th/0005032]. C. Deffayet, Phys. Rev. D 66 (2002) 103504 [arXiv:hep-
th/0205084].

[126] K. Koyama, Phys. Rev. Lett. 91 (2003) 221301 [arXiv:astro-ph/0303108].
[127] R. Maartens, Phys. Rev. D 62 (2000) 084023 [arXiv:hep-th/0004166].
[128] R. Maartens, Prog. Theor. Phys. Suppl. 148 (2003) 213 [arXiv:gr-qc/0304089)].

[129] R. Maartens, D. Wands, B. A. Bassett and I. Heard, Phys. Rev. D 62 (2000) 041301
[arXiv:hep-ph/9912464].

[130] A. Mazumdar and J. Wang, Phys. Lett. B 490, 251 (2000) [arXiv:gr-qc/0004030].

[131] A. R. Liddle and A. N. Taylor, Phys. Rev. D 65 (2002) 041301 [arXiv:astro-
ph/0109412).

[132] E. Papantonopoulos and V. Zamarias, JCAP 0410 (2004) 001 [arXiv:gr-qc/0403090].

[133] E. Ramirez and A. R. Liddle, Phys. Rev. D 69 (2004) 083522 [arXiv:astro-
ph/0309608]. G. Calcagni, JCAP 0311, 009 (2003) [arXiv:hep-ph/0310304].

[134] G. Calcagni, Phys. Rev. D 69, 103508 (2004) [arXiv:hep-ph/0402126].

[135] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rept. 215 (1992)
203.

206



BIBLIOGRAPHY

[136] D. Langlois, arXiv:hep-th/0405053.

[137] N. D. Birrell and P. C. W. Davies, “Quantum Fields In Curved Space,” Cambridge
University Press (1982).

[138] E. J. Copeland, E. W. Kolb, A. R. Liddle and J. E. Lidsey, Phys. Rev. D 49 (1994)
1840 [arXiv:astro-ph/9308044].

[139] E. J. Copeland, A. R. Liddle and J. E. Lidsey, Phys. Rev. D 64 (2001) 023509
[arXiv:astro-ph/0006421].

[140] A. R. Liddle and A. J. Smith, Phys. Rev. D 68 (2003) 061301 [arXiv:astro-
ph/0307017]. S. Tsujikawa and A. R. Liddle, JCAP 0403 (2004) 001 [arXiv:astro-
ph/0312162].

[141] J. Maldacena, JHEP 0305 (2003) 013 [arXiv:astro-ph/0210603].

[142] V. Acquaviva, N. Bartolo, S. Matarrese and A. Riotto, Nucl. Phys. B 667 (2003)
119 [arXiv:astro-ph/0209156].

[143] D. Langlois, R. Maartens, M. Sasaki and D. Wands, Phys. Rev. D 63 (2001) 084009
[arXiv:hep-th/0012044].

[144] P. R. Ashcroft, C. van de Bruck and A. C. Davis, Phys. Rev. D 66 (2002) 121302
[arXiv:astro-ph/0208411].

[145] K. E. Kunze, Phys. Lett. B 587 (2004) 1 [arXiv:hep-th/0310200].
[146] G. Calcagni, arXiv:astro-ph/0411773.
[147] P. J. Steinhardt and N. Turok, Science 296 (2002) 1436.

[148] P. J. Steinhardt and N. Turok, Phys. Rev. D 65 (2002) 126003 [arXiv:hep-
th/0111008].

[149] T. Wiseman, Class. Quant. Grav. 19 (2002) 3083 [arXiv:hep-th/0201127].

207



BIBLIOGRAPHY

[150] S. Mukohyama, Phys. Rev. D 65 (2002) 084036 [arXiv:hep-th/0112205].
[151] E. E. Flanagan and R. M. Wald, Phys. Rev. D 54 (1996) 6233 [arXiv:gr-qc/9602052].

[152] D. Langlois, R. Maartens and D. Wands, Phys. Lett. B 489 (2000) 259 [arXiv:hep-
th/0006007]. T. Kobayashi, H. Kudoh and T. Tanaka, Phys. Rev. D 68 (2003) 044025
[arXiv:gr-qc/0305006]. M. Bouhmadi-Lopez, R. Maartens and D. Wands, Phys. Rev.
D 70 (2004) 123519 [arXiv:hep-th/0407162]. K. Koyama, D. Langlois, R. Maartens
and D. Wands, JCAP 0411 (2004) 002 [arXiv:hep-th/0408222].

[153] M. Sami and N. Dadhich, Phys. Lett. B 568 (2003) 118 [arXiv:hep-th/0304187).

[154] A. J. Tolley, N. Turok and P. J. Steinhardt, Phys. Rev. D 69 (2004) 106005
[arXiv:hep-th/0306109].

[155] G. W. Gibbons, H. Lu and C. N. Pope, arXiv:hep-th/0501117. N. Jones, H. Stoica
and S. H. H. Tye, JHEP 0207 (2002) 051 [arXiv:hep-th/0203163].

[156] P. Creminelli, A. Nicolis and M. Zaldarriaga, Phys. Rev. D 71 (2005) 063505
[arXiv:hep-th/0411270].

[157] U. Gen, A. Ishibashi and T. Tanaka, Phys. Rev. D 66 (2002) 023519 [arXiv:hep-
th/0110286]. U. Gen, A. Ishibashi and T. Tanaka, Prog. Theor. Phys. Suppl. 148
(2003) 267 [arXiv:hep-th/0207140]. J. J. Blanco-Pillado, M. Bucher, S. Ghassemi and
F. Glanois, Phys. Rev. D 69 (2004) 103515 [arXiv:hep-th/0306151].

[158] S. Mukohyama, Phys. Rev. D 62 (2000) 084015 [arXiv:hep-th/0004067]. S. S. Seahra,
C. Clarkson and R. Maartens, Class. Quant. Grav. 22 (2005) L91 [arXiv:gr-
qc/0504023).

[159] Y. Himemoto and M. Sasaki, Phys. Rev. D 63 (2001) 044015 [arXiv:gr-qc/0010035].
R. Brandenberger, G. Geshnizjani and S. Watson, Phys. Rev. D 67 (2003) 123510
[arXiv:hep-th/0302222]. M. R. Garousi, M. Sami and S. Tsujikawa, Phys. Rev. D 70

208



BIBLIOGRAPHY

(2004) 043536 [arXiv:hep-th/0402075]. J. P. Hsu, R. Kallosh and S. Prokushkin, JCAP
0312 (2003) 009 [arXiv:hep-th/0311077).

[160] C. Charmousis, R. Gregory and V. A. Rubakov, Phys. Rev. D 62 (2000) 067505
larXiv:hep-th/9912160].

[161] T. Clifton, J. D. Barrow and R. J. Scherrer, Phys. Rev. D 71 (2005) 123526
[arXiv:astro-ph/0504418]. J. D. Barrow and P. Parsons, Phys. Rev. D 55 (1997) 1906
[arXiv:gr-qc/9607072].

[162] S. Kanno and J. Soda, Phys. Lett. B 588 (2004) 203 [arXiv:hep-th/0312106].

[163] G. de Berredo-Peixoto and I. L. Shapiro, Phys. Rev. D 71 (2005) 064005 [arXiv:hep-
th/0412249].

[164] S. Kanno and J. Soda, arXiv:gr-qc/0410067.

[165] C. Gordon and R. Maartens, Phys. Rev. D 63 (2001) 044022 [arXiv:hep-th/0009010].

209



