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ABSTRACT

Nearly scale-invariant primordial power spectrum is one of the key features of cosmic inflation.
The amplitude of the power spectrum as well as its spectral tilt are constrained by modern ex-
periments. To date no sign of deviations from the simplest single-field inflation models has been
observed. On the other hand, realistic models of inflation, meaning particle physics-based models,
contain multiple fields other than the inflaton. The presence of heavy fields coupled to the inflaton
may alter the predictions of the single-field inflation models.

In this thesis we consider the effects of heavy fields on the primordial power spectrum, studying
a generic model which contains massive scalar and fermion fields coupled to the inflaton. The
spacetime background for the quantum fields during inflation is time-dependent due to the ex-
pansion of the Universe and the time translation symmetry is broken. Therefore we expect the
radiative corrections to the inflaton power spectrum to be time-dependent.

The natural theoretical framework to formulate such models is the Schwinger-Keldysh also
known as the in-in formalism. We first introduce the Schwinger-Keldysh formalism. We then
compute the one-loop radiative corrections to the inflaton two-point correlation function due to
the heavy fields; without specifying the inflaton potential at first, keeping the inflationary scenario
general. We perform the computations in a de Sitter spacetime, choosing the initial state at some
initial conformal time 7;,, to be the Bunch-Davies vacuum.

We explicitly single-out, in both the bosonic and fermionic contributions to the one-loop in-
flaton two-point function, the quadratic and logarithmic divergences, in terms of a cut-off, as
expected from the results on the Minkowski background. The analytical analysis is performed
using the WKB approximated mode functions. We then compute numerically the same radiative
corrections, using the full expressions for the solution of the mode functions. We show that the
WKB approximation is a good analytical approximation for massive mode functions and we argue
that it is a good tool to capture the UV divergences of massive fields.

Finally we apply our results to the supersymmetric hybrid inflation model. The bosonic and
fermionic divergences in the radiative corrections carry opposite sign and we show that they cancel
exactly giving rise to a finite total result.

The radiative corrections introduce the presence in the power spectrum of time-dependent fea-
tures of two type. One arises from the evolution of the background. The other is an oscillatory
feature. The scalar and fermion contributions produce a constant shift and this peculiar oscillatory
effects on top of the tree-level primordial power spectrum. Future improvements of CMB mea-
surements may refine our current understanding of the primordial power spectrum and lead to a
possible detection of these effects.
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INTRODUCTION

Cosmic inflation [1, 2] is a very successful fundamental theory in cosmology. It introduces a primor-
dial epoch of accelerated expansion of the Universe. This paradigm provides a natural dynamical
solution to the problems of the Hot Big Bang model related to the initial condition. Moreover the
quantum fluctuations of the inflaton furnish the seeds for the cosmological perturbations observed
today this relation can explain the temperature anisotropy in the Cosmic Microwave Background
and the large scale structure of the Universe.

In the slow-roll scenario for a single-field inflation the spectrum of the primordial perturba-
tions is predicted to be nearly scale invariant and it is consistent with the current observations
[3, 4]. However particle physics-based model of inflation include multiple fields which can cou-
ple to the inflaton and modify the prediction of the single-field scenario. During the inflationary
epoch the peculiar setting in which the fields interact is an expanding Universe: time translation
is broken by the inflating background and one expects the cosmological observable to show a time
dependence. The natural theoretical framework to address this problem is the Schwinger-Keldysh
(or in-in) formalism, in particular if we are interested in including quantum effects in the theory [5].

The goal of the thesis is to compute the one-loop radiative corrections to the two-point function
of the inflaton due to the interaction with heavy scalar and fermion fields. The initial conditions are
chosen at some initial conformal time 7;,, where the system is expected to be in the Bunch-Davies
vacuum. The amputated part of the amplitudes is investigated in the first part of the discussion, in
order to understand the type and order of the divergences appearing at one-loop level through the
regularization process. The ultraviolet behavior will be singled-out from the regularized amplitude
and compared with the result in the Minkowski spacetime. The order of the divergences and the
type and number of counter-terms needed to renormalize the amplitude are expected to match
those in the Minkowski case [6]. The mode function solution for the heavy field will be treated
in the Wentzel-Kramers—Brillouin approximation. Numerical analysis is performed to understand
the goodness of the approximation.

The second part of the work is dedicated to study the time dependent features of the primordial
power spectrum that arise from the one-loop corrections. We expect the radiative corrections to
introduce a twofold time dependence, arising because of the initial conditions and the evolution
of the background. We also expect the presence of oscillatory features in the primordial power
spectrum due to the radiative corrections, from the analysis of [7].

The general results of the first parts can be adapted straightforwardly to many different infla-
tionary scenarios. In the last part of the thesis we apply them in the framework of supersymmetric
hybrid inflation [8]. The bosonic and fermionic contributions to the one-loop corrections are ex-
pected to carry opposite sign and of interested is the possibility for the divergences to exactly



cancel. Finally in this setting, a prediction for the Cosmic Microwave Background temperature
power spectrum will be formulate, in order to investigate if the imprint of the oscillation expected
in the primordial power spectrum can be observed in the temperature power spectrum. The study
of the primordial power spectrum and its possible time dependent features can be used to shed
light on the physics at a very high energy scale and to discriminate among the large variety of
inflationary models.

In Chapter 1 the Hot Big Bang model will be introduced alongside with the fundamentals
of the theory of cosmic inflation and the vielbein formalism. In Chapter 2 we introduce the
Schwinger-Keldysh formalism and the bosonic and fermionic propagators in the Minkowski and de
Sitter spacetime. Chapter 3 is dedicated to both the analytical and the numerical studies of the
ultraviolet behavior of the radiative corrections to the inflaton two-point function arising from the
interaction with the heavy fields. In Chapter 4 we will discuss the time dependence of the radiative
corrections and calculate the primordial power spectrum prediction in the supersymmetric hybrid
inflation scenario. The thesis ends with a discussion of the results in the Conclusions.



CHAPTER 1

STANDARD COSMOLOGICAL MODEL

The standard cosmological model [9-12], often called Hot Big Bang model, is the framework within
which we are able to describe the evolution of the Universe interpreting astronomical observations.
The past century has seen the triumphs of modern cosmology through three main observational
evidences: the expansion of the Universe [13], the existence of the Cosmic Microwave Background
(CMB) [14] and the measurement of the relative abundance of light element [15]. Despite the great
success before the 1980s there were still open questions in the Standard Model of cosmology.

They should not be considered as inconsistencies but rather problems related to the required
initial conditions. In fact the Hot Big Bang model never aimed to explain the primordial phase of
the Universe. Alan Guth in the 1980s [1] realized that an initial phase of accelerated expansion
of the Universe could provide a simple solution to these problems. From this idea started the
development of the inflationary theory [1, 16, 17]. The discussion presented in this chapter is
inspired by the work in [5, 7, 10, 18].

1.1 The Homogeneous and Isotropic Universe

The keystone of the standard cosmology is the idea that the Universe has no privileged position
nor direction, that translates into two fundamental properties: homogeneity and isotropy. This
is known as the cosmological principle and it is important to emphasize that it is not an exact
statement, it is an approximation that holds on sufficiently large scales. In fact, it is clear that
at small scales the Universe presents inhomogeneities as stars, galaxies and galaxy clusters and
anisotropies in their distribution.

It is compelling how, thanks to the great achievements of modern precision cosmology, the
Cosmological Principle that was once an assumption is now an experimentally tested hypothesis.
In fact there are several studies [3, 19, 20] that suggest its validity and that set the large scale to
be around 100 Mpc, that means scales larger than cluster of galaxies. We remark that this applies
only to the portion of the Universe that we can observe.

Nowadays the most convincing theory of gravity is Einstein’s General Relativity (GR) in which
the fundamental quantity that describes the geometry of spacetime is the metric. Imposing the
symmetries given by the cosmological principle to the most generic metric allowed in GR, we obtain

dr?

ds? = —dt® + a(t)2< +r2d6? 4 1*sin 0 d¢>2>, (1.1)

1 — kr?

the so-called Friedmann-Lemaitre-Robertson-Walker (FLRW) metric which describes a maximally
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Figure 1.1: During the expansion of the Universe the points keep the same comoving coordinates.
Their comoving distance is constant while the physical distance changes according to the value of
the scale factor. Figure inspired by [9]

symmetric spacetime. The equation (1.1) uses a special set of coordinates (¢, r, 8, ¢) which are
adapted to a comoving observer. A comoving observer is the observer that sees the source of the
spacetime geometry homogeneous and isotropic. Since the spatial part is time-independent, beside
the factor a(t), it is possible to picture it as a grid that uniformly expand according to the a(t)
value. However in this expansion process the points do not change their comoving coordinates as
shown in figure 1.1.

While comoving distance between two points remain constant during the elapsing of time ¢,
the physical distance R (given by R = a(t)r) evolves, since it is proportional to a(t), the scale
factor. The a(t) variable measures the relative expansion of the Universe and it is set to be 1
today. Finally k is a constant that can assume three possible values accordingly to the class of
Universe that we are considering: kK = —1, k = 0, kK = 1 for an Universe with spatial curvature
respectively negative, zero and positive. The Universe we observe today is compatible with x = 0
[3], the spatially flat solution. This experimental observation leads to one of the shortcomings of
the Hot Big Bang as we will discuss in section 1.2. Thus assuming « = 0, the metric reads

ds?* = —dt* + a(t)?6;;dz"da? . (1.2)
We can describe the same spacetime using the conformal time 7
ds? = a(t)*(—dr? + §;;dx'da?), (1.3)

where we defined 7 as

dt
dr := ) (1.4)

Another useful definition is the Hubble parameter

a(t
.= 40 (1.5)
a(t)
that characterizes the rate of expansion of the Universe, where the dot notation A(t) = % stands

for the derivative with respect to the cosmic time.



1.1.1 Friedmann equations

The dynamics of the metric in the presence of matter and energy is described by the Einstein
equations [21, 22]

1 1
G.U'V = R#V — iR uv = @TMV’ (16)
where R, is the Ricci tensor, R the Ricci scalar and Mp the reduced Planck mass. The equation
(1.6) describes how the geometry influences the dynamics of the matter and energy and the other

way around. The energy momentum tensor in the general relativistic setting is defined as

2 0(/—gL
T, = — V=9 Lm) (1.7)
V=g o
where ¢ is the determinant of the metric and £,, the matter content Lagrangian. We assume in the
following that the matter content can be treated as a perfect fluid, that is one of the possibilities
to have an energy momentum tensor that satisfies the cosmological principle. So T, reads [12]

T = (0000 + PO ) + Ple)ge (13)

where u,, is the four velocity and both p, the energy density, and P, the isotropic pressure, depend
only on the time because of the homogeneity and isotropy requirement. For a comoving observer
the energy-momentum tensor assumes a particularly simple form

p 0 0 O
0 P 0 O
Ty = 00 P 0 (1.9)
0 0 0 P
Another condition on the stress-energy tensor is its covariant conservation
v, T =0, (1.10)

derived from the Bianchi identity of the Riemann curvature tensor [23].

With these important facts on the metric and the energy content we can now proceed to study
the evolution of the Universe through the Einstein equations. Using the FLRW metric (1.1), the
Einstein equations (1.6) and equations (1.10) and (1.9) we obtain the Friedmann equations [9, 24]

1 K

H = — — — 1.11

3M%  a?’ (1.11)
a 1
-—= 3P 1.12
o= G 3P (112)

from which we derive the continuity equation

p+3H(p+ P)=0. (1.13)

The Friedmann equations describe the evolution of the Universe in terms of the scale factor evo-
lution. An equation of state for the fluid is needed to close the system of equations. We assume
that the relation between the pressure and the energy density has the following form

P =wp, (1.14)

with w is being constant. From the second Friedmann equation (1.12) it is straightforward to
obtain the condition for an accelerated expansion



1
w< —= | 1.15
- (1.15)
Inflation, as we will discuss later, requires the presence of an exotic fluid with equation of state
that satisfies (1.15). There is a particular case of fluid with this property that is worth examining:
w = —1. This is called the de Sitter (dS) Universe in which the pressure P is exactly —p and the
scale factor is

a(t) o et (1.16)

The dS solution describes an exponentially expanding Universe!. It is worth noticing that the

energy density in this solution is constant with time p = const; it is also called the cosmological
constant solution.

Solving the system of Friedmann equations for a fluid with w # —1 we obtain the general
solution

alt) o t3TeT, (1.17)

There are two particularly interesting cases. The non-relativistic (NR) matter solution, where the
pressure is negligible, so w = 0. The radiation solution, which has the equation of state P = p/3.
These solutions are summarized in Table 1.1.

NR Matter Radiation de Sitter

w 0 1/3 -1

a(t) t2/3 t1/2 th

Table 1.1: Solution of the Friedmann equations for a Universe characterized by x = 0, spatially
flat, and for different types of perfect fluid.

Studying the evolution of the Universe using the Friedmann equations we can then recognize
different eras where one of the components dominated the total energy density and the scale factor
evolved accordingly. Figure 1.2 summarizes it. In the ACDM model [9], according to the latest
Planck results [3], the different energy density components are distributed as shown in Table 1.2

Let us introduce a parameter that will be useful in the section 1.2, the density parameter )
[24]

t
Q(t) == &, (1.18)

Pe
where p,, the critical energy density, corresponds to a flat Universe. From the Einstein equations we
learned that there is a relation between the geometry and the matter-energy content and this fact

Radiation NR Matter Cosmological Constant

Qo | (9.13821 £0.00035) - 107> 0.3111 £ 0.0056 0.6889 £ 0.0056

Table 1.2: Highlights of the experimental constraints on some of the parameter of the ACDM
model presented by the Planck collaboration [3]. The subscript zero on €2 indicates its value today

L As we will discuss in the following a de Sitter expansion cannot be a realistic model of inflation.
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Figure 1.2: The early Universe energy density was dominated by radiation with the scale factor
growing as a(t) o< t'/2. Around redshift z ~ 1090 the matter-radiation equality point is reached
and it is then dominated by non-relativistic matter with scale factor evolving as a(t) o< t2/3. Figure
from [9].

is also reflected here. Indeed measuring p we can determine §2 that describe the overall geometry
of the Universe, since we can connect it to x though the Friedmann equations.

The curvature of the spacetime with €2 greater, equal to or less than 1 is respectively negative,
zero and positive. From the Friedmann equations we obtain the time dependence of 2

) -1 = S (1.19)

Q) varies with time but the overall geometry is fixed.

1.1.2 Causal structure the Universe

To understand the causal structure of the Universe we need to study the propagation of light in a
spacetime characterized by the FLRW metric (1.1). The property of isotropy allows us to fix any
given @ and ¢ leading to dQ2? = 0 and the massless nature of the photons assures that their motion
is along null geodesics, ds? = 0. These conditions lead to

0 =ds? = dt? — a(t)*dr?. (1.20)
Therefore the comoving distance traveled by light in an interval between ¢; and ¢y is

ty 1 ,
r= /t - (1.21)

i

It is now possible to define the radius of a comoving sphere around an observer O that contains
all the points that may have interacted with O from zero initial time until a time t as

rp(t) ::/0 a(ltl)dt’. (1.22)

rp(t) is a comoving distance, the physical distance is as usual

dp(t) = a(t) rp(t). (1.23)

d,(t) is called particle horizon. The name "horizon’ suggests the meaning of the variable: points
that are separated by a distance greater than d,(t) at time t cannot have been in causal contact
in all past history of the Universe. Notice that it is an actual horizon only if it is a finite quantity



that means only if the integral in equation (1.22) converges. From the general solutions for a(t),
equation (1.17), it follows that the particle horizon exists only if

1
> —=| 1.24
w> -3 (124)

this condition holds both in the radiation and non-relativistic matter solutions. The particle
horizon d, assumes the form

314 w)
dp(t) = 3w+1 t

The condition (1.24) is equivalent to a decelerated expansion d(t) < 0, as opposed to the condition
(1.15).

(1.25)

It is useful to introduce now the Hubble radius dj that we can later relate to the particle
horizon. Let us take an observer O and consider a sphere around it with varying radius. As the
radius increases, the receding velocity of a point on the surface of the sphere increases, since the
Universe is expanding. The Hubble radius is defined as the distance reached when the receding
velocity is equal to the speed of light. Therefore it is defined as follows

dp == = —. (1.26)

Introducing the Hubble time as 7, = H !, that is the typical expansion time (approximately the
time in which the Universe doubles its size) we can interpret the Hubble radius as the maximum
distance that a particle can travel in a 73, in fact reintroducing c,

dp = cTp. (1.27)

This is a complementary way to describe causal connection between points of the spacetime. The
comoving Hubble radius is

1
- aH'
To emphasize the difference between the Hubble radius and the particle horizon we can rewrite
the latter as

Ty (1.28)

*da’ 1
rp(a)—/o o aH @) (1.29)

The comoving particle horizon is the logarithmic integral of the comoving Hubble radius. The
difference between the two quantities is highlighted by the integral. In fact if particles at a given
time t are separated by a distance greater than r, they have never been able to interact before,
hence the integral over all the history of the Universe. While if the distance is larger than r;, they
are not in causal contact now (or better, they have not been in contact in the past 73,) but they
could have been in the past. It is possible to have r, much larger than 7, if the contribution of
the Hubble radius from the early times was dominating [9].

1.2 Shortcomings of the Standard Model

The Standard Model of cosmology at first did not aim to explain the first moments of the Universe’s
history. In fact, as mentioned above, in order to explain the experimental observations it needed
a set of fine-tuned initial condition. We are now going to explore these issues of the model.
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Figure 1.3: Conformal diagram of the history of the Universe in the Standard Model of cosmology.
Photons observed today share the same properties even if they could not have been in thermal
contact before the last scattering instant, their past light cone do not overlap. Figure from [25].

1.2.1 Horizon problem

The part of the Universe contained inside the sphere of radius 7, is also called observable Universe
since it is the section of the spacetime we are able to observe from a theoretical point of view and
at present it is increasing in size. The horizon problem lays in the fact that the new scale \g that
enters the horizon today, shows the same property of homogeneity and isotropy of the parts of the
Universe already known. Up until now this observation cannot be explained in the context of the
Hot Big Bang model unless we fix isotropy and homogeneity as initial condition. In fact there has
not been causal connection on scale \g before today. It is actually even more problematic since
small inhomogeneity of the energy density have been detected [3] and they should also be properly
produced by fixing ad-hoc the initial condition.

The CMB is the perfect example to clarify this issue. In fact if we computed the particle
horizon at the time of recombination? and the angle in the sky subtended by such distance we
obtain 0 ~ 1.16° [25]. So two photons that reach us from an angle larger then 6, should not
have been causally connected in the past and therefore they should not have had the possibility
to thermalize. Here lays the discrepancy: the experimental observations show isotropy in the
temperature of the CMB photons in the full sky (with fluctuation of the order of % ~107° [3]).
Starting from the conformal metric in equation (1.3), we can compute the light cone for a photon
that has null geodesic and travels radially, obtaining

dr = +dr, (1.30)

that is the same condition as in the Minkowski spacetime. We then see in figure 1.3 that the
majority of the photons from the last scattering surface had not been in causal contact with each
other. Their past light cones do not overlap in the past however they arrive at the observer at g
sharing the same properties.

1.2.2 Flatness problem

The latest experimental observations [3] showed that the present Universe is compatible with a
spatially flat solution i.e. kK = 0 and Q = 1. To understand why this is a problem we recall how
the density parameter evolves with time

2The time of recombination, or last scattering, is the time after which Thompson scattering has a negligible scat-
tering rate with respect to the Universe expansion rate. Photons and electrons are no longer in thermal equilibrium
and the former can now freely travel toward us today.



2O = ki (t),

where we connected it with the comoving Hubble radius. Considering only a Universe composed
of matter and radiation, r;, is always growing with time and so is the difference between €2 and 1.
Therefore the differences between a flat solution and an open or closed one should become more
and more relevant during the evolution of the Universe.

Furthermore being x = 0 a solution with null probability of realization, since it is one configu-
ration over infinity possibilities; we expect our Universe to have a spatial curvature different from
zero. The problem is now evident: we need to fix € very close to 1, as initial condition, to explain
the observed Universe today.

Quantitatively today we observe [3]

Qt) —1 = (1.31)

Q0 — 1] = 0.0007 & 0.0019 (68%), (1.32)

and assuming the presence of only matter and radiation, the value that we should fix at the Planck
scale Ep = 10 GeV 3 is given by [24]

1Q(t,) — 1] ~ Qo — 1] 1079, (1.33)

Q(ty) — 1] S 107%% (1.34)

It is clear that this is not an inconsistency of the model but rather a very unnatural and fine-tuned
initial condition we need to fix in order to explain the experimental observations within our model.

1.2.3 Unwanted relics

Historically the first problem that arose in the Standard Model was a purely theoretical one. In
fact it became clear that the integration of various extensions of the Standard Model (SM) of
particle physics, e.g Grand Unified Theories (GUT), in the Hot Big Bang model would lead to the
production of a number of topological defects in the early Universe at very high energy.

These cosmological defect are usually the result of spontaneous symmetry breaking (SSB) of
the GUT group where the type depends on the symmetry and how it is broken. For example the
SSB in the most simple GUT model SU(5) — SU(3) x SU(2) x U(1) would produce magnetic
monopoles. The problem is that being produced at very high energy and without any efficient
process that reduces the number of relics we would have today

Qi > 10, (1.35)

that would enormously overclose the Universe [24]. A more detailed discussion can be found in
[26].

1.3 A Single Dynamical Solution

Inflation is a dynamical mechanism that can solve the three issues of the Hot Big Bang cosmology
at the same time. It consists in a primordial epoch of accelerated expansion. Its simplicity lies in
the fact that the constraints to be imposed on this epoch to solve both the horizon problem and
the flatness problem are equivalent.

3The Planck scale is, at best, the last scale at which the Quantum Field Theory and GR description of nature
we are using still holds.

10
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Figure 1.4: The plot describes the evolution of the comoving Hubble radius. It presents the
inflationary epoch in the interval [¢;,t¢] where rj, decreases and then in the radiation-matter epoch
starts to increase again. Fundamental to solve the problem is that r(t;) > 7, (tp). The comoving
scale [y enters the Hubble sphere at ¢3 but it was already inside in the past. Figure from [24].

1.3.1 Horizon problem

To solve the horizon problem today there should be a mechanism that allows all the photons of
the CMB in the present observable Universe to have been thermalized before the last scattering.
This means that the scales that enter the horizon today were actually already inside, at some time
t, before the moment of the CMB production and then they have exited. In this way homogeneity
and isotropy are naturally explained by primordial thermalization of the photons.

We need an epoch in which the Hubble radius decreases in such a way that the scale that enters
today were actually already inside the Hubble sphere in the past. Figure 1.4 shows it explicitly.
This condition implies

P < 0= G > 0. (1.36)
(1.28)

As anticipated before, an epoch of accelerated expansion is necessary to solve the problem. However
this is not the only condition. To solve the problem there is a minimum duration we need to require.
In fact, as figure 1.4 shows, to solve the horizon problem today we need to demand

ri(ts) > rr(to), (1.37)

that is equivalent to ask that all the scales we observe today were already inside the horizon before
inflation.
To quantify the duration of inflation it is useful to define the concept of number of e-folds that

N:=In (ZE?;) = /: AvH(Y). (1.38)

Imposing the requirement (1.37) we obtain N > 60 [24] that corresponds to a ratio of around 26
order of magnitude between the scale factor at the beginning and at the end of inflation

(‘;g;) > 10%. (1.39)

is
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Figure 1.5: Evolution of the density parameter with respect to the cosmic time ¢. The dotted line
at constant {2 = 1 describes a spatially flat Universe. Instead the above and below curves describe
respectively an open and a closed Universe. Inflation takes place in the interval [t;,t;] and drives
2 towards one. During the matter/radiation dominated Universe, for t > t¢, {2 diverges from the
flat Universe value 2 = 1. Figure from [24].

1.3.2 Flatness problem

In the case of the flatness problem we need a process that provides naturally the otherwise fine-
tuned initial condition, i.e. a primordial process that pushes {2 very close to one. Since
Q) —1= - = wr2(t), (1.40)
a?(t)H?(t) '

a decreasing Hubble radius and so an accelerated expansion is needed to solve this issue, as in the
previous case.

The effect produced by an inflationary era is to drive the Universe towards a state very close
to flatness as shown in figure 1.5. The solution 2 = 1 is an attractor solution during inflation [25].
This is clear when we study

dQ(t)
dlna
that is obtained starting from (1.40), taking the time derivative of Q

= (14 3w)Q(Q - 1), (1.41)

d d /1 a
Q) = —k— [ = ) = 4+2k— 1.42
)= vy (a?) R (142)
connecting the a derivative to the ¢ one
d d ad

dina ~ “da ~ adt’ (1.43)
using the second Friedmann equation (1.12) and the definition of the density parameter (1.18).
During inflation the condition (1.15) is satisfied, therefore equation (1.41) has an attractor solution
since the right-hand side is negative and it is almost zero in the neighborhood of Q = 1.
In order to solve the problem as before we need to fix the minimum amount of lasting time.
This is obtained by imposing
Q(t;) — 1 < Qty) — 1. (1.44)

It turns out [24] that the requirement in equation (1.44) implies
N 2z 60,

that means that with one mechanism and same constraint both flatness and horizon problems can
be solved.
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1.3.3 Cosmological constant

In the previous discussion we encountered a fluid candidate with negative pressure that can provide
an accelerated expansion: the cosmological constant. In fact the scale factor for this solution grows
exponentially

a(t) o et (1.45)

with H being constant. This solution, that requires w = —1, is equivalent to simply adding a
constant to the Einstein equation, that is allowed by the theory,

1
Gl“’ = 87TG (T#y — MAny), (146)

when the constant dominates the energy density. Therefore in a Universe dominated by the cos-
mological constant

A
_ A (1.48)
PA Rk .

the energy density is positive and constant and the pressure is negative and constant. The scale
factor and the Hubble parameter, according to the Friedmann equations are

H? ==, (1.49)

a(t) o exp<\/§t>. (1.50)

However an exact cosmological constant cannot be the solution to the initial conditions problem.
In fact we need a dynamical solution, inflation has to reach an end in a finite amount of time and
has to produce afterwards the radiation dominated era for which we have experimental evidences.

A
3

The modern interpretation of this solution is that energy density py describes the energy density
of the ground state of a quantum system, the vacuum state. The ground state does not contain
any particle species but, due to quantum fluctuation, virtual particles are created and annihilated.
Therefore the energy of the vacuum state is non zero.

Quantitatively the energy generated by the fluctuations of a given particle species is obtained
by the vacuum expectation value (VEV) of its stress energy tensor

(01T}, |0) = (0[p|0) gpuv- (1.51)

Inserting this expression into the Einstein equation we obtain

G = 81G (p) 9uv- (1.52)

The important message of equation (1.52) is that if the VEV of a particle species is constant for
a certain time interval it behaves exactly as a cosmological constant. It is important to underline
that in GR it is not possible to shift the energy of the ground state to zero as we are used to do in
Quantum Field Theory (QFT) in the Minkowski spacetime. Any form of energy is in fact source
of and subject to gravity.
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1.4 Slow-Roll Inflation

In section 1.3 we described the kinematical properties of the process that can solve the shortcomings
of the Hot Big Bang model. In section 1.3.3 we suggested how a dynamical field can indeed produce
the period of accelerated expansion we are looking for.

The simplest model of inflation we can study is a single scalar field minimally coupled to gravity.
The dynamics of the field is governed as usual by the action

S¢ = /d4x V=9 Ly}, g )- (1.53)

However to completely describe a scalar field in a curved spacetime we need to consider also the
Einstein-Hilbert action [23], the action that produces the Einstein equation (1.6) in vacuum,

— 1 4 /

The Lagrangian for the scalar field is given by [11]

Ly = —% 9" 0,90,¢ — V(9), (1.55)

where in the kinetic term we have the minimal coupling of the scalar field with the metric through.
V() is the potential that contains the mass term, self interaction and eventual effective description
of the interaction with other particle that were integrated out. One could also consider the term

Ly > %£¢2R7 (1.56)

in the action, which would imply a direct coupling of the field ¢ with gravity. This type of
interaction appears in the so called scalar-tensor theories [27, 28]. Counsidering only a minimally
coupled field, we set £ = 0 in the following discussion.

The stress energy tensor associated to the field follows from the GR definition given in equation
(1.7). With some algebra and recalling the matrix property

Tr(log(g)) = log(det(g)) (1.57)
it is possible to derive [11]

Ty = 0,00, ¢+ g Lo (1.58)

Before moving on to the equation of motion of the field it is useful to think how to tackle and
simplify the problem. Both the metric g,, and ¢ are fields that depend on the spacetime point.
However we know that in the zeroth order approximation we expect the Universe to be homogeneous
and isotropic. This means that the background metric value is the FLRW metric in (1.1) on top
of which we can add some perturbations.

Moreover since we want to use the scalar field to describe inflation and solve the problem of
the initial conditions, we expect also the background value of field, ¢y, to be homogeneous and
isotropic meaning independent from the spatial coordinates. We therefore split the fields into two
contributions:

G (x,t) = g}}’) (t) + 0guv(x, ), (1.59)
¢(I7 t) = ¢0 (t) =+ 5¢(1‘7 t)’ (160)

with g;(f)y) (t) = giyLRW (t). This is nothing else than a perturbative expansion and so, to be physi-

cally sensible, the perturbations need to satisfy the following conditions

14



(6¢°(z,t)) < ¢5(t), (1.61)
(0g,) < ¢'9). (1.62)

During the model building of an inflationary theory we need always to check if these requirements
are met; they are not trivial conditions.

The procedure of perturbative splitting can be justified if we consider the experimental mea-
surement of the CMB [3]. In fact the temperature anisotropies are found to be much smaller than
its mean value, in particular

=107 (1.63)

Since the anisotropies of the temperature are directly connected with overdensity and then with
perturbations of the field [10], as we will discuss in section 1.5.1, the perturbative splitting in
equations (1.60) and (1.59) has a observational basis.

1.4.1 Background dynamics

The dynamics of the background fields should produce the accelerated expansion needed. As
stated before, the background fields are homogeneous and isotropic, meaning that the only non
null components of the stress-energy tensor of the scalar field are the diagonal ones, considering
the comoving reference frame:

pe 0 0 0
o B 0 o0
Tw=10 o Py 0 (1.64)
0 0 0 P
It follows then from equation (1.58) that
1.5
Py = §¢50 + V(¢o), (1.65)
1.
Py = 566 = V(o). (1.66)

It is clear now that with a scalar field is possible to have a fluid with negative pressure, that is
equivalent to an accelerated expansion: taking a look at equation (1.66), if V(¢g) > ¢Z the pressure
assumes negative values. From the equation of state of the fluid (1.14) the fluid parameter is

B %@2) — V(¢o)
308+ Vi(go)

We can ask the scalar to behave like a cosmological constant for a given time interval, this means
asking w ~ —1 that translates to the first slow-roll condition

(1.67)

P2 < V(o) | (1.68)

The condition in equation (1.68) implies that Ps, ~ —pg,, a state similar to a cosmological
constant. It describes a scalar field whose potential energy dominates over the kinetic part. This
means that the field is moving slowly along the potential and thus this can be obtained by an
almost flat potential during inflation as shown in figure 1.6. As we will see later we will need a
second condition that assures equation (1.68) to be satisfied for N = 60.
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Figure 1.6: The energy density of the scalar field during inflation is dominated by its potential
since its kinetic energy is subdominant. ¢ is slowly rolling on a quasi flat potential V' (¢). Inflation
ends when the potential starts to present a strong dependence on the field. Figure from [25].

The scalar field is thus mimicking a cosmological constant during this phase but the process
remains dynamical. This solution represents a quasi de Sitter expansion, the Hubble parameter is
almost constant during inflation and therefore the scale factor has a nearly exponential dependence
on time.

8rG 8rG
H? = 3 P TV(QZ)Q) ~ const, (1.69)

a(t) oc eflt, (1.70)

We now introduce the equation of motion for the scalar field obtained by extremizing the action
in equation (1.53)

ov

O¢=— 1.71
6= G5 (17)
where in GR the d’Alambertian operator assumes the form
1
O¢ = 0*(V—9 90" 9). (1.72)

ﬁ

-9
In a FLRW Universe because of the isotropy of the background field, V2¢/a? = 0 and the equation
of motion reads

ov

9¢o’
where the only difference with the Klein-Gordon equation in a flat spacetime is the presence of
the term 3H¢g. This is a friction-like term in classical mechanics and it describes the fact that
the scalar field evolves on a background that is expanding. If the expansion was absent (H = 0)
we recover the solution in the Minkowski spacetime. In all this treatment we are assuming that
in the inflationary epoch the scalar field is the dominant contribution to the energy density of the
Universe.

do + 3Ho = — (1.73)
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1.4.2 Slow-roll parameters

The properties that the scalar field has to satisfy can be summarized by the introduction of model-
independent parameters. These parameters will be applied to particular theories to constrain the
potential. Considering a quantity Q(¢) in an expanding Universe, its evolution can be measured
in terms of the scale factor a(t) and parameterized as follows

o dnQ@) _ QW)
@7 dlna(t)  HQ)

As discussed above the Hubble parameter remains almost constant during a quasi dS inflation, we
can thus define the first slow-roll parameter as

(1.74)

_dlmH(t) H
€= Ta(t) ~ 0 (1.75)

The parameter is closely related to the second derivative of the scale factor, in fact

: H
i=aH +aH = aH? <1+H2> =aH?*(1—¢) (1.76)

Therefore inflation ends when € — 1. It can be easily shown that the slow-roll condition in equation
(1.68) is equivalent to

[e<1] (1.77)

The second requirement is connected to the duration of inflation. In fact in order to solve the
initial conditions problems we need the first slow-roll condition, that assures @ > 0, to be satisfied
for a time such that the Universe can expand by (around) 60 e-folds*. We can parametrize this
asking e to evolve slowly, defining

_ dlne(t) é

= el 1.
T Alma(t) ~ He (178)

and requiring

<1 (1.79)

during inflation. This is the second slow-roll condition. The 7 parameter is also related to the
dynamics of the field, in fact the previous condition is equivalent to

é < 3H¢. (1.80)

Both 1 and € are model independent parameters.

The two slow-roll conditions can be translated using the Friedmann equations to conditions that
constrain the shape of the potential. We can introduce a new set of parameters tightly connected
with the potential as follows

ey = — (18V)2 (1.81)

~ 167G \V 99

1 [10*V
nv = G (VW> (1.82)

4The number of e-folds needed depends on the energy scale of inflation and on the details of reheating process.
For details please refer to section 5.1 of [29].
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Figure 1.7: Phase space diagram for the inflationary model with potential V(¢) = 1/2m2¢? [30].
It is clear the presence of an attractor solution in the origin. Figure from [5]

If the conditions in equations (1.77) and (1.79) are satisfied, at first order in the slow-roll
parameters,

€y €, (1.83)
Ny ~n+e. (1~84)

Therefore it is now clear that the slow-roll conditions imply the need for a flat potential.
The experimental bounds on the parameters are given by the Planck experiment [3]

ey < 0.0097 (95%CL), (1.85)
nv = —0.1015:007 (68%CL). (1.86)

1.4.3 Attractor solution

In general scalar models of inflation have attractor solutions [25, 30]. Let us study the most simple
example: single field inflation with potential

V() = %m2¢2. (1.87)

The equation of motion starting from equation (1.73) is

é+3Ho+m?p=0, (1.88)
using the equivalence
R
= p— 1.89
b=z (1.89)
we re-write (1.88) as
4
—¢+3H+m2f =0. (1.90)
do o
Using the first Friedmann equation 1.11 we have
1 .
2 _ 2 2,2
0= (62 +m?e?), (1.91)
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Figure 1.8: The Planck map of the temperature anisotropies of the CMB. Figure from |[3].

therefore

. 1/2 .

do ¢ '

The phase diagram is presented in figure 1.7. The presence of an attractor solution is very important
in our treatment as it justifies the use of the Friedmann equation during the inflationary epoch. In

fact even if we start from a strongly inhomogeneous and anisotropic Universe every state is rapidly
evolving towards the attractor that is a FLRW Universe where the Friedmann equations are valid.

(1.92)

1.5 Cosmological Perturbations

Up until now we discussed the zeroth order properties of the Universe (homogeneity and isotropy)
but the measurements from CMB show the presence of temperature fluctuations of the order
% ~ 107% as shown in figure 1.8. This temperature fluctuations can be connected to energy-
density perturbation in the early Universe [10, 11].

In this section we will try to understand how to explain the presence of this fluctuations in
the context of the Standard Model of cosmology and we will encounter a strong prediction of the
inflationary mechanism: the quantum fluctuations of the scalar field are the seed of the cosmological
perturbations we observe today. Let us start by studying the dynamics of the perturbation of the

scalar field using the decomposition in equation (1.60).

1.5.1 Quantum fluctuation

The complete Klein-Gordon equation for an inhomogenous scalar field ¢(z,t) (1.71)

. . 2 0
6.+ 3Hw, 1) = w30 t) ==

In the following we will consider the evolution of a scalar field perturbation in a fixed de Sitter
background spacetime®. Using the background equation (1.73) and the decomposition in equation
(1.60) we obtain

(1.93)

5In this section we will deal with a fixed background metric while we know that a perturbation of ¢ produces a
perturbation of the metric. A complete treatment is left for section 1.5
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V25¢ B o?V
a2 0¢?
that is the equation of motion for the perturbation d¢(x,t) at linear order. Before moving forward
to the complete solution let us have a qualitative view of the perturbations at large scales, meaning
at cosmological scales [31]. Cosmological scales A are super-horizon scales: A\ > H 1.
In this limit the Laplacian term can be neglected: we are filtering the perturbation modes,
concentrating only on the one relevant at large scale. We have now a system of equations, the
equation of motion for the background and for the perturbation

8¢ +3Hé) — 8¢ (1.94)

.. . 2
ij+3Hy = -5y

0+ 3H8H — L0 = — 050

(1.95)

where we defined y := é to underline the similarity between the two equations. We can now show
that the two equations are not independent, in fact the Wronskian function is

W (y,0¢) = 46¢ — yd¢, (1.96)

knowing that if W = 0 the variables y and ¢ are linearly dependent and from some trivial
computation we obtain

W= -3HW = W o e 3, (1.97)
w2, (1.98)

Therefore 6¢ and ¢y become linearly dependent very fast, after a transient time ~ 1 /H. So we
can write

Sz, t) o do(t), (1.99)

where we note that we lack a term dependent on the spatial part, so

Sp(x,t) = —67(x)o(t), (1.100)

where the minus sign is conventional. We can re-write the decomposition of the scalar field as

P(z,t) = do(t) + do(x,t) = do(t) — 67(x)o(t), (1.101)

and therefore

oz, t) = ¢o(t — o7 (x)). (1.102)

Equation (1.102) tell us that the fluctuations of the scalar field are such that the field reaches the
classical value ¢ at different times depending on the position z in which it is. The field ¢ will
have the same history in all parts of the Universe but at slightly different times.

To solve equation (1.94) it is convenient to go to Fourier space since we are considering linear
perturbations and the various modes k evolve independently,

1
(2m)3
Note that in the Fourier expansion we used a plane-wave spatial decomposition that is valid only

in a flat spacetime, which is a good approximation for the spatial part of the Universe during
inflation. The equation of motion is then

Sp(z,t) = /d3k eF 5y, (1.103)

20



0*V

. . 1,
0oy + 3H oy, + ﬁk o) = rre

0Py (1.104)
where d¢; are the Fourier modes.

Let us now solve explicitly the equation of motion for the perturbations. We will first discuss
the case where the field ¢ is massless

. . k2
01+ BHSGy + — 00 = 0. (1.105)

This model is useful in two ways: it is a first simple example to work with and is a good approx-
imation for the scalar field during inflation. In fact the second slow-roll condition (1.79) can be
re-written as

11 9%V
nv = gﬁwv (1.106)

therefore even when the potential contains a massive term V D mid)z /2 the condition ny < 1
is equivalent to considering an almost massless field my < H (since H fixes the relevant energy
scale). Let us study the solution in two different regimes:

Small scale regime

When the scale we are considering is well inside the horizon A < H~! (sub-horizon) we are in
the small scale region. The wavenumber satisfies the relation k > aH therefore the friction term
3H ¢y can be neglected and we are left with a simple harmonic oscillator equation

. k2
Sor + ﬁ&bk =0, (1.107)

where the frequency is f(t) = %, decreasing with time. In the small scale regime the perturbation
are rapidly oscillating.

Large scale regime
Regarding fluctuations at a scale A > H (super-horizon) meaning k < aH, the equation (1.105)
reduces to

6ér +3Hody = 0, (1.108)

that has a simple exact solution

S = Ae 31 1 B (1.109)

where a and b are constants. Because of the term e 3H? the first term becomes negligible very fast
and the perturbations remain constant. Therefore perturbations at super-horizon scale are said to
be frozen at the horizon crossing (A = H~') value

51, ~ B(k). (1.110)

The behavior is shown in figure 1.9. It also shows the later regime when the scale re-enters the
horizon and the density perturbations start to evolve again and in particular they collapse because
of gravitational instability forming the large scale structures we observe today. To have an estimate
of B we can match the sub-horizon and the super-horizon solution at the horizon crossing time,
considering the absolute value,
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Figure 1.9: The curvature perturbations ¢ during and after inflation. Later we will show how
the curvature perturbation is proportional to the density perturbation in a given gauge (and so
proportional to d¢ during inflation) and we will introduce it formally. Inflation is represented by
the first part of the red curve, where the Hubble radius is decreasing. During this era the scale A
exits the horizon. The perturbation is then frozen. The comoving scale A (the blu line) re-enters
the horizon at a late time in a FLRW Universe. The perturbation will then evolve and eventually
produce the fluctuation signature we can measure today in the CMB. We can therefore connect the
measured temperature perturbation of the CMB with the primordial quantum fluctuation. Figure
from [25].

efik“r
|B(k)| := , (1.111)
a\/ﬂ k=(aH)
that gives
1 H
B(k)| = — — |0k = —, 1.112
|B(k)| ANCTA |0k o (1.112)

the value of the perturbation at super-horizon scale.

1.5.2 Canonical quantization and the vacuum choice

In the previous section we studied the behavior in the two limits we can now move to the study of
the complete solution of equation (1.105). Since we want to describe this fluctuation as originated
by quantum effects we proceed quantizing them, working in conformal time 7. Firstly we introduce
a new variable gg\b(as, T)

36(x, ) = a(T)dd(w, 7). (1.113)
We then promote it to an operator introducing the mode expansion
<7 1 ik-x * —ik-x
0p(x,T) = e /dSk‘ [uk(T)bke k —&-uk(T)bLe k } , (1.114)

where we have introduced the creation and annihilation operators by, bz that are defined as

bk |0) = 0, (1.115)

for all values of k£ and producing exited states as usual
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Mgy, My oo+ ) = \/# [BF)™ (0)" -+ T10), (1.116)

where |0) is the vacuum of the theory. Notice that the mode function depends on the conformal time
T since we expanded only the spatial Fourier modes as explained above. Choosing the normalization
[25]

up (T ug (1) — up(T)up(r) = 1, (1.117)

we have the familiar commutation rules

brs bwr] = [0}, =0,

. (1.118)

[bk, bL,] —h&® (k— &)
Even considering a free theory, as in this case, the vacuum |0) is not completely determined by the
normalization condition in equation (1.117) (in section 2.3.2 of [25] there is a clear example of the
ambiguity of the vacuum).

To fix a unique vacuum we have to introduce a physical insight, that is the equivalence prin-
ciple. For small scales and small time intervals the spacetime has to be locally approximated by
Minkowski. In Minkowski the solution to equation (1.105), since a = 1, is simply a plane-wave
solution. Therefore we can impose the following condition to our mode functions

— W T
up(r) 2o eﬁ (1.119)

that is known as the Bunch-Davies vacuum choice [32]. We are now ready to solve analytically
equation (1.105) in de Sitter spacetime, where we recall that the conformal time is

=—-— 1.120
4 aH’ ( )
so that equation (1.105) expanded in mode function gives

"

up (1) + <k2 — a) uk(1) =0, (1.121)
a
where we defined the derivative of a quantity A with respect the conformal time as
_dA
Cdr

The exact solution to equation (1.121) in terms of the field perturbation is

S =+ {Ae_“” (1—i>+Bem <1+i>} (1.123)
T 2k kT V2k k)|’ ’

where A and B are constants to be fixed by the Bunch-Davies vacuum. Asking at early times the
survival of only the positive frequency modes (B = 0) and using the condition (1.119) we have the
physical solution

A’ (1.122)

56 _le_ik‘r 1_i (1.124)
M ok kTt '

that reproduces exactly the behaviour in the two regimes studied before.
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1.5.3 Massive scalar field

The study of a massive scalar field ¢ in a de Sitter background is also relevant in our discussion
[31]. Proceeding as before we have

so(z,7) = a(t)do(z,7), (1.125)
and using the Fourier expansion
o 1 3 ik-x
do(z,7) = — | &’k o (T)e™ ™. (1.126)
(2m)3
In this case the equation of motion of the mode function (1.121) is modified containing also the
mass term as follow
(5 " kj2 1 mg' 5 _ 2
O'k+ +§ ﬁ—Q O'k;—o (11 7)
that can be re-written as
op+ 2oL (- se =0 (1.128)
k =\7 4 k ’ :
where we defined the index v,% as
2o (2_me (1.129)
7 \4 H? '
that, at first order in the slow-roll parameters, is
3
Vo =5 =V (1.130)

We are considering a massive field but with a small mass because of the consideration made
in section 1.5.1, therefore we consider the index v, to be real. The solution of equation (1.127) is
then given by the Hankel functions

oy = /=T (AHﬁi)(fkr) n BHﬁf)(—kT)) . (1.131)

and again A and B are to be fixed by the initial conditions. Using the expansion of the Hankel
functions we can study the behaviour of the solution at small scales, where we have

Hl(’}y)(k > CI,H) ~ ;Qei(*k‘l'fgya,z)

1.132
H) (k3 all) ~ |2 e (b5, (1452

Imposing the Bunch-Davies vacuum, we can fix

T i(ve+i)Z

A(k) = el 2)E, (1.133)

B(k) =0,

therefore the exact solution is

Soy = gei("ﬁ%)%ﬁﬂgi)(—m). (1.134)

Regarding the massless case we saw that, on super-horizon scales, the perturbations are constant
and are

H
V2k3

6We are considering a real v, index, assuming m < 3/2 H.

0x| = (1.135)
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In the massive case instead there is a small time dependence in the solution in fact

H [ k\2 "

where we used

1 2 —i% 1/,,—% F(VO') _ —vgy
Hﬁa)(k<<aH)~\/;e 2 (F(3/2))( kr)~v (1.137)

the expansion of the Hankel function in the super-horizon (k < aH) regime.

A similar computation [31] can be performed in the case of a quasi de Sitter spacetime where
€ # 0 but still e < 1 and the scale factor is, using the conformal time definition (1.4),

1
H(l—¢er’

a 2 3
== (14= 2 %) ). 1.1
- n2< +2e+0(e,n)> (1.139)

a(r) = — (1.138)

where we stopped the expansion at first order in the slow-roll parameters. The equation of motion
is again equation (1.128) but with

3
Ve =3 +e—ny, (1.140)

and we already know the solution. This result will be useful for the discussion in the next section.

1.5.4 Power spectrum

A fundamental tool to study the perturbation of a stochastic field is the power spectrum, we will
use it to characterize the statistical properties of the quantum perturbations of the scalar field.
The statistical properties of a random field 6(¢,x) are determined by an infinite set of correlation
functions, that are nothing else than the ensemble average over the product of § at different points

<5 (t,l’l) 1) (t,l’g» = E (1'1,1'2)

<(5 (t7 :L'l) (5 (t, :L'Q) (5 (t, 51,‘3)> = f (:L'l, o, $3)
) (1.141)

(5 (1) (t,22) ... 6 (b)) = € (w1, T2 - ).

If and only if the process is Gaussian the two-point function £ (z1,22) is enough to characterize
0(t,x) since all the even N correlation functions are combinations of £ (x1,x2) and the odd ones
vanish. The concept of power spectrum arises when we consider the field in Fourier space, using
the plane-wave expansion

1 .
5(t,x) = d*k ek (t). 1.142
(1) = e [ A%k ) (1142)
defining the power spectrum as

(Ors (1)1 (8)) = (2m)*6) (k1 + k) P(k), (1.143)

we see that it is nothing else than the Fourier transform of the two-point function

1 .
=—— [ Pke* Pk :

) = oy [ Ak eTPE) (1144)
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where we are considering that in a homogeneous and isotropic Universe

£(r) =& (lzn — z2) (1.145)

the two-point function depends only on the relative distance. The dimensionless power spectrum
can then be introduced as

k3
A(k) == ﬁP(k), (1.146)
After some calculations we can show that
9 dk
<<5 (x)> = ?Ag(k‘) = [ d(lnk)As(k), (1.147)

which means that the dimensionless power spectrum is the contribution to the variance per (loga-
rithmic) intervals of k. Tt is useful to introduce another parameter, the spectral index that describes
the slope of the power spectrum in a logarithmic scale

dlnA5
1=
n(k) dlnk

(1.148)

and we see that in general it depends on the scale k considered. If the spectral index is scale
invariant, n(k) = const, the power spectrum has a simple power-law dependence on k

k

A(k) = A (ko) (k) , (1.149)

with kg being a pivot scale. One particular case is for a scale invariant power spectrum (Harrison-
Zel’dovich power spectrum) that means n(k) = 1. At each scale A the perturbations have the same
amplitude. We now connect the power spectrum to the Fourier modes of the perturbation and
summarize the behavior of the power spectrum for the cases studied in Table 1.3: firstly we use
the fact that the perturbation is real

(6 ()03 () = (2m)°6) (k — ) [5n* , (1.150)
therefore
A K 2
so(k) = pyo) 6¢w|” (1.151)
Massless inflaton, de Sitter Asp(k) ~ %
. . . H\2 k \3—2vs H\2 k \—2nv
Massive inflaton, de Sitter Aso(k) = (£)" () ~ (L) (k)
. . . . H\2 k \3—2vs H\2 k \2e—2nv
Massive inflaton, quasi-de Sitter ~ Asy(k) = (&) (F5) ~ (&))" (L)

Table 1.3: Power spectrum of the inflaton perturbation in three relevant cases, at first order in the
slow-roll parameters.

26



Figure 1.10: Passive approach: the point P in M, is mapped to two different points O, O’
depending on the gauge choice. Figure inspired by [33].

1.6 Perturbations in General Relativity

In the previous discussion we actually studied a simplified version of the problem. In fact we studied
the evolution of the scalar field perturbations in an unmodified background metric (de Sitter and
quasi de Sitter). But we know that the Einstein equations (1.6) tell us that any perturbation of
the stress-energy tensor produces a disturbance in the metric side. We therefore need to take that
it into account to have a complete description. In order to study it we first briefly introduce the
perturbation theory in General Relativity.

In the previous sections we argued that the Universe can be described as homogeneous and
isotropic at zeroth order and on top of that we can introduce small perturbations as described in
equation (1.59). Any tensorial quantity can be split into a homogeneous and a perturbative part

T(t,z) = To(t) + 6T(t, ), (1.152)

where T (t) is the homogeneous and isotropic background value of T in the background spacetime
Mg that in our case is the FLRW spacetime. T instead lives in a different spacetime, the perturbed
one, that we will call M. Since we know that the perturbations are small (|07 < |Tp|) we can
consider only the linear term in the perturbation expansion. The Einstein equations up to the first
order of perturbation read

G . = 8TGOT,,,. (1.153)

Re-arranging equation (1.152) we have

ST =T — T, (1.154)

and we notice that the perturbation 67 is not uniquely defined in General Relativity. In fact T
and Ty live in two different spacetimes while to compare tensor we need to evaluate them at the
same spacetime point. Therefore we need to introduce a map, a diffeomorphism, that connects the
background and the perturbed spacetimes (Mg, M). The map is defined as

Y Mo — M, (1.155)
Y(P) — O, (1.156)

where P € Mgy and O € M. Tt is clear that 1 is not an unique map but in the same way we
can define a second map ¢ as shown in figure 1.10. When choosing a map we are making a gauge
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choice. The gauge freedom is twofold, it is a tool to simplify a problem or to have a better physical
insight but it is also an issue. In fact the gauge freedom translate to a gauge dependence of the
perturbations, which is known as the gauge problem [25, 31]. Let us give an example of this. If we
have two maps that connect Mg, in which we have T, and M, in which we have T and T’, the
perturbation is different due to the gauge choice, in fact

6T =T —Tp

ST — T T, (1.157)

where in general T # §T’. The choice of gauge can hide physical perturbations or can introduce
fictitious ones. To avoid ambiguities we need to study gauge-invariant quantities that are combi-
nations of both matter-energy perturbations and metric perturbations. We refer to [31, 34] for a
full treatment of the gauge problem and gauge transformation. Here we just indicate the result of
a gauge transformation at linear order that is

6T = 6T + LTy (1.158)

where we defined a gauge transformation as the choice of different map connecting the perturbed
manifold to the unperturbed one. L¢ is the Lie derivative along the vector &.

Perturbation of the metric and the stress energy tensor

In the previous study we discussed the perturbation of the inflaton. We are now ready to discuss
also the perturbation of the metric. If we perturb at linear order the FLRW metric we obtain [25,
31]

goo = —a®(7)[1 + 2¥(z, 7)),
goi = gio = a*(T) wi(z,7), (1.159)
i = a*(7) [(1 — 2®(x, 7))ds5 + vij (x, 7)] ,

where ®, ¥ are scalar functions, w; is a vector and ;; a traceless tensor v'; = 0. The decomposition
in these three categories of a well-defined object in a manifold M is very useful since at linear
order their dynamics are decoupled. Furthermore we can decompose vectors into solenoidal and
longitudinal part (the Helmholtz theorem). Similarly we can decompose also tensors. We then
have

w; = Ol + wit, (1.160)
vij = Dy + By + Oyt + i (1.161)
with
2
Dij = 0:9; — 5@'%7 (1.162)

where wl and 4l are scalar function, wi- and ;- are solenoidal vectors (9'w;- = 0, &'y = 0) with
two degrees of freedom and fyg is the symmetric, solenoidal, transverse and traceless tensor part,
with again two degrees of freedom.

We have the freedom to perform a gauge transformation, meaning adding the Lie derivative of
the background metric over a vector &

5?]#1/ = 5g,uu + (CEQ(O)) . (1163)

N2

It is useful to separate this vector in its four degrees of freedom
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& =a,

; ; ; 1.164
é"b — a’LIB Jr dl, ( )
with 9%d; = 0. Performing the transformation on the metric we obtain [31]
U =0+ +Ha,
~ 1
®=®—2V’3 - Ha,
A —wl —at g,
oF = wt +d, (1.165)
=l +28,
%J_ = %J- + d;,
Fij = Vg

where H = a’/a and the prime now stands for the derivative with respect the conformal time.
From this calculation we already obtained the first invariant quantity we were searching: 'yz; The
tensor perturbations of the metric are gauge invariant.

A similar procedure applies to the matter part of the Einstein equations, the stress-energy
tensor. Starting from the stress-energy tensor for a fluid [12]

Ty = (p+ P) Uy Uy + Pg,ul/ + o, (1166)

where introduced the anisotropic stress temnsor o,,. We can decompose the perturbation with
respect the perfect fluid tensor into scalar, vector and tensor parts. We are not interested in
the complete treatment since we are going to consider only the departure from the background
stress-energy tensor due to scalar energy density perturbation that is [25, 34]

T% = —(po + 6p) - (1.167)

We again use the gauge freedom to perform a gauge transformation of the perturbation

5p = 8p + apy, (1.168)

that shows that p is a scalar under general coordinate transformation but its perturbation is gauge
dependent. Moreover we learn that scalars are independent on the coordinates within hypersur-
faces of constant conformal time 7.

Scalar perturbation

Having described both metric and matter perturbation we can now search for a scalar gauge invari-
ant quantity as combination of the two in order to characterize effectively the scalar perturbations.
We are going to consider only the scalar part of the perturbations. Equation (1.165) reduces then
to

U =U4+do +Ha,

- 1

d =0 -V - Ha,
3V 0 (1.169)

gl =wl —a+4,

=1+ 28,
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with the same gauge transformation defined in equation (1.164). Let us introduce the intrinsic
spatial curvature on hypersurfaces at constant 7 for a Universe with x = 0 as assumed in equation
(1.2)

4
3 _ 2
GR = Ve (1.170)

where we have defined

b=+ év%”. (1.171)

Therefore we will refer to & as curvature perturbation but notice that it is not a gauge invariant
quantity. In fact under a gauge transformation,

b =& Ha. (1.172)

Let us define a special slicing where the energy density perturbation is vanishing dp,n; = 0, called
the hypersurface of uniform energy density. We want to move from a general slicing to this
particular one, performing a gauge transformation

6p = Opuni = 0p + aph =0, (1.173)
and thus we need a = —dp/p’. Under the same shift the curvature perturbation ® transforms as
T R - op

O =y = —Ha=d+HTL. (1.174)
0
Therefore we can define a gauge invariant quantity
R Sp
=+ H2L, (1.175)

Po

where ( is the gauge invariant curvature perturbation of the hypersurfaces with uniform energy
density, in a particular gauge it reduces to the gauge dependent curvature perturbation &

(= —®sp0. (1.176)

As shown in [31] ¢ has a fundamental property during inflation on super-horizon scales

¢'=0 — (=const, (1.177)

being also gauge invariant. In any gauge on super-horizon scale, it is constant and allows us to
connect the early Universe scalar field perturbations to the density perturbation that produces the
temperature anisotropy of the CMB. In fact we have

SO = @ wy (1.178)
where tg) (k) and tg) (k) are respectively the time at which the mode k exits and re-enters the hori-
zon. Therefore if we consider a mode k that re-enters the horizon during the radiation dominated
era we have

oT

@ww T

14dp

1
- Ct(z)(k;) - T ﬁ
H 4 p

HY ) (1.179)
¢ 1P )

t(2>(k) = _Ctg)(k) =
H
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where we used the uniform curvature gauge (¢ = 0) and we used the fact that in single field
inflation on super-horizon scales”

(=-&— g(g(p (1.180)
In this way we were able to connect today observable from the CMB spectrum to quantities that
describe inflation.

Therefore the complete treatment of the perturbation of the scalar field has to include the
metric perturbation and has to be described in terms of gauge invariant quantities. The first-order
perturbed Klein-Gordon equation is [31, 35, 36]

56" + 2M68 — V260 + a6V a¢>2 24 2¢ ¢ s (\1/ 430+ v%ll) —0. (1.181)
Introducing the Sasaki-Mukhanov gauge invariant variable [37]
¢l
=d¢+ <I> (1.182)

and following the previous procedure to quantize the field, the equation of motion for the mode
functions simplifies to [31, 36]

1
o+ <k2 ~ LM ) Qr =0, (1.183)
where My is the effective mass of the inflaton field
0*V  8rG
2 _ 2
M¢ = W 8 ( ¢ ) (1.184)

Imposing the slow-roll condition, at first order in the slow-roll parameters we have

2

H—;’ = 3ny — B, (1.185)

oy + <k2 - Ti <y¢ 1>) Q) = 0. (1.186)

where vy ~ 3/2 + 3¢ — ny (at first order in the slow-roll parameters). We recognize that the
equation (1.186) is of the same form of equation (1.128) that we solved previously. We already
know that the solution at super-horizon scale up to the lowest order in the slow-roll parameters is

|Qr(k)| = \/ZIT( b )g%. (1.187)

Now we see that ¢ and Q are connected [31]

H
(=-59 (1.188)

and we just have to proceed calculating the power spectrum for ¢

s () ()7 e

7On super-horizon scales —( is equal to the comoving curvature perturbation R defined as [31]

N H A H
R=d+ —06p=>+ —6
GO =+ 500
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The spectral index is then given by

ne —1=3—2vy = —6€+ 2. (1.190)

Here we have the first fundamental prediction of the slow-roll single field inflationary model: the
power spectrum for a nearly massless scalar field in a quasi de Sitter spacetime is almost scale
invariant but n¢ # 1. Since ¢ remains constant at super-horizon scale, let us consider a mode k*
that crosses the horizon at t*, that is when k£ = aH. The power spectrum is then

Ag(k) = (H2)2

2 (1.191)

t* (k)

where the dependence on the mode is hidden in t*, since each mode exits the horizon at different
time.

Gravitational waves

The second fundamental prediction is the production of a stochastic gravitational wave (GW)
background in the early Universe [25, 38]. To show this let us study only the tensor perturbation
of the FLRW metric. We know that at the linear level the evolution of each contribution is
independent. Therefore adding a tensor to the metric we have

ds® = a*(7) [—dr® + (6; + Wé(x,r))dxidxj] . (1.192)

Let us indicate ’yf; = h;; and recall its properties in Table 1.4

Symmetric hij = h]’i
Traceless hi; =0
Divergenceless Dihé

Table 1.4: Properties of the tensor perturbations of the metric

From the perturbed Einstein equations (1.153) for the tensor perturbation, without a source of
tensor anisotropy, we obtain the equation of motion for the perturbations

Note that equation (1.193) is a wave equation in an expanding Universe and that due to the
properties given in Table 1.4, h;; is a wave with two degrees of freedom, meaning two polarizations
(4, x). Moving to Fourier space where we have the expansion

hij(t, x) = @ AZ /d?’k e*Thy k(e (k), (1.194)
=+,

the equation of motion reads now

. .2
hy + 3hy + 7hA =0. (1.195)
a

Notice that each polarization evolves exactly as a massless scalar field minimally coupled to gravity.
Therefore we already know the solution when we recognize

hy = V32nGpy. (1.196)
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For the power spectrum we have the tensor power spectrum

Ap, (k) =320GAy, (1.197)
8H2 [k \
Apy (k) = 2 (aH> : (1.198)

Summing over the polarization we have

16H? [k \
Ar=——|— . 1.199
T Mz (aH> (1.199)
Since it is again a power law it is possible to define a tensorial spectral index
__dInAg(k)
From equation (1.199) we have
ny = —2e. (1.201)
Summarizing the results we have
Ac(k) = Ag (£ )nﬁl
¢(k) = S(ko L (1.202)

Ar(k) = Ar ()",

with both the spectral indices and the amplitudes depending on the inflation dynamics, i.e. on the
potential V' (¢), hence on the specific inflationary model. Therefore experimental bounds on these
parameters will help us to exclude classes of models.

We have four observable variables to take into consideration but they can be reduced to two.
In fact let us define the tensor-to-scalar ratio of the amplitudes as

pom A7
=4

In the slow-roll paradigm we have a further relation, that can either be used as a consistency check
or to connect two observables. That is

(1.203)

r = 16¢ :>(1.201) r=—8nr 7 (1.204)
leaving with two independent quantities: r and n.

The experimental measurement of a GW background would be a smoking gun for the infla-
tionary mechanism but if we were able to test the relation in equation (1.204) we would check
a relation that connects independent observables and is a general prediction of the single field
slow-roll inflation models. The latter measurement is a very tricky one since we do not only have
to measure the gravitational wave but also measure its spectrum shape.

Moreover if the relation holds, the scale dependence of the tensor power spectrum is very small.
The latest measurement provides an upper bound for the scalar-to-tensor ratio r [3]

The measurement of the amplitude of the GW background is very important because it can
also fix the inflationary energy scale. In fact the amplitude is

2 H?

Ar = —— 1.2
T 2 M3 (1.206)

33



during inflation and we know that

H? ~ (3Mp) 2V (9). (1.207)

Therefore

_ 2 V(9)
T 32 M

From the last equation we can obtain the energy scale

(1.208)

Eie = V4 (1.209)

and thus we can give an estimation using the consinstency equation

r )1/4 (1.210)

Bing = V/* = (1.88 x 10'9GeV) (m

In the next years the attempts to measure the GW background will be crucial to improve our
knowledge of the physics of the primordial Universe.

1.7 Fermions in Curved Spacetime

In this section we will briefly present the theory used to deal with spinors in curved spacetime.
When studying QFT in a flat Minkowski space we are able to introduce the concept of spinor as
a representation of the Poincaré symmetry group. When we deal with GR the symmetry group
changes and it is GL(1,3) that do not allow any spinor representation. We need therefore a
formalism to include spinors in GR: the vierbein field theory [23, 35]. We will follow the treatment
given in [39).

This complementary approach to GR was firstly introduced by Einstein in 1928 during his at-
tempt to unify electromagnetism and gravity, and formalized in 1948 [40]. In a modern perspective
this is the correct tool to develop a relativistic QFT in curved spacetime.

1.7.1 The vierbein formalism

The idea behind the vierbein formalism is to change the basis of the tangent space T'. The natural
basis commonly used is the coordinate basis. At a point p the tangent space 7}, has a basis

é(ﬂ) = 8(#)7 (1.211)

such that any 4-vector A € T, can be decomposed into its components A*

A= AP = (Ao, A1, A, As). (1.212)

In the following the Greek letters will be associated with the components of the vector in the
coordinate basis while for the new basis that we will introduce we will use the Latin indices.
The cotangent space T}, basis is given by the differential elements

e = ax, (1.213)

therefore the dual vectors B € T); has components

B = B,eW =g, B"eW. (1.214)

Being €(,,) and &) basis for dual spaces their tensor product is simply the identity

e &) =11, (1.215)
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At this point we are still free to change the basis that spans the tangent space T),. We then
choose a new set of basis vectors &, that have still to be orthonormal. Since the spacetime we
want to describe is a Lorentzian manifold, the orthonormality condition reads

g (é(a), é(b)) = MNab, (1216)
where g( , ) is the metric tensor, the equation (1.216) describes the inner product and 74 is
the Minkowski metric. Basis that are independent from the coordinates are usually called non-
coordinate basis and the set of basis vectors are called tetrad or vierbeins. As before we can now
express every vector in term of the new basis vectors; therefore also the coordinate basis vectors
in equation (1.211)

e = eu" ()€, (1.217)

where the components e,®(x) form a 4 x 4 invertible matrix. This set of functions depends on the
spacetime point z; in fact the role of the e,*(x) matrix is to rotate, in each point, the basis from
(to) the coordinate basis to (from) the vierbein basis.

We call the inverse transformation matrix e, (x) and it satisfies

eto(x)e,(z) =y, e, (x)e!y(x) = 0%, (1.218)
therefore we have the inverse transformation of equation (1.217)
€(a) = €"a(®) (). (1.219)
From equation (1.218) we obtain the following relation

g/,w(x)eua(x)eyb(x) = Nab, (1220)

The physical meaning of the last equation is that we are able to use, point by point, a base
where the spacetime metric, in that point, is Minkowski via a rotation of the tangent space basis.
Furthermore this relation teaches us how to raise and lower the Latin indices: we do that with the
flat metric. In fact re-arranging equation (1.220) we have

() = g" nap €,° (), (1.221)

that shows how both Latin and Greek indices are raised and lowered. Similarly we can search a
basis for the dual space é€(*) knowing that it has to satisfy

el ® ey = 1% (1.222)
therefore connecting it to the coordinate basis we have
e = ¢ 2 (zx)e(z) (1.223)
and the inverse relation
e () = ety (2)e, (1.224)

Note that imposing the compatibility between the choice of basis of the tangent and cotangent
basis through the relation (1.222) we have that the vierbeins matrices and inverse e#,(z), e,%(x)
are the same as those used to rotate the 1-form basis. Vectors (and 1-forms) can be expressed
in both basis and when dealing with vectors components (V# or V%) we have the transformation
relation

Ve =e,(x)V* and V' =c¢€"q(2)V", (1.225)
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which is easily generalized to multi-index objects. The vierbein matrix allows us to move back and
forth from Greek and Latin indices.

Now that we have learned the basics we note that since we moved to a non-coordinate basis we
can change the basis independently from the coordinates but keeping the relation (1.216) satisfied.
The transformations that preserve it are the well-known Lorentz transformations

LLT : é(a) — é(a’) = Aaa/(z)é(a). (1226)

Note that, contrary to what we were used to, the matrix A depends on the spacetime point.
We call these transformation Local Lorentz transformation (LLT). This means that we have the
freedom to perform a (different) Lorentz transformation at any point. Of course general coordinate
transformations are still a symmetry and the most general transformation is given by

!’

I ’ 81:“
Tom bv — A® aiAbb/

ozt

ox?
ozV’

T%,,. (1.227)

We need to introduce the covariant derivative in this new formalism, and we just need to replace
the usual Christoffel connection with the spin connection w,®,. As usual the covariant derivative
is then

V#Xab = QLX“Z, + w#acch — wHCbXaC. (1228)

The transformation law between the two connections is obtained by asking tensors to be indepen-
dent from the basis in which they are written. Therefore the covariant derivative of a vector X in
coordinate basis is

VX = (V,X")d2" ® 0, (1.229)
= (0, X" + I\ X ) dz* @ 9, (1.230)
and in a mixed basis it is
VX = (VHXG) dz” ® é(a) (1231)
= (0, X" + w, " X") dz* @ &(,). (1.232)

Converting it to the coordinate basis gives

VX = (0, (e,"X") + w, ex’X?) da** @ (e ,0,) (1.233)
=e7%, (eyaaﬂX” + X0, +w, eAbX)‘) dz* ® 0, (1.234)
= (GMX” + e”aaueA“X’\ + e”ae,\bwﬂab X)‘) dz* ® 0, (1.235)

So comparing equation (1.232) and (1.235) we find

Thy = €”aduen” + €”nex’w, . (1.236)

The important relation, called the tetrad postulate, that states that the covariant derivative of the
vierbein matrix is null is nothing else than a restatement of (1.236)

Ve, =0,e," — Fﬁyeﬂ +w, % e’ =0. (1.237)
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1.7.2 Dirac equation

Let us recall the action of the internal Lorentz transformation U(A), acting on spinors, on the
Dirac gamma matrices in flat spacetime [41]

U(A)'1U(A) = A*,q° (1.238)
and we remember also that the Dirac equation

("0, +m)p =0 (1.239)

is invariant under Lorentz transformations in a flat spacetime [41]. Recall that the internal Lorentz
transformation U(A) commutes with the external Lorentz transformations A acting on 4-vectors.
Let us use a more compact notation in the following

= U(A) (1.240)
=U(A)L. (1.241)

Recalling the action of A on the gamma matrices

AP o7 =AY AP,, (1.242)

we obtain an useful identity

Aty (A7 AL = A Ay (A#3edy®) Ay (A1), (1.243)
= AL, (A7xera) (A1), (1.244)
= A A" ety (1.245)

We want the Dirac equation to be invariant under Lorentz transformations also in curved space-
times. We know that we need to add a term I',, to the derivative in order to construct the covariant
derivatives and make the kinetic term invariant. Let us understand how this term has to behave
under U(A) in order to assure invariance:

ey (O + D) () 5 Maean® (A7) (0, + 1) Ayep (A7) (1.246)
= A (AT Ay (0 + A TIA ) v (A7) (1.247)
A (AT (B ) v (A1) (1.248)

= A%AVAekafy“ |:(81, + Fl,> -, + A7%F;A% + A7%8V (Aé):|’(/} (A_lx) .

=0
(1.249)

The transformation rule for I';, can thus be read from the last equation

(1.250)

SIS

T, =AsT,A s~ 0, (A%) AL

Since the usual mass term is still invariant we can write the invariant Dirac equation in a curved
spacetime as

iv'e! o (x)Vh —map =0, (1.251)
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where the covariant derivative is defined as

V=08, +T,, (1.252)

with T',, transforming according to (1.250) and we can define from equation (1.251) the spacetime
dependent gamma matrices as y*(x) := ~%e*,. The reader will recognize this procedure to be
exactly the same as the one used for gauge field theory with the difference that I',, is not a gauge
field.

To complete the treatment we provide the expression of I',, [35, 39]:

1
Lo = 5@% (Vacegn) S™* (1.253)

where S"* are the antisymmetric generators of the Lorentz transformations that satisfy the com-
mutation relation

[, §17] = T §H1 4 yFight — ylighi — ki ghi, (1.254)

and give the infinitesimal transformation of a spinor

1
=14 A5, (1.255)

AL
2 2
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CHAPTER 2

THE SCHWINGER-KELDYSH FRAMEWORK

The early Universe is a peculiar setting for the study of quantum fields, since the field operators
acquire an explicit time dependence due to the spacetime expansion. In this framework inflation
takes place: the inflaton field is responsible for the accelerated expansion but it also presents quan-
tum fluctuations. These fluctuations, that are the seeds for the initial density perturbation that
will grow into the large scale structure of the Universe, are the main focus of our discussion and
hence we need a formalism to treat quantum fields in this new environment. In fact some differ-
ences from the particle physics QFT approach (that is also called the in-out formalism) appear
in the study of the primordial Universe physics: the Poincaré symmetry is explicitly broken by
the evolving background metric, in particular by the time dependent scale factor a(t); this leads
the quantum fields action and therefore the cosmological observables to have an explicit time de-
pendence. Moreover the information we seek are different. We are not interested in the S matrix
element of scattering processes but rather we want to follow the time evolution of expectation
values in a fixed initial state [42]. The Schwinger Keldysh (SK) formalism, also known as the in-in
formalism, is the appropriate formalism to study the evolution of the cosmological observables in
this setting, in particular if we are interested in including quantum effects and non Gaussiani-
ties. This new formalism was first introduced by Schwinger [43], developed by Keldysh [44] and
translated to relativistic field theory by Chou et al. [45] and finally extended by Jordan to curved
spacetimes [46]. It has been applied for over fifty years to condensed matter and statistical physics
but lately it has been a great complementary tool to the standard in-out approach in the study of
the early Universe cosmology [47-53].

In section 2.1 we will introduce the Schwinger Keldysh formalism in the context of expanding
background spacetime metric and derive the structure of the propagators of the free theory in order
to then address the general theory perturbatively. In section 2.2 we will derive the explicit form of
the propagators for a massive scalar and a massive fermion field first in the Minkowski spacetime
and then in the de Sitter spacetime. Finally in section 2.3 the WKB approximation is studied and
the approximated propagators are compared with full propagators via numerical methods.

2.1 The Schwinger-Keldysh Formalism

Correlation functions are one of the main objects in the study of both particle physics and cosmol-
ogy. However, there is a fundamental difference. In particle physics the S-matrix

S = t_l)igloo Ur(t, to) = Ur(+00, —0), (2.1)
to——00
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is the fundamental object needed to study scattering and decay processes (the evolution operator
Ui(t,tp) and the meaning of operators in the interaction picture, denoted by the label I, will be
introduced soon). Knowing the S-matrix we are able to compute the S-matrix elements

Spr = (r|S|vr);, (2.2)

the main focus of the study, since |Sp;|? is the transition probability for the state |¢/;) fixed in
the far past (¢ = —o0) to become some state |)r) in the far future (¢ — +00). In the very early
and late times the particles are considered to be infinitely far apart and so non-interacting. The
asymptotic states therefore belong to the Fock space of the free theory.

The main interest in cosmology instead is the expectation values of product of fields at a given
time. Boundary condition is imposed only at very early times in this case. As discussed in chapter
1, for wavelength deep inside the sub-horizon region we impose the Bunch-Davies vacuum choice
(1.119): we ask the mode function solutions to have the same form as in Minkowski space according
to the equivalence principle.

2.1.1 Interaction picture in cosmology

Both in cosmology and in particle physics it is customary to introduce the interaction picture
to address the computations. Let us introduce the interaction picture in a context where the
background is time dependent. Consider the Hamiltonian H[¢(x,t), 7(z, t)] for the quantum theory
we want to describe, where the fields ¢; and the conjugate momenta 7; obey the equal time
commutation relations

[Q/)i(xvt)vﬂ'j(y?t)] = i5ij53($ - y)’ (23)
[¢Z x, t P ¢j (y7 t)] = 07
[mi(z,t), w5 (y, 1)] = 0, (2.5)

and the Heisenberg equations of motion

bi = i[H, @), 7 =i[H,m, (2.6)

where the indices i, j denote different fields and spin components. In order to introduce the
perturbation theory we separate the field into background and perturbation parts as we did in
equation (1.60) for the inflaton field ¢. The background (¢g ;, 7o,;) is defined to be the homogeneous
and isotropic part of the fields (¢g for the inflaton and gﬁVLRW for the metric), leading to the
definition of the perturbation as

¢i($,t) = ¢O,i(t) + (S(bi(.’lﬁ7t), ﬂi(,’Eﬂf) = Woyi(t> + (Sﬂi(x,t). (27)

Since the background is a complex-valued function the commutators of the perturbation are again

[0 (w, 1), 0m;(y, 1)] = i6:;6° ( — y) (2.8)
[6¢i(xat)75¢j(yﬂt)] =0 .
[57Ti(.%‘,t),(571'j(y,t)] =0. (210)

It is useful to expand the Hamiltonian around the background, leading to
H(op, 7] = Moo, mo] + H[36, om; 1], (2.11)

where 7—2[&;5, dm;t] is the Hamiltonian for the perturbation that depends on the background; it is
second and higher order in §¢ and §7 since the terms linear in the perturbation are vanishing due
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to the background equation of motion. 7:[[&;5, o7; t] governs the time dependence of the fluctuation,
as shown in [47],

5 =i 7:[[5¢,67r;t},5¢}, 57'r=i[7—~[[6¢,677;t],67r . (2.12)

As usual we can define the evolution operator U(t, o)

LUt to) = —iH[5(t), 5m(D); U (1, t0),

(2.13)
Ulto, to) =1,
such that the fluctuations at time ¢ are connected to the same operator at time #g
(4 — -1 .
0 (t) = U™+ (t,tg) 0 (to) U (¢, 10) (2.14)

Smi(t) = U=t (t,to) om; (to) U (t,to) .

To solve problems that go beyond a quadratic Hamiltonian H[d¢,dm;¢] in the perturbations

we often need to use the perturbation theory. Therefore we decompose H into a free part, Hy,
quadratic in the fluctuation and an interacting part, H,;,

ﬁ[é(b, om;t] = Holdg, dm;t] + Hint[d, d7; t], (2.15)

This separation allows to introduce the interaction picture, defining the interaction picture opera-
tors 6¢f and §m! whose evolution is determined only by the Hy part of the Hamiltonian®

5¢] =i [Holo¢",6n";1],69]], o] =i [Hold¢",6n";1],6m]] (2.16)
with the following initial conditions

6] (to) = 06 (to),  om] (to) = omi (to) , (2.17)

in order to completely define the interaction picture. Since Hj is quadratic, the interaction picture
operators are free fields. Once again we can describe the evolution using a (free) unitary evolution
operator Up(t,tp) defined by

LU(t, o) = —iHo[6¢(to), 0m(to); t]Uo (L, to),
Uo(to, to) = 1,

: (2.18)

so that the operators are related to the operators in the Heisenberg picture at early time tg

8l (t) = Uy " (t,t0) 065 (to) Uo (£, t0)

; L (2.19)
om; (t) = Uy~ (t,to) 0m;i (to) Uo (¢, to) -
Defining F(t,to) as
F(t,to) = Uy ' (t,t0) U (t,to) (2.20)
from equations (2.13) and (2.18) we have
%F(ta to) = 7iHiInt[5¢(t0)’ 67T(t0); t}F(t’ to), (2.21)

F(to,to) =1,

where H] , is the interaction part of the Hamiltonian in the interaction picture. The system (2.21)
has the well-known solution

IThe free part of the Hamiltonian is equivalent in the Heisenberg and in the interaction picture [47].
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F(t,to) = Texp (—z’/tt dt H{m(t)> , (2.22)

where T is the time ordered product applied to the power series expansion of the exponential. At
this point using equations (2.14) and (2.19) we can express the solution for the fluctuation in the
Heisenberg picture in terms of the free fields of the interaction picture as

Q(t) = F~* (t,t0) Q" (t)F (t, t0)

~[reo (i [wno)|@wlres (=i [wnto)].

where Q(¢) is any product of the fields and T the anti-time ordered product.

2.1.2 The expectation values

The time evolution operator F'(¢,ty) can be used, in the interaction picture, to relate states at
different times. In particular, let us consider the vacuum state

(2)) = F' (¢, t0) €2 (t0)) - (2.24)

We refer to [2(t)) as the ground state, the vacuum, of the interacting theory and to |0) as the early
time (Bunch-Davies) vacuum of the free theory. We are discussing the different vacua because in
cosmology the expectation value we want to compute is of the type

Q) = (in|Q(t) in) (2.25)

where the in state |in) := [Q(¢;)) = |Q) is the vacuum of the interacting theory at some very early
time ¢; and t > t; is a late time (e.g. the time of the horizon crossing). We can relate, using the
evolution operator F' (t,tg), the interacting vacuum state to the free one. Let us expand |0) into
eigenstates of the full theory

10) = 1(QI0) + ) _ [n)(n]0), (2.26)

where |n) are the excited states. Therefore

e_iH(t_ti) O> — e—iH(t—ti)

2)(Q[0) + > e En =1 n) (n|0). (2.27)

Adding a small imaginary part to the time

ti — t;(1 — de), (2.28)
near t; — —oo we are able to project away the excited states since the ie factor introduces a term

et (t=ti) 5 g=ooeBn(...) 5 (. Recognizing the evolution operator F (t,to) and since |2) is the
only state that survives we are left with

F (1) 10)
(2/0)
The ie prescription physically means to turn off the interaction in the far past therefore projecting

the state |in) onto the free vacuum |0). Combining (2.23) and (2.29) the expectation value of an
operator () is given by

F(t,t;) Q) = (2.29)

<O ‘ {Tei j‘fi at’ Hfm(t’)} QI (1) [Teﬂ' ftti at” Hfm(t”)} ‘ 0>

(IQM)I) = ROTOE ,

(2.30)
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Im(t)

Q(t)
|in) >
t;
Re(?)
|in) ¢
t

Figure 2.1: The in-in contour C. We denoted by Cy (C_) the forward (backward) branch. Figure
inspired by [5].

where setting |(2|0)|2 — 1 we obtain the in-in master formula

<Q(t)> _ <0 ’Tez ftti dt’ H{nt(t/)QI(t)TefiftZ dt’’ Hfm(t”)

0> . (2.31)

where the contour C specified by the above ie prescription is called the in-in contour or Keldysh
contour that goes from ¢;(1 + ie) to t where the correlation function is evaluated and back to
t;(1 —ie) as shown in figure 2.1. This formalism is also referred to as the close-time-path formalism
(CTP) because of the shape of the time contour. To proceed and compute the correlation functions
perturbatively we expand the exponentials, obtaining at first order [5]

@) =i [ a (0][@" o) i, ] 0)., (2:32)

where the ie prescription is to be understood and ¢; has to be a sufficiently early time such that
the fluctuation wavelength are deep under the horizon and the fluctuations are supposed to be-
have as free fields and we fix the Bunch-Davies vacuum. Similarly to the case of particle physics
transition amplitudes we can introduce the Feynman diagrams for the correlation functions that
we will discuss in the following.

The same expectation values can be obtained using the path integral formalism. An advantage
of the path integral formalism over the operator formalism is that we can derive the Feynman
rules directly from the Lagrangian rather than from the Hamiltonian, and it can produce results
beyond perturbation theory. In the in-out path integral formulation of QFT the starting point is
the generating functional Z[.J] which is the vacuum to vacuum transition amplitude in presence
of a source and it allows to calculate correlators. As discussed before, in cosmological setting,
boundary conditions are imposed only at very early times without making any assumption on the
system in the far future. In order to calculate expectation values in the in vacuum under these
conditions Schwinger [43] introduced a different generating functional

Z[Ty, T =Y (inlA), (Ain),, (2.33)
A
where we leave the in vacuum evolve independently under two different sources J,, J_ and compare
it with a common state |\) in the future and we sum over the complete set of |A). Taking the
complete and orthonormal set of states |\) to be eigenstates of the field we are considering (in the
Heisenberg picture) at some late time ¢

Bz, 1) |N) = AN, (2.34)

we can introduce a path integral representation of Z[J_, Jy]|. In the path integral representation
equation (2.33) can be interpreted as the sum of all the paths that go forward in time from the in
vacuum |in) to a state |\) under the action of a source J,, where the state |A) is defined on the
hypersurfaces at time ¢, and the back to the in vacuum in the presence of J_.

43



2.1.3 Generating functional for a scalar field

Let us start considering a massive scalar field ¢ with an action S[¢]. For the moment we turn
off all the interactions and study the free theory to then proceed in the next chapter with the
perturbation theory [46, 48] We can now introduce the generating functional in equation (2.33) for
a scalar field in the path integral representation [46, 47, 52-54]

217 J) = [ D610 exp (i(S[64] + T — (6]~ J6-)}. (2.35)

with the shorthand notation

Jé— /t j a’ / & J(2)6(x). (2.36)

where Jy (J_) is the source of ¢4 (¢—) with vacuum boundary condition in the far past for both
¢+ and ¢_ and the integral is over all the field configurations that coincide at ¢, that is, on the
hypersurface 3 at time ¢

¢4 (t) = o (1). (2.37)

Equation (2.35) provides us the tool to calculate expectation values starting from a generating
functional with the time integration contour depicted in figure 2.1. Moreover since the path inte-
gral description of the theory in the Schwinger-Keldysh formalism in equation (2.35) is equivalent
in form to the in-out formalism, for a theory of two independent scalar fields, we are already able to
deal with an interacting theory in the perturbative regime, proceeding diagrammatically as usual,
keeping in mind the peculiar boundary conditions.

In order to proceed to use the perturbation theory we need first to study the propagators of the

free theory. The generating functional is now over two fields and two sources and it is convenient
to treat them as elements of vectors in some internal space

® = (2*) & J:= (_J}). (2.38)

We can therefore re-write equation (2.35) in the matrix form

Z[J] = /D¢+D¢— exp {i/d% (@TLy @+ JT«b)} : (2.39)
where we have defined the matrix Lagrangian as
Ly = (‘C[gM £?¢]> : (2.40)
The path integral is Gaussian, therefore we have
Z[J] = Z[J = 03] exp {i/d4x/d4y JT(x)Q(x“,y“)J(y)}, (2.41)
where the propagators matrix G(z#,y*) is defined by

‘C¢ g(xu’y#) = 6(4) (I#, yﬂ)]l27 (242)

and we name the various elements of the matrix as follows

6Tl Gl o

g(@",y") = <G—+<xﬂ,yﬂ> G (a", ")
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The four propagators are obtained through the standard procedure of functional derivation of the
generating functional with respect to the source

P gt = 4 g g Wl J-]
)= (77 ) (5759 . (244
= i [ Do, Do S-S0 D g (a5 () (2.45)
= i) {(01\) (AITe(a")o(y")[0) (2.46)
A
= i (0|T(x")p(y")[0) = (0T (¢*)d+ (y)[0) (2.47)
where T is the usual time ordering operator. Similarly for the remaining propagators
G (2", y") = i (0lo(y")p(2")]0) = i (0| Tc g (2#) - (y")[0) , (2.48)
G (2", y") = i (0]g(z*)p(y")|0) = i (0| Tc - (2) b (y)]0) | (2.49)
G~ (@, y") = i (0T d(x")d(y")|0) = i {0|Tcd—(a")d—(y")[0) . (2.50)

where T is the time ordering along the path C defined following the convention in figure 2.1,
meaning that the points in the backward branch C_ are always later in time than the one in the
forwards branch C;. The implications are evident in equations (2.48) and (2.49). GT*(z#,y*)
and G~ (z#,y*) are the Feynman and anti-Feynman propagators respectively; this comes from
the boundary condition that we have set. Notice that the propagators have some useful relations
connecting them

GT(aky") = G~ (y",a), (2.51)
Gt (at, y")* = -G~ (a", y"). (2.52)
that are easily obtained from their definitions. Moreover we can show that the four propagators

are not independent: thanks to the time ordering property we can express GT and G~ in term
of Gt~ and G~ using the Heaviside (¢, t2) function

G (", y") = 0(zo — yo) G~ (z", y") + 0(yo — 20) G~ (z*, yH), (2.53)
G~ (2", y") = 0(zo — yo) G~ (2", ") + O(yo — 20) G~ T (=", y*), (2.54)

Therefore it follows that

GTH(a", y") + G~ (2", y") = G~ (2t y") + G~ T (z*, y"). (2.55)

This suggests us that we can move to a more convenient basis where one of the components of
the propagator matrix is zero. This is the so-called Keldysh basis. Rotating the field into the new
basis we have

1
oV =2(0r+o-) & 0P =(dp—0o), (2.56)
rotating the propagators matrix
Gll(aty") G2t y") i (zt, ) G, y)
/ i YA ) ) P ) )
9w = (Gonor ) Cntane ) = (G © o) e
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The advantage of the new basis is that the correlator (0|T¢®$(?|0) is always vanishing and
therefore when drawing the Feynman diagrams we know that they will not contain any *“ 22 7
internal leg. The relation with the previous basis is given by

Fylat ) = 5 [67 (@ ,y) + G (o, ) (25%)
GH (", y*) =0 (zo — yo) [G (¥, y*) — G (2, )] (2.59)
Gﬁ(m“, yt) = Gﬁ(y’ﬂx“) (2.60)

We recognize F' as the Hadamard (or Keldysh) propagator and G* and G as the retarded and the
advanced propagators. Let us notice moreover that equal time G® and G# are also automatically
zero because of the Heaviside function. Finally the three propagators are connected to the Feynman
propagator GI' by the relation

Gy, = 3 [GR o) + GA( )] + iF (o 24). (261)

2.1.4 Generating functional for a fermion field

The discussion for a fermion field is similar to the previous one therefore we will present it briefly.
We need to be careful and remember that the fields and the sources in the generating functional
in this case are Grassmann variables. Therefore the order in which they show up in the integral
is important. We will use the fermion case to express the previous results in a different and
complementary form that can be useful for a deeper understanding.

As we learned from the scalar case the computational technique in the Schwinger Keldysh
formalism is to double the fields and the sources, in order to write the generating functional for
in-in correlators Z. The fields ¥, ¢ L and the sources 14, 1, live in the C; branch, _, 9 _and the

sources 7)_, 7j_in the C_ branch. The boundary conditions are: 1, (t) = ¢_(t) and ¢ (t) = ¥ _(t)
on the hypersurface ¥ at time ¢ and we impose as the initial state the Bunch-Davies vacuum at ¢;,
deep inside the horizon. The path integral representation of the generating functional is

J— — t J— —
Zn] = /Dz/LDq/J_Dz/)jLDz/ur exp <z /t dt’/d3x Lly_,p_|+7__ + wn_) (2.62)

¢
X exp (—z’ [ ot [@eclon 5] em ¢+77+>,
t;
where Z[n] = Z[fj_,7m_,7,n4] or equivalently

Zn) = / DYDY exp(i /C dt’ / 3z L[, Y] —n¢+wn)- (2.63)

Using a vector notation

U= (ii) n = <_77;_> , (2.64)

&
W= (¢, ¢v_) & m:=(nm, -1_), (2.65)

leads to
Zln) = / DY_Dy_Di, Diby exp{i / d'z (v, v-) ((mgm) —(z'ﬁo+ m)) (
<onl@ 1) () + @ v ()}
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Again the integral is quadratic in the fields and we proceed defining the propagators matrix

(id +m) 0 Sttt yr) ST (@ y")\ _ carp (10
(757 ) (o) smp) =g §)  eon
and the generating functional is re-written in explicit form for the fermion indices as

S++ (mﬂ7 y”)ab

Z[n]:z[nzo]exp{i/ diz dy (7L (a") 7 (")) (s—ﬂxu,ymb gf-gizi%fﬁ) (n&(@))}

The propagators are obtained by the functional derivative with respect to the sources

(o (Tw ().t (e ()™ () T () ot )05 e <xz+m>) 0)

= 1 .
Zi =]\ oo @l)om_o (@) ) \TF oo (1) oo ()

( 1 o ) <.mj o )Z[ ]
o= S—— 7 - n
i9 07 Aty (ah )07 % (xy) dny G+t (x?+1)...677+“m (zh)

Summarizing the results in matrix form we have

n=0

(s++<xﬂ, v )as S+—<x#,yﬂ>ab> . (<Twa<w“>wb<y~>> —5wb<yﬂ>w<x~>>> 2.68)
Sty S (@ W) (T y") ) |

Given the identity provided by the definition of time ordering and anti-time ordering operators

(T (@ )P (y") + (T (@ )P (y")) = =@ (") (@) + (T (@)  (y")), (2.69)
we have the correspondent equation to (2.55) for the fermions
SEE+ S, =Sh + St (2.70)

We then rotate the fields and the propagators into the Keldysh basis with the same matrix used
for the scalar obtaining

i Th gyt R o
S'(at, y) = ( Cfg((xugu)) Gty )> (2.71)
;(suzu,yu) + s+<x~,yﬂ>> 0(x0 — yo) (S*(xﬂ,w - S*(xaw)
9(y0 _ UCO) (S"‘_(x“,y“) — S“*‘(x“,y”)) 0

2.2 The Schwinger-Keldysh Propagators

In this section we will present the scalar and fermion Schwinger-Keldysh propagators in momen-
tum space for two different background spacetimes: Minkowski and de Sitter. The choice of the
Minkowski spacetime as background is a good way to warm-up to then approach the de Sitter
computations and it will be useful as a check of the future results in the limit a(t) = 1 (when the
flat FLRW metric is equal to the Minkowski one).
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To ease the comparison we Fourier-transform only the spatial coordinates (the spatial part
of the fields in dS can still be expanded through plane waves since is spatially flat spacetime).
Following the convention for the Fourier transform

3 ~ .
o(z,t) = / (gﬂ‘z))sqﬁ(p,t)e’p“, (2.72)
S(p.t) = / Bz oz, e, (2.73)

we define the expansion of the field in mode functions for a massless, ¢, and a massive, o, scalar
field and for a massive fermion field, 1, respectively as

3
plo,7) = % / éﬂ’; [b(k)u(k, )e™ ™ + b (k)u* (k, 7)e~"* ], (2.74)
3
o(x,7) = % / ((2171_)]{3 [c(k)v(k,ﬂeik'z + cT(k)v*(k,T)efik“] , (2.75)
3
P(x,7) = (13/2(7.)/(;17:;3 Z {dA(k)uA(k,T)eik'“: + fi(k)vf\(k,T)efik'x} , (2.76)

A==+1

where k is the conformal momentum. The mode functions are the complete set of solutions to the
free equations of motion for the fields that we recall here

Oe(z,7) =0, (2.77)
(04 M) o(z,7) =0, (2.78)
(iR — My)¢(z,7) =0, (2.79)

where the covariant derivative and the d’Alambert operator in a curved spacetime are defined in
chapter 1 and we defined ¥ := V#v,(z#) with the spacetime dependent ~,(z*) matrices defined
in equation (1.251).

2.2.1 Scalar field

We are going to derive the relation between the Schwinger-Keldysh propagators and the mode
functions and then present their expressions in both the Minkowski and de Sitter background.
Using equations (2.48) and (2.74) we have

G;*‘(mﬂ, y") =i (p(a™)o(y"))
i SB[ | |
B a(t1)a(r2) / (2m)3 / (27:))3 ((b(kyu(k, m)e™ ™ + blu* (k7 )e ")
(b(k)u(p, m2)e™¥ + bF (k)u* (p, 72)e™P¥) )

) 3 3 | |
[ e | s 0D e e e

X

a\T1)a( T
jetn) =(2m)?6() (k—p)

~ a(m)a(m) / (gﬁl;a“(’f’Tl)u"‘<sz>e““(“"”- (2.:80)

Therefore the Fourier transform is
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~ i
G (k,m,1m0) = ——— ulk, m)u*(k, ), 2.81

7] ( ) a(Tl)a(TQ) ( ) ( ) ( )
where in the following we will omit the tilde in G since it will be clear when we are dealing with
Fourier-transformed quantities by their dependence on the momentum k. The computation is
similar for the other propagators, leading to

1

G;ri(k',Tl,Tg) = m ’U,(k,TQ)u*(k,Tl), (282)
Gyt (k1 m) = mvwm@*(k,m, (2.83)
GI(k,m1,m) = mv(hw)v*(k,ﬁ). (2.84)

From the Gt~ and G~ propagators it is straightforward to construct the propagators in the
Keldysh basis as discussed above in equations (2.58), (2.59) and (2.60) so we can proceed now to
discuss the various mode function solutions.

Minkowski background

We choose as the initial state for the Minkowski background case the vacuum state of the free
theory, the mode function solution is [41]

1.

kT) = ——e T, 2.85

walr) = 5 e (285)

where wp = \/k? + M2 is the time independent frequency and we will see that it is the limit of

the WKB mode function for wy(t) — wg. Thanks to the equations (2.81) and (2.82) the Fourier
transformed Schwinger-Keldysh propagators are

— { 3 T —T2
Gz/g(k77-177-2> = mezwk( 1 ), (286)
Gy (k) = 5 eior o), (2.87)

Rotating into the Keldysh basis using equations (2.58), (2.59) and (2.60)

1
Fo/o(k,m1,m2) = mcos(wk(ﬁ —72)), (2.88)
1 .
Gg/g(k,ﬁ,m) =0(r — Tz)m sin(wg (11 — 72)), (2.89)
Gg/a(vahTQ) = G (k,m9,m1). (2.90)

With the Minkowski space as background the computation are simple and we can study massive
and massless case together distinguishing them via wy.
De Sitter background

The natural choice of initial state in the de Sitter background is the Bunch-Davies vacuum [32]. As
discussed in section 1.5.2 this choice of vacuum fixes the mode functions, when they are deep inside
the horizon, to be equal to the positive energy modes of the field in the Minkowski spacetime.
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In this case we separate the solution in various limits that will be later useful. The mode
function solution for a massless scalar field, already derived in equation (1.124)2, is

u(k,7) = a(r)\/%(l + ikT)e T, (2.91)

leading to the following propagators

H? .

GF(k,mi,m2) = i (1 ikm) (1 + ikry)etk(m—T2) (2.92)
H? .

G, (k,m1,m2) = i (14 k) (1+ ikTy)e R —T2) (2.93)

that reads in the Keldysh basis

Fo(k,11,m) = i ((1 + k2 cos(k(T1 — 12)) + k(T — 72) sin(k(r; — 7'2)))7 (2.94)

2k3

H
Gk, m1,72) = 0(11 — ™)

% <(1 + k2’7'17'2) Sin(k(ﬁ - 7'2)) - k(Tl - TQ) COS(k(Tl - TQ))) . (295)

The expansion for |k7| < 1 is interesting since we will perform our computation in the sub-horizon
regime [55]

H2
Fo(k,m1,72) = 2k3(1+0(k2ﬁ2))» (2.96)
Gk, m) =0l = ) (Bt = 78+ O°79) ). (2.97)

It is also interesting to study the equal time behaviour of the Hadamard propagator since it is
the tree-level (TL) contribution to the inflaton two-point function as we will discuss in the next
chapter
H2
Ftp(ka T, 7_) = Tkg
Moving now to the complete solution for a massive field in the de Sitter spacetime, that we will
also call full solution in the following, we can express it either in momentum space in terms of the
Hankel functions [32, 55] or in position space in terms of the Hypergeometric functions [32, 56|

(1+ k272). (2.98)

v(k,7) = —ie” EVTi% 2a\/g)H(7)3/215(9(lw), (2.99)

where v = /M2/H? — 9/4, meaning that the order of the Hankel function is purely imaginary for
large mass M2/H? > 9/4,

1
G, (v,y,71,m) = RHz I'3/2—-v)I'(2/2 +v)2 F1(3/2 — v,3/2 4+ v,2,1 —r/4), (2.100)

oo M=)+ -y
T1T2 '

where the dependence is only on the modulus of the difference between = and y and the Hyperge-
ometric function is defined for |§] < 1 by

2To make the connection explicit notice that d¢(k, ) = u(k, T)/a.
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S Qpfn 0"
2Fi (o, B,7,6) = 275

n=0

(2.101)

From equations (2.99) and (2.100) we can construct the Hadamard propagators with both descrip-
tions: in the first case directly from the mode function as we did in the massless case while for the
second case noticing that F is just given by the imaginary part of G~ obtained from equation
(2.52) and its definition (2.58)

Fo(z,y,m1,72) = Im(G* ™ (2, 71, 72)). (2.102)
The Fourier transform after some trivial computation is given by the following expression [7]

sin(kZ)
z

Fy(k,m1,m2) = 47r/ dz #° F(%,0,71,72). (2.103)
0

We can then perform via numerical methods the Fourier transform of the propagator using the
software Mathematica [57]. In figure 2.2 we compare the two expressions for the full equal time
Hadamard massive propagator constructed with numerical methods and we present in the same
figure the massless propagators as well. We observe as expected that the massless propagator
diverges for infrared momenta while the massive propagator is well-behaved.

The expressions with the Hypergeometric functions and the Hankel functions are related by
the Fourier transformation and in figure 2.2 they produce the same result as expected so we can
choose the one that has the best numerical stability for further computations. In the following
we will always compare the numerical and the analytical results to check the goodness of the
approximation we are going to make since it is the full massive propagator that describes the
exact free dynamics of a massive scalar field in the de Sitter background.

2.2.2 Fermion field

Let us proceed with the same analysis for the fermion field. In the following we will use the Dirac
representation of the gamma matrices and we write the four-spinor as [41]

_( n(k7)é
u)\(kaT) - (X(k,’l’)(o’ . k‘)f)\> ) (2104)

where n(k, 7) and x(k, 7) are the mode functions and the two-spinor £, has the following properties

e = o, (2.105)
(0 - k)Ex = A, (2.106)

where k is the unit vector in the k direction. Knowing that [58]

or(k,7) = uf (k,7) = iv?u}(k, 7), (2.107)

we can explicitly write vy as

() — (X k) R)C
NGXD) < (6. T)C *>, (2.108)

where

(= —io”E}, (2.109)

o1



Equal-time Hadamard propagator
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Figure 2.2: Equal-time Hadamard propagator for different mass and for the massless case (orange
curve). For M;/H =5 (blue and red) and M;/H = 10 (green and black) the dotted points and the
solid lines are respectively the propagator derived from the hypergeometric and from the Hankel
functions.

and the o matrices are the well known Pauli matrices [41]. We are now ready to proceed and
extract the expression for the Schwinger-Keldysh propagators, using (2.68) and (2.76)

S™(k, 1, m2) =i (V(2)Y(y))
— ¢ d*k d’p w ) eikd u etk
o a,3/2(7'1)a3/2(7—2)/(2ﬂ-)3/(277)3 )Z<(d>\(k) Al(k7 1) +f>\1(k) )\1(k’ 1) )

A1

(B + o)) )

¢ d3k d3p T - ik-x—ip-y
_a3/2(71)a3/2(72)/ <27r>3/ @) & (0 ), (), (k.72 )in, (. 72)e
N ———

=(2m)36G) (k—p)da,x,

1 d3k (gt
= E I ik-(z*,y")
a®/2(r1)a®/?(ry) / (2m)3 ( )\ ux, (k, 1), (P, TQ)) € ) (2.110)

Therefore the Fourier transform is

7

—+ _ _
ST (k,11,m2) = —a3/2(71)a3/2(72) Z/\:u,\(k,ﬁ)u,\(p, T2). (2.111)
Similarly for the other propagator
+— _ _ : _ Ty (—
ST (k,m1,m2) = BT () 2 () XA:W( k,m)oA(—k, T2), (2.112)
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where the spin sum is

(ks (p 1) = (I (12) T2 —n(n)&" (2)(o - k)

EA Ak, 1)U (p, 72) (S(n)n*(fz)(o-k) (e ()1 ) (2.113)
S on (= )T () = Er)E(m)ls  n(r)E () (o - k)

- )\( k, 1) )\( k; ) (_£<T2)’I’]*(T1)(O- k) 7’](7-2>77*(7-1)12 ) (2114)

From equation (2.71) we can construct the Hadamard, the retarded and the advanced propagators

iFy(ot) = 5 (57 + 5 ) (2.115)
Gy (", y*) = (0 — yo) (S_+(x“, y") — ST (ak, y“)) (2.116)
G (", y") = 0(yo — o) <S+(m“, y") — ST (z", y“)) (2.117)

Minkowski background

We keep the same initial state choice as for the scalar and we have the mode function solution [41]

M,
(b, 7) = 4| L2 e (2.118)

2wy,
— M.
X (k) =/ L%k Lt (2.119)
wi = /K2 + M2, (2.120)

with again a time independent frequency. Therefore with a Minkowski background the propagators
are

+- — _L iwy (T1—72) (wk + Mf)]l2 o-k
ST (k,11,72) = S ( o (e + M) (2.121)
= €T (k- M), (2122)

2w

where f = 7, k", k* = wy, k* = (k°, k) and we use the definitions of the s in terms of the Pauli
matrices [41]. The S~ propagator is

S~ (k, 11, 72) = z%%e*iwk(ﬁ*fz) (F+ My) . (2.123)

where k" := z(k°, —k); than rotating into the Keldysh basis using equations (2.71)

Fy(k,m,12) = wik ((Mf]l4 — k- 7) cos(w(ry — 7)) — dwpy” sin(wg (11 — Tg)))7 (2.124)

(wey? cos(wi (11 — 72)) — i(Mfly — k - v sin(wg (11 — 72))) .
Wk

Gﬁ(k»ﬁﬂb) = 0(m1 — 72) (2.125)



The propagators discussed here will be used to check the form of the propagators in the de Sitter
background and later together with the scalar ones we will use them to compute the amputated
diagrams as a warm-up and again to compare the results with the ones in the de Sitter background.
In fact we expect from the diagrams the presence of the same divergences since the ultraviolet
behavior in de Sitter and in Minkowski should be identical [6].

De Sitter background

In the fermion case we are not interested in the massless limit but only in the full form of the
propagator since we will need it to perform numerical computation. Given the Dirac equation in
the de Sitter spacetime (1.251) and the mode expansion for the fermion (2.76), the fermion mode
functions have to satisfy the following differential equations [59]

i 9
(H%?W — HPr o +iMpH + K H*7* + MJ%) n(k,7) =0, (2.126)
2,2 0 2 9 ; 27722 2
272 oy = HPr — iMyH + B HP? + M ) x(h,7) =0 (2.127)

The mode function solution up to a constant phase factor are [59]

n(k,7) = <z7r(2k7—) H,51>(—k7)> exp B <"‘I§°>] : (2.128)
X(k,7) = (7“2_’”) H,E”l(m)> exp [g (J‘flf } , (2.129)
V= % - z% (2.130)

Equation (2.128) and (2.129) for small scale limit —k7 < 1 reproduce the Minkowski solution
therefore they determine a vacuum, analogous to the Bunch-Davies vacuum, for the fermion field
(spin s = 1/2). The complete expression presented here will be used in the next section to provide
a numerical check of the WKB approximated propagators and UV behavior.

2.3 The WKB Approximation

The Wentzel-Kramers-Brillouin (WKB or WKBJ honoring the mathematician Jeffreys) approxi-
mation known also as Liouville-Green method was first introduced in the context of semi-classical
study of quantum mechanics. The WKB approximation has been used in the context of QFT in
curved spacetime [60, 61] in order to define the correct Fock space of the theory.

In fact as introduced in the first chapter, a QFT in a curved background does not have an
absolute definition of vacuum and particles. If we consider the creation and annihilation operators
to satisfy the usual commutation relations [41], defining the vacuum state by

by, |0) = 0, (2.131)

for every k, the vacuum choice is actually a choice of the mode function. The adiabatic vac-
uum corresponds to the choice of the WKB-approximated mode function as (approximate) set of
solutions.
The prototype equation to which we can apply the WKB approximation is
d’*z

=t w?(t)r =0, (2.132)
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Equal-time Hadamard propagator
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Figure 2.3: The yellow, orange and purple solid lines are the WKB approximated equal-time
Hadamard propagators respectively for My/H = 20, 10, 5. The dotted points and the thin solid
lines are the full propagators, respectively constructed from the Hypergeometric and Hankel func-
tion for the same set of mass to Hubble parameter ratio.

where w(t) > 0 is always positive and is time dependent (recall that in Minkowski it was constant).
This differential equation is exactly the kind of equation that the mode functions have to solve in
order to satisfy the Klein-Gordon in a de Sitter background, see equations (1.71).

The frequency w(t) is assumed to be slowly changing; its characteristic variation timescale is
called T where T~ is called the adiabatic parameter and it is the order parameter of the expansion
(for T — 00). This condition can be expressed as

dw 9
— 2.1
’ 3| <9 (2.133)

holding for all times ¢. Equation (2.133) is the adiabaticity condition. The WKB ansatz is

rwcn(t) = \(;)c%exp (j:i /t t ar w(t’)) (2.134)

2.3.1 Scalar field

The ansatz in (2.134) is a good approximate solution of the free Klein-Gordon equation for a
massive field when (2.133) is satisfied which corresponds to in the M,/H > 1 regime [55, 61]. The
mode function approximate solution is

o(k, 7) = 21)exp (ﬁ:i / dr’ w(T’)> , (2.135)

w(T

in

wi(T) = k% + M2a2(7) (2.136)

where the constant was fixed by the requirement that it has to reproduce the Minkowski solution
in the limit wg(t) — wg. This choice of mode functions defines the adiabatic vacuum.
We can easily obtain the expression for the propagators in the Keldysh basis
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Figure 2.4: The retarded propagator is presented in the figure. The red thin line and the yellow
line are the propagators respectively constructed from the full and the WKB approximated mode
function for My/H = 20.

cos [f: dT\/m]
2a (1) a (r2) [k2 + m2a? (my)]"/* k2 + m2a2 (r)]"/*
0 (1 — ) sin [ [ dr /B2 mZa?(7)]
a (1) a(r) k2 +m2a2 (r)]"* [k2 + m2a2 (r)]/*

In figures 2.3, 2.4 and 2.5 we compare the behaviour of the WKB and full propagators in various
mass limit. As it is shown there is a very good agreement therefore the WKB mode function is a
good sensible approximation of the full mode function.

The computations with the use of the mode function described in terms of the Hankel functions
are faster and easier since they do not involve the numerical Fourier transform as in the case of the
Hypergeometric one. Therefore we will use only the Hankel function expression in the following
since we already verified the equivalence of the two.

Fo‘ (k77—177_2) =
(2.137)

Gf (k77—177_2) = -

2.3.2 Fermion field

Equation (2.134) cannot satisfy the normalization condition for a four spinor and therefore is not
a possible candidate for the approximated mode function, nor it is its generalized form as shown
in [56]. The correct way to obtain the WKB-like expansion is to start from the fact that it should
generalize the Minkowski mode functions, equations (2.118) and (2.119), and reproduce them for
time independent frequency. Therefore the zeroth order is

0O (k, 1) = w(r) + My ot AT w(T')’
2w(T)
(2.138)

W(T) - Mf e—i f:m dr’ w(‘r')

(k. 7) =
Xk, T) 2w(T)

)

where w = /K2 + M ?aQ(T). This is the correct way to proceed and obtain the further adiabatic

orders as shown in [59].
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Figure 2.5: The retarded propagator is presented in the figure. The black thin line and the orange
line are the propagators respectively constructed from the full and the WKB approximated mode

function for M,/H = 10.

Since the Schwinger-Keldysh propagators are obtained by combinations of ST~ and S~ we
just need to check if the WKB-like expression for these propagators are correctly describing the
exact behavior; we do this by checking every elements of these matrices. In figure 2.6 and 2.7 we
compare two of the matrix elements of the full propagators and the WKB-like ones: n(k, 7)n*(k, 7)
and x(k,7)x*(k,7) (at equal conformal time). We observe a good agreement meaning that the
WKB mode functions are a good approximation of the complete expression in the large mass limit.
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The other elements of the propagators matrices produce similar results.
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Figure 2.6: Comparison of the (11) element of the fermion propagator S~7, evaluated at equal con-
formal time. The orange curves is the adiabatic approximated expressions while the full numerical
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solution is shown in the black cross (+) points. The mass is My = 10H.
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Figure 2.7: Comparison of the (22) element of the fermion propagator S~7, evaluated at equal con-
formal time. The orange curves is the adiabatic approximated expressions while the full numerical

solution is shown in the black cross (+) points. The mass is My = 10H.
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CHAPTER 3

ONE-LOOP CORRECTIONS

In this chapter we study the one-loop contributions to the inflaton two-point correlation function
coming from its interactions with massive scalar and massive fermion fields. We will introduce
the Lagrangian density of our model without specifying the inflationary potential so as to keep
the discussion on a general ground. We will then discuss the ultraviolet behavior of the two-point
function in the Minkowski and de Sitter backgrounds with the use of the formalism developed in
chapter 2. The aim of this chapter is to study how the quantum corrections to the cosmological
power spectrum modify the tree level result; in particular we will be interested in applying the
results into the supersymmetric hybrid model of inflation hence the choice of studying the presence
of fermion and scalar fields. But we want to stress that the results obtained here are completely
general and are easily applied to a different phenomenological models that include massive fermions
and scalar during inflation and are not necessarily supersymmetric.

In section 3.1 we will introduce the chosen model of interactions between the inflaton and
the heavy fields and the Feynman rules of the theory. Then the one-loop contribution to the
two-point function of the inflaton field will be discussed in section 3.2 and compared with the
numerical result. Finally in section 3.3 and section 3.4 the analytical results for the ultraviolet
behavior of the various contributions are presented and compared with the numerical computation.

The results of this chapter can be considered the natural continuation of previous works. For
the scalar case, our diagram (d) was computed in [7], of which we reproduce the results, and
diagrams (a), (b) and (c) for a massless scalar in [52]. Regarding the fermion contributions we
refer to the work in [62, 63], as a comparison of our computation, where they have dealt with
massless fermions (or with negligible mass) and for the massive case to [64].

The idea is to start from here in order to provide a complete treatment of fermion and scalar
contributions where the ultraviolet behavior is also explicitly presented and singled out. The result
has been reported for diagram (d) in [7]. The analytical computation in the in-in formalism in
Minkowski spacetime of diagram (d) reproduces the one in [7], other diagrams are not found in the
literature to our knowledge.

We stress the presence of the complementary formalism of effective field theory [65-67] that

can be used to address this type of problems and a bridge between the two could be of interest for
future work.
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3.1 The Interacting Lagrangian

The action we consider is
4 Ml% 1 iy 1 iy )
S= [ dw V=g |5-R=59"0,00,6 = 59" 0,50, 8 + Xin"V,.x = V(. 2, X) | (3.1)

and describes a model that consists of a nearly massless scalar field, the inflaton ¢, a massive scalar
field ¥ and a massive fermion field x. The potential V (¢, %, x) includes the inflaton potential and
all the possible interactions between the fields. Its most generic renormalizable form, with Zs
symmetry for the field X, is
1
V(¢7 ZvX) = V;nf((b) + 5
where Viy¢ is the inflaton potential constrained by the slow-roll conditions, equations (1.77) and
(1.79). In this chapter we will not specify the explicit form of this potential, meaning the particular

inflationary model, in order to keep the discussion as general as possible. The results will be then
applied to a specific model in chapter 4: the supersymmetric hybrid model of inflation.

1 1 1
MEY? + AT+ Spgme®? + D Aemd™S + Yoxy,  (3.2)

Assuming the vacuum expectation values of the heavy fields vanish, the fluctuation of the fields
around their backgrounds are

p=¢o+¢, X=0+0, x=0+1, (3.3)

where ¢ = §¢ is the inflaton fluctuation around the value ¢g = (¢). The potential now reads

A _ _
2ot 4 ppo® + X %0 + My + Y i, (3.4)

1
V(¢()7QD,O',¢) = ‘/;nf(gb) + §M520_2 + 1

where we introduced a new set of parameters defined as

1 1 1 1
M2 :=m% + pgosdo + §>\¢OE¢(2)7 W= Sheos + 5Asn 0, A= JAgexn, My =Y. (3.5)
Note that the dependence of the background field ¢¢ in M,, My, p and A lead them to be slowly-
varying rather than exactly constant. Note also that due to the Yukawa-like interaction between
the inflaton and the fermion, the latter one gains a mass in the final description of the potential.

In order to calculate the one-loop corrections to the two-point function of the inflaton we will
use the Schwinger and Keldysh formalism, doubling the fields into + and — components, rotating
the set of fields into the Keldysh basis, as discussed in chapter 2, and then extracting the Feynman
rules from the resulting Lagrangian density.

Once we have the Feynman rules we can proceed as usual drawing all the possible topologi-
cally inequivalent Feynman diagrams at one-loop. We have four sets of fields (¢4, ¢_), (o04,0_),
(¢1,1p_) and (¢4,%_) and we construct the Lagrangian density as

£[(pa0’aw7dj]/\/_ :£[<P+a0+7¢+71/;+]/v_g_q‘P_vU_ﬂ/f_ﬂ/;_]/v_9- (36)
Rotating into the Keldysh basis through the relations

2p01) = et +o7, Y) = et -, 20(1) = ot 4o, O@2) = ot —o7,

200y =T +97, Yoy =9t -y, gy =¢t+97, Yy =9t -9,

the Lagrangian density reads
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] Diagram \Expression\ Diagram \ Expression \ Diagram \ Expression ‘

F¢(k,T1,7'2) _iGg(k,T17T2) —iGé(kj,Tl,Tg)
Fg(k,Tl,TQ) —— - —iG?(k,ThTQ) ..... — —iG?(k,Tl,Tz)
—_— F¢(l€,7‘1,7’2) —_—P - - —iG{Z(kﬁ,Tl,Tg) ***** — —Z'G;z(ki,Tl,Tg)

Table 3.1: Feynman rules for the propagators in the Keldysh basis.

L= \/TQ[ Dup1)0" 0 (2) + 0u0(1)0" 0 (2) — MP01y0(2) — P (2)0 1y — 200(1)0(1)0 (2) (3.7)
- %80(2)0(22) - 2)\<P%1)0(1)U(2) - 2>\<P(1)<P(2)0(21) - %@(1)%0(2)0(22) - %@%2)0(1)0(2)
- m(?ﬁu)w(z) + ¢(2)¢(1)) ~Yommve — Yemvea
— Yoo hmva) — leYSD(z)iﬁ(z)i/J(z)} ;

where we ignored the o self interaction that is not relevant in our discussion. We can now associate
a Feynman representation to each propagator in the Keldysh basis, Table 3.1, where thin line
represents the inflaton fluctuation, the thick line the massive scalar and the fermion is represented
with an arrowed line.

In Keldysh basis the (1) and (2) components of the field set are represented respectively by
a solid and a dashed lines; recall that we defined i’ and G* respectively as G'' and G'? of the
propagators matrix in the Keldysh basis; see equation (2.57). From the Lagrangian density we
extract the Feynman rules for the interaction vertices summarized in Table 3.2. Observe that each
vertex contains a factor a* coming from the term /—g, needed to assure the invariance of the
action measure under general coordinate transformation.

Note that the Feynman rules in the Minkowski spacetime are those in Table 3.2 but with
a — 1. Moreover we do not specify counterterms at this stage: we will see in the following that
in general it would be needed to produce a finite one-loop amplitude. We will indeed present the
explicit dependence of the two-point function on a cut-off A, used to regularize the integrals. Note
however that in the supersymmetric theory we expect the cancellation of the divergences as long
as supersymmetry is exact.

3.2 Inflaton Two-Point Correlation Function

Before moving to the analysis of one-loop diagrams we note that the tree level contribution to the
two-point inflaton correlation function comes only from the Keldysh propagator

T T Fy(k,1,7), (3.8)
since the equal time contribution from the retarded G (k, 7, 7) and advanced propagator G4 (k, 7, 7)
is vanishing. This is an useful property and it helps us see that a certain class of one-loop diagrams
is identically zero: the amputated diagrams with no external dashed line. An example of such
diagram is




] Diagram \

Expression \ Diagram \ Expression ‘

< —iat(r)p —iat(m)2p
< | —iai(n)L —ia%(1)52,,
/ —ia*(r1)% —ia ()2
< —iat(11)2\ —ia*(r1)%
> —ial(m)Y ia(r)Y
‘\

/‘/

\ —ia4(7'1)Y Q —ia4(71)%

Table 3.2: Feynman rules for the vertices in the Keldysh basis.

The reason is that diagrams of this type always contain a closed loop of two G4 propagators
and this is vanishing because of the presence of the two step functions

GR(k,ﬁ,D)GR(kJQ,ﬁ) ~0(11 — 72)0(m2 — 1) = 0. (3.9)

We can compare the result obtained for the two-point function of the inflation given in chapter
1 in Table 1.3 with the one we can extract from the tree level computation of F'(k,7,7) in chapter
2, equation (2.98) in the Schwinger-Keldysh formalism. The solution of the equation of motion for
a massless scalar field in de Sitter, equation (1.124), is

5¢_lﬂ 1 (3.10)
M a ok kt)’ '

therefore we have
H2
Soil? = —
which is equivalent to what we obtained for the tree level equal time Hadamard propagator,
equation (2.98)

(1+ k*7%), (3.11)

T H2
Firee(k,7,7) = eI E272). (3.12)
We here showed that we obtained the same result with both formalisms and we can therefore
give the expression for the tree level power spectrum of a massless scalar field on super horizon
scale (|k7| < 1), calculated from the Schwinger-Keldysh formalism as
k3 H?

tr _ tr ~
AZC(k) = S5 F (k7 7) ~ Py

=53k (3.13)
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equivalent to the one presented in Table 1.3.

3.2.1 One-loop corrections from a massive scalar

At one-loop level the heavy scalar contributions to the two-point function come from the diagrams
shown in figure 3.2. We need to consider also the mirrored diagrams, that we will denote in the
following with ’; in figure 3.1 we give an explicit example. The one-loop correction due to the
inflaton quartic self-interaction has been studied previously in [52, 55] and the interaction with an
heavy field of the type ¢>% and ¢3Y in [68, 69]. These interactions are not presented in our study
since we imposed a Z symmetry. In other words we focus on the contributions purely coming
from the heavy fields.

We shall to evaluate the one-loop diagrams using the Feynman rules in Table 3.2 both in the
Minkowski and de Sitter background spacetimes aiming to extract the ultraviolet (UV) behavior
in the next sections.

Minkowski background

Let us evaluate step by step the Feynman amplitude corresponding to the diagram (a)

p

p+k

The amplitude associate to the diagram (a) is

Aigilar :/ dTl/ dmy (—iGg(k,T, Tl)) (—iGg(k,T,Tg))

External legs contribution

1 d3p
— [ ——=F, F, .14
X Vl‘/2 2 / (271_)3 U(p77-1a7—2) U(p+kaTlaT2)7 (3 )

Amputated amplitude A;f,zp

where V3 = V5 = —ipu are the contribution coming from the vertices and 1/2 is the symmetry
factor associated to the diagram. In this chapter we will dedicate our attention to the amputated

amplitude, Ag‘iﬁp, since we are interested in extracting the UV behavior of the corrections.

The amputated amplitude neglecting the external momentum, i.e. |k + p| =~ |[p| = p! is:

e ~
’ .
\

diagram (c) diagram (c’)

Figure 3.1: Example of diagram (c) and its mirrored version (c’)

IThe meaning and the goodness of the approximation will be addressed in the next section when studying the
de Sitter case.
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diagram (a) diagram (b) diagram (c)

Y,

diagram (d)

Figure 3.2: One-loop Feynman corrections to the inflaton two-point function due to the interaction
with a massive scalar field.

2 d3
a p
Aglr)lp, scalar — _l; / (27T)3 FU(p7 T1,7'2)Fg(p, 7-177-2)' (315)

To perform the internal momentum integration, we split the momentum into a small momentum
p < pe and a large momentum parts p > p.. Here p. := M. Therefore we have

() /1'2 Pe 5 5 puv 5 9
Aarnp, scalar — T Ax2 {/ dpp® [Fo(p, 1, 72)] +/ dpp” [Fo(p, 71, 72)] } ) (3.16)
0 DPec
where we imposed an explicit UV cutoff pyy := A as a regulator of the otherwise divergent

integral. The choice of a cutoff in momentum as a regulator instead of other possible prescriptions
(e.g. dimensional regularization) was done for two main reasons. It is a very physical realization
of the regularization processes, meaning the process of cutting out our ignorance of the physics
at very high energy scale [70]. Moreover it is very convenient for both analytical and numerical
calculation and it does not have disadvantages since we do not have to deal with a gauge invariant
theory.

Diagram (a): Explicitly performing the integrations in (3.16), we obtain

A

2 M
a s 1 1
A;n)lp, scalar — f? {/o dPPQW cos” [M(m1 — 72)] + /M dpﬁ@ cos? [p(r1 — 72)]}

2

___H 2 _ _
_ 1927T2{4Mscos (M, (r1 = 72)] + 6(A — M,)

(sin[ZA(Tl — 75)] — sin[2M, (1, — 72)]> } . (3.17)

1 — T2

Diagram (b): Following the same steps and using the same conventions in naming the vari-
ables we evaluate the amputated diagram (b)

2
A(b) =+ Lg

amp, scalar 1672

(ra = m){ 3 s M1 = )]+ (A = ML)

m (sin[?A(n — 73)] = sin[2M (11 — Tz)]) } : (3.18)
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Diagram (b'): Its mirror diagram ('), i.e. the diagram with the exchange 71 <> 75 is
2

1672

. ﬁ (sin[2A(n —12)] —sin[2M (11 — Tz)]) } : (3.19)

A(b,) — +

amp, scalar

0(m - 72>{]\§S sin?[M, (s — 71)] + %(A ~ M,)

Diagram (a+b+0b'): We note that the non-local linear divergences are cancelled in the sum
of the three previous amplitudes. In section 3.3 we will address the issue of the divergences. The
result of the sum is

2
(atbtd’) _ MM
Aamp, scalar — 487T2 {COS[2MS (TZ - Tl)]
12
S ) (sin[QA(Tl —79)] — sin[2M (1 — 7'2)]). (3.20)

Diagram (c¢) and (¢’): The result of the integration for diagram (c) and (¢) is

: 2 M, |
AZ(B,(I/T)lP7 scalar — T %9(7—2 - 71) {212 SIH[QMS (7'2 - Tl)]

_m (COS[QA(ﬁ — 73)] — cos[2M(m — rz)]> } (3.21)

and ,
AL (2 = 11) = AD a1 = T), (3.22)

Diagram (d): The amputated amplitude of the tadpole-like diagram (d) can be evaluated
without using any of the above approximations, obtaining

d3p
Aa(a(rir)lp, scalar :/ WVlFU (pa 71, 7—2) (323)

ix oA 1
2 0 2 p2 +ME

2 9 9 2A
=1 {A Msln<MS>}.

The results obtained in Minkowski will be useful to check the consistency of the ones we will
obtain in the next sections when moving to the de Sitter background. The result of the UV
behavior of diagram (d) can be directly compared and are in agreement with previous literature
[7] and with analogous computations in in-out formalism [71]. Regarding the amplitudes of the
diagram (¢ + ¢’) further manipulations are needed to extract the ultraviolet behavior as discussed
in the next sections.

De Sitter background

We are going to perform the same computations in a background of cosmological interest: de Sitter
spacetime. We use diagram (a) as an example to calculate the amputated amplitude. There are
some differences with the Minkowski case: the vertex factors acquire a time dependence through
at (15), 5 = 1,2, coming from the Feynman rules in Table 3.2.
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The momentum p, and the UV cutoff pyy are also time dependent, in fact we have

Pe P <K Pe

p? + MZa?(7p) = \/p® +pZ ~ {p b e (3.24)

where we defined p. := M,a(r3) = —M;/(H7s) as the momentum scale we use to split the integral
into large momentum p > p. and small momentum p < p. part; 73 is the latest time that occurs
in the loop, i.e., |Tg| = min{|m|,|m2|}. We choose again a cutoff to regularize the integral in
momentum space pyy = A a(7g) with ag := a(73).

In order for A to be a physical cutoff we need to multiply it by the scale factor since we are
imposing a cutoff to an integral on comoving momenta. The cutoff A regularizes integrals in kppys,
while A ag regularize integrals in k& = kpnys ag. The choice of 75 to be the latest time means
choosing the largest physical cutoff between A ag with § =1, 2 [65].

As discussed in the previous chapter to perform the analytical computation we will use the
WKB approximated propagators that in the two momentum limits take the following form

Q

1 Ms 1
Fo(p < pe,71,72) ———75 373 €08 [ In ] ; (3.25)
2Msai’/2a3/2 H m

4p® — M3(af + a3)
8piajas
Mi(ri—1)
“aaHor P T
—70(7-1 — ) sin [MS In Tl}
3/2 3/2 ’
Msal/ a2/

Q

Fa(p > De,s T1, TQ) Ccos [p(Tl - TQ)] (326)

Q

G?(p < pCaTlaTQ) (327)

H T2
4p? — M2(a2 + a3
(i _7_2){ i4 (af 2)

4ayazp?
MSQ(T1 - 7'2)
Barag By P 7 g

Q

Gf(p > Pe, T1,T2) sin [p(m1 — 72)] (3.28)

The amputated amplitude for diagram (a), neglecting the external momentum, i.e. |k+p| = |p| =
p, is given by

2 4 4 3
(a) _ prai(n)at(r) [ dp
Aamp, scalar — 2 (271')3 FO' (pv 71, TZ)FO' (p7 T1, TQ) ) (329)
and splitting the integral in momentum space gives
(a) patas Pe 2 pov 2 2
Aaunp7 scalar — 471_2 {/ dpp [Fa(pa 7'1;7'2)] +/ dpp [Fa(p, 7'1,7'2)] } . (330)
0 Pe

We neglected the external momentum k in the loop integration. Primarily we are interested in
the UV behavior of the amplitudes; since the integral over large momenta is dominating, we can
say that |k + pyv| = |pyy| = p is a good approximation.

After subtracting the divergences through renormalization, we should in principle consider k
and its effects in particular in the small momenta integral. In this case the reference scale is p. so
our approximation would be sensible if |k + p.| = |p.|. We are considering modes that are inside
the comoving Hubble radius during inflation and therefore there exists a maximum value of k,,
that is its value at horizon exit at the end of inflation k,, = a(ty)H. Therefore as long as p. is
larger than k,, we can still consider k < p.. And since p. = aM and we are considering massive
field M > H we can use |k + p| = |p| = p as zero order approximation.
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Diagram (a): Using equations (3.25) and (3.26) we have

A(a) —

amp, scalar 4871'2

In —
Haﬁ nTQ

_Pmeddpe [ po | n] _ #Pedad(pe — pov)(odpe + adpe — 2afpuy)
647r2a%pUV

B p?atai(a? + a3)p? [ cos[2pyv AT ~ cos[2p.AT]
6472a3 pUv Pe
u?ata3 (sin[2pUVAT] Sin[QPCAT])

6472 AT AT

2 2
H 2 2Pc 2 2
10— | ay +az —
a5

* 3032 ) AT (Si[2PcAT] - Si[2pUVAT]), (3.31)
™

H2T1T2

where we introduced AT := 1 — 7.

Diagram (a + b+ b'): Similarly we can compute the diagram (b) and its mirrored version,
with the results

2 . . 2
(atbib) w5 o (sin[2p.AT]  sin[2pyy AT 7 9 2pe . T1
amp, scalar = T 3272 12 < AT B AT T 42 114205Pe €08 In -
2 2
M 5 o, 9 o Da [ cOS[2p.AT] cos[QpUVAT]>
+ ajas(ay +a5)— —
st + o) (<0 oL
+ i afa%p—g a3 4 a3 — _r AT Si[2p.AT] — Si[2pyv AT] ) . (3.32)
1672 a% H27 19
Diagram (c¢’): The result for the integration of diagram (c') is
ice) —9,,24% 4 d’p I _iGR 533
amp, scalar na (Tl)a (TQ) (27_(_)3 U(pa T1, 7-2) 1G, (pa T2, Tl) ( . )
. 2 > 2
it 5 cos[2p. AT cos[2pyv AT] iy 9 [ 2pe , T
=+ @alaQH(AT) ( Ay — Ar + 192 arazagp0(AT)sin Has In p
i’ 5 0P (o 2 1 ; i
+ H%%% ai +a; — W O0(AT)AT| Ci[—2p.AT] — Ci[—2pyy AT]
.9 2 . .
i Dz sin[2p.AT]  sin[2pyyv AT
- fatadat + ap) o(an) (T mmProv ) (3.3
m ag De puv
and
Ag.il)lp, scalar(AT) = Ae(lin)p, scalar(_AT)’ (335)

Diagram (d): The integration of diagram (d) does not require the split of the integration as
discussed in the Minkowski case, the result is

d . d3p
Agrr)lp, scalar — Z)\‘14(71) / (27)3 Fo(p,m1,71) (3.36)
A p? P
= —@a% (pQUV - 36 —p2ln ;JV> . (3.37)

We presented the same calculations both in the Minkowski spacetime and in de Sitter for the
corrections to the inflaton propagator due to the interaction with a massive scalar field. We expect,
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OG- O

diagram (a diagram (b diagram (c

Figure 3.3: one-loop Feynman corrections to the inflaton two-point function due to the interaction
with a massive scalar field.

from the results obtained in algebraic QFT, that the ultraviolet divergences are of the same order
and the type and number of counterterms are the same in both spacetimes [6]. Diagram (d) shows
this property clearly, we see that in both cases we have the a quadratic and logarithmic dependences
on the cutoff A.

To understand the UV behavior of the amputated amplitude (¢ + ¢’), we need some further
manipulations, we will present them in section 3.3 after the study of the fermionic contributions.
In order to extract the singular behavior we will study the previous expressions in the language
of distribution, and we will find that these divergences multiply a Dirac delta function §(AT),
following the computation performed in [7, 52].

Note that in the de Sitter calculation when splitting the integral in small and large momentum
we are keeping the next to leading order of approximation in p. This allowed us to capture the
divergences more accurately. The leading order terms are easily seen, since they are in form
similar to the result in Minkowski, where we kept only the leading order terms. For instance for
the diagram (c), in de Sitter the first term in equation (3.34) corresponds to the second term in
equation (3.21), i.e. Minkowski term.

3.2.2 One-loop corrections from a massive fermion

The discussion related to the corrections coming from the inflaton interaction with a massive
fermion through an Yukawa interaction is very similar to the one we gave in the previous section.
We have to keep in mind the differences from the scalar case: the factor (—1) coming from each
fermionic loop and the product of the propagators in the loop is traced over [41]. The one-loop
contributions to the two-point function are listed in figure 3.3; their mirror diagrams should be
considered as before.

We stress again that in this section we are interested in the UV behavior and therefore we will
focus on the amputated part of the diagrams.

Minkowski background

The amputated amplitude for diagram (a), neglecting the external momentum, i.e. |k+p| = |p| =
p, is

iVva d®p
4@, = -4 / o TEu (9. 71,72) o 72,7 (3.38)
where the vertices are V; = Vo = —iY, the symmetry factor is 1/2 and we kept the same labels

convention as in the previous section.

Diagram (a): Proceeding to split the integral into small and large momentum parts and
using A has regulator we compute the integral in equation (3.38)
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y? cos(2M s AT) cos(2AAT) sin(2M s AT)
A(a) R 4 3 f — 6A _ f
amp, fermion = T 487r2< My +6Mp—30 A=A 3 A
sin(2AAT) 28in(2M A7) 58in(2AAT)
SIMEART) | 2SSV BT) a2 SIMEART) .
+3 A3 + 6M Ar 6 Ar ) (3.39)

reminding that we defined AT =7 — 7».

Diagram (b) and (b'): Similarly to the scalar case we compute the contribution of diagram
(b) and its mirrored version

2 .
(b) Y 3 cos(2MfAT) cos(2AAT) sin(2MAT)
amp, fermion ~ + 4872 0(7AT) (4Mf + 6Mf AT2 —6A A3 -3 A73
sin(2AAT) o sin(2M A7) 5 8in(2AAT)
M — 6A° ———= 4
+3— L M 6 ) (3.40)
and
b’ b
Az(im)p, fermion(AT) = Ag.rr)lp, fermion(_AT)’ (341)

Diagram (a+b+b): We note that again the non-local divergence cancel when summing the
three contributions
a ! Y?
AL (QMfAT sin(2M ;A1) — 2AAT cos(2AAT)

amp, fermion 87'('2 A3

— (1= 2M7AT?)sin(2MfAT) + (1 — 2MFAT?) sin(QAAT)). (3.42)

Diagram (c¢) and (¢’): The result of the integration for diagram (c¢) and (¢') is

(c) _ iy 27,2 2 A2
Aamp, formion = — W&(—AT) <(1 — 2A“A7%) cos(2AAT) — (1 — 2M;AT ) cos(2M s AT)
— 2AT(Mysin(2MyAT) — A sin(2AA7)> (3.43)

and

AC) (Ar) =AY

amp, fermion amp, fermion

(—A7), (3.44)

De Sitter background

We proceed to calculate the one-loop correction to the two-point function with the same method
described in the previous sections, keeping in mind the peculiarities of working in de Sitter space-
time. The WKB mode function in small and large momentum limits are

M
No(p <pe;T) ~ exp (if log T> ; (3.45)
H T
1
No(p > pe,T) = N (—ip(T - Ti)) ; (3.46)
Xa(p < Pes T) ~ 0, (3'47)
1
Xo(D > pe,7) = ﬁexp (—ip(T - ’7'2)> , (3.48)
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from which we build the propagators using equations (2.111), (2.112), (2.113), (2.114) and (2.71).

Diagram (a + b+ b'): The sum of the corrections coming from diagram (a), (b) and (') is
finite as expected from the result in the Minkowski background

2 . .
(a+b+b") Y sin[2p.AT] sin[2pyy AT]
Aa?np, fermion — + ]2 a1az (QPEAT - p%]VT
cos[2p.AT] cos[2pyv AT|  sin[2p A7) sin[2pyy AT
o, e _
+ 2P AT2 puv AT2 AT3 + AT3
Y2 p2
RAVPy P alaQaT% (pc cos[2pAT] = puv COS[2PUVAT}>
Y? P2 [, 9 1 sin[2p.AT]  sin[2pyy AT]
- — = — 3.49
g2 1192 a% (a1 taxt H27mi19 AT AT (3.49)
Diagram (c¢) and (¢’): The results of the integrations of diagram (c) and (¢’) are
(') 2 [ R
Aamp, fermion — 1Y (2’/T)3 Tr [Fd) (p7 T1, TQ)Gw (pa T2, Tl)} (350)
iY? 5 COS[2pAT] 5 Ccos[2pyy AT]
= rmaatr) (2t ST gt X
_q sin[2p.AT] 4o sin[2pyv At]  cos[2p.AT] | cos[2pyv AT]
P AT2 puv At A3 A3
iy e 0(A) (pesini2p. Ar] — puy sinf2puy Ar)
M2 H2 1o aiasz a% T)\ P SIN|2DcAT| — Ppuv SINZPUyy AT
iY? p? 1 cos[2p.AT]  cos[2pyy AT]
- == 0(A 24 42 = - .51
12 ajas a% (AT) (al + a5 + H27’17'2> < Ar Ar ) , (3.51)
and
Al) (Ar) = A9 (—AT) (3.52)
amp, fermion amp, scalar . .

We presented the computation of the one-loop corrections to the two-point inflaton function due
to the interaction with a massive fermion field in the Minkowski and de Sitter spacetime. Similarly
to the scalar case, the non-local divergences in the diagrams (a), (b) and (') cancel each other
leaving with a finite amplitude. To understand the UV behavior of the fermionic corrections we
will need to study the contributions coming from diagrams (¢) and ().

3.2.3 Numerical calculation

In this section we proceed to perform the full computation numerically and compare with the
approximated analytical results of the amputated amplitudes for both scalar and fermion contri-
butions. We concentrate on diagrams (c) and (d), as they are the ones containing UV divergences,
as we will show in the next sections. We first check the integrands of the amputated amplitudes,
that consist of propagators and vertices. Performing the numerical analysis we also neglect the
external momenta in the same approximation discussed in the last sections.

In figure 3.4 we have the comparison between the analytical and numerical results for diagram
(c). The integrand is expressed in equation (3.33) for the bosonic and (3.50) for the fermionic case.
The red line is the analytical expression obtained using the propagators constructed from the WKB
approximated mode functions in equations (2.137) and (2.138) as explained in chapter 2. The black
cross points are the numerical computations where the propagators are constructed from the full
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mode functions in equations (2.99), scalar, (2.128) and (2.129), fermion. Figure 3.4 shows that the
analytical results well describe the numerical computation. This can be considered a further check
of the consistency of describing the massive propagators with a WKB approximation as discussed
in chapter 2.

We then performed the momentum integration in equations (3.33) and (3.50) numerically and
compared with the analytical result given respectively by equation (3.34) and (3.51). Using the
same convention of above in figure 3.4 we show the agreement of the two calculations. This result
can be considered as a check of the goodness of the approximation given in equation (3.30) where
we described the splitting of the momentum integration.

Scalar diagram c (before momentum integration)

i Fermion diagram c (before momentum integration)
0.006 -
0.004 |- b
o 500000 B
I E
= 0002 b =
T S
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sf ,\‘;i or ]
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-500000 ,
-0.006 b
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Figure 3.4: Amputated amplitudes before the momentum integration for the diagram (c) as a
function of the momentum. Both the contributions from the massive scalar and fermion fields
are calculated and shown on the left and the right panel, respectively. The solid red line is the
analytical estimate and the black cross (+) points are the numerical computation. For the scalar
case, we chose 11 = —2/H, 79 = —1/H, My = 10H, and ¢ = H. For the fermion case, we chose
7 =—-1.01/H, » = —1/H, My = 10H, and Y = H. Note that the exact values of 1 and ¥ are
irrelevant as they are an overall factor.

Scalar diagram ¢ (after momentum integration) _

25 E Fermion diagram c (after momentum integration)
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Figure 3.5: Amputated amplitudes after the momentum integration for the diagram (c) as a
function of the momentum cutoff A. Both the contributions from the massive scalar and fermion
fields are calculated and shown on the left and the right panel, respectively. The solid red line is
the analytical estimate and the black cross (+) points are the numerical computation. For both
scalar and fermion cases we chose 4 = —1.001/H, 7» = —1/H, M, = 10H, M; = 10H,Y = H,
and p = H. Note that the exact values of ;1 and Y are irrelevant as they are an overall factor.

The same analysis was done for diagram (d) where in figure 3.6 we have on the left the com-
parison for the integrand in equation (3.36). In the analytical computation the propagator is build
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from the WKB approximated mode function (2.136) while in the numerical computation from the
complete one (2.99). We then performed the integral in equation (3.36) numerically. Figure 3.6,
on the right, shows the comparison with the analytical result in equation (3.37).

We can conclude that in both diagrams the WKB approximation and the split of the momentum
integrations are good approximations of the full result.

Scalar diagram d (before momentum integration)

T ) . .
25 ] Scalar diagram d (after momentum integration)
[ ] = ¥ . : 3
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T
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Figure 3.6: Left panel: Amputated amplitudes before the momentum integration for the diagram
(d) as a function of the momentum. Right panel: Amputated amplitudes after the momentum
integration for the diagram (d) as a function of the momentum cutoff A. The solid red line is
the analytical estimate and the black cross (4) points are the numerical computation. We chose
71 = —1/H, My = 10H, and A\ = 1. Note that the exact value of \ is irrelevant as it is an overall
factor. As is expected, we observe the quadratic divergence in diagram (d). See text for more
details.

3.3 Ultraviolet Behavior

The main objective of this chapter is to understand the ultraviolet behavior of the one-loop correc-
tion to the two-point function of the inflaton. In the previous sections we explicitly calculated the
amplitudes but we understood the need for further manipulations to extract their UV dependence
on the cutoff. The idea is that the divergence is to be found in the part of the amplitude where the
two times 7, and 75 coincide so we should search for a way to re-express the amplitude factorizing
the equal time contribution.

These divergent terms are proportional to 6(A7) and are the usual local divergences that can
be canceled by counterterms. As we can see explicitly from the scalar result of diagram (a), (3.17),
and (b), (3.18), non-local divergences can also be present but they will cancel summing the contri-
bution coming from different diagrams. In our case the linear divergence in diagram (a) cancels the
one in diagram (b). The presence of these divergences is due to the split in multiple contributions
(diagrams) of the total corrections. The non-local divergences always cancel between each other.

Following [52] let us consider as an example the term present in diagram (c) for the scalar case,
equation (3.34)

cos[2pyy AT|
AT

it turns out that this term is logarithmically divergent as A — oo. In order to see this consider the

integral

(A7) (3.53)

/oo dAT F(AT) (A7) % _ oo AT (A7) cos[2pyy AT]

_— .54
0 e L)
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where f(AT) is a test function. The integral in equation (3.54) is the prototype of the time
integration of an amputated amplitude containing the term in equation (3.53), extended to +oo,
that we will perform after attaching the external legs.

We first split the time integration into two pieces,

oo n %)
/ dAT = lim/ dAT —|—/ dAT, (3.55)
0 e—=0 /. n

where 7 is the time regulator which will be sent to zero at the end of the calculation, after sending
A — oco. In the first integral we can approximate

AT AT

~
~

n—AT ot

f(A) = f(0) & (3.56)

and we remind pyy = Aa(73) —A/HTs and 75 is the earliest time occurring in the loop, for instance
for the diagram (¢): 8 = 2, for the diagram (c¢): S = 1. Thus we have,

/ AT F(AT) cos[2py v AT|
0 AT

. 1 1 2AAT b 1 2ANAT
= 611_1% 6 dAT f(O)A—T cos [— Hr ] —|—/17 dAT f(AT)A—T cos {— i } {3.57)
where we used 73 = 71. The first term gives
n 1 2AAT 2A

/6 AT £(0) 5 cos { = } — _f(0) [’y +in ( o eﬂ (3.58)

> 2A
= —/ dAT f(AT) {’y—&—ln <—e)] I(AT),

o Hrm

where the limit € — 0 is to be understood and the second term vanishes, provided that f(A7) is a
good test function, meaning it vanishes fast enough as AT — oco. Therefore, we obtain

o(AT) %’fm} __ {7 +ln (—;ﬁleﬂ 5(AT) (3.59)

where 7 is the Euler-Mascheroni constant.
Similarly let us consider

e(m)% (3.60)

We proceed in a similar way and we have the integral

e cos[2p.AT| /°° cos[2p.AT]
[m dAT f(AT)0(AT) —ar dAT f(AT) A
K 1 2M AT > 1 QM AT
= /; dAT f(O)E COS |: HTI :| + /n dAT f(AT)E COS |: H7'2 :|
> 1 2M,
= / dAT f(AT) (6(A7) Iy (AT —n)—— cos {— > AT:l) . (3.61)
oo € AT Hry
Therefore, from equation (3.59) and equation (3.61), we find
cos[2p. AT cos[2pyv AT
6(AT) ( AT AT
2A 1 9M,
= 0(AT) [’y +1In (—Hﬁn>} +0(AT — U)E cos {— 7 AT:| (3.62)
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The same reasoning is applied to the similar terms we found in the amputated amplitudes pre-
viously computed, e.g. 0(AT)f(AT)sin[2pyy|/AT™, where n is some exponent power. Repeating
the same procedure for all the terms in the amputated amplitudes, we obtain similar expression
used to derive equations (3.63), (3.64), (3.65), and (3.66).

3.3.1 Numerical calculation

From the previous discussion we understand that numerically the ultraviolet divergences become
visible after performing a time integration. For instance the §(7; — 75) term in the amplitude of
diagram (c) is used upon the first time integration and it is possible to appreciate the divergence
behavior as function of A; in this case we see the logarithmic dependence (see e.g., equation (3.59)).
In the case of diagram (d), on the other hand, we have only one vertex and thus the UV behaviour
is manifest and there is no need for the time integration to see the A dependence.

We shall present only the numerical results of diagrams that contain a divergence. In figure
3.7, we performed 7o-integration in an interval (7;,, 71 — ) where we chose 7;, close to 7 since
the aim was only to check the UV behaviour predicted by the analytical computation for diagram
(c). The black cross (4) points are the results of the full numerical computation and the red line
the analytical expression.

As we expected from the analytical results, equations (3.64) and (3.66), we see a logarithmic
divergence for the scalar contribution and a quadratic divergence for the fermion contribution.
In the fermion diagram (c), the logarithmic divergence is expected to be present. But in order
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Figure 3.7: Amputated amplitudes for the scalar (left ) and fermion (right) contributions after
performing the 7 integration near 7. The full numerical computation is depicted by black cross
(4) points. The solid red line represents the analytical expression. In the left panel, we observe
the logarithmic divergence as we expected from the analytical expression. In the right panel, we
see the quadratic divergence. In order to see the logarithmic divergence, we need to subtract the
quadratic divergence. See text for more details. We chose M, = 10H and My = 5H.

to see it, we need to subtract the quadratic divergence. Unfortunately, however, it is difficult to
numerically subtract the quadratic divergence by using the analytical expression because of the
numerical errors; due to the quadratic nature, a small difference in the coefficient makes a huge
difference for the quadratic term.

Therefore we took the following approach. Since we confirmed that the quadratic divergence is
in good agreement with our analytical expression, we fitted the full numerical results by fixing the
coefficient of the quadratic term. We then subtracted the quadratic term from both the numerical
results and the analytical expression. The comparison between the final results are shown in figure
3.8. We followed the same procedure for the diagram (d). In figure 3.6 we already saw the quadratic
divergence. The logarithmic divergence is seen after subtracting the quadratic divergence as shown
in figure 3.8.
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Figure 3.8: Left panel: Amputated amplitude of the fermion diagram c with the A? divergence
subtracted. Right panel: Amputated amplitude of the scalar diagram d with the A2 divergence
subtracted. The solid red line is the analytical estimate and the black cross (+) points are the
numerical computations. Subtracting the quadratic divergence we see the expected logarithmic
divergence.

In this section and in section 3.2.3 we performed the numerical calculations without resorting
to the adiabatic expansion approximation. We computed propagators, amputated amplitudes and
UV behaviours fully numerically and compared with the analytical expressions. It shows that
the use of the WKB approximation is perfectly sufficient to reproduce the behaviour of the exact
numerical amplitude, both regarding the leading and sub-leading UV behaviour.

3.4 Analytical Results

In the previous sections we introduced the tools to understand the ultraviolet divergent behavior
of the amplitudes and we anticipated, through the numerical computation, the type of divergences
we expect. In this section we will present the complete analytical results of the calculation of the
amputated amplitudes and we will then concentrate on the UV behavior studying the relevant
terms. We will compare it with the singular part of the amplitudes having Minkowski as back-
ground spacetime. Finally we will discuss the implication of the result in de Sitter spacetime.

Starting from the results in (3.32) and (3.34) and applying the formalism developed in section
3.3 we obtain the amputated amplitudes for the scalar contributions to the inflaton two-point
function

2
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2
M . 2M;,
_ _ O — 70 —
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2 2 2
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and

-2
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scalar + 4’/T2H4Tf‘ |:’Y +In M, +In Hr, n (Tl 7—2)
i\ 9 M52 9 A
Am2 H4r} [A 3 M1 M, o(r =)

n ip? ( 2M,
cos [ —
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c 2 2 2
e s (-2 (=) 0~
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Am2 HOir3
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where Ci and Si are the since and cosine integral functions. We separated the finite contributions
of diagrams (a + b+ b') and the divergent one coming from the diagrams (¢ + ¢ +d + d').

In a similar fashion from the results in equations (3.49) and (3.51) we single-out the fermionic
divergent contribution in the amputated amplitudes coming from diagram (¢ + ¢’) and we show,
once again, that the sum of diagrams (a + b + b') do not present diverge