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Abstract

We present a review of the inflation scenario and explain how quantum fluctuations generated
during inflation are responsible for the observed structure in the cosmic microwave background
radiation. We show how in the slow-roll approximation quantum fluctuations can lead to a
globally never-ending phase of inflation. The primary area of investigation is related to the back-
reaction of quantum fluctuations on the classical background geometry of the (eternally) inflating
universe. To this extent we give results from the literature for free and interacting fields in a fixed
De Sitter background and we give a gauge invariant measure of the effect of back-reaction in the
slow-roll approximation by means of an effective energy momentum tensor. Next we introduce
the stochastic formalism to inflation in which quantum fluctuations are treated effectively as
classical noise. We investigate how this approach is related to a global description of eternal
inflation. Finally we consider a thermodynamic approach based on geometric quantities which
have a thermodynamic interpretation in (quasi-)De Sitter space. We demonstrate that the first
law of thermodynamics is equivalent to a combination of the Einstein equations. Perturbations
are included to account for back-reaction and we investigate the behaviour in the eternal inflation
regime.
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Popular Scientific Summary

The further objects such as stars and galaxies are away from us, the faster they move away
from us. This relation is known as Hubble’s law after Edwin Hubble who was the first to provide
empirical evidence for this law. From this observation it becomes clear that the universe expands.
In fact, the universe is expanding at an accelerating rate. This was recently discovered through
measurements of distant supernovae by Perlmutter, Schmidt and Riess, for which they earned
the 2011 Nobel prize in physics. One of the things you could learn from these observations is
that the universe is not some static background in which the stars, galaxies and Earth move,
but it is evolving itself. This means that at different times, the universe could have expanded at
different rates.

It is interesting to study this evolution of expansion of the universe. What will be the fate
of the universe? And how did the universe begin? These are driving questions for the field of
cosmology. The underlying theory is Einstein’s theory for general relativity, which relates the
geometry of spacetime to the energy, or mass, that is present inside the universe. Using this
theory we deduce physical laws which govern this dynamic behaviour of the universe. These laws
allow us to probe the early universe and make predictions for late times.

How did the universe begin? If the universe expands, then it makes sense that it has been
smaller at early times. This was already suggested before Hubble came up with his law by the
Belgian priest and physicist Lemaitre. He found a particular solution to the Einstein equations
in which he could show that the universe expands and also must have had a beginning: the
‘Big Bang’. The solution actually breaks down really at the beginning, which has to do with a
singularity (basically a division by zero), but there is no obstacle to describe the universe right
after the beginning.

One can image that if you would put all the matter that exist in the universe into a small
box, then early conditions must have been quite extreme. The energy density and temperature
were enormous. Substantial supporting evidence for this picture was the discovery of the cosmic
microwave background (CMB), detected by Penzias and Wilson in 1965. It was already predicted
that a big bang with such extreme initial conditions must have left a trace in the present universe.
Indeed, the CMB can be interpreted as the afterglow of the big bang, cooled down by the
expansion of the universe. Right now, this radiation corresponds to a temperature of about 2.7
Kelvin, see figure 1.

Later, it was realized that there are some problems with this hot big bang picture. For
example, this picture from the afterglow of the big bang looks almost exactly the same in
all directions. This afterglow is basically a snapshot of the universe when it was quite young,
approximately 380000 years after the big bang. In this time light could have travelled only
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Figure 1 — The Cosmic Microwave Background; picture retrieved from PLANCK 2013 data. The
average temperature of this thermal radiation is 2.7 K with relative fluctuations of ©O(1077)

over a distance of 380000 light years. Therefore, regions of approximately this size could have
interacted with each other, and reach a certain equilibrium temperature. Today, the universe is
approximately 14 billion years old. Therefore we observe this afterglow ~ 13.5 billion years after
it has been emitted. To observe the afterglow today means that we observe the radiation that
was approximately ~ 13.5 billion light-years away from us at that time. This distance is much
larger than the 380000 light years that light has travelled since the big bang to the time of the
afterglow. Therefore the present picture of the afterglow corresponds to a lot of regions which
have not had the possibility to interact which each other and reach an equilibrium temperature.
Still, we observe that the CMB is really uniform. Unless the Big Bang was very gentle and smooth
we cannot explain why the CMB is so uniform.

This and other problems can be overcome by introducing an inflationary period. In this period
the universe expands extremely fast, much faster then today’s accelerated expansion. In this way
a small region that has a uniform temperature becomes very large in a short amount of time.
It can even become larger than the distance light travels between the time of the afterglow and
today, such that it explains why the CMB is uniform.

The matter which we understand from the standard model cannot cause inflation. In fact
we need a form of energy that behaves like a positive cosmological constant. A cosmological
constant was earlier introduced by Einstein himself to his equations to allow for a static universe;
something he has called his greatest mistake but nevertheless turned out to be quite important.
Not only should this form of energy behave like a cosmological constant, there should also be a
mechanism to end inflation. A simple method to obtain the right type of energy is to introduce
a field: the inflaton. The physical nature of this field is unclear, and it is not likely that this field
is detectable by particle accelerators such as the LHC. However this field provides us with just
the right mechanism to have inflation at the early universe and end it at a later stage.

A period of inflation has interesting consequences. Especially quantum fluctuations during
inflation are very important. For one thing, quantum fluctuations during inflation are responsible
for the small variations present in the CMB. First think of a universe which is not inflating such as
today. Classically, the vacuum is a not-so-interesting region of space with zero energy; However
according to quantum mechanics (the uncertainty principle) this cannot be true. Constantly,
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there are pairs of particles and antiparticles created which annihilate immediately; they only
exist for a really short period of time. During inflation the vacuum is also not empty, but now
space-time expands really fast. Particles and their anti-particles are ripped apart, such that they
do never annihilate and become real particles. This is of course not the whole story, but this is
basically what causes the minor variations detected in the CMB, see figure 1.

Quantum fluctuations can even be more important; they can prevent the inflaton field from
globally ending inflation. In some regions just as the universe we observe, inflation has ended;
we call these regions pocket universes which have thermalized. However, the larger part of the
universe is still inflating and inflation becomes eternal. This dramatically changes the global
picture of the universe. This picture, in which there are pocket universes surrounded by an
inflating space, is known as the multiverse.

One of the most interesting opportunities of this scenario has to do with string theory.
According to string theory, the set of values for the physical constants that we are used to,
such as particle masses and the strength of fundamental forces, is not unique. There are in fact a
lot of possible sets for values, approximately 1019°° of them. This is a problem in string theory,
because there is no reason why nature has picked out this specific set of physical constants that
we observe for our universe. It is likely that only a small fraction of this large number of sets
offers the possibility for the formation of stars, galaxies, planets and intelligent life. We have to
praise ourselves lucky that we exist in this picture.

Eternal inflation, and the multiverse that generates, provides a more natural explanation than
pure luck for our existence. Each of the pocket universes that are created can have a different
set of physical constants. If there infinitely many pocket universes each of the possible set of
constants will exist somewhere, such that a set which is capable of sustaining life will also exist.
We live in one of these universes which have constants of nature which favour life, otherwise we
wouldn’t have lived and ask ourselves this question. This is known as the anthropic principle.

Although the idea of eternal inflation might sound appealing, the theory suffers from
important shortcomings. One of the biggest problems is we do not have a consistent global
description of eternal inflation. In this thesis we investigate this problem.

Eternal inflation would let itself naturally describe by means of a distribution function of
the inflaton field. If we would have such a distribution we could calculate things such as the
fraction of the universe which exist of thermalized regions like ours. We could even try to obtain
a distribution function for the physical constants. We will look into this formalism, known as the
stochastic formalism.

Another formalism which we will investigate is based on thermodynamics. Expanding space-
times can be associated with interesting thermodynamic properties which have to do with the
appearance of an event horizon. Similar relations exist for black holes. In particular we will
consider one inflating pocket universe in an eternally inflating universe and see if we can apply
a thermodynamic equation to this system which relates to Einstein equations.
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Notation and Conventions

Metrics are of the form (—,+,+,+)
Natural units are used in which:

h=c=1

In this report the reduced Planck mass is used:

—1j2 _ M
V8T

To obtain actual values one can reintroduce the constants using the following table

my, = (87G)

Table 1 — Constants

87G  1.68x107° m? kg !s2
c 3.00 x 108 ms~!
h 1.06 x1073% m? kg s~!

The following Fourier convention is used:

3 N ) _ 4
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CHAPTER 1

Introduction

1.1 Brief History of the Universe

Although much insight has been gained in the physics of the early universe, the question
regarding the beginning of the universe remains unresolved. Suppose the universe started out
from a singularity at virtually infinite energy density, i.e. the big bang, and the energy density
has decreased monotonically due to the expansion of the universe. Then the energy density
at early times must have been tremendously high. At these energy densities, which are above
the Planck scale, gravitational interactions become important and require a proper theory of
quantum gravity. This remains one of the biggest problems in physics although theories like string
theory have made a promising effort. Also at somewhat lower scales such as grand unification
scale interesting physics is assumed which only exists in theory. In fact, the events that are
hypothesized to have occurred during the first 10719 seconds are based on physics that has not
been experimentally verified.

The event which is the topic of this research also requires new physics. For reasons which
will be explained later, the universe is believed the have gone through a period of inflation at its
earliest stages. In this period the universe expanded exponentially fast. A primary candidate to
have caused the acceleration is the inflaton field. According to this scenario, the energy content
of the universe was dominated by the inflaton field, which in effect is similar to dark-energy or
a cosmological constant. The universe expanded exponentially fast, thereby smearing out any
pre-inflationary inhomogeneities. At the same time, quantum fluctuations of the inflaton field
create new inhomogeneities which are responsible for the large scale structure of the present
universe, and can be seen in the cosmic microwave background (CMB) radiation. In this period
of inflation the scale factor of the universe increased approximately by a factor €59, Since there
are no real particles that oscillate the temperature is close to zero.

After this period of inflation, the inflaton field decays and transfers its energy into the
particles we know today from the standard model. This period is called reheating. All the particles
move relativistically, therefore this period is radiation dominated. This period is similar to what
formerly was known as the big bang.

Observationally, an important event was the decoupling of photons and charged particles at
around 380000 years after the big bang. The photons that have not scattered since this event
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form the CMB, which was detected in 1964 by Penzias and Wilson. A summary of the events is
given in table 1.1.

Table 1.1 — History of the inflationary universe. The events and numbers are taken from Baumann
[2009]

Time
Planck epoch? <1074 s
String scale? >1074 s
Grand Unification? ~ 10736 g
Inflation? >1073% s
Matter-Radiation equality 10 yrs
Last scattering 10°  yrs
Dark-Energy domination ~10°  yrs
Present 14 x 109 yrs

Eternal Inflation

It has been shown that for a wide range of inflationary models, an interesting phenomenon
emerges. When taking into account quantum effects during inflation, the inflaton field never
decays completely; there will always exist regions which are still inflating, leading to the concept
of eternal inflation. The majority of the universe exists of regions which are expanding at ever
faster rates, at densities which can exceed the Planck density. This is sometimes referred to as
spacetime foam. Furthermore, regions such as our own observable universe are created in which
inflation has ended. The set of these regions is known as the multiverse.

There are interesting consequences of this picture. For example, the so-called pocket universes
in which inflation has ended may have different vacua and therefore different properties of
particles and even different fundamental constants of nature. This fits well with the landscape
of vacua that iss predicted from string theory; eternal inflation provides a way to populate
these vacua. Furthermore this theory allows for a anthropic explanation of the properties of our
universe; we happen to live in a universe which is suitable for intelligent life.

On the other hand there are serious conceptual issues with eternal inflation. First of all, there
is no consistent global description of eternal inflation. Quantum effects, which are responsible for
eternal inflation, spoil the homogeneity of the universe which is one of the basic assumptions in
ordinary cosmology. For this reason another framework to describe the universe (or multiverse)
is required. Secondly, the quantum fluctuations carry energy and for this reason interact with
spacetime through the Einstein equations thereby altering the background solution. This is known
as back-reaction and problems associated with this will be discussed in chapter 6.

Two approaches which deal with these problems are investigated in this research. Stochastic
inflation treats the quantum fluctuations as classical but random fluctuations. This is discussed
in chapter 7. The second approach is based on the first law of thermodynamics, chapter 8. There
seems to be a deep link between gravity and thermodynamics and this might shed new light on
the aforementioned problems.



1.1 Brief History of the Universe

Before eternal inflation is investigated we review inflationary cosmology. In chapter 2 the
basics of cosmology are considered and we elaborate on the theory and observations that have
lead to the paradigm of inflation. Then in chapter 3 we see how inflation is realized by the
introduction of the inflaton field. Chapter 4 considers quantum fluctuations during inflation and
the relation of these quantum fluctuations with the CMB. Then eternal inflation is introduced
and the problems discussed in this research are stated.

Figure 1.1 — Impression of eternal inflation [Linde 2005]






CHAPTER 2

Inflationary Cosmology

In this chapter the theory and observations which are responsible for the widespread acceptance
of an inflationary period in the early universe will be briefly reviewed. This chapter mainly
follows the introduction on cosmology given in Carroll [2004] and the TAST lectures on inflation
by Baumann [2009].

2.1 Einstein Equations

Cosmology is concerned with describing the universe at large scales. For example an important
topic is the expansion of the universe. For a large part the language that is used to discuss such
topics is that of general relativity, which describes the relation between spacetime and energy.
Let us start by writing down the action from which the Einstein equations can be derived.

R

The first term of this action is the Hilbert action. By extremizing this action one obtains the
Einstein equations in vacuum. The second term is added to take matter into account. The Einstein
equations read:

Gl = RI — %553 = 8$rGT" (2.2)

On the left hand side is the Einstein tensor G¥, which is composed out of the the Ricci tensor
R! and the Ricci scalar R. All the terms on the left hand side are composed out of the metric
and its first and second derivatives, thus describing the geometry of spacetime.

The energy-momentum tensor 7T} appears on the right hand side. For convenience one index
is raised. The energy-momentum tensor is defined:

(2.3)

V=g 69"
The cosmological constant is included in the definition of the energy-momentum tensor. It can
be made explicit by writing

A
TH =TH — oM 2.4
v v,¢ StG Y ( )
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where T 6 denotes the EMT for the field content. In case there are no fields the EMT is
proportional to the cosmological constant which can be interpreted as the vacuum energy.

2.2 FRW Spacetime

The Einstein equations are a set of differential equations governing the evolution of the metric.
One can impose restrictions on the general form of the metric, for example by requiring to metric
to contain certain isometries. The general form of the metric describing our universe is restricted
by spatial homogeneity and isotropy on large scales. These restrictions are well motivated by
observational evidence. From observations of the Cosmic Microwave Background (CMB) we find
that typical temperature fluctuations 2= are of the order O(10~°) [Smoot et al. 1992], which
establishes the isotropy. It is also an indication of the homogeneity at the time of last scattering.
Density fluctuations would result in temperature fluctuations, therefore the universe at that time
was homogeneous. Moreover, large sky surveys measure the position of galaxies and clusters as
a function of red-shift. The result is that on scales > 100 Mpc, the universe is homogeneous. It
is assumed that this homogeneity holds for the entire visible universe.

The Friedman Robertson Walker (FRW) metric takes these spatial symmetries into account:

ds? = —dt* + a(t)? ( + r2d§22> (2.5)

1 — kr?
where dQ? = d#? + sin? 0d¢? is the metric on the unit 2-sphere. The spatial part of the metric
depends on an overall cosmic scale factor a(t). We choose the convention in which the scale factor
has the dimension of distance. The radial coordinate r is a comoving coordinate; to compute
physical distances, one needs to multiply this with the scale factor at the time of interest. In the
convention we have chosen this coordinate is unit-less. The dynamics of the scale factor is given
by the Einstein equations (2.2). k is the curvature parameter of spatial surfaces. It is normalized
by a redefinition of the scale factor such that the values are +1, 0 or —1 for closed, flat and open
universes.

Using this metric we can calculate the Christoffel symbols, the Riemann tensor and finally the
Ricci-tensor and Ricci-scalar which appear in the Einstein equations. The non-zero components
of the Ricci-tensor are:

G
Ry =3— 2.6
8 =32 (26)
. ok
Ri=%4on?4+ = (2.7)
a a
(no summation over 4 in the second equation). H = % is the Hubble constant. The Ricci-scalar
is:

R 6|:a a2:| ( 8)

The energy-momentum tensor of the universe is modelled as a perfect fluid. This means that
the only parameters are the energy density p and the isotropic pressure p.

T} = (p+ p)u'uy, + poy (2.9)
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In the rest frame of the fluid this becomes

T} = diag(—p, p, p,p) (2.10)

The (0,0) Einstein equation becomes:

k 8rG k
2 _ 2 _
This equation is known as the Friedmann equation. The (ii)-Einstein equation gives
. .. . ArC
22— L —saGp— S = H+ H = - (p+ 3p) (2.12)
a a a 3

This last equation is known as the Raychaudhuri equation. These two equations (together
sometimes denoted as the Friedmann equations) are essential in cosmology. They determine
the evolution of the scale factor, which tells us if the universe is expanding or contracting, and
at what rate. In the current model of the universe, ACDM, the universe is always expanding,
although the rate varies. We will discuss this in the next section.

2.3 Filling the Universe with Matter

The expansion of the universe depends on the energy content of the universe. We will show that
different types of energy sources depend differently on the scale factor, therefore resulting in a
different rate of expansion. Furthermore, we will find that there have been periods which were
dominated by a certain energy source, due to its different dependence on the scale factor.

The cosmologically relevant energy sources can be categorized into matter (M), radiation
(R) and vacuum energy (A). The distinction is based on relation between a components energy
density and the pressure it exerts in its rest frame. This relation is given by the equation of state.

Pi = Wip; (2.13)
where i runs over the different components. The equation of state parameter (w) for the different
components is found as follows.

Matter

Firstly, matter in this context is defined as being collision-less and non-relativistic. Therefore it
exerts no pressure and the equations of state parameter is zero. In the ACDM-model, the largest
contribution to this term comes from cold dark matter. The baryons contribute a less significant
part.

Radiation

For radiation we can determine the equation of state parameter by comparing the cosmological
energy momentum tensor for a perfect fluid and the energy momentum tensor for electromag-
netism. The latter is given by

1
THY F/U\FVA _ ZQMVF}\UF)\U (2.14)
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The trace of this equation is zero. On the other hand, the trace of the energy momentum tensor
for cosmological perfect fluid energy-momentum tensor equals T = —p + 3p. This results into
the equation of state parameter for radiation: wp = % At present, CMB photons make up this
energy density. The contribution from photons from the stars is negligible. When the universe
was more dense, also neutrino’s were considered radiation, and at the early universe most of the
matter was ultra-relativistic and therefore equivalent to radiation.

Dark Energy

Finally there is dark energy. This form of energy is characterized by a negative equation of
state. The microscopic nature of such a form of energy is still unclear. A possible candidate is
the cosmological constant or, equivalently, vacuum energy. A form of energy with a negative
equation of state is assumed to play the principal role in two different stages in the evolution of
the universe: during inflation and at present. The effect of a dark energy-dominated universe is
that the universe will expand at an accelerating rate. During inflation, this was per definition
the case. For the present epoch, the acceleration was quite recently observationally confirmed;
The 2011 Nobel prize was awarded to Saul Perlmutter, Brian P. Schmidt and Adam G. Riess for
this observation.

During inflation the negative equation of state parameter is could be generated by the inflaton
field. The details concerning this field are given in the next chapter. Usually it assumed that
during inflation there is period when the equation of state parameter is close to w = —1. In that
case the inflaton behaves as a cosmological constant. Spacetime can be described by a De Sitter
universe. In this case the scale factor grows exponentially with time.

Time Evolution

Using the Friedmann equations in combination with the equation of state we find how the energy
density for each component evolves as a function of the scale factor. Inserting the time-derivative

of the first Friedmann equation

. 4G .  k

into the second Friedman equation, we obtain the continuity equation.
p+3H(p+p) =0 (2.16)

This expression can also be found by setting the divergence of the time component of the energy-
momentum tensor to zero.

0=V, T = 8,T" + Th\ T’ = TpoT", = —p— 3H(p + p) (2.17)

Dividing the continuity equation by p, and using the equation of state we obtain:
Lo 301 +w)?
p a

Otlogp = —-3(1 +w)d;loga
p o a”30Fw) (2.18)
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Table 2.1 — Properties of single component universes

De Sitter inflation / WO ot
Vacuum energy

Radiation a=t /2
Matter a=® 33

Using this relation we construct table (2.1). The time dependence of the scale factor is found by
solving the Friedmann in the single component cases.

We see that for De Sitter inflation, the universe is expanding exponentially. It is common
to express the evolution of the universe in e-folds in this case. In one Hubble time, defined as
At = H™1, the scale factor increases by a factor e. The e-folds simply count the number of
Hubble times, or N = loga.

The ACDM model

It is common to write the Friedmann equation in terms of density parameters. First we write

the curvature term which appears in the Friedmann equation as a density term p; = —3mf)aﬁ27
such that Friedmann reads:
1
2= 3m2 (p+pK) = Wﬂcrit (2.19)
P P

When the universe is flat: pr = 0, such that p = pcit- We now define the density parameter by

Q= (2.20)

Pcrit

The Friedmann equation expressed in density parameters reads:

1=Q+Q (2.21)
Q=0 + Qp + O (2.22)

where €., Q,, and Q4 correspond to the density parameters of radiation matter and vacuum
energy. To find the dependence on the scale factor we need equation (2.18) and notice that:
H2
Pcrit = pcrit,OFOQ (223)

The scale factor dependence is given as follows:

N2/ g\ 3+e:)
Q;, =Q; —_— — 2.24

Since pp o< =2 it has effectively an equation of state parameter wj, = —1/3; sometimes referred
to as dark fluid. The dependence is given by:

—2
aH
Q=0 e 2.25

b k.0 (aoH()) ( )
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This can also easily found using equation (2.20):

k

Q) = — 2.26
k (aH)? ( )

The parameters of the ACDM model are approximately
Q0=8x10"°  Q,0=027  Qo~0.72 (2.27)

A subscript 0 means in this case the value at present epoch. Using a combination of astronomical
observations we find the curvature parameter today [Hinshaw et al. 2012]:

Qk.0 = —0.002775-0039 (2.28)

Hot Big Bang Picture

With these parameters at hand and the Friedmann equation, one can obtain an overall history
of the universe in standard (non-inflationary) cosmology. In this picture the universe starts out

Table 2.2 — Important epochs in standard cosmology. The scale factor is normalized to 1 at present.

a; = 0 Initial singularity

aym = 3.0x107% Radiation-Matter equality

amp = 0.72 Matter-Vacuum energy equality
ag = 1 Present

radiation dominated and becomes matter dominated after some time. At present, there is a large
contribution coming from dark energy. Note that the current density parameters do not imply
an early stage of inflation.

In section 2.5 we will discuss some problems with this picture. Will argue that a separate
mechanism for inflation has to be added.

We would like remark that we can set the flat space approximation throughout in this picture.
At present, the curvature parameter does not contribute significantly to the total energy density.
The fraction of the curvature density parameter over the density parameter as a function of scale
factor is:

Qk: Qk: 0 a 1+3w
ko 2ko0 (O O~ 9.2
O 0 (ao> = (2.29)

This means the contribution of the curvature term has only been smaller at earlier times so that
we can safely use the approximation.

2.4 Causal Structure

In this paragraph we discuss some basics regarding the causal structure of the universe. This will
particularly useful for the next section, in which we will see that the causal structure of standard
cosmology leads to unnatural initial conditions, which can be solved by a period of inflation.

10
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Conformal time

The causal structure of the universe is determined by the propagation of light. For clarity, we
consider only radial propagation.

ds? = —dt* + a(t)?dr? =0 (2.30)
The trajectory of light in comoving coordinates is then given by:
1
dr =+-dt (2.31)
a

It can be convenient to eliminate the factor a~! in this last equation. For example, the scale
factor will behave differently for the different epochs of the universe. We do not have to take
this into account if the scale factor is embedded into the definition of time. We can do this by
introducing conformal time:

1
dr = ~dt (2.32)

The metric becomes ds? = a(7)? (—d72 —|—dr2) which is conformally related to Minkowski
spacetime. To find the amount of conformal time that has past since some initial time we

integrate:

t dt/ 5
AT(t) = Ar = — .
i =ar= [ 5 (2.33)

The conformal time is equal to the comoving distance light has travelled.

i

Horizons

We will distinguish between three types of horizons: the event horizon, the apparent horizon or
Hubble radius, and the particle horizon.

First let us take a closer look at the Hubble parameter. The value today is [Hinshaw et al.
2012]

Hy = (69.33 4 0.88) km s™! Mpc™* (2.34)

This says that an object at a fixed comoving distance, but at a physical distance 1 Mpc, will
move away from us with ~ 70km s~!. We can calculate the distance at which an object would
move away from us with the speed of light using Hubble’s law. This gives the present Hubble
radius:

aor = Hy' ~ 14 Gyr (2.35)

If the Hubble parameter does not change, any object that is further away than the Hubble radius
cannot send signals which would arrive at the observer, since light that is send in the observers
direction is moving away from him/her. In this case of a constant Hubble parameter, the Hubble
radius would correspond to an event horizon.

An event horizon defines the set of points from which signals send at a given time will never
be observed by an observer in the future.

11



Chapter 2: Inflationary Cosmology

However, in physical cosmology, the Hubble constant is changing as a function of time. In order
to evaluate the event horizon, one needs to know the entire evolution of the Hubble parameter.
For the radiation and matter dominated universe the Hubble radius increases, so all points can
reach an observer eventually which means there is no event horizon. On the other hand, if the
universe becomes vacuum energy dominated in the future there will be a finite event horizon.
For an inflationary De Sitter phase which lasts forever there is similarly a finite event horizon.

A quantity that will be used frequently in the context of inflation is the comoving Hubble
radius. It can be found by generalizing equation (2.35):

1

- (2.36)

TH
This horizon is defined locally. When an event occurs outside this horizon, it appears to be out
of causal contact with the observer. However, it might have been in causal contact in the past or
will be in the future. Therefore, this horizon is also known as the comoving apparent horizon. In
standard cosmology, at least for the radiation and matter epochs, the comoving Hubble radius
increases as a function of time, while during inflation it decreases.
The last horizon we discuss is the particle horizon. This horizon is defined as the maximum
distance light can have travelled since the big bang. This is given by equation (2.33) with the
initial singularity as lower limit.

t dtl

t; @

(2.37)

Tpart. hor =

The particle horizon is equal to conformal time. rpart. hor = 7 — T;.
It is possible to express the particle horizon as an integral over the comoving Hubble radius

_ /t(it/ B /adial _ /a da/ _ /adlo , 1
T oa Jg dd ), H(a@)? 8 H

The behaviour of this quantity is at the heart of both problems.

(2.38)

Table 2.3 — Comoving Hubble radius and particle horizon for single component universes

De Sitter inflation a=! 7 —a~!
Radiation a a
Matter al/? 2q1/2

2.5 Big Bang Puzzles

In the standard big bang picture summarized by table (2.2), the universe starts out radiation
dominated. However, there are many puzzles associated with this picture, see for example Linde
[Linde 2005], for a list of issues. Two major issues with this picture are the flatness and horizon
puzzles. These problems are the reason to amend the conventional big bang picture with a
preliminary period of inflation.

12



2.5 Big Bang Puzzles

These two problems can both be explained by noticing that in the hot big bang picture, the
comoving Hubble radius monotonically increases as a function of the scale factor. We already
argued we can use the flat space approximation. The scale factor dependence of the comoving
Hubble radius is:

(2.39)

0\ 1/201480)
ag

(aH)™' = (agHp)™* (

We see that for a radiation and matter dominated universe, this quantity evolves as a and a'/?
respectively. We will show how this translates into the flatness and horizon problem. In the
following we will disregard the contribution from vacuum energy which became important only
recently.

Flatness problem

The flatness problem is of a fine tuning nature. It is a priori not to be expected that the initial
density parameter (dominated by radiation) is approximately equal to the critical density. That
is, there is no reason to expect the universe started out being very close to spatially flat.

The curvature parameter is given by equation (2.26). We can rewrite this equation as:

o |k/’| - aoH() 2
|| = @l ol { =5 (2.40)

We see that the curvature evolves as the square of the comoving Hubble radius. Since the
comoving horizon increases as as a function of the scale factor, so does any deviation from
flatness. This implicates that initially, the universe must have been extremely flat in order to
comply with the current value of the curvature density parameter.

For example at the Planck-time, the degree of flatness has to be fine-tuned to an extremely
small value. Any deviation from this small value would imply a dramatic change of the universe
today. As somewhat larger initial curvature parameter would rapidly lead to a big crunch or
big rip. To quantify to what degree the initial curvature parameter has to be fine-tuned let us
calculate the curvature parameter at the Planck time, t,;.

The curvature parameter increases o a2, and a during the radiation and matter dominated
epoch. The curvature today is related to the curvature at the Planck time according to:

2
0 )2 Tng, o
RO _ ( ag ) (a ) ~ (1 + ) L{Pgl (2.41)
Qk-,pl Qrm Qpl Trmg*,/rm

~ 107 (2.42)

Where we have used 1 + 2y, = 3200, T}y, = 0.75 eV, T}, = 10'® GeV. g, denotes the effective
number of degrees of freedom contributing to entropy which is g, ,m = 3.9 for radiation matter
equality. When we assume a minimal super-symmetric model g, ;1 ~ 200. [Komatsu et al. 2009].

This requires the flatness of the universe at ¢,; to be |Q pi| ~ 10799 or smaller. Any deviation
of this value would have had huge consequences for our present universe.

13



Chapter 2: Inflationary Cosmology

Horizon problem

The horizon problem is concerned with the observation that the CMB is quite homogeneous.
The average temperature fluctuations observed in the CMB are [Smoot et al. 1992]:

<<5$>2> ~107° (2.43)

We will show that in the hot big bang picture, the last scattering surface exist of many causally
disconnected regions. Therefore these regions cannot have established a thermal equilibrium, and
make the homogeneity seem very peculiar.

The comoving distance to an event is given by equation (2.33). In table (2.3) we see that
for radiation and matter, the comoving distance is proportional to the comoving Hubble radius.
Since last scattering occurred when the universe was relatively young and the scale factor has
increased quite a lot since that time, the comoving distance to this surface is relatively large;
almost the size of the observable universe.

On the other hand, the comoving particle horizon at last scattering, which is also given by
(2.33), but with ¢; = 0, is much smaller. This means that when we look at the CMB, this surface
encompasses many regions of the particle horizon at last scattering, leaving us with the question
why we observe such an isotropic CMB.

To quantify the problem let us calculate how many independent particle sized regions fit
within the current last scattering surface. This will also be useful to give a lower bound on the
period of inflation.

We assume the universe has been radiation dominated in the period from last scattering until
now. The present comoving distance to the last scattering surface becomes:

1/2
Ar =2H; gt [1 - <‘;’5> ] ~ 2H; lag? (2.44)
0

Compare this to the particle horizon at last scattering. We assume the universe was completely
radiation dominated before radiation matter equality, and completely matter dominated until
last scattering:

a 1/2 a 1/2
Tis = Hppapy +2H lag?! Kl> - ( ””) ]
ao ao

1/2 1/2 1/2
1771 [ Grm als —17—1 1 Trm
= H, 2 —1| = Hy " ———— |2 -1
%0 0 ( ag ) [ (arm) ‘| %o 0 V31+zem ( Tis ) ]

~ 0.06H; 'ay* (2.45)

We can estimate how many particle horizon sized volumes fit within the volume enclosed by
the last scattering surface. From the previous results, we find (ﬁ)g ~ 10°.
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2.6 Inflation as a Solution

Comoving Hubble Radius

Before we move on to the inflation solution, let us make a remark about the flat space
approximation. As was explained in the section on the flatness problem, it would be more natural
if the initial conditions for the universe would allow for any curvature instead of an extremely
fine-tuned flat universe. When we allow for any initial curvature we cannot at first sight use
the approximation as made in equation (2.29) for the total energy density. However, it has been
shown that for any curvature an inflationary phase will commence eventually [Damianos 2011].
Once exponential expansion is established, the curvature parameter becomes small within a few
e-folds. So onwards from this point we can use the flat space approximation.

In the problems of the big bang we used that the comoving Hubble radius was always
increasing. However, we will find that a decreasing comoving Hubble radius could solve both
of the problems. From equation (2.39) we see that this is the case for w < —%. As was discussed
in section 2.3 we can think of inflation as a period in a De Sitter universe such that w = —1. In
this way, the expansion is exponential, and the Hubble horizon decreases exponentially:

3
(aH)™' = Va_l oc e Hit (2.46)
0

Flatness Problem

Since the comoving Hubble radius is decreasing during inflation, we can see from equation (2.40)
that the curvature parameter is driven to flatness. The flatness problem is solved if the period of
inflation lasts long enough. This gives a lower bound on the number of e-folds which we will now
calculate. Will will assume the curvature parameter is of order one at the beginning of inflation
[ toegin)| ~ O(1).

During inflation, the comoving Hubble radius is decreasing. The curvature evolves as the

square of the Hubble radius and decreases o< a 2.

2 -2
Qk,O _ < aop ) <arm) < QAend ) (2 47)
Qk:,begin Arm Gend (begin
1/3 \ 2
Tendg*ycnd> 672N

= (1+ 2m)
T /3

rmYx,rm

(2.48)

If we estimate the temperature at the end of inflation to be Tong =~ 1 TeV, giend = Gu.pls

| pegin] = 1, [Qr0] = 0.01 and using the same values as for the case without inflation we
obtain:
Tcndgi/e?;d 1 1 Qk begin
Nmin = 10g (rnl‘gi/r?;n + 5 log(l + Zrm) + 5 10g T’O (249)
— 36 (2.50)

15



Chapter 2: Inflationary Cosmology

Horizon Problem

A period of inflation does not change the comoving distance to the last scattering surface. This
remains Ar = 2(agHy) ™. However, a decreasing comoving Horizon changes the particle horizon.

Since comoving Hubble radius increases during inflation, it can be arbitrary large initially for
a long enough period of inflation. The particle horizon is a logarithmic integral over the Hubble
radius, and gets it main contribution from the initial Hubble radius. The horizon problem is
solved if the entire last scattering surface has been in causal contact, or Ar < Tyegin, Where Tyegin
corresponds to the particle horizon at the beginning of inflation. It is approximately equal to the
maximum comoving Hubble radius.

We will now determine the lower bound on the number of e-folds that is imposed by the
solution to the horizon problem.

aCl’l — acn -
Thegin = (H1ena) ' —2 = (Hrag) ' =22 eN > 2(apHo) ™ (2.51)
Gbegin ag
Hy ao, H T,
eN > fimd g L -0 (2.52)
Ho ao Tendg*,end Ho
1/3
TQ Tcndg* end
= N > ~log 2 — log ———=end 4 1559 2.53
e, e, g (2.53)
2 70 (2.54)

In this approximation, the H; and T¢,q should not be different up to many orders. So if inflation
lasted for approximately 70 e-folds, we can explain the current isotropy of the CMB. It ensures
our local Hubble patch is approximately homogeneous. If inflation lasted longer, a larger region
will be nearly homogeneous, although outside this region the universe could be inhomogeneous.

These estimates of the minimal number of required e-folds are quite sketchy, however they
are introduced to convince the reader that the mechanism of inflation works really well in order
to solve the big bang problems.
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CHAPTER 3

Inflation

A solution to the problems of the big bang scenario mentioned in the last chapter is an early
stage of accelerated expansion, called inflation. This idea was pioneered by Alexei Starobinsky,
Alan Guth and others at the end of the seventies. In this chapter we show how to implement
the mechanism of inflation by means of the introduction of the classical inflaton field. Quantum
effects will be discussed in the next chapter. The main reference for this chapter is the set of
lecture notes from Baumann [2009].

3.1 The Classical Inflaton Field

In general relativity the curvature of spacetime is related to the energy and momenta of the
system under consideration. In cosmology the system under consideration is the universe and
the energies and momenta in principle belong to a set of quantum fields which should describe
all the particles that exist in nature. At present, the field content as we understand it from the
standard model is unable to explain the evolution of the universe or more specifically a period of
inflation. To illustrate the discrepancy, recall that the energy density of particles we understand
from the standard model only make up ~ 4% of the present energy density of the universe. For
this reason, either the laws of cosmology are incomplete or we need to find this missing energy
content (or a combination of both). The inflaton field is one of such fields which is introduced to
explain inflation without the necessity of changing Einstein gravity.

This approach has been very effective so far. It is possible to come up with many models
that give rise to an early period of inflation and provide a dynamical way to stop this process
and let the universe proceed with its evolution known from standard cosmology. Furthermore,
a particular nice property of this approach is that it can explain the origin of CMB density
fluctuations and moreover predicts the power spectrum of the fluctuations. This will be discussed
in the next chapter.

In the simplest model a classical homogeneous scalar field ¢ = ¢(t) is introduced into the
action, the inflaton field. The properties of the scalar potential determine how inflation evolves.

17



Chapter 3: Inflation

The classical action of a scalar field minimally coupled to gravity is:
S¢ = /d4x V—9L¢ (3.1)
1
Ly =—5(Vo)* ~V(9) (3:2)
The energy momentum tensor for the scalar field is (see e.g. Carroll [2004]).

Ty = VudViud + guly (3.3)

Since we consider only the homogeneous case, ¢ = ¢(t) the inflaton can be considered as a perfect
fluid with the following energy density and pressure:

p= 5P+ V() (3.4)
p= 36 V() (35)
The equation of state is _
w="2= w (3.6)
P *+V(p)

We can write down the Friedmann equation for this field. We can assume the universe is flat,
k = 0; In the last chapter we have seen that inflation drives a generally curved universe to flatness.
We will assume that the curvature becomes negligible within a few e-folds. The Friedmann
equations become:

H? = 3;2 <V<¢) " ;a’s?) (3.7)

Cemi= (Vo) - ) (3.8)

For later reference we write down the derivative of the Hubble parameter:

. 1 1 1.
H=—5(p+p) =—5o(1+w) = —m(f (3.9)

Equation of Motion

Besides the Einstein equations the fields satisfies the Klein-Gordon equation in a curved
background. This equation is determined by the Euler-Lagrange equation:
0Ly 0Ly . .
0=V ="U¢+Vy=0+3Ho+V, 3.10
Iz a(V,qu) a¢ ¢ ¢ ( )
This equation of motion is that of an harmonic oscillator with damping factor 3H. This factor
does not appear in the flat spacetime Klein Gordon equation. For large values of H, the field will
rapidly decay and stop oscillating. We will discuss important consequences of this behaviour in
chapter 4.

LOne does not have to impose the equation separately from the Einstein equations. The Bianchi identities of
the Einstein tensor imply a covariantly conserved energy momentum tensor. Reparametrization invariance of the
matter action then implies that the equations of motion hold. See [Mukhanov and Winitzki 2007] p62.
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3.2 Slow-Roll Inflation

A period of an accelerating expansion (w < —1/3) can in principle solve the big bang problems.
However in order to have a long enough period of acceleration it is most efficient to have a period
of (quasi-)exponential expansion. This is realized when the field has the equation of state similar
to the cosmological constant (w = —1). In the limiting case:

1 A

H2= "~ Vy==
07 3m2 " 3

(3.11)
Such a universe, where the energy content is effectively given by a positive cosmological constant

is known as a De Sitter universe. This type of space-time has other interesting properties, some

of which we will discuss in chapter 8. Since Hy = % is constant this means a(t) = agello?
i.e. exponential expansion. Since the universe is quickly driven to flatness we use the flat-space

(k = 0) FRW metric:
ds® = —dt* + a®(t) (dr® + r?dQ?) (3.12)

To realize such an phase in a physical model we introduce a potential which includes a slow-roll
regime. An example of such a potential is given in figure 3.1.

Pend reheating -

Figure 3.1 — Example of an inflaton potential with a slow-roll regime. As long as the position of
the field is in the slow-rolling regime the expansion is (quasi-)exponential. Inflation ends when the
universe is no longer in the slow-roll regime. It will roll down the potential and transfer its energy
to other fields, reheating the universe in the process. Picture adapted from [Baumann 2009]

Two properties characterize the slow-roll approximation. Firstly, the equation-of-state
parameter is close to the De Sitter limit w = —1. Secondly, it must retain that value for a
long enough period to fulfil the requirements necessary to solve the big bang puzzles.

From equation (3.6) one can see that if the potential term dominates over the kinetic term
the eos-parameter approximates the De Sitter limit. The second requirement can be realized
when the kinetic term increases slow enough compared to the potential term. These states can
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Chapter 3: Inflation

be made more exact by introducing the slow-roll parameters:

3 3¢ 1 ¢ H

I TS R (3.13)
__ 9

n= 73 (3.14)

Using equation (3.9) we have written € in different forms which are common in the literature.

Slow-roll inflation is defined by the approximation that these parameters are small?> The smallness

of € is directly related to the equation of state parameter approximating the De Sitter limit

w ~ —1, and the small n parameter guarantees that the kinetic contribution changes only slowly.
The slow-roll parameters can also be expressed in terms of the potential:

€p = %‘2’ (‘;b)z 1o = m? Vij“’ (3.15)
During slow roll these definitions are related as follows:
ER €y NRIy € (3.16)
The Friedmann equation becomes
= 377{% <v+ ;q's?) - &Vrﬂ (1+9) (3.17)
The equation of motion becomes:
SH(1 - ~n) =~V (3.18)

3

During slow-roll inflation terms all terms first order in slow-roll parameters are dropped:

1

H? = —
3m2

(¢), 3Ho=-V, (3.19)
The spacetime given by the above equations, or keeping leading order terms in the slow-roll
parameters, is known as quasi De Sitter spacetime.

In quasi De Sitter we allow the Hubble constant to vary slowly. This can be realized by
setting:

a(t) oc e HH®) (3.20)
It is often useful to work in conformal time. A quantity that will frequently be used is the
conformal Hubble parameter.

Hir) =2 =aH (3.21)

a
a

2In large field models such as chaotic inflation, a small parameter e requires super-Planck values of the field
(¢ > mp). On the other hand, the potential energy can be kept below Planck scale when coupling constants are
small, which agrees with experiment. See however the chapter on eternal inflation
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The slow-roll parameter in terms of this quantity is

Hl

If we assume the parameter € is constant we can solve this differential equation: H = —ﬁ.
We can set the constant to zero, by rescaling the conformal time.
1
H= -7+ 3.23
(1—e)r (3.23)

3.3 Models of Inflation

In the literature there exist many models of inflation. In this thesis we most of the considerations
only assume there is a slow-roll regime regardless of the exact shape of the potential. However
sometimes we will use a specific model. We will consider only single field models. Most of the
models can be categorized according to whether the distance A¢ = @emp — Peng 1S large or
small. @cnp, is the value of the inflaton field at the time at which the quantum fluctuations were
generated which later re-enter the horizon during last scattering, see next chapter. This distance
corresponds to at approximately 60 e-folds of inflation.

In large field models, the field changes quite a lot A¢ > m, during this time and the
opposite for small field models.This division is useful because in contrast to small field models,
gravitational waves are significantly produces in large field models, which would leave a detectable
signature in the CMB.

An example of a small field model is given in figure 3.1. A more general form of the potential
is

B m? 5 v A,y
V(¢)—Vo+7¢ +§¢5+Z¢ +... (3.24)

As an example of a large field model we consider chaotic inflation, which has a potential of the
form

V ~cp™ (3.25)

where ¢ is a small coupling constant. An example of such a potential is given in figure 5.1. In
these models the initial value of the field is somewhere high up the hill. To motivate this we
can invoke Heisenberg’s uncertainty principle: after a Planck-time since the initial singularity
of the universe, the uncertainty in the energy(-density) is of the order V ~ m%, such that an
initial potential energy of < m% is not unlikely. In that case the potential (3.25) implies that the
field can have super-Planckian values, since the coupling constant is small. Note that the energy
density is still below the Planck energy.

It could be confusing that the potential does not look ‘slow-roll’ for high values of the field
such that H? does not appear to be constant. However € indeed goes to zero for large values of
the field. This is most easily seen from the potential slow-roll parameter ¢,, eqn. (3.15) which
for a potential of the form (3.25) goes as €, oc ¢ 2. Therefore the field indeed is slowly rolling
for high values of the field.

New observational results by the PLANCK satellite have put restrictions on the models of
inflation. The results are summarized in figure 3.2. For example it has been found that chaotic
models where V' ~ ¢", for n > 3 are not good fits to the observations.
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Figure 3.2 — Constraints on inflationary models according to the most recent PLANCK data [Ade
et al. 2013].
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CHAPTER 4

Including perturbations

One of the major achievements of inflation is that it provides an explanation for the observed
density fluctuations in the CMB radiation. In this chapter we investigate this relation.
Conceptually the CMB anisotropies are related to inflationary quantum fluctuations as follows.

1. We express quantum fluctuations which are created during inflation in a gauge invariant
way through the curvature perturbation R.

2. The amplitudes for modes that exceed the Hubble scale become classical and do not evolve
in time.

3. When inflation ends! the curvature perturbations re-enter the horizon and appear as density
fluctuations which are converted into the anisotropies of the CMB.

The goal of this chapter is to analyse these steps. The main articles that were used for this
chapter are [Baumann 2009] and [Riotto 2002].

4.1 CMB Statistics

To relate the inflationary quantum fluctuations to the CMB observations we use statistics on the
CMB data. An important statistical measure is the power spectrum, i.e. the amount of power
per frequency interval. In the end we will be able to compare the observed power spectrum to
the calculated power spectrum of inflationary fluctuations. If the CMB fluctuations are Gaussian
random all statistical information is encoded the power spectrum. If not, then non-Gaussianities
have to be taken into account. Current WMAP results indicate the non-Gaussianity is small such
that we will disregard them for the present discussion.

In brief the CMB data is related to curvature perturbations as follows, see e.g. [Baumann
2009] for details. First the CMB is expanded in spherical harmonics. The multipole moments
can be combined into an angular invariant power spectrum (as a function of frequency k). After

IHere one can make the following remark. In the transition period from inflation to radiation domination the
universe goes through a phase of reheating which is not well understood. However, since the perturbations are
super-horizon, local physics cannot have effected the perturbations. This is convenient because we can ignore the
unclear process of reheating for our analysis.
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applying a transfer function to account for sub-horizon evolution we can relate this spectrum to
the power spectrum of curvature perturbations R. The power spectrum Pg (k) is defined from:

(RiRi) = (27)3Pr(k)6(k + k') (4.1)

The () means ensemble average. We will later identify this ensemble average with the
vacuum expectation value inflationary quantum fluctuations. A useful related quantity is the
dimensionless power spectrum:

k‘3

A% (k) = ﬁPR(

k) (4.2)

From the Gaussian distribution function we can find for the two-point correlation function:

(R(X)R(y)) = / g;k?)eik'@wpﬂ(k) = / dlnke®xYIAZ (4.3)

Scale Invariance

The power spectrum for fluctuations is found to nearly scale invariant. Scale invariance is defined
such that

(FOx)f(Ay)) = (F(x)f(y)) (4.4)
From equation (4.3) we can deduce what it means for a power spectrum to be scale invariant.
PPk
O SO) = [ e = Pk (4.5)

Bk 1 ik k
_ ik (x—y) i
/ S P, ( A) (4.6)

Where we passed to coordinates k = Ak. For this to be equal to (f(x)f(y)) we need:

1 k
pr <>\> = Ps(k) = P; x k™3, or equivalently, A? o constant (4.7)
WMAP data shows that at large scales (low multipoles) the dimensionless power spectrum is
indeed close to being scale invariant. The departure of this scale invariance is given by the scalar
spectrum index:

B dlnA%2
" dlnk

Ng — (4.8)
where ng = 1 corresponds to scale invariance. The latest analysis of the WMAP data yields
the value for the scalar spectrum index ns = 0.971 £ 0.010 [Hinshaw et al. 2012]. This nearly
scale invariant spectrum was already predicted by Zel’Dovitch before the invention of inflation in
order to explain the structure formation. However there was no mechanism to explain the scale
invariance until the idea of inflation came about.

We will show later that inflation predicts this nearly scale invariant spectrum.
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4.2 Linear Perturbation Theory

We know from observation that the typical amplitude of the CMB fluctuations is small
(O(~ 1077)). If the CMB fluctuations are to originate from inflationary fluctuations then these
fluctuations are necessarily small as they leave the horizon. It will be shown later that fluctuations
are small compared to the average value of the field even in early stages of inflation? Because the
fluctuations are small linear perturbation theory approximates the full theory to high precision.
During inflation the only degrees of freedom are the metric and the inflaton field. We can
decompose these degrees of freedom into a homogeneous part plus a small perturbation.

guv(ta X) = g,ul/(t) + 59;“/ (ta X)a (49)

o(t,x) = ¢(t) + 0p(t,x) (4.10)

The field and the metric are related through the Einstein equations. Since in general relativity
we are free to choose a coordinate system we need to make sure the perturbations are physical
and not a consequence of our gauge choice. First we will decompose the metric perturbations in
a convenient way in order to single out the relevant degrees of freedom during inflation. Then
we will show how to treat this in a gauge invariant way.

ADM formalism

The metric is a 4 x 4 symmetric object and hence consists of 10 components. Not all of these
correspond to dynamic degrees of freedom. Reparametrization invariance of general relativity
eliminates four of the components which are not degrees of freedom and in turn gives four
constraint equations. An example of how reparametrization invariance leads to a constraint
equation is given in appendix A. This separation into dynamic and constraint equations is most
clearly seen in the Arnowitt-Deser-Misner (ADM) formalism?.

We will make use of this formalism in section 4.3 to find the Mukhanov equation which will
be useful when we quantize the perturbations. In this formalism the 4-geometry is determined
using a variational principle which gives the path between 3-geometries at the endpoints. The
four-dimensional metric will be decomposed in a spatial metric and lapse and shift functions
which relate two infinitesimally separated 3-geometries.

_ [~N?4+ NyNk N, w  [—1/N? Ni/N? (411)
v = N; hy) 7 T \Wi/N? hid - NiNi/N? '

Here N and N; represent the lapse and shift functions. In section 4.3 we write the Einstein-
Hilbert action in a form in which N and N; appear as Lagrangian multipliers. This allows us
to split the Einstein equations into dynamical degrees of freedom and constraint equations as
explained in appendix A.

2although the these fluctuations can be of major importance for the global dynamics of the universe, see the
chapter on eternal inflation. Furthermore we will discuss the effect of the fluctuations on the background geometry
in chapter 6.

3QOriginally the ADM formalism was developed in order to obtain a Hamiltonian version of general relativity.
This formalism has interesting applications, for example in order to canonically quantize gravity. It is also
important for quantum cosmology e.g. the Wheeler-De Witt equation (Schrodinger equation for the universe)
can be obtained.
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SVT decomposition

We will now decompose this metric into a background metric plus small perturbations. First we
write the metric perturbations as spatial scalars, vectors and tensors:

R A B (P ) B CEE)
Note that ® and B; are related to the lapse and shift functions N and N*. The spatial metric is
given by d;;.

It will be convenient to further decompose this into helicity scalar, vector and tensor
perturbations, known as the SVT decomposition. This will be a simplification because the
different types of helicity spinors can be treated separately. The helicity depends on the
transformation property of a rotation around the Fourier vector k in the helicity basis. We
define helicity scalars, vectors and tensors by having helicity 0, +1 and 4+2. To avoid confusion
we denote the spatial vector and tensors with a prefix ‘3-’. Because of translational and rotational
symmetry of the homogeneous background it can be shown that the helicity scalars, vectors and
tensors evolve independently, see Baumann [2009] for a proof.

The decomposition is as follows.

e A 3-scalar is also a helicity scalar such that @ is a helicity scalar.

e According to Helmholtz’ theorem a 3-vector can be decomposed into divergence of a scalar
and a divergence-less vector:

The covariant derivatives denoted with a bar are with respect to the spatial metric d;;, and
equal Roman indices are summed over. It can be shown that S; is a helicity vector.

e The symmetric 3-tensor can be decomposed as follows.
Oij = 72\1151‘]‘ + 2E|ij + F(i|j) + Hij, Fi\i =0, Hij|i =H;=0 (414)
¥ and E are scalars, F; is a vector and H;; a tensor.

The metric perturbations are given by 10 parameters. There are four scalars: &, ¥, B and
E, four vector components: F; and S; and two tensor components: H;;. We will not discuss
the vector perturbations, which will not be created during inflation. The tensor degrees of
freedom correspond to gravitational waves, which we will also not discuss. The lapse function
corresponds to one helicity scalar component and the shift 3-vector decomposes into 2 helicity-
vector components and a scalar. These components result in constraint equations and do not
contribute to dynamical degrees of freedom. In total we end up with 2 scalar, 2 vector and 2
tensor degrees of freedom.

The most general form of the metric which includes scalar perturbations is:

ds® = —(1 4 2®)dt* + 2aB);dz'dt + a® [(1 — 2¥)6;; + 2E);;] da’da’ (4.15)
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4.2 Linear Perturbation Theory

Gauge Invariance

The scalar perturbations are not invariant under gauge transformations. Consider the following
infinitesimal gauge transformations

t—t+a, ' =a2"+ 678 (4.16)

% is the inverse spatial metric. Note that the spatial metric d;; does not include the scale factor.
For later usage we define 9' f = §9;.

We find how the perturbations transform under these transformations by setting ds?= ds?
where we only keep terms up to first order in the infinitesimal parameters o and 3, and the
metric perturbations. This leads to

b —P—a (4.17)

V- ¥+ Ha (4.18)

B—B+ala—ap (4.19)

EFE—-FE-p (4.20)

Using that the field ¢(t,x) transforms as a scalar we find the transformation rule for the inflaton
perturbation:

¢ (&) = () = p(a*) = do(l) + 66 = Po(t) + doa + 3¢ = po(t) + 6¢ (4.21)

8¢ — 8¢ = 8¢ — g (4.22)

By simple substitution one can check that the following quantity is invariant under transformation
(4.16). This quantity is known as the curvature perturbation:

R=1+ Z&z) (4.23)

Perturbed Einstein Equations

The general metric for scalar perturbations (4.15) consists of four scalar parameters of which
there are only two degrees of freedom. Using a gauge transformation we can set 2 parameters to
zero. A convenient gauge we will prove to be Newtonian gauge: B = E = 0.

G — <—(132¢>) - _02\11)%) L g (—(1:;2@) - _()2\1,)51-]-) (4.24)

The Einstein tensor becomes

5G0 = 6H (H<I> + \1/) 247 26M9, 0,0 (4.25)
5G0 = —20; (ch + \1/) (4.26)
5 = 2429 (th + \11) (4.27)
3G = & (6H(H<1> )+ AHD + 2H® + 20 + a~25"9,0,(® — \p)) (4.28)

—a 20'0;(® — V) (4.29)
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Chapter 4: Including perturbations

From its definition we find the perturbed energy-momentum tensor.

ST§ =BG — podd — V.p0 (4.30)
0T = —odide (4.31)
6Ty = a=20"6¢ (4.32)
5T} = 8 (006 — DY} — V.400) (4.33)

Since the off-diagonal terms of Tj’ are zero, the same must hold for the off-diagonal terms of G;
Therefore we find ® = V¥, in this gauge. Later on, we will need the Einstein equations in this
gauge so we give them here:

SH(H® + $) — 025 = :TZ (q)q'sg — b — V,¢5¢) (4.34)
P
) A .
d; <H<I> n <1>) =z (¢05¢) (4.35)
&+ 3H(H® + &) + HO + 20D = :TZ ((bo&zﬁ — B¢ - m(s(p) (4.36)
P

4.3 Mukhanov-Sazaki Action

Now that we have found a gauge invariant parameter, R, which we can use to describe the
fluctuations we want to quantize this field. For this we need to find the action up to second order
in perturbations. Note that the first order action leads to the equation of motion by the Euler
Lagrange equation. The resulting action will be of the form of a simple harmonic oscillator, i.e. a
free field with an effective mass term, which is well studied and therefore insightful for the study
of cosmological perturbations. The literature used for this derivation can be found in [Maldacena
2003], [Baumann 2009], [Lim 2012] and [Misner et al. 1973]. We start from the Hilbert action
plus the action for a single field inflaton field:

S = % / dizy/g (<4>R — (Ve)? — 2V) (4.37)

We set m, = 1 throughout this section. The second order action can be obtained most easily
with the use of the ADM formalism. In this formalism physical degrees of freedom are singled
out and subjective to constraint equations, as explained in section 4.2. This approach yields a
computational simplification. The reason is that the lapse and shift functions of the ADM metric
(4.11) appear as Lagrangian multipliers in the action. The terms which include the multipliers
only have to be calculated up to first order.

One of the basic features of the ADM formalism is that the time and spatial components of
the geometry are decomposed. The Ricci scalar corresponding to the four-geometry will be split
into a three-geometry part and other terms. We can write the (YR terms of ()R and extrinsic
curvature by the Gauss-Codazzi equations. First we expand

@R =W g 4 2R, L WRY = 2WRn, L@ R (4.38)
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4.3 Mukhanov-Sazaki Action

The Gauss Codazzi equations read:

WRm =R+ K K™ — Ky K™ (4.39)
WR™ 1 = Kijik — K (4.40)

The extrinsic curvature K;; is given by:

1 .
Kij = 5z [his = 2Ny | (4.41)
Raising the indices with metric (4.11):
@RV = K? - K" K’, +®' R (4.42)

Here, K is the trace K!. The (4)Rmm is not so easily determined by the Codazzi Gauss equations.
However it can be shown that this term can be written as a total derivative:

WRpn. = =2V, (Kn* —a"), a" =nt n" (4.43)

v

We are only interested in deriving the equation of motion for the field. This allows us to disregard
boundary terms in the action.

1 - .
Sgeom = 5 / dt d*z VAN (E2 - E jEJi) (4.44)
Where E;; = NK;;. Using the metric (4.11) we find for the matter term.

Ly = —%g“”amaud) - V(o) (4.45)

—_

=5 (N2(0 = N'0,0)* — n0:60,0) — V(9) (4.46)

In total we obtain
1 .. . . ..
S = 5/d4x\/ﬁ {N GR + NYE;E7 — E?) + N"Y(¢ — N'9;¢)? — h18;¢8;¢ — 2NV} (4.47)

This is the inflationary action in the ADM formalism. Note that the shift and lapse functions do
not have any derivatives acting on them, therefore they act as Lagrangian multipliers.

The multipliers generate constraint equations. To find the second order action, we solve these
constraint equations up to first order. Next we expand the other terms keeping only second order
terms.

The constraints are obtained from varying this action with respect to the Lagrange multipliers.
Varying with respect to N leads to the Hamiltonian constraint:

1) g .
5—; =®R - N"2(E;F9 ~ E?)~ N2> -2V =0 (4.48)
Varying with respect to INJ. First notice:

6S = 0[N HE™E,,, — E*)] = 2N~ Y (E™ — ER"™™)6 Epp (4.49)
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Chapter 4: Including perturbations

OF , 1 ) ) _
E — i 'Nj = —— .5 .5 ,N] 4
Partially integrating yields the momentum constraints:
) —1/pi i
N =V [N"YEY, - 6E)] =0 (4.51)

We can choose a gauge, it will be comoving gauge, considering only the scalar components.
66 =0, hy=a*(l—2R)v; (4.52)
Up to first order, the scalar components of the lapse and shift functions become:
N=1+a, N, =0+1v; (4.53)

Let us first solve the constraints of zeroth order. For a flat spacetime (*)R = 0, so the last term can
be omitted. The momentum constraints vanish identically whereas the Hamiltonian constraint
becomes:

2 1 L9

i.e. the Friedmann equation. This means the Friedmann equation is not an equation of motion
for the scale factor, but it is a constraint equation. Solving the first order equation leads to:

a=R 2N =0 (4.55)
R a® -

c 2
Where the slow roll parameter is used as found in equation (3.13) (e = %%) Putting these
first order terms into the action and expanding the remaining terms up to second order leads to
second order action:

Sy = /d4as a’®e [RQ - a72(3ﬂ€)2] (4.57)

This action is proportional to the slow roll parameter. This means that in pure De Sitter, the
perturbation is a pure gauge mode. Passing to conformal time and switching to the following
variables:

Z=agy = av/2e, x=2zR (4.58)
The action becomes:

S(g) = deBX 2’2 [(R/)z - (8173)2]

/
/de3x [(X’)2 - QZ;/X/X + <ZZ/>2 X* - (32')()2]
/

drd’x [(X/)Q - (sz) + %X2 - (&:x)Z]
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4.3 Mukhanov-Sazaki Action

The total derivative on the right hand side can be written as a surface integral over the boundary
by means of Stoke’s theorem which is irrelevant for the determination of the equation of motion.
The action becomes

1

S =3 / drd®x [(X')? = (9:x)* — meax”] (4.59)

where the effective mass is given by:

z
m2g(1) = - (4.60)
The action (4.59) is known as the Mukhanov-Sazaki action [Mukhanov et al. 1992]. Note that
this action explicitly depends on time. This means there is no energy conservation. In fact the

mass term is negative, which will lead to particle production. The energy for the particles is
supplied by the classical gravitational field.

Equation of Motion

To obtain the equation of motion we vary the second order action with respect to the Mukhanov
variable x. This is most easily done by first doing a partial integration:

1
Sy = 3 /d’TdSX [—xx” + x0%x — mZz(1)X?] (4.61)

We see varying w.r.t. x leads to the following equation of motion:

5S
53) =X — Ax +mZex =0 (4.62)

To tackle this equation we will pass to Fourier space such that the equation of motion decouples,
i.e. the Fourier components can be treated independently.

ddk ik-x
x(x,7) = ka(T)G (4.63)
The EOM becomes:
Xie + Wi (T)xc = 0 (4.64)

where the time dependent frequency is given by
Wi(T) = k% +m2g (4.65)

The general solution of (4.64) can be written as a superposition of two linearly independent
solutions vy and its complex conjugate vj.

Xk(T) = ay vp(T) + aJ_rkv}:(T) (4.66)

These mode functions should independently satisfy the equation of motion (4.64). The
normalization of the mode function is not yet fixed, we will come back to this after the next
section.
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Chapter 4: Including perturbations

4.4 Quantisation

The first step to quantization is to promote the field to an operator. As an ansatz we
expand in time-independent creation/annihilation operators with associated time-dependent
mode functions. Combining equations (4.63) and (4.66) and using that we integrate over all
k we obtain:

3
W) = [ G (i + (i) (4.67)

From the second order action (4.59) we find the conjugate momentum:

oL,

(T, x)

Which we also promote to an operator and expand:

3
#= [ G )i + e (i) (469)

Quantization is equivalent to imposing the canonical equal time commutation relation:
[0(x), #(y)] = id(x —y) (4.70)
We impose standard commutation relations for the creation annihilation annihilator operators:
lag aip] = @n)°0(k — K'),  [ag,ag) = (6, a5] =0 (4.71)

Substituting these relations in the commutation relation (4.70) will lead to a normalisation
condition for the mode functions. Since

~ ~ ddk ik (x— * —ik-(x— *
[0(x),7(y)] = /(27T)3 [elk( Vopdev) — e K EYpEg (4.72)
3k )
= L VROV — vED, v] e XTY) 4.73
(2m)3 k k

To go from the first to the second line we used the fact that we integrate over all k, such that
we can switch from k — —k in the second term. The commutator should evaluate to a delta
function as in equation (4.70):

. A
W(x—y)= z/(2ﬂ_)3 etk (x=y) (4.74)

We find the normalization condition
(Vg, Vi) = VRO V) — VEO VR = i (4.75)

4.4.1 Results for De Sitter

We will now simplify the calculation by considering a pure De Sitter background. At the end of
this section the results for quasi-de Sitter are given as well.
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4.4 Quantisation

The curvature perturbation is ill-defined in the De Sitter space since it includes a factor €

which vanishes in this limit. The Mukhanov variable x = 2R on the other hand behaves normal

in the limit € — 0. To see this consider flat gauge, ® = 0, such that R = %(M. Since z = a% we

find
X = ad¢ (4.76)

We need to determine the mode-functions. The mode functions satisfy the equation of motion.
It depends only on the magnitude of k.

vy + wivg = 0, wi = k* +m2g (4.77)
For De Sitter space the effective mass is given by
mag(r)=—==-—=-5 (4.78)

In this case the general solution to eqn. (4.77) is a Bessel equation:

v —aem<1i>+ﬂeik7 <1+i> (4.79)
k m kT m kt ’
Because of the free parameters o and 8 which appear in this equation the mode functions are

not unique. We fix the mode functions by selecting an appropriate vacuum and furthermore use
the normalization condition (4.75). Vacuum selection means that we demand that the vacuum

state is the minimal energy state.
For the time-independent harmonic oscillator, or the Minkowski limit, a minimal energy state
exists. The equation of motion in the Minkowski limit is as follows:

v + kv =0 (4.80)

This fixes the Minkowski mode functions as follows:
e—ikT

Vak

For a time-dependent harmonic oscillator such a minimal energy state does not exist. However

v = (4.81)

we can take the limit to early times when all fluctuations were far inside the horizon. In that
case equation (4.77) reduces to the harmonic oscillator with time-independent frequency. The
condition to fix the mode function becomes:

TEIPOka = 6\/;; (4.82)
The coefficients that satisfy this limit select the Bunch-Davies vacuum.
o—ikT i
al,BO%vkm(lm) (4.83)
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4.5 Connection with Observations

In the introduction to this chapter we mentioned that super Hubble modes become classical and
do not evolve in time. First we show the amplitude for the Mukhanov field approaches a constant
for super-Hubble scales in the De Sitter limit.

T 3
0] ok 0) = 20 (P00 19 = G 14 2 Lot <10

o G ELEE R (G

Now consider the De Sitter limit where xy = ad¢.

S(K —k) (4.84)

r)3H? | [k \° ,
0y = ——F1— || — 1[0k -k 4.
Ol 0y = CD () 1 o 19 (1.85)
At super Hubble scales, k < aH this approaches a constant:
27)3 H?
ol switne 10) = ZH 500 1 (4:86)

This allows us to compare the fluctuations when they leave the horizon and again when they
re-enter and show up in the CMB.%. From the last equation we can read off the power spectrum
as defined by equations (4.1) and (4.2) but with the vacuum expectation value instead of classical
ensemble averages of the perturbations:

H? ,  H?

Foo =35m0 Do = Gy

(4.87)
We can now extend this result to quasi-De Sitter space by calculating the power spectrum of
the comoving curvature perturbation which includes the slow-roll parameter e. The background
values of H and ¢ vary slowly with time but since the amplitude of perturbations remains constant
at super horizon scales we only need to consider the power spectrum at horizon crossing. In the
current gauge (flat gauge) the curvature perturbation R is related to the fluctuations d¢ by
R:%M.

,
R ¢g (2m)?

(4.88)
where the * denotes the value at horizon crossing, k = aH.

Quantum to Classical Transition

The quantum to classical transition is a complicated subject, even in ordinary quantum
mechanics. To see how the quantum fluctuations during inflation can be considered classical
we only show the occupation numbers of super-Hubble modes are very high; an important
requirement for classical behaviour.

40ne can show in a gauge invariant way that super-horizon adiabatic density fluctuations remain constant up
to all orders in perturbation theory
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The real space variance in De Sitter is given by

d*k A’k
(60(@)0ta)) = [ G55z gy i) (1.89)
Bk H? [ [ k)
:/7(%)3% K‘LH) +1 (4.90)
&Pk 1/ 1 H?
= / Gk (2 + Qk) (4.91)
Passing to physical momenta k,, = a~ 'k we obtain:
Bk 1 (1 H?
2y _ ph 1 (1
(097) = / @) hon (2 + 2k;2)h> (4.92)

The first term is related the the vacuum energy of a scalar in Minkowski space and can be
renormalized away. The second term however is relevant during inflation and can be seen as
particle creation with occupation number

H2

nkph = % (493)

The occupation number takes on high values for super horizon modes and diverges in the limit
kon — 0. Because of the high occupation numbers the field can be considered classical.
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CHAPTER 5

Eternal Inflation

5.1 Introduction

In the last chapters we have discussed inflation: How it solves the big bang problems and how
quantum fluctuations during inflation lead to the CMB anisotropies we observe today. While the
inflationary stage has ended in our observable universe, in other parts of the universe it may
persist. In the eternal inflation picture inflation never stops globally.

This leads to a different view on the universe. For example, the universe is not homogeneous on
scales much larger than our observable universe. There can be many regions which (classically)
evolve independently from each other, together forming the multiverse. The majority of the
universe could be dominated by the maximum energy density possible, in the form of space-time
foam.

The phenomenon of eternal inflation has interesting opportunities. For example it has an
interesting application to string theory. In string theory there exist many different vacua due
to the many possible ways to compactify extra dimensions. Different vacua may have different
values for e.g. fundamental coupling constants, the cosmological constant and the fine-structure
constant. There seems to be no preferable vacuum state, so why did nature pick out this particular
vacuum we live in today? Eternal inflation could provide a way to realize all the different string
vacua. The question stated before can be answered by the anthropic principle: our observable
universe is just one that has the right kind of vacuum to allow for the existence of intelligent life.

On the other hand, when we adopt the anthropic principle we give up that there is a theory
which predicts the value of observables. In that sense predictive power is lost. The study of
eternal inflation therefore consists for a large part of dealing with probability functions instead
of predicting.

There are two main approaches to the idea of eternal inflation, Slow Roll Eternal Inflation
(SREI) and False Vacuum Eternal Inflation (FVEI). First we discuss how the concept of eternal
inflation emerges from these models. Then we provide some problems.
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5.2 Slow Roll Eternal Inflation

Slow-roll eternal inflation occurs for inflationary models which inflate due to presence of a slow-
roll regime, when quantum fluctuations are more important than the change in the potential due
to the slow rolling of the field.

In the last chapter we found that during inflation inhomogeneities are generated, which are
small 60 e-folds before reheating. However, in the distant past the fluctuations may have been
much larger and could be determining for the evolution of the universe.

In a generally slow roll type of inflation, the change of the field is a combination of classical
rolling of the field plus quantum jumps in either direction:

Ad) = 6¢qu + A(Z)cl (51)

Here, Ag.; is the classical movement of the field down the slope of the potential, and d¢q, is the
typical amplitude of quantum fluctuations. When the quantum jumps become as large as the
classical trajectory, the position of the field is as likely to move backwards as forwards.

During one e-fold the physical volume will expand a factor €3 ~ 20. Since each of these regions
will have the size given by the De Sitter horizon, they evolve independently. If on average the field
does not decrease in one of these regions the process is eternal. Assuming a normal distribution
for the quantum fluctuations, we can write the condition for eternal inflation as follows:

° dogp  _se?
P(d¢qu = [Ada =/ e 2% >e? 5.2
I (52
which leads to the following condition:

In figure 5.1 the different regimes for the inflaton field are indicated for a chaotic model. In
the choatic scenario the field starts out at a high energy state, i.e. somewhere ‘up the hill’ of
the potential. If this value is high enough then quantum fluctuations are more important than
the rolling of the field towards its minimum. In this regime the probability for the field to move
upwards for one of the ~ 20 newly created domains during one e-fold is large enough to establish
eternal inflation.

Dispersion

Let us first compute the dispersion of the quantum fluctuations. We will see that the dispersion
in De Sitter grows with time. In section 4.5 we already showed, eq. (4.92), that for super-Hubble
fluctuations the equal-time correlator is:

9 &Pk 1 (1 H?
(¢7) = / (QW);’]@ (2 + 2k§}]> (5.4)

The first terms is the usual diverging term known from Minkowski space and can be renormalized.

The second term becomes:
Ho\2
w07 = (52) [amin (5.5)
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Figure 5.1 — Different stages of inflation in a chaotic model [Kuhnel 2009]

We denote this term with the same symbol ¢ since we will only be interested in this quantity.
Note that the physical momentum depends on time. The main contribution to this expectation
value will come from super-Hubble fluctuations, kpi, < Hp, The characteristic length of a mode
is given by Ly = kghl such that for super-Hubble we need Ly, > Hj ! During one time-step
At the physical wavelength increases by a factor e02%. In the integral we only need to consider

wavelengths up to L,y (t + At) = ef0A L, (¢) or impose a cutoff kyy, > kype HoAL
We find:
~ ~ H 2 H H3
2 2 2
={(p(t+ At)")y — (p(t)*) = | — dlnk,, = —5At 5.6
7= Gt ) - G607 = (32) [ ambn = g (5.5
In one Hubble time we have:
H2
2 _

o° = )2 (5.7)

Now we can estimate the size of quantum fluctuations which are created during one e-fold.

H
Spqu = Vo2 = o (5.8)

At the same time the classical trajectory of the field increases on average

Ao ~ GH (5.9)
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Using a normal distribution for the quantum fluctuations we can calculate when condition (5.2)
is fulfilled:

1.65%2 H?
~ 5.10
82 m2 ( )

The relative slope of the potential should be small enough to ensure the onset of eternal inflation.

5.3 False Vacuum Eternal Inflation

In eternal inflation of the false vacuum type, bubble nucleation occurs by moving from one false
vacuum to another. In these models, the potential is initially in some false vacuum, during which
the equation is state is very much De Sitter-like. The field stays in the false vacuum, except in the
rare event of tunneling to another vacuum. Several mechanisms exist for such tunneling events
to occur. When the field tunnels to the true vacuum, or to another false vacuum, a new bubble
universe is created. During the creation of such a bubble, the field rolls to its minimum. For an
observer inside the bubble, the universe seems infinite. The next step in the evolution can be
one of these three: Again De Sitter expansion, Minkowski space, or an Anti-De Sitter (‘crunch)
phase for tunneling to a vacuum with positive, zero (true vacuum) or negative vacuum energy
density respectively.

Bubbles are nucleated inside the ‘mother’ De Sitter space, such that a region with lower
effective cosmological constant is generated. The rate of nucleation is small compared to the
physical volume expansion during a Hubble time, therefore bubbles will not catch up with the
global expansion. Inside these bubbles, the false vacuum can again decay creating more bubbles.
In comoving coordinates, eventually all of the mother space will decay to a lower vacuum.
However, in physical coordinates this volume is infinite, such that the process is eternal. A
conformal diagram of this scenario is given in figure (5.2).

aVvac e

Figure 5.2 — Conformal diagram of false vacuum eternal inflation. The triangles on top correspond
to bubbles with A = 0 and do not tunnel further. [Bousso et al. 2006]

5.4 Problems with Eternal Inflation

In this research the focus lies on the following problems.
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Global description

One of the most important problems of eternal inflation is that there exist no consistent effective
global description of this phenomenon. First of all, in what framework can we understand eternal
inflation? The Friedmann equation is based on large scale homogeneity, which is violated by
eternal inflation. Which cosmological laws govern eternal inflation?

A natural way to understand the global structure of the eternally inflating multiverse would
be to know the distribution function for the inflaton field. However such a distribution function
suffers from ambiguities due to the choice of the time parameter. We will see how such a
distribution function emerges in the stochastic formalism in chapter 7.

Back-reaction

Back-reaction can be described as the effect of the quantum fluctuations on the background
solution to the Einstein equations. It will be more clearly introduced in the next chapter.

Two major problems related to back-reaction will be addressed in this report. In the previous
chapter we introduced linear perturbation theory. However, since the Einstein equations are
non-linear this is not always a valid approximation. How do we tackle these effects? A second
issue with back-reaction is that it involves a quantum process acting on the classical Einstein
equations. For this reason semi-classical gravity will be introduced. The validity of this framework
and other problems will be discussed in chapter 6.

To address these questions two approaches will be investigated. In the first place there
is the stochastic inflation formalism. In this framework the quantum effects are accounted
for by classical noise. We will treat this formalism in chapter 7. The other approach is
based on thermodynamics. The relation between general relativity and thermodynamics will be
investigated and we will see how this can be used with respect to the previously stated problems.

5.4.1 Comments on Eternal Inflation

Spacetime-foam

In some models of eternal inflation, for example chaotic models, the field is shifted upwards the
potential such that eventually the Planck scale is reached. We do not have a field theory which
holds in this regime because quantum gravitational effects should be accounted for; these regions
are sometimes mentioned as spacetime foam. In chaotic eternal inflation seems that most of the
spacetime volume is filled with quantum-foam. In order to overcome this one could fine-tune the
potential in the chaotic scenario, as in figure 5.3.

Validity of Perturbation Theory

In the previous section we found that when the slope of the inflaton potential becomes nearly
flat, quantum fluctuations start to dominate. In the last chapter we have calculated the spectrum
in terms of the comoving curvature perturbation or equivalently the curvature perturbation on
uniform-density hypersurfaces. We found for super Hubble scale perturbations

(R?) ~ — (5.11)

41



Chapter 5: Eternal Inflation

eternal
—=— classical slow roll  —= inflation

=— 60 e-foldings —»

Figure 5.3 — Fine tuning of chaotic scenario in which eternal inflation corresponds to sub-Planckian
De Sitter limit [Bousso et al. 2006]

In the eternally inflating regime ¢ ~ Hd¢ ~ H? such that
(R*) ~1 (5.12)

When this is the case one needs to take care that perturbations are still small when picking a
gauge. In constant density gauge for example (6¢ = 0) the curvature perturbation is equal to
the scalar metric perturbation: R = W. This implies ¥ ~ 1 while perturbation theory is based
on this quantity to be small. However other gauges, such as longitudinal gauge and comoving
gauge the linear perturbation theory still holds [Creminelli et al. 2008]. We will verify this for
longitudinal gauge in section 8.4

Null Energy Condition

We want to remark that the quantum fluctuations which drive the field locally upwards the
potential violate the null energy condition (NEC). This is classically not allowed but quantum
processes are known to break this condition for brief periods of time. The NEC in this case can
be put into the form?!:

p+p=¢*>0= H <0 (5.13)

This can be seen from equation (3.9). However H increases when quantum fluctuation move
upwards on the potential such that H > 0. This means that scalar driven eternal inflation at
least locally has to violate the NEC. However since eventually inflation will end for any Hubble
patch, the NEC violation does not last permanently.

IThe NEC reads: NHNYT,,, > 0 for all timelike vectors N#. It can be shown that H > 0 corresponds to
NHNYT,, <0 i.e. breaking of the NEC
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CHAPTER 6

Back-reaction

Back-reaction is related to the effect of quantum fluctuations on the geometry of spacetime. There
are many issues and possibilities related to the back-reaction effect. How do we include back-
reaction in the classical Einstein equation? Are the effects of back-reaction observable? What are
the implication for the global picture of the universe, e.g what are the consequences for eternal
inflation? The possibilities include that suggestion that quantum gravitational back-reaction can
to end inflation driven by a cosmological constant without the necessity of an inflaton field. It
was also suggested that back-reaction could explain the current expansion of the universe, i.e. it
could account for dark energy. This has been rejected however by most of the cosmologists. There
have been a lot of research in this direction and different, sometimes contradicting, conclusions
have been drawn. In this chapter a literature study to this subject is presented.

The chapter is build up as follows. First we explore classical back-reaction; the effective
energy-momentum is introduced and we give results for De Sitter and slow-roll. Then we introduce
semi-classical gravity and give results for the renormalized EMT in De Sitter.

6.1 Classical Back-reaction

Quantum fluctuations distort the homogeneity of the metric and/or the inflaton field, depending
on the coordinate system. To describe this in a gauge invariant way we used the comoving
curvature perturbation. In De Sitter space it suffices to consider only fluctuations of the scalar
field ¢. On super-Hubble scales, the fluctuations can become classical, because of the high
occupation numbers. However, because they originate from quantum fluctuations we expect that
the average is zero, such that the average of the classical field and metric remains the same as
without the fluctuations. However, the variance (6¢?) is non-zero. The question is how these
fluctuations effect on the background solution of the Einstein equation.

To this end we are interested in an averaged version of the Einstein equations. The Einstein
equations are non-linear. Terms that appear in the EMT like $? and V(¢) are generally non-linear
such that the variance of the classical fluctuations enters in the Einstein equations.

To see how perturbations can effect the background solution, consider the following (see
[Mukhanov et al. 1997]). The universe is assumed to be homogeneous and isotropic with small
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Chapter 6: Back-reaction

perturbations. We can write the homogeneous metric and inflaton field and their inhomogeneous
small perturbations as follows:

q“ = qg +0q" (6.1)

In this notation ¢f denote both the metric and the field homogeneous background values and §g*
are the inhomogeneous perturbations. In this notation the superscript a includes the spacetime
indices.

Expanding the Einstein equations

8
HN'V = GHV - mi%TﬂV =0 (62)

up to second order in perturbations and using the condensed notation we find:

1
T (g5) +TLadq" + 5TLap0q"0¢" = 0 (6.3)

If we take the spatial average of this equation (II ,0¢®) vanishes since isotropy ensures (6¢*) = 0.
We obtain

1
HK%)=-%§H@w¢Wf> (6.4)

Therefore, second order perturbations effect the homogeneous background solution. However,
the second order perturbations are not in general gauge invariant. In the article by Mukhanov
et al. [1997] perturbations which are gauge invariant up to second order were introduced to make
this equation gauge invariant. For scalar metric perturbations and using longitudinal gauge the
equation (6.4) remains valid.

It is convenient to write the term on the right hand side of equation (6.4) as an effective energy
momentum tensor (EEMT) which enters as a source to the background Einstein equations:

8
G = m (T + <Tuu>) (6.5)
P
Where 7, is given by
2
m a
nw=—ﬂ§mwmﬁ5f> (6.6)

Averaging

Recently it was found that the results given above actually depend on the averaging procedure
in the calculation of the expectation value. The averaged Einstein equations are not the same
as the Einstein equations with averaged geometry. In order to take this into account a gauge
invariant way to average over spacetime has been introduced [Gasperini et al. 2009]. For this
a clock field is introduced associated with an observer. So far there have been only results for
long-wavelength perturbations although the formalism is capable of treating quantum averages
as well [Finelli et al. 2011]
The back-reaction due to averaging effects the local expansion rate as follows:

dace\ : :
= (L 580) = (14 20d) - 767 (6.7)
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6.1 Classical Back-reaction

here the observer is specified by some auxiliary clock field A and ¢ is the linear order spatial
metric perturbation, from the uniform curvature gauge. The long wave field perturbations can
be related to these metric perturbations through constraint equations. For chaotic inflation it is
found, for freely falling observers [Finelli et al. 2011]:

HA

HZ% = H? <1 +0(€) mln a) (6.8)
For these observers there is no leading order in slow-roll parameter backreaction effect. However,
other observers find different results. E.g. for isotropic observers measure a decrease of the
effective expansion, and have an equation of state which decreases from the De Sitter limit
as a function of time [Marozzi and Vacca 2012]. Therefore different observers can probe different
physical properties of the universe. Furthermore one should notice that short wavelength modes
may become important but these calculations have yet not been done.

Observability of Back-reaction

For an observational point of view it interesting whether the backreaction effect can be measured.
For single field models this is not possible, since a simple time-shift can mask such a backreaction
effect [Unruh 1998]. Therefore , it is favourable to have another subdominant field present, which
acts as a clock. The result can be observed by non-Gaussianity and a larger breaking of the scale
invariance. Another model in which a decrease in effective Hubble parameter was found is in a
two-field model, with a light test field [Marozzi et al. 2012].

Chaotic Inflation in the LW-limit

Although the EEMT of eq. (6.6) is not the full story we will nevertheless see what results we
can obtain in the case of chaotic inflation. First we will consider the classical long-wavelength
limit and in the next section we give some results from the literature where small wavelengths
are taken into account. In the long wavelength regime the effect of scalar perturbations on the
background is given by [Mukhanov et al. 1997]:

ps = —T0 = (2‘/‘%2 - 4V) (®%) (6.9)
(6.10)
where ® is the scalar metric perturbation'. Furthermore:
1 .
Ps =37 = —Ps (6.11)

The equation of state parameter is that of De Sitter space. From the Einstein equations, the
long-wavelength part of scalar perturbations is given by [Mukhanov 1985]:

VI
= 500 (6.12)

n the gauge that is used, i.e. longitudinal gauge, this corresponds to the gauge invariant Bardeen variable ®
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The result for V = %m2¢2 is:

polt) 3 mPg3(t:) (%(u))‘* (6.13)

po  Am mp Po(t)

The energy density is negative and therefore corresponds to a megative contribution to the
effective cosmological constant:

Aeir = A + 87Gp, (6.14)

Furthermore, the absolute value of the effective density term due to back-reaction increases
with time. If the field was initially above the self-reproduction scale, ¢o(t;) ~ ¢ = m_l/zm;m),
back-reaction becomes important before the end of inflation. This effect is slowing down inflation.

6.2 Semi-classical Back-reaction

6.2.1 De Sitter Space

First we will see that quantum zero-point fluctuations of a free scalar field with small mass
induces constant back-reaction term. This is however not physically relevant, since it can be
removed by a rescaling of the cosmological constant. Back-reaction would be relevant if it is time
dependent, as we have seen in the classical case in the previous section. As examples we will
evaluate the back-reaction of a free scalar field with zero and small mass and a self-interacting
scalar field.

In the previous section we considered slowly evolving backgrounds. In this case it is hard
to calculate vacuum expectation values. We circumvented this problem by considering only
long-wavelengths, which are should give the dominant contribution to expectation values. Since
long-wavelengths can be treated classically, we considered spatial averages instead of vacuum
expectation values. In case of the Sitter space, there exist exact expressions for the mode-functions
of quantum fields. Therefore we can do better than the long-wavelength classical approximation,
and calculate renormalized vacuum expectation values. The formalism which can evaluate the
back-reaction of quantum fluctuations on the background geometry is semi-classical gravity. The
Einstein equations read

Gl = =8N +mo*(TH) (6.15)

In principle one should take the renormalized vacuum expectation value of the energy momentum
tensor operator (TH)repn. We will give some results from the literature and consider a simplified
discussion in the sections below.

Small Mass

We consider the following Lagrangian for scalar field with small (mi < HP) mass.

Ly = —% [(Vo)? +m?¢?] (6.16)

If the vacuum is invariant under the De Sitter group vacuum expectation values have to be
constant, for example (¢?) = constant and (T},,) = constant X g,,. The vacuum expectation
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6.2 Semi-classical Back-reaction

value of energy momentum tensor in the Bunch Davies vacuum is finite and given by [Bunch and
Davies 1978]:

1 1
(THYrEN = Z5ﬁ(T§>REN = *155m2<¢2>REN (6.17)

Here, (¢?)reNn represents the renormalized two-point Green’s function (¢(z)é(2’)). The renor-
malized result for (¢?) with a small mass is [Birrell and Davies 1984]?

61H?
(¢*)REN = 72407r2(r)n2 (6.18)
such that
61H}
(THMYREN = —9607;)2 - (6.19)

This implies that the back-reaction of the light scalar field vacuum fluctuations contributes
positively to the cosmological constant in eqn. (6.15). Interestingly this equation holds for m — 0.
Note that with the metric signature used in this report p = —T¢. In the literature there are
different ways to denote the backreaction: as an effective Hubble parameter, effective cosmological
constant or as an energy density.

No Mass

The previous result uses the renormalized value for zero-point fluctuations of a scalar field with
small mass. In the end the mass does not enter in the expression for the energy momentum
tensor. However the VEV of the light scalar field, eqn. (6.18) diverges for m — 0. This can be
explained by noticing that there exist no De Sitter invariant vacuum state for massless scalars.
The resolution is to define the vacuum state as the minimal energy state in the infinite past or
when inflation sets in, i.e. the Bunch Davies vacuum. Quantum fluctuations are generated and
various correlators depend on time.

When considering the back-reaction of massless fluctuations the term (¢?) does not appear
in the energy-momentum tensor. For this reason there is no IR-enhanced contribution from this
term. Only derivative terms appear in the EMT, and these are sub-dominant on large scales. We
will suggest however that the back-reaction from massless scalars could be relevant in the next
section.

Suggestion for Back-reaction from Massless Fluctuations

We consider a massless field in De Sitter space denoted by ¢q,. The subscript is there to remind
us we are not dealing with the classical inflaton field but a spectator quantum field.

We assume that temporal derivatives dominate spatial derivatives such that the Lagrangian
becomes L = %d)éu. This leads to density and pressure terms of p = —p = %qﬁéu. To evaluate
these terms we consider the time-dependent variance, eqn. (5.6):

3 2
(bl? = Gzt = (;) N (6.20)

?Based on point-splitting
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where N = loga = HAt. The typical amplitude of quantum fluctuations is given by |¢qu| =
( ?;u>~ Absolute signs will be dropped in the following. The quantum fluctuations generated

per e-fold are

dpqu - (dAN\ ' . [(dloga\"' . |
= deu = by = pquH 6.21
So for one e-fold we obtain ¢q, = gﬁquH’l. Since in De Sitter ¢q, = % we find
H*
= _p=_"_ 6.22
pP=-D=g3 (6.22)

Note that the sign and order of magnitude are the same as eqn. (6.18) which was found for a
field with small mass and using renormalized VEV’s. Also, we do not find a time-dependence of
the back-reaction term. Therefore it can be removed by a rescaling of the cosmological constant.

Self-Interacting Field

For several common interactions it has been shown that back-reaction leads to negative
contribution energy density, which effect becomes larger as a function of time [Ford 1985].
Self interaction requires renormalization in curved backgrounds which are quite complicated
computations. We will present only the simplified conclusion of two articles which obtained
results in this direction.

For self interacting %gb‘l theory in pure De Sitter background one and two-loop results can
be found in [Onemli and Woodard 2002]. It was found that the back-reaction effect is not equal
to a De Sitter-like equation of state. The energy density corresponding to the back-reaction is
positive and increases with time. At the same time the equation of state becomes more like de
Sitter. At some point both p = —p and the back-reaction becomes constant. This value is simply
an addition to the effective cosmological constant. This result has been verified by a stochastic
procedure as well [Starobinsky and Yokoyama 1994].

The previous result however does not take tensor perturbations into account. In most of this
report we have discarded tensor perturbations because observations show that at last scattering
these contributions are small. However in the early stages of inflation they are important. Two-
loop results have been calculated in [Tsamis and Woodard 1997]; these are perturbed quantum
gravity results. It was found that the back-reaction effect negative and grows with time. This
result offers the possibility to have inflation by a cosmological constant which ends due to the
back-reaction, without the use of an inflaton field [Buchert and Obadia 2011]. Eternal inflation
is not possible in this case.

6.2.2 Chaotic Inflation

In section (6.1) we found the classical long-wave limit results for the effect of back-reaction on
a chaotic model with a quadratic potential. Similar results with the use of renormalized VEV’s
instead of the classical long wavelength approximation. It was found that for the combination
of scalar and tensor perturbations, up to 2-loop effects the back-reaction is the following [Finelli
et al. 2004]:

9
PREN ~ —PREN ™~ —8?6H611na (6.23)
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where Hj is the value of the Hubble parameter at the onset of inflation. Furthermore, the slow-
roll parameters € and 1 were assumed to be of the same size. The time dependence is only valid
when the quantum fluctuations are dominating the classical rolling of the potential. When the
potential starts to dominate, the backreaction saturates to:

max 3 Hg

PREN ™~ ~ {65 2 (6.24)

Just as for the long-wavelength regime, the back-reaction tends to cancel the effective
cosmological constant. This is conflicting with the result from Starobinsky and Yokoyama [1994],
who used the stochastic formalism to calculate VEV’s. Their calculation however did not take
gravitons into account. Note that in the De Sitter limit, the back-reaction of scalar perturbations
vanishes, because of the dependency of ¢ in equation (6.23).
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CHAPTER 7

Stochastic Inflation

In the previous chapters we have seen that quantum fluctuations are quite important during
inflation; they might even prevent inflation from ending globally. Interestingly, super-Hubble
quantum fluctuations are continuously generated and become effectively classical. But since
the origin of the classical field is quantum-mechanical, the change of the classical field is not
deterministic and should be governed by a stochastic process. In this chapter we discuss such a
stochastic mechanism applicable during inflation. We will show that the background field, and
therefore the geometry, behaves like Brownian motion. In this sense, the stochastic formalism
deals with the back-reaction of the quantum fluctuations on the background geometry.

A typical example of a process which is subject to Brownian motion is the evolution of a
large particle moving due to collisions with small randomly moving particles. This behaviour is
typically described by two related equations: the Langevin and Fokker-Planck equations. In this
chapter we will derive and interpret these equations.

7.1 Langevin Equation

A useful equation to describe Brownian motion is the Langevin equation, after Paul Langevin
who published his findings in 1908. In the introduction we mentioned the example of a large
particle moving in an environment of randomly moving smaller particles. The force acting on a
larger particle is given by a friction term, proportional to the velocity of the large particle, and
a noise term which is due to random motion of the small particles.

We will now derive how inflation corresponds to this picture. We follow the article by
Starobinsky [1986], in which the Langevin equation for inflation was first derived. For this
derivation we assume a small-field model of inflation (see section 3.3) which reduces to De Sitter
(with Hp) for ¢ — 0. At the end we give the result for a general model as well, where only the
slow-roll approximation is assumed.

To make the analogue with the particle example picture the averaged classical field in a
certain Hubble patch as the large particle and the quantum fluctuations correspond to the small
particles.

We now write the field as a quantum operator which we will split in a long and small
wavelength part. As discussed before the super-horizon modes can be treated as classical because
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of high occupation numbers. We denote this field by ¢ca(t,x). Because the long wavelengths
are super-Hubble, regions with size of the order of the Hubble-scale can be assumed to be
homogeneous; this is known as coarse graining the field. The field still depends on x but is
homogeneous on roughly Hubble scales. The inhomogeneous small wavelength modes contribute
to (Jgsw(t,x). We consider now one such a homogeneous patch, ¢cg(t,x) = ¢oa(t) and define
the full field:

o(t,x) = pca(t) + dswlt, x) (7.1)
where Qfssw is given by
. d3k ) )
dsw(t,x) = / W@(k — eaHy) [pr(t)ay e™™ + i (t)ay e ] (7.2)

The step-function ©(k — eaHp) with € < 1 selects the small wavelengths but the range exceeds
the Hubble scale.

1, k> eaH,
O(k — eaHy) = caro (7.3)
0, k<eaHy

The parameter € cannot be arbitrarily small. The lower bound depends on the specific model of
inflation, but is chosen such that the small wavelength field obeys the massless Klein Gordon
equation:

. . v
0= —U¢sw = ¢sw + 3Hopsw — a7¢sw (7.4)
The homogeneous large scale field equation of motion in the slow-roll approximation is:
] Viéce
=—— 7.5
bca Vi (7.5)

The full field, eqn. (7.1), satisfies the slow-roll equation of motion plus a term which is due to
the inhomogeneous small wavelength field:

boc = ~ g3 Vises + N (t:) (7.
N(t,x) = —gsw + L%w (7.7)

3H0a2

N(t,x) is known as the noise operator. We are interested in the contribution from the noise to
the homogeneous Hubble patch under consideration.

We will show that equation (7.6) corresponds to the Langevin equation in the context of
slow-roll inflation:

dca(t,x) = v(pca) + N(t,x) (7.8)

The evolution of the coarse grained field is determined by a friction term v(dcg) = —ﬁ‘/@cc
and a stochastic noise term N(¢,x). We will now prove that the noise, which originates from
small scale quantum fluctuations, corresponds to a classical, stochastic noise term.
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7.1 Langevin Equation

Equation (7.7) is:

3
N(t,x) = (—at + SHZaQ) /((2171_1){3 O(k — eaHy) (¢pre™*ax + h.c.) (7.9)

3
= _/((2171_1)(3 { [0:©(k — eaHy)] (@i’k@ik'xak n h.c.)
\Y4

3H0a2

— O(k — eaHy) (at + ) (pre™*ax + h.c.) } (7.10)

3
- / ((2171.1){3 { [0,0(k — eaHy)] (¢k€ik'xak n h.c.)
o7

—O(k —eaHp)— (d)keik'xak + h.c.) } (7.11)
3H

We will now show that the second line, with the integral over a step-function, is much smaller
than the first line, which is in fact an integral over a delta function. The integral runs over all
k, and the contribution to the second line of eqn. (7.11) from large k is not obviously small.
However, we are interested in the effect of the noise on the homogeneous patch which is of
Hubble-size. Measured on such a scale, it is easy to show that the contribution from large values
of k, (k> aHy), is small, see e.g. [Mukhanov and Winitzki 2007] p8. The contribution coming
from the integral over the step-function will be finite. However, we still need to show that this
contribution is smaller than the first line.

The see this, consider the following. The mode functions are given by ¢ = a~'vy, where vy,
is given by equation (4.83) which we copy here:

e i (712)
Uk—m Tr .

We switch to cosmic time by setting 7 = —(a(t)Hg) L.

Hoeik/aHo k )
Pi(t) = NoTSE (aH0+Z) (7.13)

The first and second derivatives of the mode function are

. —i/k/2 . . i/ k/2 :
oK = : o2 / eZk/aHoa K = : a3/ (ik 4+ 1) e'h/aHo (7.14)
Such that
; 1 :
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We can write equation (7.11) as

N(t,x)——/(;l;){?){at[ k — eaHy) (qﬁke ak—|—hc)]

— O(k — eaHy) (qbke *ax + h.c.)

- —eaHo< b gik ak+hc)} (7.16)
3Hy

e

- — eaHp) (qﬁke *ax + h.c.)

+ O(k — eaHy) [qﬁk ( lf[ a;I > e**ay + h.c.] } (7.17)
0 0

The integrals over the second and third line are finite when we consider the spatial average over
a Hubble sized region. However, the last line is proportional to the comoving apparent horizon
which decreases exponentially during inflation. The fact that the third line depends on an extra

factor of k becomes irrelevant when considering the late time asymptotic where (aHgy)~! — 0.
Therefore we can drop the second derivative term in equation (7.11). Finally, we arrive at
d’k ica§ | e —ikx, +
N(t,x) = /W(S(k’ —eaHy) NoTEE (e ax — e al) (7.18)

which agrees with equation (8) of the article [Starobinsky 1986].

To see that the noise is effectively classical, but random, consider the following. The conjugate
momentum will be of the form N which does not change the structure of the creation/annihilation
operators. Therefore the only non-zero terms which appear in the commutator {Nk, Nk/] will be

of the form
— lax, o] — [af aw] = (2m)3 ((k — k) — (k' = k)) =0 (7.19)

Since the commutator vanishes the noise can be considered classical. However, we cannot ascribe
a numerical value to the operators which appear in equation (7.18). Therefore the noise is random.

A more rigorous prove of randomness of the noise, is to calculate the correlation functions.
This will give us the stochastic properties of the noise. If the correlation vanishes for times longer
than the correlation time a variable can be considered random [Ma 1985].

=0, t>r7
C(t) {7& 0 t<r (7.20)

If there is a 7 such that this holds then it defines the correlation time. Let us calculate the
correlation function for the noise:

62(1 1)a 6 3 31,/ ,
(N(t)N(t)) = — )2(t2)H0 / (;1”1)‘3 gﬂl;gd[k—ea(tl)Ho]é[k ~ ealts)Ho
x k732 (K732 (2m)%6 (k — K) (7.21)
62(1 1)altg 6
_ W /%wg — calty)Hold[k — ca(ts) Ho) (7.22)
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We apply the second delta function to the integral, and use the scaling identity for the remaining
delta function é(cz) = §(z)/|c|:

€a 5 a 4
<N“ﬂN@ﬁ>=éﬁﬁ%ﬂdﬁmug—aannz gjﬁwmug_a@m
_ Hg eHUAtf o HS’ 7H75’ B
B (2%)26( )= (271-)25(At) = 47725(t2 t1) (7.23)

We find the noise correlator is a delta function for which the property (7.20) definitely holds.
However, this derivation depends on the average procedure; where we used a sharp cut-off between
long and short wavelengths one should have introduced a smooth window function. This leads
to the result that the correlation time is 7 ~ Hy ' [Winitzki and Vilenkin 2000]. This results sets
the time scale for which his formalism is valid.

Often, the noise term is written as normalized white noise with a model dependent coefficient.
In this case:

3/2
Nt = (1) (7.24)
€ =0, (D)€Y =3t —1) (7.25)

For slow-roll models where the potential is flat when the field is small (V(¢) — V; for ¢ — 0),
the Langevin equation becomes

1 HY?

?= 73, o

£(t) (7.26)

With these properties satisfied, equation (7.8) corresponds to the stochastic differential
equation which describes Brownian motion known as the Langevin equation. We have assumed
a small-field model in this derivation, in which H ~ Hj, but it can similarly be done for models
in which H = H(¢) is allowed to vary. In this case it is useful to write Ina = [dt H(t) as the
independent variable in stead of time. The Langevin equation (7.8) becomes [Starobinsky 1986]

Odca
Olna

=H " (v(¢cc) + N) (7.27)

7.2 Fokker-Planck Equation

An important tool in the stochastic approach to inflation is the probability distribution P.(¢,t).
It can be interpreted in two ways. In the first place it describes for a field on a comoving worldline
(fixed x) the probability of finding the field ¢ at time ¢. Secondly this probability is a measure
of the amount of comoving volume occupied by field ¢.

The Fokker-Planck equation can be derived from the Langevin equation; we will follow the
derivation found in [Ma 1985]. In the following we are only interested in the behaviour of the
course grained field, such that we write ¢cg = ¢.

Since we have shown the noise is uncorrelated for times longer than H~! it automatically
means the distribution after a time step longer then H~! is Gaussian. Our first objective is to
find the variance and the average.
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Starting from the Langevin equation (7.8) we are interested in the change of the field at
t = At, much larger then correlation length 7 = H~ 1.

At
A= / dt [o(t) + N(0)] (7.28)
0
Repeating this experiment an infinite times we find for the average
(A¢) = vAt (7.29)

The variance is given by

At 2 At 2
0? = (A¢?) — (Ap)? = << dt [v(t) + N(t)]) > — </O dt [v(t) + N(t)]> (7.30)

0

At 3 3
://dtdt’ (N(t)N(t/)>:/0 at (;ITO)Q - (532& (7.31)

In these steps we made use of equation (7.23). Note that this result agrees with equation (5.6),
which was calculated using a quantum field theory approach.
The distribution of the field deviation is given by the following normal distribution:

Paev(A0) = (7.32)

2 202

{ (Agp — vAt)z}
exp |—————
2ro

We are interested in the distribution of the field, rather then the distribution of the deviation.
We denote the field distribution by P., for comoving. Initially, the field distribution is given by
P.(¢',t). After a time step this distribution is convolved with the deviation distribution. The
new values of the field and time are ¢ and t.

Pu(6.t) = / ¢/ Pacs (6 — &) Po(, 1)) (7.33)

The deviation distribution depends on the time-step. We can differentiate equation (7.32) w.r.t.

0o _ _o
At. Usem—m.

anev _ Pdev
OAt — 202At

(A¢* — v*At* — 5?) (7.34)

This equals the following combination!

aPdev 1 82Pdev Pdev

_ _ 02 A2 _ 2 2
v 900 " 907A1 OAGE ~ 202A [20AtAP — 20°At? + (A¢p — vAL)? — 7] (7.35)
Pdev 2 2 2 2 aPdev
= A¢® — v AE” — = .
202af (AP VAL =0T = 50 (7.36)
So
Pev Pev 2P ev
Oty __ OPaev O (7.37)

ant VoA (0A)?2

IThere is a minus sign missing in [Ma 1985]
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7.3 Global Description of the Universe?

Here we introduced the diffusion coefficient

2
o
D= AL (7.38)
We can now plug this in equation (7.33):
8Pc ’ aneV 82Pdev v
= D P .
o= [ao | D nist) (7.39)

=0y / d¢'vPaev (¢ — ¢')Pe(¢' ') + 07 / d¢'DPyey (¢ — ¢')Pe(9', 1) (7.40)

It is only valid on time scales At > H~!, but it is convenient to write it in continuous form. Since
in a time step ~ Hy ! during slow roll the field does not change to much: ¢ ~ ¢'. For slow-roll
we can write v = v(¢) and D = D(¢). The Fokker Planck equation reads:

OP,
ot

In the next section we will investigate the relevance of this formula for the global description of

=0y (—v(9) P + 0s(D(9) Fc)) (7.41)
the universe.

7.3 Global Description of the Universe?

From the Fokker-Planck equation one can determine the distribution function P.(¢,t) and its
evolution, once suitable initial conditions are specified?. Typical examples for initial conditions
are P.(¢,0) = 6(¢) for models which the inflaton is initially in a false vacuum, and P.(¢,0) =
0(¢ — ¢o) for chaotic models, in which the inflaton field starts out ‘up the hill’ (see figure 5.1).
From the obtained distribution function we can read off the fraction of comoving volume that is
in a state ¢ at time ¢t. Apparently a decent global description of the universe!

However, the comoving distribution function does not give us much information regarding
the presence of eternal inflation. It can be seen that at late times, the comoving distribution
will converge to a delta-peak located at the value ¢ where inflation has ended, even for eternal
inflation. However, the larger part of the physical volume will still be inflating in the case of
eternal inflation. To take the physical volume into account one should consider the volume
weighted distribution function?:

Py = / daa®P(s,a,t) (7.42)

where P(¢,a,t) denotes the joint comoving distribution function of the field ¢ and scale factor
a. This distribution function can be interpreted as the fraction of the comoving volume where
the field has value ¢ and the scale factor has value a at an equal-t hypersurface [Winitzki 2009].
In this case the Fokker-Planck equation will be modified:

Py = 0y[—v(9)Pv + 0y(D(d) Py)] + 3H(9) Py (7.43)

2There exist also time-independent solutions, such that no initial conditions are necessary. However, physical
interpretation meets all kinds of difficulties. For example, the distribution function is not normalizable. On the
other hand, there might be an interesting link with quantum cosmology, since the stationary solution resembles
the square of the Hawking-Hartle wavefunction of the universe. See [Linde 2005], p208 for a discussion.

3This distribution function can be normalized, but this is not necessary for our present considerations
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Chapter 7: Stochastic Inflation

Both the comoving and the volume weighted distribution function and its evolution have been
solved for various inflationary models in e.g. [Martin and Musso 2006]. In fact, in this reference,
the back-reaction from the gauge invariant second-order corrections, see section 6.1 have been

2
taken into account*. We show a plot for a inflationary model with a potential V o< V; [1 — (Q) }

14

in figure 7.1.
15 1
: : - PV((D)
12.5¢ 1] 1 : ——  Po ()
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Figure 7.1 — Evolution of the field distribution for a small field model V o< 1 — (%) . The initial

value of the field is at ¢in /i = 107°. The numbers 1, 2 and 3 indicate three consequetive snapshots.
Taken from Martin and Musso [2006]

Basically the evolution of the comoving distribution function (blue line) is as follows. The
distributions starts out as a delta function at ¢, /i = 1075. Then the average position of the field
rolls slowly towards the true vacuum while the dispersion grows linearly with time. Eventually,
the probability of finding a field with a value of ¢ near the false vacuum becomes vanishingly
small.

The volume weighted distribution (red line) on the other hand has a very different evolution.
When the conditions for eternal inflation are met, see eqn. (5.2), the average of the volume
weighted distribution will move towards the region of the initial false vacuum. At late times an
increasingly large fraction the physical volume will be occupied by a field which is in the false
vacuum.

An important issue regarding the volume weighted distribution function and the Fokker-
Planck equation is that the physical interpretation depends on the choice of the time-slicing.
In this section we have considered the distribution function of the inflaton field on equal-t
hypersurfaces, where t is cosmic time. However, we could also have chosen a different time

4In the article [Martin and Musso 2006] the back-reaction was taken into account by an expansion in the noise
up to second order.
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coordinate, by a gauge transformation. Consider the following gauge choice:
dT = H(¢)dt, T= /H dt =Ina (7.44)

This is known as e-folding time since it measures the number of e-folds. In these coordinates, the
comoving distribution function and volume weighted distribution function are the same [Winitzki
2009]. In this way, the presence of eternal inflation is not clear from the distribution function.
This does not imply however, that the presence of eternal inflation, see [Winitzki 2009] p62.
The question: How much of the physical universe is occupied by the field with value ¢ does
depend on the gauge choice. In this sense, a global description of the universe by means of the
volume-weighted distribution function is ambiguous.
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CHAPTER 8

Thermodynamic approach

There seems to be an interesting correspondence between general relativity and thermodynamics.
For example, thermodynamic laws have been generalized to systems which possess horizons
[Gibbons and Hawking 1977] and Jacobson [1995] showed the Einstein equations can be written
as a thermodynamic equation of state. Thermodynamics is also relevant for inflation; for example
one can define an entropy and temperature for De Sitter space. In this chapter we will focus on
quasi-De Sitter space and we show how in this case the Einstein equations are related to the first
law of thermodynamics.

This approach will be useful in our investigation related to back-reaction. After we have
established the thermodynamic law which is applicable in the quasi-De Sitter system we will
include perturbations and consider their impact on the background geometry. Previously this
has been investigated in Frolov and Kofman [2003] and recently in Galvez Ghersi et al. [2011].
We will include a discussion on the behaviour in the eternal inflation regime.

8.1 De Sitter Thermodynamics

As mentioned before, the thermodynamic laws have been generalized to systems possessing
horizons. De Sitter space is such a system in which an event horizon is present. We will focus on
thermodynamic properties of De Sitter space in this section. The main reference that has been
used for this section is [Spradlin et al. 2001].

Geometrical Entropy

Entropy can loosely be defined as a measure of uncertainty in the actual internal configuration
of a system!. This definition can also be applied to systems with horizons such as black holes
and De Sitter space since they hide information from certain observers; there is an uncertainty in

ISuppose a system can be specified by some macroscopic parameters. The entropy is proportional to the
number of internal configurations corresponding to this macroscopic system, and therefore inversely proportional
to the probability of finding the actual internal configuration; In this sense, the entropy is proportional to the
uncertainty in finding the actual internal state.
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Chapter 8: Thermodynamic approach

the actual internal configuration behind the horizon. In this sense one can associate an entropy
to an event horizon.

Before we discuss De Sitter space we will consider a black hole, for which a thermodynamic
interpretation is better understood. A black hole emits thermal radiation proportional to the
surface gravity.

K
T=— 8.1
o (8.1)
For a black hole the surface gravity is given by k = Wle where M is the black hole mass. The

temperature at which a black hole emits radiation is then

1
T= 2
8TGM (8:2)
Now we can use the first law of thermodynamics:
TdS =dM (8.3)

to find the entropy:

/dS:/dTM:SWG/dMM (8.4)

Choosing the boundary conditions such that a black hole of zero mass has zero entropy we find:

T R? A

_ 2 __ _
S =4nGM* = o —ic

(8.5)
where we have used that the black hole event horizon is given by R = 2GM. Equation (8.5) is the
famous Bekenstein-Hawking entropy law [Bekenstein 1973], [Hawking 1975]. Since the entropy
was defined based on a geometrical property, i.e. the event horizon, we will refer to this entropy
as the geometrical entropy. This entropy is not defined by counting the internal states although
it would make sense if these two ways of determining the entropy would coincide. This is however
not a well establish equivalence; only for some special cases of black holes has this equivalence
been found.

It is assumed that the Bekenstein-Hawking entropy law holds for systems possessing horizons
in general, including De Sitter space. However in De Sitter space the interpretation of the entropy
is not clear. A black hole has a well defined position and and a finite size, which all observers can
agree on. Therefore one can image that this object can have a well defined set of internal states
to which we can associate an entropy. However, the De Sitter horizon depends on the observer
and moreover, the information that is hidden from an observer corresponds to the region outside
the horizon, which is possibly infinite in size. What microstates can we attribute to the De
Sitter horizon? Let us continue to better understand the problems and possibilities of De Sitter
thermodynamics.

Coordinate Systems

In the limit that the slow-roll parameters are zero the universe has the properties of De Sitter
space. In this case the energy content is effectively given solely by a positive cosmological constant.
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8.1 De Sitter Thermodynamics

This space is actually larger then what our flat FRW-coordinates (3.12) can describe? We will
write the coordinates here again for convenience:

ds® = —dt* + a®(t) (dr® + r2dQ?) (8.7)

The part of De Sitter space that is described by these coordinates can be seen from the Penrose
diagram in figure 8.1 (left). However for our purposes we do not need all of De Sitter space, we
only need the part of De Sitter space in which the universe is expanding.

_ _ . 2
S t=too r=const horizon S

=+ o
R=1/H R=const
. R=0
T=const
T=-

Figure 8.1 — Penrose diagram of de Sitter spacetime in time-dependent FRW coordinates (left)
and static coordinates (right). A Penrose diagram is a convenient way to visualize the global causal
structure of a spacetime, see e.g. Carroll [2004]. Light rays move at 45°. The full square corresponds
to the full De Sitter space. The blank area in both figures corresponds to the part of De Sitter space
which is not described by the coordinates used [Frolov and Kofman 2003]

Another interesting coordinate system on De Sitter space is the static coordinate system:

dR?

2 2 p2 2
ds Z—(l—HR)dT +1—7];12R2

+ R2d0? (8.8)
This coordinate system is also not complete, see the right image of figure 8.1. Note that this metric
does not depend on time. However, it is not possible to define a global time-like Killing vector,
such that we cannot define a conserved energy of De Sitter spacetime. The coordinates (8.8)
show the appearance of a coordinate singularity which defines the De Sitter horizon: R = H~!.
It is similar to the black hole horizon, but now it is as if the observer is surrounded by a black
hole.

De Sitter Entropy

We found that the De Sitter horizon is located at R = H ! in static coordinates. Just as in the

case for a black hole we can define a surface gravity of the event horizon: xk = H [Gibbons and

2The full De Sitter space can be represented as a 4-dimensional hypersurface in a 5-dimensional Minkowski
space, with coordinates (zo,...,24). This hypersurface is defined through

2422422442l =H? (8.6)
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Hawking 1977]. Freely falling observers in De Sitter space will feel as if they are in a thermal
bath of particles at temperature T = %

Because De Sitter space is associated with a temperature, we would like to follow the story of
the beginning of this chapter and see if we can derive the entropy-law (8.5) in a similar fashion for
De Sitter space. However, unlike in the case for a black hole, there is no infinitesimal mass-energy
dM over which we can integrate to obtain the entropy. In De Sitter there is only a cosmological
constant, which corresponds to a constant energy density throughout space. There is however a
way to arrive at the entropy law by considering a generalization of the Sitter space, in which a
black hole is present. In this way, at least for 3 dimensions, the Bekenstein-Hawking entropy law
can be derived, see [Spradlin et al. 2001].

However we will take an another approach, based on the Misner-Sharp mass; a local mass
function based on spherical symmetric spacetimes [Misner and Sharp 1964]. We will show that the
entropy indeed is proportional to area of the De Sitter horizon. The approach differs from method
described for the black hole where we varied the mass and therefore the horizon and temperature
of the black hole. Instead we consider a constant horizon and temperature, and determine the
entropy of a sphere around an observer as a function of the radius. At radii smaller than the
horizon, the entropy scales with volume. However, exactly at the horizon, the entropy scales with
area.

A general spherical metric can be written as:

ds? = gap(t, r)dz*dab + p?(t,r)dQ> (8.9)
The Misner-Sharp mass is defined through:

~ 2GM(t,r)
p(t,r)

Where M (t,r) is the Misner-Sharp mass, which is a measure of the energy within a sphere of

1 = (Vp)? (8.10)

radius r at time t. V corresponds to the covariant derivative with respect to the metric gq;. The
previous equation can be rewritten as:

p
M(tr) = 5 [1—(Vp)?] (8.11)
For the static metric (8.8) this becomes?:
R3H?
M(r) = .14
=210 (8.14)

3 We can also arrive at relation (8.14) by integrating over a volume with the energy density given by the
vacuum energy:

4
M(T‘) = /d3x \/gpvac = ?RBPVac (812)
where g is the determinant of the 3-dimensional spatial metric: g;; = d;; in cartesian coordinates. The constant
vacuum energy density is given by

8rG 3H?

H? = 3 Pvac = Pvac = e (8'13)
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We now apply the thermodynamic first law:

dM 2w [dM 3rH 9

We define the entropy to be zero when the radius and thus the Misner-Sharp mass is zero.

S = %R3 (8.16)

At the horizon, R = H~! the entropy becomes:

T A
S=—F=— 8.17
GH? 4G (8:.17)
The entropy in general scales with volume, according to equation (8.16), but exactly on the
horizon the entropy is given by the area in stead of the volume.

8.2 Quasi-De Sitter Thermodynamics

The fact that entropy has an application to systems possessing an horizons led to the idea
that there is more to the thermodynamic picture. In [Gibbons and Hawking 1977] it was shown
that thermodynamic relations apply to such systems. Jacobson [1995] showed that the Einstein
equations can be written as a thermodynamic equation of state. In this section we show how to
implement the first law in the context of inflation which was done by Frolov and Kofman [2003]

The first law of thermodynamics states that the change of internal energy of the system
equals heat that flows to the system plus work that is done on the system, dE = d@Q + dW. For
reversible changes, we have d@Q = T'dS, dW = —PdV, and we can write down the fundamental
thermodynamic relation:

TdS = dE + PdV (8.18)

We will discuss various thermodynamic quantities which have an interpretation in quasi-De Sitter
space in the next sections.

8.2.1 The System

The thermodynamic system in the De Sitter context corresponds to the spacetime behind the
horizon from the perspective of the observer at the origin, since this is the region which is
associated with the uncertainty or lack of information due to the horizon.

We will work with a strictly spherical symmetric space, also for perturbations. Later we show
this is equivalent to choosing longitudinal gauge. The reason for this choice is that in spherical
symmetric systems it is possible to have a consistent definition of energy and energy flow, even
in non-static spacetime. This is not possible in general, since it is not possible to define energy in
terms of a conserved Noether charge associated with time-translation invariance. The spherically
symmetric metric is of the form

ds® = gap (1, r)dzda® + p*(7,7)dQ? (8.19)

65



Chapter 8: Thermodynamic approach

Here, g, is the two-dimensional metric associated with the coordinates z* = (7,r), p(,r)
determines the physical radius and d2? is the line element on a unit 2-sphere. The unperturbed
metric is defined as:

ds? = a®(—d7? + dr?) + p?dQ? (8.20)

The field fluctuations can be expanded in spherical harmonics. Since expansion rapidly increases
the size of the fluctuations it can be shown that in the spherical harmonics the I = 0 mode
will dominate. This mode preserves the spherical symmetry and thereby simplifies the metric
perturbation. It is not possible to define gauge-invariant variables in this case. However, it is
possible to make a gauge choice which corresponds to the Newtonian gauge. In this case the
metric becomes:

ds® = a® [—(1 4 2@)dr? + (1 — 2@)(dr® + r*dQ?)] (8.21)

Apparent Horizon

Unlike De Sitter space there is not in general an event horizon associated to quasi-De Sitter
space, in particular if the universe ends inflation at some point. To see if an event horizon is
present one needs to know the entire future for some observer. In stead we will work with the
apparent horizon, which can be defined at any instant.

In case of an expanding universe the apparent horizon is the same as the marginally trapped
surface which can loosely be defined as follows: Consider a sphere at comoving radius r from
the observer. Radial light-rays leaving the sphere form new spheres in both directions. Since the
universe expands there is a radius rag where the physical area of both spheres start to increase;
this defines the marginally trapped surface.

The in- and outgoing light-rays have solutions: r+ = ro & 7 and physical area A = 4wa®r3.
The area changes according to

0, Ay = 8ma*ri (’H + 1) (8.22)
T+
The surface is trapped when 0,44 > 0 for both directions of the light-rays. This requires
H > rj_tl. We take the limit of the distance travelled by the light-rays to zero and change the
inequality sign to an equal sign to find the distance at which the surface becomes marginally
trapped. This is at » = H ™!, which is already familiar to us.
Now we generalize this argument for a spherical symmetric metric, where A = 47wp?(r, 7).
The variation of the area along the paths of the in- and outward light-rays, parametrized by the
time is given by

DAL
dr

= K2V A = 8mpk%Vap (8.23)

where k% = 0.2%(7) is the tangent vector along the paths of the light rays, and therefore is null
(k%kq = 0) for either direction.

The condition for the marginally trapped surface is fo = 0. Since k® is null this implies
V.p should be null. Therefore the condition for the apparent horizon is:

f=(p?=0 (8.24)

66
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Where V is the covariant derivative for the two-dimensional metric.
We find for the unperturbed metric (see section 3.2):

o =" =—7(1-¢) (3.25)
Adding the perturbations yields:
r) = 71— e4+20—7(®, —®,)] (8.26)

8.2.2 Entropy

From equation (8.5) we see that the variation of the entropy is proportional to the change in the
area corresponding to the horizon radius:

dA = £V, Ad) (8.27)

where k° is the tangent vector at the horizon. For the unperturbed metric, if we take 7 as the

parameter, k* = ( (11 )) such that the variation is
—(1—¢
8mHe
dA = 7 dr (8.28)

So in one e-fold, A7 = H~!, such that the area increases by AA = %. However, to have a

similar relation, but taking spatial perturbations into account, we need a different definition for
the tangent vector at the horizon. We define a vector which will be tangent along the surface of
the apparent horizon as follows*:

" ==V, f (8.29)

This tangent vector depends on the parameter used to parametrize the path of the horizon. We
find ¢ = B(7)k®, where B(7) = 2H?*H~1(7) in this case. This parameter will cancel in the first
law, but we keep it here in order to better understand the thermodynamic quantities.

ds = %C“pvap(B_ldA) (8.30)
We find:
2meH 27
) — @ = @, —20 oy 31
ds gz 4 A4S gt (@ o+ @) dT (8.31)

Since the physical position of the apparent horizon increases with time the entropy will increase
accordingly.

8.2.3 Temperature

Uniformly accelerated observers in Minkowski space measure a temperature associated with
Hawking-radiation proportional to their acceleration [Unruh 1976]. This is basically due to the
fact that the observer does not have access to all of the spacetime, because of the existence of a

4for clarity we added a minus sign to this definition w.r.t. Galvez Ghersi et al. [2011]
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(Rindler) horizon. Black holes and De Sitter space also have horizons associated which prevent
an observer from measuring the complete state of the system. In this case the acceleration is
replaced by the surface gravity, k. For static black holes, the surface gravity is the acceleration
of a point which is near the horizon, measured by an observer at spatial infinity, and for static
De Sitter, it is similar, but measured by the observer at the origin. The temperature associated
with horizon is

K

T om
where k = H, (4M)~1, for respectively De Sitter space [Figari et al. 1975] [Gibbons and Hawking
1977] and a Schwartzschild black hole.

The surface gravity for dynamic, but spherically symmetric, spacetimes can be defined as
[Hayward 1998]:

(8.32)

1
k= 5|Bp] (8.33)
Unperturbed
H € H ®,+ P O )
(0) — <1 _ 7) (1) — | T ,T TT T 34
T 2 2/ T 2 + alH + 2(aH)? (8:34)

8.2.4 Energy

We are interested in the change of the energy of the system. Energy in an expanding universe
is ill-defined since there is no time translational symmetry. However, for spherically symmetric
spacetimes it is possible to have a local notion of energy: the Misner-Sharp mass, see equation
(8.11)

We can write the change of energy as the variation of this mass along the path of the horizon.
We cannot say much about the total energy of the system outside the horizon but we assume we
have § Eoyy = —dEyy,, where § Eqy is the change of energy of the system.

5Eout = —kavamMsdT (8.35)

To get something that resembles the Einstein equations we want to relate this to the energy
momentum tensor. We could use the 2-dimensional Einstein equations to relate the Misner-Sharp
mass to the energy momentum tensor, but this would defy the purpose of deriving the Einstein
equations. In stead we define a conserved current related to the energy-momentum tensor that
represents energy-flow in such a way that we can define the energy flux through the horizon as:

§E = j*d%, (8.36)

where j¢ is the energy-flow which we will define shortly and d¥, is the 3-volume element related
to the infinitesimal change of the horizon. Note that we switched to 4 dimensional vectors.

The conserved current which represents the energy-flow has to be based on a divergence free
vector. We cannot use time-like Killing vector since the patch of De Sitter space we are interested
in has no time-like killing vector. Nevertheless, for spherical symmetric spaces Kodama [1980]
proved the existence of a time-like vector which is conserved.

€4 =(£9,0,0), 7= —e®Vyp, V=0 (8.37)
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This vector is null on the horizon. Furthermore, Kodama showed this vector can be related to
the following conserved current:

K =G*¢s, Vo K=V, (G*¢) =0 (8.38)

Note that this result is not related to the Bianchi identities. When we write 7% in stead of G*#
we know this current will be conserved as well. We will define the energy flow

j¢ = —TP¢4 (8.39)

The infinitesimal 3-volume element is given by

d¥, = (47p*kPeqp,0,0)dr (8.40)
Using these definitions we find:
€ dmH ((15,7)2
5E(§u)t =3 <€V T2 dr (8.41)
ATH V 2¢
BN =222 O, —20,,+,,)— - 42
6 out H‘S |: (aH)2 ( sTT sTT + ,TT> ag (6¢7T 6¢,T> dT (8 )

8.2.5 Pressure and Volume

We identify the pressure of the system with half of the trace of the energy-momentum tensor:

Ta
P = 7‘1 (8.43)
This statement will be justified in the next section. The change in volume is:
AVout = —kV, (47;”3> = —4np*k*Vap (8.44)
For the system under consideration:
PO = v, PY = V60 (8.45)
dy(®e = 47;3{ dr, ay® = % B = 2;1);“ TPy, (8.46)

8.3 Fundamental Thermodynamic Relation

Putting all the thermodynamic quantities together we can evaluate the thermodynamic relation.
First we will apply this to the general spherical metric and then to the specific case of quasi-De
Sitter.
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8.3.1 General Spherical Metric

The thermodynamic quantities are listed below.

_ 5|
7= (8.47)
2 4
dS = = B A" pVap (8.48)
SE = —B7'd\*V.m (8.49)
T
P=3 (8.50)
dV = —4np*(B71dN)(*Vap (8.51)

The fundamental thermodynamic relation becomes

TdS =6E + PdV

1
@pgampwap = —(OV M — 27T p*C*Vap (8.52)

8.3.2 Derivation from GR

We can derive (8.52) as well by rewriting the Einstein equations. The 2d-Einstein equations of
the general spherical metric are as follows:

Gab =20 " [9a60p — VaVip] + p 2 gas [(Vp)* — 1] = 871G Ty (8.53)
This can be written in terms of the Misner-Sharp mass, m = £ [1 — (Vp)?]
Gm
gapr - vavbp - gab? = 4nGRTy, (854)
Using that g.,g®® = 2, we find the trace of this equation is:
Gm
Op — 27 = 4nGpT (8.55)
Subtracting half of the trace times g,; from equation (8.54) leads to:
1
—VaVip+ 5gatp = 4rGp(Tap — Tgap) + 27GpT gap (8.56)
Next we contract this equation with —%C“pr:
£¢" [Va(Vp)? = OpVap] = =¢*4m0* (Tup — T9a) V"o — 20T p*("Vap (8.57)

We can simplify this, by writing the first term on the right hand side in terms of (VM). To see
this, first we subtract the trace multiplied by g, from equation (8.54):

Gm
— | VoVpp — ?gab =4nGp(Top — Tgap) (8.58)
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The derivative of the geometrical Misner-Sharp mass can be written:

1
Vam = ﬁva [P - P(VP)z} (8.59)
1 2 2
= ﬁ [vap - (Vp) Vap - pva(Vp) ] (860)
_r 2 1wy
— o | T = L (1= (V0P) Vi) (5.61)
__r b, oGm
-2 {ZVaprV P2 Vap} (8.62)
S LU R (8.63)
- G a bp p2 gab p *

The term between the braces is precisely equal to the left hand side of equation (8.58).
Vam = 47p* (Tap — Tgap) VPp (8.64)
Plugging in this result into equation (8.57)
£¢" [Va(Vp)? = OpVap] = =¢"Vaum — 25T Vap (8.65)
For quasi-De Sitter, (*V,(Vp)? vanishes at the horizon, and p < 0. Therefore we obtain:

1
36 10V ap = =(*Vam = 27T p*¢"Vap (8.66)

8.3.3 Results for Quasi-De Sitter

Now we have shown the equivalence between the thermodynamic relation and general relativity
in the general spherically symmetric case we can plug-in the results for quasi-De Sitter.

Without Perturbations

The thermodynamic quantities for quasi-De Sitter in the unperturbed case evaluate to:

H €
T=5- (1 - 5) (8.67)
ds = %Bfldxe (8.68)
_ 8T B
0B = ——B~'dA (ev ¢ ) (8.69)
P=-V (8.70)
dy = —%B*ldAe (8.71)

The thermodynamic relation becomes:

TdS = 0E + PdV (8.72)
2miH%e = ¢ (8.73)
—2m2H = §° (8.74)
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The B~ 'd\ terms cancel. Furthermore we have multiplied both sides with 8% to obtain a familiar
result: the derivative of the Friedmann equation. This is (3.9) we calculated in section 3.1. The
Friedmann equation can be recovered by integrating this equation up to a constant which could
be the cosmological constant. Interestingly in the thermodynamic treatment this constant is
irrelevant.

Including Perturbations

Evaluating all the thermodynamic quantities for the perturbed metric (8.21) at the horizon
leads to the following result.

H e & " 36 @
T= ' 2 o T oumy 28 am (8.75)
4
ds = gB*Id/\ (e+A) (8.76)
& 1 ‘9 . . ) !
0E =~ B |V (e +A) = 20 (66— =~ (8.77)
P=-V (8.78)
8T 4
dV =~ B ldA (e + A) (8.79)

where

P o 20, @

A= ﬁ+ (aH)? m—i—ﬁ (8.80)

Writing the thermodynamic relation:
TdS =0E +Pdy (8.81)
mZH? (e + A) = %052 +é (5'¢ —~ ‘Sf) (8.82)

Again, the B~1d\ terms cancels. Furthermore we have multiplied both sides by 16%. Upon using
relation (8.73) and explicitly writing out A we have:

m2 H* ( ® . T 2P + q’) =é (5'¢ - ‘W> (8.83)

H? " (aH)? aH? " H a

which is the final result.

The thermodynamic equation relates ® to d¢. A way to picture the effect of the fluctuations
on the geometry is the following. Consider equation (8.26). We can drop the derivative terms for
super-Hubble fluctuations. This yields:

47
The area of the horizon will fluctuate due to both quantum fluctuations and due to slow-roll, as
pictured in figure (8.2).
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Figure 8.2 — Apparent horizon of quasi De Sitter space. It is affected by both slow-roll and quantum
fluctuations. Figure taken from [Frolov and Kofman 2003]

Equivalence to GR

The thermodynamic relation which was found for the perturbations, eqn. (8.83) can also be found
from the Einstein equations. This is to be expected since we have shown the two approaches are
equivalent. From the (0,1) Einstein equation (4.35):

. . / . /
O, + HO = 4nGog — (<I> + HCD) — dnG (¢5¢) (8.85)
Such that we find up to a constant
d+ HP = 47Gddg (8.86)

The perturbed (0, 0) Einstein equation (4.34) reads

2 . ..
S AD — 6HS = 87G (2Vq> + oo + V,¢5¢) (8.87)
a
where the Laplacian is given by A = 92 + %&. Writing V' = gfg — %2 and using the equation of
motion V4, = —¢ — 3H ¢, we can write this equation as follows.
SA® —6H (b + HO) +87GY*0 = 876 (¢5¢ — $8¢ — 3H¢5¢) (8.88)
9 . L.
SAD 481G D = 876 ((;55(;5 - ¢5¢) (8.89)
A 12 19, 00
— w o ¢ = — .
(47rGa2 + ¢0) PO (¢0> (8.90)

where to go from (8.88) to (8.89) equ. (8.86) was used. Substituting the expressions (8.86)
and (8.90) into the following identity leads to an expression which can be compared to the
thermodynamic relation.

0u(366) + 620, (‘f) — 20086 (8.91)

0
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Using the (0,1) Einstein equation on the first term on the left hand side of the equation above
we obtain

01($00) = (c'I'> + Hci>) (8.92)

1
drG
Furthermore, subtracting % times equation (8.85) leads to:

B P (i)r
b4 — —2—
a a

L HG 4+ 2 (i - a) P’ = 817Gy (6'¢ - i&b’) (8.93)

a?

So up to a term which vanishes at the horizon, formulas (8.83) and (8.93) are equal.

8.4 Eternal Inflation

Let us first verify that relation (8.83) holds in the eternally inflating regime. The condition for
eternal inflation is that during one Hubble time, quantum fluctuations are of the same order as
the classical rolling of the field:

69| ~ At|¢| = H || (8.94)

This means we have the following relation

; 5
Vae— 1oL _ 199] (8.95)
mpH  my
We work in flat gauge such that R = %5(;5. The real space variance of the curvature perturbation
is, during eternal inflation

V) = /(57 =1 (8.96)

Since this is a gauge invariant parameter we can switch to another gauge. In the constant density
d¢ = 0 gauge, where all the perturbations are characterized by metric fluctuations this leads to
® ~ 1 which would be problematic. There is however no issue with the longitudinal gauge in

which we have calculated the thermodynamic relations. To see this we start by using the (0,1)

Einstein equation (8.86). Because the super-Hubble modes are frozen we can ignore the time-

derivative term. .

Pp——

2m2 H

This shows that although the first term is of order unity, ® is still small and the system is
perturbative.

HISo| _¢* _ Hpgl

| = - = -
091= "3 2mpB® ~ 14

(8.97)

A difficulty arises when we look at the thermodynamic equations for both the background and
the perturbations, equation (8.82). First consider the following scaling for the eternal inflation
regime

. dé¢ op .
6¢_ENF_H6¢N¢ (8.98)
where we made use of eqn. (8.94). Substituting this scaling into the right hand side of eqn. (8.82)
reveals that the equation cannot be decomposed into the average and its perturbations. This
is problematic since we cannot split the system into a background geometry and superimpose

quantum perturbations.
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CHAPTER 9

Discussion

We have reviewed problems associated with the conventional big bang model and how a period
of inflation solves these problems. The lower bound of the required duration of this period was
found to be approximately 70 e-folds using CMB data. Quantum fluctuations during inflation
are able to provide an explanation for the anisotropies measured in the CMB. We calculated the
power spectrum of quantum fluctuations generated during inflation and discussed its relation to
the angular power spectrum which is determined from CMB data.

To calculate the power spectrum in a gauge invariant way we reviewed linear perturbation
theory. The quantization of the fluctuations requires the action up to second order in
perturbations. To this end we used the ADM formalism which short-cuts this calculation and
is also insightful on other grounds. For example it picks out the actual physical degrees of
freedom while other equations appear as constraint equations such as the Friedmann equation.
It was verified that the power spectrum is (very close to being) scale invariant which fits with
observations.

Furthermore, we saw that for different inflationary models the inflationary quantum
fluctuations lead to a globally never ending phase of inflation. The mechanisms of both slow-roll

and false vacuum types of eternal inflation were discussed. We determined an upper bound of
1.652 H?
872 m2 "

the slow-roll parameter € for which inflation becomes eternal: € <

Although inflation is widely accepted by the scientific community, the idea of eternal inflation
is accompanied by scepticism. However, in the words of Guth [2007] who is considered one of the
pioneers of inflation: “I think the inevitability of eternal inflation in the context of new inflation
is really unassailable. (...) The argument in the case of chaotic inflation is less rigorous, but I
still feel confident that it is essentially correct.” In any case eternal inflation is intriguing. For
example it has a natural solution to the problem of the extremely large landscape of string vacua
and it provides an anthropic explanation for the existence of intelligent life.

Nevertheless the concept of eternal inflation has many difficulties associated with it. We
discussed to problem of a global description of eternal inflation, and furthermore we have
investigated the back-reaction of the quantum fluctuations on the classical background.

A literature study was performed on the subject of back-reaction. Due to the non-linearity of
the Einstein equations, quantum fluctuations induce a back-reaction on the background geometry.
We have seen how the back-reaction can be formulated in a gauge invariant way by introducing
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the effective energy momentum tensor. For chaotic inflation the effect of the back-reaction is
that it slows down inflation although this is disputed by more recent research. In this research a
different averaging procedure was adopted which depends on the observer. No significant back-
reaction has been found when measured by freely-falling observers.

We have seen that back-reaction for free scalar fields with small mass in De Sitter space
is irrelevant, since it can be removed by a rescaling of the cosmological constant. We have
investigated the back-reaction effect of a massless scalar field. In this case the only contribution
can come from derivative terms appearing in the Lagrangian. Using simple arguments we found
that this contribution is similar to the back-reaction for a scalar field with small mass. When
interactions are included, e.g. quartic self-interaction, the effect of back-reaction in De Sitter
space is to lower the effective cosmological constant. This effect increases with time which means
that De Sitter space is not stable to such fluctuations. This might be useful to explain why we
observe such a small cosmological constant today. On the other hand, such a decrease in effective
cosmological constant is problematic for the eternally inflating picture.

We derived the Langevin and Fokker-Planck equations which are central to the stochastic
formalism to inflation. One of the benefits of the stochastic formalism is that it treats quantum
fluctuations in an effectively classical manner by introducing a stochastic noise term. We have
shown how the distribution function of the coarse grained field is effectively a description of the
global geometry of the universe according to H = H(¢). However, when taking into account
volume factors, which is certainly important during eternal inflation, the distribution function
cannot unambiguously be defined. Different time reparametrizations yield different results. Still,
the presence of eternal inflation is a gauge independent result.

We have briefly introduced thermodynamics of De Sitter space. We have shown that with the
use of the Misner-Sharp mass it is possible to arrive at the Bekenstein-Hawking entropy law. Next
we investigated the possibility to apply a thermodynamic first law to perturbed quasi-De Sitter
spacetime, where we used definitions for thermodynamic quantities based on spherical spacetimes,
following the article by Galvez Ghersi et al. [2011]. Indeed, the unperturbed thermodynamic law
evaluated to an interesting result, which is the derivative of the Friedmann equation. We have
shown that the approach remains valid in the eternally inflating regime.
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APPENDIX A

Gauge Invariance and Constraint
Equations

This section consists of a classical mechanics example to illustrate how the dynamical d.o.f. can
be separated from the gauge modes. We will see the appearance of a constrained Hamiltonian.

Suppose we are dealing with a system of M particles. The EOM of the system can be found
by extremizing the action which yield the Euler-Lagrange equations.

S = /dt L(g,4,%) (A1)

Note that the general velocity and position are dependent variables. By a Legendre transforma-
tion, the action can be represented in its canonical form.

M
S = /dt (Zpi(ii — H(p, Q)> (A.2)
i=1

Varying this action with respect to the independent variables p; and ¢; leads to the Hamiltonian
equations of motion.
0H 0H
_ S — A3
R iy (A.3)
Note that these equations are linear in time derivatives. This says that the p; and ¢; are dynamical
d.o.f. We will find that constraint equations for the gauge modes do not have this property. (Also

note that per particle the Euler-Lagrange equation gives a 2nd order differential equation while

qi

the Hamilton equations give 2 linear equations.)

Now we consider temporal reparametrization invariance. We consider ¢ as an independent
variable, lets call it the coordinate gpsy1, and we parametrize it by 7. Invariance means that
physics remains the same under the gauge transformation 7 — 7. We write the action in so-
called parametrized form plus a constraint equation.

S = /dT[N/ = /dT (Agpiq;) (A.4)

PMm+1 = —H(p’ q) (A-5)
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In the Hamiltonian, the p and ¢ only run to M.
We can make the constraint equation explicit by inserting it into the action by means of a
Lagrange multiplier.

M+1
S = /dT (Z piq; — N(prvig1 + H(p, q)) (A.6)

58
IN(T)

=0 (A7)

This shows that if we start the other way around, i.e. with an action of the form (A.6) which
has some reparameterization invariance, we can reduce it to an action of the form (A.2) plus a
constraint.
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APPENDIX B

Suggestion for a Stochastic Action
Principle

We have shown that the back-reaction can be described by an effective energy momentum tensor,
eqn. (6.6). It would be interesting to see if we could obtain a stochastic EEMT. In this way, the
back-reaction from the statistical fluctuations on the geometry can be determined.

We will try to find the Lagrangian which reproduces the Langevin equation by varying w.r.t.
¢. The noise-function N(t) will be rewritten such that it contains model-specific terms and a
normalized noise term £, as in equation (7.26). For the noise after a time At we have:

N(t) = Vo2e(t) = V2D(9)4(t) (B.1)

Where D(¢) is the diffusion coefficient (7.38) which is D(¢) = HE@)'  The Langevin equation

872
follows from the equation of motion in the slow-roll approximation:

0=3Ho+ V4 —3HV2DE(t) (B.2)
. H5/2
= 3HG+V,y— 37 —€(1) (B.3)
i 3-1/41/5/4 ¢(4
=3H¢p+ V4 — 5 30) (B.4)
2 mg /My
where we have identified H(¢)? = % in the last step. This equation can be found from varying
the following Lagrangian with respect to ¢:
1 374 gty [ -
L=-=(V$)?* -V d¢' V3/4(¢! B.5
(VO VO + 5= [ g vl (5.5)
This leads to an effective energy density:
1., 37UV gty [¢ 5
=¢*+V(¢) - d¢' V/4(¢/ B.6
p=3F VO soa o [V (B.6)
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and the pressure is p = —p. In the De Sitter limit, V(¢) =V = 3m123H3 this becomes:

HZ; = H? (1 - % \Zg’f j%) (B.7)
For V(¢) o« ¢™ we obtain:
Vi = V(o) (1- jﬁ%%w‘*“) (B.5)
For n = 2:
Vo= V(o) (1- SLmTE) (B.9)
n=4
Vet = V(¢) (1 - j%:g) (B.10)

Stochastic Gravity

Within the line of thought of the previous section quite some effort has already been made in
the framework of stochastic gravity. Not only the slow-roll equation of motion with a stochastic
noise term (i.e. Langevin equation) is derived from an action principle, but a more general set of
Einstein-Langevin equations are derived. For a review see Hu and Verdaguer [2008]. A treatment
is however beyond the scope of this research.
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