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Abstract

Il concetto di inflazione & stato introdotto nei primi anni '80 per risolvere alcuni
problemi del modello cosmologico standard, quali quello dell’orizzonte e quello della
piattezza.

Le predizioni dei pitt semplici modelli inflazionari sono in buon accordo con le os-
servazioni cosmologiche piu recenti, che confermano sezioni spaziali piatte e uno
spettro di fluttuazioni primordiali con statistica vicina a quella gaussiana.

I pin recenti dati di Planck [1], pur in ottimo accordo con una semplice legge di
potenza per lo spettro a scale k > 0.08 Mpc™!, sembrano indicare possibili devi-
azioni a scale maggiori, seppur non a un livello statisticamente significativo a causa
della varianza cosmica.

Queste deviazioni nello spettro possono essere spiegate da modelli inflazionari che
includono una violazione della condizione di lento rotolamento (slow-roll) e che
hanno precise predizioni per lo spettro.

Per uno dei primi modelli, caratterizzato da una discontinuita nella derivata prima
del potenziale proposto da Starobinsky [2], 1o spettro ed il bispettro delle fluttuazioni
primordiali sono noti analiticamente [3].

In questa tesi estenderemo tale modello a termini cinetici non standard, calcolan-
done analiticamente il bispettro e confrontando i risultati ottenuti con quanto pre-
sente in letteratura.

In particolare, I'introduzione di un termine cinetico non standard permettera di ot-
tenere una velocita del suono per 'inflatone non banale, che consentira di estendere
i risultati noti, riguardanti il bispettro, per questo modello.

Innanzitutto studieremo le correzioni al bispettro noto in letteratura dovute al fatto
che in questo caso la velocita del suono € una funzione dipendente dal tempo; suc-
cessivamente, cercheremo di calcolare analiticamente un ulteriore contributo al bis-
pettro proporzionale alla derivata prima della velocita del suono (che per il modello
originale & nullo).






Introduction

General Relativity (GR) and Quantum Field Theory (QFT) are two of the most
remarkable developments of the last century.

From the beginning, scientists tried to unify these two theories, but they quickly
realized that it is not possible to treat gravity like the other forces, because this
theory is not renormalizable: for this reason, gravity is often considered as a back-
ground, a curvature of space-time where the other forces act on. Such a semiclassical
approach is called Quantum field theory in curved space-time.

One of the first subjects this theory was applied to has been cosmology, particularly
for the study of the early stages of the Universe. The Standard Cosmological Model
presents some problems which are not explainable within the standard theory of
Big Bang (e.g. the flatness and the horizon problem). In order to solve this issues,
in late 70s/early 80s the idea of inflation was introduced: it consists in a fast,
quasi-exponential expansion in space starting about 10737s after a possible initial
singularity. In terms of a QF'T, the simplest models involve a real scalar field, called
inflaton, as the responsible for this quasi-exponential expansion.

As already stated, the idea of inflation was able to explain some important results
of observations, as the high level of isotropy of the cosmic microwave background
(CMB), the spatial flatness, the nearly scale-invariant spectrum of nearly Gaussian
perturbations, in agreement with the large-scales structure (LSS).

With the results available from the Planck satellite (which can be found, e.g., in
[1, 4], and [5, 6]) the tilt of the primordial power spectrum has been accurately
measured and the level of non-Gaussianity has been tightly constrained, confirming
that the simplest models of slow-roll inflation are a good fit to CMB observations,
whereas non-standard models producing large non-Gaussianities are not.

On the other side, few puzzles in the CMB pattern of temperature anisotropies on
large scales appear, from unexpected features in the temperature power spectrum.
For instance, a low amplitude at £ < 40 and a dip in the temperature power spec-
trum lower than that expected in a simple ACDM model.

Recently, many models which predict a temporary violation of the slow-roll condi-
tion have been proposed to explain the low amplitude cited above; some of these
models can also produce a feature at £ ~ 20.

Inflationary models which aim at explaining this feature at £ < 40 generally predict
non-Gaussian signals which can be compared with CMB data. Since the anomaly
in temperature power spectrum is not statistically significant because of the cosmic
variance, it is important to search for additional, possible counterparts at the bis-
pectrum level.
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viii INTRODUCTION

This thesis is devoted to study inflationary models which can explain these fea-
tures. In particular, this work aims to study non-Gaussianities which are originated
by a sudden jump in the speed of sound. To obtain such a jump, we consider theo-
ries for which the inflaton Lagrangian contains a non-standard kinetic term and a
discontinuity in the first derivative of the potential (this model, with a standard ki-
netic term, was proposed by Starobinsky in 1992, [2]). On the one hand, in this way
we are able to recover the results found in [3] in a suitable limit, while on the other
hand we can provide its generalization which comes from the terms proportional to
the derivative of ¢;. In addition, we can also compute a second contribution to the
bispectrum which comes from a vertex proportional to the logarithmic derivative of
the speed of sound, which for the model with a standard kinetic term vanishes.

In details, the following work is structured as follows:

i) In chapter 1 we briefly review some basic concepts of cosmology, such as the
Friedman equations and the conceptual issues which led to inflation. We then
discuss more advanced topics, as inflation driven by a field with a general
Lagrangian.

ii) In chapter 2 we review the relativistic theory of cosmological perturbations; we
then introduce the Mukhanov-Sasaki equation for the gauge-invariant scalar
field fluctuations and the curvature perturbation.

iii) In chapter 3 we discuss in general power spectrum and bispectrum of curvature
perturbations, giving details of their calculations.

iv) In chapter 4 we present the model with a discontinuity in the first derivative of
the potential, originally introduced by Starobinsky, describing the motivations
for which it is interesting in the comparison with observations. We compute
both the power spectrum and the bispectrum (the latter given in [3]).

v) In chapter 5 we provide two different extensions to the model originally intro-
duced in [2], obtained by generalizing the Lagrangian with higher order powers
in the kinetic term. We first compute the correction to the bispectrum found in
the previous chapter, and then we consider another contribution to the bispec-
trum which comes from a different vertex, which vanishes for the model with
standard kinetic term.

vi) In the two appendixes we briefly review the concepts of classical Gaussian
and non-Gaussian random fields. In the second one, instead, we give the full
expressions of the original result for the bispectra for the models studied in
chapter 5.

Throughout this work, we consider natural units for simplicity, i.e. units for which
¢ = h=kp = 1. In addition, we assume the metric signature (—, +, +, +), while for
tensors we use Greek letters for space-time indexes (u =0, ...,3) and Latin letters
for spatial indexes (i = 1,...,3).
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Chapter 1

The Standard Big-Bang
Cosmological Model

Modern cosmology aims to explain the origin and the evolution of our universe.
The first models were developed just after the publication of the Theory of General
Relativity (1916).

On the one hand, modern cosmology is based on three assumptions: General Rel-
ativity is the theory which describes the evolution of our universe; there is homo-
geneity and isotropy; we can model the universe as a perfect fluid. On the other
hand, there are three observational evidences which are predicted by the model:
the expansion of the universe, the existence of the cosmic microwave background
(CMB) and the abundance of light elements from the primordial nucleosynthesis.
Applying General Relativity to our universe, in which the matter energy-momentum
tensor is that of a perfect fluid, leads to the Standard Big-Bang Cosmological Model.
This model is usually referred to as ACDM, since it assumes the existence of both
cold dark matter (CDM in the acronym) and dark energy (denoted by A): indeed
“visible” matter constitutes only about 5% of the total energy [7]; about 26% is
matter which only acts by means of the gravitational attraction (for this reason
called ‘dark’), while the leftover 69% is called ‘dark’ energy, and it is thought to be
the responsible for the accelerate expansion of our universe.

However, as we shall see, this model exhibits some conceptual issues, which are
solved by introducing the concept of inflation.

This chapter is divided in two sections:

i) in the first one, we briefly present a summary of how General Relativity applies
to our universe, from the Friedman equations, to some considerations about its
geometry, up to the definition of the concepts of horizon which are significant
for our purposes.

ii) in the second section, instead, we derive the concept of inflation in a straightfor-
ward way, i.e. from the problems of the standard model to their solution with
the concept of a field which permeates the universe. Eventually, we generalize
this concept to the so called k-inflations, which will be widely used later.



2 CHAPTER 1. THE STANDARD BIG-BANG COSMOLOGICAL MODEL

1.1 Friedman-Lemaitre-Robertson-Walker universe

The starting point is the assumption of the cosmological principle, which states that
there are neither preferred observers nor directions: this is equivalent to assume
homogeneity and spatial isotropy.

1.1.1 Friedman equations

These assumptions strongly reduce the number of degrees of freedom: for instance,
the cosmological principle requires that the line element can be rewritten as [8, 9]
dr?
1—kr?

ds* = —dt* + a*(t) +r2dQ?| (1.1)

which defines the Friedman-Lemaitre-Robertson- Walker metric (FLRW).
Here dQ? = d#? + sin® 6 dy? is the angular part of the spherical line element, while
k is a parameter called curvature which can take just three values

+1
k={0 (1.2)

which correspond to closed, flat and open spatial sections, respectively.
The coordinates 7 is dimensionless, while the scale factor a(t) has the dimension of
a length.

It will be useful to deal with a new time coordinate, the conformal time, defined as

_
dr = o)’ (1.3)

so that eq. (1.1) becomes

dr?
1—kr?

ds® = a*(1) | —dr? + +r2d0?| . (1.4)

The cosmological principle also applies to Einstein equation
Ry — 5 Ropus = $7GTy (1.5)
with 7}, is the energy-momentum tensor of the fluid
Ty = Pguw + (p + pluyu, . (1.6)
A first equation which comes from (1.5) is [10]
3d = —4nG(p + 3p)a, (1.7)

where " denotes the derivative with respect to t.
A second one is
ai + 24> + 2k = 47G(p — p)a®. (1.8)



1.1. FRIEDMAN-LEMAITRE-ROBERTSON-WALKER UNIVERSE 3

Combining the two, and defining the Hubble parameter

a
H=- 1.9
. (1.9)
we get the system of two equation
8 k
2
4
a= —gﬂG(p—i—?)p)a, (1.10b)

which constitute the Friedman equations.
Together with these equations, we also have a continuity equation

p=-3H(p+p). (1.11)

It is important to note that egs. (1.10a), (1.10b) and (1.11) are not independent,
but one of these comes from the combination of the other two.
The continuity equation (1.11) can be recast as

p'=-=3H(p+p), (1.12)

where ’ which denotes the derivative with respect to 7 and H is the Hubble param-

eter in conformal time ,
a

H=" (1.13)

a

Taking the derivative of (1.10a) with respect to ¢, and using (1.11), we also have
H=—41G(p+1p). (1.14)

Since they will be widely used in the following, it is worthwhile to write the Friedman
equation in conformal time

8
H? = §7TGp(I2, (1.15)
which can combined together to obtain some other useful relations
H? — H' = 4nGad*(p + p) (1.16a)
2"+ H? = —87Gpa®. (1.16b)

It is useful to rewrite the Friedman equation in a slightly different form; by defining
a critical density p. and a density parameter ) as

3H?
= 1.1
pe=g o (1.17a)
=" (1.17b)
Pec
the preceding relation becomes
2 k
H*(Q-1)=—. (1.18)
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It is then clear that the hierarchy between {2 and 1 has a one-to-one correspondence
with the spatial geometry of the universe.

On the one hand, for fluids with a state equation parameter w = % > —%, the
r.h.s. of eq. (1.10b) is always negative; on the other hand, observations suggest
that H > 0, i.e. the universe is expanding. This implies that the scale factor is a
concave function of time, and therefore that there always exists a time t = 0 for
which a(t = 0) = 0: this is what in the standard model of universe is known as
Big-Bang.

Figure 1.1: Evolution of the scale factor as a function of time.

This fact is independent from the curvature: the behaviour at late times, instead,
depends on the value of k.
Furthermore, it is possible to get a rough estimate of the age of the universe by
considering the inverse of the Hubble parameter, i.e. H~': in fact, from Fig. 1.1 we
see that at a given instant ¢* the scale factor can be approximated with a straight
line of equation y(t) such that a(t*) = y(t*). The slope of this line is clearly o’ (t*),
so that its equation is
y(t) =d (") (t+9). (1.19)

By evaluating this at ¢t = t* we have
a(t*) = y(t*) = d () (t* +9), = t'=——--9. (1.20)

Therefore, at a given instant t*, the age of the universe can be approximated by
excess as H(t*)_lz for example, at the present time Hy = 67.3(10) kms~! Mpc~!
[7], and consequently

to = 4.59 x 101" s ~ 1.45 x 10" yr (1.21)

Another very important quantity to describe the evolution of our universe is the
redshift z, which relates the scale factor at a certain time with the scale factor today:
it is defined as

14+2=20 (1.22)
a
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where ap = a(tioday), and usually it is assumed ag = 1 (since now on we make this
assumption), so that z varies from 0 to +o0.

As previously noted, for each value of k there is a time in which ¢ = 0: nev-
ertheless, for big z (early times), we can see that the curvature is negligible, i.e.
k ~ 0. To prove this, let’s consider a single-component fluid with equation of state

p=wp. (1.23)
From eq. (1.11), the density depends on the scale factor as
p~ a 30+w) (1.24)
so that the Hubble parameter can be expressed as a function of the redshift as
H2(2) = H2(1+2)% |1 — Qo + Qo(1 + z)1+3w] . (1.25)

Now, dividing eq. (1.18) by itself evaluated at the present time t¢, thanks to (1.25),
we get

Q(z) = ol +2) 5w = 1 — L 1 (1.26)
1—Qo+Qo(1—|—Z) v 1—904—90(14—2) W z—00

()

— Q<1
Qo=1

—_— Qp>1

1072 0.1 1 10 100 1000

Figure 1.2: Evolution of the density parameter as a function of the redshift.

This aspect is very important since if we go sufficiently back in time we can
approximate the universe as spatially flat, considering the so called Einstein-de
Sitter (EdS) model of universe.

If k£ = 0, the second equation of (1.10) can be integrated to get
2 2 1
a ~ t30+w) = H=_——"" - 1.27
3(14+w) t (127)
and from the previous discussion we know that we can use these results every time
we study the very early universe.
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1.1.2 Particle horizon and Hubble radius

Let’s consider the line element (1.4) for a photon which propagates radially in a
spatially flat universe [11]: it is characterized by

dr = +dr. (1.28)

Therefore, the maximum comoving distance from which an observer will be able to
receive signals at time ¢ is

Xp(t)z/t;;(l;:/;dT:T—n, (1.29)

where t; is the time corresponding to the initial singularity (we do not denote it
with 0 for a reason which will be clear in a moment). The quantity x, () is called
comouving particle horizon. The corresponding physical particle horizon is simply

Re(t)=att) [ (130
P =a —_— . .
t; a(t)
Another very important quantity is the comoving Hubble radius, defined as
1
= — 1.31
together with its physical counterpart
1
Ry = T (1.32)
Thanks to (1.27), the comoving Hubble radius can also be expressed by
e
a
= 1.33
XH HO ’ ( )

from which we note that the Hubble radius grows with time if w > —%; in addition

L ey o
Xe = Jw aH  Hy ), = 3(1+w)H, i)

na; na;

T (1.34)

For standard fluids, the comoving horizon gets a negligible contribution from early

times since
143w w>—%
T~a; 2 —— 0. (1.35)
al'*)O
Thus, the particle horizon at time ¢ is given by

2 143w 2 1 2

=0 T Xu(t), (1.36)

Xp(t) = sa+wi ™Y T T30 1w aB 304w

which ensures that the particle horizon and the Hubble radius are of the same order.
Anyway, even if they are of the same order, their meaning is quite different: while
the particle horizon y, is the maximum (comoving) distance photon have travelled
from the Big-Bang, the Hubble radius is the distance over which photon can travel
in a Hubble time, i.e. roughly the time in which the scale factor doubles.
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1.2 Inflation

In this subsection, we present some of the conceptual problems of the standard
cosmological Big-Bang scenario. Secondly, we show how these can be solved by
inflation, and we discuss its simplest formulation in terms of a real scalar field.
Eventually, we generalize this formulation to the so called k-inflations, in which the
Lagrangian has a non-trivial kinetic term.

1.2.1 Problems of the Standard Big-Bang Cosmological Model

The Standard Big-Bang Cosmological Model we introduced in the previous section
exhibits some problems, both from theoretical and observational points of view.
Among these, we could cite the flatness problem, the horizon problem, the entropy
and the relics problem. Here, we discuss in detail the first two issues.

These problems were solved in early 80s by introducing the idea of inflation as a
phase of the universe characterized by a fast, quasi-exponential, expansion with a
non-standard equation of state.

Horizon problem

We have seen from eq. (1.35) that if the universe is filled by a standard fluid, the
initial singularity takes place at 7, = 0. Moreover, from eq. (1.33) we know that if
we go sufficiently back in time two points are always separated by a distance which
is grater than the Hubble sphere: this means that it is always possible to find an
instant in which two points are not in causal contact.

This is represented in figure 1.3

our worldline

P T T
§ 1100 10 i A 0 Iy 3 10 1100

: - : — — i - ; 10
ELE

— 0.6

40—
30 (— o4

0.2

scale factor

20—
0.1

conformal time [Gyr|

— 001
= 0.00L

-0 -20 0 20 40
comoving distance |Glyz]

Figure 1.3: Representation of the horizon problem (figure taken from [12]).

At this point an issue arises: observations suggest that the CMB is characterized
by an almost isotropic radiation. This seems to violate the concept of causal contact:
distant points in the sky should not have influenced each other in remote past times
since their past light cones did not overlap at the time of CMB formation (about
380000 years after Big-Bang). This is known as the horizon problem.
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Flatness problem

Another typical issue related to the Cosmological Standard Model is the flatness
problem: it can be viewed as a fine-tuning problem.
Let’s consider the evolution of the density parameter © [13]: from egs. (1.18) and

(1.27) we have

k 1+3w

which indicates that for standard state parameters the density parameter increases
in time.

So, if we consider the ratio between the density parameter today and at a given
past time, e.g. at the Planck time (assuming that our physics theory is valid till to
those scales), we have

|Q*1’t0 ~ a(2) ~ TI%L
|Q - 1|tPL a%?L TO2

~ 100, (1.38)

where, again, we have neglected the matter-dominated phase for simplicity and
assumed that radiation-dominated phase began with the Big-Bang.

In any case, since we know that today Q ~ O(1), we see that in the past Q had to
be extremely close to 1: as we do not know any reason why this should be happen,
we consider this as a fine tuning problem.

1.2.2 Inflationary solution to Standard Big-Bang Cosmological Model
problems

Both the horizon and the flatness problem can be naturally solved with the same
idea, which naturally leads to the concept of inflation.

Solution to the horizon problem

Since we have seen that, ultimately, the horizon problem arises from the fact that
past light cones of two distant points do not overlap in the remote past, we could
search for a scenario in which it is always possible to have a region of overlapping
between the past light cones of any two points. We see that this request is satisfied
if we accept a phase of a shrinking Hubble radius [12]: in other words, we want

d_d
™ T dt aH
From eq. (1.10b) we have that

0. (1.39)

d

B _ 4nGp
dt X" T T GH?

"~ 3aH?

. 1

(H* + H) (1+3w) <0 & w<—z. (140)
Hence, to have a Hubble radius which decreases in time, it is necessary to have a
violation of the standard equation of state for fluids.

This request has also another consequence: similarly to eq. (1.35), we have

143w w<_%
Ti~a 2 —— —00. (1.41)
’ ¢ a;—0
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Thus, a shrinking Hubble sphere implies that the Big-Bang singularity happens at
a negative infinite conformal time; in such a way the horizon problem is naturally
solved. In fact, now, it is no more possible to approach the initial singularity enough
to get two points separated by a region greater than the Hubble radius: conversely,
there always exists an instant in past in which the past light cones overlap, as shown
in figure 1.4

Lo
—{ 0.8

- 0.6

— 04

scale factor

-0z

—H{0.1

conformal time [Gyr|

— 0o
= 0001

inflation

causal contact

Figure 1.4: Representation of the solution to horizon problem (figure taken from
[12]).

A particular case, i.e. w &~ —1, is particularly simple. From the continuity
equation (1.11), in fact, we find that in this case p ~ const, which implies that the
solution to the Friedman equation (1.10a) is

P
3M2

t
s (1.42)

a(t) = e

This stage, characterized by a scale factor which grows quasi-exponentially in time,
is known as inflation. Since the equation of state parameter w = —1 is typical of
the cosmological constant A, this is usually written as

a(t) ~ e\/gt, (1.43)

which represents a quasi-de Sitter expansion. If this holds true, we get from eq.
(1.3)

1
=——. 1.44
i aH ( )
In this way we have the asymptotic behaviours at early and late times, i.e.
2% o (1.45a)
a— 00

0. (1.45b)
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This expressions will be useful later on.

To determine how much inflation has to last, we can require that the Hubble radius
at the beginning of inflation ¢; was greater than today. Assuming that from the
end of inflation until today the universe has been dominated by radiation (w = %),
we have that
Xulle) _ aofl ap  To oo (1.46)
Xg(to) apHgp a0 Tk
where E indicates the end of inflation and we have approximated T ~ 10 GeV,
T ~ 1073 eV.
Imposing now that the Hubble radius at the beginning of inflation was greater than
today we get

Xu (t1) > Xy (to) ~ 102X, (tg) . (1.47)
Since H = const. it therefore implies
9 >10% =  N=I2E>e. (1.48)
ay ar

N is the number of e-folds of inflation.

Solution to the flatness problem

This issue too can be solved with an inflationary phase: in particular, by requiring
that at the beginning of inflation Qf;, ~ O(1) and that after the end of inflation
the radiation-dominated era began, eq. (1.38) imposes
2 2
ov _ 0 Q=1 -1 T 56
=< ~ ~ = ~ 10 = N ~ 64. 1.49
3 a1, TIe-1), 72 49
Again, with a number of e-folds of about 60-70, the flatness problem is naturally
solved.

1.2.3 Standard single-field inflation

We have seen that with inflation it is possible to solve some problems that otherwise
would seem unexplainable. In terms of modern theoretical physics, the simplest
model is to consider inflation as a stage driven by a single scalar field, called inflaton,
in a flat FLRW space-time described by the Lagrangian [14, 15]

1
L= —3 g" 0,0 0,0 —V(9). (1.50)
The corresponding energy-momentum tensor is
oL 1
T;w = -2 (S.Qj + Guv L= aqu 81/¢ + Guv <_2 gpaap¢ ao¢ - V(¢)) . (1'51)

With the hypothesis of the flat space, this energy-momentum tensor is that of a
perfect fluid, so that the energy density and the pressure are

42

p="To = 5 +V(9) (1.52a)
pe

p=Ti=—5-V(¢). (1.52b)
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From the Lagrangian (1.50), the equations of motion are

0= o (5‘;f¢\/fg> —Jjg((zg:—at (a%) —a3§;, (1.53)
and consequently the Klein-Gordon equation reads
¢+3H+Vs=0, (1.54)
or in conformal time
" +2MHep" + Vya* = 0. (1.55)

where prime and 4 denote the derivative with respect to 7 and ¢, respectively.
The Friedman equations, instead, become

. 87G [y
i=—— (¢ - V(¢>)) (1.56a)
87G [ ¢*
H? = WT (Q; + V(¢>)> . (1.56b)
In conformal time, the density and the pressure in egs. (1.52) become
0"
. 1.
P= 52 +V (1.57a)
0"
=—-V. 1.57b
P=55-V (1.57b)

As a consequence, the state parameter takes the form

12 2
—2a*V
w="L= %7‘1 (1.58)
p o PF+2a2V
Slow-roll inflation
Taking the derivative of relation (1.56) with respect to time we get
. $?
H=——-. 1.59
21, (1.59)

We now introduce a quantity which will be fundamental for all future considerations.

It is defined as ] )
H dln H @2
€ =——5=— =

- , 1.
H? AN~ 2HZMZ, (1.60)

We have seen that inflation is characterized by H = const, and therefore ¢; < 1.
This condition implies that the kinetic term has a small contribution in the energy
density.
From this, we can define a second parameter € as

o dlne 1 él

f— = —— . ]..].
2="UN T He (1.61)
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These parameters are called Hubble flow functions (HFF), or slow-roll parameters.
It is customary to make another assumption on the second HFF, ie. e < 1.
Therefore we have

e < 1 — $* < V(o) (1.62a)
€ < 1 — b< Ho. (1.62b)

These conditions determine the so called slow-roll inflation.

Iteratively we can define the n-th slow roll parameter as

dln €n—1 én—l

=N = Heo 1 (1.63)
Another interesting quantity is )
0= —}i.b . (1.64)
Combining egs. (1.60) and (1.64), the HFF €3 can be written as
Q:qf;(ﬁﬁ_?ﬁf) :2<Ij¢+q> =2(e; — ). (1.65)

Another parametrization which is sometimes used deals with the flow parameters
[16]
L (HNT dttH

This parametrization is connected to the previous one via
— g =" — Mg, 1.
N H H < 5 €2 + 61) H (1.67)

Slow-roll inflation is usually thought as driven by a potential which is almost con-
stant in a certain region, as showed in Fig. 1.5

V(o)

Figure 1.5: Potential for a slow-roll inflation.
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After the phase of slow-roll, the field starts to roll down the potential, eventually
oscillating around the minimum of the potential. This regime of coherent oscilla-
tions can be thought to be responsible for the emission of energy, the production of
particles and the thermalisation of the universe.

Slow-roll approximation allows to significantly simplify the equations: for instance,
the Friedman equation (1.56) reduces to

v

H? ~ — 1.68
ST (168

while the Klein-Gordon equation (1.54)
3Ho +Vy~0. (1.69)

In addition, it is possible to relate the HFF with another class of parameters, defined
in terms of the derivative of the potential. The first two are

M2, (Vy\?
eVzPl<‘j’> , (1.70)

2
Vo)* Voo
v %
To determine the hierarchy between the HFF and ey and 7y, we firstly calculate
the derivatives of the potential.

and

ny = 2ey — M3, (1.71)

- Zeroth derivative
If we can combine egs. (1.60) and (1.68), we get [17, 1]

V = 3M3,H> (1 - %1) . (1.72)
- First derivative
Furthermore, from the equation of motion (1.54), together with HFF (1.60)
and (1.65), we find that the first derivative of the potential can be cast as

Vo=—¢—3Ho=Ho(-Z +e1—3) =

— 32 H2Mp, (1 _ %1 n %) . (1.73)
- Second derivative
Determining the second derivative is a little more tedious: first of all, if we
take the time derivative of the equation of motion (1.54), we get

b +3H+3He+ Vygd =0. (1.74)

From eq. (1.65) we can find out an expression for é in terms of €; and ey;
substituting it, together with its derivative

¢ = (Ho+ HP) (%2 - 61) +H (‘522 . é1> , (1.75)
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into (1.74), we obtain

0 (5 ) [0 10 -0)| %5 (5 o) s

+3H2) (%2 - 61> + Vo =

. 2
:qb{ — H?¢ (%2 —61) +H2(%2 —61) + H? (% —6162) — 3H?1+

+302 (2 1) + Vs } (1.76)

where in the first line we have used the general relation (1.63) to express é;
and €z, and in the second line eq. (1.60) for H.
From the above equation we have

362 €92€3

5 2
U2 92 -2 46— 22 ] - (1.77)

— H?
Voo [ 4 2 2

Now, we just have to put these expression for V' and its derivatives into eqgs. (1.70)
and (1.71): so doing, we find

€1 €9\2
MI%Z Vs ? (1_§+€>
v 2<V elﬁ_ﬂQ’ (7%
3
and
€9 56162 2612 €2 €9€3
Voo _ 5t T3 T3 6
3
In the same way, after some lengthy calculations, one finds
€1 €2
Vissa V- N 6
512/ = Ml%l 2070 = 3 6 [4612 — 3e1€2 + £ 61622 + 361262—
V2 (1- €1 )2 2
3
4 3 7 62263 62632 6263641|
——€” — = . 1.80
3€1 ge1e26s + 6 6 3 ( )

The crucial fact is that expressions (1.78)-(1.80) are exact, so that the use of the
HFF parametrization allows to reconstruct the derivatives of the potential without
any additional approximation.

As a final consideration, we note that in the slow-roll regime, the number of e-
folds can be expressed through eq. (1.69) as

135 oE H 1 oE
tr o1 o MPl @1 V¢



1.2. INFLATION 15

1.2.4 Non-standard kinetic term

As we have seen, an inflation as driven by a single scalar field constitutes the simplest
model we can think of; many extensions of this model have been developed, and
one of the most interesting is called k-inflation [18, 19], which represents a more
general class of models in which the Lagrangian density is a generic function

L=P(x,9), (1.82)

where y is the kinetic term of the theory

1
X = —§g“l’3u¢) o . (1.83)
In the following, we consider homogeneous fields, for which ¢ = ¢(t), so that

q'b2

5 (1.84)

X
For the moment, anyway, let’s keep x unexpressed, so that the considerations we
make are valid in general.

The Lagrangian is indicated with P because it can be thought as a “pressure”:
we can convince of it by calculating the energy-momentum tensor from eq. (1.51).
Denoting with , the derivative with respect to x we get

oP ox
TMV:_27+9MVP:P9HV_2PXW

(59’“’ = Pguu + PX 8u¢ 8;/(25 (185)

The first term of r.h.s. is the same than (1.6) if P = p; by defining
Ou

Uy, = , (1.86)
I /2X
eq. (1.85) is
Ty = P guw + 2xPyuyuy , (1.87)
from which we can identify the energy density with
p=2xP,— P, (1.88)
and consequently write the energy-momentum tensor as
p=2xP,—P
Ty = P guw + (P + p)uuu,,, ) aﬂ¢ . (1.89)

Y3

We see from this expression that the Lagrangian (1.82) can be used to describe the
potential motions of hydrodynamical fluid as well as to draw a useful analogy with
hydrodynamics in the case of arbitrary Lagrangian for a scalar field. Indeed, if P
depends only on x, then p = p(x).
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An important quantity for the following analysis is the speed of sound cs, which
is defined as [18]

P P
2= x

== (1.90)
Py Pyt 2xPy
Like for the slow-roll parameters, it is useful to consider the logarithmic derivative
of ¢; with respect to the number of e-fold: this quantity is denoted by s

dlncg

dN

S =

(1.91)

It is convenient to compute the derivative of the speed of sound firstly: this is

des 1 Pon(Py+ 2xPy) = Po(Pav + 20 Py + 2xPy)

AN 2c (P +2xPyy)”
1 P P, 2xn P, 2x P.
_ L |2ha o B AN Ba X | (1.92)
2¢, P, Py, +2xP,
Hence, the explicit expression for s is
6 — 1 |:PxN - PxN + 2XNPxx + QXPxxN:| (193)
2| Py, P, +2x Py

These two quantities could obviously have been defined in the previous section, but
in that case they would have been trivial, since we would have found ¢; =1, s = 0.
Now we determine the expressions for the slow-roll parameters for the lagrangian
P(x, ).

Combining the Friedman equation (1.10a) with the continuity equation (1.11) we
find

. H 2H Y P, . P
QHH = —— (P 4 p) = — o X B=-XXx (1.94)
Mg, Mg, Mg,
The first HFF, i.e. €1, is then given by
XPX
= 1.95
The time derivative of € is therefore
- XXPyoy + X¢Pyo + XPy  2xPy H _
H2M?2, H3M?3,
X x9¢Pyg 2
= (XPxx + Py) + HQMX,%I +2Het . (1.96)

Thus, the second HFF ¢y reads

€1 1 XPXX X ‘ZBPW
— N Loy X9 2 . 1.97
=T H( P, 2t P, + 2€; (1.97)
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For Lagrangian (1.82), the equations of motion are

5P 5P 5x -
- (BE55) L ()

=0 (a*P ) ~ a® V- (P V) — a’ Py =

= a3 9, <PX ¢> —3a2aPy¢— a3V - (P, V) — a®P . (1.98)
If we consider homogeneous fields we find the generalized Klein-Gordon equation
%(PX¢)+3HPX<}5—P¢:O. (1.99)
This equation can be also written in a different way. In fact, from eqs. (1.84) and
(1.90), we have
0= PuXd+ Poyd?+ P d+3HP §— Py =

. P . P, . P
— P |d(14+2¢ 22X ) +3H)+ 224 - 22| =
[P (o) o e
PoT. . P, . P
== [¢+3Hc§¢+ SXP g2 ¢] : (1.100)
Cs Px Px

and therefore [20]
; . Py -, P
6+ 3HAG + 047 — =2
Px Px
We can also relate HFF with the speed of sound of the inflaton [21]. First of all we
note that from (1.97) we can write

=0. (1.101)

€2 :2(61—5)+p, (1.102)

where § is given by (1.64) and

Py
= . 1.103
P= T, (1.103)
The quantity p is
Pox | Pxo ¢ quﬁé 1

= = -0l =—-1). 1.104
P=up, " HP, _ HP, e (1.104)

However, thanks to the Klein-Gordon equation (1.99), we also have

Py =P+ Pod+3HPyp=HPyp(p—3+3), (1.105)
from which P
p=—2+5-3. (1.106)
HP,¢

Combining the two expressions for p we get

23 0) 82— 1)
p= =y , (1.107)
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where we have defined

_ xPyo
pr— . ].-1
q P, (1.108)

If we substitute (1.107) into (1.102) we are able to express €3 as a function of €7, c2
and the derivatives of the Lagrangian.
For Lagrangians for which P, = 0, we simply have

b
€ =261 - (2+1) . (1.109)

S

As a final comment, it is worthwhile to stress that the Lagrangian (1.82) is not the
most general we can consider. In fact, we can add to it a term [22]

G(x. ¢)0¢. (1.110)

This latter modification is sometimes called Galileon model.



Chapter 2

Relativistic perturbation theory

The Universe we observe is almost perfectly homogeneous and isotropic, as the cos-
mological principle states. However, in order to understand the formation of the
structures we observe (such as galaxies, clusters and so on), a small amount of in-
homogeneities must be accepted [14, 15, 23]. This is not a failure of the standard
theory of Big-Bang we briefly discussed in the previous chapter: on the contrary,
the cosmological perturbation theory is one of the greatest successes of modern cos-
mology.

Since observed inhomogeneities are very small, of the order of 1 part in 10°, the
problem can be faced with a perturbative approach [24].

This chapter is divided in three sections:

i) in the first one, we develop the theory of cosmological perturbations in terms
of general relativity; this approach is doubly convenient: on the one hand, it is
valid on all scales, also when the Newtonian treatment of gravity is inadequate;
on the other hand, it can be applied up to relativistic energies;

ii) in the second section, instead, we define a fundamental quantity for later con-
siderations: the concept of comoving curvature perturbation. In particular, we
note how it is related to the gravitational potentials and the inflaton field;

iii) eventually, in the last section, we derive the Mukhanov-Sasaki equation, which
represents the fundamental equation of motion for the comoving curvature per-
turbation, and whose solution will be widely exploited in the next chapters to
compute the spectrum and the bispectrum of such a quantity.

2.1 Einstein equations

We consider all the quantities, i.e. the metric tensor, the energy-momentum tensor
etc., to first order in perturbation theory around a time-dependent, isotropic and
homogeneous cosmology.

In the following we denote with an overline the unperturbed quantities so that, for
instance, a generic quantity A is

A=A+0A. (2.1)

19
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2.1.1 Metric fluctuations

From these considerations, the metric tensor is
Guv = G + 09w - (2.2)
This has the consequence that, for a flat space-time, the background line element
ds* = a*(7) [—dT2 + 0i; dazid:zj] (2.3)
takes the most general form to first order in perturbations
ds* = a®(1) {—(1 + 24)d7* + 2B; dr da’ + [(1 + 2C)d;; + hyj] da'da’} |, (2.4)

where h;; is symmetric by construction.
Thus, up to second order corrections

i B; (1 + 20)5@' + hij

w1 (—(1-24) B
9T Bi (1 —2C)59 — hii

The metric tensor has 10 independent components: 1 comes from A, 3 from B;, and
6 from the symmetric tensor field 0;;.

(2.5)

SVT decomposition

In order to keep track more efficiently of the equations we will obtain, it is worthwhile
to rewrite eq. (2.4) in a more useful way.

For linear perturbations, we can split the metric fluctuations in their scalar, vector
and tensor components, where this distinction depends on their transformation
properties on spatial hypersurfaces. For this reason, this kind of decomposition is
called SVT decomposition (“SVT” stands for “scalar-vector-tensor”).

In the following, we analyse in details only scalar and tensor perturbations, since
vector modes are not predicted in single-field inflation models.

Quantities in (2.5) are eigenvectors of the spatial Laplace operator, and at the linear
order the scalar, vector and tensor parts do not mix with each other. For this reason,
we can decompose both the vector and the tensor part as follows.

e Vectors.
Under very general hypothesises, a vector field v; can always be decomposed
in a scalar part and a vector, divergenceless part, i.e.

{Ui = ;v + U; (26)

D = 0

The number of components of v;, i.e. 3, is maintained, since v contributes
with 1 component, and ©; with 2, being divergenceless.
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e Tensors.
A similar procedure applies for a symmetric tensor field ¢;;, which can be
decomposed in a scalar part and a vector and a traceless tensor part, both

divergenceless:
tij = 28(51‘]‘ + 2({9<i3j>p + 26(iﬁj) + 21
iy = 0 = 'y , (2.7)
al, =0

where

5
1 , (2.8)
8(iﬁj) = B (Oy; + 0j1;)
and the factors 2 are for convenience.
This kind of decomposition preserves the number of independent components,
as it has to be. From eq. (2.7) we have

s,p scalars = 141 =2 components
w; 0 =0 = 3 —1=2 components (2.9)
G + O =0=14', = 6—3—1=2 components
Thus, we have 24+2+2=6 total components, and this is consistent with the
fact that t;; is a rank 3 symmetric tensor.

Overall, the total number of independent components is preserved: in fact, with
this decomposition we have 14+ 14242+ 24 2 = 10 degrees of freedom, as in eq.
(2.5).

With such a kind of decomposition, we can rearrange the line element (2.4) as

ds* = a(T){ — (14 24)dr*+
+ 2((913 + Bl) dr d.%'i + [(1 + 20)(5@' + 28<18J>E + 28(ZE]) + QEij] dl‘id.%'j} .
(2.10)

Since in general relativity every system is equivalent to the others, we are always
allowed to make coordinates transformation such as

ol = G = gt 4 , ¢ = (T,L) ) < 1 . (211)

Such a kind of transformation is called gauge transformation.
Both 7 and L’ are functions of time and space, i.e. T = T(7,2°%), L' = L(, 2%).
Again, the vector part of £# can be decomposed according to (2.6) as

Li=Li+ 0L O—1T
b - &=7 (2.12)
;L' =0 E=L"+0L
Since the metric tensor transforms as
- dr® oz
Juv = 78:%:“ 78‘%1’ GaB s (213)
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it is quite straightforward to determine the transformation laws for the parameters
in (2.10).
Taking into account that

a*(7) = la(r + 7)) = [a(r) + T /(1) + O()]” = a*(r) [1 + 2 T] + O(&?),
(2.14)
where ’ indicates a derivative with respect to 7, and H is the Hubble parameter in
conformal time, one has, for example

0z 0z _ 0z 030 _ )
ﬁ@gaﬂ = @@9004—0(5 )=

= (% +T)* [~aX(F)(1 +24)] + 0(&?) =
= (14 27)a(r)(1 + 2H T)(1 + 24) + O(¢?) =
= —a?(7)(1 + 24 + 2HT + 2T') + O(&?) . (2.15)

—a*(7)(1+ 24) = goo =

By comparison it is easy to get the expression for A, which reads
A=A—-T —HT. (2.16)

In a similar way all the others coefficients are computed

A=A-T -HT E=E-L .
B=B+T-1L By =F — L C’:C’—HT—§V2L- (2.17)
B;=B; - L Ey; = By

From these relations we can build up a set of quantities which do not change under
gauge transformations, which for this reason are called gauge-invariant.
For instance, if we consider

V=A+HB-E)+(B-FEY, (2.18)

this is gauge-invariant by construction.
The same property is fulfilled by

b=-C-H(B-FE +éV2E. (2.19)

These two quantities are known as Bardeen potentials.
Other invariant quantities, although not as interesting as (2.18) and (2.19), are

A ~ ~ ~

These gauge-invariant variables can be thought as the “real” perturbations, since
they cannot be removed by means of coordinates transformations [11].

Since, as we mentioned above, it is always possible to make a change of coordi-
nates, we can fix the gauge in order to simplify equations: some popular gauge
choices are
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- Newtonian gauge.
It is defined by
B=0=F. (2.21)

From relations (2.18) and (2.19), the line element (2.10) becomes
ds® = a(r) [~ (1 + 2¥)dr? + (1 — 2®)4;; dx'da’] . (2.22)

This choice is called “Newtonian” since the line element is that of a small devi-
ation from the flat space, from which we can identify ¥ with the gravitational
potential.

- Spatially flat gauge.
It is defined by
C=0=F. (2.23)

2.1.2 Perturbations of the energy-momentum tensor
In an unperturbed Universe the energy-momentum tensor is given by eq. (1.6) with

9uv — Muw; for a comoving observer Z' = const, so that u’ = 0 = %;, while

1
ds* = —dr? = -1= —a2(ﬂ0)2 = ==, Ty=—a, (2.24)
a

dr
where 70 = —.

S
Perturbing the relation
g Ut =—1 (2.25)

one finds
0 = g (W00 + 0" 5uk) + 00" gy, = WU Sgu + 2Wybut (2.26)

Taking into account that u = % and 0goo = —2aA, eq. (2.26) becomes

— 24 —2a6u’ =0 = ou® =~ 4 (2.27)

a

Defining du’ = %Z we obtain

Q|

ut =

(1—A0") . (2.28)

The expression for u, can be easily found by contracting it with g,,,, so that at the
leading order
u, =al[—(14+A),v; + Bj] . (2.29)

As for the metric tensor, the first order perturbation in 7}, is

0Tk, = 6* dp + (op + dp)ut'a, + (P + p) (W ou, + uw,dut), (2.30)



24 CHAPTER 2. RELATIVISTIC PERTURBATION THEORY

where we have not taken into account a possible anisotropic term.
With relations (2.28), (2.29) it is easy to get the explicit components of (2.30). In
particular, one finds

6T°% = (p+p)(vi + By)
6Ty =—(p+pv' = —¢ ‘
oT?, = i op

(2.31)

In a second reference frame there will be a different energy-momentum tensor 7%,
related to this by
-, ozt oz’ _
N
while the two frames are related by (2.11).
Combining (2.11) with (2.32), it can be shown that the following relation holds true

(2.32)

§T", = oT", —T", & +T ¢ -T" ¢, (2.33)

By substituting the explicit components, we readily obtain

bp=06p—p'T
p=0p—p'T
¢=d+@E+pl’’ .

where, again, thanks to (2.6) v; can be decomposed as v; = ¥; + J;v.

At this point it is worthwhile to introduce a dimensionless quantity, called den-
sity contrast, defined as

)
5= (2.35)
p
Similarly to egs. (2.18) and (2.19), we can define the following quantity
7’
A=§+—(B+v), (2.36)
p

which is gauge-invariant by construction.

Similarly to what we have done in the case of the perturbations of the metric,
we can impose gauge conditions. In particular we can consider

- Uniform density gauge.
It is defined by
d=0=dp. (2.37)

- Comoving gauge.
It is defined by ' .
¢ =0=B". (2.38)
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Adiabatic fluctuations

25

A fluctuation is called adiabatic if its value at given point in the perturbed space-
time is its value in the unperturbed one at the same spatial point, but at a different

time, for every species.
In other words, it means that, for a quantity A, we have

SA(T,x) = A(T + é7(x),z) ~ A(T,z) + A'(1,2) o7 (x) .

However, from the general definition of fluctuations

SA(r,) = A(r + ) — A(7),
so that
SA(T,x) ~ A'(1) d7(x) .
This is the case, for example, for pressure and density.
Since eq. (2.41) is valid for every species, we obtain

dpi  0pj
0T = jpf = %
Pi Pj
From relation (1.12) one finds
—
p
H=—rm—,
3p(1 + w)

in such a manner that (2.42) becomes
& 9
T+w, 14w’

Because of relation (2.42), the speed of sound ¢? can be computed as

This is an important consequence, as we will note.

2.1.3 Perturbations of Einstein equations

In the following we assume the Newtonian gauge defined in (2.21), so that

s = <_(1 g Y (1- (2)¢)5ij>

w1 (—(1-2v) 0
7T 0 (1+ 20)6%

The Christoffel symbols then read

[y =+ 0’
Iy, =o,v
If, =o'V

T9 = 0y [H — 2H (¥ + @) — @]
F§‘0 =0'i(H — @)
Fé’k = —(5ij8kf1> + 52,8]'(13) + 5jk8i<19

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)
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Continuity equation
The energy momentum tensor satisfies the continuity equation
0=V,1",, (2.48)
which in fact is a system of four differential equations.
i) v=0
From eq. (2.31) and (2.47) we get
0=T",+1%,T% =TT =
=—[p' +6p + 94" +3(H— ) p+D) +3H(0p+ 6p)] + O(2),

where O(2) means that second order perturbations have been neglected.
Separating the leading order from the first order in perturbations we get two
equations, which combined together give

P 3 _
5’+3H5<(;p—1p’>+<1+];> (V-v—39") =0, (2.49)

which represents the relativistic version of the continuity equation.
i) v=i
From eq. (2.31) and (2.47) we get
0 = T, 4 T, 1% — TG, T =
= ¢} + 0i0p + 4gH + (5 + DAY + O(2) .

Taking into account eq. (1.12), and the definition of ¢’ in (2.31), one finds

Vs
v+ Hy—3HE v+ P L yw =0, (2.50)
p p+D

Einstein equations

The next step is to compute the Einstein equations

1
Guw =R, — 3 guwR = 8nGT,, . (2.51)

In order to do this we firstly have to calculate the Riemann tensor, and from it to
determine the Riemann symbol and the Riemann scalar.

The computation is quite easy, even if a bit tedious, so we simply write the main
stages

Roo = —3H' + VU + 3H(®' + V') + 30" + O(2) . (2.52)

Ry = 261"1)/ + 2HO; ¥ + 0(2) . (2.53)
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Rij=6;j [H —2H (2 + ) — HTY' — 5HD' — " + V?® + 2H? — 4H* (2 + U)] +
+ 81‘8]'((1) — \If) + 0(2) . (2.54)

R =g"Roo+ g7 Rij =
1
= — [6(H +H?) — 2V2U + 4V?® — 120 (H' + H?) — 60" — 6H(V' + 39')] .
a

(2.55)

Due to these equations, the components of the Einstein tensor G, are
Goo = 3H? + 2V%® — 6HP' . (2.56)
Goi = 261'((1)/ + H\I/) . (2.57)

Gij = 035 [V2 (U — @) + 20" — (2H' + H?) +2(2H + H?)(® + ¥) + 2H T + 4HP'| +
+ 0;0;(® - 7). (2.58)
Now that we have the Einstein tensor, and the energy-momentum tensor, we can

write the Einstein equations explicitly.
Separating the components we obtain:

i) Component i # j
In this case T;; = 0, from which it follows

82-8]-(@ — \IJ) =0 = b =U, (259)

where we have assumed that the potential are regular at infinity, so that the
integration constant vanishes.

ii) Component 0¢
In this case

Toi = gooTi = —a* g, (2.60)
and consequently
0;(®' +H®) = —4rGa’q; . (2.61)
By assuming again the decaying at infinity it is equivalent to
'+ HD + 4nGa’v(p+7) = 0. (2.62)
iii) Component 00
In this case
Too = goo T = a*(1 +2®)p(1 + 6) = a®p(1 + 6 + 20) + O(2),  (2.63)
from which
3H? + 2V — 61D = 87Ga’p(1 + 5 + 2D). (2.64)

It is now worthwhile to consider the unperturbed order and the perturbed one
separately: so doing we get
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- zeroth order
At the unperturbed order we recover the Friedman equation (1.15)

871G
12 = %pa? (2.65)
- first order
The lowest order in perturbations gives
V20 = 4nGa®S + 3H(P' + HD). (2.66)

Substituting in it eq. (2.62) and then (2.36), we can recast this equation
into

V20 = 47Ga’*pA. (2.67)

iv) Component i
In this case

Ty = 9i T'; = a*6;5(1 = 20)87;(p + 0p) = a* (P + p — 2@) + O(2),  (2.68)
and then
20" — (2H' 4+ H?) + 42H + H?)® + 6HD' = 8nGa’(H+ 0p — 2p®). (2.69)
Again, let’s separate the orders in perturbations:

- zeroth order
At the unperturbed order we find

IH +H? = —81Ga’p, (2.70)

which is nothing but the equation (1.16b).

- first order
At the first order we have remained with

" + 202H + H*)® + 3HP' = 4nGa*(0p — 2p D). (2.71)
Using again eq. (1.16b) for the term proportional to p in the rhs, we have
" + 3HD' + (2H' + H*)® = 4rGa’dp. (2.72)

The Einstein equations we have just found are usually solved trough the expansion
in Fourier modes, so that a generic quantity A(7,x) is substituted by

A(r,x) = / (;:)3 AT, k) e ke = / (;:)3 Ape ke (2.73)

By imposing that A(7,z) has to be real, we get the reality condition

Ar=A_y. (2.74)
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2.2 Curvature perturbation

Let’s go back to the most general expression for the perturbed metric (2.5): the
induced metric on a constant time hypersurface is

vij = a® [(1+20)6;; + 2E;j] , (2.75)
where 2Eij = hzg
As a consequence, the inverse induced metric is

g 1
7 = = (1 - 20)6; — 2By - (2.76)

The corresponding Christoffel symbol, considering scalar perturbations only, is

BT, = 26° (0 C + 20 Ery’ — 650C. = By, " (2.77)

Since it is already a first order quantity in perturbations, it is quite straightforward

to find the expression for the Ricci symbol, which reads

1 . .
3 _ iJ (3)a 2 (3)a
DR = — |0a(07 OT5) - 0 Org, | (2.78)

By assumption, Fj; is traceless, so that the first term is
@ =20, B — 9°C, (2.79)

while the second one is
Gpe = §2,0,C = 39,C.. (2.80)

Thus eq. (2.78) is

1 ; ; 1
B R = = [0.(20,E™ — 0°C) — 30'0;C] =

. 3 [200;EY —4V*C] . (281)

As we mentioned, we are just considering scalar perturbations: for this reason, from
(2.10) we know that

0ii
from which L T4
BCr— — |ZViE _ 42 2.
R QQ[SV VC}, (2.83)
and finally
2
a? R = —4v? <C — V3E> =4V3K. (2.84)

K is called curvature perturbation: from this we define a comoving curvature per-
turbation R, defined as the curvature perturbation in the comoving gauge (2.38),
characterized by B’ = 0 = ¢'.

However, it is convenient to have a gauge-invariant expression for R, so that we will
be able to calculate it in any gauges: since in the comoving gauge B and v vanish,
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we are free to add a linear combination of these to eq. (2.84).
All these things considered, we define
V?E
3

which is manifestly gauge-invariant if we take into account expressions (2.17) and
(2.34).

=-C+

—H(B+v), (2.85)

Since we will make all our considerations in the Newtonian gauge, it is worth-
while to determine some properties of the comoving curvature perturbation in such
a gauge.

Newtonian gauge is defined by condition (2.21), so that (2.85) simplifies to

R=V—-Hv (2.86)
From the Einstein equation (2.62) we can eliminate the velocity v to obtain

U+ HU

R=V+H—F——. 2.87
RaTer (P+Dp) (2.87)
Thanks to the Friedman equation (1.15) we can recast this equation into
2(0' +HW) 2 U +HY
R=V+H_m——=V+- ——— 2.88
TS0 T3HAtw) (2:88)

2.3 Mukhanov-Sasaki equation

At very high energy matter is well described in term of fields [25]; for this reason,
we should substitute in the expression for the energy-momentum tensor that for a
scalar field.

In this section, we consider the general context of k-inflation, in such a manner
that the considerations we do are valid also for the case of inflation with a standard
kinetic term. We consider the general Lagrangian (1.82) [14]

L=P(x,¢). (2.89)

In this context, we perturb the scalar field as

o(1,x) = o(1) + do(T, ) , (2.90)

so that the kinetic terms becomes

1 — = — L oo~ 3
X = 59" 0ub 06 — 9" 0,60,56 = 596" — §06'6¢/ =
1 (8" ., -
-5 <¢2+¢’5¢’—¢’2\P> =X +0x, (2.91)

where as usual we have chosen Newtonian gauge.
From this relation we find that the first order in perturbation of the kinetic term is

_ _ 5/
5x=%<¢’5¢’—¢’2‘11> :Qx(ﬁ_\@ , (2.92)
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For the energy-momentum tensor we have to refer to eq. (1.89): in particular, since
it is the tensor of perfect fluid by hypothesis, it is

6T% = —dp. (2.93)

In order to obtain an expression for dp, let’s consider the continuity equation before:
since p = p(¢, x), we have

H /
“BH(P+p)=p =psd + X = =35 (Ptp)—py (299
Then, using definition (1.90) and eq. (2.92), we find
0¢ 0¢
0p = pxOX + ppdd = px <5>< X' > ) - 3’H(P+p)? =
P o¢ " ) o
Lty <¢_\11 9" S 0p+H ¢) _ 3P+ )22 =
Cs ¢’ ¢’ ?’
P 0 0
= tf’[ <¢> ’Hd)\II}B’H(PwLp)d), (2.95)
Cs ¢’ ¢’ ¢’
from which
P 1 0
0T% = — —i;p[ ( (;5) H—(b— ]+3H(P+p)¢ (2.96)
¢ o ¢’ o
Determining the expression for §7°;, instead, is simpler, since
1 1 0o 0
0 _ 00q _ _ 0P e _
% =g 1o = —?(1 —2U)(P + plugu; = —9(1 —2V)(P +p) o
1 @' 0;5¢ 0;0¢ 0
- = (P = 0T"; 2.
2P+ = (P )T = (297)
since it is first order in perturbations.
By comparison with eq. (2.31) we note that also in this case
v = —(;Q/s , (2.98)
and then from (2.86)
R—wt+n. (2.99)
¢/
Furthermore, from eqs. (2.56)-(2.58), the Einstein tensor is
1
G% = ¢"Gyo = —;(1 —20)(3H% 4+ 2V?® — 6HD') =
3H? 2
== E[v%p — 3H(®' + HD)]. (2.100)
: 2
Goi = gOZGoo = —?&-((I)’ + 7'[\1/) . (2.101)

Gij = 0ij [VH(W — ®) + 20" — (2H' + H?) + 22H + H)(® + V) + 2HV' + 4HP'] +
+ 0;0;(® — D). (2.102)

As in the previous considerations, we just have to compute the Einstein equations.
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i) Component i # j
As usual, T;; = 0, from which it follows

8;0;(® — W) = 0 = O=U, (2.103)

where we have assumed that the potential are regular at infinity, so that the
integration constant vanishes.

ii) Component 0i
If the potential are sufficiently regular we can drop the spatial derivative to
find

0¢
U+ HU = 47Ga*(P + p) = 1k (2.104)
which can be written in the equivalent form
d (a®¥ 4rGa*(P + p) 5
i () = (1) (2109

iii) Component 00
We directly consider the first order in perturbation: thanks to (2.104) we get

VAU — 3H (V' 4+ HY) = V2T —M:
P+p Y0 5gz5
-t (£32 i () it o] et

(2.106)
and using again (2.104) together with (1.16a)
2
T2y — ArGa (2P+p) [d (&b) +H5¢—\IJ} _
Cs o' o’
2
_ 4nGa (]23+p) [H <6¢> e ¢] _
Hes o' o'
4nGa*(P + p) d o)
=@ @ [H =t \II} (2.107)

The quantity in the square brackets is nothing but R, so that this relation can be
recast, thanks to the Friedman equations, as

3H

V20 =
202

(1+w)R, (2.108)

or in Fourier space as

c2k?
H

This equation is fundamental, since it ensures that on super-horizon scales (i.e. with

k < H) the comoving curvature perturbation is almost constant. It is customary to

say that on scales much larger than the horizon, the curvature perturbation is frozen.

3
5(1 +w)Ry, = — (2.109)
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Equations (2.105) and (2.107) can be written in a different way by introducing
the variables

2
VP
2= % (2.110a)
1
p= Lt (2.110b)
zcs  a’\/P+p
and
2 P Py
v=oR=EV TP (5¢+¢\I/> (2.111a)
@'cs H
v
= . 2.111b
" AT/ P+ p ( )
With these quantities, they become
2 :i(ﬂ)' :ﬂ@)' 2.112
Vou s , v < \g) (2.112)

Applying the laplacian to the second equation, and taking into account the first
one, we get

1 d FANAANY 1
V2o — z (f> = = (2" — ") . 2.113
v zc2 dr (ch cs \2 2c2 (zv vz ) ( )
If we now go to Fourier space, the latter reads
" 212 Z” _
v + | sk ) k= 0, (2.114)

which is the generalized Mukhanov-Sasaki equation.
Equation (2.114) for the curvature perturbation R is

/
R+ 25 Rl + 2kPRy, = 0. (2.115)
z






Chapter 3

Spectrum and bispectrum

3.1 Spectrum of curvature perturbation

In this section we determine the power spectrum for the curvature perturbation.
Firstly, we briefly remind some concepts of the harmonic oscillator, since the anal-
ogy between this simple system and our treatment of R is quite strong and evident.
We then define quantitatively the power spectrum, and we study how this is related
to observational parameters.

3.1.1 Brief review of harmonic oscillator

In this subsection we briefly summarize some results for the harmonic oscillator
which will be useful for our future considerations.
Let’s start from the action [26

]
S=[at <‘; - w22“72> - /dtL, (3.1)

where both z and w are time-dependent, and the mass is m = 1.
From this action, the equations of motion can be found as

§S =0 = i+wr=0. (3.2)
To quantize the system, the first step is to define the conjugate momentum p as

=~ =i. (3.3)

p
Secondly, we promote both x and p to operators, and impose the commutation rule
[Z,p] =1i. (3.4)

Now, we can decompose the position operator Z as
z=wv(t)a+hec., (3.5)

35
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where v is a complex number and a is a time-independent operator.
Inserting this decomposition into (3.4), we find

i = (v0* — v*0)[a,a'] = iWv,v][a,d'], (3.6)

where W is the Wronskian [27, 28].

Since we can choose, without loss of generality, v in such a manner that Wv,v] is
positive. Furthermore, by rescaling v so that W[v,v] = 1, we obtain the commuta-
tion rule

[a,al] =1, (3.7)

which is the usual commutation relation between ladder operators.
The vacuum of the system is a vector |0), and it is defined through the action of
the destruction operator a on it, i.e.

al0)=0. (3.8)

Conversely, the excited states are defined as

1

n

In) = == (@)"[0) . (3.9)
The Hamiltonian for the system is
~9 242
~ P W=z
H==—
2 + 2
1 1
=3 [(v* + w?v®)aa + h.c.] + 3 [(MQ + w?|v)*)(aat + aTa)} . (3.10)

By demanding that the vacuum state |0) is a state with zero energy, we find
(O|H|0)=0 =  ©=+iwv. (3.11)

The positivity of W v, v] selects the minus sign, and if we choose Wv,v] = 1 we
find the normalized solution

v(t) =/ — e ™t (3.12)

3.1.2 Curvature perturbation power spectrum

We now apply the considerations for the harmonic oscillator to the variables v and
‘R introduced in sections 2.2 and 2.3.

First of all, we note that the Mukhanov-Sasaki equation (2.114) in real space comes
from the action [29, 30]

"
S = ;/dr dx [(U’)2 — ) + ZU2:| = /dTE. (3.13)
z

The next step is to get the conjugate momentum of v, which is simply

5L,

o' -v

(3.14)

s
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Then, we follow the standard procedure to quantize a system: we promote v and 7
to the operators v and 7, and impose the usual commutation relation (remember
h=1)

[0(r, ), 7t(T,y)] = id(x —y), other vanishing . (3.15)

The operator ¢ follows the same equation as the corresponding classic variable [14]

Z//
o — <c§v2 + ) =0, (3.16)
z
whose general solution can be written in Fourier space as
1 ) N )
B(r,x) = et / dk [a(k:)v(T, k)e®® 1 b(k)v*(r, k)e"k'w] . (3.17)
T

Here, a and b are operators, while the mode functions fulfil the same Mukhanov-
Sasaki equation (2.114)

" 21.2 2" —
v + | kT — e = 0, (3.18)
with v, = v(7, k).

The commutations rules (3.15) can be realized if we consider a and b satisfying the
usual commutation relations for creator/annihilation operators

[d(k:), B(p)] = (27)%6(k —p) , other vanishing, (3.19)
together with the condition on the mode functions
VRV — VR = i . (3.20)
For this reason, we will indicate a(k) with aj and b(k) with a};.

For our future considerations, it is more useful to deal with the curvature per-
turbation Ry rather than 0.
Therefore we quantize Ry, as [3, 31, 32]

Rie(T) = Ri(1)ag, + R* y(r)al (3.21a)
[ak, aL,] — (2m)%0(k — k'), (3.21D)

so that )
R(t,x) = W /dk: [Rk(r)ak —|—R*_k(7')aT_k etk (3.22)

We have seen that the Mukhanov-Sasaki variable vy, satisfies the equation
" 21.2 iﬁ _
v + | kT — ~ vk = 0, (3.23)

with

a®>VP+p ayP+¥p
z= = . (3.24)
Heg Heg



38 CHAPTER 3. SPECTRUM AND BISPECTRUM

Taking into account relations (1.14) and (1.60), we can recast z as

M
e NS (3.25)

Eq. (3.23) is the equation for a harmonic oscillator with a time-dependent frequency
2 9,0 2
wi(T) = ck™ = — (3.26)

From eq. (3.25) we are able to express the ratio z”/z in terms of the HFF [20].

Let’s firstly note that

z// a2

— =+ H2). (3.27)

Thus, we have to calculate the first and the second derivative of z:

- First derivative
The first derivative is

. a  acg a €
— Mool 2= e T
3 pz\chs 052>\/a+265ﬁ] z[ ~tag

— H: (1 — s+ %2) : (3.28)

- Second derivative
Taking a further derivative we find

— (Hz+ Hz) (1—s+622>+Hz<.2—3> _

[ (e P (ne ) e (5 ) -

= H?2 1—61+62—2s—1—€2+615—625+—2+ +%—i .
2 4 2 H

(3.29)

It is now straightforward to get the expression for z”/z, and we have [33]

" 3eo € €92 €9¢€ 5
2 772 1€2 2€3

— =a"H GACI P - — — = (3.30
~=a [ et 2—|—€18€28+4+ —1—2 H]( )
At sufficiently early times, all the modes where deep inside the horizon, which means
that k > aH = H, or equivalently |k7| > 1. We know from eq. (1.45a) that in the
inflationary slow-roll scenario, early times correspond to infinite negative conformal
time. Thus, at zeroth order in HFF, in the remote past

2 _
wi ~ 2k - — T k2 (3.31)
T
where eq. (3.30) for slowly varying slow-roll parameters has been used.
In this limit, the Mukhanov-Sasaki equation (3.23) has two independent solutions

v o< eTFT: however, in a similar way to section 3.1.1, one can shows that the only
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acceptable mode is v, oc e 1P

To get an explicit expression for such a mode, we exploit the normalization condition
on the wronskian, i.e. W[v,v] = 1. Expressing the mode function as v = Ce™*7
we have

1
Wilv,v] =1 & C= . 3.32
0.0 V" (332
As a consequence, we find out that at very early times
e—icSkT
vg(7) = : (3.33)

vV2csk

This defines a preferable set of mode function and a unique vacuum, called Bunch-
Davies vacuum. Eq. (3.33) is nothing but a plane wave which propagates in
Minkowski space-time.

We now presume a phase of slow-roll with a constant speed of sound [28]. At
first order in HFF, we have

" 3
% ~ H? [2 e+ ;2} . (3.34)

In addition, the slow-roll parameter ¢; can be written as

H H' d (1
= =1 = — (=)= -1. 3.35

T T H? dr <7—£) “ (3:35)
If we consider €; as almost constant, we can integrate this equation to get

1 1

H:m%—;(leq). (3.36)
Equation (3.30) then reduces to
2 1 3e2 v - i
SR [2 + 3e1 + 2] = (3.37)
where we have defined 3 o
VE§—|—61—|—§. (3.38)
The Mukhanov-Sasaki (3.23) then becomes
" 99 Ai—1
vy + <cskz iy ) v =0. (3.39)
Let’s introduce now the quantity x = —cgsk7, so that the equation above is
‘22;;“ + (1 - 4”;; 1) vk =0. (3.40)
By defining
ve(a) =\ [ y(@). (3.41)
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we finally recast it as

2
x2%+x%+(a§2—y2)y:0. (3.42)
This is a Bessel equation in its canonical form; therefore, the solution can be written
as a combination of the cylindrical harmonics J,(z) and Y, (z). However, in this
case, it is more convenient to write the solution as a combination of the Hankel

functions HS"? (z) = Ju(z) £iY,(2).

Being x = —cg kT, let’s write the solution as
oa(7) = =Y [ HD (—eskr) + BHP (—eskr)| | (3.43)

with ay and 8 which are called Bogoliubov coefficients.
From the property of the Hankel functions
lim HOD(z) = | (1 5 4) i) (3.44)
oo Y T ’
we can write an expression for the mode function valid asymptotically in the past.
This is
1—4 —i(cskT+TE) 1 : i(cskT+%2)
lim  o(r) = — LD ake 2+ (140) Bre L (3.45)
cskT——00 2v/csk
Evaluating this at zeroth order in HFF (v = 3), if we want it to be equal to (3.33),
we constraint the Bogoliubov coefficients to be

ap=1 , By =0. (3.46)

Thus, the general solution of the Mukhanov-Sasaki equation (3.23), at first order in
HFF, for an almost constant speed of sound, is

u(T) = 77“2” HD (—c k). (3.47)

At the leading order in slow-roll parameters, v = %; then, the Hankel function takes
the simple form

2

(1) . —icskT
H; / (—cskr) = | —————= (=i + cskT)e """, 3.48
ek = - ) (3.45)
and then
—i 1+icskT . eihT i
— WCsRT 1-— 3.49
Uk(7) \/2k3¢c3 T € v 2c¢sk ( csk7'> ’ ( )

which reduces to (3.33) in the asymptotic past, as it should.

Now, from definition of z in (3.25), we find the expression for Ry!
iH

R S

k(7) 2Mpivercsk3

180 far, we have treated cs as a constant. In fact, if this is not true, all the exponential factors
become €'/ “F7 in accordance with [33].

(1 + icskr)e kT (3.50)




3.1. SPECTRUM OF CURVATURE PERTURBATION 41

where we have taken into account that if v = % we have a de Sitter Universe with

a=—(Hr)™"

Now that we have an expression for Ry, we are able to define a quantity which
will become fundamental later: the primordial power spectrum of curvature pertur-
bation.

The two-point correlation function of Ry is defined in terms of the power spectrum
as

(RRye) = (O (Ri(Fan + R=(r)al ) (Ris (Pags + R* (r)al ) 0) =
= ReR* ., (Olagal [0) = RER*,, (0] [ak, a*_k} 10y =
= (21)%6(k + K)|Ri|* = Pr(k) (27)*0(k + k'), (3.51)
with the § function which comes from commutation relation and insures the invari-
ance under translation for the background [34].

Pr = |R(r, k:)]2 is the dimensional power spectrum; however, it is more useful to
define a dimensionless power spectrum Pr(k) as

k3 k3

5 IRi|?. (3.52)

From eq. (3.50) we readily find

H2 Csk‘ 2 superhorizon H2
Prk) = ————5— |1 . 3.53
= (k) 87T2M12316165 [ + (aH) 8772M12316103 ( )

We have seen that during inflation the Hubble radius decreases (cf. eq. (1.40));
thus, if we suppose that inflation lasts a sufficient lapse of time, every scales crosses
the horizon sooner or later. However, from eq. (2.109) we know that on super-
horizon scales the comoving curvature perturbation R, and consequently the power
spectrum Pr, are almost constant.

For this reason, we will approximate the curvature power spectrum at the horizon
crossing as

H2

k)= —————
Pr(k) 87T2M1%l61cs

. (3.54)
k=aH
Since the r.h.s. of the above equation is evaluated at the horizon crossing, the
power spectrum Ppg is purely a function of k. In particular, if it is k-independent,
i.e. o k, we say that the power spectrum is scale-invariant.

However, since H and ¢; are functions of time, even if slowly varying, we assume a

slight deviation from scale-invariance, and parametrize the power spectrum as

Pr(k) = A, <k>ns_1 , (3.55)

where k. is a reference (or pivot) scale, e.g. k. = 0.05 Mpc™!, and ny is called scalar
spectral index, while the amplitude is given by

H2

A= ——F——.
s 87r2M%,lqcs

(3.56)
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The measured amplitude A, for the spectrum at this scale k, is [7]
A In(10"°Ay) = 3.094 + 0.034.. (3.57)

From the definition of scale-invariant power spectrum, it is clear that such a con-
dition corresponds to ns = 1; in this case, Pr is known as Harrison-Zel’dovich
spectrum.

If ns has no wavelength dependence, it can be determined as
dlnPpr

" dlnk

Taking into account definitions (1.60), (1.61) and (1.91) we obtain from eq. (3.54)

_ dlnPr dN ( dinH dlne dlncs> dN

AN dlnk \~ dN AN  dN ) dnk

(3.58)

Ng —

ng —

AN d -
:(261625)dlnk:(2€1628)[CUV(N+IDH)] ~
~ (=261 —€ea—8)(1+€1) ~ (—2€1 — €2 — s5). (3.59)

Thus, the scalar spectral index is related to the HFF by
ng=1—2¢ —ex — s, (3.60)

from which it is clear that the slow-roll parameters are the responsible for the
deviation from scale invariance.

Observations suggest that there is a slight deviation from ng; = 1; in particular, for
the pivot scale k, = 0.05Mpc~!, the value of the spectral index at 68% CL is [7]

ng = 0.9652 £ 0.0062 . (3.61)

It is important to stress that the expression for the power spectrum (3.51) is anal-
ogous to that for the two-points correlation function for a Gaussian field (see eq.
(A.13) in appendix). Therefore, we could wonder if it is correct to identify Ry with
a Gaussian random variable, with variance [35]

0% = 43| Ry)? . (3.62)

Indeed, this identification is correct, since when we have quantized the system, we
have treated Ry, as a quantum free field made up of a collection of harmonic oscilla-
tors with mode functions Rg. In addition, by construction, each mode started out
in its own ground state, which for a free harmonic oscillator is a stationary state
represented by a Gaussian wavepacket with variance 07% x ]Rk]2 Secondly, in ex-
pression (3.54), which is evaluated at horizon crossing, the phase of Ry are random,
expect for the reality condition, and this is another characteristic of Gaussian fields
[15].

Furthermore, linear theory does not mix up different modes, so that if two modes
start as independent, they will remain as long as the linear approximation is ade-
quate.

For it reason, it is customary to say that inflation generates primordial Gaussian
fluctuations.
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3.2 Tensor modes

In the previous section we have analysed the scalar curvature perturbation and its
power spectrum, which indeed come from scalar perturbations of the metric. In
a similar way, we can consider tensor perturbation, and treat them separately. In
fact, this is possible since at the linear order perturbations in the metric (2.5) do
not mix with each others.

Thus, the line element which contains tensor perturbations is

ds* = a® [—d7® + (845 + hyj)dz'da’] . (3.63)

h;j is a rank 3, symmetric tensor, so that it would have 6 independent components:
however, since it is traceless and divergenceless, it has only two degrees of freedom,
which are called gravitational waves polarizations.

It is customary to write

hij = hyel; + hxes —Zh e, (3.64)

where efj (s = +, x) are called polarization tensors, and have the properties

S _ 58

Kes; =0

ej; =0 . (3.65)
ezsj*(k) = ezg( k)

Ze Z] =404y

Without loss of generality, we can write

hy hy O
hiy=|he —hy Of, (3.66)
0 0 0

which represents a perturbation in the xy-plane. This means that the wave vector
k propagates along the z-axis.

From the Einstein equations, it can be shown that the amplitudes hg satisfy the
equations

. . k2
hs g+ 3Hhg 1 + ) hsk=0. (3.67)
Introducing the new function
~ M
Al (3.68)

V2

the previous equation corresponds to

B, + k2—“—” hyp =0 3.69
sk o sk =10, (3.69)
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which is the same as the Mukhanov-Sasaki equation with 2”/z — a” /a and ¢s = 1.
For this reason, we do not repeat here the full calculation, but we only present the
main results.
In analogy with what we have done in the previous section, the quantity a”/a can
be recast as

CL” 1 . 4Vt -1

— = —(24+3
. (24 3€1)

= =25, (3.70)

where 5
v=g + €. (3.71)

Therefore, the solution hy, is the same for both the polarizations, and it is equal to
(3.47), with the substitutions ¢; — 1 and v — 4.

If we consider the leading order in HFF, the power spectrum P, (k) on superhorizon
scales is

k3 * % kg 712 2 2H2
Prk) = 5 5 lhii(R)]" = 53 Zef] €l Pl = 5.5 4l Q20 wME,
(3.72)

If we assume that this spectrum is almost scale-invariant, we can rewrite it as

Pn(k) = A <:>m , (3.73)

where the amplitude is given by

2H?
A= —— |, 3.74
t 7T2M123l ( )
and the spectral index for tensor modes by
dl o
_dnPu _ (1+e€)~—2¢ =3—2u. (3.75)

"=k CH?

In the case of tensor perturbations, the scale invariance is characterized by n; = 0.

For single-field inflationary models, an important is the so called tensor-to-scalar

ratio, which is defined as
Ay

Zs .
Combining egs. (3.56) and (3.74), the so called consistency condition between the
tensor-to-scalar ratio and the tensor spectral index holds

r

(3.76)

ra 16€; . (3.77)

The above relation holds to first order in the slow-roll parameters, and a modified
one is needed to second order. When the inflaton has non-trivial speed of sound,
the first order consistency condition in (3.77) is modified as

r ~ 16¢cg€7 . (3.78)
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With the pivot scale k, = 0.05 Mpc™!, the the Planck alone 2015 95% CL upper
limit is [1]
ro.05 < 0.11. (3.79)

Another pivot scale which is often used is k, = 0.002 Mpc~'. For this different scale
the Planck 2015 upper limit is

r0.002 < 0.10. (3.80)

At this scale, the constraints in the plane (ng, ) with some representative inflation-
ary models are shown in Fig. 3.1

< b Planck 2013
B Planck TT+lowP

\ B Planck TT,TE,EE4-lowP
I Natural inflation

\ Hilltop quartic model

0.20

G, \ e attractor.s .
oL \ 4 | = - Power-law inflation
— Low scale SB SUSY
——  RZ inflation
Voo @3
— Vx¢?
— Vg3
Vxo
— V¢
e N.=50
@ N.=60

0.15
T

Tensor-to-scalar ratio (rg.002)
0.10
T

0.00

0.94 0.96 0.98 1.00
Primordial tilt (ns)

Figure 3.1: Marginalized joint 68% and 95% CL regions for n s and rg g2 from
Planck in combination with other data sets, compared to the theoretical predictions
of selected inflationary models (figure taken from [1]).

3.3 Bispectrum of curvature perturbation

In the previous section we have defined the power spectrum for primordial curvature
perturbation, and we have seen that inflation gives rise to Gaussian fluctuations.
However, this is true if we calculate the correlation functions in the vacuum state,
and if we assume to be valid the approximation of a linear theory. Thus, if we in-
troduce a perturbation, it is quite natural that modes start to mix with each other,
and that they can evolve from their vacuum state.

This is the idea behind the so called in-in formalism: one tries to study how dif-
ferent modes which are initially in their vacuum state evolve in the presence of a
non-linear interaction term.

Our next goal is then to calculate the bispectrum, which is the correspondent quan-
tity for the three-points correlation function.
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As a first step, we present a summary on the key points of the in-in formalism.
Then, we show how the bispectrum can be calculated from a general third order
Lagrangian.

3.3.1 The ‘in-in’ formalism

To connect fundamental theory with observations, a central object to compute is
the time correlation function of a certain operator A(t) [28]. What one wants to
compute is therefore the quantity

(A(t)), (3.81)

where the expectation value is calculated with respect to the initial state |0;y,) [36]:
such an initial state is usually assumed to coincide with the Bunch-Davies vacuum.

This is usually realized by working in the interaction picture, in which the Hamil-
tonian of the system is written as [37, 38]

H=Hy+ Hy, (3.82)

where Hj is the free Hamiltonian.
In this picture, operators are assumed to evolve with the free Hamiltonian Hy as

Aint () = enHlot 4(0)e~#Hot (3.83)
States, on the other hand, are assumed to evolve as
[ine(£)) = 370 (1)) = et 11 p(0)) . (3.:84)

Taking a time derivative of this gives

in D) __(pgpghiote it _ ghtot =1y (0)) = ehtotve 4 y(0)) =

= @%HDtVe_%HOte%Hote_%Ht ’1/1(0» = Hl,int ‘wint(t» ) (3'85)

whose solution is

|Yint(t)) = T exp {—;/ dt’ Hint(t/)} [Vint(to)) (3.86)

to

where we have omitted the subscript ;, and T is the time-ordering operator.
However, given the evolution operator

Ut to) = e Hlt=t0) (3.87)
it is also true that

(i (£)) = e Hote™ 7L |0 (0)) = er oMU (8, to)e ™7 |(0)) =
— er Ot (1, t)e ™ #Hote n Hote = HE |4(0)) = Uine(t, to) |¢ime(t0)) - (3.88)
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By comparison, then, we have an explicit expression for the evolution operator in
the interaction picture, i.e.
i t
Uint<t7 to) = Texp {_h / dt/ Hzmg(t/)} . (389)
to
From eq. (3.84) it is immediate to find an expression for the time correlation (A(t)):
in particular, this is [28]

t t
(A(t)) = (O] Texp {z / ' Hmt(t’)} A(t) T exp {—i / d Hmt(t’)} 105n)
to to
(3.90)
where we have switched to natural units, as usual, and T is the anti time-ordering
operator.

However, a more useful way to compute this time averaged was found by Weinberg
[39], and it is

Ay =S [Caty [ dter s [ dt (o (t), ot [Home(t). A ]I}
oy =32 [ am | [t i), Hig(t2). . (Hina (1), A1)

t
to
(3.91)
The two formulations (3.90) and (3.91) can be shown to be equivalent by recurrence.
If one assumes that their time derivative are equivalent up to order IV, then they
are equal also at order N + 1.
For our future computations, we will use formulation (3.91).

3.3.2 Curvature perturbation bispectrum

As for the power spectrum Ppr, we define the bispectrum Br as
(Riey Riey Riy) = Br (K1, ko, k3) (2m)°3(ky + ko + k3) (3.92)

where again, the § function is a consequence of invariance under translation.
Another definition, which will be used in our future calculations, is given through
a quantity G defined as [3]

g(k17k23k3) ,P722(k)
Fikoks  k2k2K2

<7ék17€k27ék3> = (27T)75(k1 + ko + k3). (3.93)

By comparison of (3.92) with (3.93) it is immediate to get

G(k1, ko, k3) _ Br(ki, k2, k3) kiksks
k1koks Pz (k) (27T)4 '

(3.94)

In literature, the Lh.s. of the above expression is sometimes indicated as S(k, ks, k3).
Other parametrizations are given in terms of the functions A(k1, ko, k3) = kikaks S(k1, ka, k3) =
G(ky, ko, k3) and F = (k1koks) 2S(ky, ko, k) [40].

The dependence of the bispectrum (i.e. Bg or the other quantities defined above)
on k1, ko and k3 are usually split into two kinds: the shape and the running.
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The shape refers to the dependence of B on the ratios k2 /k; and k3 /k; while keep-
ing fixed the overall momentum K = ki + ko + k3. Particularly important are the
equilateral shape (ko/k1 =1 = ks/k1) and the squeezed shape (ka/ki,ks/k1 > 1).
On the other hand, the running refers to the dependence of B on the overall mo-
mentum K = ki + ko + k3 while keeping fixed the ratios ko/k1 and ks/k;.

Together with these definitions, non-Gaussianities are often parametrized in terms
of a dimensionless parameter, indicated as fyr, [31, 41].

At the end of the previous section, we have noted that at the leading order, we can
consider R as Gaussian. Therefore we can parametrize non-Gaussianities in terms
of the power spectrum as [42, 11]

Br(k1, k2, k3) = g InL [Pr(E1)Pr(k2) + Pr(k1)Pr(ks) + Pr(k2)Pr(ks)] . (3.95)

See appendix A for a brief review on Gaussian and non-Gaussian classical random
fields.

In the previous expression, the factor g is conventional and follows from the fact that
this treatise has been originally adopted for the gravitational potential ® [43, 44],
which during matter domination is related to the curvature perturbation by & = g R
(another factor 2 comes from (A.25)).

If we assume a scale-invariant power spectrum Pr, thanks to eq.(3.52) we can
rewrite eq. (3.95) as

4

1 1 1
P2
ST

6 2
Br(ki, ko, k3) = 5fNL( Z)

3 o K3+ K3+ k3

= fnr(2n)? 3.96
10 fNL( 7T) PR kiﬁ,kgkg ) ( )
and find the usual expression for fy [41, 28]
10 k3 k3 k3 Br(ki, ko, k3)
= ) 3.97
P R PR o
Eventually, exploiting eq. (3.94) which relates Bg with G we can write it as
10 1
fyL = G(k1, k2, k3) . (3.98)

3K 44K

3.3.3 Second and third order action

The three-point function is calculated from a third order action S3. This action
derives directly from the general action for the single inflaton field

S= / dz /=g [MQPZR + Py, ¢>)] . (3.99)

In fact, in the ADM formalism [45, 46], this action can be expanded up to the cubic
order in R.
Doing so, ones firstly find the quartic action [3, 28]

Y )
&:/M&ﬂm<§—@?>. (3.100)

S a
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An explicit expression for the third order action will be given later on.

To compute the three-point correlation function, we exploit eq. (3.91) to find [3, 31]

t
(Riey (1) Ry () Ry (8)) = —i t dt’ [7% ()R (8) Ry (1), Hime () ). (3.101)
0
Here we have taken into account just the first term of the sum in (3.91) since the
third order action is suppressed by one more order in HFF relative to the quadratic
action [28].
The Hamiltonian in the interaction picture can be obtained directly from the third
order action as [39]

Hint = —L3 where L3 : Sg = /dt L3 . (3102)

Thus, if we have an explicit expression for S3, we are immediately able to compute
the integrand of eq. (3.101).
The third order action for the k-inflation Lagrangian in (3.99) is [47, 48]

Sz = / dz {a?’clM%,ﬂzR? + aCaM2R(OR)? + a®CsMpR? + a’C4yR(9;R)(9ik)+

CL3 (5L2
——C50°R(0k)? —= 3.103
5L
where the coefficients C;, (i = 1,...,5) and F; 5—732 are given by
1
0= (a1 —e2—343c2) (3.104a)
=5 (ate—d-25+1) (3.104D)
-2 +Y)
— s 104
C3 H3Mplc§ (3 0 C)
Cy = 26—612 (e1 — 4) (3.104d)
Cs = % (3.104e)
1 .
Fi=———% [8kRak/€ — 672823(817%8/1)] — ——= RR+
2HM?2, J J He2
1 2 —2
+ —— |(OR)* — 07%8,0,(BiRO;R) (3.104f)
4M12:,la2 [ J J ]
5L2 2 (13 . . . . 9
o2l omZe |© (SHR t HeoR — 2HSR + R) — 4R (3.104¢)
R |4 c?
M?2 :
K= %61 2R (3.104h)
¥ = xPy + 2x* Py (3.104i)
2 .
A= 2Py, + 3 X2 Pyyx (3.104j)
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with 0~2 the inverse of Laplacian.

In the cubic action (3.103), the last term of r.h.s. survives only at second order in
R. Thus, when we will evaluate the three-point function, we will not take it into
account [47].

From the expression of the coefficients C;, (i = 1,...,5), it is clear that in stan-
dard slow-roll inflation, the bispectrum is always negligible with respect to the
power spectrum, since it is at least proportional to HFF.

In order to get a significant bispectrum, there are several possibilities: first of all,
one can consider a temporary violation of the slow-roll regime; secondly, Lagrangian
with a non-trivial speed of sound can be taken into account; eventually, one can
study a system described by multiple field.

In the following, we will widely study the case of a violation of slow-roll, together
with non-standard Lagrangians which give rise to a variable speed of sound.



Chapter 4

Discontinuity in the first
derivative of the inflaton
potential

4.1 Primordial perturbations and CMB power spec-
trum

We have seen that the inflationary scenario predicts an almost scale-invariant power
spectrum. The observable quantities which allow to reconstruct such a power spec-
trum are the CMB anisotropies and the large-scale structures (LSS). However, the
inflationary paradigm cannot predict exact initial conditions, but just their statis-
tical properties: for this reason, a statistical analysis of data is required. Since we
have just one realization of our Universe, the mean values are inevitably affected
by an error, which is called cosmic variance.

As far as the CMB is concerned, the statistical analysis has to be done on a spherical
surface, since the cosmic microwave background originated about 300000 yr after
the Big-Bang (z &~ 1100), and propagated from a spherical surface which is called
last scattering surface. In particular, we are able to measure the fluctuations in
temperature of the CMB as a function of the angle, and from these to constrain the
cosmological parameters.

The most natural set of functions to describe these fluctuations is constituted by
the spherical harmonics Yy, so that

T 0.9 = ZamYin(0.6) (1.1

From the coefficients ay,,, we define the angular power spectrum Cy as

Ce = (|agm|*) - (4.2)
It is customary to define an angular power spectrum as
G
27
From Planck 2015 data, we have that this spectrum is [7]

DI =40 +1) (4.3)

51
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Figure 4.1: The Planck 2015 temperature power spectrum (figure taken from [7]).

The multipole £ is related to the angle by the formula

0~ % , (4.4)
from which we see that the biggest uncertainty in the above spectrum corresponds
to large angular scales (and therefore to large scales). In addition, we see that in
the power spectrum there is a feature at ¢ =~ 20, a dip which is lower than the
prediction of the simple ACDM model. For this reason, many models have been
studied in order to improve the fit at low £. One possibility is to consider a scenario
in which the slow-roll regime is not valid at all scales, but it is temporarily broken.
Observations seem to suggest such a scenario; furthermore, this breaking in the
slow-roll condition should have taken place at large scales, so that this could be
a good way to further constrain the temperature power spectrum at large angular
scales.

4.2 The original model with a discontinuity in the first
derivative of the potential

In this section we introduce and discuss a model firstly introduced by Starobinsky
characterized by a discontinuity in the first derivative of the inflaton potential [2].
This model is included in the context of standard single-field inflation, i.e. with the
standard Klein-Gordon equation (1.54) and Friedman equation (1.56b).

The Starobinsky model consists of a linear potential with a sharp change in its slope
at a given point, which we define with ¢g. Let the slope of the potential, before and
after such a transition, be A, and A_ (both assumed to be positive), respectively.
In other words, the potential is

V(¢):{%+A+(¢—¢o) , 9> o ’ (4.5)

Vo+A_(¢—0) , ¢<go

which can also be written in a single line as

V(¢) =Vo+[A-+ (A1 = A)0(d = ¢0)] (¢ — ¢0) , (4.6)
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with # Heaviside step function.

4.2.1 Evolution of the background

In this subsection we study the background for this model, i.e. we determine the
dependence of the inflaton field and the Hubble flow function on time.

For our future numerical estimations, we use the following values for the parameters
[32]

Parameter ‘ Value
b0 0.707 Mp,
Vo 2.37 x 1072 M},
Ay 3.35 x 1071 M3,
A 7.26 x 1071503,

Table 4.1: Numerical values for the potential in (4.6).

With these values, the shape of the potential is
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Figure 4.2: Potential for the Starobinsky model.

The simple structure of the potential in (4.6) allows us to study separately the
evolution before and after the transition, and then to match these two regimes with
appropriate conditions.

- Before the transition.
Consider the case where the field is rolling down the potential from an initial
value ¢; > ¢¢. In slow-roll approximation, we have seen that the number of
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e-folds can be expressed as (cf. eq. (1.81))

s en e () -

[& 126 ( - ¢0) VO‘Z” e 2%@} . (4.7)

By solving for the inflaton field, we get

%
¢+=—<AO+—¢0)+

where the subscript 4 indicates that we are considering quantities before the
transition.
The number of e-folds at which the field reaches the values ¢ is therefore

_ $i — o

Vo \2 , 3
<¢i — ¢o + A+> —2MpN| (4.8)

2o
4.9
"= o, [@51 ¢o + JJ (4.9)
Taking the derivative with respect to the number of e-folds gives
_1
d Ve :
% = — M, [<¢z — ¢o + Ai) — 2M{N (4.10)

Actually, the Starobinsky model assumes that for a range of ¢ around ¢, the
constant V{ is the dominant term in the potential, i.e. |V — Vj| < Vp, which
means that the potential is vacuum dominated [3].

With this assumption, the expression (4.8) for ¢, simplifies, and we get

Vo Vo ) o]?
N —— 20; —2MpN| =
Vo Ay A%
——L 1= (1+2¢; = —2M3 N R
A, < +20i 4 2 VOQ
Vo Al A2 AL M3,
S M3,N —& P — N, 4.11
e M G| - o= S (.11)
from which A
M
‘Z)\; ~— +V0 PL (4.12)

Note that these equation can also be obtained from the Klein-Gordon equation
in which the Hubble parameter is assumed to be

Vo

H?~
3M1231

=HZ. (4.13)

The approximation for the trajectory as a straight line with a negative slope
is very accurate before the transition, as it is shown in fig.1 of [32].
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- After the transition.
After the transition, however, the slow-roll approximation ceases to be valid,
and we have to consider the exact Klein-Gordon equation

¢_ +3Hd_ +Vy=0, (4.14)

where the subscript _ indicates that we are considering quantities after the
transition.

Switching to derivatives with respect to the number of e-folds, indicated with
N, the above equation is

H*¢nn—+ (3—e)H>¢n_+V,=0. (4.15)

Since we have assumed the potential is dominated by the constant term Vj,
at the leading order we can approximate the Hubble parameter as a constant,
which implies €; < 1.

Thus the Klein-Gordon equation simplifies to

H2¢nn.— +3H2pN_ +A_ =0, (4.16)
whose solution is .
A_ ae”
_=——=N-— . 4.17
¢ 3H§ 3 +8 ( )

The integration constants « and S are determined by demanding that the field and
its first derivative are continuous at the transition, i.e.

A_ a e 3No
_ = _ — 4.18
3H8 0 3 + B ¢0 ( a’)
A- —3No A+M123l
— = 4.18b
s T v (4.18D)
from which AA 4
o~ = e 3WVNo) | (N - 4.19
¢~ P+ 0m2 e 352 ( 0), (4.19)
where AA=A_ —A,.
The first derivative is
_ A AAe3(N—No)
@ ¢ (4.20)

AN~ 3H? * 3H?

The assumption for the Hubble parameter (4.13) gives the simple solution a(t) =
exp{Hot}. Furthermore, the condition €; < 1 is equivalent to say that inflation
never ends, even if the slow-roll regime is temporarily broken.
For our future considerations, it will be useful to express the quantities in conformal
time: for the previous considerations the conformal time and the scale factor are
simply

o—Hot

(4.21a)

a(t) = ———. (4.21b)
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In addition, since H ~ Hj, the relation between 7 and N is

N
= ——. 4.22
= (422
Egs. (4.11),(4.12),(4.19) and (4.20) become [3]
Ay
¢+ ~ ¢l + 37];102 1n(—HOT) (423&)
doy Ay
~ 4.23b
dr 3Hg7' ( )
AA 73 A_ T
_ = — 1—-— —In|— 4.23
oot (1-5) + i () 23
do— 1 3 A_ 3 3
— A —AA— ) = 1-— . 4.23d
dr 3H3T ( TS’) 3HZT ( P ) ( )
AA 1
where we have defined p? = ———3-
A_ 1
The first HFF is given by eq. (1.60), and it is
¢')2 ¢/2 ¢/27_2
T omME, T 2H%a?ME, oM, (4.24)
Pl a~Mpy Pl
For this model, we therefore find
2
€l 4 N ——— (4.25a)
18M3,Hy
A2
€1,— (1- p37'3)2, (4.25b)

T T 18MEH

The second slow-roll parameter is

€ =2 <}?¢ + 61) . (4.26)

Before the transition we have, at the first non-vanishing order

_ddy o dAy  Ajay

hy = —Ft oy 4.27
T dt 3H 3 (4.27)
so that )
€.+ = 2 ¢+ + €1+ | = 2(61’4, + 61’+) = 46174, . (428)
Hoy

After the transition, the calculation is a bit more elaborated. First of all, let’s write
eq. (4.23c) in terms of the cosmic time, i.e.

b— ~ ¢o+ 0H2 (1 e ) i (4.29)
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Taking the first and the second derivative of this with respect to t we find

c L AA sy A A 33
~ 22 A A 4.
-~ 3g° s~ am (LT (4.30)
and 4 4
bo e —AAeTHIUT) T = T (6 4377 (4.31)

where the second term comes from considering the Hubble parameter as a slowly
varying quantity.
Thus, taking into account eq. (4.25b)

é_ 6p37'3 9 _ P37'3
_ =2 — |l —t26 ———. 4.32
€2, (H(;S + €1, 1= 373 + 2¢1 1= p3r3 ( )

From this expression, we know that much after the transition we get again the
slow-roll approximation ey _ ~ 4e1,_, but just after it we have a transient term
which is dominant (note that the second term in (4.32) is sub-dominant because
proportional to €1, which is always small).

Furthermore, eq. (4.32) is more accurate than eq. (2.17) in [32], where the correc-
tive term is simply 4e;.

The two HFF have the following shapes (with values in table 4.1)

0.0001 r

0.00008 r

0.00006

€1

0.00004

0.00002

0.0000 r

279 7o

279 To

9

Figure 4.3: First and second HFF as a function of 7.

In addition, we can easily convince that the second term in (4.32) is sub-
dominant with respect to the other by directly comparing the two
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—4f With corrective term

-------- Without corrective term

To

Figure 4.4: Comparison between the complete expression (4.32) and its dominant
term.

As we can see, the correction due to the term proportional to €; is negligible.

4.2.2 Power spectrum

In this section we calculate the spectrum of primordial curvature perturbation for
the Starobinsky model. In particular, we follow the considerations made in section
3.1, and specialize them for this model.

First of all, since we are considering a model in which the Lagrangian has a standard
kinetic term, the speed of sound is trivial, i.e. ¢s = 1.

Before the transition, since we are in slow-roll regime, the solution to the Mukhanov-
Sasaki equation (2.114) is given simply by (3.49), and it is

—1

= (1 + ikt) e kT (4.33)

Vg4 (T) =

or equivalently
Ri.+ (1) = L(l + ikT)e kT (4.34)
a 2Mpl\/ 61k73 ’ ’
After the transition, however, the slow-roll approximation is no more valid, at least
for a transitory period.
Therefore we could expect that the time-dependent frequency in the Mukhanov-
Sasaki equation (2.114) is different from 2H?2.

Since the first slow-roll parameter is always small, relation (3.30) simplifies to

2" 9 112 3ea €% €€y
—=a"H" |24 —+—+ —/—1| . 4.
. a + 5 + 1 + 5 (4.35)
However, being Vyg = 0, from eq. (1.77) we have
362 622 €2€3
— 4 — 4.
5 + 1 + 5 0, (4.36)
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which allows us to consider even after the transition 2”/z ~ 2H2.

In this case we already know the solution; we just have to take into account the

general solution (3.43) for v = 3 (since this is the case for 2”/z ~ 2H?)

—1
V2k3T
Therefore, the corresponding curvature perturbation Ry — is [33]
iH

2Mpl\ /€1,— k3

It is then clear that we have to determine the two Bogoliubov coefficients oy and
B to achieve a complete solution of the problem. In order to do this, we impose
matching conditions on vg and vy, at the transition.

Ve (7) ~ [ak(l FikT)e T By(1— ikT)ei’”] . (4.37)

Rie.(7) [ak(l FikT)e T By(1— i/w)ei’ﬂ . (4.38)

First of all, from eqgs. (4.25a) and (4.25b), together with z = aMp;/2€1, we find

Ay
~— 4.39
2t 3H5’7’ ( 2)
A_
(1= pr 4.39b
z 3H037'( pT ) ) ( )
and then
A
I +
A_ 2A_pir
"~ 4.40b
=i T 3 (4.40b)
At the time when the transition occurs, i.e. 7y, we have
[2(10)]. =0 (4.41a)
AA
! _
[Z (TO)]:I: = —m, (441b)

where [X]1 = X4 — X_.
At the transition (or in a small interval around it, i.e. 7 & 79), we can express 2’ as

A, AA

———+—-0(r—7y). (4.42
sieg g V) (42)

21T~ zg_(T T — [Z/(T ~ 7'0)]jE O(1—79) ~

Therefore, we can take one more derivative and write it in terms of a § function, so
that [2, 32]
2" 3AA

o= o o(r —710) . (4.43)

With this expression, we are able to obtain the two matching conditions on vg.

i) Combining eqgs. (2.114) and (4.43) we know that v, has to be continuous at
the transition, i.e.

[vg(T0)]+ =0. (4.44)
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ii) By integrating the Mukhanov-Sasaki equation in a small interval around the
transition 7, the last term of r.h.s. of (2.114) is negligible since we can treat
v as a constant. Therefore, given ¢ < 1, taking into account the condition on
Vg

To+€e AA
0 ~ lim dr (U%+35(7‘—7‘0)1}k> R~

e=0 )¢ AtTo
~ o+ 2) — vl — )+ G vul) [BE) — B(-<)) =
~ —[ok(10)]+ + 34 vk (0) - (4.45)

A+T0
The second matching condition at the transition is, in this way

3AA
A+7'0

[0 (70)]+ ~

vk (70) - (4.46)

At this point we can match relations (4.33) and (4.37) requiring that at the transi-
tion the conditions (4.44) and (4.46) are satisfied.
Doing so, we obtain [3]

3iAA k k2
o =1+ 5= ]: <1 kg) (4.47a)
3iAA k ko \ 2 2ik
By = — QZA+ k°<1 Z;) eto (4.47b)

where we have indicated with kg the characteristic wave number of modes which
leave the horizon at the transition. Since we are in a quasi-de Sitter universe, we

have that )
k‘o = CL(]HO = - (448)
70
The curvature power spectrum at late times (i.e. 7 — 0) is simply

k3 H}?
272 4M1%l k3

_ 9H§ y_38Ak (2K
 4m2A? ALk ko
3AA 2k 2k
AA |1 — 44 —_—
et () oo ()] ot ()]
3AA 0\ ° 2k\  9AA? [ko\?
(AL —3AA) _— (=) -
i () e onan (3] 4 25 (5
(1) = ()
Sin +
k
9AA2 ko 2k
— — . 4.4
o () ()]} (49

Pr(t —0) ~ |, — Bil” =
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This expression is the same as the original result, cf. eq. (10) in [2], simply written
in a different way.

We can easily find two asymptotic values, in the limit of small and large scales.
In the limit of k < kg we have

k<ko, 9H{
0) — . 4.50
Pr(r = 0) 4772‘4?% ( )
Conversely, when k > kg
9HS
Pr(r —0) 2200, 220 (4.51)

4m2 A2 7

Overall, the spectrum of curvature perturbation is

10-2 0.1 1 10 100 1000

Figure 4.5: Spectrum of curvature perturbation at late times for the Starobinsky
model.

The two asymptotic behaviours can be understood as follows: since on super-
horizon scales the curvature perturbation is frozen, we can think that the power
spectrum at late times is determined by the moment in which a certain wavelength
crosses the Hubble radius. Then, large scales (which correspond to small k) cross
the horizon before the transition, when the slow-roll regime is again valid, and their
spectrum will be simply

Py ko H? ~ 0
8miMz e 4 4m2A%
On the other hand, small scales (big k) exit the horizon much after the transition,
we the slow-roll regime is restored. Thus, their power spectrum will be
k>>ko H>  9H®
87T2Mf2>l61’_ T 4r2A?
Between these two limits there are all the modes that cross the horizon in proximity

of the transition: for such modes, the above considerations are no more valid, and
one has to take into account the whole expression for Pr, which is a function of the

(4.52)

Pr (4.53)

wave number k.
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4.2.3 Bispectrum

In the previous section we have computed the curvature power spectrum for the
Starobinsky model. Now, we are ready to specialize the results of section 3.3 for
this model and to calculate the bispectrum.

First of all, let’s note that only the coefficients C; and Cs of eq. (3.103) are dominant
for this model, and they are simply

Cl ~ —€1€2 (4.54&)
CQ X €1€9. (454b)

As a consequence, the third order action is
Sg ~2 —M]%l/dt/daz |:a36162RR2 - aelegR(aR)Q] =
— M2, / dt / da e [RR’Q - R(@R)ﬂ . (4.55)

After an integration by parts, neglecting the boundary term, we come thanks to
(3.102) to the Hamiltonian in the interaction picture [3, 32]

1
Hip(7) = M%l/d:n €€ [RT\’,’Q + 3 RQOQR] . (4.56)
In literature [40, 49] it is possible to find the previous third order action written as
2 a? I 52951
Ss~ Mp, | dr | dx 5 €16R“R'. (4.57)

We can easily show that the formulations (4.55) and (4.57) are equivalent: by
integrating by parts and neglecting the boundary term, we obtain

€1

2 a2 2 2 a/ 63_
= —Mp, /dT/d:c —€1€9 {ZRR/ +R [R" + 2R/ < + >} } =
2 a 261
2 /
= — M3, /dT/da} %6162 {27273’2 +R? [R” - 2273’} } =

1
= — M3, / dt / dx acieq [RR’Q + 27%28272] , (4.58)

2 / /
S3 ~ — M2, / dr / da %6162 {2272273’ + LR2R 4 2RR + RQR”] -

where we have used the Mukhanov-Sasaki (2.115) in real space, and switched to
cosmic time.

Once we have the Hamiltonian in the interaction picture, we can calculate the
three-points correlation function via eq. (3.101) as

0
(Rie (01 R (0)Ri (0)) % 1 [ " ([ Ray (/R O/ 0. Hina ()]} (4,59

—00
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Taking a time derivative of (4.38) we have

1Hy

~ QMPZN/GL— k?’

/

— Bk [ - (1+ikT) + ]432’7':| e“ﬂ} =

€, .
{ak [ i (1 +ikT) + k27'] etk _
2617_

R, (7)

2617,
— & 2_ 627_ ) ik
_QMle{ak [kT o7 (1—{—@]{;7—)}6
— B [k = S= (4 ikr)| e (4.60)
2T

From the definition (3.21a) of Ry and the commutation rules (3.21b) for the cre-
ation/annihilation operators, we find [3]

/d:c [fzkl(O)f%kQ(O)ﬁk?,(O)?73(7'733)7@2(7’ m)} -

= (2m)°5(k1 + k2 + k3)2 [Ri, (0) R, (0)Riey (0) R, (1)RE, (1) RR, (1) —
— R4, (O)RY 4oy ()R 4o, (VR g, (T) Ry (TR oy (1) + 1 3 2+ 1 45 3]
= (2m)6 (K1 + ko + k3)4iS [Ri, (0) Ry (0)Ries (0) R, (T)Ri, (TR, (7)] +
+1424+14 3, (4.61)

and
% / da: [Ry, (0) R, (0) R, (0). R2(r. 2) PR, 2)]| =
= —(2m)*6(k1 + k2 + k3) [k] (Ri, (0) Ry (0)Riey (0) R, ()R, (1) R (1) —
— R ()R 1, ()R, (0)R gy (T) Ry (T) Ry (7)) + 1 43 241 4 3] =
= (27)°6 (K1 + ko + k3)2iS [k R, (0) Ry (0) Ry (0) R, ()R, (T) R, (7)] +
F1o24163, (4.62)

where we have taken into account that R depends on the wave number just through
its amplitude, i.e. R = R_g.
Putting these two results together, we find [3]

(Riey (0) Ry (0)Rie (0)) & (27)°6(ky + by + k) 2MpS [Rkl (0) Ry (0)Ries (0)-

0
. / dr a*eraRy, (7) (2R, (1R, (7) = KR, (1R, (7)) | +

—0o0

+1e2+4163. (4.63)

The above integral can be split in two contributions, before and after the transition,
respectively. Here, we focus on the computation after the transition, since it is the
more important one for the comparison with observations.

In addition, we consider the equilateral limit (defined as that configuration in which
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k1 = ko = k3 = k) for simplicity.
In other words, we want to calculate the quantity

70

0
Br (k) ~ aMl%,slni(O) / dr a?eres R (7) (273;:2(7) - kQR,*f(T))] . (464)
This calculation, even if a bit elaborated, can be done analytically with the assump-

tions we made. The result is

72973 AAH 2K
S 2AB AL

2 2 k
{9AA<]‘38 + 1> k cos <k0>
k2 2k
— 9k <k'(2) + 1) sin (/{0)
— k cos <?];]§>
—3(9A4% — 324, A +274%) <> — 244 (TA_ — 13A4) (k)

k‘o 0
+ ko sin <?:§>
k

6 8
—2(9A% —16A4A_ +9A%) <k> — (—9A% +60ALA_ —67A%) (k) _
0

ko
k 10
—4A% (=
+(%)

} . (4.65)

This expression is an original result of this work, but it is easy to check that its
asymptotic behaviours coincide with the results obtained in [3]. In particular, in
the limit of large scales (k < ko) we have

Br(k) ~

wivia-suo (£) a0 (4)]

4
9AA? — (A2 —4A A +3A%) <k> ] —~

ko

2 4
S81AA% —9AA(9A, —TA_) <:> —9AA(BA_ —11A,) (:)
0 0

_|_

2 4
27AA2 — 5anA2( ) Zsuan (2A_ —3A,) K
k() kO

k<o 3THERAA 1 | [ k\?
Brk) — ~ ———— — | [ —
= (k) 20ATA_ K0 [\ko) ©
1022868042 — 139708804_A4 [ k 4+
17463600A2 ko
2794176 A2 — 598305442 — 52310724_A, [k \°
+ - o s
17463600A4% ko

N 112704542 + 25084404, A — 19096042 ( % \® (4.66)
17463600A2 ko) | '
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On the other hand, in the limit of small scales (k > ko) we find

K sin 3k -

ko ko
9AA B\ 134, —TA_ 3k

- S e s ([ 22) ] 4.
oA, COS<k0)+ 9, Cos<k0)] (4.67)

These two expressions coincide with egs. (3.16)-(3.17) in [3].

ksko  T29HZZAA 1
Br (k) ~ —
443 A3 kS

Now that we have the explicit expressions for the three-point function and the
power spectrum, we can calculate and plot the function G(k1, k2, k3), which is de-
fined in eq. (3.93).

In particular, if we are interested in the limit of large and small scales, we just have
to take into account relations (4.50) and (4.51), together with (4.66) and (4.67).
Denoting with - the quantities for which k < ko we have

Go(k) _Br(k) kS
BT em)t PR (k)

(4.68)

which is

1
01
\v 10
S
1073
1074
10_ 2 0.1 0.5 1
]wT/li'()
. : k
Figure 4.6: Function % for large scales.

Conversely, if we indicate with < the quantities for which k > kg we have

Go(k) _Br(k) kS
BT em)! PRo(k)

(4.69)

which is
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40 F T T T T T .l
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Figure 4.7: Function g—éo@ for small scales.

However, we can also consider the whole bispectrum (4.65), together with the
formula for the power spectrum (4.49) which is valid on all scales: this time we have

20 F T T T T ]

20

g/kli
o

-20 -

0.1 1 10 100
k/ko

Figure 4.8: General behaviour of the function %ﬁf)

As we can see, the bispectrum for this model is characterized by a growth for
large k& which never ends. This is due to the fact that we are an instantaneous
transition in the potential (it is parametrized by a step function in eq. (4.6)). If
one assumes that such a transition takes place in a finite lapse of time, for instance
smoothing the step function with a hyperbolic tangent, the corresponding bispec-
trum is characterized by a growth followed by a suppression at large k, as discussed
in [42, 50].

Moreover, if we want to calculate the parameter fyr, from (3.98), we see that
in the equilateral limit it is trivially
10 G(k)

INL & 9 13 (4.70)
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Eventually, we can also evaluate the function Bg (k) trough eq. (3.94)

Br (k) =~ P3 (k) (27r)4g]£'9“) :

67

(4.71)






Chapter 5

The effect of a non trivial speed
of sound

In this chapter we provide an extension of the model originally studied by Starobin-
sky. In particular, we generalize the kinetic term in the Lagrangian.

We present two different non-standard models, characterized by different powers in
higher orders of the kinetic term x.

Under the same approximations, we discuss the contributions to the curvature spec-
trum and bispectrum for a model which is characterized at the transition by a jump
in both €2 and s, but with continuous €; and cs. It is important to calculate the
bispectrum for this model because, as it was showed in [33], for this model the
power spectrum is degenerate with respect to a jump in € or s (i.e., it is possible
to obtain the same power spectrum considering the a jump in s rather than in es).

5.1 Overview on the models

In this section we present two different generalizations to the model with a disconti-
nuity in the first derivative of the potential which are characterized by a non-trivial
speed of sound. In addition, we assume a cosmological constant dominating the
potential term in the Lagrangian, so that we can solve exactly the background
dynamics after the transition.

5.1.1 First model
We consider the following Lagrangian

2
X
P(x¢) =x+ 33 = Vo~ [A-+ (A+ = A-) (¢ — d0)] (¢ — o), (5.1)
where A is a reference scale with the dimension of a mass and again, the potential
is dominated by the constant term Vj.
It is easy to see that in the limit y < A%, we recover a standard kinetic term, and
the model falls into the case studied in section 4.2

69
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Evolution of the background

Proceeding like in section 4.2.1, we first study the background for this model.

The expressions of the first two HFF €; and ey are given in egs. (1.95) and (1.97),
while those for ¢2 and s in (1.90) and (1.93). Then, we just have to specialize P in
eq. (5.1) and its derivatives to this model:

¢? 2 _ 99 2

PX—1+A4 9 H 9 PXN:HA4'

(5.2)

With these expressions, we determine the dependence of the HFF, ¢2 and s on <Z>
The background quantities are

¢ ¢*

€1 = m (1 + A4> (53&)

(2 20¢
€9 =2 (Hé + 61> + HA 1 ) (5.3b)
oo Mt (5.3¢)

At 4 302

_ 9 [ L 3 } | (5.3)

A4 + ¢2 A4 + 3¢2

The key point is that the introduction of a non-standard kinetic term in the La-
grangian makes possible to have a speed of sound which is different from 1. In
particular, for the Lagrangian (5.1), ¢? varies between 1/3 and 1.

Following the same procedure as in 4.2.1, we study the Klein-Gordon equation
(1.99) before and after the transition, separately.

- Before the transition.
Before the transition we assume that the slow-roll approximation holds. Since

d

at (Px ¢+) X é—k + Q‘ﬁpxx(.z;#— X é—k ) (5-4)

we can neglect the first term in the Lh.s. of the Klein-Gordon equation.
Therefore, before the transition, the latter reduces to

3HoPy ¢4 ~ Py. (5.5)

Also in this case, we approximate the Hubble parameter with Hy, which means
that the energy density is vacuum-dominated.
Thus, the above equation can be written as

¢+ Ay ~
At ot s~ 0 (5.6)
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This equation has three solutions, but only one of these is real: in particular,
it is

Wl

~20BHEN + V2| HEAY (1/943 + 12H3A" - 34, )|

S (5.7)

W=

62/ g/ AV/3 (1 /943 + 12301 — 34, )

From this expression, we see that there is a critical value of A (be A2 ;) which
distinguishes two different regimes. In particular, this value is

A2 _ \/gAJr
X 2 H,

(5.8)

If the condition A < A2 , is satisfied, we can consider a Taylor expansion of
this equation, and get an expression for g§+ in the opposite limit with respect
to the Starobinsky model: in this case, we have

1
. AKA A A\ 3
b+ — —< 3;{0 ) : (5.9)

In the opposite limit, i.e. A > A2 ., we obviously recover the Starobinsky
model, and therefore eq. (4.23b).
For the values of the parameters given in table 4.1, we have that

Ap, ~2x10 " Mp;. (5.10)

After the transition.
After the transition, we have to consider the complete Klein-Gordon equation

d . .

Taking into account the expressions in (5.2) this is

3
L2 b+ A= pemsHE—t0) 1. (5.12)

In this case too only one solution is real, and it reads

e—Ho(t—to) A4/3

81\/5\/ 3(A_e3Ho(t=t0) — 3BH, 2 + AH2A\4e6Ho(t—t0) | —
9\3/§Hé/3 [ [ ( ) 0

1
3

— 2434 _e3Ho(t=10) 4 799BH,

B 3\3/§Hé/3A8/3€Ho(t*t0) «

X [81@\/ [3(A_e3Ho<t—to> - 3]3}10)2 + 4HZ A4 eSHo(t—to) | —

1
3

— 243A_¢3Ho(t=t0) 4 799 B, (5.13)
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If we impose the condition that ¢ is continuous at the transition, we find that
B has to be

1

B=_—_
3Hy

(A_ — AL), (5.14)

so that

e—Ho(t—to) A4/3

81\/5\/ 3(A_e3Ho(t—t0) — AA)? 4 4H2A4e6Ho(t—t0) | —
9\3/§H3/3 [ ( ) 0

W=

— 243 (A_e?’HO“*th) — AA)

_ 3%H3/3A8/36H0(t—t0) %

X [81\/5\/ [3(A,63Ho<t*to> - AA)2 + 4HZ AebHo(t—to) | —

=

— 243 (A_63H°(t_t°) - AA) (5.15)

In this case too, we can determine a critical value of the scale A which distin-
guish two regimes. In this case, this value is evidently

V3 (A — Ade~3Ho(t=t))

2 2
A = S, <Al (5.16)
In the limit A < A2 _, after the transition, the expression for q'ﬁ_ simplifies
to
1
. A<Aa A(A — AAe—SHo(t—to) 3
G ( )| (5.17)
3H,

Again, in the other limit A > A,. _ (after the transition), we recover eq.
(4.234d).

Now that we have determined the explicit dependence on time for gﬁ, we can inves-
tigate the values of A for which the non-standard kinetic term in (5.1) is dominant.
In order to do so, we consider the ratio

X~ e
A4 _
T i (5.18)
X%+ A

With the numerical values of table 4.1, we have
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A=3x10"*M
1072 P
— A=1x10"Mp
s 10-3
By 10
[aN]
+
1074
=
.“,@,
10°°

0 to 2t

Figure 5.1: Ratio ¢2/(¢? + 2A%) as a function of time. The characteristic scale for
this system is Voi =1.24 x 103 Mp;.

From this figure we note that for A > 3 x 10~*Mp; the non-standard kinetic
term in Lagrangian (5.1) is small. In addition, we see that this value is consistent
with the critical scale A2 given in (5.8), which implies that when A > A > we can
treat the non-standard kinetic term as a small perturbation.

5.1.2 Second model
A second generalization can be realized with a different kinetic term, i.e.

3

PGO) =X+ 55— Vo= [A- + (Ar = A )06 =60l (6= ), (5.19)

Evolution of the background

Proceeding like in section 4.2.1, we first study the background for this model.

The expressions of the first two HFF €; and ey are given in egs. (1.95) and (1.97),
while those for ¢2 and s in (1.90) and (1.93). Then, we just have to specialize P
and its derivatives to this model. Here, we just list their values.

32 .
PX:1+W’¢|

_3v2 1 ¢
TAA% g

_ 32 . ¢ 32 ¢ ¢
PxN_4HA2¢@ PXX}V_MHME@

, (5.20)

where we have taken into account that X% = \¢|/ 2 if we do not know the sign of ¢.
With these expressions, it is quite simple to determine the dependence of the HFF,
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c? and s on é. They are

.\ 23l
€ = 2H(§M}2)l <1 + \QL@) (5.21a)
. 3v29
¢ AHA?2 ¢
—o| D | 4HA @ 5.21b
62 (qu ) |, 329l 19) (:210)
e
L 030
| . (5.21c)
Vg
272
3v/2¢ .
SHA? ¢ (5.21d)

3v/2|¢ 31|\ 14l
L3Vl (), 3v2idl) 19
4A2 2A2
While in the previous model the speed of sound varies from 1/3 to 1, in this case
the minimum value it can take is 1/2.

Following the same procedure as in 4.2.1, we study the Klein-Gordon equation
(1.99) before and after the transition, separately.

- Before the transition.
Before the transition the slow-roll approximation is always valid. Since

T (Py ¢4) o G + ¢4 Pyyds o o (5.22)
we can neglect the first term in the Lh.s. of the Klein-Gordon equation.
Therefore, before the transition, the latter reduces to

3HoPy ¢, =~ Py. (5.23)

Also in this case, we approximate the Hubble parameter with H, which means
that the energy density is vacuum-dominated.
Thus, the above equation can be written as

32 . . . AL

2 O+ 1ol + o + 3H, 0. (5.24)
For x < A* we recover eq. (4.12). Then, since A; > 0, we have that g§+ is
always negative, so that we have solved the ambiguity upon its sign. Thus,
eq. (5.24) becomes a quadratic equation for ¢, which once solved gives

V2A? A2
1 1
3 |V e

bs = (5.25)
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Again, to establish the sign in the bracket, we consider the asymptotic be-
haviour

. Ay
N ——. 5.26
O+ <A 3H) ( )
Expanding eq. (5.25) we have
: V2A? AL
=~ 1+1) £ —. 5.27
s BUETET (5.27)

This result is consistent with the previous equation only if we take the — sign.
So doing, we find

: 2A2 A2 2A2
¢+:\/;) 1_’/”1{2/@ z‘/;) (1—ry). (5.28)

For this model, the critical value of A (denoted by AX3/2) is given by

V24,
Af{w+ =g (5.29)
With the parameters of table 4.1, its numerical value is
A2y =23 %107 Mpy. (5.30)

After the transition.
After the transition, we have to consider the complete Klein-Gordon equation

d ) .
7 (P @) +3HoPy 6 — Py~ 0. (5.31)

Taking into account the expression in (5.20), its solution is

32 . . .
T 9|+ - —am0, (5.32)
where 4
=B —3Ho(t—to) _ “*— )
a e SHy (5.33)

and B is a constant of integration.
To determine B, we can consider the limit of big A and impose the continuity
with ¢ at the transition: this gives
B=_(A —A,) (5.34)
T3HVT TTH '
Since for our parametrization Ay > A_, even ¢_ is always negative. Solving
eq. (5.32) gives

V2A? V2
1+4)1+ 2=
3 [PV A

b~ [A- — (A_ — A )e3Ho(t—to)] (5.35)
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Once more, we consider the asymptotic behaviour y < A? at late times; in
this configuration we know from eq. (4.23d) that

. A_
_ N ———, 5.36
¢ )x<<A4,t>>to 3Hj ( )

from which we know that in (5.35) we have to take the — sign, in such a way

that
. V2A? V2 . V2A?
O~ 3 1-— 1—|—HA2[A_—AA6 3Ho(t—to)] | = 3 (1—r_).
(5.37)
After the transition, the critical value of A is
V2 _3Hq(t—
Ay = =5 [A_ — Ade~3Ho(t to)} <AZ,, (5.38)

Like for the first model, we can investigate the values of A for which the non-
standard kinetic term in (5.19) is dominant. In this case, the ratio to be considered
is

X<%>§ S ° (5.39)
N

With the numerical values of table 4.1, we find

L x10-2 A=1.31x10"3Mp
— A=93x10"*Mp
& -3
@ 5. x 10
[

=
§ 2.x10°3

1. x10” 3

0 to 2ty

Figure 5.2: Ratio qb/ (¢ — V/2A?) as a function of time. The characteristic scale for
this system is Voi =1.24 x 1073 Mpy.

From the figure we note that the limit value for A, above which we can make a
perturbative expansion, is different for the first model; in particular, while for the
first model the perturbative approach was good for A 2 A, 2, for this model we have
to choose A 2 4A, 5.2 (here, we indicate with ‘good’ a ratio between the two kinetic

terms smaller than 1072).
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5.1.3 Comparison between the models

Now that we have the explicit expression of the HFF, ¢ and s for both the models,
we can make a direct comparison between them.

In the following, we consider the time evolution of these quantities for two different
values of the scale A: the first value of A is chosen so that the non-standard kinetic
term is always much smaller that the standard one. This value is chosen to be
A =5 x10"2Mpy, so that

g

5| 1078

-

Sla

o

AR 8 2
ae - r —
Zlg 10 X
gl %

= .= 3
= | — X2
Sl= .,-10 |

=|'= 10

|+

+~ | O

= —K

=]

]

Z1 1072 ¢

0 to 2t

Figure 5.3: Ratio between the non-standard and the standalrd kinetic term for
A = 5x1072Mp;. The characteristic scale for this system is Vo1 = 1.24 x 1073 Mp;.

On the other hand, the second value we consider is A = 5 x 107°Mp;, for which
the non-standard kinetic term begins to become important

1.x1072 ¢ X

|

1.x10"3 ¢

5. x10"4 |

Non-standard kinetic term
Total kinetic term

1.x107% ¢

2ty

o
~ |
o

Figure 5.4: Ratio between the non-standard and the standalrd kinetic term for
A =5x1075Mp;. The characteristic scale for this system is V5 = 1.24 x 1073 Mp;.

If we now consider the first two HFF, we find that their time evolution is
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0.0001 I, A =5x10"2Mp

2 A5 —2),
0.00008 XA =5x10"Mp
X5 A =5 x 107 Mp,

0.00006 |- XALA=5x10""Mp

€1

0.00004 ~

0.00002

...........

0.0000

Figure 5.5: Evolution of €1 as a function of ¢ for different A. The characteristic
scale for this system is Vo3 = 1.24 x 103 Mp;.

Y2, A =5x 1072 Mp

-------- XA =5x%x10"*Mp,

Y2, A =5x 107 Mp,

-------- XA =5x%x10""Mp,
L L L

0 lo 2ty

Figure 5.6: Evolution of €2 as a function of ¢ for different A. The characteristic
scale for this system is Vo1 = 1.24 x 1073 Mp;.

As we can see from the figure, the first slow-roll parameter ¢; remains always
much smaller than 1, as required from the Starobinsky model which assumes that
inflation never ends.

On the other hand, ey is always discontinuous, and the jump do to the model with
x? is smaller than the other one.

Furthermore, as we could expect, these two model are almost indistinguishable for
A =5 x 1072Mp;, which confirms that the non-standard kinetic term is negligible

at this scale A.

If we now consider the speed of sound and its logarithmic derivative, i.e. ¢? and s,
we find
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1.2

10

0.8

02

Y2, A =5 x 10"2Mp,
X3 A =5x10"2Mp,
Y2, A =5x 1075 Mp,

X5 A =5x 10" Mp

0.0

to

2ty

Figure 5.7: Evolution of ¢? as a function of ¢ for different A. The characteristic

scale for this system is Voi =1.24 x 1073 Mp;.
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0.00

to
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Figure 5.8: Evolutiorll of s as a function of ¢ for different A. The characteristic scale
for this system is Vp1 = 1.24 x 1073 Mp;.

Again, for the first value of A the two models reproduce the Starobinsky model
almost perfectly. For the second value of A, instead, we note that this time the

jump in s is smaller for the model with X%-

5.2 Bispectrum of curvature perturbation

If we consider a model in which not only €5, but also s jumps, we can compute the
bispectrum of curvature perturbation following the procedure indicated in section
3.3.3. First of all, we note that the vertex from which we have got the bispectrum in
the previous chapter has to be corrected, since in this case we deal with a non-trivial

speed of sound.
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From the expressions of the coefficients C; and Cy in eq. (3.103), we have that such
a vertex reads

RR?  R20°R
_ 2
53,65 = —Mpl/dt/dwaqez [ o + 22 , (5.40)

which implies that the bispectrum takes the form

1%2 * 2
Br(k)e, ~ 6M [R3( )/0 d7a2qe27z,’;(r)<m’z4 (7) _ 2R (T))] . (5.41)

2
70 S cs

However, we stated that we there is a jump in s: therefore, we also have to take
into account this second contribution. Again, from the considerations in sec. 3.3.3,
the latter is

Sss=—2M2, [ dt [ dza 618R282 5.42
Pl

Taking into account this expression, the three-pomt function can be computed as

0

(R, (0) Ry (0) Ry (0)) = —i /

—00

a7 @ (| Ry (0) Ry (0 R (0), Hine (7)), (5.43)

with
Hipy = 2M2, / dw a L R2PR . (5.44)
CS
From the definition (3.21a) of Ry and the commutation rules (3.21b) for the cre-
ation/annihilation operators, we find that the commutator in (5.43) is of the same
kind as in eq. (4.62).
The correspondent bispectrum in the equilateral limit is therefore

2615

Br(k)s ~ 12M12:,lk2%[7€i(0) / " dra> =R (r )] . (5.45)

S

In the following, we treat the contributions coming from the two vertexes separately,
in order to make evident the relative hierarchy.

The expression of the comoving curvature was found in [33], and it is

Ri(T7) = ——————= |a(1 + icskT e_’fcsdeT _ 1 —icskr ezfcskrdq—
(1) 2MpiVercsk? a ) Bi( ) }
(5.46)

Its first derivative is therefore
1H y
2MpyV/ercsk3
1 ' / )
X {ak |:Cgk‘27' -5 (61 4 65) 1+ Z'csk.T)e—zfcsdeT:| .

Ri(7) =

€1 Cs

— B |:C§k‘27' 1 <61 + Cs) (1- icssz)eifcsdeT] } . (5.47)

2 \e1 Cs
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In addition, the expressions for the Bogoliubov coefficients are

i(As — Aea)(1 + c2k272)

o =1+ 5.48a
g A(cskr)? ( )
(As — A 1 . sk 2 —2icskT
B, = i(As €2)( —i—ch T) e 7 (5.48D)
4(cskT)

where we have defined A as the difference of a quantity evaluated after and before
the transition respectively, i.e. AA=A_ — A,.

5.3 Computation of power spectrum and bispectrum

After having analysed the two models, in this section we proceed to calculate the
bispectrum of curvature perturbation.

We first compute the bispectrum for the vertex with e for the two models; we
expect this calculation to reproduce the results of sec. 4.2.3 for A* > y, while we
provide a first order correction in terms of powers in (x/A*)" (with n = 1 for the
first model and n = 1/2 for the second one) for A* > y.

Secondly, we concentrate on the vertex with s. In this case, however, we limit to
the computation of the bispectrum for the first model, since for the second one the
calculation cannot be done analytically, unless with drastic approximations.

The only approximation we make is to consider the speed of sound c? as a con-
stant when we compute the integral (5.41), and then we substitute its value at the
transition. As a consequence, we can neglect the integrals and the term propor-
tional to ¢ in (5.46) and (5.47), together with the term As in (5.48a) and (5.48b).

In order to plot the function G(k)/k3, we also have to consider the first order
corrections to the power spectrum, which can be calculated analytically.

5.3.1 Curvature power spectrum

The non-standard kinetic term affects not only the curvature bispectrum, but also
the power spectrum.

If we consider a scale for which x < A% (e.g. A ~ 1072Mp;), as we could expect
the power spectrum is almost the same as in the Starobinsky model
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Figure 5.9: Curvature power spectrum for A = 3 x 1072 Mp;.

In principle, we should expect that for smaller values of A, also the power spec-
trum would change. However, as we will see in a moment, the power spectrum is
degenerate for a jump in s rather than in es.

5.3.2 Contribution to the bispectrum from the e;-vertex

We have stated that we consider a Taylor expansion in terms of powers in y/A* for
all the quantities. It is then clear that the more we consider values of A for which
the non-standard kinetic term is small compared to the standard one, the more this
procedure is accurate.

In order to keep track of the approximations we make more efficiently, we can inves-
tigate the accuracy of such a power expansion. In fact, we make two approximations
in the following: the first one, as already said, is to perform a Taylor expansion; the
second one, is to consider the speed of sound ¢, as a constant during the integration,
and then to substitute its value at the transition to the result of the integral.
However, if we consider the integrands instead of the integrals, we can take into
account also the exact expressions. In particular, in the following we make a com-
parison between the different expressions for the two integrands in (5.41). In order
to do so, we plot both the exact, unexpanded integrands, respectively with the full
expression for ¢; and the integral in the exponential (called ”exact, oscillating®),
and with a constant, evaluated at the transition, ¢4 (called ”exact, non-oscillating“);
together with these, we also plot the expanded form of the integrands with ¢4 eval-
uated at the transition (called ”approximated”). Note that for the computation of
the integrals, we have used the ”approximated” expression for the speed of sound.
Since the integrands are function of 7, k and A, we can plot them by keeping one of
these quantities fixed. For the first integrand in (5.41), if we fix the scale k, we plot
the exact and approximated expression for two different values of A, respectively
(almost) equal and slightly greater than its critical value (5.8). So doing, we find
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Figure 5.10: First integrand of (5.41) at fixed k for different values of A.

As we can see, just above the critical value (5.8), the approximated and the exact
forms are rather different; however, this is clear, since in this regime we consider a
Taylor expansion of a function which is not small at the point where we perform

such an expansion. Conversely, for slightly bigger scales, we note that the power

expansion is a good approximation.

By repeating the same considerations for the second integrand in (5.41), with the

same values of k, and A, we find

140y Approximated, A = 2.1 x 1074 Mp,
12l 5\ —— Exact,non-oscillating, A = 2.1 x 107 Mp,
— L UL LLL Exact,oscillating, A = 2.1 x 1074 Mp,
Sl 10N ) »
"&3 ) . —— Approximated, A =4 x 107" Mp;
g 0.8 ““ Exact,non-oscillating, A = 4 x 1074 Mp;
N@ “‘
T ) ——— Exact,oscillating, A = 4 x 107" Mp,
N\; 0.6 \\
= .
© .,
s  04F
|
0.2 =~
0.0 [ =
To

Figure 5.11: Second integrand of (5.41) at fixed k for different values of A.
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In this case, we see that the approximation for value A 2 A 2 is even better
than in the previous one.
By performing the power expansion, we can analytically compute the correction to
the bispectrum of the Starobinsky model calculated in [3]. In appendix B, we give

the complete expressions for this quantity, for both the x?- and the X%—models.

As we have stated before, one could think that also the power spectrum Pr (k)
in the definition (3.94) of G(k) should be expanded at first order in y/A* How-
ever, if we plot the function G(k)/k% in the limit k > ko, we see that the result
is almost the same whether we take the full, A-dependent form of Pr or just the
A-independent one.

For the first model, in fact, for A = 3.7 x 1074 Mp;, we get

100 1 X2, With A in P (k)

x2, Without A in Pg (k)

g/k*

-50

-100

20 50 100
/o

Figure 5.12: Function G(k)/k3 for small scales for the first model.

On the other hand, for the second model with A = 9.5 x 10~*Mp; we have

100

Y2, With A in Pr(k)

50 | X%, Without A in Pr (k) i ]

g/k*

-100 £ L . ! E
20 50 100

/Ko

Figure 5.13: Function G(k)/k3 for small scales for the second model.
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Since these plots have been obtained for the values of A we have used to define
“good” the Taylor expansion, we can claim that these considerations are valid for
all the range of values of A in which the perturbative approach is accurate. This
is a confirm that the power spectrum is degenerate for a jump in s rather than in es.

In this case too, when we consider values of A for which the non-standard kinetic
term is negligible, the two models are undistinguishable, and in particular their
bispectrum coincides with the one of the Starobinsky model.

For smaller values of A, instead, the bispectra are quite different for a fixed scale,
as we can see from the following figure

50 |

= [ T g
=
© 3
_____ %
-50
2
X
c, =1
-100 E . . . . .
10~ 2 0.1 1 10 100
k'/kg

Figure 5.14: Curvature bispectrum for A = 9.5 x 10~4Mp;.

As we can see, while for the y?-model the bispectrum is again very similar to that
of the Starobinsky model, for the y2-model the amplitude is significantly bigger.
This difference between the two models can be better understood if we consider the
asymptotic behaviours for the three-point functions for the two models. For the
first model, in the limit k& > kg, we have

B (k). F2H0 T29AAH}? <3k> 243AAH} <3k>
N .

= 2B) 4 00 o (2 5.49
A3 AT Kk \ko ) T AABEAREAT “ kg (5.49)

On the other hand, for the second model we find

Br(k) s 2k

_ T29AAHp? i (3F 2187TAAHM 3k
X2 4A% A% Kk

o 8\/§A§A+k4k§A2 cos ko). (5.50)

A crucial point is that the A-dependent term has the same shape for both the mod-
els, even if with different amplitudes. In particular, it grows more rapidly than

the standard term found in [3]: while the A-independent term in the function k°Br

grows like ~ k sin <i—k> , the original term found in this work grows like ~ k2 cos (%k)
0 0

both for the y?- and the X%—models.
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From these two expressions, it is also immediate to see that the A-dependent terms
have different amplitudes for the two models. In fact, we find

BR(k)xz k>ko 4\/§A+
B’R(k)x?’/? 9H0A2 '

(5.51)

Therefore, since the bispectra scale with different powers of A, it is clear that when

the non-standard term becomes relevant, those bispectra evolve in different ways
for the same value of the scale A.

For smaller values of A, also the bispectrum for the first model becomes larger
than the standard one. In fact, we have

50

G(k)/kK*

o ) S — 2 4

102 0.1 1 10 100
k/ko

Figure 5.15: Curvature bispectrum for A = 4 x 104 Mp;.

Differently, we can get the same amplitude in the bispectrum if we consider
different scales

100
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Figure 5.16: Curvature bispectrum for different values of A.
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5.3.3 Contribution to the bispectrum from the s-vertex

The introduction of the new term in the Lagrangian allows to have another contri-
bution to the bispectrum, due to the jump in the derivative of the speed of sound,
ie. s.

Such a contribution is given by eq. (5.45). While the preceding vertex was made
by a A-independent term and a first order correction, in this case we just have a
corrective term in powers of x/A%.

However, only for the y?-model such a bispectrum can be computed analytically,
so that we consider just this case. The full expression for the bispectrum calculated
from (5.45) is given in appendix B. Its shape is

0.05

0.00

G(k)/K?

-0.05

-0.10

10-2 0.1 1 10 100

k/ko

Figure 5.17: Bispectrum from the vertex proportional to s for A = 3 x 1074 Mp;.

We note that this shape is completely different to the one coming from the vertex
proportional to €s. In particular, this bispectrum does not grow indefinitely with
the wave number, but it shows a feature near the transition, and two asymptotic
values for small and large scales.

In addition, we see that the amplitude of such a bispectrum is much smaller than
that coming from the other vertex.






Appendix A

Gaussian and non-Gaussian
random fields

In this appendix we briefly review some features of Gaussian and non-Gaussian
random fields, their principal properties and some relevant aspects for our treatise.

A.1 Gaussian random fields

Let’s consider a generic real field f(x), which can be Fourier expanded as

f() = / (:g),f(k)eik’“’- (A1)

Since f(x) is real, f(k) is subjected to the condition
[ (k) = f(=k). (A.2)

Without loss of generality, we can parametrize f(k) as f(k) = fx = ag + ibg, with

a and b real and amplitude [35]
| frl =/ aj, + b, - (A.3)

For these parameters the constraint for the reality of fi is therefore
a_p=ar , b_p=—bg. (A4)

Different configurations of fi are described by different sets of numbers (ag, bg).
For this reason, if we want to randomly generate a field configuration of fi, we have
to specify a probability distribution function (PDF) for the coefficients (ag, bg);
in particular, if we require fr to be a random Gaussian field, the PDF for the
coefficients will be tightly constrained.

We define a Gaussian distribution for a single mode k the configuration in which
the coefficients (ag, bg) are drawn from the distribution

1 as + b2
P(ag,by) = py) exp{— k202 k} ) (A.5)
k k

89
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which is normalized to unity

/ dak/ dbg P(ag,bg) = 1. (A.6)

If we assume statistical isotropy, the variance becomes a function only of the am-
plitude k = |k|, i.e. 0.

Since we can identify ag and by, respectively, with the real and imaginary part of
fx, we can rewrite eq. (A.5) in terms of amplitude and phase of fi as

2
P(A,0) = FO']% exp {—21402} , (A7)
where
A=aj+b; (A.8a)
tan = b : (A.8Db)
ag

From eq. (A.7) we see that while the amplitude of fg is drawn from a Gaussian
PDF, its phase is random.

Now, let’s consider a generic functional @ [fg]: we can define its mean value as

@i =] [ [ anatn s exp{—“i”i} A9

2ro 20,%

Consider the simple case in which Q [fx] = bgb_j: then

(b >—H/d /db by — %+ by (A.10)
ROk . “p Pk 7’“/2%0% P 202 ' '

The above integral is non-vanishing iff k = —k'.

so that we can write

The integrals with q # k give 1,

(bb_pr) = —(brby) = 02d(k +K'). (A.11)
Similarly (recall that a_g = ag)
(apay) = oid(k + E'). (A.12)
By combining these two results we have
(fufu) = (anag) — (brby) = 2075(k + k') . (A.13)

Then, we note that Gaussian modes are uncorrelated, i.e. modes with different k
have a vanishing correlation function.

In addition, all odd-points correlation functions vanish, while the even ones can
be expressed in term of (f(k)f(k')). For instance

(O, Oy ARy O, ) = | | /da /db k) Ok ez O ! Xp 12 12 (A.14)
—_— —_— e p— . .
kl kg k:3 k4 P P kl kQ k:3 k4 2 2 2 2
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In this case the integral does not vanish only for pairs of equal momenta, i.e. (k; =
ko, k3 = ka), (k1 = k3, ko = ka), (k1 = ka, k2 = k3).
Therefore

(Qky Oy Al Oy ) = 01%101335(”01 +ko)o(ks 4+ ka) + (1 > 3)+ (1 < 4), (A.15)
and consequently

(frer Jhoo fres frea) = (s Qe Okt ) + (Dhy iy bk Okey) + (akey Wy bieg bty )+
+ (ak,y Oleg Dty O—_key) + (Aky Oy UkeyO—ks) + (Qkey Oy bley ey )+
+ (Aky Oty bk, D—kes) + (ks ey Dy U—key) =
= 4o}, o, 0(k1 + k2)d(ks + ks) + (1 < 3) + (1L > 4) =
= (frer freo) (fes rea) + (frer fres) (Frea frea) + (Frer frea) (freo fies) - (AL16)

It is then clear that for Gaussian random fields, all the information is encoded in
the two-points correlation function.

A.2 From Gaussian to non-Gaussian fields

From a general Gaussian curvature perturbation, i.e. fg(x), we can construct the
correspondent non-Gaussian quantity f(x) as

f@) = fo(®) + fyo (f&(m) — (fé(x) = fa(x) + frna(@), (A.17)

This quantity is defined “non-Gaussian” because, as we are going to demonstrate,
it has a non-vanishing three-point function.
First of all, let’s compute the Fourier transform of fyg(x): this reads

Ina(k) = far / da e [ f2(x) — (f2(x))] =
:fNL/ / dp / Y91 0) fela) * P — (2m)5(k) (S (@)

S r GBStk —p) - <2w>36<k><fé<m>>} -

=l (j”)gfc< p)fo(k + p) — (2m)5(k) (f2(x >>} , (A18)

where the reality condition (2.74) has been used.
Thanks to (3.51), we can write (fZ(x)) as

o) = [ o [ SEstetteto) @ = [ SEsp, (a9

and consequently

protk) = fs | 585 [fet)folk +p) — ePatpy ] (a2
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Now, since

(fa(k) fa(K)) = Py(k) (2m)°5(k + k'), (A.21)
we have, for the reality condition (2.74)
(f&(0) fa(k +p)) = Pr(p) (27)*6(K). (A.22)

With these relation, we are able to recast eq. (A.20) as
d
fna(k) = fni / (2:)3 [f&(p)fa(k +p) — (fo(k)fa(k+p))] - (A.23)

Since we have expressed the non-Gaussian part of the curvature perturbation uniquely
in terms of Gaussian fields in Fourier space, can now calculate the three-point func-
tion and exploit relation (A.16) for Gaussian fields.

So doing we have

etk otk otk = i | GBS [(Jotkdathn) fotw) fatks + )~

— {(falkn) falke)) (f06) fa ks + p)| =

= tn [ B[ otkn atkanisitiTaths + )+

+ (fa(k1) f&(p))(fa(k2) fa(ks +p))+
+ (fa(k1) fa(ks + p))(fa(k2) f&(P)) —

— (fa(k1) fo (ko e G(k3+p)>} _

= fNL(Q”)S/dP [Pf(kl)Pf(’fzﬁ(’ﬁ —p)o(ks + ks + p)+
+ Py(k1) Py (k)0 (k1 + k3 + p)o (ks — p)] -

=2 fnp(2m) Py (k) Py (k)0 (k1 + ko + ks3) . (A.24)

Thus, we have demonstrated that the definition of f in (A.17) gives non-vanishing
three-point function.
In general, we find [35]

(f(ky) f(ka) f(k3)) = 2 fanr(2m) (k1 + ko + k3) [Py (k1) Py (ko) +symm.] . (A.25)



Appendix B

Analytic expressions for the
bispectrum

In this appendix we give the analytical expressions of the bispectrum for the models
studied in chapter 5, up to the first, non-vanishing order in y/A%.

B.1 Contribution to the bispectrum from the e;-vertex

Here we give an explicit expression for the bispectrum deriving from the vertex
proportional to €€, for both the two extensions of the Starobinsky model

B.1.1 First model

For the first model, i.e. the one for which the non-standard kinetic term is propor-
tional to x2, the three-point correlation function is

<7ék(0)7ék(0)7ék(0)>52,x2 ~ (27‘()35(3]6) [Al (koFl + ngQ + ngg + kéF4) +
+ Ao (Fs + koFo + kg Fr + kjFs + kg Fy)] . (B.1)
where
81m3AAHO
A= AT (B-2)
81m3AAHLO
Ay = — — , (B.3)
4k15A4AiAik(2)

k
Fy = —36A2 HZ sin (k) [(%10 — ATE2E® — 18K3kS + 108kSE* + 108k5 k% + 27k0)+
0

2k
+ (4k10 — 672 KD + 18K3KS + 162k5E* + 54kSk? — 27kL%) cos <k> ] , (B.4)
0
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k
Fy = 162A, AAHZk(K? + k3)?(2k* — 3k3k? — 9k3) cos <k> -
0

3k
+36A_ A, Hok(Tk® — 48k23KS — T2kgk* 4 T2k5K* + 81k§) cos <k> -
0

3k
— 18A% HZK(26k% — 81k3K°® — 99kak™® + 81k3k? + 81K§) cos <k> ,  (B.5)
0

324A_(K® — 10kjk* — 12k5K2 — 3K5)+

Fy=A_HZsin <k>
ko

+ T2A, (—24k® — 10k3KS + 99K3 k™ + 108KkSE? + 27KS) +

2k
+324A (k% — 2k2K® — 12k3k* — 6k5k? + 3K§) cos <k) -
0

2k
— 72A, (30k% — 16k2E® — 135kjk* — 54kSk? + 27KS) cos <k> ] . (B.6)
0

k
Fy = 162A_AAHZK(K* + k2) (k* + 10k2E? + 9k3) cos <k> -
0

3k
+ 16242 H3K(3k5 + 5k2K* — Tkik? — 9KS) cos (k> , (B.7)

0
Fs = 2k cos (i’;) A% (12K — 2993 K® + 630k k° + 1152k k" — 810k5k* — 1053K4°)
(B.8)

k
Fg = —2sin <> A%
ko

[3(21<;10 — 119K2k8 + 228k3kS + 1314k5k* + 135055 k2 + 333k(%) A2 +

2
+ 3 cos <kk> (4K — 163k2E® + 360kgk® 4 1404k5E* + 648k5k? — 333k0) A% —
0
2
— 4 cos <kk) Ay (21510 — 303k3K% 4 181k5kS + 170155k 4 810Kk — 378k(%)A_ —
0
—4A (15K — 201k3K® + 23k3kS + 1323K5k* + 1458k5k* + 378k3") A_+

k
+ 2cos 2k A2 (90K — 578K2KS + 39k2KS + 1809k8k*783KEK? — 351k10)+
kO + 0 0 0 0 0

+ 2A% (54K — 352K3 k% — 147kGkS + 1215k5K* + 1323k5K% + 351K80) |

(B.9)
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F7 — kA+

6 cos <?];k> (TK® — 66k3K° — b4kjk* + 162k5k* + 135k5) A% +
0

k
+ 27 cos <k> AAK? + k2)? (2k* — 15k2K2 — 21Kk4) A2 —
0

— 18 cos <:> AAAL (K + K3)(K® — 43k3K* — 14Tk K — 135k3)A_+
0

k
+ 4 cos (20) A2 (115K% — 462k2KS — 855kgk™ + 864k5K? + 1134K5)A_—

+ 18 cos <:0> A2 AA(K* + Kk3)(9K5 — 19k3K* — 129Kk5k? — 117kG) |, (B.10)

k
Fy = 6sin <k> lg(ks — 10kgk* — 12k5K? — 3k5) A% +
0

2k
+ 9 cos (ko) (k® — 2k2KS — 12kgKk* — 6KSK® + 3k5) A% —

2k
—2cos <k> AL (30K® — TOR2KS — 225k k" — T2kS K% + 45K5) A3 +
0

+ 24 (—24K® + 44K3 K5 4 225k k" + 198K5K? | (B.11)

k
Fy = 27k cos (i) (3K + 5k2E* — ThAR? — 9kS) A% +
0

+ 27k cos <:> AAK® 4 k2)?(K* + 9k2) A3 . (B.12)
0

B.1.2 Second model

For the other ?r)nodel, i.e. the one for which the non-standard kinetic term is pro-
portional to x 2, the three-point correlation function is

(Ri(0)Rk(0)Rk(0)) sz = (27)6(3K) [ Dy (G + koGz + K3Gy)+
4 Dy(Gy + koG + k2G + kgaﬁ)} , (B.13)
where
3 12
p, _ T29mAAH] (B.14)

T 243 ATk Bk

_ 7297°AAH!
8V2k15A2A43 A3 K2’

) = (B.15)
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Gy = A2 410 ¢in —k + 2kok? |9 cos E + 13 cos % —

K ko ko

— kgk;S [275111 ( > +67sm< )} +9k:(3)’k:7 {cos (k> — 9cos <3k>] _
ko ko
( ) — Ok [13005 ( k> + 11 cos <3’“>] N
ko ko
< ) + 3sin <3k>] + 27k K3 [3cos <3k> — T cos <k>} +
0 ko ko ko

+ 54k5K? [3 sin i > + sin <3k>] + 108k4% sin < K )
kO k()

ko
— 162kgk sin < sm } (B.16)

=)

w‘w

— 72k kS sin®

|~ &| =

+ 54k§k* [sm

/\??‘

k 3k
Gy =2A_A;3 —k°|9cos [ — ) + 7cos +
ko ko
[ k k k
+ 6kok® |3sin [ — ) 4 5sin SR 4 48k2K" cos 3R
i ko k’ ko
[ k k 3k
+ 4k3K5 |9sin | — ) — 4sin + 36kgk® |3cos ( — ) +2cos [ — )| —
I ko ko ko
- 9]4:8]{:4 7sin < i ) + 15sin ( ﬂ + 36k5K® [5 cos <k> — 2cos (%ﬂ -
L k‘o 0 kO kO
k
— 54k{ k> [3 sin < > + sin ( )] — 108k{ sin® <k> +
0
2
+ 162k5k sin K sin i (B.17)
ko ko

k k\1? k
Gs = —36A% K} (k:2 + kg) kcos | -— | —kosin [ — Etsin [ — |+ (B.18)
ko ko ko

k k k
+ kok3cos | — | — 3kgsin | — | +3k3kcos | — ) |,
ko ko ko

k
Gy = kcos (?%) A% (12K — 305k3 k" + 540kgk® + 1278k5k"* — 648k§k* — 1053k(") |
(B.19)
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G5 = 2sin <k> Ay
ko

2A_ (15k" — 192k3K® — 232Kk + 909k5k* + 1269k5k* + 351k°) +

2
+ cos <kk> Ay (—90k™ + 578kGK® + 171kgkS — 1701k5k* — 837k§k* + 351ky°) +
0

+ 2cos () A_ (21K — 294k2K® — 104kGKC + 1431k5K* + 837EGk* — 351k(°) —

— Ay (54K"0 — 3523 k° — 333kgkC + 999k5 k" + 1269k5 k> + 351k°) | ,
(B.20)

9ALAA (K* + k§) (11K + K3k — 111k5k* — 117KS) —

Gg = k cos (;;)

—9A_AA (K* + k) (k® — bkgk* — 91kk® — 117k§) —
—9A? (3K® — 24k3K° — T6kJK" + 52k5K? + 117KS) +

+2A_ Ay (118k% — 336kgkS — 981kjk" + 558Kk5k> + 1053k() ] . (B.21)

G = 18sin <:0> A? | (10K® + 13k3K® — 91k{k" — 141k5K> — 39K5) +

2
+ cos (;) (14K® + Kk§KS — 129k5k" — 93k5K* + 39K5) ] : (B.22)
0

B.2 Contribution to the bispectrum from the s-vertex

Here we give an explicit expression for the bispectrum deriving from the vertex
proportional to s for the model with the y? non-standard kinetic term.

The three-point correlation function for this model, at the lowest order y/A*, is

7T3AAH&0

> P Q >~ (2m)26(3k) —— i O
<Rk(0)Rk(0)Rk(0)>s,x ( 77) (3 )A?iAikggkOAz;

18k ko F1 cos (k) —
ko

2k 3k 4k
— 40320kk8]—"2 cos| — ) —2F3cos | — | —2F4cos| — | —
ko ko ko

2
— 2F5sin (kl;) — 2Fgsin (;{j) — 2F7sin (iﬁ) —
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where

Fi=

Fy=

Fy =

Fi=

BAAL KL (K + k3)? (—135k5 + 56Tk2k* + 1540k4k? + 840KS) +

+ 342 A2 k5 ( — 675k — 8523k3 k™ + 46339k k® + 281727k k5 + 484596k k" +

+ 347760k K? + 90720k4%) — 18A4% AL K2 (27K — 1521K3K0 + 3689k{K® + 30521K§K0+
+ 53844k{k* + 38640k k? + 10080k4?) + A% (54k™ — 2079k5k'? + 7183kgk'O+

+ 5422155 kS + 157743k5KS + 242298k{0k* + 173880k k> + 45360k* ) —
—2A_ A% (27kM — 2745k3 k"2 + 851k(k'0 + 71437k K5+

+ 295326k{k° + 484596k k" + 347760k k? + 90720k)") (B.24)
2T A RS (R + k) + 943 AR (K2 + K3) (= K + 13K2K2 + 12k1) —

—3AZ A2 K3 ( — TK® + ATKEKS + 1713 k" + 171KGK? + 54K5) + A% (25" + K3K®—

— 24kgKS — 90kGK* — 90k§K? — 27kE0) + A_A% (- 210 — 13K3K°+

+ 93k k" + 351K + 351k5k* + 108k°) (B.25)
—1926 A% kok'® + 1458 A_ A3 kok'® + 38301 A% kik'® — 25758 A_ A% kK —

— 25029A% A3 kjk'® + 1312243 AL KJk" + 56862A% kk' — 48681 A% kjk'! —
—299214A_ A3 kKM + 662823A% A% K3k — 371790A% AL kJk' — 427194 A% kK-

— 526743 A% kK + 2144070A_ A3 kK — 3095739A% A2 KTk + 1905606 A% A kK" —
— 820854 A% kKT — 816561 A% kyk” + 3629124 A_ A3 kJk" — 562941942 A% kjk™+

+ 3637710A% AL kKT + 275562 A% k'K + 275562 A% k' k® — 1102248 A_ A3 k' K5+
+1653372A4% A2 kK5 — 110224843 A k'S 4 10206004 k3K + 1020600 A% k2K —
— 4082400A_ A3 kF2 K + 612360042 A2 k§2 K% — 408240043 A k§3 K + 408240 A% kP k-

+ 408240 A% k{°k — 1632960 A_ A2 k(K + 2449440A% A2 k§°k — 1632960A% A k3K,
(B.26)

423360 A% kk{ — 1028160 A_ A% k%k{ + 78624042 A2 K7k — 181440A% A kk{—

— 544320 A% kTk] — 1693440 A% kk] 4 5382720 A A% kTk) — 6229440 A% A2 kkS+

+ 3084480 A3 AL kTk§ — 544320 A% kPk{! — 1451520 A% KOkS! + 48988804 A3 KOk —
— 598752042 A2 KPK{! + 308448043 A kPk{T + 544320 A% K3k + 725760 A% K3k~
— 2721600A_ A3 k3k{® + 381024042 A% Kk — 2358720A4% AL K* K+

+ 544320 A% kk{® 4 544320 A% kk}® — 2177280 A A3 Kk} + 3265920 A% A% kkl®—

— 217728043 A kkL® (B.27)
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Fs = 6237TALkM™k2 — 11340A_ A3 kMkZ + 5103A% A2 kM K2 + 1312241 k2§ —

Fe

F7

— 62964 A% k"2 k] + 974T0A_ A3 k'2kg + 9234A% A% 2k — 568624 A4 k"2 kj—

— 148716 A* K10k — 134586 A% k10K§ + 551520 A_ A% k'Ok§ — 847044A% A2 k'Ok5+

+ 578826 A% A k10§ — 319788 A% kBK§ — 37098 A% k¥k§ + 6935224 A3 kSKS—

— 159553842 A2 kBK§ + 125890243 A kSKS + 471420 A% KOk + 657153 A% KOk~
—2265732A_ A3 kOk{" + 303142542 A% kOk(" — 1894266 4% AL KOk +

+ 1649970 A% k*k§? + 1649970 A% k' kg? — 6599880 A_ A% k' k{? + 989982042 A% k1 kj?—
— 6599880A4% AL k'k{? + 1428840 A% k2 k(" + 1428840 A% k?kg* — 5T15360A_ A3 k?kj*+
+ 857304042 A2 k?k§* — 57153604 A4 k*k{* + 408240 A% k6 + 408240 A% k40—

— 1632960 A_ A% kg + 2449440 A% A% kg% — 1632960A°% A4 kiC (B.28)

—141120A% k0§ + 201600A_ A% k0K — 60480A% A2 k'Ok§ — 272160A% k¥k5—

— 635040 A% KBKS 4 2177280 A A% KBK§ — 272160042 A2 kBES 4 145152043 A kBk§ —

— 544320 A% KSKL® — 1209600 A% kSk(® + 4233600 A A3 kSk(® — 538272042 A2 kSk{O+

+ 290304043 A kSk{0 — 362880 A% K k{? + 1088640 A A3 k1k}? — 108864042 A2 k* K%+
+R"Ro +~ R0 +7 R0 +~ R0

+ 362880A% ALk k{? + 544320 A% K2k + 544320 A% k2K — 2177280 A A% K2k

+ 326592042 A% k2K — 21772804 AL K2k + 272160 A% k1S + 27216042 k6 —
+ 0 0 0 +™0

— 1088640A_ A3 k3% + 1632960A% A% kg% — 1088640A% A4 k%, (B.29)

—108A% k16 4-10269A4% k2K — 8748A_ A3 k2K — 729A% A2 K2E™ + 1312242 kK12 -

— 83804 A% kjk'? + 14094A_ A3 k' + 148230A% A% kgk'? — 918544 A kjk'?—
—201204A% kS0 — 214542 A% kSE'0 + 1277640 A A3 k§E0 — 1994760A% A% kSO +

+ 1132866 A% AL kS0 + 187596 AL k5K + 238194 A% k§E® — 6022624 A3 kS K5+

+ 677538 A2 A2 kSK® — 501066A% A k§k® + 137149241 k}OkS 4 1370061A% kO kS —

— 56012044 A3 k)OS 4 8463717A% A% k1OkS — 560406642 A, k{OkS + 1173690 A% k2K +
+ 1173690 A% k{2k* — 4694760 A_ A3 k§2k* + 7042140 A% A2 kj*k*—

— 469476043 A ki2k* + 68040A% k§*k? + 68040 A% k3 k2 — 272160 A A3 ki k*+

+ 40824042 A% ki k? — 27216043 A k(*k? — 136080A% kg5 — 136080 A% k°+

+ 544320A_ A3 k{6 — 81648042 A% k}® + 54432043 A kS, (B.30)
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Fs = 60480A% kk§ — 120960 A_ A% k'k§ + 6048042 A% k'0k§ — 136080A% Kk —
— 1224720 A% KBk§ + 3447360 A_ A3 kSES — 335664042 A% KBS + 127008043 A kSkS+
+ 544320 A% kS0 + 60480044 kOk(” — 22982404 A3 KSkL® + 332640042 A2 kSk{0—
—2177280A% A kSKLO + 1360800A% k1k}? + 2086560 A% k1% — 7620480 A_ A3 K k{2 +
+ 1034208042 A2 k* k1% — 6168960 A% A k k{2 + 544320 A% K2kt + 544320 A% k2K
— 2177280 A_ A3 K2k} + 326592042 A2 K2k — 217728043 A K2k — 136080A% k(6 —

— 136080A% k36 + 5443204 A3 k1® — 81648042 A% k{6 4 54432043 A, KL°.
(B.31)



Conclusion

In this thesis we have studied the bispectrum of curvature perturbations in an
archetypal model of inflation with violation of the slow-roll condition [2], and its ex-
tensions to non-standard kinetic terms, which are fully original results of this thesis.

The study of the bispectrum in the original model [2] which includes a disconti-
nuity in the first derivative of a linear potential has been chosen in view of many
considerations and we mention here the two most important ones:

1. This model allows fully analytical calculation of the spectrum and bispectrum
of curvature perturbations, whose accuracy in reproducing the exact (numer-
ical) results is remarkable.

2. Although not preferred at a statistical significant level, this model (and oth-
ers which also include features in the primordial curvature perturbations)
provides a fit to the most recent Planck data for the CMB temperature and
polarization anisotropies power spectrum [1] which is better than the one ob-
tained with the simplest slow-roll inflationary models. This better fit is due
to a combined effect of a lower amplitude for the spectrum for scales larger
the one corresponding to the change in the derivative of the linear potential,
followed by oscillations.

It is known that features in the primordial power spectrum are generated either
by sudden changes in the potential and by sudden changes in the speed of sound,
which is not trivial in models with a non-standard kinetic term, and that these two
effects are degenerate in the power spectrum. The main motivation of this work is
to understand how these sudden changes in the potential and the speed of sound of
inflaton fluctuations can be disantangled in the bispectrum. As a class of models
potentially amenable of analytical calculations, we have therefore considered exten-
sions of the original model introduced by Starobinsky.

It is worthwhile to mention that features in the power spectrum are also generated
by a regime of fast roll before slow-roll inflation [51]. However, this latter model
produces a modification in the power spectrum which is less preferred by CMB data
with respect to the model studied here [1].

In this work, we have first re-computed the bispectrum of curvature perturbations
in the original model following [3], verifying that the results in the equilateral limit
in the literature are obtained by considering only the varying part of the second
slow-roll parameter, i.e. €a.
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We then have generalized this model by considering a Lagrangian with a non-
standard kinetic term. In particular, we have considered two different general-
izations obtained by the addiction of a non-standard kinetic term with a power
larger than 1.

The introduction of this new kinetic term has the important consequence to give a
non-trivial speed of sound, which in turn leads to a discontinuity in its logarithmic
derivative, s. As already said, these generalized models are characterized by degen-
erate power spectra, in the sense that the same feature for the power spectrum can
be obtained both from a jump in €, or s, with a suitable choice of the parameters. In
order to break this degeneracy, then, we have calculated the curvature bispectrum,
even if we have been able to get an analytic expression just for one of the models
considered.

By comparing the results obtained for the model in which the non-standard kinetic
term is proportional to ((%(]58‘%)2, we have seen that the contribution to the bispec-
trum due to the vertex proportional to s is always much smaller than that coming
from the vertex proportional to es. This is due to the fact that for this model the
jump in s is always much smaller than the jump in €. Thus, in order to obtain
comparable curvature bispectra, we should find a model for which the discontinuity
in s and e are of the same order. A good candidate to realize this seems to be a
model with the Born-Infeld Lagrangian, for which the background evolution seems
to suggest that there exists a regime in which we approximately have As ~ —Aes.
This is a promising direction which we plan to investigate in the future.
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