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Abstract

In this thesis, we study the origin of the primordial fluctuations in the Cosmic Microwave
Background by assuming that they originated from quantum fluctuations in the early universe,
which stretched to cosmic size during a period of inflationary expansion. We shall consider the
case of slow-roll inflation, a single field rolling down a flat potential. The main predictions of
such models are characterized by two slow-roll parameters € and 7. Recent measurements of
the temperature and the polarization fluctuations in the CMB suggest that these parameters
satisfy € < n/3. This inequality will become much stronger in the absence of the detection of
primordial B-modes. Therefore, the natural question to ask is what characterizes this e < 7
limit, or more generically, what characterizes the ¢ — 0 limit. We will refer to this limit as
the decoupling limit. As we will see, a new hierarchy in the way of organizing the slow-roll
expansion will arise. In addition, the isometries of the background will reduce to that of a de
Sitter space-time. When the physical wavelength of the perturbations becomes super Hubble
size, the de Sitter-isometries acting on the inflaton perturbation correlation functions will reduce
to those of a Fuclidean conformal field theory. In this limit, the inflaton perturbation correlation
functions become fully fixed by the conformal symmetries. For this reason, we will refer to this
limit as the conformal limit of inflation. Last but not least, in conformal limit, the equilateral
non-Gaussianities can be approximated by the spectral tilt of the potential, fyr ~ as.
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1.1. Introduction

1.1 Introduction

Measurement of the Cosmic Microwave Background show us that the universe is homogeneous
and isotropic to a very high accuracy. When one splits up the universe into causal patches,
one finds that all causal patches in the universe have thermalised to the same temperature to a
precision of 1 in 10°. This fact of the CMB is troubling, since how could all causal patches have
known to what temperature they should have thermalized without having ever communicated
with one another? This problem is called the Horizon problem. It can be solved by assuming
the universe has undergone a period of inflationary expansion, which we call inflation. In this
thesis, we study the vanilla model of inflation, which is the slow-roll model. In this model, a
scalar field, the inflaton, rolls down a very flat potential. As it rolls down, it picks up kinetic
energy and due to a weak coupling to gravity, this energy is converted to the gravitational
sector which expanses the universe. The backgrounds of these models are usually described by
Friedmann-Lemaitre- Robertson- Walker metrics. The simplest FLRW-metric is of the form

ds® = —dt* + a(t)*r?dQ?

here a(t) is called the scale factor and it describes how much the spatial part of the background
is expanding at a certain time ¢. During inflation, the scale factor scales as, a(t) = et with
H the Hubble expansion rate. This parameter describes the rate of acceleration of the universe.
Three new important scales arise during inflation, the first one is Hubble expansion rate, the
second one is the rate of deceleration of the expansion of the universe

i
e

€=

and the third scale is )

é
Eﬁ )
which is closely related to the mass of the inflaton. The isotropy and the homogeneity of the
CMB suggests that the early universe was very close to be scale invariant. Scale invariance arises
naturally from the de Sitter isometries, a spacetime in which H is constant. This suggests that
the background dynamics the universe are governed during inflation by the relations

Ui

ek 1 and n<l.

These parameters, € and 7, are called slow-roll parameters and all predictions and results of
inflationary theories are typically expressed in terms of them.

In the universe, there exists a certain scalar quantity that is conserved when its wavelength
becomes super horizon scales, aH < k. This quantity is called the adiabatic mode and is defined

to be 5
p+pn/;

here Jp;, p; and p; are the density perturbations, average density and average pressure re-
spectively of the different components contributing to the energy density of the universe, i €
{matter, radiation, dark energy, etc.}. Due to energy conservation, this quantity is the same
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for every component (R; = R;) in the universe, which means that we can describe all scalar
(curvature) perturbations in the universe by means of one single scalar field.

Recent measurements of the polarizations by the Planck satellite constrain the value of € and
7 to be € < n/3. As the detection of gravitational B-modes stay out, this inequality will only
become stronger in the future [12]. It is therefore natural to ask ourselves what this € < 7 limit
characterizes, or more generically, what the e — 0 limit characterizes. It turns out that in the
limit in which we have a vanishing first slow roll parameter, ¢, and when the scalar curvature
perturbations have become super Hubble size, the correlation functions are fully constrained
by the de Sitter isometries. This means that the density perturbations in the early universe,
which generated the current matter distribution of the universe, can be fully deduced from
symmetries.

When the scalar perturbation R becomes super-horizon size, it stops evolving in time. Taking
the limit of ¢ — oo, or in conformal time taking 7 — 0 where dt = a(7)dr, does not change
the value for R. In the limit of 7 — 0, the isometries of the de Sitter spacetime will become
equivalent to that of a 3D Fuclidean Conformal field theory and all inflaton perturbations will
become fully invariant under these isometries. Therefore we call this limit the conformal limit
of inflation.

In standard single field inflation, a n-point correlation function can be related to a (n — 1)-
point correlation function by taking one of the external momenta to be soft, k; = k; — 0. In the
conformal limit, a new physical relation for the inflaton perturbations arises from this relation,

(Prosps) = (P1p1) O (Pstps) = as{pipi) (PsPs) »

where «; is defined to be the running of the potential. When calculating correlation functions
of inflaton perturbations, one is usually resticted by the number of exact calculations one can
perform due to the complexity of the mode functions. For example, when the inflaton is not
massless, the integral one encounters when calculating the three point correlation function

Size

T //ff/;f/j
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Figure 1.1: The evolution of the physical length of the universe and the physical length of the scalar
perturbations. The red lines denote the physical wavelength of the scalar perturbations. The black line
seperating the white area and the colored area is the Hubble radius. During inflation, the physical length
of the perturbations exceeds the Hubble length and the modes freeze out. As the universe evolves, the
Hubble radius changes and eventually catches up with the physical wavelength of the perturbations. At
this point the perturbations start oscillating again and can be observed [30].



1.1. Introduction

will become extremely hard to solve. This new physical relation let us calculate (three point)
correlation functions in an alternative way, in which we do not need to solve integrals. Also,
this new physical relation constrains the equilateral non-Gaussianities that our model predicts

to be
faL, ~ (Prpsps)

(WP} (02)

This new estimate of non-Gaussianities might just be measurable in the near future.

Outline of this thesis

We start this thesis with an introduction to modern cosmology [2], here we discuss the relation of
the CMB and the Homogeneous and Isotropic universe model. We study the Horizon problem
and discuss why the best paradigm to solve this problem is inflation.

In [3] we move away from the ideal homogeneous and isotropic universe model and we consider
perturbations. The methods and techniques that are discussed for perturbation theory concern
linear perturbation theory, gauge freedom concerning couplings to gravity, the ADM-formalism
in inflationary cosmology, the Foliation of spacetime into spacelike hypersurfaces of equal time
and the Keldysh-Schwinger or in-in formalism.

Inwe study perturbation theory in the Comoving gauge along the lines of [I3]. We calculate
corrections to the so called Bispectrum that are one order higher than have previously done in
literature. As we will see, current methods and approximations like the ones described in most
recent literature, [I3][14][19][20] are not sufficient to prove the “freezing out” of the comoving
curvature-bispectrum. The time dependence is explored by means of a toy model and a
new way in calculating the bispectrum is derived that satisfies the full Consistency relation [13]
to next order.

In [p| we do perturbation theory in the Spatially flat gauge. We consider a certain limit of
inflation, similar to the one taken in the effective field theory of inflation [21I], where the dy-
namics of the Goldstone boson associated to time translations decouples from the gravitational
fluctuations. In this limit, we have a vanishing first slow-roll parameter, e. We will discuss
the results of [22] and show that the results can be explained by the conformal invariance of
the correlation functions. We derive the scalar consistency relation in the spatially flat gauge,
similar to [13] and discuss its implications. We show the validity of the consistency relation
is the limit that the mass of the inflation is m? = 0 and m? = 2H?, afterwards we will use it
to generate a squeezed-light (arbitrary) mass-bispectrum. Then we relate the calculations to
the ones performed in [4 by means of the N formalism. Last but not least, we show that the
amount of physical non-Gaussianities in our model reduces to the simple expression fnr, ~ s,
relating fxr, and the running of the spectral index as.

In[A] we relate the definitions used in this thesis, to the most used alternative definitions. In
a full derivation of the gauge transformation between the spatially flat gauge and the Comowving
gauge is given, here [I3] is followed closely. In |C| we calculate the linear order bispectrum to
confirm the results of [13]. In |§| we calculate the two point function in the de Sitter spacetime
and we give a verification of the result of the two point function as given in [24]. In [E] we give
a discussion and derivation of the conformal isometries in momentum space, where we will use
them to calculate the bispectrum up to a overall factor.

10
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2.1. A glance at the early universe

2.1 A glance at the early universe

At the beginning of time, the universe was hot and dense, exotic particles were present and
particle interactions were frequent and energetic. Matter consisted of atomic nuclei and free
electrons. Over time, the universe cooled down, electrons were captured by the nuclei and light
elements formed. The universe cooled down even further, photons became less energetic and
could not destroy the light elements anymore and were released from the primordial particle
plasma and hence, they began to stream freely. Today, we can still observe this afterglow of the
primordial universe and we call it the Cosmic Microwave Background, abbreviated as the CMB.
This radiation from the primordial universe is found to be almost completely isotropic, it has a
temperature of approximately T = 2.725 Kelvin with small deviations of AT/T ~ O(107°) in
every direction [I]. The fluctuations are very small and look insignificant, however, they reflect
the presence of small density fluctuations in the matter distribution of the primordial universe,
which in turn can give us information about the particles and particle-interactions that were
present at the earliest moments of our universe.

In 1965, the CMB was discovered and it’s by far the best blackbody spectrum ever measured.
This suggests that before recombination, the universe was in thermal equilibrium. After the
recombination of protons and electrons into neutral hydrogen, about 380,000 years after the
Big Bang [2], the mean free path of the photons became larger than the horizon size and the
universe became transparent for the photons produced in the earlier phases of the evolution of
the universe. This radiation therefore provides a snapshot of the universe at that time. The
collection of points where the photons of the CMB, that are now arriving on the earth had their
last scattering before the universe became transparent is called the last scattering surface.

The universe just before recombination was a tightly coupled fluid, where photons scattered
off charged particles and since they carried energy, they felt perturbations imprinted in the
metric during inflation. The propagation of these small perturbations was very similar to
that of sound waves, a train of slight compressions and rarefactions. The gas was heated by
the compressions, while the rarefactions cooled it down. This led to a pattern of hot and cold
spots, as seen in the CMB as the temperature anisotropies. One can make a distinction between
primary and secondary anisotropies. Primary anisotropies arise due to the effects at the time
of recombination and secondary anisotropies are generated by scattering along the line of sight.
There are three basic primary perturbations, important on respectively large, intermediate, and
small angular scales:

o Gravitational Sachs-Wolfe, photons released from high density regions at last scattering
had to climb out of a higher gravitational-potential well than photons from lower density
regions. They are redshifted by 67'/T = 6®. Here 09 is the perturbation in gravitational
potential.

e Adiabatic, recombination occurs “later”E] in regions of higher density, causing photons com-
ing from denser regions to have smaller redshift from the universal expansion. This redshift
corresponding to this effect is given by 07/T = —dz/(1 + z) = dp/p.

'Recombination happens at a certain temperature and density in the universe, speaking about a certain time
might not be the correct choice of words in GR.

12



2.1. A glance at the early universe

e Doppler, the primordial plasma before recombination had a velocity at the moment of
recombination. This gives a Doppler shift in the frequency of the photons which can be
related to the temperature fluctuations via §7/T = v -7/c, with 7 the direction along the
line of sight and v the mean velocity of the photons in the plasma.

Over the years, these anisotropies have been measured by Through the Cosmic Background
Ezplorer (COBE), Wilkinson Microwave Anisotropy Probe (WMAP) and more recently by the
Planck satellite, they were found to be of the order 67/T ~ O(107°). These fluctuations
contain a wealth of cosmological information, their angular sizes depend on their physical size
at the time of last scattering, but also on the geometry of the universe, through which the
photons have been traveling for almost 14 billion years.

Figure 2.1: A map of the CMB temperature anisotropies of the full sky. The top picture was based on
the COBE data and the bottom picture is based on most recent data provided by the Planck satellite.
The avarage temperature of the CMB is 2.725 K [3].

13
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2.2 Geometric information from CMB Isotropies

When we look at the CMB, we observe a projection of sound-waves onto the sky. A certain
mode with a wavelength A subtends an angle 6 on the sky. The observed spectrum of the CMB
anisotropies can then be mapped as the magnitude of the temperature fluctuations versus the
angular size of the hot and cold spots. This is usually done through a multipole expansion
in terms of Legendre polynomials Py (cos(6)) of a correlation function C'(6). The order of the
polynomial, [, is related to the multipole moment and it plays a similar role in the angular
decomposition as the wavenumber k ~ 1/ does for a Fourier decomposition. This means that
the value of [ is inversely proportional to the characteristic (angular) size of the wave-mode it
describes. Therefore we can define the CMB correlation functions, C'(), in the following way.
Let us define the temperature fluctuations in the CMB from it’s mean value in the direction
of a unit vector n. Then C(6) is defined as the product of the temperature fluctuations of two

points in the sky,
AT (n1) AT (n2)
c(0) = 2.1
)= (ST (2.)
here the angle brackets denote the full-sky avarage over n1 and fis. Also, it is assumed that
the fluctuations are fully Gaussian. Then writing C'(6) in terms of Legendre polynomials, we
obtain

c)y=>" MCIPI(COS(@)) : (2.2)

e 47
We can invert (2.2)) for C; in terms of the correlator, then
1 AT (1) AT (0
- /d2fz1d2ﬁ2P(ﬁ1 . ﬁ2)< j(ﬂm) 7(1722)> ‘

The multipole coefficient of this correlation function, Cj is plotted in fig.(2.2). The peaks
in the CMB power spectrum are being produced by modes caught at the extrema of their

@

(2.3)

Angular scale
90° 18° 1® 0.2¢° 0.1° 0.07¢

BDDDI"""'I'I""I"'I"'!""I"'1__

Figure 2.2: The function I(I + 1)C;/(27) plotted against the multipole moment [ [4].
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2.2. Geometric information from CMB Isotropies

oscillations. They form a harmonic series based on the distance the sound waves can travel by
recombination. This phenomena is known as the sound horizon. The first peak is the mode that
compressed once inside the potential wells before recombination, the second peak is the mode
that first compressed and later rarefied and the third peak is the mode that first compressed,
then rarefied and then compressed again, etc.

C; can be directly observed. The difference between the theoretical prediction and the actual
observed value for Cj is called the Cosmic variance and has been defined by

<<Cl —ClebS>2> - 2li 1 24

In order to relate the multipole moment of the CMB temperature fluctuations to the quantum
fluctuations in the primordial universe, we introduce a transfer function 7; and a power spectrum
Pr, then

2.2.1 Transfer functions

C = i/dk k*Pr (k)Ti(k) . (2.5)
The power spectrum in characterizes the quantum fluctuations generated in the primordial
universe. The subscript R refers to a certain parametrization of the quantum fluctuations in the
metric that freeze out after the modes surpass the horizon during inflation, we will discuss this
in more details in the next couple of chapters. The transfer function 77 is known and accounts
for the evolving of the perturbations from the moment they ‘re-enter the horizonﬂ’ until the
time they are measured.

As it turns out, the acoustic peaks, as shown in [2.2] are produced in the theoretical model by
the transfer function. This means that these peaks are not created in the primordial universe
and can be related to more recent physics. When one filters these modes from the spectrum,
one would find a nearly constant correlation function for C;. Since the angular moment [ is
closely related to the solid angle at which we observe the CMB,

4
Q= 57 (2.6)
where (2 is the solid angle at which we observe the CMB. This suggests that if we measure
the CMB at a larger angle the magnitude of the fluctuations remains the same. This suggests
that the primordial universe was close to be scale invariant. Since scale invariance arises natu-
rally from the de Sitter isometries, it suggests that the early universe can be described by an
approximate de Sitter background.

2We come back to this in

15



2.3. Friedmann-Lemaitre-Robertson-Walker models

2.3 Friedmann-Lemaitre-Robertson-Walker models

When we look far into our universe, we see that the matter distribution in terms of galaxies
becomes simpler and that the universe is expanding. If we average over large scales, we see
that the universe starts looking more and more the same in every direction, the universe is
isotropic at large scales. If the universe is also isotropic around all points, i.e. independent of
the position we look at, it is also homogeneous.

Homogeneity and isotropy single out a unique form of the spacetime geometry. This suggests
that the universe can be represented by a time-ordered sequence of three-dimensional spatial
slices ¥, each of which is homogeneous and isotropic. In terms of isometries, a homogeneous
spacetime is invariant under spatial-translations and isotropic means that the metric is invariant
under rotations. A metric that describes a spacetime for an approximate isotropic, homogeneous
and expanding space time is the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. A
line-element in this spacetime is given by

dr?

ds® = —dt® + a*(t) +r2d0?| (2.7)

1— kr2
here a(t) is called the scale factor, which is an arbitrary function depending on time, x encodes
the curvature of the spacetime, with k = {0,+1,—1} denote a spatially flat, positively curved

and negatively curved spacetime respectively. In this thesis, we will focus on the case in which
k = 0. In order to study the causal structure of the universe, it is convenient to define

dr = — (2.8)

where 7 is called conformal time. When we substitute this into the FLRW metric factorizes
into a static Minkowski metric 7, metric multiplied by a (conformal)-time dependent scale
factor

ds* = a*(7) [—d7? + dr* + r?dQ?] = o (7). datdz” . (2.9)

2.3.1 The Friedmann equations

In order to study the evolution of the universe, we would like to know the solution of the scale
factor a(t). Since the universe is a very complicated system, the scale factor of the universe will
depend on the distribution of matter, radiation and even dark energy, A. Luckily, the influence
of all components will not be the same and we can make approximations that some components
will dominate the universe and others will give sub-leading contributions. In order to get an
expression for a(t), we start by considering the following action

Stotal = SHE + S¢ » (2.10)
where Sy is the Finstein-Hilbert action describing the coupling to gravity

2
MPI

SHE = 5

/d4x V—gR, (2.11)

16



2.3. Friedmann-Lemaitre-Robertson-Walker models

S¢ is the action describing matter fields that are minimally coupled to gravity

S, = /d4x V—=9Ls, (2.12)

where L, is an arbitrary Lagrangian containing the fields (¢). Varying (2.10) with respect to
the metric g, yield the Einstein-Equations, formally given by

1 1

Ru_fg VRZ*
M 2 Mlgl

5 Ty » (2.13)

where R, and R are the Ricci- tensor and scalar respectively and T, is the stress-energy
tensor defined by
T _ —2 05,
V=g g~
When assuming that the energy-density distribution of the different components in the universe
behaves as a perfect fluid, i.e.

(2.14)

T = p(t), T% =710 =, T = a=2(t)p(t)6 . (2.15)

Combining (2.13) and (2.15])) we obtain the following equations

i 2a? 1

e = —(p— 2.1
3a 1
— = - 3 2.17

Since the stress-energy tensor is a conserved quantity, we also have
vV, T =0, (2.18)

this gives us

. 3a
p+ ;(p—i—p):(). (2.19)

Then (2.17), (2.17) and (2.19)) are called the Friedmann equations which together fully charac-
terize the solution of the scalefactor a(t). In FLRW spacetimes we usually define the Hubble
radius, i.e.

C

) = ——= 2.20
r(®) = (2:20)
as the characteristic length-scale where we defined the Hubble constant (H) as
1(t
H = X8 (2.21)



2.4. The horizon problem

2.4 The horizon problem

One of the most remarkable things about the CMB is probably that it’s so extremely isotropic.
To understand why this is troubling, we have to split up the universe into causal patches,
where the size of each causal patch of space is determined by the distance light can travel in
a certain amount of time. Since spacetime is isotropic, we can define our coordinate system in
such a what that light travels in the radial direction. Then the evolution is determined by a
two-dimensional line element

ds® = a(r)? [—d7'2 + dT‘Q] . (2.22)

Photons move along null geodesics, i.e. ds?> = 0, therefore their path is defined by
Ar(t) = £AT, (2.23)

here the plus and minus sign represent outgoing and incoming photons respectively. Note that
in conformal time, the light cones are at 45° in the r — 7 coordinates. With these definitions,
we can now define two different types of cosmological horizons. One which limits the distance
at which past events can be observed and one which limits the distances at which it will be
possible to observe future events.

e Particle Horizon: The greatest comoving distance from which an observer will be able to
receice signals travelling at the speed of light is given by [6]

ron(7) =T —7; = /t; ac(h;) : (2.24)

This is the (comoving) particle horizon. Causal influences have to come from within this
region, this means that only particles whose worldlines intersect the past light cone of the
observer will be able to communicate.

e Event Horizon: In comoving coordinates, the greatest distance from which an observer at
time ¢; will receive signals emitted at any time later than ¢ is given by [6]

ren(r) = f—T—/tfaC(l’;). (2.25)

This horizon is called the comoving event horizon.

Now to get back why a such a uniform CMB is problematic, we will have to look at and
for different causal patches that we observe in the sky. As it turns out, almost every spot
in the CMB has non-overlapping past light cones and hence could never have been in causal
contact with one another. To illustrate this problem, let’s consider fig/f.1] In this figure, two
causal patches at opposite directions in the sky are considered. The CMB photons that we
receive from these directions were emitted at the points labeled p and ¢ and they originated at
the initial hypersurface of a moment shortly after recombination. The photons were emitted
sufficiently close to the Big Bang singularity such that the past light cones of p and ¢ do not
overlap. This implies that no point lies inside the particle horizons of both p and ¢. The big

18



2.4. The horizon problem

Now / \

Hubble Sphere

Light Cone

CMB

/\ Big Bang Singularity \/ /\

Figure 2.3: A schematic representation of the horizon problem. All events we observe lay on our past
light cones. The horizontal line represents the spacelike hypersurface of the observed CMB. Points p and
q are two spots in the CMB that are and were causally disconnected from one another. However, both
spots have thermalized to the same temperature with a presision of the order 1 in 10° K.

question that now arises is: how do the photons coming from p and ¢ know that they should
be at almost exactly the same temperature? The same question applies to any two points in
the CMB that are separated by more than 1° in the sky [6]. If there was not enough time for
these regions to communicate, why do they look so similar? This is called the horizon problem.
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2.5. Cosmological Inflation as solution to the horizon problem

2.5 Cosmological Inflation as solution to the horizon problem

The relevant horizon for solving the horizon problem is the particle horizon. In order to see
this, let us rewrite (2.24)) into a more convenient form

t dt In(a) 1
o = / T ) (2.26)

n(a;)

here a; = 0 denotes the Big Bang singularity. The causal structure of the universe can then
be related to the comoving Hubble radius, i.e. (aH)~!. For a universe dominated by a perfect
fluid with a constant equation of state we have [6]

1 1 1
= gz(143w) 2.27
aH ~ Hy" (2.27)
here w = P/p. A possible solution to the horizon problem is a phase in which the comoving
Hubble radius was decreasing in the early universe,

% (&) <0. (2.28)

In terms of (2.27)), this corresponds to a fluid which violates the Strong Energy Condition, i.e.
(143w) < 0. In a phase like this, (2.26]) is dominated by the lower (integration) limit. In terms
of conformal time this means that the initial (conformal) time,

, (2.29)

is being pushed to 7; — —oo. Intuitively, one could conclude from this that there should have
been much more time between the Big Bang Singularity and the moment of last scattering.
This phase of decreasing comoving Hubble sphere is known as Inflation.

A rough estimate can be made about the duration of inflation, if we assume that the universe
starts with a Big Bang singularity and ends in a radiation dominated epoch. In a radiation
dominated universe we have H ~ a~2, then

(Z()H() -~ ap TO

~— ~ 10728, 2.30
apgHg a9y Tg (2:30)

where we used a numerical estimate of T ~ 10 GeV and Ty ~ 1073 eV. For inflation this
implies that (a.H)~! should shrink by a factor of 10%%. If we assume that H = constant during
inflation, we have that Hy ~ Hp, giving us

In (C”S) > 64. (2.31)

ar

This suggests that in order for inflation to solve the horizon problem, inflation should last at
least 60 e-folds.
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2.5. Cosmological Inflation as solution to the horizon problem

There are two other cosmological problems that inflation could be the answer to, these are
the flatness problem and the monopole problem. The flatness problem is the problem which
basically asks why the universe is so flat. One would expect a curvature in spacetime, since in
general relativity spacetime is dynamical, curving around matter. Inflation solves this problem
by flattening the spacetime during the expansion. The monopole problem is the problem why
we do not observe magnetic monopoles, which one would expect when looking at the Maxwell
equations. Inflation would solve this problem by reducing the magnetic monopole ratio such
that its presence would not be observable today.

2.5.1 Physics of inflation

During inflation, a number of conditions are met. The first one is that the universe has an
accelerated expansion. We can see this studying the comoving Hubble radius. Taking the first

time derivative we find J ) J /1 .
a

el —— ()= _-=. 2.32

dt <aH> dt (a) a2 (2:32)

From this we conclude that a > 0.

The second condition is that there are a number of dimensionless parameters which we refer
to as Hubble parameters that are slowly varying during inflation. These Hubble parameters are
defined in the following way. Consider again the total time derivative of the comoving Hubble
radius

d (1 aH +aH 1
— =)= =—(1- 2.
dt <aH> (aH)? a( € (2:33)
then the first Hubble parameter, ¢, is defined as
H 1 dH
=__ —__ - 2.34
‘TTHT THIN’ (2:34)

here we defined dN = dln(a) = Hdt, which measures the number of e-foldings N during
inflation. Note that since the “Hubble sphere” is shrinking during the period of inflation, we
have that € < 1. implies that the fractional change of the Hubble parameter is small.
Since we want the phase of inflationary expansion to last for at least 60 e-folds, we also want
that the higher order derivatives of ¢ remain small during inflation. We can define then higher
order Hubble parameters in a similar fashion to ¢,

£(n=1)
e

_ - (n)
eH ¢edN’ £

N
n—H, s s (2.35)
here the superscript on £ refers to the (n — 2)*" Hubble parameter. In literature, you can
find much more of these kinds of parameters, which are also called ¢, n, etc.. To be consistent,
we will only use Hubble parameters. When another slow-roll parameter is used, we will give it
a label. For further definitions and conventions, see [A]
For perfect inflation, we have that ¢ = 0. In this limit, the metric reduces to the de Sitter

metric ‘
ds* = —dt* + *M'da'da; (2.36)
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2.5. Cosmological Inflation as solution to the horizon problem

where H = Oyln(a) = constant. Since we are not living in a inflating universe, we know
that inflation should have ended. Therefore, it should not correspond to a de Sitter space.
However, since we assume ¢ < 1, line element of will be still a good approximation to
the inflationary background. For this reason, the inflationary background during inflation is
often referred to as a quasi-de Sitter spacetime.

2.5.2 Slow-roll inflation

The toymodel that is often used to parametrize inflation contains a canonical scalar fields rolling
down a flat potential. The choice for scalar fields comes from the fact that scalar fields are not
located in a particular place, they permeate the universe. In a way they represent a smooth
background, which may, however couple to other fields in physically interesting ways. Also,
for example when using vector fields or other structures, the CMB would acquire a prefered
direction. We do not observe this. In this thesis, we will be considering a model where a single
canonical scalar field minimally coupled to gravity rolls down a potential a very flat potential.
These models are referred to as slow-roll inflation-models. The general action for such models
is given by

2
5= [dtzy=g [M;IR — 59" 0,00,0 - V<¢>] , (2.37)

here ¢ is the canonical scalar field that drives inflation, i.e. the inflaton. The spacetime
dynamics generated by the inflaton are again characterized by the stress -energy tentor, which

in the case of (2.37) is given by
1 Q
T;w = |:2g Baoed)aﬂﬁb - V(¢):| 9w + au¢au¢ (238)
Neglecting all spatial derivative terms, the different components of (2.38)) are given by
00 _ Lo 0i i0 i _ L (19 ij
T :§¢ +V(9), T =T"=0, T]:ﬁ §¢) —Vi(g) | Y. (2.39)
If we now match these components to the one of a perfect fluid (2.15]), we find
1 ‘2 1 '2
p=50"+V(9), p=5¢" = V(9). (2.40)

Then the Friedmann equations, (2.17)), (2.17) and (2.19]), become

) 1 .
H = _2M§1¢2’ (2.41)
. 2 1
H+3H? = —2MF2)1V(¢), (2.42)
1 /.
3H = —= + V! . 2.43
3 (0+v') (2.43)
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2.5. Cosmological Inflation as solution to the horizon problem

Using ([2.43]), we can relate the Hubble parameters, € and 7, to the canonical scalar field by

(2'52
N o= 2 (Hiib - H2> < O(1). (2.45)

In the general slow-roll regime, the Friedmann equations cannot be solved exactly. How-
ever, we can solve the equations when a certain potential is specified, or we express the equations
in terms of the lowest order Hubble parameters. Since they are all small, the general dynamics
is described by a good approximation.
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Chapter 3

The inhomogeneous universe
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3.1. Cosmological perturbation theory

3.1 Cosmological perturbation theory

So far, we considered that the universe was perfectly homogeneous and isotropic, and to a high
accuracy, for deviations of the order 1 in 10°, this is true. However, as mentioned before, there
are certain processes that will produce small inhomogeneities. As long as these perturbations
are small compared to the perfectly homogeneous and isotropic situation, we can and will treat
them in perturbation theory. In this chapter we will first discuss the linear perturbation theory
of the “matter” and “metric” perturbations classically and then generalize it to a quantized
theory. The review of this section is based on [5] and [6].

3.1.1 Linear perturbation theory

Since the perturbations around a homogeneous and isotropic universe-model are very small, we
can model the perturbations using linear perturbation theory. Lets assume we start with
with zero curvature and denote this unperturbed metric by g,,. We can perturb this metric
with a small fluctuation around it

Juv = guu + 5guu s (31)

here g, is the total perturbed metric and dg,, is the small fluctuation. Assuming that dg,, is
a general two tensor, we can decompose g,,,, as

ds* = a(1)? [~ (1 + 2A(x,7))dr? + 26;; B'(x, 7)dz’dr + (8;5 + hij(x, 7)) da'da’] | (3.2)

here A, B; and h;; are functions of spacetime. We can further decompose the vector B; by
making a Helmholtz decomposition [5],[6] of the form

B; = 0;B + B;, (3:3)

here 0; B is the irrotational of B; and BZ is the incompressible part of B; satisfying alBi = 0. The
tensor h;; can also be further decomposed using the Scalar- Vector-Tensor (SVT) decomposition

hij = 2C6;; + 28<Z8J>E + 28(iEj) + 2955, (3.4)
where
1

8<183>E = (&aj — 35@82) E, (3.5)

N 1 ~ N
8(1E]) = 5 (&Ej + 8JEZ> , (3 6)
3t =0, (3.7)

OE; = 0

In this decomposition, it is now easy to count the number of degrees of freedom that we have
in our theory, i.e. 10 degrees of freedom. We have 4 scalar degrees of freedom, corresponding
to A, B, C' and E, we also have 4 vector degrees of freedom, corresponding to the two diver-
genceless vector quantities B; and C; and last not least, we have 2 tensorial degrees of freedom
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3.1. Cosmological perturbation theory

corresponding to the traceless tensor 4;;. Note that in my conventions, the hatted quantities
are divergenceless or traceless. The reason for making a SVT-decomposition is because in the
Einstein equations the scalar, vector and tensor fluctuations to not mix at linear order [5],[6],
thus the different fluctuations can be treated at linear order separately.

We can perturb the stress-energy tensor in a similar fashion to the metric

TH =TH + 6T (3.9)

here T%, is the unperturbed part of the stress-Energy tensor and 67%, is its perturbation. Since
T", has to take the form of an perfect fluid in a homogeneous and isotropic universe, we can
define

" = —(p+ P)U"U, — Ps",. (3.10)

with UM = a(t)&uo the comoving four-velocity, p the energy density and P the pressure. The
pertubation of the stress-energy tensor can be decomposed as

ST, = (6p + 6P)U"U, + (p + P)(6U"U, + U*SU,) — 6P&*, — T+, | (3.11)

here 11", is called the anisotropic stress, which is negligibly small [5],[6]. The spatial part of the

anisotropic stress satisfies Hii = 0, since its trace can be absorbed into the isotropic pressure.
Perturbations in the four-velocity can introduce a non-vanishing energy flux and momentum

density, T° j # 0 and T%, # 0 respectively. Using 9uwUHUY =1 we obtain at linear order

89w U"U, + 20,U* = 0. (3.12)

Using our definitions from (3.2]) and defining 6U? = v/a, with v* = dz’/dr the coordinate
velocity, we have

1

= —[1-A :
U, = a(n)[1+ A, —(v; +By)). (3.13)
Using (3.11)), (3.12) and (3.13]) we obtain
6T00 = 5pa

5Ty = (p+ P)v',
0T = —(p + P)(v; + B)),

(3.14)

When considering a non-negligible small anisotropic stress, it is convenient to decompose the
anisotropic stress tensor using the SVT decomposition,

IL;; = 0011 + 911 + 115 (3.15)
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3.1. Cosmological perturbation theory

3.1.2 Gauge freedom

The metric that we want to use to describe the spacetime has a subtle problem, it is
not uniquely defined. This means that one can make certain transformations or can choose
certain coordinates that change the perturbation variables. Let us consider for example a
spatial translation of the form z — z* 4+ £(x,7). Our unperturbed flat space FLRW metric
transforms under this translation to

ds® = a(1)? [—dr? + 20:&d3'dr + (85 + 20&;)) dF'di] . (3.16)

Comparing with , we note that we have introduced the metric perturbations B; =
0:&; and E; = &;. These modes are called gauge modes and can removed by making a coordinate
transformation [0],[8]. This subtlety illustrates that we have to find a better way to represent
our metric and that we would like to write it in terms of the true physical perturbations, i.e.
perturbations that cannot be removed by a coordinate transformation.

In order to find this more convenient representation of the metric, we first need to know how
the metric transforms under a general coordinate transformation of the form

ot — ot + e (x,T), (3.17)

here we define £° = T and we decompose the spatial part again with a Helmholtz decomposition
to & = L' = 0L+ L'. Again L' is divergenceless. Using the fact that the spacetime interval
ds? should invariant under the spacetime transformations,

ds? = gu(X) dX"dXY = Gop(Y) dYdY P (3.18)
where X and Y represent the spacetime coordinates. Then

Y gy ? _

9 (X) = mﬁgaﬁ’(}/)- (3.19)
Then under the coordinate transformation (3.17)), the variables 4, B, ..., ilij transform as [6]

AsAa-1 4T
a
B—)B—FT—L’, BZ—)BZ—E/;,

!/
1
C—C-LT-20L,
a 3
E—E-L, b — B — L,
Yij = Vij
here we defined ' = 9,. Now that we have the transformations of all variables in (3.2)) under
(3.17) we can construct the following 4 gauge invariant quantities
/

v o= A+%@-EWHR—EU, (3.20)
a 1

P = —C—gu%4m+§$E, (3.21)

d, = FE - B, (3.22)

Yij = Vij- (3.23)
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3.1. Cosmological perturbation theory

These variables are known as Bardeen variables. In terms of the Bardeen variables, the invariant
line element can be written as [§]

ds* = a(1)? | —(1 + 2®)dt? + 2&; daldr + ((1 — 20)d;5 + Ayy) da'dad | . (3.24)

3.1.3 Choice of gauge

In a theory of gravity, choosing a coordinate system is equivalent to choosing a gauge. As shown
in [§], using the freedom in the gauge variable x;(x, 7), we can set two degrees of freedom in our
theory to zero [5]. Since models where a canonical scalar field is minimally coupled to gravity
also contains scalar degrees of freedom, we are also able to remove for example the scalar field
perturbations from the theory

p=0d+0, (3.25)

here ¢ is the field avarage of ¢ and ¢ is its perturbation. Three gauges that are often used
when doing perturbation theory in inflationary models are the Newtonian gauge, the Spatially
flat gauge and the Comoving gauge.

In the Newtonian gauge, B and F are set to 0 in such a way that we can write the invariant
line element as

ds* = a(7)? [ (1 + 2¥)dr?* + (1 — 2®)6;;dx'dx’] . (3.26)

In this gauge, the hyperslice surfaces of equal time are orthogonal to the worldlines of that of
a static observer. In the absence of anisotropic stress, ¥ = & [5].

In the spatially flat gauge, C and E have been set to zero in such a way that we can write
the invariant line element as

ds* = a(7)? [—(1 4 2®)dr* + 26, B'(x, 7)dz! d + (8;5 + 4ij)dz'da’] . (3.27)

As the name of this gauge suggests and as we will see later, in this gauge R = 0 and the
covariant derivative in the spatial direction reduces to V; = 9;.

The comoving gauge is a little more subtle, here we choose our hyperslice surfaces in such a
way that we remove the scalar perturbations (6¢) from the matter fields ¢ = ¢ + §¢. In this
gauge, we also set B = 0, then the invariant line element is given by

ds* = a(7)? [—(1 4 29)dr? + (1 + 20)(6ij + hij)dz'dz?] . (3.28)

As we will see later, fluctuations in the comoving gauge are most naturally connected to the
inflationary initial conditions and can directly be related to the number of e-folds. Note that
we have 4 scalar degrees of freedom in the metric, 2 in ¥, ¢ and 1 in h;;.
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3.2. ADM-formalism in inflationary cosmology

3.2 ADM-formalism in inflationary cosmology

The simplest slow-roll inflation model is given by . When doing perturbation theory for
canonical scalar fields, it is convenient to choose a gauge. When choosing a gauge, we fix our
background metric and indirectly we fix a preferred time-slicing of equal time hypersurfaces
of our spacetime manifold M. In doing so, the Poincaré symmetry of our theory is broken
in the sense that the spacetime diffeomorphism symmetry breaks up into an unbroken spatial
diffeomorphism symmetry and an implicitly broken time diffeomorphism symmetry for certain
scalar fields. What is meant by implicitly broken time diffeomorphism symmetry is the follow-
ing. The full theory is still invariant under the full Poincaré group, but not all fields inside the
action respect time diffeomorphisms separately. The reason for choosing such a hypersurface
slicing is that it is convenient when quantizing the fields. When quantizing the fields, we use
the Hamiltonian formalism, which requires a preferred time direction.

A convenient decomposition for the metric which is often used in inflationary slow-roll models
is provided by the Arnowitt-Deser-Misner decomposition, i.e.

ds* = —N%dt* + hij(da’ + Ndt)(da?! + N7dt), (3.29)

where N and N’ are functions of spacetime and are called the lapse and the shift respectively.
The reason for these names will become clear in a moment. Since the ADM metric is non-
diagonal and we have two extra functions, N and N?, this action will not look very nice. To get
a more convenient form, we are going to slice up the space-time Manifold into hypersurfaces of
equal time. By doing this we will see that we can remove the temporal part of the ricci tensor
and no object will appear with more than one time derivative [13]. Since in the original Ricci
tensor, these kinds of terms do appear we can see this intuitively as we would have partially
integrated these terms. In order to account for this partial integration, we have to correct the
action with a total (time) derivative term.

3.2.1 Foliation of spacetime

Let us consider a manifold M that “lives” in a random 4-dimensional spacetime. This manifold
can be sliced up into space-like hyper-surfaces of equal time, >;. A schematic picture of this
is given in fig.(3.1) and fig.(3.2). These pictures show the slicing up of a (random) curved
spacetime. The direction of our time-flow is represented by the vector t*. Note that t¢ is
perpendicular to both surfaces in a flat space-time and has a tilt in a curved spacetime. In
order to proceed, we want to decompose the vector t* into a part that is perpendicular to >
and a part that is normal to X;. For a flat space-time this is trivial, since we do not have a
‘shift’. For the curved space-time this will become [9],[10]

t* = —(gut"n”)n® + (t* + (gut"n’n®) = (N, NY), (3.30)
here n® is a time-like vector normal to X, i.e. n® = g, ntn” = —1. All space-like vectors

tangent to X; satisfy hijtitj > 0. From (3.30) and fig. 1) we note that N represents the
direction of the time lapse and N* represents shift in t“ as it goes from ¥; to X¢yg.
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line of constant 3|

Figure 3.1: A schematic representations of the hypersurface-slicings of a manifold M into space-like
hypersurfaces 3; and ;1 4; of equal time in a curved background. This picture is taken from [IT].

2*.,& 4 /ff /

Figure 3.2: A schematic representation of the lapse and shift functions N and N? respectively. This
picture is taken from [9].
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3.2. ADM-formalism in inflationary cosmology

To get back to our situation, we would like to make a similar decomposition of our Ricci-
scalar R. In order to proceed, we first have to make a decomposition of the Riemann Tensor
R, The Riemann tensor is defined as

R0, =V, V] 0y = VeV,udy — V, Ve, . (3.31)

ouy

This object is fully constructed from covariant derivatives V,, thus in order to make a decom-
position of R’,.,, we have to make a decomposition of V,v®. Here v® is some vector tangent

to 2. Then
u"Vv® = =g, u"Viohn'n® + (u®V 0 + g, u"V i t#n"n®) (3.32)
= Kijuiujna + " BV, 0, ‘

here K;; is called the extrinsic curvature, it describes how the space-time slices ¥; are embedded
into M and u* ®)V,, is the 3-dimensional covariant derivative along some vector field u*. If
we turn to the basis (n, d;), all indices on tensor structures on M become Roman indices, since
they will coincide with the spatial part of M. Then V;0; and V;V ;0 can be written as

Vjék = Kjkn + Fﬂ@m

(3.33)
ViV, = (0i K + T3 Kim) + (K™ + 0T, + T T8 ) O
and therefore we can rewrite the Riemann tensor as
Rpijkap = [Vi, V] 0k
= (aink — ajK,'k + F%Kim — F%ij) n—+
(3.34)

+ (Kijim — K K,™ + 0,17, — 9;T7 + T, T — Tl ;7) Om
= (Vink — ijik) n + (KijZ-m — ik;ij — (3)Rn2jk> O, -

The first term is a boundary or surface term. This boundary term is also known as the Gibbons
Hawking York boundary term. This term becomes important when the spacetime has a bound-
ary such as, for example, in the Schwarzschild description of spacetime around a blackhole or
a star. The boundary term in the energy-stress tensor that is often omitted cancels the con-
tribution coming from this term. Since quasi-de Sitter spacetime has a temporal boundary at
7 — 0, we need to subtract this boundary term from the action. Without the boundary term,

the Ricci scalar is given by
(4) — pA) w _ p3)ij i1 gl gl
RY=R," =R i + K" Ky K"K’ (3.35)
= R® + KUK — K.

We now turn our attention to /—g that appears in the action. To calculate the determinant,
it is more convenient to use \/|g"¥|~! instead of /|gu.|, since N factorizes and can be pulled
out more easily. The inverse metric g"” is given by

[y

: (3.36)

Q

S

o _ (fji%)u@l) (%N)](Vlm)
)(3®1) (hU_ NZ >(3®3)
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3.2. ADM-formalism in inflationary cosmology

here the metric is cut into four pieces, 1 scalar, 2 vectors and 1 tensor, the subscript of (i ® 7)
denotes the dimensions of the object. Then the square root of the determinant can be written
as

1 . NiNJ\ NiNJ
\/—TJE\/IQWIZ\/IQ“”!12\/‘<—NQIW+ N )— ~i | =NVl (3.37)

here the determinant of g,, is denoted by |g.| = g. Using the ADM-metric and using it’s
decomposition, we can rewrite ([2.37)) as

S = % / d*zvh [MglNR@) — 2NV 4+ N YE;;EY9 — E) + N™Y¢ — N'9;¢)? — Nh"9;¢0;¢|

(3.38)
here we have defined F;; and F as
Mp
Ei; = ——(hij — 2V ;N
7T 2 (”J N5) (3.39)
E=FE'=h"E;.
and we subtracted the boundary term
SADM bt. = j(I{ d*z Va(nﬁvﬁna —n*K). (3.40)
ox

This decomposition and form of the action is used in many papers, for example [13],[14],[19],[20],
and shall be used as the starting point of our calculations.

3.2.2 Perturbative expansion constraints

Following section it turns out that the action contains more mathematical degrees
of freedom than dynamical ones. The dynamical degrees of freedom are represented by ¢ and
h'J, while the non-dynamical degrees of freedom are represented by N and N®. Therefore we
can treat N and N as Lagrange multipliers whose equations of motions have to be solved an
substituted back into (3.38)). It turns out that the solutions for N and N* cannot be solved
exactly. Since we want to express N and N in terms of the dynamical scalar perturbations §¢
and/or ¢, and both of these quanta are considered of the order O (10_5), we can solve them
perturbatively order by order. When doing so, a question arises, If we solve the constraint
equations order by order up to order (", to what order in (" will our action be correct?. It turns
out that we do not need to solve the constraints to the n** order to get the correct expression
for the n*"-order action [13],[14],[15],[16]. In [13] it is noted that in order to calculate the cubic
order action, S3, we only need to solve the constraints up to first order in perturbations. Then
in [15] it was noted that in order to calculate the n** order action, we could solve the constraints
up to order (n —2) and still get the correct action (starting from n=3). In [16], it is wrongfully
claimed that in general, starting from n = 3, we have to solve the constraints up to order (n—2)
in order to get the correct form of the n** order action. In this section we [I2] proof that with
the n'" order constraints, we can actually construct the (n + 1) order action.
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3.2. ADM-formalism in inflationary cosmology

Consider a very general Lagrangian that depends on a constraint N and perturbations . Both
N and ¢ can have derivatives acting on them. The Euler-Lagrange equations of N can be
derived in the usual way by varying the action with respect to N

b
0=6S[N,ON,(] = / dix [gjiéN—i—a(ng)é(aﬂN)] (3.41)

— /abd4x [(gﬁ -0y <8(Zf]\7)>> ON + 0, <8(§fN)6N>] ,(3.42)

here the last term in (3.42)) is a total derivative. This term vanishes after integrating, since the
action principle require that all fluctuations of the fields drop at the boundaries, IN(a) =0 =
N (b). Then it follows that the Fuler-Lagrange equations of motion for N are given by

oL oL
o 2 (am) = .

When the field N has no temporal derivatives acting on it, it can be seen as a constraint, i.e.
a non-dynamical degree of freedom, in the action. We can eliminate it by solving its equations
of motion in terms of dynamical variables, which will turn into constraint equations. After
substitution of the solutions of N into the action, we obtain the action parametrized by only
dynamical variables.

When we cannot find an exact expression for N in terms of ¢, we can solve N in terms of ¢
it perturbatively order by order. If we solve the constraints up to order n, and substitute them

back into (3.43|) we obtain

oL oL
87N(N§m ON<p, () — 0; (W) (N<n,ON<p, () =0+ O({N, 0N, (}>n11), (3.44)

here the first non-zero order corrections appear at order n+ 1 in perturbations. Also, note that
the Greek indices turned into Roman indices since we have no temporal (dy = 9;) derivatives
acting on N (they are non-dynamical). Expanding the Lagrangian in N, we find

£(A]\/vsoly a]Vsola C) = £<N§n + (5N2n+17 aNSn + a(SNZn—i-l, C)

oL
= E(NSTM 8NSTL7 C) + 6NZTL+17(N§TL7 aNSH? C)+

ON
oL
+ 8i(5N2n+1)W(N§m ON<n,¢) + O ((n+1)%)
oL
= ['(Ngn’aNSnv C) + 6N2n+167N(N§na 3N§m C)_
oL
— ON>n4+10; (W) (NﬁnvaNg’mC)
oL 9
+ 0 6NZ"+18(T-N) (N<n, ON<p, ¢) + O ((n+1)7) .
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3.2. ADM-formalism in inflationary cosmology

In the last step we have made use of a total derivative term, a similar trick to partially integrating
the 0;. Using ([3.44)) we obtain the result of interest,

E(Nsola a]Vsola C) :‘C(Ngm aNgm C) + 5N2n+1(0 + O(Z n 4+ 1))

oL

+ 0; (6NZ’VZ+1> (Nﬁn, aNgn, C) +0 ((TL + 1)2) ) (345)

a(9;N)

From this we note that the corrections to the action are correctly solved up to order 2(n+1)—1 =
2n 4+ 1 in perturbations up to a total derivative term. This total boundary term will again give
a zero contribution when substituted back into the action, since scalar perturbations damp out
at superhorizon scales. Therefore, we conclude that solving the constraints up to n'® order in
perturbations, we can construct the correct (2n 4 1)* order action. This is one of the new
results of this thesis.

3.2.3 Gauge fixing of the ADM action

At the end of the day, we are interested in quantities that we can relate to the CMB, i.e.
quantities that will “freeze out” after their wavelength surpasses the Hubble radius. Weinberg
showed [5] that there are two of such quantities, namely R and ;;, here R is the Comoving
curvature perturbation and ~;; is the induced spatial metric. In the language of , the
induced spatial metric is given by

In order to find the second conserved quantity, we have to study the scalar perturbations in the
metric further, more specifically, we are interested in the three dimensional Ricci scalar REG)
since this gauge invariant quantity captures the curvature of our induced metric. For scalar
perturbations, we have

The three dimensional Ricci scalar that one obtains from ([3.46|) is then given by

a® OR = —40%*(C — 1/39°E). (3.48)
From this we define the curvature perturbations as
(=C-1/30°FE. (3.49)

To get the comoving curvature perturbation, it is convenient to go to the comoving gauge. In
this gauge, B and v are zero. Therefore we are free to add any combination of these quantities
to the curvature perturbation. As it turns out [6], the gauge invariant combination of B and v
is given by (a’/a)(B+v). Adding this to the curvature perturbation, one obtains the comoving
curvature perturbation
/
R=C- %aﬁw “B+o). (3.50)
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3.2. ADM-formalism in inflationary cosmology

In the next chapters of this thesis, we shall study perturbation theory in the comoving
and in the spatially flat gauge. In the comoving gauge, we have that the comoving curvature
perturbation is equal to the comoving curvature perturbation, since B and v are zero,

R=C— %82E =¢. (3.51)

In the spatially flat gauge the comoving curvature perturbation is given by

!/

R="2(B+v). (3.52)

a

To relate R to the inflaton perturbation ¢ by the perturbations of the stress-energy tensor,
which in the spatially flat gauge is given by

5T = —(p+ P)9;(B +v), (3.53)
and _
o _ ¢
0T = g(?]«p. (3.54)
From these two equations, we obtain the relation
¥
B—l—v:—g. (3.55)

Substituting (3.55)) back into (3.52)) we find that the comoving curvature pertubation is given
by

rR=-1, (3.56)
5

Usually, in the spatially flat gauge, we calculate ¢ correlation functions. Once these pertur-
bations become super Hubble size, one can go over to the comoving gauge by making a gauge
transformation of the form ¢t — ¢ = ¢t + T'(x,t). Up to second order in perturbations, the gauge
transformation between the spatially flat and the comoving gauge is given by [13]

. 17 = . . . 1 1 e,Qp
¢=Hp- 5/%%2 + Lopt+ L - px0he - Zfé’w@ks&
AT L A LY 7 357
le 2, E al L k.ol
+ Z;ia 0,010 0" @) + —=0 “010,(0" 0" p) .
@? 2¢

Since the calculation of this gauge transformation is very technical, it is moved to [B] In the
derivation, [13] is followed closely.
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3.3 Quantum field theory in Curved space time

As mentioned, we are interested in calculating (primordial) correlation functions in this thesis.
When calculating higher order correlation functions of scattering processes in usual quantum
field theories, one usually starts with an initial state at some initial time, ¢; then evolves it from
t = —oo to t = co and then evaluates its overlap with the final state. The methods that are
being used in inflationary cosmologies are not quite the same, but are rather similar to it. In
the usual quantum field theory, it is assumed that both states in the expectation value have
a fixed value. When calculating correlation functions in a curved spacetime, this can become
rather problematic, since both states will become time dependent [18],

QUHIRMINE)) . (3.58)

At the start of inflation, we can define a so called Bunch-Davies vacuum state, which is a
vacuum state defined in a asymptotically flat background, that we can use to have a fixed value
for our vacuum state (more about this later). However, we cannot do this for the final state at
t — oo, since we are working with a time dependent background. Therefore defining a vacuum
state at the end of inflation can become rather problematic. The Keldysh-Schwinger-Formalism
or In-in-formalism is constructed to deal with this problem. In the In-in formalism we calculate
expectation values of operators using only the initial cauchy data, in such a way that we do
not need to use the final states of the system. In the In-in formalism, the scattering matrix
elements are given by

(QE)IQWM)IQE)) = Y ()1 QUE)IQE)IL)) (3.59)
f

here |§2(t;)) is the vacuum state defined at the far past ¢ — oo and the summation over |Q(tf))
represents the sum over all possible out states. In this section, I will review this In-in formalism.
This review is based on [18] and [14].

3.3.1 Keldysh-Schwinger formalism

To understand how the time-evolution in correlation functions is generated in the In-in formal-
ism, we start by considering the action for a generic scalar field ¢

S— / A L(6(x,1), d(x,1)) = / dtL. (3.60)

As usual, the Hamiltonian is obtained by

Ho).7(0) = [ & dmy - L. (3.61)
with 7, the canonical momenta for ¢,
Ty = % . (3.62)
d¢
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3.3. Quantum field theory in Curved space time

In quantum theory, the fields ¢ and 7 satisfy the following equal time commutation relation

[¢(x,8),7(y,1)] = i0(x —y). (3.63)

Commutators between two field operators or between two of their canonical momentum oper-
ators vanish. Next we decompose our fields in the following way

o(t,x) = @(t) + dp(t, x), (3.64)

here ¢(t,x) is the mean value of ¢(¢,x) and d¢é(t,x) are perturbations around this value. Then
the Hamiltonian splits into a part containing all the field averages, H and into a part containing
all the perturbations, H. Then the Hamiltonian becomes

- oH

H(g(t), m(t)] = H[g(t), 7 (t)] + / d4xa¢(x,t) o

0o (x,1)

om(x,t) + H[3¢(t), om(t)] .

(3.65)
Next we continue with the part of the Hamiltonian containing the perturbations. We split
this perturbed Hamiltonian into a quadratic part (the free part of the perturbed Hamiltonian),
which we shall denote by Hy and into a part that contains all the higher order contributions,
which we shall denote by H,

do(x,t) +/d4at

H[56(t), 0m(t)] = Holdo(t), m(t)] + Hi[do(2), o7(2)]. (3.66)

Assuming Q(t) in (3.58)) is a multiplication of multiple scalar perturbations d¢, Hy is used to
evolve Q(t). The Heisenberg equations of motion of the perturbations d¢ and o7 are given by

8¢ (x,t) = i[Hol[5¢(t), 67(1)], 6ep(x, 1)]
Si(x,t) = i[Ho[do(t), 6m(t)], 67(x, t)] .

(3.67)

The interaction part of H, i.e. Hy, is then used to evolve the state |Q(t)). The evolution of a
state is then found by solving the equation

F0) = Hi(n)0() (3.68)

(3.68]) suggest that we can introduce a time-evolution operator U;(t,t') that evolves any state
from t' to t,
Q(t)) = Ui(t,1)|1Q(t)) - (3.69)

This operator, Uj, can be found by solving

d
aUI(t,t’) = —iH;(t)Uy(t,t). (3.70)
The solution of (3.70]) is given by,

Ut ¢) =T [e—ifff def@} , (3.71)
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3.3. Quantum field theory in Curved space time

here T' denotes the Time-ordering operator in such a way that fields occurring at later times
are placed to the left of those occuring at earlier times. For example, consider the time ordering
of two fields ((t,x) and ((¢,y), then

T [C(ta X)C(t/’ Y)] = @(t - t/)C(t7 X)C(t/, Y) + @(t/ - t)C(tla Y)C(t, X) ’ (372)
here ©(t — t') is the Heavyside function. Using (3.68)), we can rewrite (3.70)) into the following

more intuitive form

(QIQMIND)) = (1)U} (¢, t0) Q1) U1 (¢ t0)|2t0))- (3.73)

In quantum field theories, we usually write down correlation functions diagrammatically, where
time flows from left to right in the diagram. In our case, presenting correlation functions
diagrammatically can be rather confusing, since our initial and final time will be the same.
Therefore, it is more convenient to stick to the notation of . Using the fact that Uy(¢,t')
is an unitary operator, especially the fact that

Ul(t,to) = Us(to, t), (3.74)

we note that in (3.73]) our system starts in a state at to, then it evolves forward until ¢ where
the operator @ occurs and then the system evolves back to the initial state again at t3. Using
the unitary property of the evolution operator,

I = Ul (00, t)Us(c0,1), (3.75)
we can extend (3.73]) into the infinite future

<Q<t>r©<t>|ﬂ<t>> UL (t,t0) Q(t) Us(t, o) |9A(to))

UL (t,to)L Q(t) Ur(t, t)[2(to)) (3.76)
Ui(t

|

Uf (. to)U} (00, )Ur (00, 1) Q(t) Us(t,to)|2(to))
U] (00, t0)Us (00, )T Q(t) U (t, t0)|2(t0)).-

When looking closely to the last line of , we see that the system starts in an initial state ¢,
then evolves to ¢ where the field operators occur, then the systems evolves further to t — oo and
the goes all the way back to the initial state at ¢g. This evolution of the system is represented
in ﬁg. Note that the forward and backward parts of the contour are treated as two distinct
parts of this continuous contour, rather than retreading the same part in two directions. This
smart representation of the arcs makes it possible to write the expectation value of operators
in terms of one single time-ordered expression.

To make this theorem more explicit for our perturbations d¢, let us split the perturbation
into two parts

So(t,x) = 6¢T (t,x) + 5~ (¢,%), (3.77)

here §¢T(t,x) and d¢~ (t,x) are the parts of d¢(t,x) that are located on the positive and
negative contour respectively. When calculating correlation functions, we will encounter time-
ordered structures of multiple d¢. Then the time-ordering of the positive and negative modes
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3.3. Quantum field theory in Curved space time

Im[O(x)] + Contour
// Re[O(X)]
- — Contour

Figure 3.3: The contour in the complex plane over which should be integrated. The contour starts at
0 + 7e, moves to = oo and returns at 0 — ¢e. Note that we integrate clockwise.

will be the following

T [6¢™(t,x)5¢T (', y)] = O(t — t')d¢™ (£, x)5¢T (', y) + O(t' — t)d¢™ (', )6 (t,x), (3.78)
T [6¢7 (t, )¢~ (', y)] = 66 (¢, )50 (t,%), (3.79)
T [6¢™ (8, %)367 (¢, y)] = 66~ (1, x)5¢™ (¢, y), (3.80)
T [0¢~(t,x)3¢~ (t',y)] = O(t' — t)d¢™ (t,x)6¢ (', y) + O(t — t')d¢~ (¢, y) 3¢~ (t,x). (3.81)

Applying this on the evolution operators, we note that all of the operators in

A~

Ur(oo,t) Q(t) Ur(t,to) are located on the “+ contour”, thus they should all be written as
positive fields, i.e.

Ur(oo,t) Q1) Us(t o) = 7 [@*F(1)e™ o 7] (3.82)

Similar arguments hold for the conjugate of (3.82), here the operators will be located on the “-
contour”. Then we can expand (3.58)) as

QDI IR(1) ~(2t0) [O()/At0)~
—i [ Q) IR () () - @ (o) Hy DlI0t) + OCEH?)

to

(3.83)

For each term, one takes the Wick contractions of the fields from all the possible connected
diagrams. The difference now compared to the usual in-out formalism is that there now are
two types of fields, ¢(*(¢,x) and (™ (¢,x) and correspondingly four possible Wick contractions

—
6= (t,x)5¢= (', y) = (Qto) | T[56* (¢, )56 (¢, %)]|2(t0)) = G (t,x; 1, y), (3.84)
here G**(t,x;t',y) has been defined as
GTHt,x;t)y) = O@t—t)G7(t,x;t',y) +O —t)G<(t,x;t,y), (3.85)
Gt (t,x;t')y) = G=(t,x;t,y), (3.86)
G tt,xty) = G(txt,y), (3.87)
G (t,x;ty) = O —t)G”(t,x;t',y) +O(t —t")G=(t,x;t',y). (3.88)
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3.3. Quantum field theory in Curved space time

The functions G<(¢,x;t',y) and G~ (t,x;t',y) are the positive and negative Wightman functions
and are defined by

G~ (t,x;ty) = (Qto)l0d(t, x)dd(t',y)I(to)) , (3.89)
G(t,x;ty) = (Qto)l0d(t',y)dd(t x)|Q(to))- (3.90)

3.3.2 Choice of vacuum

Inflation was first developed for spacetimes with a globally flat background and since general
relativity postulates that it is always possible to choose a locally flat frame for any spacetime
point, it might be tempting to impose local flatness in the background. Unfortunately, during
inflation, length-scales and locality do not have a definite meaning. This is because it will
depend on the time when it is imposed. For example, if you define a length-scale on the
wavelength of certain fields you run quickly into trouble, since wavelengths that once might
have been small compared with the curvature of the background, might later not be so, since
they will have been stretched along with the expansion of space.

Another problem arises from the dynamical scale for the inflatory expansion, which is the
Hubble scale H, which is usually chosen to be smaller than the Planck scale. At sub-Planckian
length scales, the description of nature should by governed by the laws of Quantum field theory
and General Relativity. However, no definite theory has been constructed so far that explains
nature at these scales correctly. The standard prescription is to define modes such that in the
infinite past tg — —oo match with the positive energy modes of flat space. This prescription
defines what is called the Bunch Davies vacuum state [14],[18],

[€2(t0)) = [$2(=00)) = [0) . (3.91)

3.3.3 Boundary conditions

When calculating the correlation functions given by , we split the integral term into three
separate time-domains. The first domain is the part where the correlation functions are well
within the Horizon, the second domain is around the moment of horizon crossing and the third
domain starts a couple of e-folds after horizon crossing and ends at the moment when the modes
re-enter the horizon again.

For the first domain, we require that the correlation functions should oscillate very fast and
that the total contribution to this part of the integral is zero. We can achieve this by shifting
the initial states marginally into the complex plain, this gives an exponentially suppression at
early times. This is the reason why the arcs in ﬁg. are shifted onto the complex plane.
This boundary condition is known as the Hartle-Hawking boundary condition.

In the second domain, where we evaluate the correlator around horizon crossing, we assume
that the Hubble parameter and all slow-roll parameters can be approximated to stay approx-
imately constant. In the last domain when the modes are well outside the horizon, we have
to treat the scalar perturbations in the gauges differently. In the comoving gauge, the scalar
fluctuations ¢ freeze out and do not evolve anymore. This contribution can be safely ignored.
In the Spatially flat gauge, this is not true anymore.
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Chapter 4

Cosmological Perturbation theory
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4.1. Introduction to non-Gaussianities

4.1 Introduction to non-Gaussianities

The Cosmic Microwave Background contains a lot of information about the primordial universe,
allowing us to make precise test of inflationary models via their predictions of the primordial
perturbations. The primordial power spectrum, typically expressed in terms of 2-point correla-
tion functions, is well measured. If there are inhomogeneities in our initial conditions, further
information might be obtained from higher order correlation functions. If the perturbations
are exactly Gaussian, the N-Point correlation functions vanish when N is odd, and then is fully
specified in terms of the 2-point correlation function for even N.

In general, all cosmological inflationary models predict some level of non-Gaussianity. Also,
non-linear corrections will generate non-Gaussianities in the CMB, even if the spectrum is
purely Gaussian. Therefore, the observed non-linearities are a combination of the primordial
non-Gaussianities and of second order couplings between modes. A rough estimation of these
non-Gaussianities can be parametrized by a parameter f]l\‘,’z“l, which is defined by the Komatsu-
Spergel Local form

®(z) = D¢ (2) + [V (Pa(@)” — (@a(2))?), (4.1)

here ®(z) is the Gaussian gravitational potential as defined in the Newtonian gauge [5]. It can
be related to the source of the temperature anisotropies in the CMB, AT /T, which were roughly
of the order AT/T ~ O(107?), at a point x in the sky, the subscript G denotes the Gaussian
parts of the primordial perturbations and the subscript NL refers to non-linear. Generally,
second order couplings between modes will be of the order fi9% ~ (O(1), while it has been
shown that for standard single field inflation, f{5% ~ € ~ O(1072), we will come back to this
later.

Non-Gaussianities can produce higher order N-point correlation functions where N is odd.
The lowest order correlation functions with N is odd is the 3-point correlation function. This
3-point correlation function is an independent statistic, and can be calculated in the interaction
picture using the in-in formalism as discussed in This three point correlation function
contains information on both the dependence of the shape and the scale of the momentum
triangle. Also, Maldacena has shown that in the squeezed limit, it is possible to determine
how the tilt of the power spectrum is influenced by these three point correlation functions [13].
This relation between the squeezed limit and the tilt is known as the consistency relation, more
about this later.

In this chapter, we study perturbation theory in the comoving gauge, we start by analyzing
the action and the constraints, we calculate the mode functions that follow from the equations
of motion for ¢, the power spectrum and the bispectrum one order higher in the slow-roll param-
eters than what has previously been done in literature. We then comment on the correctness
using the consistency relation first observed by [13].

4.1.1 Komatsu-Spergel Local form

In order to estimate the non-Gaussianities from higher order N-point correlation functions, for
example the three point correlation function, we can study that correlation function in terms of
the Komatsu-Spergel Local form. Consider again the Gaussian field ®(z), its Fourier transform
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4.1. Introduction to non-Gaussianities

can then be written as B
— v ik.x
d(x) = / (2ﬂ)3<1>(k)e . (4.2)

By defining (4.1]), we have split the field ®(x) into its linear (Gaussian) part ®;(x) and its
non-linear part which is the square of its local value ®(x)? minus the variance of its Gaussian
part (®g(x)?). Using these relations, the Fourier transform of (4.1)) becomes

(k) = (k) + Py (k)

3 4.3
= 0600 + 52" ([ (g2 0a(p + Ba(-p) - (220 (20x)) )
The Gaussian two-point correlation function is given by
3 .
@a(x)Pe(y)) = [ P ), (4.4

here P(k) is called the power-spectrum which is defined as P(k) = |®g(k)|?>. In momentum
space, invariance under parity imposes that the fields have to be real. The reality condition on
d(x), i.e. P*(k) = ®(-k), now implies that

(@c (k1) a(ka)) = (2m)*P(k1)d) (ki + ko) (4.5)
At leading order, the three point function is given by
(P(k1)P(ko)P(ks)) = (P(k1)P(k2)Pnr(ks)) + perms + higher order corrections. (4.6)
Using Wick’s theorem to work out the different permutations in , one obtains

(1) (ke (ks ) =
= s (wetic) ( [ Fhbc(o+ia)bo(-p) - 3k @) )
= IV (2(k1) (k) ( / (;i];, (@a(p +ks)2a(—p)) — (21)"5° (ks) <q><x>2>> o
5 [ 0 (@00 (p) (0lds + POl + 2 perms..

Using the definition of the power-spectrum, the first term on the right hand side of (4.7]) vanishes
while the second term on the right hand side can be written as (27)% P (ky ) P (k2)d® (ki +ko+ks3).
Then the expression one obtains for the three point function in terms of (4.1)) is then given by

(@ (k1) ® (ko) ®(ks)) = flosal [2(2@313(1{1)13(1{2)5(3)(1{1 + ko +ks) + 2 sym.} . (4.8)

From this we conclude that it is possible to rewrite the three point correlation function as a
sum over a product of power spectra times the non-linear coupling parameter f]l\‘,’f:“l. We will
use this template form of the bispectrum, to estimate the amount of non-Gaussianties in [4 and

Bl
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4.2 Mathematical Kung-Fu in the Comoving gauge

In order to calculate correlation functions, it is crucial to understand the dynamics of the
dynamical and non-dynamical degrees of freedom in the action. In this section, we give a
comprehensive analysis of the action and the constraints in the comoving gauge. As it turns
out, when deriving the action perturbatively, we end up with certain boundary terms containing
the shift constraint. After substitution of the solutions of the constraints, we will see that these
boundary terms are mathematically not really boundary terms, but seem to be dynamical
terms. When comparing the solution per order of the action with the zero momentum limit,
these terms boundary terms are not present, suggesting that the solutions are not continuously
connected.

4.2.1 The constraint equations

We start our analyzation with the ADM-action

1 g ) , g
§=3 / davh [MI%NR@) — 9NV + N~YE,ET — E%) + N~1($ — Nig;p)? — Nh”(?iqﬁajgb} ,
again, F;; and E have been defined as

By =M (h,»j - 2v(l-Nj)) :

E=E,=h"E;.

We decompose the field ¢(t,x) into its field average, ¢(t), and fluctuations around it, 5¢(t,x),
then

¢(t,x) = ¢(t) + 3¢(t,x) . (4.9)
As mentioned before, the action (3.38)) has more ‘mathematical’ degrees of freedom than dy-
namical ones. When fixing the gauge into the comoving gauge, we have

0¢p =0, hij = €*’[(14 2085 + Aij] , 0i%i; =0, i =0, (4.10)

here ¢ and 4;; are the physical (dynamical) degrees of freedom, p is defined in such a way that
p = H, ¢ parametrizes the scalar fluctuations and 4;; parametrizes the tensor fluctuations. The
non-dynamical degrees of freedom are parametrized by N and N;, which means that they turn
into Lagrange Multipliers and their equations of motions turn into constraint equations. An
easy way to see what the dynamical degrees of freedom are is by looking at which objects come
with (conformal) time derivatives. The exact action, under the conditions and (4.10), is
then given by

]. .. =
S=3 / d*zv'h [MI%NR(?’) — 2NV + N YE;;EY - E* + ¢2)} : (4.11)
Varying (4.11]) with respect to N and N? gives us the two constraint equations
MER® —2v — N2 |E;;EV — E? + 52] =0. (4.12)
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and ' .
Vi [N~ (E'; — E§';)] =0. (4.13)

Note that the exact solution for N is given by

(Ez'jEij — E? + <52)

2 _
Nsol - (R(3) _ 2V) (4'14)
Using (4.14]) and putting Mp; = 1, we can rewrite the action as
S = / diz VRN [R<3> - 2V($)} . (4.15)

Since we solved the constraints exactly, to expand to any given order, we need to solve
Ngo1 up to that same order. When calculating the action in the zero momentum limit, i.e.
N = N(t,¢(t)) and N;(t,((t), is convenient to work with. This is because the constraint
equations become trivial in the absence of spatial derivatives. We will continue with
and solve the constraints order by order perturbatively. With the n'® order solutions to the
constraints, we can construct the (2n + 1)' order action, as discussed in

In order to keep nice and clear, lets first start with a couple of definitions that I will use
concerning the expansions of the constraints and in the way I define derivatives. My definition
for the expansions of the constraints is given by

N = 1+Zn:N(j>, (4.16)
j=1
3
N, o= 3 (0w + NP (4.17)
j=1

here the superscript (j) refers to the order in (¢) perturbations in which the constraints are
expanded. The constraints NV; has been decomposed using the Helmholtz decomposition into
a irrotational part, 9;9(), and into a incompressible part, Ni(j ). Here N; is traceless, i.e. it
satisfies &Ni = 0. Also, I define O;N* = hij8i8j and O;N; = (WﬁiNj.

Next we expand all objects in in terms of ¢, N and N*, but we do not want to substitute
the expansions for N and N* yet. If we turn of gravity, by putting the tensor degrees of freedom
to, zero 7;; — 0, we can expand the variables that depend on the metric, the time derivative of

the metric, the Christoffel symbol and the covariant derivative, as

hij = 2¢*7%(p + ()b, (4.18)
1
kE _ Zpklig.p. . .
Fij - 2h (ajhzk + 8Zhjl Blhlj) (4.19)
= 6"(0;Cou + 0iCo5 — BiCdij)
and
ViN; = O;N; — TNy (120)

= O;Nj — 0;CN; — ;¢ N + "¢ Nyhy; .
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With these relations, we can calculate the more complicated objects in (4.11]), which are the
Ricci scalar and the terms related to the extrinsic curvature. Since we turned off the graviton
when fixing the gauge, the Ricci scalar reduces to

R®) = —2(20,0¢ + 8,C0%¢) (4.21)

Using (4.19) and (4.20), we can rewrite E;;, EY and E as

Eij = €T (p+ ¢ = Npd"¢)6i5 — 03Ny + 2Nu0;C

Ei = ¢~ Y0-4CgiksilE, (4.22)

E = E;h = 3(p+ ¢ — No*¢) — O NF + 2N, 0%¢C.

Then (E;; EY — E?) is given by
(EijEY — E?) = (h*W' — W) Ey; By

= —6(p+ ¢ — Npd*O)? + 4(p + ¢ — NO*C) (8 N* — 2N,8%¢)
+ 0 N;jOUND — 49;N;j NI ¢ + 4N;0;,¢ N ¢
— (O N*)? + 40, N N19' ¢ — 4(NRO"¢)?.

(4.23)

This is the backbone of our calculation, we can now continue with expanding the N and N*

constraints and solving (4.13)) and (4.13]) order by order.

4.2.2 Constraints equations at zeroth order

At zeroth order in perturbations, we can write (4.12) as
(602 — ¢> —2V) =0, (4.24)

and as
v, (,é(Sij) —9ip=0. (4.25)

At this moment, a little comment is in order. In section [2.5.2] we calculated the Friedmann
equations using the stress-energy tensor and the Einstein equations. These were dynamical
equations. Now at zeroth order in perturbations, we find that reduces to those exact
same Friedman equations. This means that in the comoving gauge, the Friedmann equations
are not dynamical equations of motion, but are Hamiltonian constraint equations. Also, from
we conclude that Hubble parameter does not dependent on the spatial coordinate x*.

Also, a good thing to note is the following. In the zero momentum limit, is not present,
which means that H is not constraint anymore to be only time dependent.

4.2.3 Solution to the constraint equations at first order in perturbations

At first order in perturbations and after removing all lower order terms by using the zeroth
order constraint equations, the constraint equations (4.12) and (4.13)) are given by

1= .
—20;,0" (Ce_Q/’ + pw“)) + §¢2N(1) —3p [,O'N(l) - g] =0, (4.26)
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4.2. Mathematical Kung-Fu in the Comoving gauge

and
0 [(1- NO) (25— O)) | - %ajaﬂ‘N}” —0. (4.27)

Now we have three unknowns and three equations (remember that Ni(l) is traceless). We can
remove Ni(l) from by contracting both sides with 9. From this we conclude that the first
order contribution of Ni(l) must be a constant. Since N must be first order in perturbations,
the only possible solution for Ni(l) is
N =o. (4.28)
Using , reduces to

20;(¢ — pNWy = 0. (4.29)

This gives us the following solution for N ()
NS (4.30)
p

Substituting into we find that the solution for () is given by

¢, 16% o
PpM =24 2 §572¢ (4.31)
P 2p?
Theoretically, following [3.2.2] we are now able to construct the correct action up to cubic order
in perturbations.
Before we continue, lets first discuss the claim that the solutions to the zero momentum limit
are not continuously connected to these solutions. In the zero momentum limit and after using

(4.24) and (4.25)), at linear order in perturbations (4.14)) reduces to

. N\ 2
B 3 g_ 3e g 3
N=1+ B_0p 23— (,0) +0(¢). (4.32)

Also, N is not fixed anymore by the constraint equations. Even worse, N; = 0 at linear order
since it cannot depend on position. Since (4.31) has a term that depends on ¢ and (4.23)
contains a term O N*, we loose a ¢ contribution, that otherwise would have shown up.

4.2.4 Solution to the constraint equations at second order in perturbations

The second order constraints can be obtained in the same way as before, expand all “big” object
up to second order in ¢ and then the zeroth and first order constraint equations can be used to
subtract the zeroth and first order terms. Then (4.12) and (4.13)) become

. 4. .
(—12p2 + 2d>2) N® 4 <28kC8kC - pga%) + 662 — 1250,V ak¢
—24p(NW 4 1857 (NW)? — 40P — 4p0”p®) + 8p0)p M0 ¢
+ 8p'821p(1)N(1) _ 3iaj¢(1)3iajw(1) + (321/}(1))2 _ 3(;52(N(1))2 —0,

(4.33)
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4.2. Mathematical Kung-Fu in the Comoving gauge

and
v, [5}(-2@ +2pN M) 4 5257 — aiafzp(l)} +V; [5ij(zak¢<1>akg2pN<2>+
+2(NW —4p(NY2 4 92pP 5.7 — 9,079 — 2 NW T 1 9,09 D ND 4 (4.34)

+0p M ¢+ W a,¢ — 20, M ks, — %aiN@)f - %aﬂ' N}”] =0.

We can solve (4.33) for 1)), then

‘?—jaka—%'a’“c +40,CO"¢
P (4.35)

—5¢8j1/1(1)6i8j1[)(1) + (P2 — 4VN(2)} ’

y® = %a—Q [-?jg‘z T (—200C0MC — SC0%C) — 29
p p p

note that the solution for N has been substituted, but not the solution for ¢!, since we
have seen from the first order constraint equations that we need to be a little bit more careful
with w(l). Using the the divergenceless condition for N (2), we can solve for N2 and
N@). Note when solving these equation, V; ~ 8; + (T');, here (I'); is a Christoffel symbol, which
is first order in (. Then only the first line on the right hand side of is effected by the
Christoffel symbols coming from the covariant derivative. The first line has two kinds of terms,
one going as §,” times some scalar, for notational convenience lets denote it as M for now, and
left over terms that I will denote as Mij for now. Then calculating both terms we find

V6, M = ;M + ngéi’fM —rke M
= O;iM + 30;(M — 30;¢(M (4.36)
= azMa

and

VM7 = 9;M + 7, M;* —T% M,

J (4.37)
= ;M + 30,CM; ¥ — 0;¢ MF
Using (4.36]) and (4.37]), we can rewrite as
0 =d [gp- N@ _ g2 N(l)} +0; {aiaw(l) NO L opMai¢ + 3@(1)3@
(4.38)

38,0000 + 9,¢Pp V) — 332 O _ %aiaj o

In order to get a more convenient form for (4.34)), we can work out the brackets in (4.34]) and
pull the second order variables to the left. Then

250N — %am;% —_ (akNU)akaiw(l) — ;N2 4 92¢a,0 M 4 aiakgaw(l)) . (4.39)
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4.2. Mathematical Kung-Fu in the Comoving gauge

Again, we can split (4.39)) into a compressible part and into irrotational part. Acting on (4.39)
with 0", we find that the irrotational part of the equation is given by

N® — —;pa—%i <8kN(1)8k8iw(1) — o NWH2pM 1 §2¢ M 4 aiakgakzp(l)) (4.40)

and the incompressible part is given by
N =292 <8kN(1)8k8ﬂb(l) — a;ND %M 4 529,00 + 9,85 ¢ V) — 2p8,-N(2)> . (4.41)
Theoretically, following [3.2.2] we are now able to construct the correct action up to quintic

. . . . 2
order in perturbations. Also, at second order in perturbations, we can have a non-zero Ni( ),
However, it is not constraint by any equations anymore.
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4.3. Linear dynamics of ¢

4.3 Linear dynamics of (

In this section, we use the solutions of the constraints to expand the action to linear and
quadratic order. We discuss the treatment of the boundary terms and we calculate the equations
of motion for {, assuming that the fluctuations and slow-roll parameters are small and therefore
can be seen as perturbations around a free theory, as discussed in [3.3.1}

4.3.1 Analyzation of the action

Starting with the usual action (3.38]), we expand all terms in the action to linear order in (.
We obtain the following expression for S

Sy = % / d*z % [—46*%81-3@ —12p¢ + (6¢% — 36p°)C + 4pe*2ﬂaiai¢<1>} . (4.42)

We can rewrite (4.42)) into a more convenient form by making use of partial integration. Using
- / d*z €¥12p( = / d*z [0 (—12p¢e™) + 125¢e™ + 36p°(e*] (4.43)

and using (4.43) and (4.24)), we obtain

1
=3 / diz e (—4ef2ﬂaiaig + 4pe*2ﬂaiai¢<1>) + / d*z 8y [-12p¢e>] . (4.44)
Naively looking at this expression, we only see boundary terms, which is exactly what was
predicted in However, this is not entirely true. When substituting the solution for ¢,
there appears to be a term in S7 that is not a full boundary term. The part of the S; action
that is not a full boundary term is given by

Sy = / d'z a® (4/);;(') = / diz a® (4Heg'). (4.45)

Having a non-vanishing 57 action, we will produce so called tadpole corrections to the self-energy
of the propagator and tadpole corrections to the three point functions. These tadpole corrections
produce logarithmic divergences at tree level at lowest order in the slow-roll expansion. However,
we do not observe these kinds of effects in the power spectrum. Also, when calculating the action
in the zero momentum limit, no tadpoles appear and the S; action is just a total boundary
term

Sp=-12 / d*z 0o [H(e™], (4.46)

here I denote the zero-momentum limit of the action with a tilde. In literature, [13],[14], these
terms are treated as boundary terms and are therefore omitted.

From we know that in order to calculate S5, we only have to expand the constraints
to first order in perturbations. After performing a couple of partial integrations, we obtain the
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4.3. Linear dynamics of ¢

following cubic order action for ¢

Sy = /d4x [ o ¢ (% — 1 ¢2 3kC3kC (4.47)
—/d4l‘ o [ep;g‘akc‘)kg — 2€3p/)(2 +6¢ + 9(2):| + (4.48)
—/d4x el o), <2 +(+ %(+ C) Ok( — l.Casz

P P P
ter (4pgak¢<1> — Mg 4 aiw)aiaw(l))] : (4.49)

is the usual quadratic order action as found in [13],[14], are the total temporal
boundary terms and are the spatial boundary terms. In literature, [13],[14], these terms
are again omitted. However, just as for S; there appear to be two total boundary terms that
are not actually boundary terms, these are the terms Oy [—8i8i1/1(1)8k¢(1) + 8¢1/1(1)8i8k1/1(1)].

4.3.2 Equations of motion and quantization

The linear dynamics of the free theory of ( can be derived by varying (4.47) with respect to
zeta. The equations of motion that follow from this are then given by

(

¢ +2—— ) (= 97¢=0, (4.50)

here the primes denote derivatives with respect to the conformal time 7 which is defined as
dt? = a(7)%dr?, and z has been defined as z = ¢/H. This equation is known as the Muhkanov-
Sasaki equation [5]. In order to solve , it is convenient to decompose ¢ into positive and
negative Fourier modes

3 .
Cr(x,t) = / (dk3 [a}(k)uk( ek X 4 ar(k)uy(t)e kx| (4.51)

where uy(7) and wuj(7) are called mode functions and ar(k) and a}(k) are the lowering and

raising operators, where a}(k) annihilates the Bunch-Davies vacuum,
f(k)[Q(t0)) = 0. (4.52)

In order to solve the equation of motion for ¢, we need to substitute (4.51)) into (4.50) and

rewrite it into a more convenient form
<aZ +k? — W) vp(T) = 0. (4.53)
az
here vy (7) is the rescaled Muhkanov field which is defined as
vi(T) = a(r)z(T)uk(r) . (4.54)
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4.3. Linear dynamics of ¢

To solve (4.53)), we first want to express (C%)N in terms of the slow-roll parameters. Then

d a<§
I'— g | 22| ~ 2
(az) = a [H] a
here the dot denotes a derivative with respect to ¢, not 7. From this follows that
;2 3 . 84 _ 2 L) 83 _
2+ f 2+£ + 1¢4+ f¢3+f—¢
Mp H*  oH 2Mp H®  Mp H® g

2+ (24 1) + (—2€* + 2en — £2)
(1 —e€)?72 '

ottt 2M3, H?

-9 @é]

(az)//

az

(aH)?

%

%

In order to proceed, we have to make an approximation. When doing the slow-roll approxima-
tion, we assume that the slow-roll parameters change adiabatically in time, in such a way that
we can assume that they can be approximated as constants in . Then resembles
Bessel’s differential equation. In order to normalize (; we use the Wronskian condition, which

is based on the fact that
[C(x,7), me(y, 7)] = 6@ (x — ), (4.55)

here 7¢(x,7) is the canonical momentum corresponding to ¢, 7o = 9L/ d¢. Using the usual
commutation relations for the raising and lowering operators,

[a(k), aT(k')] = (21)26@) (K + ko). (4.56)

we obtain

u(T)0ru* (1) — u* (7)0-u(r) = —i. (4.57)

This equation is known as the Wronskian condition. The solutions for uy(7) are then given by

1 H |—7T
k)= —— "/ —HD
u( ) T) a(T) (Z—s 4 14

(—kT), (4.58)
here ngl)(az) is the first Hankel-function which is a sum of the J and Y Bessel-functions,
HWM(z) = J,(z) + 1Y, (z) . (4.59)

Also, in (4.58)) we have introduced a new variable v, as defined in [5],

o (a2)” 1 _ 9 — 6¢e + 61 + O(e2, en, n?, £2)

~ Z + 3e + 577 + 0(627 €1, n27§2) .

At leading order in slow-roll parameters, we have
3
l/%3/2+36+§77. (4.61)
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4.3. Linear dynamics of ¢

Equation has the following important properties. The mode functions have an oscillatory
behavior within the horizon, k|| > 1. As it gets stretched out of the horizon k|| < 1, the
amplitude becomes constant and freezes. Physically, this means that when we look at the
different superhorizon size-comoving patches of the universe, and ignore all short wavelength
contributions, they all evolve classically but with different . This can be made explicit by
relating

(~-—HZ ~ Hot. (4.62)

)

This e-fold difference is the conserved quantity after the modes exit the horizon, and this
conservation remains until the mode re-enters the horizon. This quantity can be related to the
temperature fluctuations in the CMB, which is the physical quantity that we can measure.
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4.4. Scalar two point correlation function

4.4 Scalar two point correlation function

The two point correlation function for the comoving curvature perturbation is defined in the
following way

(C(k1,0)¢(ke, 0)) = (C(k1,0)¢(k2,0)) 6@ (ki + ko) = 2,;213((’?1)5(3)(1(1 + ko), (4.63)
1

here Py (k) is called the Powerspectrum and has been defined as

3
Pek) = lim |2k, 7 ) (k) | (4.64)

T —0 27‘1’2

In a momentum conserving delta functions has been pulled out and the power spectrum
only depends on the length of the momentum vector. The reason for this is that we have
assumed that the perturbations are statistically isotropic. Physically, it means that all n-point
configurations in the CMB are assumed to be drawn from the same distribution, regardless of
their orientation.

A more formal argument is the following. Correlation functions inherit the isometries of the
background. During inflation, the background can be described as a quasi-de Sitter spacetime.
The isometries that this spacetime imposes on the correlation functions are the following. Cor-
relation functions should be invariant under spatial translations, rotations and should be very
close to scale invariant. Translational invariance imposes in momentum space that the corre-
lation functions should be proportional to a momentum conserving delta function. Rotational
invariance further restricts correlation functions, in the sense that it only depends on the shape
and the size. An easy way to see this is the following. For every field inside our correlation
function we have d degrees of freedom, corresponding to d-spacetime dimensions. Thus, in an
unrestricted n-point correlation function, we have dxn degrees of freedom. There are d possible
translations and every correlation function has n possible rotation axes. Then the number of
degrees of freedom we are left with is d x n — d — n. For power spectrum, this leaves us with
3%2—3—2 =1 degree of freedom, for the three point function (similar to the power spectrum),
this leaves us with 3 x 3 — 3 — 3 = 3 degrees of freedom.

Then there is also the approximate scale invariance of the correlation function. For the two
point correlation functions, we therefore pull out a factor of 1/k3. If the correlation functions
was fully scale invariant, P will not depend on momentum and is just a constant. However,
if there are (small) deviations from scale invariance, this will produce a small tilt in the power
spectrum. The value that is defined to model this tilt is the spectral index

_ dn(P)

(ns —1) = dn(k) (4.65)

This spectral index has been measured to high accuracy by WMAP and later by the Planck
satellite and is given by n, = 0.9667 4 0.0040 with k, = 0.05 Mpc~!, here k, is taken at the
moment when the modes become super Hubble size [2].
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4.4. Scalar two point correlation function

4.4.1 Asymptotic behavior

In order to catch the late time behavior of the two point correlation function, we need to
analytically continuate the Hankel functions around |k7,| < 1,

H,(,l)(—kﬂ') — 1 [—eiT”T(—V) <_§T> —il(v) <i> ] + higher contributions.
e —KRT

The first term is suppressed as 7¥ when 7 < 1, therefore the leading order contribution at late
times to the mode function is given by

v— V 1 —v
u(k, T) fMQ N6 @\/—77'(—]{7') . (4.66)

In this limit, (4.63]) becomes

ety — @ (270 (TN  (HY
1, T 2, 7)) = 2]{/_% (27[_)2 F(%) € (E

The late time behaviour of the power spectrum is then captured by

p - 22V_3H2 I'(v) i 1 o1 [ H i 467
¢ = (27)2 F(%) (1—¢) E . (4.67)

The leading order contribution to the power spectrum is given when v = 3/2. Then reduces

to
H? H ? H? \%4
Po=—<|=]| =5 = - (4.68)
2m)2 \ 4 8Mpe  24Mpe

This is the usual result as found in [I3],[14].
In order to study the behavior at the earliest moments during inflation, have have to expand
the mode functions (4.58) for the limit in which |k7| > 1. In this limit (4.58)) behaves as

X

He -1 (2 -1)(4?-9)
vk, T) = 1—1 — — . 4.69
w(k,7) ~ o < TSkt 21(8kT)? > (4.69)
The power spectrum in this limit is given by
H? 1 ([ 2v+1 (40?2 —9)2
P(r,k) = — w12+ ). 4.
(k) = Grp ae <2(2V oyt e ) (4.70)

Again, when taking the limit of v = 3/2 we find that (4.70]) reduces to (4.68]). Note that in the
last step, we used the following relation in order to get rid of the 1/7 suppression in the second

term in (1.69)
1 1

At the beginning of inflation, we have that 7 is pushed to —oo, therefore the second term in

([4.69) is suppressed as lim,_, ., 1/72.

o7



4.4. Scalar two point correlation function

4.4.2 Spectral index and running

Before we calculate the spectral index, let us first begin with a formal definition of the spectral
index or spectral tilt. The spectral tilt is given by (ns — 1) and the spectral index is defined
to be ns. These quantities are defined as the logarithmic momentum derivative of the power
spectrum. The power spectrum can be split into a scale-independent factor and a part that
captures the scale-dependence

P = reli) () (172)

here k, is defined to be the moment when the modes become super Hubble size and n(k) is a
function that depends on the momentum % and n(k) < 1. We can bring n(k) down by taking
the logarithm of it. If we then expand this function n(k) around k, we find

() re(n()) . am

Using the usual definition of the spectral index and its first derivative, which we call the
running of the potential, os we can rewrite (4.73) as

In(P(k)) = In(P(ky) + (ns — 1) In (:) + %as In (:)2 +0 (m (:)3> L (474

To calculate the leading order contributions in slow-roll parameters to the spectral index, it
is sufficient to start from the leading order power spectrum, (4.68)),

1 dn(k)

In(Pe(k)) = In(P (k) + n(k.) In <:> T3 dnk)

_dIn(P;)  dIn(V) dln(e,)

(s =1 =@ ~ dm(k) ~ din(k)
_ M2(6¢V)2 0V € (4.75)
~ VZ  3H?He
=—2ec—1,

In order to calculate the higher order contributions to the spectral index, we need to start from
taking derivatives of the exact expression for the power spectrum, (4.67)),

_dln(P)  d 22v=3(27)2 [ T'(v) ’ L1 (H\?
(s —1) = din(k) ~ dIn(k) In H? (r@)) 1-¢’ 1(45)

_d 22-3(2)2 (T() " . d H\? (H\?
G e (r(%)) 1o *dln(kﬂ“[(zw) (5)]

In order to keep this calculation orderly, we split the calculation in the calculation of two terms
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4.4. Scalar two point correlation function

and calculate them separately. The contribution from the “first”-term is

d 22 =3(2m)? (T ’
In (2 77) (I;) (1 . 6)21/—1 —
dIn(k) H I'(s)
4 (2v—3)In(2) + 2(T() + (1 — ev) In(1 — &,)]

=—[(2v—-3)In n(I(v —ev)In(l —

din(k) «

1 L .
= (=26 =) (=24 ym +1og(2) + O(*, n, en®, v, .),

here vg is the Fuler-gamma constant which can be approximated as vg =~ 0.57721.

To expand the second-term to second order in slow-roll parameters, we also need to expand
the Friedmann equations to the next to leading order. At leading order he ¢ term dominates the
background equation (2.43) and ¢ is neglected. When calculating the second order corrections to
the spectral index, we cannot neglect this term anymore. Its contributions can be approximated
as ¢ = Hep(e —n,). With this correction, (2.43]) becomes

(3—e¢+ %n)HqB +V' =0. (4.76)

Also, the derivative to the next to leading order in slow-roll parameters is given by

dlog(k) _ dlog(afl) _d H_ (
a H

H
o o 1+ ) =H(l+e). (4.77)

H

Then the contribution of the second term is given by

dlj(k) o [(Z)Q <Z>1 B 12_66 a _éZ)He (4.78)
2€ U '

1-€ l1-—¢
A~ —2—n—2€e2—en.

Combining both results, we find the following expression for the spectral index to second order
in slow-roll parameters

1
(ns—1) = —2e—1n—2e% —en— ﬁ(2é+ﬁ) (=2 + v +log(2)) +O(e3, én, en®, n3, ...). (4.79)

Following the definition of the running, (4.74)), we can also calculate the leading order running

of the potential,
_d(ns—1) _ (1)
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4.5 Tensor two point function

So far, our main focus was on the scalar degrees of freedom inside our metric, however, there
are also tensorial degrees of freedom. With the tensor power spectrum P;, we can determine
the tensor to scalar ratio in the CMB. As we will see, this will provide a bound on the value
for €, which will be the starting point of the next chapter.

The tensor degrees of freedom are parametrized in our gauge by the transverse traceless
quantity 4;;. The cubic action for 4;; is given by

< Mg, 3 2 R SRV
Sgr[’)/z‘j] = S/d X d’]’ a [(&—"ﬁj) — (V’yij) ] . (4.81)

Following the usual formula for canonical momentum, we find that the canonical momentum of
the graviton is given by

X 0Sgr Mgy o,
T = — = a“0:5i; . 4.82
J (5(67-’}/1']') 4 J ( )

The proper canonical quantisation is then given by
. . L[y A 5B A op
[%’j(& ), 7y, 7)} =3 [Pilpjk + PixPix — Piijl] P (x—y), (4.83)

here ]%j = 4;; — 0,05/ V? is the transverse projection operator. Since the graviton has two
polarizations, usually denoted by + and X, and both polarizations are governed by the same
equation of motion, it is convenient to decompose the gravition in the following way [6]

2 d’k ik tast ik
Vij(2) = ——— ——g [Pk, T)eanae™™ + ¥ (k,T)e) ay e 4.84
/7]($) MPI a;X/ (27T)3 [h(k T)e’bjak € + (k 7_)61] akae ] ( 8 )

here ay, and &Tka are the annihilation and creation operators where axo|Q2(tg)) = 0. They
following the following commutation relation

|:dkon &L/a/:| = (27r)35a,o/5(3) (k - k,)v [&kom dk’a’] =0, [&La’ d;f(/a/] =0, (485)

and €7 are the two graviton polarization tensors, which characterise a massless spin two particle.
Varying (4.81) with respect to 4;; we find that the equations of motion for the mode functions
h(r, k) are given by

(aﬁ + k2 — i) (ah(r,k)) =0. (4.86)

The solutions that follow from (4.86]) and the Wronskian condition are given by

1 /|—7n7 3—¢
h(t, k) a” 1 H, v ) . (4.87)

Then the power spectrum for the tensor perturbations can be defined in a similar fashion to
the scalar power spectrum, then
3

Py (k) = [;Qh(kﬁ*)h*(/ﬂ,m] . (4.88)
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Then the exact expression for the gravition power spectrum is then given by

H? s 3—c \? 2 (k1
Pgr(k',T) == m21*6 T <2(1_6)) (1 - E) 1—e <H> . (489)

4.5.1 The Lyth bound at the end of inflation

Similar to the spectral tilt the comoving curvature perturbation, the spectral tilt for the graviton
is given by

dIn(Py,)
1) = —27 4.90
(e = 1) = =ty (4.90)
At leading we obtain (ny — 1) = —2e. Therefore, the slow-roll parameter e can be related to

both the scale dependence of the power spectra and the presence of physical perturbations.

In theory, it is possible to measure at some point the ratio between the tensor and scalar
perturbations. In [I7] a lower bound was derived on the variation in the inflaton field during
inflation in terms of the ratio r between tensor and scalar perturbations generated during
inflation,

r

e

~ 16e. (4.91)

So far, this ratio has not been measured yet. The constraint this gives on the value of € is called
the Lyth bound. The current constraints on r and € are r < 0.07 and € < 0.01.
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4.6. Scalar three point correlation function

4.6 Scalar three point correlation function

In this section we calculate the three point correlation function for {. In literature this has
already been done at leading order in slow-roll parameters, our goal of this section is to produce
the next to leading corrections. When performing this calculation in the usual way, we will
stumble onto left over time dependence. We do not expect this time dependence since ¢ should
freeze out after it leaves the horizon, hence all correlators of ¢ should do the same. We explore
this left over time dependence with a toy model and then will calculate the correct next to
leading order bispectrum.

The three point correlation function is a bit more involved to calculate compared to the two
point function. This is because we now need to expand the evolution operators of the vacuum
in-in states. For a general operator, the evolution can be realized by a unitary transformation,

T exp (z /_oo(l_ie) dt H[(t))] Qr(t) | T exp (—z’ /—oo(l—i—is) dt Hﬂt))] > (4.92)

Here T and T refer to time ordering and anti-time-ordering, the subscript I refers to the fact
that we are calculating the expectation values of the operators in the interaction picture. Using
this equation, the 3-point correlation function for ¢, (k) in leading order of slow-roll parameters
is then given by

Q) = <

T

(C(k1)C(ka)¢(ks)) = —i/ dr’ a(r') ([¢(k1,0)C(ko,0)C(ks, 0), Hy(1')] ). (4.93)

—oo(1zie)

Just as the two point function could be written in terms of the Power spectrum, a momentum
conserving delta function and a scaled out momentum factor by assuming statistical isotropy,
the three point function can be written in a similar way. Only in this case, we write it in terms
of a Bispectrum or a Shape function instead of a Power spectrum. The Bispectrum and Shape
are defined by

(¢ (k)¢ (ka)C (k) = (2m) 6% (K + ke + k) Bk, o, k)
o T5() S(ky, ko, k3) (4.94)
= (27‘(‘) 1) (kl =+ k2 + k3)7(k1k2k3)2

When studying the symmetries of three point correlation function, the Bispectrum definition is

more convenient to use. When studying the momentum dependence of the momentum triangle,

the shape is more convenient to use.

In order to calculate three point correlation functions, we need the part of the interaction
Hamiltonian that has an odd number of ( fields. Since S is a full boundary term that does
not give a contribution, the leading order contributions will come from Ss. In [I3] it was noted
at cubic order in perturbations, we have Hi,, = —Liyt. A formal prove of this statement is the
following.
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A toy model

Consider a Lagrangian density containing an arbitrary potential and an additional term with
three time derivatives

L= 38 V(00 +a*. (4.95)
The canonical momentum corresponding to ¢ is given by
oL ‘9

5 ¢+ 3ag (4.96)

This relation can be inverted to find a relation for ¢,
(=m—3al?. (4.97)

Calculating the Hamiltonian explicitly we find

H=nl—-L
=2 —3al? - % (7‘1’2 +9a’m(? — 6awé2) —am® +V(¢,00) +0¢h
= 272 V(G 00) — on® + O(CY).

Then from the inverted expression (4.97)), it follows that
Hint = _Om's - Vint,3(€a aC) + O(<4) = _»Cint,S + O(C4) . (4'98)

Notice that this works only if we write the quadratic term as function of 7 rather than C , as we
should since we are computing the Hamiltonian. This argument is therefore very general.

4.6.1 Analyzation of the cubic action

Before we calculate the bispectrum to the next order in slow-roll parameters, let us first analyze
the action. In order to obtain the action at cubic order in perturbations, one needs to expand
the action in terms of ¢. In the comoving gauge, this was done in the seminal work [13]. After
performing a number of partial integrations, the result obtained for S5 is given by

Ss :/dt 3z [a3e2§é2 —2a€2¢(0C)(0X) + a€e?((C)?

+§€77C ¢+ 553@3@ oY + 18 C(OyY)" + f(C)TC )
here f(¢?) has been defined as
2y M2, 1
F(¢t) = B2 + = EC+0(0C) (4.100)

This paper has been quoted many and many times in the past by numerous authors, therefore
let us use this action as the starting point of our discussion.
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4.6. Scalar three point correlation function

When studying , we note that the last term looks very compact, but after substitution
of f({) it actually is inconveniently large to work with. Normally speaking, a term multiplying
the linear equations of motion of a field will not produce a contribution to any Feynman diagram
when it is evaluated on-shell. Therefore one naively can drop these terms when only interested
in terms that contribute to Feynman diagrams. However, there is one subtlety that has to
be kept in mind. The mode functions of { contain Hankel functions, and these can only be
expressed as analytic functions when the index, v is half integer. One could argue that we can
approximate the mode functions as v ~ 3/2 and still would get the correct result at leading
orders in slow-roll parameter. This was done in [I3]. However, this approximation of the mode
functions corresponds to the mode functions of a de Sitter space, and therefore only solve
the Quasi-de Sitter equation of motion approximately. Therefore, this term will give a finite
contribution when calculating this and cannot therefore not simply be omitted. In [13], these
terms were removed by means of a field shift of the form [I3],

¢ =Gt FG), (4.101)
F(G) % G+ 2t + 006 (4.102)

Note that when performing a field shift, we will not be calculating correlation functions in terms
of ¢ anymore but rather correlation functions in terms of (,,. While ( is conserved outside of
the horizon, (, is not. This means that (, correlators will contain left over time dependence.
A second thing to note is the following; in order to get from to , numerous partial
integrations must have been performed. This can been seen to the fact that §£/6¢ contains two
derivatives on one zeta. Since no terms starting from have this property, these terms can
only be produced by means of partial integration.

To gain a better understanding about the time dependences and the field shift of { and (,,
let us study a toy model where after performing partial integration, we can subtract a term
that scales with the linear equations of motion, by means of a field shift.

A Toy model

Let us construct a toy model based on the action and . We would like to start
with a term similar to one in and then, by means of partial integration, we would like to
construct in it a term similar to one found in that only has one or both time derivatives
acting on a single (. Since we are interested in studying the spurious time dependences, let us
therefore consider the following toy model-action,

S = /dt a3¢? = /dt [at(a?’e%%) - C@t(ageQCC)} , (4.103)

here the dots denote time derivatives 0;. As already shown in , we can move the time
dependence from one of the ( fields to, a(t), €(t) or another {(¢) by means of partial integration.
In doing so, we can produce higher order slow-roll parameters, starting from 7, and we can create
spurious divergences in the bispectrum when 7 — 0. To study these cases separately, let us
first study a model in which e = fixed. Such a model corresponds to a de Sitter spacetime. Here
we only consider the spurious time divergences at the same order of slow-roll parameters, and
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4.6. Scalar three point correlation function

afterwards we consider the case in which e has a time dependence. Also, in every calculation of
any bispectrum term, similar to what is usually done in literature, we approximate the Quasi-de
Sitter mode functions by the de Sitter mode functions, i.e. by approximating v ~ 3/2.

Using Hs = —L3 and assuming that € is fixed, we obtain the following contribution to the
bispectrum produced by the left hand side of

H%e ]{Jil)’ + 2]-(71]{5% + k%(k‘g + k‘g) + ]{2%(2}’62 + ]{73)

3\/
_ P .
< 3262k§k§>k3 K2 2 perm
(4.104)
kikok
_ 212 1hv2h3 I .
o 3262k3k3k3 Zk k kt2 Zklk] ’
i<j

here we defined k; = Zle k; and the prime on the brackets of the correlation function denote
the trunctation of a momentum conserving delta function and a factor of (2m)3. When working
out the brackets on the right hand side of (4.103]) we obtain the following four terms

/ dr [aT (a*¢3() — a’é? (ic(g’)Q + 3HC + ¢%o; (im))] . (4.105)

Note that we switched to conformal time in this expression and the primes denote again 9.
Another important thing to note is that the last two terms in (4.105]) are both in the de Sitter
equations of motion. Calculating the contributions to the bispectrum in the same order as given

in (4.105)), we obtain

4

(¢*'2 W%kﬁ + perm., (4.106)
(€ 5 32ki432362 (k3 + 2k k3 + kg(ka;r k3) + k3 (2ko + k3) 42 perm.. (4.107)
(@3 o — 326253t3k3 k3 (KT + (k2 + k3) (k2 + (1 — v)ks) +l~:1(k2 + (2 — ym)ks) — kskilog(—k:7))
+2 perrL.Z, ’
(4.108)

and
2H"e
3\/
o - -
()2~ e
+(7 = 3vE)k3) ks — (=7 + 6vE) (k1 + k2)k3 + (2 — 3vp) ki — 3kski log(—keT)) .
+ 2 perm..

(2(k1 + ko) (kF + kik2 + K3 + (7 = 3vm)ki + (13 — 6v)knks

(4.109)

Note that when we add (4.106))-(4.109)) we obtain (4.104)). Another very important fact is the
following. When we add (4.108) and (4.109), we find that the time dependence, 7, in both
contributions cancel, i.e. they are spurious time dependences. Adding the “spatial” kinetic
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term of the action, the entire contribution vanishes. Therefore we conclude, that when we use
the de Sitter solutions to the modefunctions, the terms multiplying the de Sitter equations of
motion will formally give a zero contribution to the bispectrum.

Let us now turn on the time dependence of e. We will assume that € varies slowly in time.
Then after partial integration, the right hand side of will now contain an additional
term,

/ dr [aT (a*¢3() — a’€® (3H<2§/ + 24“(@“’)2 + %0, (ia&) + ang%’)] . (4.110)

Naively, the extra contribution to the bispectrum the last term produces in (4.110) compared

to (4.105)) is given by

(o e

3
D s | (<14 e +log(ker)) Y kP = > kiky + kikoks | (4.111)
16e2k3K3H3

i=1 i#]

Again, we find a time-dependent part in the bispectrum. Only this time it is not that obvious
that this time dependent part is spurious when 7 — 0. One has to realize however that we
have been treating H, € and all other slow-roll parameters as constants under integration.
When assuming that these variables still contain some very small time dependence, treating
them as constants under integration would produce a mismatch in the results when partially
integrating the action. Therefore we should and must consider subleading corrections to these
slowly varying parameters. For this reason, let us study for example the first slow-roll parameter
€. When assuming e varies slowly in time, one can approximate € by

e(t) m e(ty) + (t — to)é(ts) + ...

1 T
€y — Vi log (T> e Hye + ... (4.112)

*

-
~ €, — log () ExMs + oon
Tx

Using this approximation, one obtains the following form for the left hand side of (4.103))

S = /dt a3 ~ /dt <ei — 2¢2n, log (;)) a®¢é? (4.113)

The contribution to the bispectrum that the additional term in (4.113]) produces compared to
(4.103) is given by

H* 26,1y 3 3
(¢ 2326%%%]{:% w2 k2 Y kikj(—1+ 2yp + 2log(—kem)) + > kSRS (v + log(—kiTs))
* 17 1#£]

(4.114)

Note that this term is now fully time independent again. Using this approximation and partially

integrating (4.113]), we obtain

/ di {87((6*—26317* log (7/7.)) a*¢*¢’) —”fﬁma%zc’—e*c’&(a?cc’)} . (4115)
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Note that in the third term, we can approximate —1/(HT) ~ a(7) giving us the term similar to
(4.110) again. The extra contribution to the bispectrum coming from the additional boundary
term is given by

He,n \ <
Hho = oe [ — k3. 4.116
<< > = 3262143%]{:%]{7% og Te ; ) ( )

This term now cancels exactly the time dependence in (4.111]) making the contribution to the
bispectrum time independent again.

There are a couple of important things that we have learned from this model. The first thing is
that when one approximates the Quasi-de Sitter wave functions by the de Sitter wave functions,
the contribution of terms multiplying the Quasi-de Sitter equations of motion will be non-zero.
One can show that only the contribution from terms multiplying the de Sitter equations of
motion will produce a zero result, leaving us with contributions that appear from higher order
slow-roll corrections. Therefore these higher order slow-roll terms should be pulled out of the
f(¢)0L/o¢ terms in the action when approximating the Quasi-de Sitter mode functions by the
de Sitter ones. The second important thing to note is that higher order slow-roll parameters
enter the game when partially integrating the action. When a time derivative is partially
integrated onto a slow-roll parameter or H, a time divergence in the bispectrum appears. Total
boundary terms together with the slowly varying parameter approximation play a crucial role
in controlling and canceling these time divergences. This prescription in dealing with the time
divergences is one of the (new) fundamental results of this thesis.

Subtleties concerning the field shift

In [I9] and [20], it is noted that the derivation of the n contribution to the bispectrum is
somewhat misleading, in the sense that does not produce the right value for (ns — 1)
using the consistency relation for the bispectrum without this field shift. The reason for this
is that all boundary terms in the derivation of the result in [I3] were omitted. Since we just
learned from the toy model that we cannot simply omit all boundary terms, we have to study
these boundary terms better. All temporal boundary terms that were omitted are given by [20]

ounaar d 1
ooy — [t s |00+ 000 = 1 (0007~ 00
3 .
— %CCQ + QalHQC (8¢8jcaiajw(1) - 82(82¢(1)) (4.117)
1
D < @0, 00,0 — D)

When using the quasi-de Sitter mode functions, all terms that do not have exactly one deriva-
tive on a ( perturbations will formally produce a zero contribution to the bispectrum. When
approximating the mode functions by the de Sitter mode functions, all terms that have two or
more derivatives acting on ¢ will formally produce a zero contribution to the bispectrum.
There is one term that is important when one calculates the n-contribution to the bispectrum,
ie. % [—%4282%1)]. In order to calculate its contribution, it is more convenient to work in
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conformal time, 7, rather than ‘normal’ time, ¢. In conformal time, the part of this boundary
term that produces a non-zero contribution is given by (4.126)

d (ena d (ena
-fai () - /deT< )

(4.118)
ena’
- ()
The contribution this term produces to the bispectrum is given by
(C(k1, T)C k2, )C (K3, 7))y = 2?7 a®(7) w(r, k)u(r, k2)u(r, ks)u* (1, ki )u* (7, ko )u* (7, k3) (4.119)

+ 5 perm. + c.c.,

here perm. refers to 5 cyclic permutations of ky, k2 and k3 and c.c. refers to complex conjugate.
Thus the contribution to the bispectrum we obtain is

4 3 3 3
(C(k1, 7)C (K2, T)C (K3, 7))y = H™ (ki + ks + k3)

1662 2 (k‘lk’gkg)?’ (4'120)

This result is equivalent to the one found in [13].

When performing the field shift as proposed in [13], this boundary will cancel against another
boundary term that we produce during partially integrating the shifted quadratic action to
produce terms proportional to dL/d(,

Sale = o+ (6] = [ d's lgiﬁc - eQﬂaicajcl

= /d4x
1% . ¢>2 ¢?
= /d4:c [63”2,02@21 — €%°0;Ca0iCn — f(C) {dt ( 72 Cn) - €pp28i3ifn}

/ Az % [2@ ¢ fngn}

= /d4x [efﬁpl‘i’Qg’? — €%0;6n0;Cn — f(¢ )
2[[.)2 n 1SnYisn n

3”;?2@% — €20;C0iCr + 63p¢2 (Cnfn — € 2P 0;(n0; fn)]

(4.121)

5C + /d4l’ % [2(13€fn(gn)én] .

Due to this boundary term, the calculation of [I3] is consistent with the calculation when we
do not perform a field shift. Then, the action we should use to calculate our bispectrum with

is given by
3 392,12 2/ 1 9 6Lo
S3 = / dt &z <a e2¢C% = 2a€*C(010) (O ™M) + a€®C(0C) + F(¢)—= 5,
3
+%(e1‘7 — EnH)(+ %gakcawﬂ)a%(l) + ia%(aw(l))?) + (4.122)

d €n : .
/dt d's = (—5a3<2§ B+ ) :
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here the dots denote boundary terms that do not give any contribution to any Feynman diagram.

The interaction Hamiltonian of interest

Depending how much people enjoy partially integrating the cubic order action, there are multiple
forms one can use for the interaction Hamiltonian [I3],[19],[20]. We are however interested in
the form presented in [I3] with the correction of the boundary terms and all terms that do not
appear in the Quasi-de Sitter equations of motion pulled out of 4L /d¢. This form of the action
turns out to be the most convenient one when comparing the results of the bispectrum with
the results from next chapter. The interaction Hamiltonian we shall use is given by

/dt d3z ((1362C<.2 — 2a62C6kC8k¢(1) + ae%(@() f(C)(S(;i_2
+% 5 ( — EnH)GC + wakcaw )52 4 a2g(a¢ ) ) (4.123)
d .
/dt da [ a3C2¢ — a3 + ] .

4.6.2 The leading order bispectrum

In order to calculate the bispectrum, we take the leading order corrections in slow-roll parame-
ters to the mode functions, i.e. we approximate v as v &~ 3/2. As mentioned before, this choice
for v corresponds to the de Sitter mode functions for {. Since the corrections to the mode
functions should be at order, error ~ O(n) < 3/2, this approximation holds at leading orders
in slow-roll parameters. In this limit the mode function of { reduce to

up(1) =ulk,7) = (1 + ikT)e . (4.124)

1H
V4ek3
The leading order contributions of the three point function, are being produced by the following
parts of the interaction Hamiltonian

H; = - /dt 3z <a362§“(j2 — 2a6268kC8k¢(1) + a€2C(8C)2> (4.125)
d ren
/dt d's = [ a3+ } . (4.126)

(4.125)) produces the three point function proportional to €. Their contribution to the bispec-
trum is given by [13]

(¢, 7)C (ko 7)C (k3 7)) _WZW Zk3+z<k2k¢+ W) o (a127)

i=1 i#£j

here the prime on the brackets of the correlation function denote the truncation of a factor of
(27)3 and a momentum conserving delta function. Note that when working out the summations,
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both terms in the summation of Zf?é j (kf k; + %kfk?) will produce six terms. A full derivation
of this contribution is given in appendix
The second contribution at this order in slow-roll parameters is produced by (4.126)). Its
contribution is given by (4.120))
H* n (k3 + k3 + k3)
This result is equivalent to the result as found in [I3] where a field shift was used of the form

¢ = G+ ()
oy Mo 1

When converting a ¢, correlation function back into a ( correlation function, we have to take
into account the amount of time the different modes have evolved with respect to each other
before they are converted to (. They should be converted back when the last mode leaves the
horizon, k. = a(7y)H,. Since the correlators are invariant under permutations of k1, k2 and ks,
we are free to choose k, = k3. Also during the conversion, we will pick up a superhorizon part
due to the second order relation between ¢ and (,, then

(C(k1)C(ka)¢(ks3)) = (Cn(k1)Cn(k2)Cn(ks)) 4 (Cu(k1)Cnlke) : Cn(ks)Cn(ks) :) +5 perl(n- |
4.128

It is this superhorizon part in [I3] that produced the 7 contribution to the bispectrum.

4.6.3 The next to leading order bispectrum

In the next chapter we will study a certain limit of inflation where the contributions multiplying
higher order slow-roll parameters will play a dominant role. If we are to compare those results
to the results in the comoving gauge, we have to compute these higher order corrections to the
bispectrum. For this reason, we shall treat the calculation of the 1 contribution more explicitly,
afterwards we state all other terms of order €2 and en that appear in this action. First, we have
to note the following; higher order corrections could be the appearance of higher order slow-roll
parameters, for example 7, £ (1), terms that multiply more slow-roll parameters or both.

As discussed in the previous sections, there are two methods to calculate the bispectrum, one
where we perform a field shift and fix the time dependence at the end, and one where we do
not use a field shift but take really good care on all the boundary terms and variation of the
slow-roll parameters. We shall perform both calculations and check the results. The term of
the cubic action that will produce the 7 contribution is given by

Ss D / dr d*z <C‘;a‘7¢2g’> . (4.129)

Note again that we have converted the expression to conformal time. The contribution to
truncated bispectrum is then given by

(G (k1)Cn(k2)Cn(ks3))y =
= i [Miti(ena)] /Te”d dr [a*enu* (ky, T)u* (ko, 7)Oru* (ks, T) + 2 perm.] + c.c., (4.130)
—oo(1+ie)
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here we used Wicks theorem to contract the different mode functions and the complex conjugate
is produced by the commutator in (4.93). Wicks theorem produces six permutations, but since
every term shows up twice, we can cancel the factor 1/2 and just write two permutations.

(G (k1)Cn(k2)Cn(ks)) s =

Tend
= i [I;ui(Tend)) / dr [ageﬁu*(k:l, T)u*(ka, 7)0;u*(ks, ) + 2 perm.| + c.c.
—oo(14¢)
= ieﬁ /Tend dr ——1(7'14:32) —i(k1 + ko)k3T2 — kykok373)e™T + 2 perm
64€3k3k3K3 T J_oo(144e) 73

—iH3 Tend ;1 9 . 2.2 2 3\ —iksT
+ dr (Tk5 + i(k1 + k2)k5T° — kikak3T7)e + 2 perm| ,

e
643 k3 k3 k3 —oo(1—ic) T3

here we defined k; = ki1 + ko 4+ k3. Since our regularization scheme makes sure that our
perturbation theory does not produce a contribution at the initial state, we will put both of
the integrals into the same integral,

(Gn(k1)Gn(k2)Cn(ks)) ey =

H3 . Tend k2 . 2 i ..

= Wen/ dr [7_3(—22 sin(k7)) + ;z(kl + ko)k3 cos(keT) + 2k1 kok3i sin(keT) + 2 perm}
1Mak3  J—oo

H* U

_ KA sin(k¢Tend)
16€2k3k3k3 2H Y

[Coslnt(kﬂend)(sz + k3 kD) — (B2 4 k3 + k32) + kkoks Cos(ktTend)] ;

Tend

here Coslnt(z) is the cosine integral, [*_ dtcos(t)/t. At the end of inflation, we have k7epq < 1.
Then all three terms in the expression will behave differently. The last terms behave trivial,
cos(kiTend) =~ 1 and % = k¢. The Coslntegral however behaves a little bit different and
analytical continuation is needed around small values of k;7e,q. In this region, the CosIntegral
has the following behavior
kt2T62nd 4

CosInt(kiTend) ~ v + log(—kiTena) — 0t O((ktTena)”)- (4.131)
Substituting this into our equations we find that the contribution to the (,-bispectrum is given
by

(C(k1)C(ko)¢(ks)) 2

0 - (4.132)
D e (Lt s+ log(—kir)) 0K — 3 kik? 4 k|

1Rk g o

here we have defined 7,,4 = 7, with 7, is a few e-folds after the last mode leaves the horizon.

As discussed earlier, we are free to choose 7¢pg = —%.

Let us now study the calculation of this 7 term when we do not perform a field shift. As it
turns out, the integral we need to calculate when not doing a field shift is very similar, we can

71



4.6. Scalar three point correlation function

see this by expanding n around 7, in the action
a3
S3 D / dr dx (2677&’)
~ /dT d%aj . log | - d N — e log (=) ) ¢’ (4.133)
2 H Tw adr H, Ty

a® e.n
~— | dr BPr=— 02
/T Ty H S

here we approximated —1/H7 =~ a(7) giving us our original integral back. Note that ¢ = Hen is
one order higher in slow-roll parameters, therefore we will not be considering this contribution.
Also, note that we actually did not need to expand the slow-roll parameters, since due to the
expansion they are self consistent and we could just have used 7(t) and 7. The contribution to
the bispectrum coming from this term is then given by

(C(k1)¢(k2)¢(k3)) 2
H* i

(4.134)
o 7
= 16e2k3k3k3 2H

3
(—1+ym +log(=kim)) > K =D kik + kkaks | |
i=1 i#j

The subtle difference between (4.134]) and (4.132)) is that (4.134]) still contains time dependence
while (4.132)) does not. Just like we have seen in our toy model, to remove this time dependence,

we have to use the boundary term given by (4.126]) [20] and use it in the same way as we did
in our toy model [4.6.1]

d €n ;
3 32
SD/dtdm t[ 2@(4—}-...}

d € e T
D) 3 = . — 71 o 2 2 -1
) /dT d’z I [ 5 (77 H og <T*>) a“(7)¢ C] (4.135)
d ExT)x €Tk T
~ 3. | _ T 22 41
N/dexdT[ <2 2H*log<T*>>a((].
The contribution to the bispectrum this term produces is given by

H* ] T\ B+ kS + k3
k1)C(ko)C(k3)) D — (e — o= log | — | ) 23 . 4.136
(el 2 iz (= 5o (2 ) ) Pt (4.136)

Just as we have seen in our toy model, when adding this boundary term contribution (4.140))
with the dynamical term contribution (4.134)) we note that the time dependence gets canceled.
Again we obtain the same result as the one obtained when using a field shift, i.e. we find

@.132).

As discussed in the toy model, by means of partial integration we can get higher order slow-roll
parameters. Let us therefore partially integrate (4.129)) once more in time

S3 D /dT 3 <a;e77CZC') = /dT d3x [_6“3 (3Hen + én + eij) ¢ + 0- (“35"5’” . (4.137)
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The contribution of first term on the right hand side of (4.137)) to the bispectrum is given by

(C(k1)¢(ka)¢(ks))" 2

H* s T M) & 3 2
o P -1 log(—k k3= ST kik? 4 kikoks |
= 162k3k3K3 <2H teme T e ) | (T et log(—ker)) ;1 ; géj: j + kikaks

(4.138)

Note again the time dependence in the correlation function. The time dependence of the 7
contribution is annihilated by the boundary term . Note that when partially integrating,
this term is being produces by hitting the scale factor with the time derivative and therefore,
we do not have to make a slow varying parameter approximation. The time dependence in the
7] and €én contributions are being a annihilated by the expanding the boundary term in (4.137))

to
3 13 _ & r o r 3
/dT d’x 0 [6(1 €&~ 5 - log p e = 5 - log p ¢ . (4.139)

Then the contribution to the bispectrum comming from this boundary term that annihilate the
time dependence in the 7 and é7 contributions to the bispectrum are then given by

H* [ i T N7 T k4 k3 + k3
ki1)C(ko)C(k3)) D — * log | — *Plog | — )| 2223 4.140
(Cla)(ea)(s))’ 2 ~ 12 [6}[* o8 (T> Tom B \n )] T kIR (4.140)

Adding all contributions, we obtain

(C(k1)¢(ko)C(ks)) 2
H* e e s = 2
2 6T <2H et en > (=14 g + log(—k7y)) z_;k - gkkj + k1koks
’ (4.141)

The leftover terms in the action which we did not use , but that still give a contribution to
the bispectrum give contributions at order € and en. The contribution to the bispectrum is at
order €2 and is given by

3 7 1"V L) tJ
O e (2w tl g X g W
LU i i<j<t "t i#j

A more explicit derivation of this calculation can be found in The contribution at order
en is given by,

3
(—1+7yp +log(—kim)) Y k) = kik? + kikoks | . (4.143)
i=1 i#j

H ExMx
¢ 2
162I33kS 2

The derivation of this term is similar to the one performed in the discussion of our toy model.
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4.7 Shape and a relation Non-Gaussianities

As mentioned earlier, the bispectrum contains information about the shape of the momentum
configuration in the modes. To estimate the non-Gaussianities, a number of templates can be
used to compare the shape with. We however, will make an estimate based on the Komatsu-
Spergel local form

(®(kq)® (ko) B(k3)) = (21)20®) (k1 + ko + k3) 3554 [2P (k1) P (k) 4 perm.]

In this definition, the gravitational potential, ® and the scalar curvature { are related by

o(k) = —g (k). For a scale invariant power spectrum, we have
H? 1
Pk —s—. 4.144
(k) 4eME, k3 ( )
Then (4.8) can be approximated as
H* k3 4+ k3 + k3
(®(k1)P(ko)P(k3)) ~ local (ki + k3 + k3) (4.145)

TINL 1662Mé,1 (1{21]{?2]{3)3

If we compare to the other contributions to the bispectrum, we note that the momen-
tum configurations are sometimes different. Also, when taking specific configurations of the
momentum triangle, for example when we take one of the momenta very much smaller than the
others, we see that the numerical prefactor fy; can change. In general, there are three kinds of
shapes. These are the equilateral-, sqeezed- and Folded shapes. These peak when ki ~ ko ~ k3,

k2 Ky

k3 k3

Figure 4.1: The three possible momentum triangle which we consider, from left to right the equilateral,
the sgeezed and the folded shape.

k1 < kg ~ kg or k1 > ko ~ ks respectively. We can also split up the different kind of terms
one encounters in the bispectrum. In general, there are four kinds of terms a bispectrum can
contain, these are Local-, equilateral, folded- and left over terms. The local bispectrum is given
by

(K + k3 + k3)

Bloc(klak;%k?)) = (k‘lk’gkg)g s

(4.146)
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the equilateral bispectrum is given by

3

Bequzl(kla ko, k’3) k3/€13k3 - Z k? - Z k‘zka + kikoks, |, (4.147)
i=1 i#£]
the folded bispectrum is given by
1 3
Biotged(k1, k2, k3) = e 6 z; k3 —6 ; kik? +18, | . (4.148)

and the left over terms are terms containing for example log(k:7.) terms. The local and equi-
lateral configurations are the most common. The folded configuration for the bispectrum can
be found when assuming for example that the universe is not in the Bunch-Davies vacuum but
in an exited state.

In order to estimate the order of non-gaussianities in our situation, we have to look at the
leading order contributions of the bispectrum. A general slow-roll model bispectrum can be
put in the form of by taking it’s squeezed limit, this is because the squeezed bispectrum
shape coincides with the local shape. If we turn to the leading order bispectrum result [13], we
find that in the squeezed limit it is given by

3
7+7 Zk3+zkk2 Zk2k2 —>77_;2€Zkf’. (4.149)
=3

=1 i#£] 1<J

Then comparing this result with (4.8) we note that the order of the Non-Gaussianities is given
by
un

fyp=35 +e (4.150)

We can do the same thing to the 7 contribution to the bispectrum, in the squeezed limit (4.141))
becomes

3 3
a [ (—1+7m +log(—km) Y k) =Y kiki + kikoks | = o (=24 y5 +1og (2)) >k,
i=1 i#j i=1
(4.151)
here « has been defined as o = 77* + 7}}2 + 77*77*, we assumed that 7, = —1/kg since this mode

becomes super Hubble size last and that k; ~ 2ks;. Comparing this result with (4.8) we note
that the contribution to the Non-Gaussianities is given by

o= (4 gy + ) (<2 9p + 108 (2) ~ Ol (4.15)

Doing a similar calculation to the bispectrum scaling with €? and en show

fnr = 262 + 26,1m,(—2 + vE + 10g(2)) ~ O(€2, e,1) . (4.153)
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4.7.1 Consistency relation

Beside the fact that we can use the squeezed limit as easy way to estimate the non-gaussianities
in a model, it has another important consequence. When one of the modes in the bispectrum
has a significant smaller momentum than the other two modes, this mode will have a significant
larger wavelength than the other two modes. We therefore refer to this mode as the long mode
and the other two the small modes. A mode with a longer wavelength leaves the horizon earlier
than modes with a smaller wavelength and thus freezes out earlier, hence the long mode will

act as a perturbation of the background for the two short modes. This changes the time when

the other two modes will become super Hubble size by a small amount, §t, =~ —%, as a first

order correction.
Since ( is a metric perturbation, taking on of the modes to be long in a (n+1)-point correlation
function can be seen as a coordinate transformation of a n-point correlation function of , i.e.

(Colx1) - Colxa)lGi(2)) = (Colx1) - - Cola) (4.154)

here Q: is the shifted field, and the subscripts s and [ refer to short and long modes respectively.
We can make this statement more explicit. When multiplying both sides with (; from the left
and take the average we find

(GG 1) - - GG (2))) = (GG (1) - - Colx))) (4.155)

If we assume that this can also be produced by a coordinate transformation of the form
' =i =2+ (z)2’ = 2t + 6at, (4.156)
we can write

<5s(xl) Tt gs(xn» = <<5(X1) Tt Cs(xn» + 5$281<CS(X1) Tt Cs(xn) + ..
= <<s(xl) EETTI Cs(xn» + CL$iai<Cs(Xl) Tt Cs(Xn» + ... (4'157)

Substituting (4.157)) into (4.155]) we get

Q) (Cs(xa) - oo Golxn)Gi(2))) =
= (G(x)(¢ (Xl) - Cs(Xn))) +(G(X)G(2) 2" i (Cs(x1) - oo - Cs(Xn))) + o
= (Q(x)G(2)' 0i(Cs(x1) - e Cs(30)))
= (G(x)G(2))x ’3i<Cs(X1) S Gs(Xn) -
The first term on the right hand side of (4.158) vanishes because we can only take Wick
contractions between two long modes and two short modes. To get the final result for the
consistency relation, we want to make a Fourier transformation of (4.158)). Note that we cannot

just simply replace 2°0; by k'0;, since the we get an additional term due to partial integration.
Then consistency relation in Fourier space becomes

(C(k1)C(k2)C (k3)) |y achps = —(C(k1)G(=K1)) [3(n — 1) + KO, ] (Cs(ko)Cs(ks))
= —(Q(k1)G(=k1))(ns — 1)(Cs(ko)Cs(k3)) -

(4.158)

(4.159)
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Here n is the number of spatial dimensions. A very important thing to note here is the following.
When acting with [3(n — 1) + k', | on a power spectrum, it produces a factor of (n;, — 1). In
this way, we can relate the spectral index of the two point function to the squeezed limit of the
bispectrum. This relation is called the Consistency relation as first derived in [13].

In [13] it was proven that at leading order in slow-roll parameters, the consistency relation
holds. When computing the squeezed limit of , we find that at leading order in k;

H* 9,

= ———%=—(—2 log(2 4.1

(C(k1)¢ (k)¢ (ks))y

here we assumed that

ﬁ__kl—i-kg—i-kg N 2ks

ki = ks ks ks =-2. (4.161)
The squeezed limit at leading order in k; of is given by
A
(C(k1)¢(k2)C(k3))re = W%E. (4.162)

Following the definition of (4.159)), we find at subleading order in slow-roll parameters, that the
spectral tilt is given by

O e

(1)
(ns +1) = =262 — 2,7, — (e*n* + 14 W4 77*5*3 & + Vi ) (=24 vg +1og(2)). (4.163)

At this moment a comment is in order. So far, we have calculated the value of the spectral
index in two different ways. First we calculated it by taking derivatives of the power spectrum.
This was a very clean and relatively simple method and this result can be used as a check.
Secondly, we calculated the same subleading contribution to the spectral index by using the
consistency relation and the bispectrum. In the sense that we could calculate the bispectrum
of the quasi-de Sitter modes and that we needed to make approximations. If we now compare
(4.79) and we note that the terms that we have, indeed match in both equations.
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Chapter 5

The conformal limit of inflation
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5.1. The back-reacted decoupling limit

5.1 The back-reacted decoupling limit

We are interested in the simplest model of single field inflation; namely, the vanilla model of a
scalar field rolling down a potential and interacting with gravity. To study this model, we start
from the usual Einstein-Hilbert action

S = /d%\/fg <M231R — (V;b)Q - V(¢)> : (5.1)

here we kept the factors of Mp; explicit, as we wish to consider a particular “decoupling or
de Sitter limit of the theory. Our universe seems to have a small, perhaps negligible, tensor
to scalar ratio, which suggests that ¢ < 1. However, taking simply the limit of € — 0 can be
rather confusing, since the scalar amplitude scales with 1/e and the amplitude that we observe
is finite. However, when we compare the scalar and the tensor amplitudes we note that this e
scaling is absent for tensors

H? H?
(C(k)%) ~ = finite and (y;;(k)?) ~ — < 1.
eM?, J M2

Since tensors perturbations have not been measured so far, and in order to keep the amplitude
of the scalar fluctuations fixed, it is convenient to consider the following limit

2 2

= fixed . (5.2)

We call this limit, the back-reacted decoupling limit. In this limit, we have a nearly vanishing
first slow-roll parameter € — 0, while the other slow-roll parameters are kept small but nonzero.
As it turns out, in this limit, the second slow-roll parameter 7 is related to the mass n ~ m?/H?.
Also, it is good to note that we kept H fixed. Therefore the powerspectra for the scalar is kept
finite, while the scalar to tensor ratio approaches zero, r = 16 — 0.

Let us write the background equations of motion for the attractor FRW solution, which will
be quasi-de Sitter space in our case. They are

d)z = _2Ml%lHa
V(¢) = M3(3H? + H) ~ 3M3H? and (5.3)
¢+3Hp+V'(6)=0.

We see that in the limit ((5.2)) the potential dominates over the kinetic energy of the background

field. Nonetheless, we consider to have a finite kinetic energy, which is why we can interpret the
scalar fluctuations as scalar curvature fluctuations by means of a proper gauge transformation.
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5.2 Mathematical Taekwondo in the spatially flat gauge

In this section, we solve the constraints for the non-dynamical components of the metric. We
use the ADM formalism and work in the spatially flat gauge, in this gauge ( = 0 and the scalar
perturbations are parametrized by the inflaton ¢. We first solve the solution for the contraints
N and N?, afterwards we will show that in the decoupling limit , the constraint solutions
become trivial, in the sense that

N=1+0(My?) and N'=O(My?). (5.4)

In the spatially flat gauge, the dynamical scalar fluctuations are contained in the field ¢, while
the tensor fluctuations remain in the metric h;j,

¢ =o(t) + p(x,t) and  hyj = a(t)* ()i = a(t)? <5ij + Jij + %%k%]’ + - ) : (5.5)

with 0;%;; = 0 and 4;; = 0. Writing the action (5.1) in terms of the fluctuations and Lagrange
multipliers, we obtain

1

M2
S = /dtd3xNa3 (2“72+2

(N 6= N0 - 19060,0) ~V(9)) = 69

M?2 L
= / dtd’z o [Pl (NR(3> + NI By By — EijEy) — 6NH2> +

2

+ % (N’l(d; + ¢ — N'Ojp)* — Nhifaigoajgo) + (5.7)
72 "(

+N% - N <V’(q§)gp+ ‘/2@@2 + - )] .

Let us study and for a moment. We split up into different pieces containing
different factors of Mp;. In the last line of , a large piece of the action has been separated
with a prefactor of Mgl. These terms will produce the most dominant contributions to the
action. The left-over pieces of the action do not have a prefactor of Mf2>1- This might not
be obvious at first sight. We can make this explicit by expanding the potential around the
background solution,

V(9) = V(@) +V(@)p + 5V (05 + V(@6 + (5)

here a piece of the background value V(¢) is of O(M2) and therefore converges in the limit
(5.2)). This contribution can be absorbed into the cosmological constant. The subleading piece

is proportional to ¢? and carries no Mgl. This separation has been made explicit in the last line
of (5.7). The other terms in V(¢) involve fluctuations and derivatives of the potential. In our
decoupling limit, these derivatives are finite, and thus belong to the small piece of the action.
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5.2. Mathematical Taekwondo in the spatially flat gauge

Suppose that we switch off the graviton degree of freedom by setting h;; = azéij. Writing
out the constraint equations, one obtains

M2, (R<3> — 6H? — N™2Ri R (B By — EijEkl)) n

~MYy (N2 + ¢ = N'0p) + (=67 + 2V (@)p + ) + h9dipd0) = 0. (5.9)

Mp (Va (N7 B By — 6,0 Bye) ) ) + My (N 010 (N30 — 6 — ) ) = 0. (5.10)
We note that the leading order terms in the constraint equations have no explicit ¢ dependence,
therefore we expect that they are solved self-consistently at leading order in Mgl. We note that

the constraints are solved by N =1 and N* = 0 up to terms of order O(M2). Therefore we
have that the solutions to the constraint equations must following the ansatz:

N = MY(1+O0() + MpO(p.2?) + O(Mp?), (5.11)
N = MY(O(A) + Mp?0(p.7%) + O(M). (5.12)

Note that the graviton even appears in the strict Mgl — oo limit. This is because in this
limit, we should recover the limit of pure gravity in the de Sitter space and, in this limit, the
solutions to the constraint equations are non-trivial. The graviton fluctuations are absent due to
our gauge fixing conditions of transversality and tracelessness. Higher order corrections to the
constraints, corrections of (’)(Mlgl), are determined by successive approximations; the (’)(MI%I)
corrections are used in the constraint equations at order O(Mp,?), the O(MP)) corrections are
used in the constraint equations to O(1), etc. Calculating the the constraint up to linear order
corrections in perturbations, one obtains

29 O

y -
N=1+4Mp’ oe+0(p") and N'=-My S5

[cp + ng} FOW). (513

There is an interesting simplification of the constraint equations in the scalar sector, if we use
M1;12 as a small expansion parameter, rather than ¢. In other words, consider setting 7;; = 0,
keeping all powers and derivatives of ¢, but expand the lapse and shift to O(MPTIQ),

N(p,y=0) = 1+ MzEND(p)+O(Mz",
Ni(p,y=0) = Mz2NY () +0MyY). (5.14)

Again, it will be convenient to use the Helmholtz decomposition of a vector field, Ni(l) =

™) 4 Ni(l). In the flat gauge, the geometric quantities simplify considerably,
1
R® =0, FE;=Hh;— 5 (OiN; +0;N;) and E =3 — O NF . (5.15)
To the order we are interested in, the constraint equations read

6HND +a20,NY + L =0,
2HO,ND 4 22 (aiajN]@) - aQNi“)) +P =0, (5.16)
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with
L= (de+ i+ Lvaae + (V@) t- )
= FH ¥ 290 9 1PO; P ¥ )
P =-0ip(p+¢). (5.17)

Solving the constraints ([5.16)) in a similar fashion as we did in perturbation theory in the field
fluctuation, we obtain

P = 42972 (30720;P, — L) , (5.18)
N = 242972 (P — 0720,0;P)) | (5.19)
1
1 _— __ - 929p
N S0 0P (5.20)

Substituting the solutions ([5.13]) into ((5.6)) and expand the action up to second order in per-
turbations, we find

2
Sy = ;/dtdg’x a? [ng — aai; — V" + (65 + 2en — 252) H2g02] (5.21)
1 3...3 |22 dp® 2
= 2/dtd ra [g@ -z — V"o + (5.22)
6 V', (o V'V ,
-2 - — 2

HMp M ? e ) 337 | (5:23)

% / d*z & (ak [aj¢<1>ajak¢<1> — P Wa2p ) — 250k | =204

—do [;})w?]) : (5.24)

here we made the Planck suppression explicit for all terms in the action. All terms that have
vanishing contributions due to this Planck suppression are given in . Also, note that
the boundary terms given the first line of are not actual boundary terms again after
substitution of the solution for ™).
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5.3 Linear dynamics

In order to calculate correlation functions for the scalar perturbations, we have to find the
mode functions that correspond to ¢. In order to do this, we have to vary the non-vanishing
quadratic terms in with respect to ¢ and then solve the equation. Varying with
respect to ¢ yields the Mukhanov-Sasaki equation for a massive scalar field,

2

y 2, 9 m
_z k = 2
Lo Rt e =0, (5.25)
here the mass has been defined as
m? = —8(]25V (¢) + (62 + 2en — 2%) H?, (5.26)

k is the magnitude of the comoving momentum k, 7 is the conformal time, dt = a(7)dr, and
the prime denotes the derivative with respect to 7. In order to calculate the ¢ correlators, the
scalar perturbation is again promoted to an operator that can be expanded in terms of creation
and annihilation operators,

o(t,k) = u(k)ay + u* (k)al, (5.27)

where we assume that ax annihilates the Bunch-Davies vacuum and that ax and dL satisfy the
usual commutation relation,

[a(k),eﬂ(k')} = (27)26@) (ky + ka). (5.28)
The dymamics of ¢ is then determined by (5.25)) together with the Wronskian condition,
Opu(z)u*(z) — Opu™ (x)u(x) = —i. (5.29)

In contrary to the ¢ equations of motion of last chapter we now have an additional mass term
in the equation of motion. This mass term depends on the slow-roll parameters and on the
running of the potential. Usually, this mass term is considered to be small and can be positive
or negative. As it turns out, in order to test the decoupling limit, a more general treatment of
the mass term is needed.

The mode functions can be split up into two regimes, where we look at the value of the mass.
For m?/H? < 9/4 the dynamics of the mode functions is captured by

u(r, k) = —z'ei§<y+%>fﬂ(—7)3ﬂy>(—m), (5.30)

here we defined v = 1/9/4 — m2/H?2. For m?/H? > 9/4 the dynamics of the mode functions is
captured by

u(r, k) = —ie 57T ?H(—T)SHE},)(—M), (5.31)

here we defined 7 = /m?/H? —9/4. The normalization of both mode functions has been
chosen such that, when the momentum k/a is much larger than the Hubble parameter H and
the mass m, we recover the Bunch-Davies vacuum
H )
up — ———1e T, (5.32)

V2k
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Our main interest lays in the region where 7 — 7, which is the moment around horizon crossing
of the modes. After analytically continuation of the mode functions in this limit, we obtain

_2V_1 H R m2 9
U(T, k’) = ZFF(V)@(—T> 2, ﬁ < Z . (533)
i L H (3210 (- m_9
u(r, k) = zﬁH( 7)?“In (—kT), =1 (5.34)
a7 s 1 —kT\" @) (—kT\"Y] m? 9
— A & O - — > . .
ulr k) = e "S- =2 | mm sy | 2 77 2 ER R

The decay factors indicate that the perturbations for massive fields eventually roll back in
the potential to zero, has an oscillation facor of 7%, Also, as the value of the mass
m? increases, the behavior of the perturbations changes from that of an over-damped oscil-
lator corresponding to (m?/H? < 9/4) to that of an under-damped oscillator corresponding
to (m?/H? > 9/4). In the under-damped case, the contributions to correlation functions are
suppressed by a factor of ~ e~™/H per mode. Because of this suppression, this limit will not be
interesting for us and we will concentrate at the case in which the mode functions are described

by (33)

5.3.1 Exact expressions for the mode functions

There are certain limits, for which the Bessel equations can be solved exactly that determine
the modefunctions. These mode functions correspond to mode functions with a half-integer
value for v. If we only look at the (conformal) time- and momentum dependence in the mode
functions we have

w(—kr) ~ T2 HOD (—k7) = 73 (Jﬁ”(—zm + iY,,(l)(—k:T)) . (5.36)

There are two exact solutions for the mode functions for which 0 < v < 3/2, i.e. for which v is
equal to v =1/2 and v = 3/2. The mode functions for these values scale as
2

u(—k) ~ TRH{)(<kT) = =iy [ o7 T

2 .
u(—kt) ~ T%Hé}%(—]ﬁ') = —i(1 —ikT)y/ @e”” .

To see which masses correspond to these limits, we have to study v. We can expand v in terms
of the slow-roll parameters and the mass

9 3 9 9 m?

here we have defined the following Potential slow-roll parameter n, = MP1V7N < O(1) [14].
This suggests that v = 1/2 corresponds to a very heavy massive scalar field with a mass of
m? = 2H? and that v = 3/2 corresponds to a massless scalar field, m? = 0. Both of these
expressions can be used to calculate the Bispectrum, since these are the only ones which we
can integrate exactly.

(5.37)
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5.4 Scalar Power spectrum

In this section, we derive the usual tilt of the {-power spectrum by converting the scalar per-
turbation of ¢ into ( at the same time 7, i.e. at a moment when all modes are well outside
the horizon, for every k& mode. In the conversion ( = ¢/1/2¢, and the slow-roll parameter
e=H /H 2 are evaluated at the time 7, for any k and therefore induces no corrections to the
tilt.

When calculating the two point function in the decoupling limit , we have that € < 1.
In this limit, we have a vanishing positive vacuum expectation value, ¢ — 0, meaning that our
slow-roll expansion does not break the dS isometries anymore. It is also important to notice
that higher slow-roll parameters can have a non-zero values and at the same time that the
correlators still enjoy the full isometry group of de Sitter.

Consider the mode functions in the late time limit with a mass in the range 0 < m?/H? < 9/4
, then the truncated two point function for ¢ is given by

2 - 3/2 27_7_/ —v
<¢(k,7)¢(—k,7’)’>—H( ) [r(y)2<k > + c.c.

_ (5.38)
M2~ 4z 4

From ([2.35)), (5.2) and (5.26]), we note that during slow-roll inflation, the mass is generally very
small m < H. Therefore, we will will expand v and work at leading order in m,

3 2 m?2 m* 3
=" |1-=2= i | PR )
y 2[ 9H2+0<H4)} 2w (5.39)

At this moment, a comment is in order. It is not directly clear from our definitions, but in
we have a negative mass. This can be made explicit when relating the Hubble and Potential
slow-roll parameters to each other by ny = 2¢ — /2 ~ —n/2. Then using I'(3/2) = /7/2
and keeping the leading order m/H term only in the exponents, we find the following { power
spectrum

1 H?
- U e Ul 5.40
2€Mp1 2€Mp1 T ( )

Using I'(3/2) = y/7/2 and keeping the leading order m/H term only in the exponents we obtain

<<(ka T*)C(*kv 7—*)>

1 H?
k. 1)C(=k. 7)) = UL A1l

The tilt derived from this expression agrees with the standard result [14],
(ns — 1) = —06ey + 21y, (5.42)

here e, has been approximated at leading order in slow-roll as € ~ ey, — 0.
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5.5 Three point functions

In the next sections, we show that in the decoupling limit the interaction part of the action
simplifies. We give the expression for the bispectrum in the spatially flat gauge and work out
the transformation of the bispectrum of a general massive scalar field ¢ to the comoving gauge
and we show that this transformation can be related to the § N-formalism. Then we relate the
running of the potential to the (-bispectrum. Last, but not least, we check our results by taking
the decoupling limit of our the calculation performed in

As non-Gaussianities arise from departures from non-linear couplings, we need to calculate
the action to cubic order in perturbations in order to calculate the bispectrum. When assuming
the effects of interactions are small, the higher correlation functions can be obtained by a
perturbative expansion of the interaction Hamiltonian around the free theory. These higher
correlation functions can again be calculated using the in-in formalism,

<];[ cpa(t)> = <[Texp (z /t: dt Hmt(t’))] g@é(t) [Texp (—z’ /t: dt Hmt(t’)>] > (5.43)

where the superscript I signifies that these modes are evolved using the linear (free) equations
of motion, and T" and T refer to time-ordering and anti-time-ordering.

5.5.1 The Spatially-flat gauge bispectrum

In order to calculate the bispectrum, we have to expand the action to cubic order in pertur-
bations. As shown earlier, with the n'" order solutions of the constraints, we can build the
(2n + 1) order action. For the cubic action, this means that we only need the solutions of N
and N; to first order in perturbations. Then

—4
5= [[ate o [;]‘w = (~ONDI NI 4 N5, NI ) N
Pl

o [ 2H , 1 Dai - L= ) ar(D) ai 1 1 2
+a? (&N’(l)(N(l))2 - —Ni( O+ ——¢ NI )NZ- ' — —=NW(9y)
M, M, My, M,
(6H>=¢*) capa L vy, 1o e, Lowa s V(P o0
g (VYY) = o NV + — = (NV)70 — V7 (d)p” — 579" N/ |
2M5,) M, My, 6 2ME)

In the limit (5.2)), both N and N*(!) scale with e. Then the only term in Ss that is not Planck
suppressed comes from expanding the potential around the background value of ¢,

1 _
S3 = /d4x a® [—6V"’(¢)g03] . (5.45)
In [22] it was noted that the Bispectrum of a scalar field ¢ can be calculated exactly when v is

half-integer, since only then an exact solution can be found for (5.33)). There are two cases that
lay within the range 0 < v < 3/2, namely v = 3/2 and v = 1/2. These values for y correspond
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to scalar fields with a mass m = 0 and m = v2H respectively. The bispectrum of a massless
scalar field is then given by [22]

(p(ky, 7)p(ke, ) p(ks, 7)) =

H2 \veddd ( d))

3
= mmE 1o |1 et log (<) S k= kK + kikoks |
1273

i=1 i#j
(5.46)

here k; = k1 + ko + k3 and 7, is the moment inflation ends. The bispectrum of a scalar field
with m = v/2H is given by [22]

TH2V"(¢) 13
8 k1koks’

(p(ki, 7o) p(ka, T)p(ks, 7)) = (5.47)

here the prime on the brackets indicate the removal of the momentum conserving delta function
and a factor of (2r)3. When calculating and , it is very important to take the limit
of k.7 < 1 at the very end of the calculation to avoid relative prefactor mistakes between the
different momentum functions in . Both of these expressions can be used as a check when
building a general formalism to calculate three point correlation functions for an arbitrary mass.

5.5.2 Conformal analysis of the three point function

There are two methods to construct primordial correlation functions. The first and most com-
mon way is to start from a general action, solving the free equations of motion and then use
the higher order action as perturbative corrections to the theory. The second method is by
looking at which isometries the background imposes on the correlation functions and use that
to constrain the general expression for the correlation function. However, with the isometries,
we can only build correlation functions up to a certain prefactor. For example if A(k;) is an
isometry of the background, the correlation function should satisfy

n

ZAa<<p(k1) T cp(kn» =0, (548)

a=1

here the sum over a corresponds to a sum over all different fields with momentum k.

In the limit , we expect that our spacetime reduces to a pure de Sitter spacetime and
that all correlation functions should satisfy it’s SO(1,3) group. So far, we have only used the
translation- and the rotation isometries to constrain the degrees of freedom of our correlation
function, since these were also isometries of the Quasi-de Sitter background. In [1.4] we saw
that the correlation functions should contain a momentum conserving Dirac delta function and
could only depend on the length of the momenta vectors. In a de Sitter/Conformal spacetime,
correlation functions should also be invariant under the Dilation and Special conformal isome-
tries. These will constrain the overal momentum and conformal time dependence and will also
constrain the shape of the function.
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Let’s start our conformal analyzation of (5.46)) and (5.47)) by studying the dilation isometry.
The differential form of the dilation isometry in momentum space of a truncated three point

function is given by [24]

(ZD —(d-1) ) (k1) - e o)) = (=3(A = 3) + kad® — d+ 1) (k1) - . - (k)

(5.49)
here a is not a spacetime index but is again a label for the momentum, n is the number different
momenta in the momentum conserving delta function that has been truncated and A is the
conformal scaling dimension which can be related to v by A = 3/2 — v [22]. Also, it is good
to note why we have subtracted n in this equation from the usual dilation isometry; we are
looking at an stripped correlator and the n is the correction for the truncation. More explicitly,
consider the delta function containing three momenta

3 3
ko6 (Z ki> =(-1-1-1) 6@ (Z ki> : (5.50)
i=1 =1

For three point correlation functions, we should subtract 3 from D.

Applying (5.49) on (5.47) we obtain
3

(ZD )[klk;g} (—3(A = 3) + k0 — ){klz’;ki

—(-34+9-3— 3)[ 73]

k‘lk‘gkg
=0.

note that A =1 for v = 1/2. Thus (5.47)) satisfies the Dilation isometry. Doing the same for
(5.46)) we find

k3 + k3 + k3 : (k3 + k3 + k)
D; -3 = (-3(A—3)+ k0 —3) | L2 37
<Z )[ g = (30 -k -3 |

:(9_6_3)[(ki”+k§+k§)} (5.51)
kikaks

=0,

note that for v = 3/2 we have A = 0. Here we only acted with D — 3 on the local part of
the correlation function. We can do this because the dilation isometry only looks at the overall
momentum and (conformal) time dependence of the correlator, since is invariant under
cyclic exchange of k1, ko and k3.

The analyse the three point functions with special conformal isometry is a little bit more
involved than the analysis with the dilation isometry. The reason for this is that the special
conformal isometry is a vector which depends on k%. The differential form of the special
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conformal isometry is given by [24]

3 3
, ) 1-2A
Sobirt = ik o2 + (20 ] (5.52)
a=1 a=1 ka

here we have contracted K} with a arbitrary vector b; to get a scalar operator. By making
smart use of rotational invariance of the three point correlation function, it can be shown
that (5.52) can be reduced when action on ((5.47)) and (5.46|) to

3
D bk = <[a§ - (d+1-24q) 11<:_ 2A“)aa] - [62 - (d+1-24) 1]; m”)abD , (5.53)
a<b @

with a # b. A full derivation is given in appendix [E.2]

When acting with on and , we find that both expressions are annihilated
[22]. At this moment, a rather important comment is in order. The shape of is relatively
simple and consists out of one single term and nothing out of the ordinary is happening here,
the shape of however is much more complicated and consists of local, equilateral and local
times logarithmic terms. Therefore is not directly obvious that the full massless bispectrum is
annihilated by all isometries. As usual, the local terms are annihilated by all isometries. How-
ever, the equilateral shape and the logarithmic term multiplying a local term separately,
are not. When we added together, both contributions cancel eachother. The reason why this
is happening can be found when doing a more formal analysis of . As we show in
this combination of terms appears as higher order corrections when solving the using
dimensional regularization. This means that this shape follows from the conformal isometries
and therefore is invariant. For this reason we can define this new shape as the conformal shape,

log (—kema) Y5y kY — Y05 kikj + kakoks

Bsor ~ (5.54)

KRSk

A plot of this shape is given in [5.]]

Figure 5.1: The conformal shape plotted as function of ko /ky and ks/k; and with k; fixed.
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5.6 A scalar consistency relation

Just like in the comoving gauge where we had a consistency relation for ¢, we can define a
consistency relation in the spatially flat gauge. This time however, it will be a consistency
relation for ¢ rather than (. In the comoving gauge, we saw that the squeezed limit of a
correlation function corresponded to a coordinate transformation. In this case, when we are
working in the spatially flat gauge, we can see a long ¢ mode as a homogeneous background
fluctuation, to leading order in derivatives.

Before we continue to the effects on correlation functions, let us study the background equa-
tions of motion for §H and § H first. To study the effects on the unperturbed Hubble parameters
and its time derivative(s), we need to solve pertubatively these background equations of motion
(5.3). To linear order, one obtains

V'(¢)p = MA(6HSH + 6H) and (5.55)
2 = —2MZ6H | (5.56)
Solving these equations for 8 H and §H, we obtain
1 = - -

= —— |(—¢p—3H ; d 5.57

.99
0H = ——, (5.58)

Mg,

here we used to write V’/(¢) in terms of time derivatives of ¢. As the numerators are all
finite, while the denominator is proportional to ]\4%,17 we see that the background evolution is
not affected by a homogeneous ¢ fluctuation in the limit .

Now that we have seen that the background equations of motion remain uneffected by a
long ¢ mode, let us continue to the effect on correlation functions. Taking one of the modes
to be long for a n-point correlation function, corresponds to taking the squeezed limit, i.e.
limyg, _,0(p(k, 7)"). The effect on this correlation is intuitively the following; as one of the modes
will have a significantly smaller wavelength than the others, the wavelength of the longer mode
will surpass the Hubble radius much earlier than the short modes. This mode function will
therefore become super Hubble size much earlier than the other and will contribute to the
background for the short modes. This long mode can therefore effectively be seen as a field
shift in the background fields for the short modes. Following this argumentation, one can write

(Ps(x1,7) oo (%, T) |12, 7)) = (Ps(x1,7) + oo Ps(%Xn, 7)), - (5.59)

Here the subscript s stands for small wavelength-modes and the subscript | stands for long
wavelength-modes. The last term is evaluated in the background of a ¢;(z) mode. I assume
that z is of the same order as all the other x; of the short mode fields. Now we can expand the

right hand side of (5.59)) as

(P01, 7) - oo (X ) gy =P (X1, 7) - o= 05 (X 7))

+ i(2) 5@;5(2) (ps(X1,7) e ps(Xn, 7)) o + O(cp?) )

(5.60)
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To prove that there is a consistency relation, we have to use a little trick. We will multiply
both sides of (5.59)) from the left with ¢;(x,7) and then take the average, i.e.

(P T)(ps (1, 7) - o - s (%, T 02, 7)) = (01(%,7) (s (X1, 7) - oo - Ps(Xn, T ) - (5:61)

Since we are considering that the long-modes become super Hubble size much earlier than the
short-modes, we can only make Wick contractions between two short modes and between two
long modes, so no cross Wick contractions between a ¢, and a ¢; are allowed. This means that
the first term of will give a zero contribution, which means that the leading contributions
come from the second term. Then substituting (5.60|) into (5.61]) we find that the squeezed limit
of the three point function becomes

(011, T)lops (x2, T)eps (x3)) ~ (pr(x1, 7)(ps (X2, T) s (X3)) 1)

- <so<xl,fm<zm> 0

(ps(x2,7)ps (X3)>s01

doi(2) 991—>0> (5.62)
)

— fpilx ) |t neta)a|
5901 (Z) ° ° ! Lpl~>0

Since we prefer working in momentum space, since the calculations are much easier there when

solving the bispectrum, we have to make Fourier transformation of ([5.62). Then the consistency

relation for ¢ in momentum space takes the following form

(p(ky, 7)o(ke, T)p(ks, 7)) ~ (pi(k, 7)1 ( ki, 7)>/55%01

= ay{piks, T)pu(—k1, 7)) {ps(ka, T)eps (s, 7)) g

<908(k27 T)(Ps(k& T)>/‘<Pl—>0
(5.63)

with k1 < ko, k3.
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5.7 Squeezed three point functions

In general, it is very difficult to calculate three point correlation functions for fields with a
non-zero mass or when m? # 2H?. This is because only when m? = 0 and m? = 2H?, we can
find exact expressions for the mode functions that we are able to integrate. However, via the
squeezed limit of a correlation function we can calculate the local non-Gaussianities ffﬁ’fal of
three point functions without having to do integrals. Therefore we want to test the validity,
explore and and try to exploit in the limit to see whether it is possible to construct
(more) general massive three point correlation functions. Also, the consistency relation for
scalar-fields in the spatially flat gauge has never been fully tested for the entire bispectrum.
Since in the cubic interaction action reduces to only a single term, we can and will show
that this consistency relation holds for particles with a mass of m = 0 or m = v/2H.

A natural question one might ask at this point is the following, do we loose information about
the interactions when using the scalar consistency relation to compute three point functions?.
The answer to this question is no. The reason is the following; when taking one of the legs
to be soft of the interaction vertex, corresponds to introducing an effective mass term for the

short modes, @g,
" n

- 7&"’ - = (02 + 30102 + 3pips + ¢7) - (5.64)

Note that the terms with different modes will have a different relative prefactor due to symmetry
factors. Since ¢ is real, we obtain the following effective mass for the short mode

mig(r) = V" ($)en(7) . (5.65)

It is very important to notice that this effective mass term has a time dependence. Contrary
to the scalar perturbation ¢ that freezes and becomes constant in (conformal) time after it
leaves the horizon, the scalar perturbation ¢ does not freeze. Therefore, it seems that the the
squeezed limit breaks conformal invariance, in the sense that we could not derive the correct
squeezed bispectrum by only using conformal symmetries. However, “squeezing” a conformal
three point correlation function in position space shows

1
<OA1 (xl)OAz(x2)OA3(x3)> N AR —AI—As Ay—A1—As A1*A2*A3+
L12 13 T23

1 (5.66)
— 5(3:12)m + 2 perm. + higher corrections,
Z13
here we defined x;; = |z; — z;|. Making now a Fourier transformation to momentum space

can give rise to non-trivial corrections that can explain the reason why we can not seemingly
construct the squeezed bispectrum only from the momentum isometries. However, these higher
correction terms have not been studied in literature in momentum space. The study of these
terms in momentum space is therefore considered to beyond the scope of this thesis concerning
Conformal field theories.

The equation of motion for ¢4 one obtains by taking one of the legs to be soft of the interaction
vertex is given by

m2 " (i
O20(r) — 20.p(r) + (K4 S ) olr) = =¥ () (567
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here we dropped the subscript s of the short mode for notational convenience, ¢;(k;) is the
time independent part of the mode function and k; is the momentum of the long mode. We
shall refer to as the FEffective-Mukhanov-Sasaki-equation, or just EMS. Also, note that
we used the late time behavior of the modefunctions, i.e. we used .

In general, Bessels equation with an additional time dependent term cannot be solved exactly.
Therefore in order to find a solution to , we will iteratively solve using Greensfunc-
tion methods. We first show that for m = 0 and m = +/2H the leading order solutions that
follow from (5.63) and (5.67)) are the same as the squeezed limits of (5.47) and (5.46)). Then we
will perturbatively solve for the case that m = 0 + mqg and m = V2H + mq, where we
assume mgy < 1.

5.7.1 Perturbative solutions of the EMS

Let us first start with a brief review of Greens functional methods. A general inhomogeneous
differential equation has the form

L(T)p(r) = f(7), (5.68)

here £ is a differential equation in terms of 7 and f (1) is a random function depending on 7.
To find a solution of ¢(7), we split up the solution for ¢ into a homogeneous and a particular
solution;

O(1) = ou(r) + ¢p(7), (5.69)

where ¢ solves (5.68)) for f(7) — 0. To solve the particular part of the solution for ¢, we can
look at particular solutions of the form

b

on(r) = [ dr' Glr ), (5.10)
a

here G(7,7') is the Green’s function and a and b define the domain for which the particular

solution of ¢ should be valid. Of course, when we act on this particular solution with the

differential operator £, we should obtain f(7) again,

b
/ dr' LD)G(r, ™) f(7') = f(7). (5.71)

a

Therefore, the Green’s function should satisfy the following relation
L(T)G(r, ") =6(r—7), (5.72)

here §(7 — 7') is the dirac delta function. To get back to our differential equation , there
is one extra subtlety. When the mass of the particle increases, the time dependence of the
effective mass increases. The problem that now arises is the following, the effective mass term
is of the form V" (¢)pps. Then increasing the mass changes the , mode function, changing
the right hand side of . Therefore, to catch the full time dependence of ¢, we need to
iteratively solve ¢,

2 m2 V///(¢) 3
2 (n+l1 n+1 2 n+1 _ ~ 3/2—v (n
(3780( (r) - ;37@( 4 <’f + TQH2> Pt )) = T e AT 2vp), (5.73)
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here the subscript (n + 1) and (n) refer to the order of the correction to the Green’s function
and the full solution of ¢ will be of the form

p(r k) = ot (5.74)
i=1

To prove my claim that we only need the linear order correction to the mode functions to catch
the leading order contribution to the bispectrum in the squeezed limit, we shall calculate first
explicitly the linear order corrections to the mode functions corresponding to a mass of m =0
and m = v/2H respectively and show that with these corrections we can calculate leading order
squeezed bispectrum of and .

In order to calculate the particular solution for a general massive scalar field ¢, we first need
to determine the corresponding Green’s functions. The Green’s function satisfies the following
equation of motion for a massive particle in a de Sitter space

3 (n) 1
Od-m?) G (r,7") = —0d(r — 7' .
;( ) G, 7) = —=8(r =), (5.75)
here the superscript (n) on the Green’s function signifies that it is the linear order correction
to the full Green’s function. Working out the D’Alembertian explicitly, we obtain

m2

T2 2

Note that the right hand side of (5.76) is only non-vanishing when 7 = 7/, therefore we can
write the function outside the delta function as a function only depending on 7 or 7/. Also, in

the language of (5.68]), the function f(7) is given by
V”/((b()) R .
f(T) =- H272 SOlT?)/Q SO(O) (7—) : (577)
Since (5.67)) is a second order differential equation, we can find that in general the solutions for
G™ (1,7') are given by

¢O(r,7) =i0(r = ) (¢ (e () - 7 ()l (7)) (5.78)

with gogo) (1) and (pgo) (7) the two homogeneous solutions of (5.67) and ©(7 — 7') the Heaviside
step-function. After substitution of the homogeneous solutions to the mode functions ([5.30)),
we obtain

(aEG“)(T, ) — g(9Tc;<1>(7, ) + (k:2 - ) G (7, T')> =2H%5(r— 7).  (5.76)
T

H?r

GO (r,7') = = (r7')* (3, (k7)Y (—kT) — T, (—kT)Y, (—k7)) O(T — 7'), (5.79)

here J,(—k7) and Y, (—kT) are Bessel functions and v = 1/9/4 — m2/H?. The Green’s functions
for the massless and the massive m = v/2H case respectively are given by

(1) N _ H? 21\ o N o o o
G3/2(T, T") 73 [(1 + k*77") sin (k:(T T )) k(T — 1) cos (k:(T T ))] O(r — 7'{5.80)
2
Ggl/)2(7', ') = —i 77’ sin (k(T — 7'/)) o(r -1, (5.81)
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here the subscript on the Green’s functions of 3/2 and 1/2 refer to the values of v of the
Besselfunctions from which the Green’s function is constructed. Then the particular solution
at leading order in k; for the massless scalar field ¢ is given by

V" (¢0)pr (ki) ikt o i
(1) — 7 \PUJIAM) 2iksT o iksT
op (T, ks) 3 /2k3 (2 +ie (i + ks7)ExpEi( szsT)) e . (5.82)

Following (5.63]), we obtain the following expression for the squeezed massless three point func-

tion
H2V" (=2 + v + log (—2ks7y))

(o(ks, T )p(ks, )k, 7)) & 313 (5.83)
6 k3k;
This result is equal to the result when taking the squeezed limit of ([5.46])).
The particular solution at leading order in k; for the massive m = /2H is given by
A TN A k —iksT )
oD (7, k) = Y (Ddrlkr)re (2 ExpEi(~2ik,7) — 2log (ki) ) (5.84)
2./2k3
The squeezed three point correlation function that we obtain from ([5.84) is given by
7TH2V/// oy 7_3

(ol )l ol )y = TV LT (5.85)

8 K2k

This result is also equal to the result we obtain by taking the squeezed limit of ([5.47). We
have thus proven that the scalar consistency relation holds at least at leading orders in k;.

We are interested in correlation functions that correspond to scalar fields which have a very
small mass, i.e. ¥ ~ 3/2+ a with a < 1. Since these massive correlations functions correspond
to correlation functions with mode functions where v lays withing the range 1/2 < v < 3/2,
and we have just proven that the linear order corrections to the mode functions capture the
leading order contributions to the squeezed three point functions, we can be confident that the
linear order corrections to the mode functions of interest also capture the correct leading order
squeezed bispectrum behavior.
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5.7.2 The massive bispectra

As mentioned before, when trying to solve ¢, for a general mass, one might encounter problems
that no exact solution to exists. As previously shown, there are two limits in which we
can solve the EMS exactly. This was because we wrote down our differential equation as Bessels
equation that equaled a arbitrary function. However, when our mass is considered to be very
small, m?/H? < 1, we can also rewrite into a more convenient form

20(r) — 20,0(r) 4 Kop(r) = — g (md + V@0 ) plr), (556)

Mathematically, (5.67) and (5.86[) look very similar. There is one difference however, when
solving (5.86) we take the mass term into the inhomogeneous part of the solution for ;.
Meaning that we will be looking for solutions of the form

o(T,m +mo+ dm(r)) =~ p(r,m) + m% o(T,mp) + (5m(7)2 o(r,m), (5.87)

here m is the “standard” unperturbed mass, mg is the small perturbation of the mass, and
dm(7) is the time dependent mass that the interactions induce. Before we continue with the
calculation of the squeezed bispectrum of a particle with a small mass, we will first discuss the
momentum dependence that the correlation function should have based on the isometries. The
dilation operator that annihilates a general massive three point function is given by

Y Dy—3=(-3(A-3)+kd -3), (5.88)

here we have subtracted -3 in order to account for the truncation of the Dirac-delta function.
Remember that A = % +ip = % — v. This suggests that our three point function should scale
as

3(5-v)

3>/ ~
L33v

(p (5.89)

We can use this scaling as a check to see whether the solution we found meets the isometry
conditions.

To calculate the light mass bispectrum, we will make the following assumptions. Following
our definition of we set m = 0 and mg < 1. In this case, the leading order correction to
the Green’s function is given by . Then the particular solution of ¢ is then given by

oy (r k) =

1 1
— 1 H4k3 2_3 H4_4H2 2 4\
242 H5KA(—7)5/2\/ kT <3H4 —AHm3 + md (16 mgr> (3 mg +mg)

m2
— BHAV" (=) 7 (2iH?mb(kr + ) + mb(kr + 1) — H'm3 (k7 + i)(2kr — i) (2kT + 1)
+2H (kT — i)(—1 + 3kT(2kT + 1)) ¢1) +

. mo2
e*M (bt + 1) <3v’”¢l (2H* + H*m — mg) ()5 E o mo2 (20kT) + 8z’H4k3m§T3Ei(—2ikr)>> :
T HZ
(5.90)
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This is the linear order correction to the Green’s function. We can check the validity of (5.90)
by taking the limit of my — 0. In this limit, we obtain the following expression for the particular
solution

V" p1e= T (2 4 €2F7 (1 — ikT) By (2ikT))

op(k,74) = N : (5.91)

This result is equivalent to up to an overall phase factor. The squeezed limit one obtains
by using is equal to (5.83]).

Then after a lot of “taking the real part juggling Kung-Fu”, we end up with the following
expression

H2V" (=2 + vp + log (—2k,T,
(ks )k, )k, ) (=2 + 7 +log ( ),

6 K3k}
mgv/// 1 Loy +log (—2ksm)] o ﬁ _ L[_Q + + log (—2ks7y)] (5.92)
k?kg’ 9 YE g 5T g ks 108 e & o .

—i—é[—Q +vE + log (—2ks7)]|[-2 + vE + log (—2ksTs)] — 42:))5)2%2} :
At this point, let us comment on this result. When solving a massive correlation function, we
expect the momentum and (conformal) time scalings to change. However, this does not seem to
be the case in . The overall scaling is still the one inherited from the massless bispectrum,
since we assumed that the mass was very small. Also, note that all logarithm terms in this
expressions are invariant under the massless dilation and special conformal isometry.

What we can do however is the following, by increasing the value of the mass mg and the
value of k;, there are a number of terms that start to dominate over the others. We can then
make an educated guess about the “un-squeezed” momentum configuration by exponentiating
the dominant terms. In doing that, we obtain for ((5.92)

<<P(ks>T*)Sp(ks,T*)SO(klaT*»/ ~
H2V" (=2 log (—2ksTs 279 k
~ (22475 + log (Z2k,7:)) [1 + 23 (3 log (’) + log(—2ksn)ﬂ

6 K3k} H? ks
H2V" (—27*)%§
/{3_37%]{3_37%
s l
m2
T*Hg
~Y m2
|

The overall scaling of ([5.93) is the scaling that we would expect of a massive correlation function
in our situation. If we very boldly make an educated guess based on (5.46)) how this part of
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5.7. Squeezed three point functions

(5.92)) would look like in the equilateral configuration it would be

(p(k1, 7)p(ka, 7o) o(ks, 7)) ~

m

H2 " o, i} 3 713 3 _ m2 B m2
~ 1‘2/ ( T)H2m2 (=14 g +log(—KTy)) E kf H? _ E (k?kj)l 32 +(/€1k2k3)1 3at
Q
(k1k2k3)373? =1 7]

(5.94)

Note however, that a number of terms were omitted in that, when added to ,
produce slight deviation from conformal invariance. Whether it is possible to re-sum the left
over terms in is not entirely clear, but since we made approximations in deriving this
result, we would expect small deviation form conformal invariance in anyway.

We can also perform a similar calculation for fields with myy = V2H + mg. Instead of
perturbing around m = 0, we will solve by perturbing around m = 2H. Again we
assume mg < 1. The result at quadratic order in mg is given by

log (:l> +vE + log(—2k57-*)>} .
S

(5.95)
Note that this expression is much simpler than the massless one, the reason for this is that
the mode functions for v = 1/2 are much simpler than for the v = 3/2 case. This expression
however, does not satisfy at leading order in mg and k; the expected momentum and (conformal)
time scaling that we would have expected using the dilation isometry. Therefore we have to
conclude that the approximation we have made has broken down and the result seems not to
be valid anymore.

7TH2V/” 7_*3 2m2
<90(k3aT*)So(ks,T*)QO(kl,T*)y ~ — |: 0 (

8  kik2
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5.8. Gauge transformation and the JN formalism

5.8 Gauge transformation and the /N formalism

To relate the correlation functions to the CMB, we want to express them in terms of comoving
curvature perturbations ¢, since ¢ stops evolving after horizon exit. The transformation between
 and ( correspond to a gauge transformation between the spatially flat gauge and the comoving
gauge. There are two methods to relate these gauges to one another. The first method is a
direct gauge transformation of the form ¢ — ¢ + T'(¢). This was explored in [I3] and |Bl The
second method is by relating ¢ to ¢ via the § N-formalism. In this section, we shall explore this
second scheme.

In the 0 N-formalism, it is realized that ( is equal to a perturbation to the number of e-
folds, N, that arise from perturbing the initial scalar field ¢ in the spatially flat gauge. Scalar
perturbations to the spatial metric on a fixed time slice ¢ can be written as a local perturbation
to the scale factor,

a(x,t) = a(t)et™ . (5.96)

The local number of e-folds a field makes before it exits the horizon is

a(ty)
a(to)

ts
N = dt' H(t') =1n <

to

) = H(t* - tO) ) (597)

here ty is an arbitrary initial time and ¢, is the moment the mode leaves the horizon. If we
define N(x,t) as the number of e-folds from a fixed flat slice to a comoving curvature slice at
time ¢, then

((x,t) = IN(x,t). (5.98)

To relate ((x,t) to the inflaton perturbations (x,t), we assume that the inflaton field has
become superhorizon at some initial time. At this time, we choose a spatially flat time-slice on
which there are no scalar fluctuations in the metric, but only fluctuations in the matter fields
B(x,t) = ¢(t) + p(x,t). We then choose the final time slice to be coinciding with a comoving
curvature slice, where the scalar fluctuations are all inside the metric. In order to go from one
slice to the other, we evolve the unperturbed and the perturbed fields classically to the final
slice separately. The difference between the two results is then equal to the differents in the

number of e-folds a field makes,
(=0N=N(o+¢)—N(9). (5.99)

Expanding (5.99) around ¢ we can obtain an expression for ((x,t) in terms of the scalar
fluctuations ¢ and derivatives of N defined on the initial slice.

¢ N(d)p+ %N”(qﬁ)gpQ 4y (5.100)
here the primes denote derivatives with respect to ¢. Note that the N formula is merely
an identity which expresses ¢ in terms of geometrical quantities and can be used as a “book-
keeping” object which describes how much one region of the universe has expanded (¢ > 0)
or contracted ¢ < 0 relative to the mean expansion. As implicitly stated earlier, the mean
expansion is specified as the region of the universe which is supposed to be described by the
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5.8. Gauge transformation and the JN formalism

unperturbed background. Also, for this reasoning, ¢ is a pure gauge mode in an exact de Sitter
spacetime.

To convert the power spectrum, a first order relation in ¢ is sufficient. However, for the
bispectrum a transformation to second order in ¢ is needed [13]. To first order in perturbations,

we have

here the dot denotes a derivative with respect to ¢t. Inverting this expression and taking another

¢-derivative we find
a ¢\ (m\
=—| == -— -, 5.102
) (5) e

ON (H H > N\
STl =T =¥ 1) a0
961 6 0 9

here we assumed that ¢ < ¢. Also, although when evaluating ¢ we assumed that ¢ = 0, but

not ¢. Then making use of (2.35)) we find that ¢ and ¢ are related to second order by

1 n

- + 2+
\/EMpl(P 8€Mr2>1¢

¢= (5.103)

2eMZHY T

which is equivalent to the transformation found in [I3] in the limit . In literature, the second
order contribution (¢ is often omitted or not taken to be into account. When calculating three
point correlation functions, this term will be 77 suppressed at the end of inflation and can
therefore be safely ignored.

Constant ( in time is a solution of it’s equation of motion to all orders in powers of ( outside
the horizon [I3], meaning that any three point function of (7. — 0) should freeze out after
all modes have passed the horizon. To convert the ¢ correlation functions to { correlation
functions, we need to choose a convenient final slice. As we already observed in , our
result can contains logaritmic terms. Taking the final slice to be 7 — 0 can then be rather
confusing since we would encounter a fictional divergence. This divergence is fictional in the
sense that one no observer can really set 7. — 0, since observations must be made at a finite
time which gives a cutoff scale for 7,. An alternative and better choice would be the moment
of horizon crossing, the moment at which the logaritmic divergence are controllable,

ke = a(m)H(Ty), (5.104)

here 7, is the moment when the modes leaves the horizon. However, since not all modes
inside the bispectrum need to carry the same momenta, modes with a longer wavelength will
exit the horizon earlier than modes with a shorter wavelength. To account for the difference
in evolution before the modes become super Hubble size, we will convert the bispectrum at
the moment when the last mode leaves the horizon. Since the bispectrum is invariant under
permutations of the different modes, we choose k1 < ko < k3 and so we set 7. = —1/ks. Then,
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5.8. Gauge transformation and the JN formalism

the general (-bispectrum is related to the (p-bispectrum via
-1
(2€)2 M3,

1
st Pt (ke ) [p(ka, 7o) @ ol )] + 2 perm.)'
(5.105)

<<(k17 O)C(k27 O)C(kg, 0)>/ = <90(k17 T*)So(k% T*)(P(kfﬂa T*)>/+

_l’_

here e denotes a convolution product. The first term in is the connected part of the
o correlator and the last term is the contribution due to the superhorizon part of the gauge
transformation between comoving- and the spatially flat gauge. For an arbitrary mass, this
superhorizon part is given by

n

m@(kl,T*)SO(kQH'*)[SO(kS,T*) ¢ o(ks, 7)) + 2 perm.)’ =
. —2 5.106

_ nH*  T(—ip)! Z?:l ki " (=, ) B H4in ( )

1662M1%l 42+2ip g2 (klkgkg)_%“ * ’

With this prescription at hand to calculate ¢ correlators from ¢ correlators, we can convert
the bispectrum to the comoving gauge. Converting ([5.46)) one obtains

(¢(k1,0)¢(ka,0)¢ (s, 0)) =

B VU0 A b on (k) SR SR 4 bk
= — og (—ky T 0 — “k;
(26)3/2M]%l 12 k‘%k‘gk‘g YE g t v i oy [R4] 1h2R3

N H' nk}+ K +k
16e2Mp, 2 kik3k3

(5.107)
and converting (5.47)) to the comoving gauge, one obtains

:WH2V/”(<5) 3 HY  n(ki+ka+ks) 4

ki, 0)¢ (ks, 0)¢ (ks, 0))/ n .
(Clka, 0)¢ ez, 0)¢ ks, 0)) 8 ikoks | 162ME 2 kikoks

(5.108)

Let us examine closely, we note that it is fully constructed from conformal and local
terms and therefore is invariant under the full conformal isometry group.

When examining however, we note a new shape, the second term. This term is
invariant under the special conformal isometry but does not seem to be invariant under the
Dilation isometry. There are a few subtleties one has to consider when making a statement
about this term. In the equilateral configuration, we have that k; ~ —1/7,. Therefore we
can argue that in the equilateral limit, the correlator still obeys the conformal isometries.
Also, for a massive correlation function, the time dependence strongly suppresses the massive
contribution to the bispectrum as 7, — 0. Therefore one would expect a negligible contribution
to the bispectrum comming from massive scalar fields producing again a conformal invariant
bispectrum.
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5.8. Gauge transformation and the JN formalism

If we want to compare this result to the one performed in the comoving gauge we need to
convert the third derivative of the potential to slow-roll parameters, since interactions in the
comoving gauge arise from different couplings. Starting from (/5.3)) and taking three ¢-derivatives
we obtain

- H? 31 7 nn 9en 5
v — _7_7+317_77+7772+32 — 83 . 5.109

In the decoupling limit ([5.2)), this expression simplifies to

_ H? 37 Ul )
" - = =240y A1
Vi9) wka[ oH 2H 2H (3-110)

From ([2.35) we note that the first term in (5.110]) is leading order in slow-roll parameters. At
leading order in slow-roll parameters (5.107]) becomes

(¢(k1,0)¢(ka, 0)¢ (K3, 0)) =

" ! o ! s 2
~16e2Mi \2H T 6H?  6H -1 log (—kqTs B = ST K2k + kikok
16€2 M3, <2H 6H?2 6H> K313k (=14 g + log (kT )); 5 ; Tk + kikoks | +

H nk}+ k3 + k3
16e2ME 2 kk3k3

+
(5.111)

When we take the full bispectrum result of the previous chapter, including the €,7, contribution
as given in [19], and take the limit (5.2), we obtain the exact same result as (5.111)). This verifies

the validity of the results and calculations done in this chapter.
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5.9. Estimate of non-Gaussianities

5.9 Estimate of non-Gaussianities

Just as in the comoving gauge calculation where we had estimated the amount of non-
Gaussianities the slow-roll model contains using the Komatsu-Spergel local form, we can es-
timate the (equilateral) non-Gaussianities in our decoupling limit model in a similar fashion.
It turns out that in the limit , a very elegant simplification arises for the estimate of the
connected part of ¢ correlation function, namely

INL ~ s (5.112)

This relation can be obtained in the following way. In general, the spectral tilt of the power
spectrum is given by

ng —1=—2€+ %N , (5.113)

here we expressed the slow-roll parameter 7 in terms of the “e-folds”-derivatives of €. In our
decoupling limit, it is now possible to directly relate the running of the potential to the third
derivative of the potential with respect to ¢,

€ € 2
(1—ng) y = 26N — g 4 (l)

s =
€
= (1—ny) — 6e (1 — ng) + 8 — ”VTN (5.114)
~ (1—n4)&+ O(e)
Vl/lv/
~ 2M§17 + O(ev),

where again ¢ =9)/(nH) = —n n /1 and ey < 1. Consider the connected part of the correlation
function, we can now write

V/// H2

(€°) > (207 Mg (66%) x s

= a X numbers. (5.115)

After bringing the superhorizon part of the { correlator into the form of (4.145)) we find that
the non-Gaussianities produced by this term are given by

2
local g ~ % (5.116)
which is the same term appears in the leading contributions to the non-Gaussianities produced
by the boundary term [20] in the comoving gauge. Note that in contrary to the comoving gauge
calculation, this n contribution arises from the superhorizon part of the gauge transformation.
In [25] it is noted that terms in the bispectrum of the form (ns—1) xlocal will not contribute to
any non-Gaussianities, since we cannot observe locally whether our measurements are effected
by a long mode in the background. The reason for this is that the results of our calculation
are measured in comoving coordinates, but the actual distance is measured with the full metric.
Therefore, one needs to put back the (1 + 2¢) term back in h;;. This transformation cancels
exactly the (ns — 1) x local contributions in the bispectrum.
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5.9. Estimate of non-Gaussianities

This can be made explicit by writing the comoving curvature perturbation as

() = ¢s(2) + Q=) (5.117)

here the (-perturbation has been separated into a long- and short-wavelength piece on the scale
of the patch within the correlation function is measured. When we transform ¢ to Ferm: normal
coordinates [25], we loose the (; contribution of (5.117)) giving us

C(zr) = G(z) + 0(0;0;G)
~ (s(z),
here the bar on ( signifies the fact that ( is given in Fermi normal coordinates. When we

now transform the squeezed (-bispectrum, since we are interested in the “equilateral” non-
Gaussianities, to Fermi normal coordinates, we obtain we obtain [25]

(5.118)

OIn (k3P (ks
Bezz(ki, kike) = Pc(kz)Pc(ks)a(hl(kf())) + Beee (ki kiko) (5.119)
As previously shown,
Bece(ki, kiko) = —(ns — 1) Pe (ki) Pe (k) (5.120)

therefore all terms proportional to (ns — 1) x local cancel. Therefore, we conclude that the
physical (equilateral) non-Gaussianities in this model follow ([5.112]).
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Chapter 6

Conclusion
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6.1. Summary

6.1 Summary

We started this thesis with a brief introduction to modern cosmology where we related the
CMB and the Horizon problem. We argued that the most promising paradigm that solves this
problem was inflation. We then moved away from the ideal homogeneous and isotropic universe
picture and we studied perturbation theory. We gave a formal way to foliate the spacetime of the
primordial universe and we gave a formal (new) proof to what order we need to perturbatively
solve the ADM -constraints in order for our action to be valid.

Then we did cosmological perturbation theory in the comoving gauge. We solved the spectral
tilt to the next order and we proved that the consistency relation holds up to second order for
the bispectrum. During this calculation, we derived a new formal treatment how to calculate
the bispectrum when approximating the Quasi-de Sitter mode functions as the de Sitter mode
functions and showed that the dangerous logarithmic divergences that appear in the bispectrum
can be controlled by the use of boundary terms.

And last not least, we did perturbation theory in the spatially flat gauge. Here we studied our
decoupling limit. At the moment when the modes left the horizon, we found that the isometries
of the (Quasi)-de Sitter space reduced to that of an conformal field theory and that all three
point correlation functions enjoy the full conformal symmetry. The conformal field theory that
corresponded with this dS/CFT was Euclidean. We constructed a scalar consistency relation
and showed that it holds in our decoupling limit. We then calculated the squeezed bispectrum
for a more general massive particle. For very light massive particles the approximation seems to
hold at leading orders in k;, but it seems that the approximation breaks down for the calculation
when we perturbed around a mass of m? = 2H?. We then converted the result of the spatially
flat gauge to the comoving gauge and showed that the d N formalism method is equivalent
to a direct gauge transformation of the time coordinate t. We compared the results between
both gauges and proved that the calculations are consistent. Finally we estimated the physical
non-Gaussianities in our model to fyr ~ as.
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6.2 Beyond this thesis

Loop corrections

Another interesting application arises when one is interested in calculating the one loop correc-
tion to the propagator. In the limit, (5.2)) also the quartic interaction action becomes trivial in
the sense that we can write the full interaction action up to quartic order in perturbations as

1 1 -
Sint :/d% [GV’/,(¢)¢5+MV////(¢)<P4 . (6~1)

A simplification arises when one wants to convert the corrections to the comoving gauge. We
are free to choose our moment of conversion as long as we do it consistently. By choosing
the moment when we convert the loop correction, we can control the dangerous logarithmic
temporal divergence. In any case, we can make sure that the loop correction that arises from
the quartic vertex dominates over the loop correction that arises when using two cubic vertices,
since the latter is suppressed by two sets of slow-roll parameters. Also, one would expect that
there will be three loop corrections arising from the fact that there is a second order relation
between ¢ and . Then the integrals one has to perform to get the full loop correction are then
given by

Q

(o1, k)o(T, k)Y !—2 H—Glm [— / - dt <[H(4)(f),<p(t,k)2>,] + (6.2)

T A
ON 2N [ d3q
10°N d3q
ON 03N d3q

“ou o | et WP - .

here ([6.2)) is the loop correction arising from the interactions and (6.3))-(6.5)) arise from the
second order relation between ¢ and (.

Higher order consistency relations

With the consistency relation, as given in we can study higher correlation functions in the
presence of a long background mode. In appendix [F| a simple (new) calculation is performed
to calculate the tri-spectrum for the massless case and the massive m? = 2H? case. As we see
in this appendix, the more massive the particle becomes, the more distorted the original three
point correlation function becomes. Similar to what we discussed in the mode functions
for the short modes will shift again due to the introduction of a time dependent mass. However,
since we produce a equilateral shaped three point function when taking one of the legs soft of
a four point function, suggests that when squeezing the four point function, we also find the
solution, at leading orders in kj, to a very non-trivial integral.
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Appendix A

Definitions and conventions

A.1 A connection to literature

In literature, you might come across different definitions of the slow-roll parameters. This is a
brief overview of the slow-roll parameters that are often used in literature and the conversion
factors between them.

ME (Vi Voo 1) _ gt VieVieso
. H _ € €N _
€ = ﬁ ~ €y, n= cH = c ~ 4€V 277V s (A2)
0 ¢
0= —, = , A3

e (Y ()

_6e=3/2n—& 3(e+d) &
N 3—¢€ N 3—c¢€ ’
The potential slow-roll parameters are defined in and are denoted by a subscript V, the
Hubble slow-roll parameters are defined in and do not carry a subscript and the potential
slow-roll parameters as defined in [5] are given by and are denoted with a subscript ¢. The
remaining equations and are the conversion factors between the different slow-roll
parameters.
The leading order corrections to the spectral tilt and running are defined by

(A.5)

nv

oP
)= =2 —p=— 20y, A.
(TL ) 0102;(7{:) € n 6€V + nv ( 6)
on
% = 5lnk) en —né Geyny + 24er + 267, (A7)

here the subscript s denotes the fact tat we are looking at scalar perturbations. The potential
slow-roll parameters are defined in (A.1]) and are denoted by a subscript V', the Hubble slow-roll
parameters are defined in (A.2))
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A.2. Potential in terms of slow-roll parameters

A.2 Potential in terms of slow-roll parameters

When comparing results from different gauges with eachother, it is convenient to express all
quantities that only depend on the background equations of motion of the fields in terms of
slow-roll parameters. For example, one can express the potential and its derivatives as

V(g) = MpH*(3-¢), (A.8)
V'(¢) = MpH? [\/gn —3v2¢ + \/Ze} , (A.9)
V'(¢) = H? [—;’n + gen - inz - %% + 462] : (A.10)

_ H—2 3 . . .
Vig) = [ o i

en 2 2 3 2
= - L L 4 9en 4+ 325 4+ 3en® — 9% + 463 — 12¢ ](A-ll
V2 Mp, 7 7 K :

2H 2H? 2H H
here the factors of Mp; have been kept explicit for the reasons discussed in
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Appendix B

Gauge transformation between the
Comoving and Spatially flat gauge

In this section we rederive the gauge transformation between the spatially flat and the comoving
gauge, we follow [I3] closely. Consider again a scalar field ¢(t,x) that is dependent on space
and time. We can decompose this field into it’s mean value which slowly varies in time, @(t)
and perturbations around this mean value with we will denote by ¢(¢,x). Then we can write

o(t,x) as

(t,x) = 6(t) + o(t,x) (B.1)

The coordinate transformation that corresponds to this gauge transformation is given by the
following time translation

t—>t=t+T(tx), (B.2)

here T'(t,x) is a gauge variable that depends on space and time. We would like to find a relation
(order by order) between ¢ and T" and a relation between ¢ and 7" to connect ¢ and ¢. In order
to do this, we split T" into

T:T1+T2+ —|—Tn, (B?))

here the subscripts 1, 2, ... n refer to the order in perturbation in ¢ or (. To find a relation
between ¢ and T, we can transform the field ¢(¢,x) under (B.2)),

20%¢

96 1

o(t,x) — o(t,x) = o(t,x) + (t — t)a + 2(t —t) e + .. (B.4)
— = 1 pad
=¢+¢+¢T+¢T+§wﬂ.
Substituting into we find
1
T = —=¥, (B5)
)
and .
1 . 1¢
15 = ?SD(’O — §§¢2 (B.6)



Substituting these equations back into (B.3)) we find the relation between 7" and ¢ to second
order

1 1 . 16
T=—-Z0+—@p———p?+ ... (B.7)
o }? 2 3
To find the relation between 7" and ¢, we have to realize that ((t,x) is a scalar perturbation in
the metric, thus in order to find the relation between 17" and ( we also want to know how the
metric transforms under (B.2)). We start with the usual ADM-metric

ds®> = [N? — hijN'N7] dt* — 2N;dtdz" — hyjda'da? . (B.8)
Then under the time element transforms as
dt = dt + 0, Tdx" . (B.9)
Substituting this into we find

d82 = [N2 — ;LUNlNJ} dt2 -2 [NZ - N281T + ﬁ]kNJJ\ka&T} dtdeZ
S . . S o (B.10)
— [hlﬂ — NZ(B?]T + NjﬁzT — N28ZT8JT + hklNkNl&T@jT} dz'dx’? .
The (old) spatial metric can be recast in terms of the transformed variables as
hij = e2p(£)5¢j + Nﬂ?jT + NjaiT — f)iTE)jT + ..
— (20) (5ij [1+4 25T + T2 + 25°T2 + ...] + 0x;T + ;T d;x — e 2D, T0;T + ) .
(B.11)

For notational convenience, let us define
pij = Oix0;T + & Td;x — e *WO,TO,T . (B.12)

Then there is still some gauge freedom left in the spatial part of the metric. Transforming the
spatial coordinate z* of the metric under

gt = i =2t 4 €t x), (B.13)
we find that the spatial part of the metric becomes
hij = €D (8;; [1 4+ 29T + pT? + 2p*T2 + ...] + Biej + Oje; + pij + -..) - (B.14)
The part of the metric that transforms as scalars generally has to be of the form
hij = €X6;; + 0;0;€ . (B.15)
Expanding both forms for h;; and expanding in perturbations, we can relate 1" to ¢ as

[1 +2¢1 + 202 + 2C12] 0ij + 0;0;€ = d;j [1 + 20T + 2915 + pT12 + 2[)2T12] + 0iej + 0j€; + pij
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here ¢; and p;; are second order variables. Then at linear order in perturbations, ¢, 71 and ¢
are related by

a = P'le—gw (B.16)
e = —Z)CJr (B.17)

In order to find the second order relation between ¢ and ¢, we have to get rid of the £ term.
This can be done applying the differential operator 9;0; on it and by taking a trace of .
Then

6 = 3[2pT + pT7] + 20k€™ + p;F (B.18)
200 = 2T + TP + 20" + 072 (8;0;u) . (B.19)
Note that in both equations we have Oe*, pulling them out and subtracting the results equals
zero, thus
1 1 1 o

Then the gauge transformation between ¢ and ( is then given by [13]

. 1 . = . ) .o 1 1 e_2p
¢=2p- *@902 + Lo+ Lo - 0o — 2 —0hpdty
¢ 2¢ ¢ 29 4 ¢ (B.21)

le k Al | N k Al
0720,0,(0%0d' o) + 2—58 0x01(0F ')

+1$2
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Appendix C

Calculation of the Bispectrum

In this section, we give a explicit derivation of the leading order bispectrum as first calculated
n [I3]. We will calculate the bispectrum from the action in which we performed the field shift

of ¢ = G+ f(CR) + oo
C.1 Bispectrum at first order in slow-roll parameters

The following terms in the action will produce the leading order € contribution to the bispectrum
S3 = /dt >z [GBEZCC‘Z + ae*¢(8¢)* — 2aeé(8§)(8x)} :

Using the definition of (), which is given by () = ¢2e9~2¢ and using that the cubic action
terms will contribute as -(¢3) ~ i([H, (3]), we find the following three expressions that contribute
to the bispectrum at order €

(CCQ) =
0
= —2i u(k:l,O)u(kig,O)u(kg,O)/_ dr a*é® <u*(k:1,7')

du*(ka, 7) du*(k3, T) + 2 perm | + c.c.
dT dT

0
+ 2i u(ky, 0)u(ke, 0)u(k3,0)/ dr (a*eu* (ky, 7)u* (ko, 7)u* (k3, 7)k1.ko + 2 perm) + c.c.

—0o0

0 du*(kg, 1) du*(ks, T) 1 1
; 2 2/ % 25 35
+ 2i u(ky, 0)u(ke, 0)u(ks,0) /_Oo dr a“e*(u*(k1,7) = T k;.ks (k;% + k%)

+ 2 perm) + c.c. .
(C.1)

These expressions oscillate rapidly when 7 — —oo, which can produce a non-zero result at this
boundary, even worse, it can even diverge. Since the mode functions at this boundary are well
within the Horizon (k > aH), we require that their contribution cancels out. We must therefore
regularize our integral at this boundary [I4]. We can regularize this boundary by shifting it
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C.1. Bispectrum at first order in slow-roll parameters

slightly into the complex plane, as discussed in then

Tend Tend
/ / . (C2)
(1tie)

Evaluating all integrals separately we find

term 1 =
0 * *
— _9; U(k‘l,O)U(kQ,O)U(k?,,O)/ dr CL2€2 (U*(kl,T)du (k277_) du (kSaT) 49 perm> +c.c.
—o00(141ie) dr dr
—iH3 21 H3
— 9Re|—— 1 T ! ! (1 — ik 7)k3k237%e™*™ + 2 perm
\/64€3 T K3 oo(1+zs 72 \/64€3 TL K3
H ikT (kt + kl) le
= _m% Re [ze k3k? ( T T + 2 perm .
H* 9,9 (ki + k1
= _er [k2k3 ( 2 -+ 2 perm

T 3282 HikS’ZE Zk g ki 2 kiky

i<j

To deal with the momentum vectors in the next two terms, we can use the following trick in
combination with momentum conservation, i.e. ki + ko + k3 = 0,

(k1 +ko).(k1 + ko) = (ky +ko)? = k% + 2k; ko + k3
= (ki + ko)? = (=k3)? = k3 = k} + 2k, ko + k3

= ki ko = % (k3 — kT —k3) .

Similar expressions can be obtained for kj.ks and ko.ks by cyclic permutations of the kj.ko
result. Then term 2 and term 3 become

term 2 =
0
= +2i u(ky, 0)u(ka, 0)u(ks, 0)/ dr a’é? u*(ki, 7)u* (ka, 7)u* (ks, 7)(k1.ka + 2 perm) + c.c.
—oo(1+1i€)
H* 0 )
- _mze Re / (0 dr ﬁ(l — 2]€1T)(1 — ZkQT)(l — ZkgT) t (k1 ko +2 perm)
il kikiky + kikoks + ky(ky + ko)ks3
T 322 Ik} 2 [ k2 (k1.ko + 2 perm)
— 2 4 2
T 3282 Hk:3 ;k kit o Z’“ — kikoks (1+ W2 Z’f ) :
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C.1. Bispectrum at first order in slow-roll parameters

term 3 =

0 du* (ko, ) du* (ks, T) 11
= +2i u(ky, 0)u(ks, 0)u(ks,0 dr a*é*(u*(k ’ kiky (= 4+ —
20 ulhy Otk Oty 0) [ de ot (i, 1 PG e b (4 )

+ 2 perm) + c.c.

H4 —iH3 0 i 1 1
= —2¢)Re] dr [ =1 —ikiT)k3k3 2%k ko | + —
T390 L3 i k ) Re[———= oict 11, k;3 /—oo(1+ie) T <7'2( —ik17)k3 3T e 1-K2 <k§ + k§)>

+ 2 perm)] + c.c.

H* k3K3 (ke + k) ko k
= 32 ILAD f[ - S(ktz+ 2 222 +5Perm}

2k1kok
3262Hk;3 Zk3 k2k2k2——2k4 123Zk2

1<J

Combining all three terms, we find

H*
(e =ga P T Zk3 + Z (ka -+ k2k2> : (C.3)

=1 i#£]

Note that both terms in the summation of Zlg £ (k:?k:] + k%k:? k:?) produce six terms. This result
is known and was first calculated by Maldacena ref.([13]).

At leading order, there is also a contribution multiplying 7 to the bispectrum. This contri-
bution is produced by the superhorizon part of our field shift The contribution of this
term is given by

H* n k3 + k3 + k3

<C(k1,T*)C(k2,T*) : C(k377—*>C(k377_*) :>, + 2 perm = 1662 5 k‘%kgk%

(C.4)

This term can be interpreted in the following way. When doing a field shift, we “move away”
from the conserved comoving curvature perturbation fluctuation ¢. At the moment we con-
vert back to the comoving curvature field, we have a second order relation between (, and
¢. The linear order relation produces the interaction diagrams which we calculate using the
in-in formalism. The second order relation produces a superhorizon contribution, which is the
correction for moving away from the comoving curvature hyperslicings.
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C.2. Bispectrum at next to leading order in slow-roll
parameters

C.2 Bispectrum at next to leading order in slow-roll
parameters

The terms in the action that produce an €? contribution to the bispectrum are given by
1
:ﬁ:/ﬁtfoiaﬁwawU+iya&NUﬁ (C.5)
Note that () is build from two terms, but only one of them multiplies a factor of e. Then

the contribution at order €? is obtained when taking both of the terms that are multiplying a
factor of €. Their contributions are then given by

<C3>e2 -
3 .
1 Tend 2 9 % du;(T) du§(7') ki ko ki.ks
= (ZI_IIUZ(O)> 2/00 dr a“e |:u1(7') 0 I 2 + 2 + 2 perm.| + c.c.
3 .
i [Tend dus(T) dul(t) k2
((0) ] = dr a*é® |uj 2 3 Loko ks +2 | +ece
—i-(gu())Q/_oo T a’e |:u1(7') I dr K2k 9.kg + 2 perm.| + c.c
(C.6)
Then their contributions separately are given by
<C3>6271 =
3 .
2 Tend % du? (T) du? (7') kl.kQ kl.kg
= (HUZ(O)> 2/_00 dr a*e® |:u1(7') ;7_ 5’7_ 2 + K2 + 2 perm.| + c.c.
3 2.2 213
__ 5 & Z’L?Jﬁzkfkﬂ' -3} hikik _§Zkikj
3 3 2 2 2 2 |
16e2 [ k7 4 | ki 2 Py ki i<j<l ki 27 ki
(C.7)
and
3 .
i [Tend o du(T) dui(r) k3
((P)ezn = (ZI;II uz(0)> 2/00 dr a*é |:u1<T) ;7_ 57' kgll{:gkg.kg + 2 perm| + c.c.
C.8
HY & | K | IkE 3 KRR 3 kR ()
S dDOLEES 3L S o e L i)
1662 [T k7 4 |5 ki 24 y ki 2i<j<l ki 21’#]’ ki

here the subscript 1 and 2 refer to the first and second term on the right hand side of (C.6]).
Summing both results we obtain

3

H* €2 k? k}k;

3 7 1Y)
= ———a—7— |2 E — +2 E —4 E

e 16¢? H?:1 K} 4 i=1 ki ki

it ot i<j<l

k2k2ky k2k?
s = = |- (€9
t i£] t
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Appendix D

Two point function in a pure
de Sitter- spacetime

In this section, we calculate the two point correlation function, starting directly in a pure
de Sitter spacetime, rather than starting in a quasi-de Sitter spacetime and then taking the
appropriate limit. We verify the result of sections 2 and 3 of [24] in this appendix.

D.1 Two point function - momentum space

We start with the action for a minimally coupled (massive) scalar field,

1
S=3 /dt &z /19| (0,00" ¢ — m?|¢|?) (D.1)
In order to solve the equation of motion, it is convenient to make the following field redefinition,
x=a" ¢, (D:2)
here n is defined as the number of spatial dimensions. Then (D.1)) becomes
1 1/(n?=1) m?
—_ [ dtad? 1Y)+ = — — k2 ) X2 D.
S 2/ x ((8)() +2< 172 722 X (D.3)
The equation of motion for y is given by
2 2
2 m 2 (n*-1)
_ = D4
o2+ (g + 1= " ) x =0 (D.4)
This equation resembles the Mukhanov-Sasaki equation and the solutions for y are given by
X(7) = av/T B (kr) + aty/T 2 (kr), (D.5)

here v = /n?/4 — m?/H?. Note that we can make the usual (1 — —7) change if we want to,
then the leading order contribution of the two point function in the 7 — 0 limit is then given

b
y (6(r R, —ky = T [m)? (57) +rer (57)

+ o (D.6)

47
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D.2. Two point function - configuration space

D.2 Two point function - configuration space

We can acquire the two point correlation function in configuration space from making a direct
Fourier transformation of . Then the two point function is given by

TTC

(p(z)p(y)) = 12r)ran1

= 4(27T)"a”‘1/dnk e*@=Y (1, (kr) + iV, (k7)) (J, (k1) — iY5 (k7))

™

(2 [®dy 2 2
= gt | h e (2 ST

o0
L d"k etkr 2 dz Z%71KV(7'2,7;)8722’%Zr%*1
(4(2m)ran—t T Jo

/ d"k e HD (kr)HP (k)

1—n
B T ” 2 n n 5 TP\ T i /g2
- 4(2m)nan1 /dnk o 7T37'2?”F (5—1/)1“(5-1-1/) (T _4> PV—Q% 272 -1
LTy e

= n+l 2 _ 2 P ilgz 1

(47r) "5 an—1 dre —r v=3 \ 27

H? T(2-v)DT(2+ 1 2

— i (2 V)n+1(2 V)F<n—1/,n+l/§n+ ;1—7,2>7

(D.7)

here r has been defined as r = |z — y|. This result is equivalent to (3.14) of [24].
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Appendix E

Solving Correlation functions using
conformal symmetries

In this section, we calculate explicitly the momentum dependence of the two and three point
functions for scalar fields up to a overall multiplicative factor. We show that, at least at the
conformal boundary, a new way arises in order to organize the different shapes from which
correlators are build.

E.1 Two point correlation function of conformal scalars

We can derive an explicit form for the two point correlation function of two conformal (scalar)
fields by imposing the Dilation and the SCT on the two point correlation function. We shall
do this in momentum space. In momentum space, the Poincaré symmetries imply that the two
point correlation functions only depend on the magnitude one single momentum vector. Then
the Dilation isometry, D, and the SCT isometry, K, then give the following two equations which
contrain the form of the correlation function [24]

0

0= DIOP)O(-p)) = [d NN +p8p} (OP)O(—p)’ (£1)

and

(Al + Ay —d— 1)
p

These identities are also known as Ward identities. From (E.1|) we conclude that

0= K({O(p)O(-p)) = {33 - 3p} (O(P)O(-p))" (E2)
(O(p)O(=p)) = crgp™t+2277, (E.3)

here c12 is a integration constant. Using (E.2)) we note that it only holds iff A; = Ay. Then
our two point correlation up to an overall multiplicative factor is given by

(O(p)O(-p)) = c12 p*174. (EA)
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E.2. Three point correlation function of conformal scalars

E.2 Three point correlation function of conformal scalars

For the three point correlation functions of scalar fields, the Poincare symmetries imply again
that our correlation function (O(p;)O(py)O(p3)) can be expressed in terms of the length of
our momenta, i.e. in terms of p;, ps and p3. Then the Ward identities for the three point
function become [24],[26]

3
D(O)OR)Os)) = |20 A+ 3 | OR)OEIO®) . (5)
a=1 a
and
: ;o ’ ?  (2A,—-d—-1) ? /
bM;Ké‘ (O(p1)O(p2)O(p3))" = azl [bupéf <apg = paap)] (O(p,)O(py)O(ps))’ .

(E.6)
The first ward identity (E.5) constraints the overal momentum scaling of the three point function
to

(O(p)O(p)O(pg)) ~ P> F (jj ﬁ) , (£7)

here F (%, ;j—f) is an arbitrary function with no overall momentum scaling. To constrain the
three point function with the SCT isometry, i.e. , we need to get rid of the overall scaling
bups. This can be achieved by using the Poincaré symmetries again. Since our correlation
function should also be invariant under rotations, we can choose our vector b, in such a way
that it removes one of the three K% of (E.6)). If we choose for example b,p5 = 0, together with

momentum conservation we can write

by (P + 5 +p5)=0 = bupy = —buph. (E.8)
This reduces to
Kab<O(P1)O(P2)O(P3)>/ = [Ko — Ky <O(P1)O(P2)O(P3)>/' (E.9)

here a,b €cyeric {1,2,3} and

o [ @A—d-1)
¢ | op? Pa Opa |

(E.10)

Note that K, is again the D’Alembert operator for a R4+2-284« gpacetime with radial coordinate
Pq. In order to solve , we have to realize that every single K, only acts on the momentum
corresponding to one of the conformal scalar fields. This suggests that in order to solve the
three point function, we can use separation of variables and therefore we can look at solutions
of the form

(O(p1)O(P2)O(p3)) = f(p1,p2.p3) = f(p1)f(p2) f(p3) - (E.11)
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E.2. Three point correlation function of conformal scalars

Then the functions f(p,), with a € {1,2,3} are determined by

Kif(p) _ Kaf(p2) _ Kaf(ps)

=C E.12
fo0) T S (12)
here C' is a constant. The equation for f(p,) then becomes
2 A —d—
O L2121 9 T, = Of (o). (B.13)

op? Pa OPa

The solution of (E.13) is known, since this is equation is equivalent to Bessels equation. The
solution of f(pg) is given by

FPa) = 02" (axKa,—aj2 + arla, —aj2) » (E.14)

here Ka,—q/2 and Ia,_q/2 are modified-Bessel functions and ax and aj are constants which
need to be determined. In order to find a solution for the D and the SCT isometry, we can use
a Mellin transformation of the form

/ dx $_(d+1+At)f(p1£E,p2£L',p3$). (E.15)
0

The integral in only diverges as at least one of the f(p,) is given by pA“_d/3aKKAa,d/2.
Since we require that the correlation function is invariant under permutation of pi, po and p3
the only physically relevant solution is when all three f(p,) functions are modified bessel K-
functions. Then the final solution for the three point function, up to a multiplicative constant,
is given by

<O(P1)O(P2)O(P3)>/ ~

oo
A1—d/2 A1—d/2 A1—d/2 _
o pt A2 / dz z%/? 1KA1_g(plx)KAz_g(p2x)KA3_g(p3:c)-
0
(E.16)

This solution is known as the Triple-K-Integral [26]. A very comprehensive analysis of the
implications of conformal invariance for three point functions is given by [26]. An interesting
thing to note when comparing to calculations performed in chapters 4 and 5 is that the
(conformal) time integral resembles the dummy variable that is used in the Mellin transforma-
tion. Due to this, the triple K integral is almost exactly the same as the integral that needs to
be calculated in order to derive ([5.46]) and (5.47]).
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E.3. Solutions of the Ward identities

E.3 Solutions of the Ward identities

From a conformal symmetry point of view, the full solution to the truncated three point function
is given by [26]

B 3d 34 A, r'(6;) / d 1
(O(k1)O(k2)O(ks)) = Crazm2 2 1:[ r(-3) d’k k|25 ke, — k|2 [ky + k|20

3d_
C1ogmdott 5 A

= T (At2—d) T (A1+A22—A3) T (A1+A23—A2) T (A2+A23—A1) X

d d d
A1—§ A2_§ A3—§

xky ' Zkyo kg /0dxxg_lKAl_g(k‘w)KAg_g(k:zx)KA ksx),

(©17)

3

here §; has been defined as §; = d_QAt + A, where j = 1,2,3, d is the total number of
spatial dimensions and C1o3 and cjo3 are two constant. Just as before, only the modified Bessel
functions with half-integer A; — %l give us exact expressions for K A, a(k;x). This limits us
again when searching for exact expressions for the three point function.2

Another problem that arise is the fact that the integral part of might not converge
and that some sort of regularization scheme is necessary. In general, and assuming that all

variables are real, the integral converges for

3
>
j=1

N

d
Aj — 2‘ + 2. (E18)

When we encounter a divergence that is not logarithmic, we can use analytic continuation in
order to regularize our integral by putting [20]

d—>d+2€, AZ'—>A1'+€. (E.lg)

Note that € is not related to any Hubble parameter, it is just a small phase factor (¢ < 1) used
to regularize the integral. If the divergence is logarithmic, renormalisation is needed. After
renomalisation, the correlators exhibit anomalous scaling transformations: they theory suffers
from conformal anomalies.

E.3.1 Solution to the massive case

We want to calculate the bispectrum term using the ward identities and its solution, i.e. (E.17))
and compare it to (5.47). In this case, we have that d = 3, A} = Ay = Az = 1. Then the
modified K-Bessel function will become

Te T

Kyipp(@) = K_1p(x) = 2 (E.20)
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E.3. Solutions of the Ward identities

The integral will not converge, so we need to regularize is by using (E.19). Then the “Triple
K-integral” becomes

/0 dx 33_1+8K—1/2+25(/f1$)K—1/2+25(k2$)K—1/2+2a(k3$) =

E.21
i [<w>§ (k:1+kz+k3)—8r(8) (E.21)
e—0 2 1/ klekS
Combining this with the rest of (E.17) we find
1
~ . E.22
(Ok)O(k)Oka)) ~ 7 (B.22)

E.3.2 Solution to the massless case

For the massless case we have d = 3, A1 = Ay = Ag = 0. The modified K-Bessel function

becomes
—X

Kyal) = K s =[50+ 05 (8.23)

X

Again, analytic continuation is needed to regularize this integral.

o
3
/0 dr 22 K g o (k1) K30 40c (ko) K_g /5 40: (kaa) =

8 (ky + ko + k3)~c 5 3
— lim (ﬁ)“ﬁ 2tk ot STk e [ ST k2R — kikoks | + 2kikoks) | T(=3 + )

3
=20 |12 (k1koks)2 i=1 i#j
(E.24)
Combining this with the rest of (E.17) we find in the leading order limit in
k3 + k3 4+ k3
(O(k1)O(k)Oks)) ~ =5 5 (E.25)

R k3K

This is the Local shape for massless scalars. Expanding (E.24)) to the next to leading order in
€ produces

log (—K7.) 320y k) — 3o k2ky + kikaks
ETE '

(O(k1)O(k2)O(ks3)) ~ (E.26)

Note that an additional factor in the log term has been put, 7. This has been done to make
the factor inside the log-term dimensionless. Its interpretation is that I acts as a cutoff scale
to which this approximation is valid. I shall refer to this shape as the conformal shape. These
terms are exactly the left-over terms with the correct relative prefactors as found in . This

suggests that we actually can build the scalar bispectrum up to a relative prefactor between
the local and the conformal shape.
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Appendix F

Higher order correlation functions
beyond the three point function

In the decoupling limit, (5.2)), the action expanded in terms of field perturbations beyond cubic
order also simplifies considerably,

(F.1)

At tree level, we can have two kinds of diagrams, the first diagram is constructed from two three
point vertices and the second diagram is constructed from only a single four point vertex. Let us
study the squeezed limit of the trispectrum contribution of the contribution to the bispectrum
produced by the single four-vertex diagram.

F.1 The squeezed four point function

It will be interesting to see how the correlation function of the three point function changes
by a field shift of the background fields. As already mentioned in the mode functions in
this correlation functions will get an effective mass and therefore, the three point contribution
should get non-trivial contributions. Even worse, we will not be able to solve the integrals with
these time dependent mass corrected mode functions. Therefore, by taking the squeezed limit
of the four point function, we are also finding (a general) solution to a very difficult integral.

Let us study this squeezed limit of the contribution to the bispectrum coming from the
four-vertex diagram. The general solution to this contribution is given by

H* VA)( Y
(p(k1)p(k2)p(ks)p(ka)) = 48/6‘15]{33]{53]63/{3 (2 Z ki (=14 vg + log(—kiTs)) +
. (F.2)
+ ) hikS (=44 2yp + 2log(kT) + 4 kIR =2 kPkjky + 2k kokska
i#] i#] i#j#
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F.2. Five point function

If we now take the squeezed limit of this four point function by setting k4 = k; < 1, but
keeping all other momenta to be different, so we do not redefine k1, ko, ks = ks we obtain for

the squeezed limit of ([F.2))

(p(k1)p(k2)p(k3)p(ka)) kackr o =

_ H'VW(9)
24 B3 kSk3k}

3
(—1+ve +log (—km)) > kP = > kPkj + kikoks
i=1 i#j
(F.3)

Interestingly enough, we observe that the squeezed limit of this diagram has precisely the mo-
mentum scaling that one would have obtained by multiplying the “regular” two point and
three point functions . This means that the leading order contributions to the bispectrum
are not effected by the long mode which shifts the background dynamics.

Similar to the massless case, we obtain the following contribution to the massive m? = 2H?
trispectrum

H' V() 7

k1)o(ka)p(ks)p(ks)) = ) F.4
(k) kg (h)) = T e (F.4)
Taking the squeezed limit and using definitions similar to (F.5)), we obtain
H VO (5 i
(ol (k) o s kbt g = o (F.5)

8 k1k2k3(k1 + ko + k3) ki ’

Interestingly enough, if we divide the long mode two point function, we note that the shifted
three point function in this expression does not resemble (5.47) anymore. The conformal time
and momentum scaling of this “shifted three point function” are now given by

7_2

™ Kikoks(k1 + ko + k3)

(p(k1)p(k2)e(ks))e, (F.6)

F.2 Five point function

The contribution to the five point function that is produced by a single five point vertex is given
by

(p(k1)p(k2)p(k3)p(ks)p(ks)) =

R R ST FEIRE RERC R
T Z; 3(—1 + g + In(— k7 ; G i#;#n J

(F.7)
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