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Abstract

Inflation is a period during which the Universe expansion accelerated at very early
times. Originally introduced to solve the fine tuning problems of the cosmological Hot Big
Bang model, it has been a great success in explaining the origin of the small temperature
anisotropies of the Cosmic Microwave Background (CMB). Actually the most accepted
models of inflation are the so-called standard single-field models of slow-roll inflation. The
quantum field theory (QFT) description of such models consists in the presence during
inflation of one scalar field, the inflaton, which slowly rolls down an almost flat potential.
At the beginning of inflation both the inflaton and the metric tensor have small oscilla-
tions around their background (i.e. their quantum fluctuations). During inflation these
primordial perturbations are stretched by the accelerated expansion on very large (super-
horizon) scales, where they get frozen. They form the seeds for the formation of primordial
scalar (curvature) perturbations, associated to primordial density perturbation, which can
explain the temperature anisotropies observed in the CMB. Another fundamental predic-
tion of Inflation is the production of a stochastic background of tensor perturbations,
corresponding to primordial gravitational waves. The statistics of the primordial pertur-
bations predicted by the standard slow-roll models of Inflation is almost Gaussian. The
small deviations from a Gaussian distributions of the primordial perturbations predicted
by the standard single-field slow-roll models of Inflation cannot be observed at the mo-
ment given the sensitivity of the actual measurements. In the last years the WMAP and
Planck satellites have constrained with increasing precision the level of primordial non-
Gaussianity. The best constraints at present are those from the Planck measurements
of the temperature (and polarization) CMB anisotropies. In this work we have studied
a possible indirect way to detect the primordial stochastic background of Gravitational
Waves which goes under the name “tensor fossils”. The latter are primordial degrees of
freedom that no longer interact or very weakly interact during late-time cosmic evolution.
The only observational effect of an Inflation fossil might therefore be its imprint in the
primordial curvature perturbation. Indeed the effect of these tensor fossils would entail
a quadrupole perturbation in the mass distribution in the Universe. In order to measure
their contribution it can be shown that it is possible to define a parametrization strictly
connected both with the bispectrum, i.e., the scalar-scalar-tensor (fossil) three-point cor-
relation function, and with the power spectrum (the two point correlation function) of
the tensor (fossil) perturbations. A new model, Gaugid Inflation, has been studied. In
this model the fields responsible for Inflation are three Abelian gauge vector fields with
vacuum expectation values that manifestly break invariance under spatial rotations and
translations. Imposing additional symmetries on the fields, allows us to restore, at the
background level, the wanted isometries, and also to study the inflationary phase driven by
these fields. Perturbing the fields we found that, besides the usual metric tensor perturba-
tions, additional tensor degrees of freedom due to the gauge fields arise, which could play
the role of tensor fossils. The original contribution of this work was the study of primor-
dial perturbations for Gaugid Inflation in an extension of the original version proposed,
and the finding that these new tensor degrees couple to the metric ones in a non-trivial
way. This result affects the spectral index of the tensors. In our generalization we tried
to add a manifestly parity-breaking term due to presence of time derivative of the gauge
field. We expect this term to modify the power spectrum of gravitational waves, polarizing
the primordial GW into left (L) and right (R) polarization states in the sense that the
statistics of such L and R polarization states becomes different.
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Introduction

Inflation is a period during which the Universe expansion accelerated, in the first moments
of its life.

The success of this theory is due to the fact that it represents a powerful solution for the
Hot Big Bang shortcomings: horizon, flatness and cosmic relics problems. Furthermore,
Inflation is mainly considered because it provides a dynamical description for the origin
of the temperature perturbations of the Cosmic Microwave Background (CMB), which
is so far the most important observable that carries information about the very early
Universe. These perturbations, as we will see, are strictly connected with the density
perturbations, which are themselves the cause of the formation of the Large-Scale Struc-
tures. The simplest inflationary model, the so called single-field slow-roll model, is based
on the hypothesis of the presence of a scalar field, the so-called inflaton, responsible of
the accelerated expansion. In this model the potential of the scalar field is assumed to be
approximately flat, according to the so called slow-roll conditions. During Inflation we can
decompose the inflaton field into a background value, which is isotropic and homogeneous,
and a small fluctuation around the background. We can do the same for the components
of the metric tensor g,,,. The background dynamics of the inflaton is responsible for the
accelerated expansion of the primordial Universe. Then the initial small fluctuations are
stretched on superhorizon cosmological scales by the expansion of the Universe so that
their amplitude gets “frozen”. This happens because at a certain time the wavelength of
a given oscillatory mode \ exits the comoving Hubble horizon rg(t), which provides a
measure of the dimensions of the cosmological regions causally connected in the Universe
at a fixed time t. At the end of Inflation, the inflaton decays into radiation through a
process called reheating of the Universe, so that the standard Hot Big Bang phase can
start.

Theoretical predictions show that the relevant types of dynamical perturbations dur-
ing Inflation are two: scalar (curvature) perturbations, associated to primordial density
perturbations, and primordial gravitational waves (GW). The former, after the reheat-
ing, remains frozen until the corresponding wavelength reenters into the comoving Hubble
horizon, creating perturbations in the energy density of the radiation fluid. Then through
this mechanism we explain essentially how in the Universe small perturbations that we
observe in the CMB formed. The same mechanism explains the first seeds from which,
via gravitational instability, the Large-Scale Structure of the Universe formed during the
matter dominated epoch. The basic predictions of the slow-roll paradigm, like the approx-
imate scale invariance and Gaussianity of the primordial power spectrum are in complete
agreement with CMB and Large-Structures data. In the last years the Planck satellite has
also put the strongest constraints on deviations from a pure Gaussian distribution of the
primordial perturbations. Such constraints are compatible with a zero level of primordial
non-Gaussianity as predicted by the slow-roll models, but there is still a window of almost
two orders of magnitude unexplored, see e.g. [32], 43].



A common feature of all the inflationary models is the production of a stochastic
background of gravitational waves, i.e. tensor degrees of freedom of the metric. Observ-
ing this background would be a smoking gun for the Inflation theory, because it would
definitely confirm the theory. Furthermore a measure of the amplitude of the GW would
allow to define also the energy scale at which the Inflation happened: this would be an
extraordinary result for the understanding of the first moments of the Universe. Another
important cosmological prediction is that the amplitude of the GW as predicted by the
standard single-field slow-roll models of Inflation is much smaller compared to the scalar
one. This constitutes a great challenge for a detection of the primordial gravitational
waves; for this reason, in order to have indirect observation of such GW, some different
ways have been proposed. One fundamental tool to investigate the primordial GW is
provided by the so called tensor fossils, defined as “a hypothesized primordial degree of
freedom that no longer interacts or very weakly interacts during late-time cosmic evolu-
tion. The only observational effect of an Inflation fossil might therefore be its imprint in
the primordial curvature perturbation” [69]. These tensor fossils represent a fascinating
indirect way to detect the primordial tensor perturbations: a tensor fossil would entail a
quadrupole distortion in the CMB temperature perturbations and in the mass distribution
in the Universe, as we will see. In this work we will also deal with the specific predictions
of the single-field models about a tensor-scalar-scalar bispectrum, the Fourier transform
for the three-point correlation function, between one gravitational wave (tensor) mode
and two density perturbation (scalar) modes. It is indeed through this correlation that we
will define the tensor fossils that will lead to a local power quadrupole. The tensor-scalar-
scalar bispectrum satisfies a particular consistency relation (cr) that relates its functional
dependence on the tensor wavenumber K and scalar wavenumbers k1 and ks to the tensor
and scalar power spectra in the so called squeezed limit (K < ki ~ ko). An observation of
violation of the consistency relation, both for scalar and tensor perturbations, would rule
out all single-field models of inflation, which would be, of course, an extraordinary result.

In the last decade a new model which violates the consistency relations has been pro-
posed: Solid Inflation [53]. In this theory the scalar fields which drive Inflation have
background values which manifestly break the standard isometries, invariance under spa-
tial translations and rotations. We will deeply study this model and its consequences for
the predictions about the tensor fossils.

This Thesis focuses on a generalization of a new “solid-like” model of inflation: Gaugid
Inflation [52]. In Gaugid Inflation the fields responsible for Inflation are three Abelian
gauge vector fields, with vacuum expectation value (vev) that break invariance under spa-
tial rotations and translations. Imposing additional (internal) symmetries on the fields
allows us to restore, for the background, the wanted isometries, and also to study the
inflationary phase driven by these fields. Perturbing the fields one finds that, besides the
metric tensor perturbations, there are additional tensor degrees of freedom, due to the
gauge fields, coupled to the metric ones in a non-trivial way. This is an interesting re-
sult: indeed the presence of an additional tensor degree of freedom will enhance the power
spectrum of the gravitational waves, a prediction which is different from the standard
inflationary models. Moreover, this new tensor degree of freedom could play the role of a
tensor fossil.

The original contribution of this Thesis is the generalization was considering also the
possibility of a parity-breaking term in the Lagrangian and in the vev of the field. This
generalization is supported by previous works about possible parity-breaking signatures in
the gravitational wave power spectrum and bispectrum, like [98]: a detection of a similar
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signature would give us essential informations about the fundamental physics of (very)
high energy. Our aim was to find possible signatures at the level of power spectra: we
have found that a parity breaking is possible in Gaugid Inflation both for scalars and
tensors degree of freedom.

This Thesis is organized as follows.

In Chapter 1 the physics of the isotropic and homogeneous background Universe is
described. We explore the Hot Big Bang model and its problems, then we introduce
Inflation as a powerful mechanism to solve them and describe the features of the simplest
model, the single-field slow-roll.

In Chapter 2 we outline the theory of cosmological perturbations and the methods
involved to compute quantum correlations in a cosmological framework. We will focus on
the evaluation of the scalar and tensor perturbations power spectra from Inflation. We
will also briefly describe how to connect primordial (scalar) perturbations with the actual
measurements on CMB.

In Chapter 3 we define statistical correlators that describe the effects of primordial
non-Gaussianity, like the bispectrum: we will describe a theoretical formalism to search
for non-Gaussianities of the primordial perturbations in the slow-roll models of Inflation.
We will introduce the role of the consistency relations for the bispectra of primordial
perturbations and describe the observational consequences of a tensor fossil in the CMB
and Large Scale Structure observations.

In Chapter 4 the Solid Inflation model is reviewed. We will describe in detail the
dynamics of this theory, its novelties with respect to the single-field slow-roll model and
its predictions. We will then calculate what are the possible observable prediction for
tensor fossils using this theory.

In Chapter 5 the original contribution of this Thesis is developed. After reviewing
Gaugid Inflation, we will generalize it in order to obtain new parity-breaking signatures
for the gravitational waves observables. In this respect we have found new outcomes,
such as the violation of parity both in the scalar and in the tensor sector, that whose
consequences can be analyzed in more details in possible future works.
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Chapter 1

Standard Cosmology

1.1 Cosmological Principle: homogeneity and isotropy of
the Universe

Cosmology is the study of the properties, the composition and the dynamics of the Universe
as a whole. In order to achieve this goal we need some practical (and supported by
the experiments) assumptions about the background properties of the Universe. A large
portion of modern cosmology is based on the Cosmological Principle, that is, the hypothesis
that all the comoving observers in the Universe are equivalent. In other words, it can be
formalized with two fundamental features:

Homogeneity of the Universe. Saying that the Universe is homogeneous means that
there are non preferred locations: every location looks the same in every point of
the space. Mathematically it can be expressed as the translational invariance of the
quantities that describes the Universe. This is not a feature of all the spacetime
points of the Universe, but it applies only to a “smeared-out” Universe averaged
over cells of diameter 10® to 10° light years, which are large enough to include a
sufficient number of cluster of galaxies. Homogeneity means, in simple words, that
our point of observation is not privileged with respect to all the other points of the
Universe, the so called Copernican Principle([1] [2), 3] [4];

Isotropy of the Universe. Isotropy means that the Universe looks the same on different
directions of lines-of-sight of an observer. Wherever you look you always see he same
things, on scale of the order of 100 Mpc, larger than the dimensions of the structures
like galaxies and galaxy-clusters [1}, 2] 3] [4].

The formulation of the Cosmological Principle given above allows us to consider the
background metric as Friedmann-Lemaitre-Robertson-Walker (FLRW):

d 2
d82 = guydl'udl'y = —dt2 + a2(t) [1—7-;{2 + ’I"QdQ:| (11)
- r

which describes a maximally symmetric and expanding (if a(t) > 0) Universe. The metric
in Eq. (1.1)) is written from the point of view of a comoving observeﬂ in polar coordinates

'Here we consider the usual convention that implies summation over repeated indices; greek letters
running from 0 to 3 denote the four space-time components, latin letters running from 1 to 3 denote the
spatial components.

2A comoving observer is an observer that sees the source of the geometry of the Universe homogeneous
and isotropic.



(dx? = (1 - Kr?) Ydr? + v2dQ = (1 - Kr?)'dr? + r2d6? + r?sin? 0d¢?); K represents the
curvature of the hypersurfaces at constant time ¢ [5]. K can have three different values
depending on the geometry of the Universe: we can clarify it calculating the proper dis-
tance at a fixed time ¢ from the origin of the reference frame to a comoving object at fixed
radial coordinate r (df2=0):

sin"lr  if K =+1

r r dr’ o )
d(r,t) = /0 ds = a(t) - [0 N =a(t)-{sinh~tr ifK=-1 (1.2)
r ifK=0

In this coordinate system a comoving object has r time-independent, so the proper distance
from us to a comoving object increases (or decreases) with a(t), this clarifies also the
meaning of the scale factor. K = +1 is the solution for a curved and closed Universe,
K = -1 is the solution for a curved and open Universe and K = 0 is a Universe which is
spatially flat (Euclidean). Observations show that the Universe we live is very close to
being flat, or in other words it is compatible with the solution K =0 [6] [7]. We will see in
the next section which implication this measurement will have.
For this reason we will always assume a spatially-flat background:

ds? = —dt* + a*(t)6;jdx" da’ . (1.3)

In Eq. (L.3)), ¢ indicates the time with respect to a comoving observer, a(t) is the usual
scale factor. We can use instead the conformal time 7 defined as dr = dt/a, obtaining the
conformal metric

ds® = a*(7) [~dr + 57;jd;vidmj] . (1.4)

1.2 Dynamics in FLRW metric

We are now ready to study the background dynamics in the FLRW Universe. We begin
by writing the Einstein field equations:

G =8mGT). (1.5)

In General Relativity (GR) the dynamic variable is the metric itself [3], [§], describing
the spacetime that changes in response to the presence of matter and energy. In Eq. ,
G is the Einstein tensor and contains the metric and its second order derivative; T}, is
the energy-momentum tensor and describes the distribution of matter and energy. We will
see later the possible forms of T}, under the assumption of a homogeneous and isotropic
spacetime. G, is the symmetric tensor defined by:

1
GNV = RNV - §Rguy. (16)

R, is the Ricci tensor, the contraction of the Riemann tensor, while R is the Ricci
curvature scalar, defined again as the contraction of the Ricci tensor:

RHV = ngRMPVU = Rpppw (1'7)
R=g""R,,. (1.8)
We adopt the convention for which the Riemann tensor is defined as [5]
_or, T,
RP}LO'V = W - W + Fzyl—‘gn - FZO'Flp/n (].9)

2



The Riemann tensor contains the second-order derivatives of the metric w.r.t. the space-
time coordinates via the Christoffel symbols defined as:

1
FZV = igp (8ugou + augau - aag;u/) . (110)

These symbols measure the variation of the metric and are fundamental in GR for their
connection with the motion of freely falling particles in a curved space through the geodesic
equation:
d%azh p daf dz’
a2 "7 dt dt
With some trivial computations it can be shown that in the metric the only Christoffel
symbols which survive are

=0 (1.11)

F?j = aadij = aZHéij, (1.12)
i _pio_ %5 i 1.13
0j = 1o T 0% T H0 (1.13)

where H = H(t) = a(t)/a(t) is the Hubble parameter.
Using these results in Eq. (1.7) we obtain:

Roo = —3%, (1.14)

Ry; = Riyp =0, (1.15)

Ry :aQ(‘—L +2H2)5Zj. (1.16)
a

Finally inserting these expressions into Eq. (|1.8]) we have

R:G(d+H2). (1.17)

a
The components of the Einstein tensor result to be

Goo = 3H?, (1.18)

Gij = —a? (23 + HQ) Sij- (1.19)

We have already said that in the right side of the Eq. appears the energy-momentum
tensor appears, which is the source of the geometry of the Universe. Saying that the Uni-
verse must be homogeneous and isotropic means requiring the homogeneity and isotropy
also for the energy-momentum tensor. To define it we consider a set of observers with

four-velocity
d ™
wt =22
dr

with 7 the proper time of the observer, so that g, u*u” = —1. For example, in the case of
a perfect fluid the energy-momentum tensor becomes [5]

(1.20)

T = [p(t) + p(t) ] upuy + p(t) g (1.21)

where p = p(t) is the isotropic pressure of the fluid and p = p(¢) is its background matter-
energy density. They depend only on time because of homogeneity and isotropy. Taking

3



into account a comoving observer with null spatial velocity we obtain for the energy-
momentum tensor of the cosmic fluid:

Too = p(t), Toi = Tio = 0, Tij = p(t) gij (1.22)
Then substituting Eq. (1.22)) into Eq. (1.5) we obtain two independent equations, the

so-called Friedmann equations
a AnG

—=——(p+3p), (1.23)
_ (o) 8rG

Now we use a property of the stress-energy tensor
v =0, (1.25)

which can be interpreted as the continuity equation for the cosmic fluid. It can also be
read as the consequence of the second Bianchi identity for the Riemann tensor and the
metric compatibility, V,,g”” = 0, required to have the Christoffel symbols (1.10)

Vi Ruvpo + VpRuven + Vo Rywnp = 0, (1.26)

which gives

1
v, (RW - 5gWR) - 7,6 = 0. (1.27)
Eq. (1.25) gives a third Friedmann equation,
p=-3H (p+p). (1.28)

The three Friedmann equations define a system of non-independent first and second order

derivative equations; Eq. (1.23)) defines the dynamics, while Eq. (1.24]) and Eq. (1.28]) are
just constraining equations. Indeed, deriving, for example Eq. (1.24]) gives

H(g—H2) :ﬁp"
a 3

and substituting ([1.28]) we have
a 2
—=-4nG(p+p) + H".
a

Using again the expression for H? from we resemble the first Friedmann equation,
Eq. . These steps show the non-independence of the three Friedmann equations.
Given that the independent variables in this system are three (a(t), p(t) and p(t)) but
the independent equations are just two, we will add the equation of state of the cosmic
fluid which connects the pressure to the energy density, p = p(p). In general it can take
the form

p = wp. (1.29)

w represents a measure of the adiabatic speed of sound in the considered fluid. In general
it can be variable, it can evolve with time, for example, but as a first, good, approximation
we will consider it as a constant. We will see that for different kind of fluids it takes a



precise value.

Substituting Eq. ([1.29) into Eq. (|1.28) one obtains

P31+ w)2 (1.30)
p a
or
p o< a 30+, (1.31)

Since the constant parameter w defines a certain kind of matter/energy, Eq. (1.31)) clarifies
the evolution of energy density with respect to the expansion of the Universe:

w=0 corresponds to a ordinary matter dominated Universe with null or negligible pres-
sure, for which we have
po<ca?; (1.32)

w=1/3 corresponds to a radiation dominated Universe with density-pressure relation
p=ip
poca (1.33)

w=-1 corresponds to a Universe dominated by a sort of exotic fluid with constant energy
density (due to a cosmological constant)

p = po = constant. (1.34)

The dynamics of this kind of fluid will be of great interest for the theory of Inflation
theory.

Now, substituting Eq. (1.31)) into Eq. (1.24) we find the explicit time-dependent
solution for the scale parameter, the energy density and the Hubble parameter in a flat
Universe for a general fluid, assuming w is constant:

a(t) = a [1 " 3(1 +w)H0(t—t0)]3(1+w) (1.35)
_2

(1) = po 14501+ ) Ho(t - 10)] (1.36)
3 -1

H(t) = Ho [1 # S (1% w) Ho(t - to)] . (1.37)

Here Hy and ag are the Hubble and scale parameters defined at the time tg, usually set
as the present time. One can see that there exists a value for ¢ such that the argument
into the brackets is null

2
tgp—tog=————, 1.38
BE =0T T8 Hy(1+w) (1.38)
and if we define now the new time parameter
t'=t—tgg=t—to+ 2 (1.39)
ST T B H (1 w) '
we obtain the following expressions for Eq. (1.35), Eq. (1.36]) and Eq. (1.37)
3 S
3(1+w
a(t') = ag [5(1 +w)H0t’] , (1.40)

5



-2
() = po [;(1 . w)Hot’] , (1.41)

H(Y) - [2(1 + w)t']_l. (1.42)

Setting ¢’ = 0, or equivalently ¢t = tgp, in these equations we see that we obtain the
following situation

a(t) -0, p(t) = oo, H(t) > oo, (1.43)

namely, a configuration of the Universe with infinity energy density. We usually denote
this event with the name Big Bang. In simple terms the Big Bang theory affirms that the
Universe begin in a definite moment in the past from an initial configuration characterized
by high energies, as we will see, high temperature (that’s why we will refer to it as Hot
Big Bang model). We will explore this model, its prediction and its consistency problems
in the next section.

1.3 Hot Big Bang

Talking about the physical history of the Universe implies the knowledge about its thermal
history, i.e. its evolution with the temperature, which means knowing also the variation
of the temperature with respect to time (or, equivalently, a(t), given Eq. ) How
can we describe the thermal history of the Universe? We begin by defining the particle
numerical density

n(T, ) = o )3ff(q,T w)d’q, (1.44)

where g are the moments of the particles, g is the number of possible helicity states for each
particle and p is the chemical potential (that for primordial Universe can be considered
negligible for all the particles)ﬂ For the energy density we have

o) = s [ B f(@ T wia)’ (1.45)

while the pressure is

2
p(T, p) = (Qi)3f3£(q)f(q,T,M)dSQ- (1.46)

Depending on the statistics of the particles (Fermions or Bosons), f will assume a different
form and consequently also n, p and p. In the relativistic case (T > m) we have:

¢33 4
g=5T Bosons g=T Bosons
n(T) =435 " , T 30 1.47
) {%9%7{3 Fermions p(T) = { T4 Fermions (1.47)

and p = %p as can be expected for a relativistic fluid. Instead in the non-relativistic
(T' < m) case one finds that the number density is suppressed by a factor ~ e T

3In general f, the distribution function of the particles over the energy or momentum states, should
also depend on the particles’ spatial components, but in a homogeneous and isotropic Universe we can
directly mediate on the possible positions.

*Remember that E(q) = v/m?2 + ¢2.



In the early Universe the dominant component was the radiation, as we can easily see
from the a-dependence of the various energy densities in Egs. , and ,
hence for primordial times we can consider just this ultra-relativistic fluid. This fluid was
initially in a thermodynamic equilibrium, in the sense that the rate of interactions between
the particles was much greater than the rate of expansion of the Universe, the Hubble
parameter H. Considering the conservation of the entropy in an expanding Universe one
can find the following relation between the temperature and the scale factor:

Toca™, (1.48)
or analogously, using the cosmic redshift definition
A 1
l4z=20_Go_ 2 (1.49)

Ae Qe Qe

where A, is the observed wavelength, i.e. at the present time, and ). is the emitted
wavelength, i.e. at the time of emission, we have

Tocl+z (1.50)

Eq. tells us that going backwards in time, the Universe becomes hotter (or, equiva-
lently, that the Universe becomes colder as time passes); this is the reasons why we call the
Big Bang Hot. In this sense we can briefly describe the evolution of the Universe through
its thermal history.

At early epochs all the particle species were in thermal equilibrium. For very high ener-
gies, with values that cannot be achieved by the modern accelerators, we expect that there
could have been a phase where the symmetry between matter and anti-matter was broken.
We usually call this era as baryogenesis, an epoch baryons and antibaryons annihilated,
and a little initial asymmetry (10° + 1 baryons for 10° antibaryons) created the actual
observed matter.

For early epochs, i.e. high energies, the weak interaction and the electromagnetic interac-
tion were unified in the electroweak interaction. At energies of order ~ 1 MeV, the energy
at which the rate of interaction for the electroweak processes became smaller than the
Hubble parameter, the neutrinos ceased to interact with the photons. This means that
the neutrinos were not in thermodynamical equilibrium with the radiation anymore.

At the temperature of the order ~ 100 MeV, i.e. around ~ 100 s after the Big Bang, the
temperature of the radiation was so high to break all the nuclear bonds: all the nucleus
were decomposed into protons and neutrons. While the temperature goes down we reach
a moment in which the boundary nuclear energies are higher than the temperature of the
nucleons, or in other words their kinetic energies. In this moment the formation of the
first fundamental nucleus happens: this phase is called nucleosynthesis. This phase was
described by Gamow, see [9] and it is a fundamental prediction of the Big Bang theory. It
predicts an abundance of Helium, *He which is not justified considering only the elements
produced in the stellar nuclear reactions. The observation of an abundance of chemical el-
ements in accordance with the nucleosynthesis prediction was one of the striking successes
of the Big Bang theory.

Until now the Universe was dominated by the radiation. It is highlighted by the scale fac-
tor dependence of the various components of the Universe in , and . For
early times, a << 1, the dominant component was the radiation. This epoch is called radi-
ation dominated era. This era continued until the matter component became dominant.
Matching Eqgs. and , it follows that the energy density of the radiation fluid
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became soon smaller than the energy density of the matter fluid. When this happened
in the Universe, it started a new epoch, the matter dominated era. During this epoch all
the large scale structures that we observe in the Universe, such as galaxies and clusters,
started to form through gravitational instability.

After the radiation-matter equivalence happened one of the most important event in the
Universe history. When the Universe was almost ~ 10° years old the temperature was
higher than the bound energy of the Hydrogen, 13.6 eV. This means that the Universe
was ionized and opaque to the radiation. The photons were not free to stream as they
interacted with the electron through the Compton scattering. When the temperature went
down the boundary energy of H, the electron could interact with the protons through the
interaction

e +p" - H+7, (1.51)

i.e. the first atoms of Hydrogen were created. At this point the interaction between pho-
tons ad electrons was ceases to be to dominant one and the photons were free to travel.
This point in the time (more precisely it is not a point since this precess happened in a
finite time) defines the last scattering surface and this epoch is the so called Hydrogen
recombination. The radiation which leaves the last scattering surface was then cooled by
the expansion of the Universe to the value of ~ 3 K, and now constitutes the Cosmic
Microwave Background (CMB) we observe. The cosmic microwave background is a fun-
damental prediction of the Big Bang model and it represents a milestone of the history
of Cosmology: its discovery, see [10], opened the way to a more detailed study of the first
moments of the Universe. Today we have very-high resolution photos of this last scattering
surface, as Fig. We will see that the CMB represents a treasure trove of informations
about the early epoch of the Universe [I1].

This is a brief description of the Hot Big Bang model, we refer the reader to [I, 4} 2]
for more (standard) details.

1.3.1 ACDM model

Radiation

Chemical Elements
(other than H & He) 0.025%

Neutrinos
0.47%

+ P Stars
Dark Matter 0.5%

4

Seed Perturbations
H & He
(Inﬂztit?n) : s
Baryo/Leptogenesis 4%
3 Dark Matter

25%

Dark Energy
70%

Figure 1.1: Actual composition of the Universe: here all the elements of the standard ACDM
cosmological model are represented. The pie graphic illustrates the fraction of each component
with respect to the total energy density of the Universe [12]. For the most precise measurements
of the abundance of these elements see [7].



The last measurements on the Cosmic Microwave Background (CMB) [6, [7] allow a detailed
description of the composition of the Universe. As we have explained above, at early times
the Universe was dominated by its radiation component, then it passes through a matter-
dominated era and now the dominant component is the dark energy, whose equation of
state is constrained to be wg. = —=1.028+0.032 (68% CL) [7], which is completely consistent
with a cosmological constant. We have just mentioned above that the spatial curvature
of the Universe is compatible with zero: a direct consequence of this measurement is that
the actual density of the Universe is almost the critical one. The basis model to describe
the cosmic evolution is the so-called ACDM model, which is depicted in in Fig. A
indicates the dark energy component, which is measured to be almost the 70% of the
total energy density. This dark energy is also responsible for the actual acceleration of the
expansion.

CDM means Cold Dark Matter, which is another fundamental component of our Universe,
being almost the 25% of the total energy density. This component is called dark because
it does not emit light and we can measure its presence only by indirect observations (e.g.
galaxies rotation curves, large scale structure measurements, CMB). Its appellative cold
means that it was non-relativistic at the time of decoupling: if the dark matter was hot,
i.e. relativistic at the time of its decoupling, it would have had important consequences
on the formation of the large scale structure of the Universe [13].

The baryonic matter, the galaxies, the stars, the planets and also us, is only a little
percentage of the total composition of the Universe, meaning that the Universe we live in
is almost dark, as we stressed above. In Fig. [1.2)it is possible to see all the six fundamental
parameters (the first six of the list) that define with the ACDM model. The most striking
characteristic of this model is, indeed, its unreasonable effectiveness for the description of
the history of the Universe using just 6 parameters. Though many of the ingredients of
the model remain highly mysterious from a fundamental physics point of view, ACDM is
one of the most successful phenomenological models.
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Figure 1.2: Table of all the fundamental parameters in ACDM cosmological model as measured
by the Planck mission [6].

1.3.2 The problem of the initial conditions

The Big Bang model was universally accepted after some fundamental observations about
the abundance of “He and CMB radiation [9, I0]. Despite this, the model presents some
theoretical issues: we observe today that the Universe is the result of very unlikely initial
conditions. In order to understand these problems we define an important concept, the
one of horizon, as it is usually used in cosmology. Here we will use the notation adopted

in [1].

Particle Horizon: from the metric given in Eq. (1.1]) one can define the distance traveled
by a light ray between two points of our spacetime. If we define

2
ar’ = = dTK +r2d0?
- T

the comoving distance is given by

1(t)
wt)= [

The isotropy of the space allows us to consider a fixed angle (d2 = 0), from ds? we

have:
dt dr

alt) VI-EKr
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hence the comoving distance results to be

r()  dr t dt’
t) = —_—= —. 1.52
Xp( ) A m 0 (L(t,) ( )

It is known that in general, in cosmology, if we want a physical quantity one as to
multiply the comoving quantity for the scale factor

Aphys = a(t) Acom.-

Hence if we want the proper, or physical, distance travelled by a light ray we obtain
the so-called particle horizon:

d L 1.53
=a(t f . .
w=a) [ (1.53)
dp(t) defines the radius of a sphere centered in the observer within which are con-
tained all the points that may have come into causal connection with the observer
until the time ¢. If one point is outside this sphere then it cannot have been influ-
enced in any way from the observer (and vice versa). More generally: if two points
are separated by a distance greater than dy(t) then they have never been in causal
connection.

We have seen that in the the standard FLRW models this relation between the scale
factor and the time holds
a(t) o< t%,

with a = 3(1—310) So, looking at Eq. (1.53)) we see that the integral converges if a < 1,
i.e. if w>-1/3 and, in particular, in this case assumes the form

3(1 +w)t

du(t) = 3w+1

(1.54)
We also note that from the Friedmann equation ([1.23)) the condition on the value of
w for the convergence of the particle horizon corresponds to a(t) < 0.

Hence, in a decelerated Universe the particle horizon exists.

Hubble horizon: be 7y = H™! the Hubble time, the expansion characteristic time (re-
member that H can be interpreted as the expansion rate of the Universe). We can
now define the Hubble radius, in natural units

Ry (t) = H™'(t) = 7, (1.55)

which represents the distance travelled by a photon in a Hubble time. Ry tells us
which are the points that have been in causal connection in a Hubble time.
The corresponding comoving Hubble radius is:

_Ru(t) 1
a(t) a(t)’

Like the particle horizon, the comoving Hubble radius represents a measure of the

distance under which two points in the Universe are causally connected. The spher-

ical region centered in the observer with radius rg(t) contains all the points with
which the observer is causally connected at the time ¢. For this reason the comoving

ri(t) (aH)™' =

(1.56)
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Hubble radius is also called comoving Hubble horizon.
With a simple change of variable in Eq. (1.53)) we can relate the particle horizon
with the Hubble horizon

todt’ ada 1 a
dH(t):afo :a/(; if:a/o d(loga)ry,

a(t") a a

i.e. the particle horizon is given by the logarithmic integral of the Hubble horizon.

Note that, despite their profound conceptual difference, the Hubble and the particle hori-
zon have the same value, except for a factor of the order ~ O(1), compare the equations
(1.42)) and (1.54). Now, we have all the elements to understand the so called horizon and
flatness problems of the standard Hot Big Bang model.

Horizon Problem

We have understood that a region of the Universe with a comoving characteristic length
A can be all causal connected only if A = rp, i.e. when the comoving Hubble horizon,
becomes larger than the characteristic length.

This means that physical processes that occur at ¢ cannot causally connect the region
with dimension A\ until ¢ < tp: this region will become causally connected when t > t,
i.e. when A < rp. According to this argument if a region is large enough it gets in causal
connection only recently, but this is not what we observed with the CMB. In theory all
the photons that arrives to us from two different points of the last scattering surface with
an angular distance higher than 6 ~ 1.6°, which represents the angle subtended by the
horizon at the time of last scattering, have become causally connected only recently [4].
In other words, in a matter- or radiation-dominated Universe no physical influence could
have smoothed out initial inhomogeneities and brought points at at the redshift of the
recombination that are separated by more than a few degrees to the same temperature.
This is in contradiction with what we actually see. The COBE experiment [14] showed
that the background radiation was nearly homogeneous ad isotropic, all the points had the
same temperature with very small fluctuations of the order % ~107°. The instrument
had an angular resolution of Af ~ 7°, i.e. was observing regions causally disconnected
(more precisely, regions that have become causally connected only in recent times). This
is a problem: how it is possible that two regions, which were not able to talk to each other
for their entire past evolution history, are observed to have the same properties (same
temperature, same energy density)?

Another way to see the problem is the following: consider the metric in Eq. and
carry out the following change of coordinates:

dt
dr = —,

a

sinhy if K=-1
r=fr(x)=1x if K=0
siny if K=+1

With this choice the metric becomes
ds® = a*(7) [—dT2 +dy?+ ff((x)dff]
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Figure 1.3: Conformal diagram of Big Bang cosmology. Here becomes clear that different
patches of the Last Scattering Surface, in this scenario, are causally disconnected, contrary to
what we observe today [15].

i.e., in this coordinate system the structure of the spacetime is analogous to that of
Minkowski’s, it is said to be conformally flat; if we look at the light cones of a light
ray that travels with radial direction (d2? = 0) we obtain exactly the same situation as in
Minkowski spacetime:

dr = £dy.

In Fig. [I.3] we can see that the two light cone that leave a point at the recombination
time, which are part of the last scattering surface (CMB), will never meet in the past with
another light cone of the same constant-time hypersurface, because of the limit imposed by
the Big Bang. In the right figure of Fig. [I.3]one can see a schematic representation of what
we mentioned above: two light rays starting from different points of the last-scattering
surface, which have never been in causal connection before, arrives at the observer in the
center, us, showing almost the same properties. How is it possible if they have never had
the possibility to communicate each other? Is there a dynamical process which explains
what we observe today?

Flatness Problem

From recent observations and studies on the CMB [} [7], [16] it results that our Universe is
compatible with the solution of a spatially flat Universe, i.e. with a value of K, present in
the FLRW metric, compatible with 0. Why we consider this as an issue within the standard
Hot Big Bang model? In order to understand it we need to consider in the Friedmann
equation also the contribution deriving from the curvature K. It becomes

871G K
2 _
H? = =Zp-— (1.57)

We can define the critical density

3H?
Fval
as the density needed to have a Universe with null spatial curvature. We can also define
the density parameter as the ratio between the energy density of the cosmic fluid at the

Pe = (1.58)
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time ¢ and the critical energy density at the time ¢

p(t) 8rG

W= @ " e

p(t). (1.59)

Now substituting Eq. (1.59) in Eq. (1.57) we can rewrite the Friedmann equation as

K
=00 g

or K
Q1) -1= =,

and, in the end, if we now remember the definition of the Hubble comoving horizon given

in Eq. (1.56) we obtain
Q(t) -1 = Kr(t). (1.60)

This equation describes the evolution of the density parameter with respect to time, and
in particular we see that its evolution is connected with the Hubble horizon. This equation
tells us one important thing: if the Universe is perfectly flat then Q = 1 exactly, but if
Q(t) #+ 1, the difference between 2 and 1 will grows as fast as g does. In fact we have
seen above that ry during a matter- or radiation-dominated era grows while time passes;
vice versa, going backwards in time the density parameter will be closer to 1. Today the
measured value for Q(t) is [7]

Q0 — 1] = 0.0007 £ 0.0019  (68%).

Eq. tells us that the value at the beginning of the Universe was much closer to 1
with respect to today. We take as reference time for the primordial Universe the Planck
time tp; ~ 107 s after the Big Bang. This is the time below which the modern quantum
field theory description of the nature’s law is incomplete. By a direct estimation we find
[3, [15]:

1Q(tp;) - 1] = [0 —1]-107%°

or

Q(tp) - 1] <1072

i.e., at the beginning of the Universe the spatial curvature needed to be extremely close to
1 (with one part over 10%2). This is a problem because the probability that the Universe
was exactly spatially flat is null (is one configuration over infinite possibilities): this issue
is also called fine tuning problem.

Unwanted Relics

According to several extensions of the Standard Model of particles (e.g. Grand Unification
Theories GUT or string theories), in the early Universe at very high energies, the ones
predicted in the Hot Big Bang model, various cosmological defects, such as magnetic
monopoles, cosmic strings, domain walls and so on, could have been produced, which would
still be present in the Universe, with an abundance that would overclose the Universe by
many orders of magnitudes. These are called cosmological relicts, and they represent a
problem, the so called problem of unwanted relics or magnetic monopoles problem, since
what we observe today is an almost spatially-flat Universe. Historically the problem of
the magnetic monopoles was the first theoretical evidence of the necessity to introduce
Inflation in the primordial Universe [17, [I8]. The Inflation provides a powerful solution
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also for this kind of problem. If we call X the relic particle hence its number density will
have a behavior nx ~ a™ where a is the scale factor. If we have a primordial era in which
the expansion was (nearly) exponential, as Inflation is, a ~ e/* and the number density is
exponentially suppressed nx ~ e 3H#t. We refer the reader to Refs. [1, 19] for more details
about other types of cosmological relicts.

1.3.3 A possible solution

Before giving a solution to the horizon and flatness problems we should spend some words
about these issue of the primordial Universe. The flatness and the homogeneity of areas
causally disconnected would not be so problematic if one assumes that the initial condi-
tions of the Universe were exactly the flatness and the homogeneity and isotropy. So, why
we do not accept the very high grade of order of the primordial Universe and solve these
two problems before they even arise? Because if we consider all the possible Universes,
the possibilities that a Universe started with a high level of order are very few (more
precisely, they are null): one can even say that the initial conditions of the Universe were
exactly those necessary to guarantee the existence of intelligent life. This statement goes
under the name of anthropic principle, but it is not a real answer to our questions and
not all the physicist accept it [I]. We are looking for a theory, a mechanism that explains
these initial conditions dynamically: we will analyze the Inflationary Universe solution,
the most accredited theory about the primordial Universe and the one which is up to now
in complete agreement with different cosmological observations (we will see that besides
solving the Big Bang puzzles, it will also explain the origin of the Large-Scale structure
of the Universe).

Comoving Scales

A

‘comoving’
Hubble length

. . i7 A 7 al .
horizon exit horizon re-enfry  Comoving

\ Vi

density fluctuation

Sl f Inflation Hot Big Bang

Time [log(a)]

Figure 1.4: In the left figure we can see that, during the inflationary period, the comoving
Hubble sphere has been shrunk, becoming smaller of the causally connected region at early
times. On the right we can see the comoving length of the region considered that remains
constant all along the cosmological evolution. At a certain time it exits the horizon, while
Inflation occurs. Then it re-enters the horizon at late times [3] [15].

We can solve both the problem of causally-connected regions and the flatness one
assuming that before the radiation-dominated era there was an epoch where 7y (t) < 0,
i.e. a primordial era during which the Hubble comoving horizon decreases instead of
increasing as it usually happens in the standard FLRW Universes. Given this, the regions
of dimension A that entered the horizon only recently were already causally connected
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during inflation, see Fig. In particular, assuming a decreasing Hubble horizon means
assuming an epoch of accelerated expansion:

7 (1) :—% <0 = a(t) >0. (1.61)

Hence we will call Inflation, in full generality, a primordial epoch of the Universe where
the expansion is accelerated.
We have seen above that we need an accelerated expansion, Eq. , but looking at Eq.
we see that this corresponds to have a component with an effective pressure given
by
1

p < —3P (1.62)
i.e. with a negative pressure, assuming p is positive. We have seen a particular case in
the previous section which is compatible with the condition , the case of a Universe
dominated by an exotic component with constant energy density and w = -1 exactly. In
this case the Hubble scale factor is exactly constant in time while increases exponentially
with the law

a(t) = a, et (1) (1.63)

where tgq, is some reference time and astqr = a(ty). If the dominant component during
Inflation had exactly w = —1 we would have an eternal exponentially expanding Universe.
In order to have a finite inflationary period we need a primordial era described by a slowly
varying Hubble parameter, as we will formalize later, which corresponds to have a quasi-de
Sitter Universe

a(t) o e, (1.64)

The condition of an accelerated expansion period is not sufficient to solve the horizon
problem: we must impose also a condition on the duration of this accelerated expansion
era. In fact Inflation needed to begin at a time t; such that the comoving Hubble horizon
at that time was larger than what we observe today: we need this condition to explain
the high degree of homogeneity on regions of the Universe that, for us, have entered the
horizon only recently. Imposing this condition means that the regions we observe today
were already causally connected, then they exited the comoving Hubble horizon (because
it was decreasing during inflation) and re-entered the horizon after inflation, showing
homogeneity and isotropy. Quantitatively we can write

ra (ti) > (to). (1.65)

We see now that this equation can be interpreted as a condition on the total duration of
Inflation.

A region of physical dimensions a(t;)rg(t;), where t; is the time when Inflation begins,
expands, during inflation, by a factor

(1.66)

which can be rewritten as

20 ol [ -

We have introduced the quantity N;,, which is called the number of e-foldings. It gives
a natural measure for the duration of the inflation

Ning =log [Z((if))] (1.67)
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Our question now is: which is the necessary e-foldings number to solve the horizon prob-
lem? The answer comes from Eq.(1.65)): with some trivial calculations one finds

Nin >10g(£0)+10g(§{f) (1.68)
where Ty and H( are the temperature and the Hubble parameter at the present time, H; is
the Hubble parameter at the beginning of Inflation and T is the temperature at the end
of Inflation. The first term on the right hand side of Eq. is known experimentally,
given that [7, 20]

Hp = (67.66 + 0.42)km s~ 'Mpc™ (68% CL),

Ty = (2.72548 + 0.00057)K (95% CL) (1.69)

and results to be

T
I 67,
Og(Ho)

while the second term depends on the model of Inflation considered and in particular it
depends on how the Inflation ends. We will see that the inflationary period will end with
a mechanism called reheating, a phase in which the scalar field decays into light particles
which reheat the Universe so that the standard Hot Big Bang phase, in a radiation-
dominated epoch, could start. This heuristic description of the end of Inflation allow us
to estimate also the second term in the left hand side of Eq. . If we consider a
constant Hubble parameter during all the inflationary period, i.e. H; ~ Hy, s ~ const., we
have, using Friedmann equation together with

87G 87G 12 T

pr=—209T"| ,

H?
F= 73 3 30

in
te

where ¢, means the time at which the end of Inflation occurs. In natural units we have

Mp; = G™Y2 = Ty, so that we can give an approximate measure of H;

4 . T
L A
e Pl

Given that [21]
T,

1070 <
Tpy

<1,

we can estimate a range of possible values

i T
1 ~1 11,01,
Og(Tf) Og(Tpl)e[ 0]

Hence we obtain a range for the possible values of Nj, ¢

Nins > (56— 67),

which means that the minimal number of e-folds is around 60, that corresponds to a total
expansion during Inflation of a factor

& - Nins 1026 — 1030,
a;

We can see that this minimal number of e-foldings, a measure of the expansion factor
during inflation, solves also the flatness problem. In fact we have seen that the density
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parameter is strictly correlated to the comoving Hubble horizon through Eq. and
during an epoch dominated by radiation it tends to grow. But in an epoch with accelerated
expansion the comoving Hubble horizon decreases, Eq. (1.61). If we have a de Sitter
Universe, with a metric which satisfies the condition , we have

1
2 _ -2Ht
Q(t)—].OCTH(t)—a2H_2 < e 3

i.e. the inflationary phase exponentially suppresses the deviation of € from 1. In this
sense we can describe Inflation as an attractor mechanism. The problem of the curvature
of the Universe can be solved if we require that

Q-1
Q-1

>1, (1.70)

i.e. if the density parameter at the beginning of Inflation is more distant from 1 with
respect to today (for this computation it is more convenient using the difference between
Q! and 1). Using the definition of Eq. and after some tedious but straightforward
calculations we find that the minimum number of the e-foldings to solve the flatness
problem turns out to be

Ny g = 60 ~ 70,

the same as in the case of the horizon problem. Therefore we can state that solving the
horizon problem is equivalent to solve the flatness problem. This result does not come as
a surprise because of the dependence of the density parameter from the Hubble horizon.
We have found a new dynamical way to solve these two problems; the inflationary scenario
seems very attractive to us because it describes a mechanism which, whatever are the ini-
tial conditions (spatial curvature, inhomogeneities or anisotropies), attracts the Universe
towards a FLRW solution, that is exactly what we were looking for. What are the physical
implication of inflation? How does Inflation know when to stop? Is there new physics?
These and other questions will be faced up in the following chapter.

1.4 Inflation

The first proposal to solve the problems we described in the previous chapter was the
theory of cosmic Inflation [17, 18],[22]-]26]; this theory was born to solve principally the
problem of the so-called cosmic relics, the appearing of new particles in the context of the
spontaneous symmetry breaking of GUT theories [17, [I8] 25] 26]. This powerful solution
found in the early 80s was then studied and improved, until it became the standard model
for cosmological inflation, with specific observable predictions that have been investigated
in the last thirty years, and are still subject of active research.

In this chapter we will describe the dynamics of standard slow-roll models of inflation:
we will see in detail the primordial (quantum) perturbations of the inflaton (a scalar field
responsible of the inflationary era) and of the metric tensor. From this we will extract some
observables starting from the definition of some gauge invariant variables, studying their
statistics, and comparing them to the standard inflationary predictions. We will work with
linear perturbations for the moment, making observational predictions about the Gaussian
statistics of such perturbations. Indeed we will see that the some crucial observables will
emerge from the non-Gaussianities of the primordial, inflationary, perturbations that will
be analyzed in the next chapters.
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1.4.1 Slow-Roll paradigm

In the previous chapter we described a kinematical process to solve the flatness and the
horizon problems that contemplates the presence of a “fluid” with equation of state (1.62]).
There exist a dynamical process that can explain this negative pressure? We will see that
the slow-roll paradigm has a very simple field theory description: it involves only the
Einstein general theory of Relativity and a real scalar field, minimally coupled to the
gravity [27]. The action we will consider is the following

M2
S:Tpfdg“AV‘gR*fdﬂf4\/—g£¢[¢,gw]+SM, (1.71)

with g = det g,

The first term in Eq. is clearly the Hilbert-Einstein action [5], with R the scalar
curvature; the second terms involves L4, which represents the Lagrangian density of a
scalar field ¢, whose dependence on the metric is explicitly highlighted by the presence of
the metric g,,; Sy represents the action of other fields and possible interactions with the
scalar field (fermionic fields, gauge bosons and others) that, we will see, give in general
negligible contribution during Inflation. We consider now the dynamics of a scalar field
with Lagrangian density.

1
Lo ==59"0u00,6 =V (©). (1.72)

Note that in general in the kinetic term one should use the covariant derivative instead
of the partial derivative, but for a scalar field we have V,¢ = 0,¢. V(¢) is the potential
term that takes into account the ¢ mass term, auto-interactions of the field and and
eventually interactions of ¢ with other fields that have been integrated out or vacuum
loop-corrections.

We can associate a symmetric stress-energy tensor to our field, using the well-known
definition given in General Relativity [5]

2 0(/-gL
T, = -2 9W/9L) (1.73)
NaTE
where L represents the Lagrangian of any matter component. The functional derivative
0/0g"” can be rewritten in terms of partial derivatives with respect to the metric

2 [o(/gL) ., (9(/GL)
e L[N0 (0550)) ] a

The dots represent terms with higher order derivative with respect to g“”ﬂ
After some trivial calculations we obtain, in the case of a minimally coupled scalar
field

T,L?zx = M¢8V¢ ~ 9uv (_%gpgapd)aagﬁ - V(QZ))) . (1.75)

*Terms like
)
o ag,uu,oz
are different from 0 if in the Lagrangian are present terms of the form £¢R?, i.e. when the scalar field
is directly coupled with gravity. This is the case of a non-minimal coupling, appearing in scalar-tensor
theories of gravity [28] [19].

19



V()

slow-rolling
inflaton

. —

reheating

N
-

Ag ot

Figure 1.5: Example of inflationary potential with an almost flat region. While the inflaton
slowly rolls on the flat region of the potential the slow-roll parameters respect the condition
€,|n] << 1. When the inflaton arrives around the minimum of the potential these condition are
violated and reheating starts [29], see Section m

In general the two fields g,,, and ¢ will depend both on the space and time coordinates, but
we have seen in the previous chapter that we observe an approximately homogeneous and
isotropic Universe on large, cosmological, scales. These two properties can be translated,
in the mathematical language, as the invariance of the metric under spatial translations
and rotations (we will see how important are these two conditions), i.e., the (background)
metric depends only on time. Given that the Inflation mechanism driven by ¢ has been
introduced to explain the problem of initial conditions, also his background value, which
we will indicate with ¢g, will depend only on time. For the metric, the background value
is simply the Friedmann-Lemaitre-Robertson-Walker metric in , the solution for a
homogeneous and isotropic Universe. Given this, we can split our fields, the metric and
the inflaton, into two parts, the background value and the perturbation:

¢(X7 t) = ¢0(t) + 5¢(X7 t)a (176)

G (x,8) = gD (1) + 8g,u (x, 1) (1.77)

Both the perturbation will, in general, depend also on space coordinates.
This splitting is a good approximation in the case

(66%) < 93 (%) (1.78)

and, from an observational point of view, we do expect that this property needs to be
satisfied if we want to come up with a Universe where the temperature anisotropies of the
CMB are very small AT/T ~107°.

To understand the basics of the inflationary mechanism we begin studying the background
dynamics, then we will add the (quantum) perturbations.
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1.4.2 Background Dynamics of Inflation

The background dynamics is important because it describes the accelerated expansion
during the inflationary period. In the following we will use the FLRW metric with null
spatial curvature, i.e. the background solution for our Universe

ds? = —dt* + a*(t);;dx"da’ (1.79)

Our scalar field background will have the same properties, homogeneity and isotropy, so
its stress-energy tensor will be of the form

T30 = Poos (1.80)
TE = PpoYijs (1.81)
and using Eq. (1.75)), we obtain
1.
Po = §¢3 +V (o), (1.82)
1.
P = 5525(2) = V(o). (1.83)

These results for the energy density and the pressure of the scalar field show us that it
is possible to realize and inflationary epoch, thanks to the presence of the —V-term in
the expression of the pressure. In fact, for certain values of the interaction potential it
is possible to have a negative pressure satisfying the condition , i.e. accelerated
expansion. The condition given in Eq. translates, for our field, into

V>gi}(2).

If we consider now a Universe dominated by the field ¢ with a potential much larger than
its kinetic term

1.
§¢g <V, (1.84)

then from Eq. (1.82)) and (1.83)) we obtain

Do = ~Pgo- (1.85)

In the previous chapter we derived the evolution equation for the scale factor a in the
case of an exact equality in the previous expression: it represents the solution of a quasi
de Sitter Universe. In our case, Eq represents a quasi-de Sitter Universe with
accelerated and nearly exponential expansion

a(t) = age™t.

What does Eq. represent from a dynamical point of view? It is telling to us that
the field is moving very slowly with respect to its potential: this kind of motion is called
slow-roll of the scalar field. We can see that this condition corresponds to have an almost
flat potential for all the duration of Inflation. If we substitute Eq. into Eq.

we obtain

8 8
H? = §7TG/)¢ ~ ngV(qb) ~ const (1.86)

where the last equalities holds for a quasi-de Sitter Universe.
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We look now the evolution of the background of the scalar field: the equation of motion
for a scalar field with a potential term is described by the Klein-Gordon equation

oV
O¢=—, 1.87
6= % (1.87)
where, for a curved Universe, the box operator takes the form [19]
1
0¢=——0u(V-99"0,0). (1.88)
NE
We obtain, after some trivial calculations, the equation of motion of ¢(t)
- a . ov
+3—¢g=——7. 1.89
Bo+dn =70 (1.89)

The term Hy is the true difference between the Minkowski and the FLRW metric: it
takes into account the expansion of the Universe and represents a sort of friction term.
Summing up, we have seen that a scalar field is sufficient to generate an inflationary epoch,
but we need to constrain its potential (essentially its auto-interactions); now we want to
define some model-independent parameters useful to describe, in a general way, the various
models of Inflation. Then we will analyze also the perturbations of the scalar field.

We have just seen that the minimal condition we need to have cosmic Inflation is to
have a potential term much larger than the kinetic one. In Eq. it is fundamental
to have an approximate equality, i.e. to have a potential that is almost constant, but not
exactly constant. This ensures that the inflationary epoch will have an end. Eq.
also shows that the Hubble parameter must remain almost constant while the nearly
exponential expansion. The variation of a generic quantity f in an expanding Universe
with scale factor a(t) can be estimated by the parameter

. :dlogf:i
I~ dloga  Hf’

(1.90)

which gives a measure of the variation of f with respect the expansion of the Universe.
Therefore we can define a similar parameter for the Hubble parameter, defining the first
slow-roll parameter using (|1.90))

H

€= _ﬁ' (]‘91)
Remind that the expression for the Hubble parameter H = a/a so its variation w.r.t. time
is given by
H_C_L_(g)2_cl_H2,
a \a a
hence

Imposing an accelerated phase expansion we obtain:

. H

a>0= ~2 <1
i.e., the Hubble parameter must vary slower than its squared value. For a quasi-de Sitter
we want

H
-—— <1
2
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i.e.

€< 1. (1.92)
This condition has been found without constraining our theory of Inflation or the form
of the potential. However we will see that could be translated into a condition for
the potential of the scalar field using the Friedmann equations. As a first insight one can
easily see that, deriving with respect to time Eq. with Eq. and Eq. ,
condition corresponds automatically to the condition . The other request we
need to satisfy is about the duration of Inflation. We have seen above that the horizon
problem (but also the flatness problem) imposes to Inflation to last long enough to allow
the causal connection of an area of the Universe large enough to justify what we see today.
This means that the Hubble parameter must stay constant for at least the necessary time
for the Universe to expand of a number of e-folds around N ~ 60—-70. This is equivalent to
ask that e varies very slowly during the inflationary period. If we define dN = dIna = Hdt,
we see that we can define the parameter

dlne €
= = —. 1.93
TTTAN T He (1.93)
For this parameter we will ask again
n < 1. (1.94)
It is easy to see that this condition corresponds to [2§]
b < 3H¢

Eq. (1.92)) and ([1.94) are the so called slow-roll conditions.

Related to the parameters above we can also define a new couple of parameters ey and
ny that take into account the form of the potential of the theory [30), 31]

M2 V, 2

pl
=—| = 1.95
o-2(7) (1.95)

Vll
2
nv = Mp177 (196)
that can be rewritten also as

Lve 1.97
nv = 32 (1.97)
Here with ’ we mean a derivation of the potential w.r.t the scalar field V' = %—‘(;. In the

slow-roll approximation it is easy to demonstrate that

eExey, NNy - €. (1.98)

Then, ¢ and 7 are adimensional parameters that will be different between the various
theories because they depend on the kind of potential chosen. Eq. and show
explicitly that the potential of the scalar field has to be rather flat relative to its height
[32]. We will see, in particular when studying the theories of solid inflation, and similar
ones (which are the focus of this Thesis), that the definitions and are more
general. Indeed in other theories these two definitions, with their conditions, will ensure
the possibility to have an inflationary period long enough [32].

The experimental bounds on the slow-roll parameters given by the Planck satellite are [21]

ey < 0.0097 (95%CL), (1.99)

ny = -0.01020 9075 (68%CL). (1.100)

23



1.4.3 Reheating

What happened when the Inflation ended? We know that the observable results are in good
agreement with the predictions given by the standard Hot Big Bang Model. Therefore we
need a mechanism that allow the transition from the inflationary period to the standard
FLRW Universe dominated by the radiation. This period of transition is the so-called
reheating.

We know that Inflation holds as long as €, [n| < 1, so Inflation ends when ¢, |n| - 1, when
the potential that drives Inflation is not much flat as before. If the potential is of the form
given in Fig. we have that at the point of minimum o for the potential it will acquire
a mass and starts oscillating,

V'(¢) = V'(6)+ V" ()¢ =0,
with V'(0) = 0. The equation of motion for the scalar field becomes
¢+3Hp+V"(0)p =0.

This is the standard evolution equation for an oscillating field in an expanding Universe.
A possible reheating mechanism is the following: while oscillating the field starts decaying
into light an relativistic particles, giving rise to the standard radiation dominated epoch.
To the evolution equation we need to add a term which takes into account the decays of
the scalar field

¢+ (BH+Ty)dp+V'(¢) =0, (1.101)

where I'y is the decay rate of the inflaton. This expression can be manipulated and
becomes [I]
p¢+(3H+F¢)p¢=0. (1102)

Inside I'y, there are information about the model adopted for the Inflation and the energies
at which it occurs. These will not be described here. Eventually, the inflationary energy
density is converted into standard model degrees of freedom and the Hot Big Bang starts.

1.4.4 A digression on the charm of the Inflation model

We conclude this chapter outlining a fundamental principle, which we will not completely
describe, but we will mention it for its importance.

We have seen the problems arising in the Big Bang theory are solved by the slow-roll
Inflation paradigm. We have found a dynamical process which explains the homogeneity,
the isotropy and the flatness of our Universe, starting from the more general condition of
anisotropy or curved Universe. We can easily see what we stated above by considering the
Friedmann equation for the Hubble parameter

871G K?
H? = T(P¢+pr)__ :
a

Here we are also considering the contribution to the energy density due to the radiation
and the term which takes into account the possible curvature of the Universe. During
Inflation we have seen that the scalar field mimics an cosmological constant, so its energy
density is essentially not diluted by the expansion of the Universe, while the radiation
energy density and the curvature term have a behavior p, oc a™* and K/a? o< a72. If we
start with an expanding Universe, at a certain moment the inflaton will dominate over all
the possible fluid components of the Universe.
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This means that, starting from generic conditions, the Universe is attracted to an infla-
tionary epoch: except for the scalar field, all the other components are wiped out. This is
a qualitative formulation of the cosmic no-hair theorem [33) 34, 1].

The cosmic no-hair theorem guarantees that also anisotropic and inhomogeneous initial
conditions will go through the homogeneous and isotropic solution, which therefore jus-
tifies in the previous sections the use of a FLRW metric. We can take, for example, a
homogeneous but not isotropic Universeﬂ The metric in this case could take the form

ds? = —dt + a2 (t)da” + a(t)dy® + a2 () d=>

with a,(t) # ay(t) # a.(t). In this solution we have a Universe that expands differently
along the three directions z,y and z. It is possible to define a mean scale factor

a= (axayaz)l/g = V1/37

and we can write an equation analogous to the Friedmann equation

&G

H? = EQ—E K =—(ps+pm+pr+t...)+F( )
“\z) Ta2\v) T Ty et pm T Gz Gy Az)-

The dots inside the parenthesis denotes all the possible contribution to the energy density.
The function F' accounts for the effect of the anisotropic expansion on the mean expansion
rate. This function can be, in general, very complicated, but its crucial feature is that for
all the Bianchi models it scales at least as fast as a2 [33]. Again, if the energy terms
scales at most as a2, like radiation (p, o< a™*) and pressure-less matter (p, o< a™3), at a
certain moment the contribution of the inflaton will dominate, so the Inflation starts and
all the anisotropies are wiped out because a o et

Wald studied a Universe dominated by an exact cosmological constant pgs = A in presence of
ordinary matter: under this condition the cosmic no-hair theorem is called Wald theorem
[34]. It affirms that all the Bianchi models, except for the IX Bianchi Universe, with
a positive cosmological constant become asymptotically a de Sitter Universe in a time
- (o)

2 . . .
W . For a more general version of the cosmic no-hair theorem see [35].

SThese are the so-called Bianchi models.
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Chapter 2

Cosmological perturbations

—300 -200 -—100 0 100 200 300
P-Kcmb

Figure 2.1: This is a photo of our Universe when it was almost 380000 years old. We see that,
despite the assumption of homogeneity and isotropy, it presents small perturbations. This is an
image based on the temperature measurements of the CMB, showing small anisotropies of the
order % ~ 1075, These small perturbations are the seeds for the formation of the Large Scale
Structure of the Universe [30].

The measurements on CMB show us a Universe which is neither homogeneous nor
isotropic. It presents, indeed, small fluctuations in temperature, which are strictly con-
nected with the primordial density perturbation [28]. This observational results does not
surprise: the Universe as can be observed from anyone is not isotropic. Looking at the
sky we can see structures of different shape, size and complexity, such as planets, stars,
galaxies, clusters of galaxies and so on. The observed perturbation pattern would explain
the inhomogeneities we easily see: more precisely it would explain the structure of the
Universe at Large Scales. However, in the Chapter 1 we have seen that the inflationary
model is a natural attractor mechanism: regardless the initial conditions of the Universe,
after the Inflation it will be well described by with null spatial curvature. An obvious
question arises: which is the cause of the primordial fluctuations we observe in the CMB?
The full treatise we gave in the previous chapter solves the Big Bang puzzles, but what
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about the perturbations? In this chapter we will see that the most powerful prediction
of inflationary model is the production of perturbations due to (quantum) oscillations of
the scalar field around its background value. Here we will study the perturbation theory
in the context of General Relativity, perturbing both the scalar field and the metric, in
accordance with the Finstein field equations. We will then calculate what are the possible
observable predictions.

2.1 Perturbation theory in General Relativity

We know that the perturbations of the scalar field are connected with the density pertur-
bation of the cosmic fluid [28]. Recall that the Einstein equations,

G =8nG1T,,,

affirm that a perturbation in the right-hand side, i.e. a perturbation in the stress-energy
tensor, entails a perturbation in the left-hand side, i.e. the metric, and vice versa. This
means that perturbing the scalar field implies that we also need to consider the metric
perturbations. We can see that the case we are interested in necessarily needs a general
relativistic approach: we will describe of to extend the Newtonian perturbative approach
(Jeans instability) [37] to a more general case. In which limit it is allowed to use the non
relativistic approach without doing large mistakes? To evaluate it we consider the linearly
perturbed Poisson equation for the gravitational potential

V20 = 4nGdp = ArGps (2.1)

with § = dp/p and p is the mean value of the matter density. Here ¢ denotes the pertur-
bation of the gravitational potential [5]. Using the Friedmann equation

8
H2 = gﬂ'Gﬁ

we obtain 5
VQQO = §H25

We can define Ay = H™! as the physical Hubble radius (or length, or wavelength). If
we indicate the characteristic length of the gravitational potential perturbation, i.e. the
length in which the gravitational field varies significantly, with A, to the first order we

have: )
® A )
—~— 6 2.2

c? (/\H (22)

Note that here the light speed, ¢, has been explicated. It is necessary a relativistic approach
in the case ¢/c* ~ 1. From Eq. we can extrapolate the conditions in which it is
necessary to use the Einstein equations. We know that d ~ 1075 [36], hence there are three
possibilities:

e A= )\p,ie. when we consider scales of the order of the Hubble horizon;
e )\ < Ap, i.e. scales much smaller than the horizon;

e A> )y, i.e. scales larger than the Hubble horizon.
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The first two cases imply ¢/c? < 1, so one can easily use the Newtonian approach in these
two limits. In particular, in the second one, one can use the Newtonian approach both in
the case of linear perturbation ¢ <1 and in the case of non-linear perturbation ¢ 2 1, i.e.
when the amplitude of the perturbation has the same order of the density mean value.
The third case is the most interesting. When we consider scales higher than the Hubble
horizon we necessarily need to use the general relativistic approach. In particular we are
interested in this case because the CMB is part of this case. We will give a treatise of
perturbation theory in General Relativity.

Throughout this work we are assuming that our observable Universe can be approx-
imately be described by a homogeneous and isotropic FLRW spacetime. Thus we are
assuming that Eqgs. and are valid, i.e. that the metric and the scalar
field can usefully be decomposed into a homogeneous background (which dynamics we
have already described) and inhomogeneous perturbations. The perturbations thus live
on the background spacetime and it is this background spacetime which is used to split
four-dimensional spacetime into spatial three-hypersurfaces, using a (3+1) decomposition
[38, 139].

We start defining arbitrary perturbations of tensorial quantities and then proceed by de-
composing vectors and tensors in “time” and “space” parts on the spatial hypersurfaces.

Any tensorial quantity, of our interest, can be split into a homogeneous background
and an inhomogeneous perturbation

T(t,x) = To(t) + 6T(t,x). (2.3)

Here Ty(t) represents the value of the tensor in the background spacetime (FLRW), M,
depending only on t for obvious reasons. T is the tensor in the perturbed spacetime M.
The perturbation can be further expanded as a power series

oo )\n

0T(t,x) = ), —0Tu(t,x), (2.4)

n=1 T
where the subscript n denotes the order of the perturbations, and we explicitly include here
the small parameter A. In linear perturbation theory, for example, we only consider first-
order terms, A!, and can neglect terms resulting from the product of two perturbations,
which would necessarily be of order A? or higher, which considerably simplifies the resulting
equations. In the following sections we shall omit the small parameter A whenever possible,
as it is usually done to avoid the equations getting too cluttered.
Because the perturbations are small, i.e. 07| < |Tp|, expanding the Einstein equations
at linear order in perturbations approximates the full non-linear solution to very high
accuracy

0G = 81GOTy, . (2.5)
We will use these perturbed Einstein’s equations to study the dynamics of the perturba-
tions.
2.1.1 Gauge problem

We need now to consider a peculiarity arising in General Relativity. If we rewrite Eq.

2.4) as
5T =T - Ty,
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Figure 2.2: Passive approach in perturbation theory. The point P is mapped into two different
point of the perturbed space through the definition of two different maps [38].

we see that the perturbation is defined, as usual, as the difference between the tensor
in the perturbed spacetime and the background one. In Generale Relativity when we
compare two tensors they need to be evaluated at the same point; here, instead, we are
comparing two tensors which lie in two different spacetimes. It is necessary to connect
these two spacetimes using a map, a diffeomorphism [38], which goes from the unperturbed
spacetime Mg to M. We call this map

Py Mo — My

Ya(P) — O (26)

where P € My and O € M), the meaning of the subscript A will be clear further. It is
obvious that 1 is not the unique way one can use to go from Mg to M, but, as can be
seen in the Fig. one can choose a new map, ¢, for example. A particular choice of
the correspondence between M and M, is a gauge choicﬂ A change in the used map is
what we usually call a gauge transformation. The liberty in the choose of the gauge is very
useful tool: we can choose the gauge we prefer, to simplify the calculations or highlight
different physical features. But it is not so easy. A consequence of this freedom in the
choice is that changing the gauge entails different representations for the tensor 7" on the
spacetime Mg. If T and T are two different representations of a tensor due to different
gauge choices we have
0T =T -Ty

6T =T - T,

and, in general we will have 6T # 7. This means that changing the gauge correspond
to a variation in the perturbation side. This feature is known under the name of gauge
problem. Why it is a problem? To understand it we follow [15].

Choosing a particular gauge could lead us to make a mistaken when studying pertur-
bations. In fact the freedom of choice translates in an explicit “gauge dependence” of
the perturbations. To demonstrate it we can consider an unperturbed homogeneous and
isotropic Universe (as our background is). We have seen that the energy density in this

1[40] stresses that the word gauge has a lot of different meanings, depending on the discipline, such as
physics or mathematics, or the approach used. Here and further we will use the definition given above,
without ambiguity.
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Figure 2.3: Active approach in perturbation theory. Two different points P of the starting
spacetime are mapped into the same point O using, again, two different maps [38].

Universe is only a function of cosmic time p(¢,x) = p(t). We can consider now a new time
coordinate £ = t + 6t(t,x). In general, the energy density in the new time slice will not be
homogeneous, due to the x dependence of the new coordinate, 5(t,x) = p(t(£,x)). The
inhomogeneity of the density function implies the presence of new density perturbations,
but our hypothesis was homogeneity and isotropy! These new fictitious perturbations in
the energy density aren’t indeed physical, but entirely due to the choice of new time coor-
dinate. Similarly, we can remove a real perturbation in the energy density by choosing the
hypersurface of constant time to coincide with the hypersurface of constant energy den-
sityﬂ Then the perturbation in the new coordinates disappear, §p = 0, although they are
real inhomogeneities. To avoid this ambiguity we need to consider both the metric pertur-
bation and the matter-energy perturbation. For example, choosing a gauge where metric
perturbation are reabsorbed will make appear new perturbations in the matter-energy side
and vice versa. Otherwise, if this does not happen we are sure that the perturbation are
not real, but only due to our gauge choice. We will see that the standard approach to avoid
such an ambiguity is to identify combinations of perturbations which are gauge-invariant
quantities, that is to say quantities which are independent of the gauge transformation.

2.1.2 Gauge transformations

It is important to stress that a gauge transformation is different from a coordinate trans-
formation. To understand it we can consider the background spacetime Mg, supposing
we have fixed the coordinate system z*. Fixing a gauge 1), i.e. a map between points
means bringing into M the coordinate fixed in M. A gauge transformation corresponds
to a different choice of the map My — M once the background coordinates are fixed.
A coordinates transformation affects both the background spacetime and the perturbed
one.

Looking at Fig. we can affirm that: ¢ identifies the point P € M, with the point
O € M), and will assign to O the same coordinate system x*. A new map (a new gauge
choice) oy will identify the same starting point P the point O" € M, assigning to O’ the
coordinates of P. In this view, a gauge transformation corresponds to a coordinate change
in the perturbed space M. This interpretation is called passive view [41]. To make it
more clear we can proceed as follow. Given that the maps used are diffeomorphisms, they
must be invertible: thus we can define the inverse map w;l as

2The choice of a particular gauge corresponds to the choice of spacelike hypersurfaces constant time ¢,
slicing of spacetime, and of the timelike worldlines of constant x, the threading of spacetime [I5, [38] [39].
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Uit My — Mg
¥y (0) — P.

Given also that

ox: Mo — M,

oA(P) — O (28)

we can define the composition of this two maps, ¥y, as a map that brings a point in M
to another point of the same spacetime: it can be interpreted as change of coordinates on

M)u

Ty=yitopn: My — M, (2.9)
0 — 0O, '

with Uy (0) = vy (1!);1(0)) =0

For the active view we choose instead a point O € M) and find the point P on M
which maps to O under the gauge choice ¥y and the point @), also on Mg, which maps
to O under the gauge choice @), see Fig. O = \(P) = pA(Q). With an analogous
procedure, once fixed the coordinates z# on My, we can construct a map from Mg into
itself:

@y =y othn: Mo — Mo (2.10)
P—Q
with @)\ (P) = ¢y ((pxl(P)) = (. Again this gauge transformation can be interpreted as a
univocal correspondence between different points of the background spacetime. @) is also
called infinitesimal point transformation, see Fig. In both the approaches we haven’t
changed the coordinates, which are still =", here we are considering two different points
of the same spacetime connected by a gauge transformation.
This allows us to calculate what are the tensorﬂ transformation laws under a gauge

z/lt 0 e/éz A

Figure 2.4: Gauge transformation in the active approach. Through the mapping ®) it is possible
to connect two different points of the same spacetime [3§].

3For tensor here we indicate the most general mathematical object we will consider in our future
calculations. Further we will write the transformation law for scalars, vectors and tensors.
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transformation, in order to identify what are the possible gauge-invariants quantities we
can define.

Consider now the coordinate system z* on My and the four-vector £, which defines
the parametric curve, through the parameter A,

dx
such that, given P € Mg, z*(A = 0) = P. Consider the point QQ € My at a parametric

distance A from P along the defined curve. P will simply have coordinates z#(P), while
2#(Q) will be the coordinates of Qﬂ At the first order in the parameter A\ we have

&, (2.11)

2"(Q) = 2"(P) + X" (x(P)) + o(\?). (2.12)

This is a direct way to construct the map ®, defined above a an infinitesimal point
transformation, or active transformation, since we are working in the active approach. At
the zeroth order one has z#(P) ~ z(Q), hence {*(z(P)) ~ £*(x(Q)), therefore we can
write

at(P) = 2"(Q) - AH (2(Q))- (2.13)
We see that Eq. (2.13) recalls an usual (passive) coordinate transformation

ot — gt =t - (N =1),

where the new coordinate z’ is represented by the P’s coordinates. Hence we can introduce
a new coordinate systenﬁ y* in which @ has coordinates

y" =2 (P) — y"(Q) = 2"(Q) - X"(Q).

The choice of the point @) is completely arbitrary, so this relation must hold for each point
in the spacetime My
y'(A) =t = AgF. (2.14)

We are now ready to write the general transformation law for a tensor under a gauge
transformation. Given a tensor with m contravariant indices and n covariant indices on
the space My with coordinates system x#, T"'#™, . (x(P)), we know that after a
gauge transformation it will take the form T#*", , (z(P)). Can we relate T with 17
In the passive approach we have seen that the transformed tensor is not more than the
starting tensor but evaluated in another point of the spacetime. We have defined the new
coordinate system as z#(P) = y*(Q), hence we can write
Thtm, L, @(P)) =Tt L (9(Q))
oy Oytm o oxPn

= . L. Talmam )
Oxt dz™ Jyn1 dyvn B1...0n (z(Q))

(2.15)

The first equality holds because we are going from the active view to the passive one; here
" indicates the tensor T in the new coordinate system. The second equality is the general
transformation law for a tensor under a coordinates transformation[s]. For Eq. (2.14) we
have

m
Oy =0l = A0,E"
ox?

4We underline, again, that the coordinates of P and Q are defined in the same coordinate system.
SHere we are finally acting with a coordinates transformation.
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and -
i YL
oy”
because at the zeroth order z# ~ y*. Eq. (2.15) becomes, at the first order in A
TH (z(P)) = (65} - /\8a1§’“) . (552 - A@amgu’”)

(00 + 20, E7) . (80 + Xy, &) Ty (2(Q))

=Tt 0 (@(Q)) (2.16)
- >\ (aalé'NlTallﬂ-"U";lmyn toeeet aamgumTuln'um_lawllll...l/n)
+ )\ (8,,1551 T’ul...“mﬁlllz.nl’n bt al’"gﬁnTmmumul...un,lﬁn) _

We can now expand in Taylor series T'(xz(Q)) around the point P using Eq. H
T(2(Q)) ~ T(x(P)) + \e"8,T. (2.17)
Inserting Eq. into Eq. we have
TH-km (z(P)) = THLHm (z(P)) + XEPO,TH -~ Hm,

Vi...Un Vi...Un V1...Un
~ A (Do G T ek Dy ST ) (9.18)
B1t1-Hm Br b1 Hm
+A (8,,1{ LHt Sivmwn T Dy, 7T Vln-l/n—lﬂn) )

An expert eye can easily recognize that the all the terms after the first in the right hand
side of Eq. ([2.18]) is the explicit expression of the Lie derivative of the tensor T" along the
vector field that generates the gauge transformation & [5]:

(‘C’ST)MIMHmV Un gpapTulm‘um

V]...Un

_ (aalglufl)Tal,UQnJl‘m 4+ oo 4 (aamé'“m)TﬂL“,ufmflam (219)

Vi...Un V1...Un

+ (8,/1561) Tmmum,muz..un bt (ayngﬁn) TR

V1...Vn-1PBn"

1-

All the quantities in Eq. (2.18) are evaluated at the same point P, which is arbitrary,
hence

T fom _ L Em
T vi..Un — T vy...V,

X (Len)tr (2.20)

Vi...Un

for each point. Eq. (2.20]) is the transformation law of a general tensor under a change of
the gauge. More concisely it can be written as

T=T+\LT. (2.21)

This equation is valid at the linear order, i.e. ~o0(§) ~o0(\)). It is possible to extend this
formula at higher order in £/, for example

2
T = [exp(ALe)T| =T + AT + %ﬁgT -

Here we need also to consider the second order expansion of the four-vector &

PERSS<VIN g
13 —Zﬁ_ (1)+§§(2)+...

r=1

SHere we are omitting, without loss of generality, all the indices.
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All the calculations we will perform will be at the linear order in the perturbations, for a
complete study of the perturbations at the second order look e.g. [38], 39, 42]. From now
on we will consider only the r = 1 case.

We conclude this section writing the transformation law for the tensor perturbation. We
have seen that a tensor can be divided into its background value plus a perturbation:

T =Ty + T, (2.22)

T=Ty+0T. (2.23)
Using Eq. (2.21]) we obtain, at the linear order

6T =0T + L¢Ty. (2.24)
We are now ready to study the cosmological perturbations.

2.1.3 Perturbed metric

Using the conformal time d7 = dt/a, we can perturb the FLRW metric, using the following
decomposition [15] [41]

o= =) 14250070 | -~ (0) 1+ 20070, (2.25)
r=1

(T)(T x)

goi = gio = a (T) Z Z(T)wi(Tvx)v (226)

()
= o) (7 x)] ® 7 (7,%)
2 ’ ij
i=a 1-2) —— 2 g+ S
i = @ (7) [ o ! T (2.27)

= a2(7‘) [(1-2®(7,x)) 035 + i (7, %x)] .

Here we can easily recognize the background metric Eq.(|1.4), the functions T ()
(") and ’yl.(;) represent the rth-order perturbations of the metric. In particular 'Y@'(;) is a
transverse and traceless tensor:

i =" = 0. (2.28)

As we said previously, we will consider only the linear case with r = 1. It is useful to de-
compose these functions using the properties of the background metric. The symmetries of
the FLRW metric allow a decomposition of the metric and the stress-energy perturbations
into independent scalar (S), vector (V) and tensor (T) degrees of freedom, i.e. into objects
with well-defined transformation under spatial rotations [29, [I5]. This is useful because,
at the linear order, the dynamics of the different degrees of freedonrﬂ is uncoupled. The
functions ® and ¥ are clearly scalar.
Exploiting the Helmholtz theorem, we can decompose each vector degree of freedom into
a solenoidal part and a longitudinal part, the former is the vector one, the latter the scalar
one:

w; = ! +wi. (2.29)

"Different means “with different transformation under spatial rotations”; this is the usual manner one
uses to define scalar, vector and tensor in general relativity, that is, the transformation law of a certain
object under a change of coordinates [8, [5]. The homogeneity and the isotropy of the background allow us
to restrict just to the rotations.
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w; is the solenoidal vector, meaning that aiw; =0 and w! is the longitudinal one. We can
perform a similar decomposition of the traceless perturbation of g;;

%ij = DigyV + 0y} + 09t + 5, (2.30)

1

where ’y” is a scalar function, v; is a solenoidal vector field, and the tensor part hz; is

symmetric, solenoidal and traceless. D is defined as D;j = 0;0; — 5¢jV2 /3.

We perform now a gauge transformation of the metric tensor using Eq. (2.24). With
the same procedure adopted above, we can decompose the vector field £ into its scalar
and vector parts [43]:

& =a, (2.31)
£ =0"8+d, (2.32)
with 0;d* = 0. The transformation law for the perturbations becomes, for the metric

6g,uu = 5g,uzl + (ﬁﬁg(O))

pv

After some trivial calculations we obtain

U=0+0 +Ha,, (2.33a)

~ 1

d=0- §v2ﬁ - Ha, (2.33b)
ol =wl —a+ 8, (2.33¢)
o =wt + d, (2.33d)
,yll _ 7\\ +28, (2.33¢)
Yi =i +di, (2.33f)
Ay =Yg (2.33g)

In Eq. "=d/dr, and H = a’/a is the Hubble parameter in the conformal time. Here
we immediately see a peculiarities that will be of great interest in the next. Eq. (2.33g)
affirms that the tensorial part of the metric perturbation is a gauge-invariant quantity, at
the linear order. Whatever the gauge choice is, the tensor perturbations will always be
the same.

After having calculated the left hand side of Eq. , we can calculate its right hand
side: the matter perturbations.

2.1.4 Matter perturbations

The stress-energy tensor for a generic fluid can be written as [5]

Ty = (p+ pO)uuuu +PogGuv + Oy (2.34)

with respect to Eq. (1.21)) we have added the anisotropic stress tensor, constrained as
u’o,, =, =0. For a perfect fluid or a minimally coupled scalar field, it vanishes. The
four-velocity, in the conformal metric, can be determined considering its normalization
uyut = -1:

u, =a(-1-¥,v;), and " =a'(1-0,(v"-w)). (2.35)
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The three-velocity v* is the perturbation to the spatial velocity, given that the background
value for the four-velocity of a comoving observer is u’ = 0. The three-velocity can be
decomposed as usual

v' =0 +v!  with 0! (2.36)

We obtain, perturbing the stress-energy tensor[29] [15]

Ty = —(po +6p), (2.37a)
T} =3(po + 6p) = 3po(L + 01), (2.37b)
7 = ~(po + po)vi, (2.37c)
T5 = (po+po) (v’ - w'), (2.37d)
T) =po[(1+0L)8% + 07 ;] (2.37e)

We will never consider the anisotropic part of the stress-energy tensor for our cosmic fluid.
Applying again the transformation rule given in Eq. (2.24]) we obtain

8p=0p+ap), (2.38a)
§p = 6p - ph, (2.38b)
o =v-H,a-a (2.38¢)
o =0l -8 - (d"). (2.38d)

Here we have to do some considerations. Note that p is a scalar function, meaning that it
is invariant under a change of coordinates (diffeomorphism). From Eq. we see that
its perturbation varies under a gauge transformation. This highlights again the difference
between a coordinate transformation and a gauge one.

From Eqgs. (2.33)) and we clearly see that the transformation law of the perturba-
tions, both metric and matter, are gauge dependent through the presence of the gauge
parameter «, 3 and d*. In particular the gauge is fixed when these parameter are fixed,
that corresponds to the choice of certain hypersurfaces at constant time and the timeline
worldline at constant x [I5]. At the linear order fixing the gauge means fixing the value
of two scalar and one vector |§| perturbations.

2.2 Quantum fluctuations during inflation

After the analysis of the dynamics of the background of the scalar field we consider now
its perturbation given in Eq. (1.76]). If we consider the complete field ¢(x,t) with also its
space coordinates dependence, the full equation of motion Eq. (1.87) becomesﬂ

ov

é(X,t) + 3H¢(Xa t) - a_2V2q§(x,t) = _8_¢7 (239)

where V2 = 9;0".

If we insert the background equation ([1.89) and perturb to the first order, we obtain the
equation of motion for the perturbations d¢(x,t)

viep  0*V

-2 75 (2.40)

8With only two degree of freedom, due to 9;d".
°In this equation we are considering a perturbed (i.e. not homogenous or isotropic) scalar field in a
background metric. To be rigorous both the metric and the scalar field must be perturbed, as we will see.
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If we derive with respect to the time Eq. (1.89)), we obtain the following equation for qﬁﬂ
(¢0) +3H (o) = -V"do. (2.41)

Here we can see that Eq. and Eq., respectively in the variable d¢ and ¢ are
analogous except for the Laplacian term a2V20¢; in the limit of large scale, they are
exactly analogous, and non independent as we will see shortly. Let’s consider the two
terms 3Hd¢ — a 2v20¢: if we perform a Fourier transform and we go from the coordinate
space to the momentum space we have

k26 e
a? ’

3H6¢ —a?v235p —> 3HOdy +

we can make a qualitatively treatment of the perturbation profile on large scales. If
8¢ ~ Hé¢, since H™! = 7 the characteristic time of expansion, we have

. k% k2
3HG¢y + # ~ (3H2 + —2) Sr..

a a
Considering the case l;—z <« H correspond to neglect the second term, that means con-
sidering wavelength of physical dimension Appys > H ~1 since k is the wave number.
This condition is equivalent to consider large scale lengths, or, more precisely, to consider
wavelength larger than the Hubble horizon. This qualitatively process, that will become
quantitative, is a sort of smoothing of the system, since this becomes homogeneous, and

allow us to neglect the Laplacian term.
Now we solve the system of equations

(¢o) +3H (¢o) =
5 +3HsG - 52

a2

-V
2
= ‘837‘5/5‘1’

An accurate check shows that (bo and d¢ are not independent. We can calculate the
Wronskian function defined, in the case with variables x and y, as

W(z,y) = &y - xy, (2.42)

and in the case W = 0, z and y are correlated, i.e. linearly dependent. In our case & — ¢y,
y = d¢, we have _ ) o
W (¢0,0¢) = ¢odd — pod¢

deriving this equation with respect to time we obtain
W =-3HW = W oc e 31,

This means that after a little transient (¢ ~ H ~1), the Wronskian goes to zero exponentially,
and ¢ and d¢ becomes linearly dependent (remember that we are considering the large
scale limit, or over-horizon limit). Mathematically we can write

56(x,t) = —67(x)do(t). (2.43)

The minus sign is purely conventional, while the dependence of 7 only on x reflect the
null Laplacian at large scales.

Given Eq. (1.76]), in force of Eq. (2.43]) we can write
P(x,t) = go(t - 07(x)). (2.44)

1 . .
9Here we are considering H =~ const.
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We remember that Eq. is the equation for the complete scalar field at large scale.
This equation points out an important thing: in each point the scalar field assumes the
same value of ¢y but at different times, and this time displacement is due to the different
space coordinate.

We look now for a general solution of Eq. (2.40). We perform a Fourier transformE

So(x,t) = (2;)3 [ @ ke<ion, (2.45)

where d¢y = 0p(k,t). The equation becomes now

. . 2
5¢k + 3H¢k + i 6¢ = —V”5¢k.

a?

For the sake of simplicity we will omit, from now on, the pedice k. Eq. (1.97)), tells us that

the mass term is negligible. In fact the potential V' contains also the usual term %mé@bQ,

and the condition cited above is equivalent to take a massless scalar field: mi =V"=~0.

The equation now becomes
2

0¢+3Hop+ —0¢ =0.
a
We study this equation in two different regimes.

Small-scale regime )\, < H -1
The wavelength we are consider are well under the horizon, and the friction term
become negligible

I
8+ 566 = 0. (2.46)
a
Eq.(2.46)) is not more than the harmonic oscillator equation with a time dependent
width
k2
Wq = ;

that decreases with time. On small scales the field fluctuates around its (false)vacuum
value ¢g.

Large-scale regime \,;,s > H -1
In this case the equation is

8¢ +3Hdp = 0.

Its exact solution is
5 = ae 3 4 b

with @ and b constants. This means that almost immediately (in a time ¢ > (3H)™1),
the perturbation remains constant. Over the horizon the perturbation is frozen at
its value at the time of its passing the Hubble horizon.

" Two notation: we are using here the Fourier transform because for linear perturbations the various
modes (k) evolve independently. The second concerns the e’ factor inside the Fourier transform. This
terms implicitly means that we are considering the plane-wave decomposition, valid only with null spatial
curvature. In the case of positive or negative curvature of the Universe we should use a generalization of
the plane waves , the so-called Helmholtz functions, Qx, which satisfy the equation

ViQi + K Qi = 0

, where V% is the curved Laplacian [4].
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The situation is schematically explained in Fig.
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Figure 2.5: Stretching of the cosmological perturbation during the inflationary period. Quantum
perturbations in the curvature, R, are created during Inflation and their wavelengths, A, are
stretched from microscopic scales to astronomical scales during Inflation [43].

In the previous paragraphs we have referred to the perturbations of the scalar field as
quantum perturbations. These same perturbations are strictly connected with the density
perturbation that causes the observed anisotropy in the temperature in the CMB [28] [19].
This connection, that will be clear soon, arises a fundamental issue: the density perturba-
tion causes (after the expansion of the Universe and the stretching of these perturbation)
the collapse at the origin of the large-scale structure, like the galaxies and the clusters. But
the latter are obviously classical objects! It is clear that if their formation origin resides
in density perturbations whose origin in turn are the quantum fluctuations of the vacuum
state during the inflationary period, there must have been a mutation of the profound
nature of these perturbation at a certain time. There must have been a sort of phase
transition from quantum to classical nature. Is there a mechanism that can explain this
transition? This question is very attractive, but goes beyond the purpose of this work.
We will bypass this question (unwillingly, with clear conscience) and quantize directly the
perturbations of the scalar field, following [27] [15] 29].

2.2.1 Power-Spectrum

Before going on with the quantization of the perturbations we need to introduce a fun-
damental tool: the power spectrum. It represents an efficient way to characterize the
properties of a field perturbations. In general one assumes that the perturbation is much
smaller than the background value of the field, as we emphasized in Eq. . In
particular we are implicitly assuming that all the perturbation fields are stochastic, i.e.
(6(x,t)) = 0, where 0 is a generic field perturbation. Another hypothesis one takes into
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account is that these fields has Gaussian statistics: this hypothesis simplifies our calcula-
tion, given that a Gaussian field is completely described by its mean value (that is 0 in
our case) and its covariance, or its two-point correlation function defined as:

x(r) = (6(x),d(x +1)), (2.47)

where angle brackets denote ensemble average. Given a galaxy in a random location, the
correlation function describes the probability that another galaxy will be found within a
given distance [37].

Note that if the background metric is homogeneous and isotropic as Eq. , x depends
only on the modulus of r, . For the same reasons we can expand in the Fourier space the
perturbation field

o(x) =

Pk ™5k 2.48
o ) (K), (2.48)
here ¢ stands for the Fourier transform of §. We can define now an efficient tool to
characterize the statistical properties of a field perturbations: the power-spectrum. It is
simply defined as

(5(k),5(p)) = (2)26P (k + p)P3 (k). (2.49)

We can see that the argument of Py is just the modulus of the momentum: this is due to
the isotropy of the background. The homogeneity is guaranteed by the three dimensional
Dirac delta. We can see that, with this definition, Ps is nothing more than the Fourier
transform of the two-point correlation function.

dk Z X+r Z X
x(r) = e f(27r)3 :

2y
d3k d P '(k+p)~ kx5 < d3k

1 X 1KX 6 6 — k;
@rp ) @t el = | P k)

For a Gaussian statistics it can bee shown that [I9] the three point correlation function
vanished™|

(5k1 Skz 8k3> =
In general all the n-correlators vanish

(01, ---0k,) =0

if n is odd. The expression for the even-n can be rewritten in function of the two-point
correlator; for the four-point function we have:

<Sk1 gkz 51(3 51{4 ) = <5k1 ng ><5k3 51(4 ) + (Skl Sks ><5k2 51(4 ) + <Sk1 5k4 ) <Sk2 Sks )
which becomes
(01, 01y Oy Oy ) = (2) 86 (g + ko) 6@ (k3 + ky ) Ps (k1) Ps(k2) + permutations.

Similar expressions hold for higher correlators. We have expressed what with mentioned
before: if the perturbation have Gaussian statistics they are completely described by their
two-point correlation function. We will see that are much more interesting the cases in
which are present non-Gaussianities of the perturbation spectrum, which also contain a

2Here we are considering directly the Fourier space, the same argument holds also in the x-space.
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lot of physical information.

We define now the dimensionless power-spectrum As(k) as

o2

5 8P (k- k) A5 (k). (2.50)

(0(k),0(k")) =
Again, A is function only of the modulus of k (or k’, thanks to presence of the Dirac delta
due to the homogeneity). A power spectrum measures the amplitude of the fluctuation
at a given mode k. We see that P and A are strictly correlated

3
A(K) = 55 P(F)

We can find, after some trivial calculations,

dk
(8(x)) = [ TPa(h) = f d(1n k) Ps (k). (2.51)
Eq. (2.51)) means that Pjs represents the contribution to the variance per unit logarithmic
interval in wave-number k.
We also define a new physical quantity to describe the slope of the power spectrum, the
spectral index:

dlnzﬁg
dlnk -~
In general the spectral index will depend on the considered scale; in the case of a constant
value we have that the power spectrunﬁ has a simple power law dependence on the
considered scale:

ns(k) -1= (2.52)

ns—1
A(R) = A(ko) (k:%) (2.53)

with kg: pivot scale. We will see soon that the spectral index will depend on the slow-roll
parameters. An interesting particular case is when the spectral index is exactly equal to
1: it means that the power spectrum of the considered field is scale invariant (Harrison-
Zel’dovich power spectrum). The amplitude of the perturbation in this case is the same
for each cosmological scale.

We are now ready to specify the form that the power-spectrum gets in a general case, when
the stochastic field is a canonically quantized scalar field ¢ living in a curved spacetime,
as the inflaton is.

We proceed, referring to Eq.7 with the standard second quantization procedure of a
new variable, the physical perturbation

8¢ = adg, (2.54)

and using the conformal time defined as dr = a~'dt. Quantizing the new variable means
promoting it to an operator through the definition of the two operators ayx and aL:

~ 1 . .

d0p(7,x) = @) [ d*k [uk(T)akelkx + u,’;(T)aLe_lkx] , (2.55)
One vacuum choice, that will be clear in the next section, is that with the normalization
of the u; functions

up (T)ug, () = up(T)ug (1) = =4, (2.56)

13We refer to the dimensionless power spectrum simply with power spectrum.
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with /= %
The quantization rules descend directly from this choice

[ax, ap] = [(IL,CLL] =0,

(2.57
[ax, a}] =6 (k- p), )
where 6®) (...) is the usual three-dimensional Dirac delta.
From the redefinition of d¢ and Egs. (2.55))-(2.57)) we get
2
Uk
(Oprc, ey ) = fe a2| 8@ (k1 - ko)
which leads to the power spectrum
K3 9
Dso(k) = 5 5100%] (2.58)

2.2.2 Scalar perturbations in curved spacetime

In Eq. (2.55)), ayx and aL are, respectively, the annihilation and creation operators, defined
as:

ax [0) =0

(O\a;r( o (2.59)
for all the possible values of k. |0) is defined as the free vacuum state of the system, i.e.
here we are considering only the mass term V"' of our theory, not also the interaction
with other field and auto-interactions. Despite this assumption, it remains a fundamental
ambiguity in the choice of the vacuum state due to the expansion of the background
spacetime. In fact uk(T)E are classical functions of time and in the limit of flat spacetime
they are oscillating functions

—lWE T
e Wk

UL ~
NGy

with w,% = k> + m?. The ambiguity arises here. Eq. is the solution to the Klein-
Gordon equation in the flat spacetime, but so far we have considered this equation in an
expanding Universe: this means that while the field is evolving, the background spacetime
itself is varying. We can use here the equivalence principle: for small scales and short time
intervals (with short we mean much shorter than the characteristic expansion time), we
can locally approximate our spacetime to the Minkowski’s, so that we can use the plane

wave[5, 4] solution (2.60)), i.e.

(2.60)

ks>aH e kT

(2.61)

This choice is called Bunch-Davies vacuum [44].
After all these considerations, and after some straightforward computations, we obtain an
equation for the function wuy(7)

a/” 82‘/ )

up (1) + [k2 Sinhs wa ]uk(T) =0. (2.62)

“Note that the function v depends only on the modulus of the moment [k| = k and not on its direction:
again, this is a consequence of the homogeneity and isotropy of the background.
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The first thing we can notice is that the friction term 1y disappeared, leaving only a
metric-dependent term of the form %-. Eq. (2.62) is the standard harmonic oscillator
equation with a time-dependent angular frequency

" 2
a oV
szk‘Q—— V.2

Tt 957 (2.63)

We will solve Eq. (2.62)) exactly in the case of a massless scalar field in a quasi-de Sitter
Universe where we have H ~ const, or

H = —eH?
with € «< 1, so H varies very slowly. At the first order in the slow-roll parameter we can
find the time dependence of the scale factor

1

a(t) = THI-o7 (2.64)

so that the term a”/a in the equation of motion becomes
" 2 3
51+ 5e):
a T2 2

Massless scalar field
This case will be very useful when studying the tensor perturbation of the metric. With
massless scalar field we mean V"' (¢) = 0, hence the equation of motion is

2
W(7) + [/8 -2 (1 + §e)] ue(r) = 0
T 2
and defining % = 9/4 + 3¢ we have

2 _
() + [k2 - ”7—21/4] up(7) = 0. (2.65)

At the first order the slow-roll parameter are constant, so we can consider also the index
v ~ const. We can define x = —k7 and the equation becomes

2

xzéu(:ﬁ) + [332 _Gr- i)] w(z) = 0. (2.66)

This allow us to solve the previous equation as a Bessel equation of the form
22y (z) + zy' () + (22 - vH)y(z) = 0 (2.67)
of which we know the exact solutions [43], 29]

ur(7) = V= [ CL (k) HSD (=kr) + Co(k) HP) (<k7) | (2.68)

where H,Si) are the Hankel functions of i-th kind with index v. The C;(k) are the inte-
gration constants depending only by k: they can be constrained using the Bunch-Davies
vacuum choice given in Eq. . The subhorizon limit k <« aH in a quasi de Sitter
spacetime becomes, thanks to Eq.

-tk >1
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The behavior in the subhorizon limit for the Hankel functions is note

HO (2) 225 [ 2 cila-50-7) (2.69)
T

that is the expected behavior for the function ug in the subhorizon limit. This allow us to
fix C1 and (5, using also the property H(Q) [H(l)]

i (k) i(hm=5v-0) 4+ Oy (k)HP (~kr > 1) |

uk(T) r>1 g

In this result the second term inside the square brackets has negative frequency, so that
we have to fix

Co(k) =0 and Cy(k) = \/T%ei(wé)g.
The exact solution is

up(7) = \/2_ i(+2)5 /7HWM (<k7). (2.70)

In order to calculate the power spectrum we consider the super-horizon limit —k7 < 1.
For the Hankel function we have

HO () ==L \/ge—ih(v—?’ FF(:(;;) (2.71)

where I'(z) is the Gamma function defined by

)= [ dea e

This means that u in the super-horizon limit has the following behavior

wp(r) = 2 Sile-D)3 LW (k)3
K= TGR) ok

For the amplitude of the scalar perturbations we have

gl _ s T(v) H -
S TN

where we have used again Eq. (2.64]). At the first order we have v = % +¢€, SO we can write

the expression for the amplitude at the first order in the slow-roll parameter

c H (k)T
564! = ¢_< )" m(ﬂ) (2.72)

Using Eq. (2.58) we obtain, for the power spectrum,

Aso(k) = (;)2 (aiH)2 (2.73)

This is a fundamental result which shows that the power spectrum for a massless scalar
perturbation in a quasi de Sitter space is almost scale invariant. The dependence on the
scale k is k72¢ and in the slow-roll limit this term is almost null. This is an important
prediction for the standard single field slow-roll model for Inflation.
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2.2.3 Gauge-invariant scalars

Until now we have a little cheated. In the previous section we have seen the evolution
of the scalar perturbations in a quasi-de Sitter phase, as the Inflation predicts, without
perturbing the metric in which the field lives. For the Einstein equations a perturbation
in the stress-energy tensor, i.e. a perturbation of the scalar field, involves inevitably
a perturbation in the metric side: this causes a variation in the motion equation of the
scalar field. We consider now both the perturbation of the scalar field and the perturbation
of the metric. While for the tensor perturbation we have seen that we can use a gauge
invariant quantity, 'yij; , for the scalar perturbations we not defined a good quantity in
this sense. There are various scalar perturbation, four just in the metric, what quantity
we will use? We can see that we can define different gauge invariant scalar quantities
exploiting the transformation law under a gauge transformation [40]. A good candidate
to describe the scalar perturbation is the intrinsic spatial curvature on hypersurfaces of
constant conformal time

G R==v% (2.74)
a

where we have defined the curvature perturbation|

(i) =0+ %VQ’)/”. (2.75)
d is not a gauge-invariant quantlty, since under a transformation on constant time hyper-
surfaces 7 — 7+ a we have ® - & — Ha. For this reason we need a gauge-invariant scalar
quantity which reduces, in some gauge choices, to the curvature perturbation. Considering
the transformation law for the matter perturbation given in Eq. we can define the
following gauge invariant quantity

(=-d-H-L. (2.76)

(=-0-"L - $+%0-2 d-—L_¢

x d ép P a’(dp )__A a' ép
a ph

( is defined as the gauge-invariant curvature perturbation of the uniform energy-density
hyper-surfaces.

In the case of a single scalar field we can define also the gauge-invariant perturbation on
comoving hyper-surfaces

~ H
R=d+ adqﬁ. (2.77)
15The meaning of this name becomes clear when performing a full calculation of the intrinsic spatial

curvature on hypersurfaces of constant conformal time, which gives the result, in an unperturbed Universe

@p- Sk
a2’

where K is the space curvature introduced in Eq. (1.1). This means that when we have K = 0 we have
G R =0. In the perturbed Universe we have the general expression

6 12K, 4
a2

®OR-= e A 2,
a

which confirms what we said before.
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The combinations R and ( are related [15, 29]

B 2p k \?
Te=R 9(p+p) (E) v (278)

From this equation we see that in the super-horizon limit (k < aH), R = (.

The importance of (
The gauge-invariant quantity ¢ hold a fundamental role in the Inflation models because,
thanks to its definition and properties on super-horizon scales, it allows to connect the
energy-density perturbations dp to the perturbation of the scalar field d¢. Indeed we
can see that for super-horizon scales it is constant in time. To understand it we have to
consider the perturbed continuity equation which reads

3p" +3H(8p +6p) = 3(po + po) @ + (po + po) V?(V + o) = 0, (2.79)

where 0 = —w) + 1/27ﬁ is the shear.
If we consider super-horizon scales we can neglect the contribution due to the Laplacian.
We can choose now the uniform energy density gauge in which dp = 0. So

3Hop +3(po + po)(,
because in this gauge ( = ~&. The previous equation gives an equation for the time
evolution of ¢
HE
p— (2.80)

(po + po) 5,;:0'
Remind that the equation of state for a generic fluid is given by
8p = c26p + Spna
where dpy 4 is the non adiabatic contribution. Hence we can write Eq. (2.80) as

H
¢'=- OPNA-
Po + po

The non adiabatic contribution arises in the presence of a relative difference in the density
perturbations of the different components which fill the Universe. If we have different
components p;, there are non adiabatic modes, or entropy modes, if
Hopi , Hop;
pi pj

for i # j [1]. Nowadays there are strong observational limits on a possible deviation from
the adiabaticity condition for the expansion of the Universe. Furthermore during the
Inflation we have seen that there is, in the simplest models, only one, scalar, component:
relative differences are not permitted, simply because all the components are “swept away”
by the Inflation. During inflation, on super-horizon scales dpy 4, so

¢'=0 - (=const

We underline again that ( is a gauge-invariant quantity, so this equation holds in any
gauge.
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The constance of ¢ during Inflation and on scales much larger than the Hubble horizon
allow to connect today observables to quantities strictly connected with the Inflation
period. If we call with tg)(k) the time at which the wavelength of mode k exit the

horizon and tg)(k) the time at which the same mode re-enters the horizon we have, look
Fig.

D) = D (k)
that is, an observed mode which re-enters the horizon today (like the CMB modes) can

give information about the inflationary epoch. Both tg)(k) and tg)(k) correspond to
the condition k& = aH, i.e. when the £ mode has the same value of the Hubble horizon.
For example we can consider a mode which passes the horizon in the radiation dominated
epoch will be

14dp Hogp

C@yy = =~ =Cw,, = —— .
k k

O low P 6

We see again what we affirmed before: the temperature anisotropies of the CMB, connected
with the density perturbations, are related to the fluctuations of the primordial scalar field.

This situation is schematically represented in Fig.

2.2.4 Power spectrum for scalar perturbations

We have seen that the evolution equation for the inflaton field is the Klein-Gordon equa-
tion:

v

o
where the d’Alambertian is defined as 0O = D, D". After some manipulation it can be
written in the more convenient form [19)

0¢

b
Nax]

Perturbing the KG equation at the linear order using Eqgs. (2.25), (2.26) and (2.27) we
obtain [43, [15] 29]

0=

I (V/=99"0y) . (2.81)

2
5¢" +2HS¢ - V26¢ + a25¢%/a2 + 2\1/% — ¢ (V' + 30" + v2wl) = 0. (2.82)
We see that with respect to Eq. (2.40) there are more terms due to the metric perturbations
to be considered.
To get a simpler equation of motion we introduce the Sasaki-Mukhanov gauge-invariant
variable [45, [43]

/

Qy=d¢+ ﬁci» (2.83)

As usual we introduce the field Q¢ =aQy. The Klein-Gordon equation now readﬂ [43]

"
Q) + (k2 - % + M;aQ) Q, =0, (2.84)

16We are clearly omitting some steps, the Eq. (2.84) is obtained after the second quantization of the
field Qg, as we did in the previous section for the field d¢.
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where

M2 _ 62V 87TG (a_3 '2)

" 09>  a* \H
is the effective mass of the inflaton field. At the first order in the slow-roll parameter it

can be shown that )

M _
H?
Eq. (2.84)) is formally identical to Eq. (2.62)), so we can perform the same procedure to
solve it. We consider the case of a quasi-de Sitter Universe and a light scalar field, i.e.
Mé <« H? given that we are considering a slow-roll model. With these hypothesis the

377\/ - 66\/.

equation becomes identicaﬂ

" 2 V(i B zll
Q5+ |k - =57 Qs =0 (2.85)

where we have defined vy = 3/2+3e—1 at the first order in the slow-roll parameters. From
the previous section we can conclude that on super-horizon scales and to the lowest order
in the slow-roll parameters the inflaton fluctuations amplitude is

H [k \>
N (E)

We can see now that Q4 and R and ( are connected:

’Q¢>(/€)‘ = (2.86)

H
R="0,=-
¢,Q¢ ¢

so we can calculate the power spectrum of ¢ using Eq. (2.58) and
H 2 H 2 H2 k 3-2v,
E=rE=(Z) 102 -(%) 55 (o)
o) ¢ ) 2k3\aH

Finally, the power spectrum is

2\2 3-2v,
Ac(k) = (2H7T—¢) (%) . (2.87)

Again, Eq. (2.87) shows that curvature perturbations remain time-independent on super-
horizon scales. The spectral index at the lowest order in slow-roll reads

ne—1=3-2u, = —6e + 2. (2.88)

Remind that we are interested to the value of the power spectrum when a certain mode
crosses the horizon, i.e. t}q(k‘) such as k = aH, so the power spectrum for { becomes

2\2
Ac(k) = (;—qj)

(k)

Here the k dependence is inside tL (k): each mode exit the horizon at a different time.

"We omit the "
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2.3 Gravitational Waves from Inflation

The inflationary scenario predicts also the production, in the early Universe, of a back-
ground of stochastic Gravitational Waves [46]. Here we will perform the full calculation to
obtain the second-order action for the gravitational waves. The action we have to perturb
is the following

M]%l 4
S = T/d l’\/—gR-FSQs (289)

where Sy is the one given in ([L.71]).
We will follow Refs. [29] and [47]. Perturbing Eq. (2.89), and manipulating the integral
argument, we finally find that

2
5P = 22 [t (1) [(5)? - a7 (070)°]. (2.90)

As already mentioned ;; is a gauge invariant quantity, so varying the action with respect
to this quantity, we get the required equation of motion

ij + 3HA5 — a2V 235 = 0. (2.91)

It is now clear that tensor perturbations solve a wave equation (in an expanding Uni-
verse), hence the name gravitational waves. Exploiting the ~;; properties, it is possible to
decompose the field in the following form [29]

A
i (tx) = 3 AN (BN (x). (2.92)
A=+, x
el(;’x) is the polarization tensor whose properties reflect the ~ ones:
PCVNCY i (M) _
z] ]Z ) klez‘j =VU = €44,
and +, x are the two GW polarization states [§].
If we use now the conformal time we obtain
M2
2 2 2
5’;) = —8Pl f drd®za®(7) [(’y{j) - (07i5) ] . (2.93)

We see that a useful transformation to solve the motion equation for the tensor field in
the conformal time is
V2

aMPl

In terms of the new variable v;; the action Eq. (2.93) becomes, after some integration by
parts,

'Yij = Uij- (294)

s@ = [ ards [(UU)2 "(vij)Q—(avij)2 . (2.95)

If we perform now a Fourier transform, using also the decomposition Eq. (2.92]),

vi(rx) = [ 2% (2 = (A)(T)e()‘)(k)eik'x. (2.96)

Exploiting the orthogonality of polarization tensor

eyel = oM (2.97)
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we can easily find the equation of motion for each mode vl((/\)

2 a) ™
v+ |k ™ =0. (2.98)

We see that the equation of motion for each mode resembles Eq. (2.62): this means that
the each mode v can be described as a masslesﬂ scalar field, thanks to the absence of the
term V(¢)"”. So we can treatise vy in the same manner as uy, in particular in the case of

a massless scalar field. After the standard second quantization of the field Ul((/\)
vl(()‘) = vk(T)al(()‘) + UZ(T)CLE/I\{)T (2.99)

The procedure now is analogous to that for the massless scalar field given above, the
solution for vy is

Vi = gei(wé); /=rH® (=k7), (2.100)

with v ~ 3/2 + €. For large scales we obtain
-5 L) 1
I'(3/2) V2k

The only difference resides into the calculation of the power spectrum, given that now we
have two different polarization states for the tensor perturbations:

(~kT)2 ™. (2.101)

k3 2
Ay (k) = 22 § "Yl(j) ,

(2.102)

so that on super-horizon scales we obtain the following power-spectrum
8 H 2 k —2e¢
A(k)=—[— — . 2.103
v (k) M,%l(%) (aH) (2.103)
We define the spectral index for the tensor perturbation as

_dlog A, (k)

- 2.104
" T T qlogk (2.104)

From Eq. (2.103)) we see that it has the value n, = —2¢ < 0. In this case the power-spectrum
is called red, while for n, >0 it is called blue. We will see that some theories will present
a blue tilt for the tensor power spectrum.

2.3.1 Consistency relations

In the considered inflationary scenario an interesting consistency relation holds for scalar
and tensor power spectra. We have seen that they can be rewritten as

s -as(£)"

A“/(k) = Ar (: )"7

0

(2.105)

81t can be states that this field has an effective mass squared equal to a” /a [29).
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where kg = 0.002 Mpc™! is the pivot scale [48]. Ag and A7 represent the amplitude of the
power spectra at the pivot scale kg. It is useful to define the tensor-to-scalar ratio

= — (2.106)

that yields the amplitude of the GW with respect to that of the scalar perturbations at
some fixed pivot scale. Knowing that

2\2 2
AS: i) and ATZ%(E)
27 Mp, \2m

and recalling that during Inflation holds H = —47G¢?, we obtain
r = 16¢ (2.107)

or

r=—8n,. (2.108)

This is called consistency relation because it connects three different parameters and holds
for each single field slow-roll model of Inflation [28]. This equality can be checked only
with a measurement of the tensor power spectrum, i.e. not only of its amplitude, but also
of its spectral index. Furthermore if this relation really holds true it means that it will
be very hard to measure any scale dependence of the tensors, since a large spectral index
would invalidate the consistency relation. At present we have only un upper bound on the
tensor-to-scalar ratio: 795 < 0.07 at 95% CL [48], assuming the consistency relation.

2.3.2 Energy scale of inflation

We seen above that the amplitude of the GW has an expression

2 H?
A=y
Pl

and during Inflation we have H? ~ (3Mp;) 2V (¢), hence
2 V(9)

T= 55 .
2 4
3n2 M3,

From this equation we can define an energy scale for the Inflation as
Einy = VY4 (2.109)

so that the amplitude of the tensor power spectrum depends on the energy scale at which
the Inflation acted. This is a fundamental feature for the single field slow-roll models:
observing the GW would entail a confirm and a comprehension of the Inflation period.
For this reason the GW are said to be a smoking gun for the Inflation. Using the note
relation holding during Inflation and the consistency relation we can give an estimation
of the scale energy [48]

Eing = VY4 = (1.88x 10'°GeV) (L) 1/4
0.10
We can conclude noting that a measurement of r provides the energy scale of Inflation.
We have seen that a measurement of the primordial gravitational waves would be of crucial
importance for the description of the primordial Universe [49]. Although it is much difficult
[50], we will see that it is possible to define new quantities which will provide good indirect
observables for the gravitational wave background.
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2.3.3 CMB observations

We briefly introduce here a useful formalism to connect the anisotropies in temperature
of the CMB and the primordial matter perturbations. Fig. 2.1 shows the small variation,
point by point, in the temperature of the Cosmic Microwave Background radiation. In
general we can parametrize the temperature field, which will depend on (conformal) time,
position and the direction of the photon momentum

T(1,x,p) =To(7) + AT(7,%x,p) = To(7) (1 +O(7,x,D)), (2.110)

where Ty represent the background black-body temperature, see , while we have
defined © = AT/T the temperature perturbation field. Although this field is defined at
all times and positions we can observe it only at the present time 7y and in our position
X(: one can easily object that our observations (COBE, WMap, Planck) have been made
over the last 30 years and the satellites are not exactly located on Earth. We stress
that these excursions from the spacetime point (79,X0) are negligible with respect to the
scales over which the temperature varies (of the order of the Hubble time) [2]. Hence
the only fundamental dependence of the perturbation field is the momentum direction
p- To understand which information we can gain from the temperature of the photons
from CMB we need to understand how the photons distribution function evolve while the
Universe is expanding. We use the Boltzmann equation

L[f]=C[f] (2.111)

where L is the Liouville operator which takes into account the evolution of the distribution
function f and in a general metric takes the form [I]

L= p“@ - Fﬁyp“p”aiw-
The right hand side of represents the collision operator and contains all possible
collision term, i.e. all the interaction of the particular particle species we are considering.
We are interested in studying the photons distribution functions, therefore we need to
know all the possible interactions with the other components of the Universe. We will
not study the entire Boltzmann equation for all the components of the Universe, but we
will mention some tools that will be useful also in Chapter 3. For a detailed, clear and
exhaustive study of the Boltzmann equation of all the particle species see Ref. [2]. We
know that the CMB radiation is a black-body radiation [36], hence there is a one to one
relation between the temperature and the momentum of the photon. Hence we can use the
temperature perturbation field to described the variation in energy for the photons: some
equations which describes the evolution of the temperature perturbation field considering
also matter perturbations, metric perturbations and so on, are found. One useful tool is
the multipole expansion of the temperature perturbation

Ok, p) = 3>(-1)! (2L + DPu(D)6u (k) (2.112)
=1
where P; are the Legendre polynomials, solutions of the Legendre differential equation.

Each multipole is defined as, inverting the previous relation

@lzﬁ [ 2o (2.113)

93



Exploiting the properties of the Legendre polynomials, the photon perturbations can be
described either by © or by a whole hierarchy of moments, ©;. [ = 0 corresponds to
the monopole, i.e. a constant perturbation, [ = 1 describes a dipole perturbation, [ = 2
the quadrupole, [ = 3 the octupole, and so on. The Boltzmann equations are written in
terms of the first multipole ©;. Now we want to connect the observations on the CMB
temperature to the theoretical ©;. Given that we are observing a spherical sky, it is useful
to decompose the temperature perturbation field using spherical harmonics

oo+l

o(r,x,p) = ZE Zlalm(f,x)ylm(f)). (2.114)
=1 m=—

This expansion is the equivalent of a Fourier transform on the surface of a sphere. The
subscripts [, m are conjugate to the real space unit vector p, just as the variable k is con-
jugate to the Fourier transform variable x in . The complete set of eigenfunctions, of
the operator iV, for the Fourier transform are e’ here the complete set of eigenfunctions
for expansion on the surface of a sphere are Y},,,(p). Now, in the expansion the co-
efficients a;,, are of fundamental fundamental importance in cosmology. They contain all
the information for the temperature field or, more precisely, they contain the information
about the temperature perturbation field. Therefore we want to find the relation between
the coefficients a;,, and ©;. We use the orthogonality property of spherical harmonics

fQ QY (D)Y (D) = O Sy (2.115)

where () represents the solid angle spanned by p. We can invert the relation (2.114))
multiplying for Y, )(p) and integrating in the solid angle

am(r,%) = [ a5, 0)0(rx.0) = [

B
e 'dem/l;(f))@(T,k,p), (2.116)

(27

in the second equality we have used the Fourier transform of the temperature perturbation
field, since all the solution are in the momentum space. As for all the perturbative field,
also a;,, are stochastic fields, which means that their mean value is zero and the first
observable we can define is their variance

(am) =0, (@maj,) = 6w dmnCi, (2.117)

where we have indicated with Cj the variance. It is very important to note that, for a
given [, each a;, has the same variance. For [ = 50, for example, all the 101 asg,’s
are drawn from the same distribution and when we measure these 101 coefficients we are
sampling the distribution. Therefore this much information will give us a good handle on
the underlying variance of the distribution. But if we measure the quadrupole, i.e. [ = 2,
we do not get very much information about the variance, since it has only 5 ag,,. This
fundamental uncertainty in the low-/ variances is called cosmic variance, see Fig.
We can now obtain an expression for C in terms of ©;. First we square and take
the expectation value

* I’k &K' i(kx-k'-x) IN* (A N A\ /AN
(i) = [ oo —ge [ 4209Y;5,(8)Yim (B)(O(7. k. 5)O" (7. K, 5)).
(2m)3 (2m)

(2.118)
We need to evaluate now the expectation value (O(7,k,p)O*(7,k’,p’)). This expecta-
tion value is complicated since it depends on two phenomena: the initial amplitude and
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phase of the perturbation, which depend on the Inflation mechanism; the evolution of the
perturbations produces anisotropies, i.e., dependence on p. It is useful to separate these
two phenomena rewriting the photon distribution as dpas - (©/dpar), where dpys is the
Dark Matter overdensity, which does not depend on any direction vector [2]. We divide ©
into these two pieces because ©/dpys can be found using the Boltzmann equation
and it has a particular feature: the ratio does not depend on the initial amplitude of the
perturbations, so it can be removed from the averaging over the distribution. We have

o(k,p) ©*(k',p)

Spa (k) 6par (k)

O(k,k-p) O (k.k-p')
opm(k)  dpm(k)

where Ppys is the dark matter power spectrum, and we have used the fact that the ratio

©/dpy depends only on the magnitude of k and the dot product 1A<f) Now inserting Egs.
(2.112)) and(2.119) into (2.118) we obtain, using the spherical harmonics properties,

f dkk>Prp) (k:)‘

For a given [, then, the variance of a;,,, C;, is an integral over all Fourier modes of the
variance of ©;. Using the Boltzmann equation for all the modes ©; it is possible to plot
the anisotropy spectrum today, see Fig. [2.6]

(O(k, p)O" (K, p")) = (dpn1 (k)3 (K))
(2.119)

= (2m)%6®) (k = K )Ppu (k)

(2.120)
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Figure 2.6: This is the latest plot for the temperature multipoles power spectrum, [II]. The
position of each peak can indicate the history and the composition of the Universe. In the figure
is plotted D7 = [(1+1)Cy/(27), not exactly C;. This is because for large scales, i.e. small [ the
dominant effect is the so called Sachs-Wolfe effect [51], which predicts I(I + 1)C) ~ const. when
considering small multipoles. Note also that the error bars become larger when considering
small Is: this is the effect of cosmic variance described above.

2.4 Beyond the standard slow-roll inflation

We conclude mentioning possible alternatives to the standard single-field slow-roll Infla-
tion model. The possibilities for getting inflationary expansion are (maybe frustratingly)
varied. Inflation is a paradigm, a framework for a theory of the early Universe, but it
is not a unique theory. A large number of phenomenological models has been proposed
with different theoretical motivations and observational predictions. In this thesis we will
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consider one of this class of models, the so-called Gaugid Inflation [52], a generalization
of the Solid Inflation, [53] . However, in this short section we want mention the broader
landscape of inflationary model-building (see also Ref. [30]). The simplest inflationary
action Eq. can be extended in a number of obvious ways

Non-minimal coupling to gravity
The action is called minimally coupled in the sense that there is no direct
coupling between the inflaton field and the metric. The inflaton interacts with the
metric only through the measure of the integral, \/=g, and the indices contraction
in the kinetic term. In principle we could imagine a non-minimal coupling between
the inflaton and the graviton, however, in practice, non-minimally coupled theories
can be rewritten as minimally coupled theories by a field redefinition.

Modified gravity
Similarly, we could entertain the possibility that the Einstein-Hilbert part of the
action is modified at high energies. However, the simplest examples for this UV
modification of gravity, so-called f(R) theories, can again be transformed into mini-
mally coupled scalar field with potential V' (¢). With the last Planck measurements
it results that the modified gravity theory called R? —in flation still survives [48].

Non-canonical kinetic term
The action (1.71]) has a canonical kinetic term

Lo=X-V($), X =g"0,00,0.

Inflation can then only occur if the potential V(¢) is sufficiently flat. More generally,
however, we could imagine that the high-energy theory has fields with non-canonical
kinetic terms

Ly=F(¢,X)-V(¢)
where F'(¢, X) is some function of the inflaton field and its derivatives. For such an
action it is possible that Inflation is driven by the kinetic term and occurs even in

the presence of a steep potential.
These are the so-called K-inflation models [54].

More than one field
If we allow more than one field to be dynamically relevant during inflation, then the
possibilities for the inflationary dynamics (and the mechanism for the production of
fluctuations) expand dramatically and the theory loses a lot of its predictive power.

Breaking the de Sitter spacetime isometries

Until now we have considered a background metric of a (quasi) de Sitter spacetime.
We know that this choice was dictated by the request of having an isotropic and
homogeneous background. We also know that these two features can be mathemat-
ically formalized as the invariance under spatial translations and three-dimensional
rotations. One possibility is considering a vacuum state of the field which drives
Inflation which manifestly breaks these symmetries but is symmetric under time
diffeomorphism, i.e. is time independent while it depends on the coordinate

{p(2)) = az.

To restore the wanted homogeneity and isotropy of the space one impose some in-
ternal symmetries. While simple in principle this procedure gives important and
nontrivial outcomes that will be deepen in the next chapter.
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Chapter 3

Probing Inflation:
non-Gaussianities and Tensor
Fossils

We have seen that the slow-roll Inflation model provides a very good description of the
evolution of the Universe in its first moments. A small number of parameters is needed
to define the standard cosmological model, just the first six parameters of in Fig. but
it is not enough. Knowing the relative abundances of the elements in the Universe does
not tell us what these elements are, e.g. dark matter and dark energy. Also knowing the
behavior of the power spectrum of the primordial perturbations does not tell us what are
their possible sources. The power spectrum alone, indeed, is not sufficient to constrain the
interactions of the field which drives Inflation during the primordial era: different Inflation
modelsﬂ can produce similar results for the power spectrum prediction [55, 43]. Resuming
the slow-roll model we see that it makes the following assumptions:

Single Field
We have assumed so far that there was only one quantum field responsible for driving
Inflation and generating the seeds for large scale structures due to its fluctuations.

Canonical Kinetic Energy
We have pointed out that the kinetic term used above has a canonical form, which
means that the speed of propagation of fluctuations is equal to the speed of light.

Slow Roll
The time evolution of the field was very slow compared to the Hubble time during
Inflation.

Initial Vacuum State
The quantum field was in the preferred adiabatic vacuum state, the Bunch-Davies
vacuum.

Assuming all these properties for the scalar field implies that the quantum fluctuations of
scalar field have an almost Gaussian statistics, i.e. their statistics is completely defined
by the two-point correlation function [42, 56]. Hence we will have undetectable level of
primordial non-Gaussianities for those models which respect the conditions listed above.

!The differences between the Inflation models can be of various types: different interactions, non-
standard kinetic term, new physics at high energies, different symmetries.
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This results does not surprise too much. Since the inflaton field is driving Inflation has a
very flat potential, this means that the interaction terms must be suppressed, hence also
the non-linearities eventually producing non-Gaussian features.

Detecting a certain amount of non-Gaussianity (or determining stringent bounds on it)
would entail precise constraints on the interactions of the quantum field(s) responsible
for inflation, i.e. it will it will crucially help in determining the right theory for the
primordial Universe, [32,43]. The simplest idea to calculate the non-Gaussianity is looking
at the predictions on the three-point correlation function of the primordial perturbations
generated during inflation, given that it would vanish in the Gaussian case. Indeed we
have seen in Chapter 2 that a perturbation with a Gaussian statistics is completely defined
by its 2-point correlator, while all the odd-point correlation functions are null. In presence
of a non-Gaussian statistics we would have a non-zero 3-point function or, equivalently, a
4-point function which cannot be rewritten in terms of the 2-point function. Calculating
a non-zero 3-point function is the first sign of a deviation from the “standard” model of
Inflation.

In the following we will calculate what are the prediction for the bispectrum, the Fourier
transform of the three-point function. We have already mentioned the importance of an
observation of the primordial gravitational wave background, because it would provide
a striking proof for Inflation. In this chapter we will briefly describe the importance of
non-Gaussianities and the prediction for the standard inflationary theories. Then we will
consider an interesting effect from a gravitational wave background: tensor fossils and a
related quadrupole perturbation in the power spectrum of the galaxy clustering. We will
review what are the consequences of a stochastic background of gravity waves both in the
primordial Universe and at the present time.

3.1 Primordial non-Gaussianities

In the previous chapters we have seen the predictive power of the inflationary models.
While the latest observations on the CMB have ruled out various Inflation models, there is
still a sort of “theory degeneracy”. There are still various models which fit the observational
data at our disposal. A good understanding of the power spectrum of the theory of
Inflation might not be sufficient to provide a good description of the physics of Inflation
[55]. The non-Gaussianities would be crucial from this point of view. Different theories
can make similar predictions for the power spectrum; the true difference might arise in
the three-point function, or in its Fourier transform, the Bispectrum.

3.1.1 Bispectrum

In chapter 2 we have seen that in the case of a Gaussian field the three-point correlation
function vanish. Therefore if we consider a non-Gaussian field, we have that the first corre-
lator which manifests non-Gaussianity is the three-point function, (§(x1)d(x2)d(x3)). For
our purpose we are interested in the Fourier-space of the three-point function (Jy, 0k, 0k, )-
Analogously to Eq. it is possible to exploit the homogeneity and isotropy of the
background to parametrize the three-point function as follows

((51(1(51(2(51(3) = (27T)3(5(3)(k1 + kg + k3)35(k1, kg, kg).

The momentum conservation is a consequence of the homogeneity, while the dependence of
Bs only on the modulus of the three momenta derives from the isotropy. B; is the so-called
bispectrum of the perturbation field . We have mentioned above the importance of this
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new correlator and the consequences which arise if a non-zero value would be measured.
In the following we will consider the bispectrum of the { perturbation, because of its
importance in cosmology and because it is directly related to the to the CMB angular
bispectrum [57, [43]:

(G, Cen Cies ) = (27)20) (kg + kg + k3) Beee (o, ko, k). (3.1)

In the formula is not, explicitly exposed the time at which we evaluate the correlator.
It is implicitly assumed that we evaluate it in the large scale limit, which correspond to
the time at the end of Inflation. The delta function ensuring the momentum conservation
entails that the three momenta of the perturbation fields form a triangle: ki +ko +kg = 0.
We will see that the shape of this triangle will be of fundamental importance. In general
we can parametrize the bispectrum as

AZ(k.)

Beee(k, ko, ks) = S(k1, ke, k
CCC( 1, V2, 3) ( 1, M2, 3) k%k%k%’

(3.2)

where Ag(k:*) is the dimensionless power spectrum, defined in Eq. , of ¢ evaluated
at a fixed scale k. The function S is adimensional and, in the case of scale-invariant
bispectra, it is invariant under the rescaling of all the three momenta k;. The function S
also allows to define the momentum dependence of the bispectrum. In fact there are two
types of the momentum dependence, the shape of the bispectrum and the running of the
bispectrum:

The shape of the bispectrum is the dependence of the function S on the ratios of the
momenta ka/k; and k3/k;, while we fix the overall momentum K = (k1 + k2 + k3)/3;

The running of the bispectrum is the dependence of .S on the overall momentum K, while
we take constant the ratios between the momenta.

It is possible to give a first evaluation of the amplitude of non-Gaussianities through
the definition of a parameter which provides a measure for the non linearities of the
primordial perturbations, the so called non-linearity parameter fyr. It can be defined
as the bispectrum in the equilateral configuration, k1 = k2 = k3 = K, normalized for the
square of the power spectrum of the perturbation ( evaluated at the momentum k. In
formula it reads
_ 5 B (K K, K)
INL=

18 PXK) (3:3)

The factor 5/18 comes from the relation between the Bardeen’s gravitational potential and
¢ during the matter dominated epoch, see Ref. [57]. This dimensionless amplitude tells us
if a particular shape of non-Gaussianity is detectable or not by the experiment. From the
definition given above we can see that it depends on k. Moreover, if we substitute (3.3
into (3.2) we have

5
fNL = 1_8S(K7KaK)
i.e. fyr corresponds to the shape function in the equilateral limit times a 5/18 factor. If
the bispectrum is scale invariant in general we can extract the amplitude fyr from the
shape function S and parametrize the bispectrum of ¢ as:
A2(k.)

18
Beec(k ko k) = — 1S (kr, ko, ig) ol
cec(kr, ko, k3) 5fNL (K1, ko S)k%kgkg
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where the shape function is normalized as S(k,k,k) = 1. The predictive power of the
three-point function resides in the fact that different models of Inflation predict different
shapes of the non-Gaussianities. Following [58), 57, [32], [43] we can find different examples
of non-Gaussianities depending on the particular shape of the considered triangle:

Local shape of non-Gaussianity: a local non-Gaussian shape arises from a local
(point by point in the real space) non-linear correction to the perturbation (4, where
the suffix g denotes that this perturbation coincides with the linear, Gaussian, per-
turbation ¢ analyzed in the previous chapter. We can rewrite the new non-linear ¢
as:

((x) = Cg(X)+ INL G () = (G ()] (3.4)

As explained in Ref. [59, [43] 56], this non-linearity parameter is defined for the
Bardeen Newtonian potential in matter dominance, which implies, at linear level

3
(I)g:gg

this explains the factor 3/5 in the definition. This type of non-Gaussianity is called
local because the non-linear relation is locally defined. In Eq. already
appears the amplitude of non-Gaussianity produced. The bispectrum in this case
turns out to be:

BeZe (ka, kz, ks) = gloml[pc(kl)Pc(kz)+P<(k1)P<(k3)+P<(k2)P<(k3)] (3.5)

where, as usual, P (k) is the power spectrum of the comoving curvature perturbation
¢. It is possible to verify, going in the equilateral limit, the Eq. (3.3). Considering
the limit in which the bispectrum is (almost) scale invariant we obtain:

loc loc C( ) k% k‘%
b B o) = 3.6
ch( 1,2, 3) NL k2k2k2 (k2k3 * k1ks i k1ko ’ ( )

where A. is the dimensionless power spectrum of the perturbation ¢ in the limit in
which we neglect the scale dependence.
Thus, the template for the local shape reads

k:2 k2 k2
Sioc(k1, ko, k 2 3_1.
toc(k1, k2 K3 = (k’2k3+k’1k3+k’1k2)

The signal of the local non-Gaussianities peaks in the so-called squezeed configuration
of the triangle (k1 <« ko ~ k3) and it can arise in the case of multi-fields models of
inflation, [43] 32, 58, [60].

Equilateral shape of non-Gaussianity: this is a shape which is peaked in the equi-
lateral configuration k; = ko = k3 = K and it arises a consequence of several Inflation
models such as k-Inflation [54], or in general models in which a non-canonical kinetic
term is present [43] 32], 58, [60]. The corresponding shape function has the form:

k2
Sequit (K1, k2, k3) (:—; + 5perms.) - (% + 2perms. ) 2.

This kind of shape arise from considering higher derivative interactions in the action
of several inflationary models of Inflation.
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Orthogonal shape of non-Gaussianity: this is another shape of non-Gaussianity
which arise, as the equilateral shape, from considering higher derivative interactions
in inflationary models. The template associated to this shape is:

k? k
Sortho(k1, ko, k3) = =3.84 | —L— + 2perms. | + 3.94 (—1 + 5perms.) -11.10. (3.7)
koks ks
This non-Gaussianity is also present in single-field models of Inflation with a non-
canonical kinetic term, or with general higher order-derivative interactions.

For more details about these shapes and the mechanism that can create such non-Gaussianities
we refer the reader to Ref. [57, [43], 32, 58|, 60]. In the same references the latest results of
the Planck satellite (updated to year 2015) on primordial non-Gaussianities are exposed.
The experimental constraints for the three amplitudes of primordial non-Gaussianities
relative to the measurement of the CMB temperature anisotropies are the following

loc ~2.5+5.7 (68%CL) (3.8)
eauil - 1670 (68%CL) (3.9)
ortho — _34 4 33 (68%CL) (3.10)

Combining temperature and polarization data the Planck collaboration finds the following
constraints

¢ — 0.8 5.0 (68%CL) (3.11)
el = 4143 (68%CL) (3.12)
ortho — _96 + 21 (68%CL) (3.13)

These measurements represent the tightest constraints that have been obtained so far from
CMB measurements (and for temperature CMB data the ultimate ones). As it can be
seen these constraints are compatible with Gaussianity. However notice that there is still a
very large window between the single-field predictions for fy L (of the order of the slow-roll
parameters [56, 42]) and the present error bars. So why is actually so important trying to
reduce the errors for better constraining such non-Gaussianities? As we will see in detail
in the next section, it is possible to compute at the leading order in slow-roll parameters
the bispectrum of the gauge invariant perturbation ¢ with a non linear extension of the
slow-roll models of Inflation. We anticipate that the amplitude of such bispectrum is
suppressed in the slow-roll limit: such a low level of primordial non-Gaussianity is (at
present) impossible to measure. Therefore any signals of non-Gaussianities may come
only from an extension or a modification of the slow-roll theories of Inflation which, for
the moment, are the most accepted paradigms for describing Inflation. A violation of just
one of the standard single field slow-roll (SFSR) conditions listed above would entail a
high level of non-Gaussianity, |fyz| > 1 [55]. Hence a detection of such a signal would
rule out the simplest model of Inflation described in the previous chapter.

In particular, such non-Gaussianities can be signatures of possible modifications of the
law of physics at the energy scales at which Inflation can take place that are no still
achievable in the actual colliders. The reason is that contributions on non-Gaussianities
from Inflation of the gauge invariant variable ( arise essentially by auto-interaction terms
of ¢ and by interaction terms between ¢ and the primordial gravitational waves 7;; (or any
other possible field present during inflation). These interactions in the standard slow-roll
models of Inflation are suppressed. So signals of non-Gaussianity can be signatures of
interaction terms between scalar perturbation and new fields associated to new degrees of
freedom that could appear at high energies in a new physics scenario.
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3.1.2 In-In Formalism

Now our aim is to perform an explicit computation of the bispectrum Be¢¢, following
[43), 56].

So far we have always used as observables of inflationary models the various n-point
correlation functions

(01...60),

where the brackets () denotes the ensemble average. Now, following [32] and the exhaustive
[61] we will briefly describe the in-in formalism, a useful formalism to calculate the various
correlation functions.

In general we consider a perturbation §(¢,x), that must be quantized, as we have done
so far for all the perturbations we have encountered (scalar, tensor) during Inflation. In
general we are dealing with correlators of the type:

(Q5(t,x1)...6(t,x0) Q). (3.14)

Here |Q2) represents the vacuum state of our full theory, i.e. also considering the interactions
of the field, not only the vacuum state of the free particle theory as it is used in QFT.
We will deepen this argument in the following. It is clear from Eq. that we are
working in the Heisenberg picture, where only the operators evolve in time, and states do
not. In order to explain the method we will work within the Hamiltonian formalism. We
know indeed that the predictions in the Lagrangian formalism and in the Hamiltonian one
must be equa]ﬂ We can decompose the Hamiltonian function into a quadratic part Hy
and some interaction terms H;,; as:

Hior = Ho + Hipt. (3.15)

The quadratic part describes essentially the free evolution of the field §. The fundamen-
tal step of the in-in formalism consists in switching from the Heisenberg picture to the
interaction picture. The operator in the interaction picture, which we will indicate with
of (t)EL is related to the corresponding one in the Heisenberg picture at the time ¢, §(¢) by
the relation [61]

6I(t) = F(t7t0)5(t)F71 (t7t0)7 (316)

where we have defined .
F(t,to) = Texp{—z’ [ H{m(t')dt'} (3.17)

to

where T indicates the time-ordered operator. Hi]nt is the interaction Hamiltonian in the
interaction picture which coincides with the one in the Heisenberg picture. The time tg is
the time in which we switch on the interaction H,:(t).

If we insert (3.16)) into (3.14]) we have

Q| [Texp{—i /[ t H{nt(t')dt'}] 51 (4 %) .. 81 (%) [Texp{—i | t H{m(t')dt'}] iy
’ ’ (3.18)
where T is now the anti-time-ordered operator.
In addition the relation between the Hamiltonian and the Lagrangian in the interaction
picture is:
H., =-L! (3.19)

% int:

’In addition, we know that, except for derivative terms in the interaction part, we have Lint = —Hint.
3For the moment we will omit the space dependence since we are interested in the time evolution of the
field.
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In fact the Legendre transform which links Hamiltonian formalism to Lagrangian one reads
like H! ~ (dm5— L), where w4 is the conjugate momentum of the field . But the term o7 is
a quadratic term and, if we consider only the interaction terms, the equality follows.
We can extend this consideration also for the case where there is more than one field in
the theory. Then, if we compute the interaction terms in the Lagrangian of the theory,
we can compute perturbatively the correlator by expanding the time(anti)-ordered
exponentials. If we drop the expansion of the exponentials up to first order and we use

Eq. (3.19), we obtain:
t
(5(t,x1)...5(t,xn))=z’ft dt’ Q[0 (t,x1) ... 07 (£, %), Lint] Q). (3.20)
0

As a final consideration we should remark that the vacuum |Q2) is the vacuum of the full
theory, including also interaction terms in the theory. If we call |0) the vacuum of the
theory whose action is dropped at quadratic order in the fields (which is the free vacuum
of the theory), we would like to write |Q2) as a function of |0). The reason is that |0) is
the vacuum that we have introduced in Chapter 2 to quantize the primordial cosmological
perturbations, and so we know how the creation and annihilation operators act on it.

In studying scattering processes in QFT in general the two vacuum states do not coincide
due to vacuum fluctuations caused by the interactions. But in our case we are evaluating
expectation values. These processes do not generate any non-trivial vacuum fluctuations
through interactions. This is a direct consequence of the identity:

Flp=1

where F' is defined in Eq. (3.17)).
For this reason we can replace |Q) with |0) in (3.20)), see [6I]. This fact is crucial for

doing the computations. In fact the fields in the interaction picture evolve as in the free
quadratic case. Thus, if we know the free solutions in terms of annihilation and creation
operators a and a' (which are the ones we have introduced in Chapter 2), we can do easily
the contractions with the free vacuum state |0).

3.1.3 Computation of the bispectrum ((¢

Using the in-in formalism, now we want to evaluate the three-point function (3.1)) in the
single field slow-roll model exposed in [56]. We perform a three level computation, so we
have

Te
(C(k1,7e)C (2, e )C (s, 7e) ) = —i fT dr'a (0] [¢(k1, 7e)C (K2, 7e)C (K3, Te), Hine (77)]10).

1 (3.21)
The time at which we evaluate the correlators in this expression is 7, = 0, corresponding
to the end of a Inflation and to the super-horizon limit, and the switching on of the inter-
actions is kept when the fluctuation modes are on very sub-horizon scales, corresponding
to 7, = oo. The Wick theorem guarantees that bra-ket contractions with the vacuum
state are non zero only if the interaction Hamiltonian has the same number of fields of the
operator on the left hand side of the commutator operator. For this reason to evaluate
the right hand side of equation we need to compute the Hamiltonian cubic in the
field ¢ and its derivatives. In order to describe the third order Hamiltonian, it is useful
to define perturbations and the inflationary action in the Arnowitt-Deser-Misner (ADM)
form [56] 62, [40]. In this formalism the metric tensor is described by

ds? = —(N? = N;N")dt* + 2N;dz"dt + a® (t)hyjda'da? (3.22)
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where h;; takes the form described in the previous chapter (2.27) and (2.30). The action

in Egs. (1.71) and (1.72) can be rewritten as

1 . . . .
S=3 f d'oV/R[NR®) + N (K K7 - K2) + N7(¢ - :N')? = Nh 960,60 - NV |,

(3.23)

where we have put the reduced Planck mass equal to one for simplicity of notation. It

will be easily restored by dimensional analysis. In addition h = —det(h;;) and Kj; is the

extrinsic curvature tensor defined as

1
2N

Kij = [VEB)NJ' + V;S)Ni - hzj:l , K?= KZZ (3.24)
VES) is the covariant derivative computed with the three-metric h;; instead of the full
metric g,,,. R®) is the curvature scalar computed with the three-metric.

The advantage of the ADM formalism is that it allows us to perform more easily a non-
linear analysis, in particular as far as the count of the number of the propagating degrees of
freedom is concerned. In fact the fields N and N; are not dynamical and can be expanded
in power of series of the dynamical degrees of freedom [56]. The zero order value of this
expansion is fixed by the background, namely Ny =1, N, (i()) = 0. To find the other orders,
we have to derive from the action the Euler-Lagrange equations for N and N; and
then to solve them order by order. If we are interested to an expansion of the action at
cubic order in the dynamical fields, we need to know the expressions of N and N; only at
first order. Indeed it turns out that the third order terms in N , N; would be multiplying
the constraint equations evaluated at zeroth order, i.e. they gives null contribution to the
total action. The second order terms in N, N; multiply the constraints evaluated to first
order, which vanish due to the first order expressions for N and N;, see Ref. [56].

We fix now the spatially flat gauge, in which all the scalar perturbations of the three-metric
are removed, leaving only the scalar perturbation of the inflaton d¢, besides the ones in
N and N?. Then one is free to remove also the vector perturbation remaining with a
three-metric h;; of the form

hij = a*[8ij +7is]s i = 0"ij, (3.25)

together with the scalar Inflation perturbations d¢. In the gauge (3.25) we can connect
the perturbation of the inflaton d¢ to the curvature perturbation ¢ through the linear
relation [40), [43]

¢

5¢ = E
Following the classical field theory approach, we should derive the equations of motion for
the fields N and N; by doing the functional derivatives 6S/0N and 0S/0N; respectively
and putting them equal to zero. After some calculations and throwing away all terms but
the first order ones we find the solutions

N = 21;#6@5, N = %, X = —aQ%B‘Z [% (H—w)] ; (3.27)
Pl Pl o

where the Planck mass has been restored through a dimensional analysis. Using all these
steps, we compute the cubic interaction Lagrangian for ¢; (which is the first order expres-
sion of {) at the leading order in the slow parameters and find [56]

. (3.26)

Lint = €y M, / d*z [0341512 +a(1(9;G1)(8°C1) - 2a361(3ia_251)(3i41)] . (3.28)
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Given that we have found all the solutions in the conformal time we express the action
with respect to the conformal time:

Lint = M3 [ da i +aG1(0,60)(0'6) - 2061 (007 @ )] (3:29)

The interaction Hamiltonian is simply minus the interaction Lagrangian because it takes
only the potential terms, as we have seen above. In these expressions we have omitted the
suffix int for the fields, it is understood that we are evaluating them in the interaction
picture. From now on to the end of the chapter we will use this convention.

If we insert the Fourier decomposition of the field (3

(%) = f(2 )341(T,k)eik'x (3.30)

into the Hamiltonian, we find

Hin(7) = —WMPZ / d3kd3pd3q6<3><k+p+q>[a<1(k)<1(p><1<q>
(3.31)

~a(p- )G (MG )G @) - 20 DGR a |

The Dirac delta comes from an integration [ d>z (K P+a) X where the integral is the one

in the definition of the Hamiltonian. Putting Eq. (3.31)) into Eq. (3.21]) we obtain

(61 k)G (k)6 (k) =i [ K5O 1+ p+ )

(r )6
X [oo dT,a[.A1(T,) +~A2(7J) +~A3(7—,)]7

(3.32)

where we have used the notation d*K = d3k d*pd®q and the functions A, stands for the
contractions

A1 = a{0][C1(Fk1, 7)1 (o, 7e)Cu (ks e ), G (k, 7)1 (p, 7)€ (g, ) 110)
Ag = —a(p-q) (0] [¢1(k1, 7)1 (K2, 7e)Ci (K3, 7e), Cu (R, 7)) (p, 77)¢i (g, 7)1 10) (3.33)

Az = (pp = (01 [¢1 (ke )G (K2, 7e )G (K3, 7e ), €1 (K, 7)C1 (0, 77) i (g, 7) 110)

From the Wick Theorem we know some rules that simplify the evaluation of these con-
tractions. We have to sum over the terms obtained by doing all the possible bra-ket
contractions with the vacuum states between couples of fields evaluated at different times.
The terms in which at least one field remains uncontracted are vanishing. From the form
of our interaction Hamiltonian we need to compute the following two contractions

<0| <1(k77)<1(k,77,) |0> )
<O| Cl(kﬂ—)C{(k,vT,) |0> :

Inserting the solution of ¢ in the form (2.55)) we can write the two contractions in term of
the mode function

(0161 (k, )G (K 7) [0) = (0] [fie()ar + fi (Tl 1w (7w + £ (7')al ] 10)
= (2m)°0(k + K) fi(r) £ (),
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(013 (k)G (K 7)10) = O] Le(r)ae + fi (P)at A Lo (7 )aws + 55 (7l 110
= )50k 4 K) i) i (7).
Now we can compute the A,, functions
A1 =) By 05 01, 0) (522, )) (G250 i, = e+ perme,
Az = = 2m) a1 1) [, 0)fia(0) i 0 i, () iy () iy () = ] perm ().

A5 =(2m)°(-20) L),
1

<[ 810 0)5100) (5252, )) i, (71 (555, - |+ permCh).

(3.36)

(3.37)

The permutations over the k; come from all the different ways of contracting the fields
and the minus complex conjugate comes from the commutator operator between fields in

the expression of A,,. Inserting the expression (3.37) into (3.32]) we can write

(G (k1) G (k)¢ (ks)) =i(2m)38 (ky + ko + k3 )ey M B x
o (k1 k‘2)

1

(3.38)

X Im[[l - (kl . kQ)IQ — I3] + perm(k )

where the I, are the integrals
1= Fis O fia () [ e [(53,) (4,69 12,0

I = fiy (0) i ()i (0) [ dr'a? [, () 5, () 55, (7))
1= OS50 [ ara[(257,69) 52,6 (i)

In order to perform these integrals we need an analytic expression for the mode function
fx(7). We have seen that it is sufficient to use the free mode function, i.e., we need to
multiply a(7) to the Bunch-Davies solution for the Sasaki-Mukhanov variable v,, which
yields

iH
Mpi\/2¢y k3

where we have also restored the correct normalization factor for the variable {(z, ) [56, [32].
In such a computation (at lowest-order in the slow-roll parameters), we can use the de-
Sitter approximation for the scale factor a(7) = —1/(H7) with H ~ const. The time
derivative of f is

fu(T) = (1 +ikt)e 7, (3.39)

d i H ,
— fi(7T) = S — =
dr Mpl 2€V k3
To perform the computation of the I,, we are dealing with integrals of the type

I'(n+1) n!

I(n,K) = f dzzelKe = (~1yn ) G = D Gy (3.40)
where the second equalities holds for natural numbers. Starting with I; we have
I = —H3E3 (ﬁ ;) f dr'(1 - ikst')e' KT (3.41)
T2\ L M2 26y k3

66



Here the suffix * indicates that the corresponding quantity is evaluated at horizon crossing
time. This seems to create an ambiguity because we have three different modes that exit
from the horizon at different conformal times. In order to solve this ambiguity we choose
the time of horizon crossing of the momentum K = ki + ks + k3, that corresponds to a time
at which we are sure that all the three momenta have already left the horizon. In the de
Sitter solution H is constant so that definition does not cause any problem. In order to
evaluate the integral we have to correct the oscillatory behavior at 7 — —oo of the
exponential. We achieve this by performing a Wick rotation of the real axis. We promote
the real integration variable to a complex one and do the change 7”7 = i7’. The form
becomes now

3 1 0 "
Iy = i H K2 k2 (H m) f dr’ (1 —iksr" )X (3.42)
i=1 " py i °°

Using Eq. (3.40) we can integrate to obtain

3 1 E2k2 E2K2K
I = iH*E2E2 172 M7 3.43
1= U1, KRRy EM]%Z2EV]€§ K + K2 ( )

We now evaluate
5= (T L AT Y (L ikt ) (1 ikt ) KT (3,44
2= I, KRRy UW 7mw( — ik 7") (1 = iko7") (1 —iksT)e . (~ )

In computing some integrals in this equation we will make use again of (3.40), but we
need also another type of integral, which reads

_ 0 .
sz dx(l—in)ele

oo$2

0 dx . 0 dx .
:/ _esz_ZKf _ezK:L‘
—oo T2 -

co I
° 3.45
- & +iK fo 4 e ’ 42 irce .
T |_o —-oo I —-o00 I
1 . K in K
= lim (——elKI) = lim [—COS m] + lim [_Z_sm x] i
z—0 T z—0 €T z—0 €T

The first limit in the last form gives a real divergent contribution to the integral. For-
tunately it does not create any problem, because at the end we have to take only the
imaginary parts of the integral we compute. The second limit is finite and pure imaginary

lim [—ism K x] - —iK
z—0 T
Therefore I5 can be easily evaluated as
3 1 kiko + koks + k1ks  ki1kok
1'2:1'ij‘(11—2 3 (K— 1o T RoRy TRl 1223). (3.46)
i-1 Mp2evk; K K

The computation of I3 is very similar to I; and it gives

3 1 1 ko
I3 = iHY(K2k2 S — (- —) 3.47
3=1 *( 1 3) ng%l26Vk? K+K2 ( )
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Inserting Egs. -, and | into Eq. we have, at the leading order in

the slow-roll parameters

4 3
(GL(k1)GL(k2)Cu (ks)) =(2m) sz lv (Hl %) x

KPR + k3H3 + KRS l<:2k2k:3 + 3k + KEk3ks |
K K?

(3.48)

This is the three-point function for the variable (1, which is the linear approximation of
¢. On super-horizon scales we can link the two variables by [56]

o
16 180, 1 (3.49)

_ 2

With the symbol ~ we mean that « is evaluated at first order in the slow-roll parameters.
This means that when passing from (; to ¢ then the three-point function has an additional
contribution to the bispectrum. We find [56]

(C(k1)C(R2)C(K3)) =(Ca(k1)Ca(ke)Cu(ks)) + 200(2m) 8 (ke + kg + k) %

(3.50)
x (Pe(k1) P (k2) + Pe(k2) Pe(ks) + Pe (k1) P(ks)),
where Pr(k) = M2 5 1 pra] is the power spectrum for the curvature perturbation ¢ on super-
horizon scales. At the end we get the three-point correlator
{C(k1)C(Ra)C (ka)) =(2m)°6 (K + kz + k3) (Z PC(ki)PC(kj)) X
. i<j . - 5 k;2k;2 (3.51)
kik3ks + k3ksky + kTk3ks 2> Wi K
x |:_77V +2ey ( Ky, kf’ + 2ey e ZZ
We finally obtain the bispectrum
Be(k1, ko, ks) = (Z Pg(ki)PC(kj)) x
i<j 9,9 2.2 2,2 k2k2 (3.52)
x| =y + 2ey kikiks + k2k3k13+ kik3ko 2 Lizj 3 .
K2, k; K ¥, k;

Now we want to match this result with the non-Gaussianities constrained by the Planck
satellite in the CMB anisotropies [57]. In equation the fractions that depend on the
k; in the square brackets are approximately of order ~ O(1) due to momentum conservation
[56]. Then we can take as a good approximation

~ (E Pc(k:i)Pg(kj)) (4ey —nv). (3.53)

>j
This expression corresponds to the bispectrum of the local shape of Non-Gaussianity (3.6]),

so matching the two expressions we predict

10 )

(fNL)slow roll = ?6\/ - 6"7\/ (3.54)

68



From the experimental constraints on the slow-roll parameters (see Eqs. ((1.99) and

(1.100)) it follows
(FN5) stow=rou § 107 (3.55)

This value is very small and definitely compatible with the best constraints on local non-
Gaussianity from the Planck experiment, see Eqgs , and , [57, BY]. We
have therefore seen that a measurement of these non-Gaussianities would entail a high
sensibility of the measurement instrument. We can now proceed through a more general
treatment of the bispectrum function in single-field models for inflation, which go also
beyond the standard single-filed slow-roll models whose primordial bispectrum we have
discussed in this section. We will see that, in a certain limit, it is possible to find some
consistency relations which connect the bispectrum and the power spectrum.

An alternative way to calculate the 3-point correlation function for the scalar perturbation,
or its Fourier transform the bispectrum, is given in [42]. In this work the in-in formalism
is not used, while a second-order perturbative expansion is performed. This method is
more similar to the one used in Chapter 2 to calculate the power spectra. One expands
the metric the scalar field up to the second order in the perturbations, finds the perturbed
Einstein and Klein-Gordon equations and then provides an exact solution for the gauge
invariant variables ¢ and R, up to the second order in perturbations and in the slow-roll
approximation. With this method used in [42], the predictions on the non-Gaussianities
for single-field slow-roll model of Inflation are in accordance with the ones of [56].

3.2 Consistency relations

3.2.1 Scalar consistency relation

In [56] some remarkable results about the bispectrum functions of the primordial per-
turbations, both scalars and tensors have been obtained. In the previous calculation we
have considered the most general configuration for the three momenta k; of the perturba-
tion modes. In this section we will consider a particularly interesting case, the so called
squeezed limit, in which one of the three momenta is much smaller than the other two.
Thanks to the momentum conservation in this limit holds k3 << k1 ~ k2. In this configura-
tion the mode labeled by ks crosses the horizon much earlier than the other two modes.
When the two modes £ 2 cross the horizon (3 is already constant and its only effect will be
to make the comoving scales k12 cross the horizon at a slightly earlier time. It is possible
to give an intuitive estimate of this time shift [63]:

Sty - (3.56)

H

In this limit we obtain the following relation [56]

;1 d
(et G o) ~ ~(Gies G 77 7 (G G (3.57)

~ _(ns* - 1)<Ck3C7k3><Ck1Ck2>v

where ng, is the scalar spectral index and (ngs. — 1) measures the deviation from a scale
invariant power spectrum. Eq. is the so-called consistency relation for the scalar
perturbations. Despite the assumption of single-field slow-roll, it has been demonstrated
that this relation holds in a more general case [59]. This relation, indeed, is a direct
consequence of the invariance under space diffeomorphisms of the classical and quantum
theory. In addition, one need not necessarily specify the form of the action as long as the
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symmetry is in place and a locality requirement is satisfied. The relation holds for
all single-field models of inﬂationﬁ [63].

This statement is of great importance in the studies about the primordial non-Gaussianities.
In [64, (9] it is underlined that the presence of only one dynamical field entails that there
is only one clock of the Universe: the time dependence of the scalar field which drives
Inflation fixes the Hubble parameter and fluctuations of the inflaton are equivalent to a
relative rescaling of the scale factor in different parts of the Universe. This implicite as-
sumption we have made so far will be a fundamental difference between the “standard”
model of Inflation (where here by standard we mean models which respect, in general, the
standard isometries of a de Sitter spacetime) and the new proposal of Solid and Gaugid
Inflation models, the latter being the main focus of the original results of this Thesis.
We have seen in the previous section that the theoretical prediction about the non-
Gaussianities in single-field models of slow-roll Inflation is very small, much smaller of
the present observable constraints. This implies an objective difficulty at the present in
testing the validity or the violation of the consistency relation for the single-field models
in with an adequate precision with a measurement of the non-Gaussianity. On the
other side, mathematics and physics share a feature which is very appreciated by the re-
searchers: it is very difficult to demonstrate that a theory, or more specifically, a relation
is true, but it is very simple to show that a law is false. There are infinite ways to violate
a consistency relation, but there is only one way for it to be correct. A violation of the
consistency relation would rule out the entire class of (“standard”) single-field models of
Inflation. For this reason a great work has been spent in searching new models which
violate these conditions. The model we will focus on arose exactly with this intention.

3.2.2 Tensor consistency relation

In [56] some consistency relations involving also the tensor degrees of freedom in the
squeezed limit have been similarly obtained. From now on we will concentrate on the
these degrees of freedom, given their importance for the description of the early Universe,
see Section [2.3] The most important three-point correlator is the one which involves two
scalar and one gravitonlﬂ in the squeezed limit k1 < kg ~ k3, where k1 represents the mode
of the graviton and ko, k3 are the modes of the scalars. It takes the form [50]

v s i 0
(e, GleaGlea )"~ = (Mt 714 )eij(kl)kzkgw
2

<Ck2Ck3>7 (358)
where efj(kl) is the polarization tensor introduced in Eq. (2.92). The prime denotes
the time when ks crosses the horizon. Analogously to the scalar case the squeezed limit
corresponds to the physical situation in which when ko, k3 cross the horizon the tensor
mode with & is already frozen so that the fluctuations of ¢ will be those that we expect
in this deformed geometry. So the effect of a frozen gravitational wave on the scalar
perturbation would be to modulate the power spectrum of the scalar perturbation when
they cross the horizon. In [59] it is stressed out that this effect can be easily reabsorbed
by a simple coordinate redefinition, entailing that every observer goes through the same
history and scalar and tensor modes have physical meaning only when they reenter in the
horizon. In [56] also the three-point functions for scalar-tensor-tensor and tensor-tensor-
tensor, with their respective consistency relations have been computed.

“Note that it is a general feature of single-field model for Inflation and it is not required the slow-roll
condition, see also [65]. For a critical review of the validity of these consistency relations see e.g. [32] [66].
SWith graviton we mean the particle associated to the tensor fluctuations.
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Another, more precise, expression for the tensor-scalar-scalar consistency relation is given
in Refs. [63] 67]:

1dInP,
2m)36B) (K + ky + k)~ ¢
(@m) 0 (Kt k4 ko)

K<<k1~k2
_—

(G G i) ¢} (KR kP (K)Pc(k),  (3.59)
where we have defined k = (kj +ks)/2. We will see that this consistency relation will allow
us to define new observable quantities that allow to provide a new indirect way to detect
primordial gravitational waves.

We conclude underlining again that an observation of the violation of the consistency
relation, both for scalar and tensor perturbation, would rule out all single-field models of
inflation, which, of course, would be an extraordinary result. Now, the question is: are
there new observables which allow us a more precise reconstruction of what happened in
the early Universe?

The answer is (in theory) yes. In the next sections we will study two possible indirect way
to observe the gravitational wave background: the tensor fossils and the galaxy clustering.

3.2.3 Deviation from Statistical isotropy

We briefly describe now, what is the fundamental effect of a long-wavelength gravitational
wave (GW) on the curvature perturbation power spectrum. Following [68] we will see
that the effect of long-wavelength GW can be seen as a change of coordinates with respect
to the standard cosmic frame. In this new frame homogeneity and isotropy hold, so the
power spectrum resembles the standard form seen in Chapter 2. When going back to the
cosmic frame, we will see, the net effect will be a departure from statistical isotropy. We
begin with the standard FLRW perturbed metric. Given that at the first order the tensor
and scalar perturbations are decoupled we will consider only the GW

ds® = a*(n) [—dn” + (i + 7i5) ] -

The frame in which the line element resembles this equation will be referred to as the
Cosmic Frame (CF). Using the equivalence principle it is possible to define a coordinate
transformation such that the spacetime appears locally Minkowski. The new coordinates
can be defined as

1
- (55 . 575) o (3.60)
or, at the first order in ;;
1
o (55 - 575) . (3.61)

Here we are considering g, = 0. We easily see that this change of coordinates affects only
the spatial part of the metric, given that

1
= (53 + 573)58” =1,

at the first order. For the spatial part we have

. A P B
dz' =dz' - §'y;di”j - §jj uyjda*,
so we obtain
ds® = a® [-dn® + 6;;d&'di’ — 37 9, hi;dz"dE' ] . (3.62)

71



We see that in this metric the gravitational waves appears only with their derivative. It
is said that in this coordinate system the GW are gauged away. This frame with metric
(3.62) will be referred to as locally Friedmann frame (LFF), because in this coordinates
the metric is locally that of an unperturbed FLRW Universe.

We have seen that on small scales Inflation generates scalar curvature perturbation. Now,
for the equivalence principle, scalar perturbation on small scales cannot be affected by
the long-wavelength tensor. For this reason we can assume statistical homogeneity and
isotropy in the LFF, so that the power spectrum of scalar perturbation can be rewritten
as a function of only the modulus of the wavenumber, 75(1~<) = P(k). Here we indicate
the observed quantities in the LFF with a tilde. Going back to the CF using the Fourier
transform of , ie., ki— k- kjfyg/Q the power spectrum becomes

. kikiv" dP
P(k) = P(k) - —2— : I 3.63
)= Py - AP ok 2y (3.63)
Hence breaking isotropy. This is a particular case of a more interesting class of observable
effects we will investigate in the following section.

3.3 Fossils from primordial Universe

In the last few years, much strength has been devoted to the studies about new quantities
to constrain the properties about the primordial gravitational waves background. Despite
the difficulties of a detection of primordial gravitational waves we have seen that it is
possible to have an indirect detection of it using the scalar perturbations. A possibility
to detect the primordial gravitational waves we will deal with is provided by the fact that
long-wavelength gravitational waves may give rise to an apparent local departure from
statistical isotropy in the form of a power quadrupole, detectable with observations on
the CMB. Another possibility is given by Eq. , from which we can see that the
presence of a gravitational wave background, in the squeezed limit, entails a quadrupole
distortion in the power spectrum of the curvature perturbation and, as we will see in the
next section, in the matter perturbations characterizing the Large Scale Structure of the
Universe. We can define now a new, intriguing, definition to define primordial fields whose
effect is only an imprint on other observable quantities: Inflation fossil. These are defined
as a hypothesized primordial degree of freedom that no longer interacts or very weakly
interacts during late-time cosmic evolution, as metric tensor perturbations are [69, [70].
The only observational effect of an Inflation fossil might therefore be its imprint in the
primordial curvature perturbation, as we have seen in the case of the squeezed limit of the
(v bispectrum. Inflation fossils can be those extra fields that are introduced in a variety
of alternatives to the single-field slow-roll model. An example is given by the model we
will study in the last chapter, Gaugid Inflation model [52]. In this model is predicted an
additional tensor degree of freedom, which could play the role of the tensor fossil.

We are now ready to formalize the possible prediction for the tensor fossils. The expression
allow us to define a new correlation induced on the inflaton by the tensor degrees
of freedom [69] [70]

(C(k1)C (k) (i) = (2m)30F) (K + Ky + ko) f (ko ko) (K ) el (K i (3.64)

With h, we mean a generic fossil field, which can be, in general, a scalar, a vector or a
tensor field.

SRemember that here we are considering the squeezed limit, in which ky < k.
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fp is a “shape” function which is connected with the scalar-scalar-new field bispectrum as
B (k‘l,k’g,K) P, (K)fp(kl,kg)ep k‘zkij (365)

The subscript of the fossil field p indicates the nature of the field, while efj(K) it polariza-
tion tensor, a symmetric 3 x 3 tensor. Due to its symmetry, ¢;; has six degrees of freedom,
hence it can be decomposed into six orthogonal polarization states, which we can labeled
with p = {+, x,0, 2, z,y}, which satisfy the orthonormality condition efjep”ij = 26”7, Each
orthogonal state describes a different polarization for the perturbation which causes the
departures from statistic homogeneity and isotropy [70]: they can be taken to be two scalar
modes €); o< §;j and €;; o< K;K; - (K?/3)d;5, two transverse-vector modes €5 o< K ),
with K%w' = 0, and two transverse traceless modes, the tensor modes, e, and ey.

To understand the meaning of these polarizations we can consider the case in which the
mode K is taken to be in the z direction In this case the two tensor polarization are found
to be e, = —¢,, = 1 and €}, = €, = 1, with all other components are zero in both cases. In
Fig. [3.1] it is clear that a dlstortlon due to ex or €, generate a quadrupole displacement
in the two point correlation functlon of the field we are interested in.

For the scalar mode we have e \/_ /365, whose normalization is given by the or-
thonormality condition. This perturbatlon represents just an isotropic modulation of
the correlator function, as can be seen in Flg. The other scalar takes the form
efj = diag(-1,-1,2)/ /3, that represents a stretching and compression along the z direc-
tion. Both the scalar describe a distortion which is invariant under rotations around the
z-axis, i.e. around the direction of K.

For the vector modes we have €2, = €7, =1 and €}, = €7, = 1, with all other components
equal to zero. These vector modes represent, respectively, stretching and compression
along the +xz and +yz directions. For the final chapter of this work we are interested in
the possibile detection of a tensor fossil, hence we will concentrate only on tensor fields.

—
Figure 3.1: Distortion induced to an isotropic 2-point correlation function by correlation of the
density (or any other scalar field) with a fossil field with different polarization, pointing in the
z. The distortions to the sphere show the distortions of the two-point correlation function as
one moves along the direction z of the Fourier mode. Left: two scalar modes (0, z), two vector

modes (z,y) and the two tensor modes (+, x). In particular note the quadrupole distortion due
to the tensor modes. Right: the circular polarizations of the tensor mode (h,;) and vector mode

(h+v)'M'
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Using the consistency relation in Eq. (3.59) and the new parametrization for the
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two-point correlator for the scalar in the presence of a long-wavelength tensor we have [67]

{Ciey Cien My =(27T)35(3)(k1 +ko) P (k)

1dInP,
(2 (273 Z(2w)35<3> k) + ko + K)= ¢

2 dlnk

Pe(k)x (3.66)
x 72 (K)e; (K)ki k) + O((K [k)),

where the possible polarizations are summed over. It is possible to observe the imprint left
by these primordial fossils? Refs. [69, [70] provide a full treatment to connect the tensor
modes in the observables connected with the CMB anisotropies in temperature. We will
follow these references. Before focusing on it is important to underline that the specific
functional form of the shape function f, depends on the coupling of the new fossil field
(which can be scalar, vector and tensor) with the inflaton. This is true in the case of a
model which violates the relation , while for single-field models the shape of f,, does
not depend on the coupling between the scalar and the tensor perturbations, since (3.59))
is a sort of universal relation valid for all the single-field models, as we mentioned above.
Because of the statistical isotropy we have that f, will be te same for the two tensor
polarization and the same for the two vector polarizations, i.e. fx(ki,ko) = fi(ki, ko)
and fr(ki, ko) = fy(ki, ko). It is possible to show that the same is not true for the two
scalar polarizations. It is possible to define a new generic polarization s which merges the
contributions due to the two scalar polarizations [70]. This means that the characterization
of the contribution of the fossil fields is complete with the definition of one scalar, two
vector and two tensor degrees of freedom.

3.3.1 Tensor fossils in CMB

Following [69] it is possible to calculate some estimators for the contribution of the fossil
field to the observed CMB anisotropies in temperature. We can use the so-called TAM
formalism (total-angular-momentum) to decompose the fields we are considering using
spherical harmonics, see Ref. [71]. In practice we perform an expansion using spherical
waves, which are general solution of the Helmholtz equation. This is useful to exploit
the spherical symmetry of the background. The features of these wave functions is that
they are eigenfunctions of the total angular momentum J and its third component M. In
the following section we will briefly summarize the results of this method, then we will
construct some estimators for the tensor fossils in the CMB.

Introduction to TAM formalism

Let us summarize the main results of this method. Later we will deal with the multipole
expansion of the CMB temperature perturbation we have introduced in Section [2.3.3]
For this reason we need a formalism which helps us to decompose the perturbations us-
ing spherical functions (remind that all the cosmological observation are performed on a
spherical sky). We will describe here the decomposition of a scalar field as an introduction
to this method, for more details see [71), [72]. Consider a scalar field which is solution of
the Helmholtz equation (V2 + k?)¢(x) = 0. The most general solution can be written in
terms of plane waves e’X* = UK(x)

609= [ o5 (2 (R0, (3.67)
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where we have indicated with ¢y the Fourier transform of the scalar function. We want to
decompose this solution into eigenfunctions of the angular momentum operator. We use
the plane-wave expansion

Tk(x) = ek Z47rz G1(kr)Y;E (K) Y, (1), (3.68)

where j; are the spherical Bessel functions of the first kind and Y, are the spherical
harmonics. Here we have used the notation x = rin. Now we can define the total-angular-
momentum (TAM) basis functions

WE, (%) = ju(kr) Vi (). (3.69)

Now using the following properties of spherical harmonics and first kind Bessel function
[ Rk’ = S580 =1, Y Yin(8)Y;, (8) = (- i
Ilm

we can write

k2dk

W@m(k)‘l’fm(X% (3.70)

p(x) = > 4’
Im
where we have defined
Sim (k) = fd3 [4ri' Uk, (x)] 6(x). (3.71)

These are the angular-momentum dependent coefficient we are interested in. We can
decompose the ( perturbation using . Furthermore we are dealing with scalar,
vector and tensor fossil degrees of freedom that can be all incorporated into a symmetric
traceless tensor field hqp(x), as we have seen in Section We can expand this tensor
field using the TAM formalism: the longitudinal mode h M(K ) describes a scalar fossil
field, the two divergence-free vectorial modes hY ¥ (K) and hY 5 (K) descrlbe a transverse-
vector fossil, and the two divergence-free tensorlal modes h’ (K ) and AP (K) describe
a transverse-tensorial fossil. We will indicate a generic mode of the fossil ﬁeld with h9,,,
where a =L, VE, VB, TE,TB.

Using this expansion Eq. becomes [69, [71]

(G (k1) Ctams (R2))na 0y =[G ar (BT f77 (K, ke, KO () (=) 12+

1 3
x it [ d3 \Ilkl - )(x)) (Vﬂllllgfsz)(x)) (JM)z](X)
(3.72)

with a the polarization of the fossil field. Here \I/(l )(X) are the scalar TAM functions
introduced above. With similar arguments one can introduce the analogous TAM wave
function \IJ(jM) b(x) for tensor fields. We will connect the perturbations (j, to a;m,,
which are the coefficients for the temperature perturbation spherical expansion. We are
now ready to build some estimators for the tensor fossils using the CMB temperature

perturbations.

CMB estimators

We look now to the temperature map of the CMB. A long-wavelength tensor fossil would
modulate the scalar perturbation, as it can be seen in Eq. (3.64]) and This means that
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it would be possible to see the effect of a tensor fossil also in the correlation between the
harmonic modes of the CMB anisotropies. This effect translates into a (local) departure
from statistical isotropy of the correlation of CMB temperature multipoles, i.e.:

(af s al i ={al m ali,) + Ap. (3.73)

all’l”/n al2m2 l1ma

Here (alj;mlalq;fm) represents the “standard” correlator in absence of a fossil field and has

the usual form
( L o >= CZCZ;Tdhlzémlmz? (3'74)

al1m1 G’ZQM2

while Ay represents the contribution of the fossil field which breaks isotropy. We want
to write it in way that the TAM formalism introduced above can be useful. We can use
another expansion for the temperature multipoles, which is the so-called bipolar spherical
harmonics expansion (BiPoSH) [73]. With this formalism we have

Ap = 2 (-1)"(lymaly, —ma| JM)AJYY (3.75)
JM

where the (lymqle, —mo|J M) denotes the Clebsch-Gordan coefficients. The Al“i ]l\g are the
BiPoSH coefficients, given by

AJM:(_l)l1+l2+M\/2J—+1 Z WlllQJ < T T* >h' (376)

l1l2 m1,~ma,~M \A1mi Fams
mimso

The notation Wh2B  indicates the Wigner-3j symbol. We know that the scalar pertur-

mimoms
bation sources the CMB anisotropies. Hence, in this formalism, we can connect the TAM

coefficients (j,, with the temperature multipoles using the transfer function [69]

1 .
b= 55 (-0 [ K2dkgT (k)G (). (3.77)
where g;(k) is the scalar radiation transfer function for the temperature.

Using Eqs. (3.72)), (3.76) and (3.77) we obtain the modulation of the BiPoSH of the

temperature due to a fossil wave in the TAM formalism:

. « [} ]‘6
AL ) == (D) ()R (K —

5 ((211 +1)(2ly +1) )2 [ Kdingl () f KdksgT (k) (3.78)

4
X f/?(klak%K) ﬁng(k17k27K)'
The polarization takes different values according to the different nature of the fossil field

[69, [71], P(a) = 0 for the scalar mode and the E vector and tensor mode, P(«a) = 1 for the
B vector and tensor mode. The integral functions are connected with the TAM coefficients

(201 + 1)(205 + 1)(27 + 1)

3 plkia Lkab K Jlal
% [f d X\I’(zlr;l)(x)q’(lzrig)(X)‘I/(JM)ab(X)]/Wanlgml'

A7 2
Iloflzj(kbk?vK) =[ ] X (3 79)

Due to parity conservation, the E scalar vector and tensor modes induces on even-parity
BiPoSHs, i.e. J + 1 + 1y = n, with n even, while vector and tensor fossils, which contain
B-mode TAM waves, induce BiPoSHs with J+1; +1y = r, with » odd. Therefore vector and

76



tensor fossils, but we are more interested in tensors, can be distinguished from scalar fossils
from their signature in odd-parity. It is important to stress that much experiments will be
devoted to the detection of the B mode of the polarization in the CMB. Nevertheless, with
this treatment, vectors and tensors cannot be geometrically distinguished from each other,
but we will see another method to distinguish them. This impossibility in distinguishing
them can be understood as a loss of information. When observing the CMB we are
watching a two-dimensional image, i.e. a projection of the background radiation. The lost
information could be regained with three-dimensional surveys [70]. The power spectrum
for the fossil field is simply given by

(2r)°

(B a0 (K)hGspp (K")) = P1?75(3)(K Ko7 00 0aar (3.80)

Note that in this formula we are assuming an almost scale invariant power spectrum. We
are also assuming that at first order, all the possible fossil fields are uncorrelated: this is
guaranteed by dqq/.

We need now to define some quantities which provide good estimators for the fossil fields.
From Egs. and we see that we need to give an estimator which takes into
account the coefficients Al‘]1 Jl\;[ . It is possible to give a statistical measurement of the imprint
of the fossil through [69]

1 +J

Cl{lz,lsh = 2J—+1 M;JAIJIJZ\;[ [AIJSJZ\Z] ) (3'81)
which is simply the average over all realizations of the fossil field. From Eq. we see
that the definition in Eq. corresponds to the four-point correlations in the temper-
ature map.

We assume, then, a phenomenological parametrization for the fossil field. The two param-
eters which describes it are the normalization PhZ of the power spectrum

Py (K) = B Pj/ (K) (3.82)
and the normalization of the scalar-scalar-fossil bispectrum B,f
i (K ko, K) = B ff: (k1 ko, KO). (3.83)

With the tilde we have indicated the fiducial-shape of the power spectrum and bispectrum.
Here Z can represent scalar, vector and tensor fossil field, without distinction between F
and B-modes. This is due to the statistical homogeneity, as we have mentioned above.
Finally, with these parametrization, we can rewrite Eq. (3.76]) as
JM Z 1,
Ajiy lne, () = By, Fn (KRG (K), (3.84)

l1l2

where now « € Z and the coefficients Fl‘ljg(K ) can be obtained from Eq. (3.76))

lla T 47

x [ Kdkigl (k1) [ Bdkagh (ha) (R ko, )
x Iloléng(kla k27 K)

FJ,a(K) __ (—i)J(—l)ll+l2+P(O‘)E ((2l1 +1)(2l2+1) )1/2

(3.85)

Eq. (3.84) is the equivalent for the CMB of (3.64]). It represents the quadrupole distortion
of the CMB temperature perturbation caused by a primordial tensor fossil. The distortion
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is visible in through its f, dependence. This is an important results of the studies
on the tensor fossils because we have found a possible observable effect connected to the
CMB temperature perturbations, one of the most important observables of the last thirty
years.
From Eq. we explicitly see that the departure from statistical isotropy for the 2-
point correlator of the CMB temperature is given, in this case, by the presence of a fossil
field. If we define the reduced amplitude as Af = PhZ (Bf )2, the BiPoSHs power spectra
are then calculated

Ay

Clisists = Gons ;Z/Wdf(ﬁ,?(K)FJ“(K)[ )] (3.86)

«

It is evident that to perform this calculation, the temperature transfer functions ng play an
fundamental role in this calculation, as shown in . It is possible now to define some
estimator [69, [70] which are useful to determine the reduced amplitude experimentally.
An estimator for the BiPoSH coefficients is

AIM = S (=1)™2 (lymala, ma| M )al., aly (3.87)

11l Alymy Hgmys
mimso

while the estimators for the Cl{ In.lsly COLL be written as

T 1 ¢ L+l
01{12,1314 - m MZ Az{l]l\;[ [Ai%] CZTC;;T(611Z351214 +(-1) v 2+J5111451213)' (3.88)

Defining
J,Z _ 2 Ja J,o *
‘7:1112,1314 (2 )3 ze:Z‘[K dKPh (K)F (K) |:Flgl (K)] ) (3.89)

we are ready to define an estimator for the reduced amplitude which will allow us to write
down the statistical error. Given that the reduced amplitude is given by, see (|3.86))

CZJZ I3l
Aff = 557, (3.90)

112,314

we can write an estimator for the reduced amplitude for each combination of J and I;,

1=1,...,4, usmgand-

—_— CJ
J,Z _ l1l2,l3l4
Ah,lllz,lsh T Nz : (3'91>

l1l2,l3l4

We can use these estimator to construct another one for the total reduced amplitude, Ag .
Treating the estimators in (3.91]) as statistically independent estimators, we can combine
them obtaining the inverse-variance-weighted estimator

— JE—— . 211
AZ=1> X2 Ahllzz,lgl4<(“‘%izz,lgu) ) ] [Z > <(A/{:i52,13l4) )0]

J(I1,l2,l3,l4) J(l1,l2,l3,l4)

-1

(3.92)

holila,lsly &8
uncorrelated modes. This feature is highlighted also by the sum over (4, ,,), which is

performed over all the independent combinations of the multipoles [69]. The denominator

The subscript 0 indicates that, at the zeroth order we can consider all the AZ
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of this expression is equal to the inverse variance of the reduced amplitude estimator,
which is found to be

whr2={ [T

A high signal-to-noise S = Af /afl indicates a detectable BiPoSH from Inflation fossil. For
numerical results about the detectability of these fossils see Ref. [69].

-1

1 2J+1 J.Z J.Z *
g g Z CTTCZTTCZTTCITT ‘7:l1l271314 [‘7:211271314] ’ (3'93)
2 3 4

0 l1l2l3ly

3.3.2 Quadrupole anisotropy in mass distribution

We conclude this section introducing also another visible effect due to the presence of a
stochastic background of gravitational waves on large scales.

The correlations of primordial tensor perturbations with primordial scalar perturbations
can have observational consequences for the mass distribution.

It has been shown that the presence of a fossil tensor field would entail a quadrupole
anisotropy in mass distribution of the large scale structure [67), [70, [63]. This does not
come as a surprise given the general formulas and arguments that we have described
previously. It can be shown that in the case of a theory violating the consistency relations
described above one has [63]

Pe(ks) () = Pelks) [1+ Q0 (k)R] (3.94)

with power quadrupole

Bk ) 757k5
()= Sl Lt (0. (3.95)
Py(kr) P (ks)
where, again, Bo«(kr, ks, ks) is the consistency-relation-violating part of the tensor-scalar-
scalar bispectrum. The theory then predicts that this locally observed power quadrupole
has variance [63]

2 pkmin Bokr, ks, ks) T
Q%) =(Q;;Q7) = [ k2 dk [—9" 25 P, (kL) 3.96
Here, the upper limit of integration, k‘mm, is the smallest wavenumber probed by the

observations. The lower limit, kmm, corresponds to the longest wavelength gravitational
wave mode produced during Inflation.

It is possible to provide some estimators to measure the effect of these tensor fossils in
clustering of galaxies [70} [63]. Egs. and provide an estimator for the fossil
field for each mode ¢

¢(k1)¢ (ko) Py (K)
Bycc(ki, ko, K)

The variance of this estimator can be evaluated considering the experimental formula for
the observed power spectrum of a general field

R = (k)¢ (ko) [ £y (er o)k | = (3.97)

([6(k)[%) = VPO (k), (3.98)

where V is the survey volume and P(ST OT is the total observed power spectrum, including
both the signal power spectrum and the noise, given, in general, by

PTOT (k) = P(k) + P, (k). (3.99)
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The variance of (3.97)) is given by
var (7(K) ) = 2V PLOT (k) PEOT (k)| e (1 Ko )] Kk

In order to have a good measure we have to find the estimator which minimize the variance:
for this reason we have to sum (3.97)) over all the possible mode pairs ki-ko weighted by
the variance

I3 (k, K- k)e E(K -
2VPTOT(k)PTOT(|K ky)

YEK) pin = PHE) S, (k)C(K k), (3.100)

where the noise power spectrum

£k, K ~K)eyy k' (K - k)7 |
2VPIOT(R)PIOT(K ~X|) |

P}(K)= Z | (3.101)

is the variance with which the tensor estimator is measured. We can write the power
spectrum splitting it into its amplitude and its fiducial power spectrum

P,(K) = A, P!(K). (3.102)

The fiducial power spectrum gives only the scale-dependence of the power spectrum, for
nearly scale-invariant power spectrum it will be

Pl (k) = k"3, (3.103)

with |n| «< 1. We are now ready to give an estimator for the fossil amplitude A,. Using

(3.98)) and the definition (3.102)) we have
—_— _1 _ —
AR = [PY()] [V P
To unbias the estimator we have to subtract the noise
AR = [PL()] [VTROP - Py (K. (3.104)
In this case the variance of this estimator is [70]
n 2
[Py (K)]
2 2
[P/ ()]

As we did before for the 7 estimator we can find the minimum-variance estimator for the
amplitude

var (AK) = (3.105)

= Pl (K
A = 1 [ ( H ( ) - P (K)) (3.106)
where the variance is ; )
D M. (3.107)

i 2P (K]

Note that in Eq. (3.106)) we have to sum over the possible values for the tensor polarizations
s =+,x. We can now evaluate the smallest amplitude which can be detected with a given
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survey. Using the single-field slow-roll model prediction for the v(({ bispectrum in Ref.
[56] we have, in the squeezed limit K <« ki ~ ko

3P<(k1).

ki,ky) =——
fy(ki, ko) 2R

(3.108)

We go from discrete to continue limit ) - V [ %l)‘g and we use now the following
approximation for the total power spectrum. We deéne

P(k) 1 if k<knas
————— =0(k -k)= , 3.109
PTOT(k) ( mazx ) {O if k> kmax ( )
where 6 is the Heaviside function. k. is the UV cut to the integral which represents the
largest wavenumber for which the power spectrum can be measured with high signal to
noise. These hypothesis give a noise power spectrum for a tensor fossil

207>
pr="" (3.110)
kmax

We stress, again, that this is a prediction for the SFSR models of Inflation.
Evaluating the integral (3.107]) gives

2 _ oy f Pk kS, kS V [kmax dk 1 (kmax )6 (3.111)
o, = = — .
7 (27)3 80074k 10073 (27)3 Jkpmin  k* 30073 \ kypin )

where ki, is the smallest wavenumber detectable in the survey. The factor 2 in the first
step is given by the sum over the two polarizations of the gravitational wave. In the last
step we have used the fact that the volume of the survey is given by V = (27)3k; 3 and
that Kz > Emin. We want to see what are the detectable tensor amplitudes at > 30,

k -3
30, =30mV3m (M) : (3.112)
min
This result shows us that the smallest detectable GW power spectrum amplitude is in-
versely proportional to the Fourier modes present in the survey. If we consider a value
for the tensor amplitude near the maximum amplitude A, ~ 2- 1072, see Ref. [70, 63], a
detection requires
k
T2 > 5200. (3.113)

kmin

This request is beyond the actual reach of galaxy surveys. We will see that in solid Inflation
the number of Fourier modes required for a detection of a tensor fossil power spectra is
reduced, enhancing the possibilities of an observation. [63] provides a correction to the
previous clustering fossils results obtained in [70], in particular they consider also the late
time evolution of tensor fossils, solving some problems arising in the previous works. For a
study of the effect of late-time evolution of tensor fossil see Ref. [63]. For other interesting
effects of primordial gravitational waves on Large Scale Structures observations see, e.g.
[74, [75., [76), [77]
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Chapter 4

Solid Inflation

4.1 Why a new model of inflation?

Up to now we have studied the standard model of Inflation, the single-field slow-roll model.
Despite the last observations have ruled out several inflationary models, see Ref. [21], there
are still various models compatible with the data. It is useful to classify them in terms of
an effective field theory description [78], where the behavior of the perturbations can be
understood in terms of symmetries and symmetry breaking. In Chapter 2 we have seen that
to have an inflationary period we need an almost flat potential for the field which drives
Inflation. This property can be described as an approximate shift symmetry ¢ - ¢ + a,
where ¢ is the inflaton field. A small and controlled breaking of this symmetry ensures
a slow roll inflaton evolution, which breaks time translational invariance. The broken
time translation invariance is made explicit in the time dependence of all the background
quantities for the description of the evolution of Universe. The breaking of time translation
invariance also ensures that during Inflation we have a quasi-de Sitter background, which
allows the end of the Inflation. Despite this symmetry breaking, the observed homogeneity
and isotropy of the Universe on large scales require the assumption of invariance of the
background value of the field under spatial translations and rotations. Most of the Inflation
models have these features, hence we need to discriminate them using some univocal
observation. In [53] it is proposed a new model of Inflation called Solid Inflation. In this
model has been implemented a previous idea, called Elastic Inflation [79], for which the
“fluid” which drives Inflation is composed by three scalar fields which have very particular
properties: their background values are time-independent and Z-dependent. This means
that the standard invariance under spatial translations and rotations are broken, while
time translation is preserved. The homogeneity and the isotropy required to satisfy the
Cosmological Principle are restored adding internal symmetries on the scalar fields. This
simple procedure entails very interesting outcomes for various aspects: we will see that it
predicts a blue tilt for the tensor perturbations, it breaks the consistency relation for the
bispectra and it predicts interesting results for tensor fossils. For these reasons we will
take into account this theory: it has observable predictions which are different from most
of the (standard) single-field models of Inflation.

4.1.1 Solid on Minkowski

In [53] the field which drives Inflation manifestly breaks the standard isometries of a de
Sitter spacetime. We have always considered a homogeneous and isotropic background,
which means taking a background invariant under the spatial rotations and translations.
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In other words all the quantities evaluated on the background are only time dependent,
only the time diffeomorphism is broken. By the way, if we consider, for example, a scalar
field with vev

(¢) = ax (4.1)

with a = const, we are breaking the translations along x, while we are preserving the
time diffeomorphism. In order to restore the homogeneity we can assume an internal shift
symmetry of the scalar field, i.e.

¢—>¢+a with a=const, (4.2)

so that the background (4.1)) is invariant under a combination of x translation and shift
transformation. To restore the isotropy we need to add an internal index, I = 1,2, 3, for

which (4.1)) becomes
() = az. (4.3)

Now (4.3)) breaks rotations, and to restore them we add another internal symmetry which
involves the internal index I

o' - O0r¢? with O € SO(3), (4.4)

so that (4.3) is invariant under a combination of internal and spatial rotations. Eq. (4.2)
with an internal index become simply

o' > ¢! +al with aof = const, (4.5)

The index I indicates the internal coordinates: consider a fluid which fills all the space. We
can describe this fluid by attaching to each volume element a three-dimensional label ¢!
and following its trajectory as a function of the label and of time x = x(¢’,#). Since at any
given time the mapping between ¢! and x is invertible, the medium can be equivalently
described by ¢! as a function of the comoving coordinates ¢!(¢,x), and for our purpose it
is more useful to work using ¢ as a function of the coordinates.. The mathematics under
these assumption is very trivial: (¢,x) = 2 are the usual coordinates and ¢! are three
Lorentz scalars. We only need to build a theory for three Lorentz scalars respecting the
symmetries and on a curved spacetime. We start with the low-energy limit, i.e.,
we will consider our solid on a Minkowski spacetime.

To construct our theory we need Lorentz scalar and shift-rotation invariant quantities.
The shift invariance forces the field ¢! to appear only with its derivative, the Lorentz
condition implies that these derivatives must be contracted. We can construct only one
quantity with these features

Brj=0,¢10"¢,. (4.6)

From (4.6) we can construct the SO(3) variables with which we will construct our action
which are
(B, [B°), [B%,

where the square brackets stand for the trace of the matrix [..] = Tr(..). It is useful to
consider only one of these three invariants to keep track of the size of the matrix B, it will
be fundamental when studying the background dynamics on the de Sitter spacetime. We
can define the three variable we will consider for the solid action:

[B%]

X =[B], Y:W, Z:W. (4.7)
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In this definition only the variable X is sensible to the stretching of the field, while Y and
Z are defined in such a way they do not feel the expansion. The most general action we
can construct with these blocks is

S=[d4xF(X,Y,Z)+.... (4.8)

Note that in Eq. we are using the flat Minkowski metric because we are considering
the low-energy limit, for which we can omit, for the moment, the coupling with gravity.
The dots indicate the higher energy contributions, like higher derivative terms of X, Y
and Z.

The perturbations to the background are

o' = a(z! +7l). (4.9)

Inserting Eq. (4.9) into Eq. (4.6 we have the perturbed expression for the building block
By
B[J:062((5[J+a]7TJ+8J7T]+8M7T[8M7TJ). (4.10)

For X we have
XZ(S[JB[J=a2[3+28171'[+7f12+(8,‘7['])2], (4.11)

The second order action is [53], [80]

1 1 6

5@ - f d%[ -3 Fx X 7 + (gFXX o (Fy FZ)) (95m)?

5 5 (4.12)

+ (§ XXX2 + 2—7(Fy + Fz)(aﬂ(‘i)Q) :|

The perturbations 7; represent Goldstone bosons arising from breaking the global symme-

tries of a de Sitter space. These excitations are the analogue of the phonons in a real solid,

this is the reason of the name of the model. We split now the excitations into longitudinal
and transverse part,

mi=ml 4T, epdimE =0, iml =0, (4.13)

so that the action becomes
1
5@ = f d4:v[ - ngX : ((71'{4)2 + (WZT)Q)

. (%FXX+ %(Fy +FZ)) ((0mT)? + (9imE)?) (4.14)

+ (% XXX2 + %(Fy +Fz)) (alﬂZL)Q]

From Eq. (4.14)) it is straightforward to calculate the longitudinal and transverse propa-
gation speeds

2
C%=1+2FXXX +§FY+FZ, 02T=1+2M, (4.15)
3 FxX 9 FxX 3 FxX
in terms of which we can rewrite the action
1
§® =2 f d'uFx X [72 = 2 (0m;)? — (¢ - &) (0im)?]. (4.16)
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We impose now the condition of subluminal propagation for the longitudinal and transverse
modes 0 < c% <land 0< c2T <1 we obtain the following constraints for the F' derivatives

3 Fy+Fy 3 FxxX?
<——<0, ——<——-«

2. (4.17)
FXX 2 FxX

These conditions do not have an important role now. We will see their fundamental utility
when studying the conditions for having an inflationary period.

4.2 Background dynamics

After the study of the subhorizon limit we want to see if this model predicts an era of
(quasi) exponential expansion, an inflationary period. Which conditions may satisfy the
fields?
We need now to reintroduce the coupling with gravity, given that we want to study our field
in a (quasi) de Sitter Universe. We adopt the standard procedure of minimally coupling
the field to the gravitational field. The definition now is contracted with the generic
metric g, instead of 7,

B = g"9,¢'0,47, (4.18)

and the action (4.8)) has in addition a \/=g¢ term in the integral measure

S = f &'z GF(X,Y, Z). (4.19)

Also the standard derivative in should become covariant derivative, however, since
we are dealing with scalar fields, we will not need to introduce any covariant derivative
whatsoever. For the stress-energy tensor we use the standard Hilbert definition ,
and from Eqgs. (4.18) and (4.19) we have, at the first order [53]

oF

T,, =-2
m 0By

9,6'0,¢" + g F. (4.20)

We can interpret now the coordinates z! in as the comoving FLRW coordinates,
because now the de Sitter spacetime is invariant under the spatial translation and rotation
and we want both the sides in to be invariant under the same symmetries. For this
reason we will not make difference between the internal index I and the coordinate index .
We can also choose the normalization of the comoving coordinates to set the a parameter
to one

(¢%) = 2. (4.21)

We are now ready to calculate the background dynamics. We start from the computation
of the stress-energy momentum; using the standard perfect-fluid definition (1.21)) and Eq.
(4.21)) we have

2
p=-F, p=F-—<Fx. (4.22)

a
We first underline that from the first equation of (4.22)) F' must be negative, in order to
have a positive energy density and a stable theory. Note also that in the expression for
the pressure appears only the derivative with respect to X. The reason resides in the

definitions of Y and Z, Eq. (4.7). The only variable sensitive to the expansion of the
Universe is X, since Y and Z are rescaled. Hence, since the pressure takes into account
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also the dilatation and the contraction of the Universe, when calculating the pressure we
need only to consider the derivative of F' w.r.t. X. For the general expression of the stress-
energy tensor see Ref. [53 [80]. As a general result from the Friedmann equations ((1.23))
and we obtain the following equation for the derivative of the Hubble parameter

H = -47xGp(1 +w),

where we have used the state equation p = wp. We see that, except for particular models
with a cosmic fluid with w < -1, we have H < 0, from which we obtain Fx < 0.
The Friedmann equations in the solid paradigm become

811G a 81G ( 3

w2 - -SEp 2 TR (F-SF). p-6HEy, (4.23)
3 a 3 a

from which we can define the slow-roll parameter (1.91)), given that

H=$FX>
a

one obtains
3 Fx 0OlogFk

‘CEF " Olog X'’

where we have used the background values for X — 3/a?(t), Y - 1/3 and Z - 1/9.
The slow-roll condition imposes ¢ << 1, hence, from Eq. we need a very weak
X-dependence for F' in order to obtain an inflationary Universe. We have to do some
clarifications. In this theory we do not have a field which slowly rolls along its potential
along all the duration of the Inflation. We are, indeed, using the condition , which
is more general than the single field slow roll models: it simply resumes the request of an
accelerated expansion for the Universe (quasi-de Sitter condition).

We can see that the small X-dependence of F' can be thought as an approximate symmetry
with respect to scale transformation

(4.24)

¢! - Ap!, X =const (4.25)

Under the transformation B!/ takes a multiplicative term A? and the same argument
hols for X, while Y and Z are insensitive to this internal transformation. If F' depended
only on Y and Z, the symmetry would be exact, since they are both independent
from rescaling of the field. Hence the smallness of F'x can be interpreted as an approximate
invariance under . This not surprises too much since X is the only invariant which is
sensible to the expansion of the Universe. During Inflation the energy of the solid should
not change much if we dilate the solid.

The second “slow-roll” parameter given in gives constraint also on the second order
derivative of F' with respect to X. We note that, using the background value of X,

a4 1X
a 2X’
and )
o (B Xbxx XER)
F F F2
We obtain )
: X2F
n=— =91+ 2 XX (4.26)
He XFy



which must satisfy the minimum e-folds condition n «< 1. From we obtain a con-
straint equation for Fx x
X2Fxx
XFx
which will allow us to consider X Fxx ~ —Fx. With this new condition the expressions
for the propagation velocities become, with respect to

1 8Fy+FZ 2Fy+FZ

2
- 2 o142 2 4.28
LT3 9 Xy 3 FyX (4.28)

Manipulating these two expressions we find that the two speeds are connected by the
relation, at all the orders in the slow-roll parameters

1
=-l+e- 37 (4.27)

3 2 1
2 2
=—|1+c) —-e+ = 4.29
°r 4( ‘LT3 3") (4.29)
and, at the zeroth order,
3
= Z(1+c%). (4.30)
The subluminality conditions differs from (4.17)), since (4.29) implies
1 2 1
<—+—-€—— 4.31
RN (4.31)
which reduces to 1
< 3 (4.32)

The condition (4.31]) entails some constraints on the derivative of F' with respect to Y and
Z:

3
—|F|( —€ —gen)<Fy+FZ<—e|F|

where we have used the fact that F' must be negative, so X Fx = —¢|F| from (4.24). We
see that the left inequalities involves terms of order two in the slow-roll parameters. At
the first order they can be neglected, and we can rewrite

3
O0<Fy+Fyz< §6|F| (4.33)

This constraint has important outcomes on the predictions of the theory. We see that
the derivative combination Fy + Fz is suppressed by the slow-roll parameter. In [81] it is
stressed out that the smallness of this combination can be interpreted as an insensibility
of the solid which drives Inflation to the anisotropies of the geometry in which it resides.
It is possible to satisfy Eq. in two particular cases:

All the derivative of I’ are small. This statement can be formalized as

oF I
5517 ~€F, (4.34)
which can be interpreted as an approximate internal symmetry under diffeomor-
phisms
o' &' (9) (4.35)

and not only under rescaling of the field. Eq. means that the action we
are considering does not depend too much on the fields which drive Inflation. It
corresponds to have an inflationary period driven by a cosmological constant whose
dynamics does not depend on the fields. Authors in [53] do not take into account
this case, while we will consider exactly this case following [80].
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Derivative of the same order. We can consider Fy ~ —Fy ~ F, with an underlying
symmetry which forces the combination Fy + Fz to vanish. This case simplifies a
lot the calculations, especially when we will calculate the third order action and the
bispectra. In [80] the fact that this assumption entails non negligible errors on the
observable predictions is highlighted. We will deepen this argument in Section [£.4]

It is possible to introduce other two slow-roll parameters which involve the variation of
the propagation speed of the longitudinal and transverse modes:

crL
= L 4.36
S=H (4.36)
cr
= . 4.37
Chby (4.37)

From the two definitions we see that these two parameters must be small, given the
small X-dependence of F' during Inflation [53]. The two speeds are almost constant while
Inflation acts.

Finally we mention how the possible UV divergencies can be avoided in Solid Inflation. The
phonons enter the action with its derivative, see Eq. and the following expressions
for the perturbed action. This means that the nonlinear interactions becomes strong at
energies greater than the scale

Estrong = F1/4(63CEI),)1/4‘

The perturbation theory is under control when this energy scale is much lesser than the
Hubble parameter, Egirong > H, this ensures that exists a finite window of subhorizon
scales in which the theory is weakly coupled. Give the first Friedmann equation in Eq.
, we can rewrite the stability condition as

b (5a)
€Cy, > .
Mpy
This condition can be satisfied easily with sufficiently small H, where with “sufficiently
small 7 we means smaller than the Planck mass.

4.3 Perturbations in Solid Inflation

We are now ready to introduce gravity in our model and to study the perturbation pattern
arising from the breaking of the standard symmetries. We will make use of the metric
(3.22)), where the metric elements are

goo = —N?,  goi=gio=Ni, gij = hij, (4.38)
1 ) . N . . NEINJ
QOO = N2 901 = gzo = FZQ, g7 =h" - N2 (4.39)

Now the action becomes [53]
M2 g
S = f d*zNVh {% [R(?’) + NX(E;EY - EQ)] +F(X,Y, Z)} . (4.40)

We can easily find the constraint equations for N and N; by varying the action, obtaining

M2 L
- [R®) - N"2(B,E - %) |+ F(X,Y,2)+ N

oF(X,Y,Z)

4.41
2P0, @A)
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Mpy oty s OF(X.Y,Z)
Using the definition in (4.18)) it is possible to calculate the derivative of F' with respect to

N and N;

- 0. (4.42)

B (8" - N*06") (67 - N*0g”) + WM 0yo 0107 (4.43)

1
=7
For the moment it is useful to work in the so-called Spatially Flat Slicing Gauge (SFSG),
defined in [53] as

gZ)I =2+ 71'[, hij = a(t)26xp('yij), N=1+6N, (4.44)

where ;; is, as usual, transverse and traceless 0;v;; = vi; = 0. Now we spilt the vector
perturbation into transverse and longitudinal parts, such as [53]

v =\/_—Z_V27TL+7TZT, and N'= \/?Z_VQ
with amﬁ"p = &-N} = 0. It is useful to note that in our treatise there is not difference
between the internal indices I and the spatial ones i. This is because both 7 and N*
transform as vectors under SO(3); from now on we will not distinguish between spatial
and internal indices.

We can find a simplified expression for BY calculating in the SFSG at the first
order in the perturbations

i

N, + Nk, (4.45)

BY = a(t)2 (69 + 'nd + &It — 4 . (4.46)

We have now to solve the constraint equations (4.41]) and (4.42) for N, Ny, and N}. It
is useful to solve them in the Fourier space, finding [53]

a’H 7, - Hrp/H

ON(K) == - 3Ha2/k>
-3a?Hrp[k? + Hrp |H
Neeio = =75 a2 (4.47)
PN .
Nr(tk) =7 k2/4a2H

In Chapter 2 we have seen that it is possible to define some gauge invariant quantities
which provides good estimators for the scalar perturbations. Looking at the definitions
of ¢ and R given in ([2.76) and we obtain the following expressions in the Fourier
space [81] and in the mentioned gauge

op 1 - k 7, + Hermy,
=-HL =97, R=-Huy=- . 4.48
¢ p 3 L T T3He 1 k2/3a?H?e (4.48)
Note that in the Fourier space ¢ becomes simply
k
C = ——7TL‘ (4..49)
3
It is easy to see that now the relation between ¢ and R is
1 +H
¢+ Heq (4.50)

" He 1+ k2/3a2H2e
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We see that in solid Inflation the two quantities do not coincide anymore in the super-
horizon limit, as they did in the SFSR model. In addition neither ¢ nor R is conserved in
time. This is in contrast with the standard predictions of the SFSR models and they are
peculiar features which make the studied model much more appealing.

We are now ready to study the two- and three-point functions and see the observable
predictions of solid Inflation. We will proceed with the standard steps we have used so
far: we will find the solution to the free equation of motion of the mode we are interested
in (scalar, vector, tensor) and then we will use it to calculate the power spectrum and the
bispectrum.

We can find the second order action by inserting equations (4.47)) into (4.40)

S 5(2) +S(2) +S(2)

with

ng) fd4 [ ’ng (am’yw) +2HCT’)/U:| (4.51)
k2/4
S = M2 fdt a®
Pl 3" |1-k2/4a2H

d’k k%/3
$® - s [ -2 g3 .
P @3 | 1= k2322

We can notice that in the action for the tensor modes it is present a mass term 7%
which will depend on the slow-roll parameter and on the parameter ¢y of the theory. In
the expressions and we clearly see that are present non-trivial k-dependent
terms, which arise due to particular symmetries breaking pattern of the theory. Indeed
the would translate into a spatially non-local structure in real space.

|7k |2 +Hch:2|7rT|2] (4.52)

2

ﬁ—gﬂ
L=

+ Hc%k2|7rL|2] (4.53)

Time dependence of background quantities

Before going on with the equation of motion of the scalar, vector and tensor modes we
write the explicit (conformal) time dependence of the background quantities, such as a(7),
H(7) and e(7) and the two propagation speeds ¢y, and cg. Recalling (4.24]) we easily see

that
(o)
—|—|=-1+¢,
dr \aH

1
aH

Here we have indicated with ¢ a particular value for the conformal time 7., chosen as
the conformal time at which the longest mode of observational relevance today exits the
horizon, i.e. |cr ckminTe| = |cr,cTeHioday| = 1, see Appendix A of [53]. The integration
constant is chosen by demanding a(7) > a(7.), for 7/7. - 0. From Eq. we obtain
the time-dependence of the scale factor

and integrating we have

= —(1-€)T+O(). (4.54)

e

a(T) = ac (Tlc) +O(%). (4.55)
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For the Hubble parameter we have

H(r) - % _ e (l) +O(). (4.56)

QcTe \Te

Using the definition of the second slow-roll parameter (4.26]) we have for e

e(T) = €. (7_10)_77C +O(e). (4.57)

Finally, for the two velocities we have

-
cr(T)=cpe (—
-

C

)Sc +O(2), cr=cre (Ti)u +0(2), (4.58)

where s. and u, are the two slow-roll parameters defined in Eqgs. (4.36]) and (4.37]).

4.3.1 Two-Point functions
Tensor modes

We start calculating the tensor mode functions decomposing them into the two polarization
+, X

3 .
i (1, %) = f (;l k3 ; 3 (k)7 (k, )™, (4.59)

with €;; (k)e (k) = 26°F and €;; = kie;j = 0. Substituting (4 into (4.51) and exploiting

the €;; propertles we obtain

. k2
2 ) 2 2
S’(Y) f f(2 )38 s [ S+(4HCT—¥)’YS:|. (460)
Using the conformal time we have
M? d®k /
Sgg) = Tﬂ [ dT/ 2r)? Z [QaQ'ySQ (46a4H20T +a )fyg], (4.61)

where we have used Eq. (4.24) and the notation ' = d/dr. Following the same path we
have undertaken for the SFSR model, we promote the field v, to an operator, such as

v (7,k) = 5 (7, k)a’ (k) + 75 (7. k) *a’T (k). (4.62)

Here ~%, are the classical solution to the equation of motion derived from ([@61)), a*" and
a® are the usual creation and annihilation operators, obeying the commutation relation

[a°(k),a* T (k)] = (27)%0®) (k - k') 5% (4.63)
The equation of motion extracted from (4.61)) varying the action is
N+ 2aHA + (4ea®> H? 3 + k) = 0. (4.64)

We can rewrite the coefficients of this equation making explicit their time dependence
using Eqs. (4.55)), (4.56)), (4.57) and (4.58]):

y 2+ 2€C , (k2 N deccr,c
T2

Yo = Va ™t )VCI = 0. (465)
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It manifest that, using the variable z = —k7 and manipulating (4.65)) it resembles the form
of (2.67)), for which the general solution is

Ya(7,K) = (=) [AHS) (k) + BHS) (<kr) |, (4.66)
with vp = 2 5+ec— ;LC% €c, and H,, are the Hankel functions we have encountered in Chapter
2. Followmg the same steps performed in Chapter 2 (using Bunch-Davies vacuum for the
sub-horizon limit) we obtain the solution for the tensor mode on the super-horizon limit,
at the first order in the slow-roll parameter

40% c€c

N 3 H,
yo(r k) 20 g3 ( 2 ) D (k) hete (Z— + (’)(e)) : (4.67)
T Mpl

C

We are finally ready to obtain the two-point function for the gravitational waves. We
consider the limit at which two tensor modes are well outside the horizon:

(7 (7, k)PP (7, k2)) = (2m) 36 (ky + ko) 6 Pyea (7, K )|
H? 1 (T/TC)8CQTCEC/3 (4.68)
M2 k?)( le )—20L (,Ec

—kT—>0

T (21)36@) (K + ko )6

so that the power spectrum becomes

C2H2 1 (rf7.)%hel
v = 3 o
M123l kili (—k‘ch) 202L’C ¢

(4.69)

From this expression we can easily read off the tensor tilt to the first order in slow-roll,

defined in ([2.104])
nr = 20L702€c- (4.70)

This is a fundamental outcome of the theory. From Eq. we saw that for SFSR
model the power spectrum should be red tilted. In this case we clearly see that the
prediction for solid Inflation is a blue-tilted tensor power spectrum. We will see, after
the calculation of the ( power spectrum, that the standard slow-roll consistency relation
is violated in this theory. We will also see that will be violated also the consistency
relations associated to the three-point functions [80} 63].

Scalar perturbations

For the scalar perturbations we must be careful. We have always considered the curvature
perturbation ¢ in order to have observable predictions, but in this case we have two
potentially good candidates for the observations, { and R, since we have seen that they
are no more equal on super-horizon scales. We will calculate the power spectrum of
the curvature perturbation since it can be shown that when considering the end of the
inflationary period, the reheating era, ¢ is a continue function, see [53]. We proceed in the
same way as before: as a first step we decompose the field of interest in terms of creation
and annihilation operators

C(ta k) = Ccl(t) k)b(k) + Ccl(tv k)*bT(_k)’ (4'71)

with the usual commutation relation [b(k), b (k")] = (27)36®) (k-k’). We can then rewrite
the action (4.53|) as a function of (, using (4.48) and the conformal time:

d3k 3a?
s = Mpl[dT/( [1+k2/36a2H2\< +caHCP - 9eH2 3 a1 (4.72)
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Extracting and solving the equation of motion for { is quite lengthy, due to the time
dependence of the various coefficients, but it is possible to use a simple calculation trick
to find the scalar mode function. Using the expression of R in we can rewrite the
action for the scalar mode in terms of the other gauge invariant quantity and obtain a
new equation for the evolution of the scalar modes which simplifies the calculations [53]

%Rd(t, K) + (3 47— 20)Ra(t, k) = ~3¢2Cu (L, K). (4.73)

Deriving in time this expression we obtain, at the first order in the slow-roll parameters

' .. ~ 5 ‘ o
Cym Rcz2 _(9 5e+§77 S)Rcz+s—2Rcl (4.74)
3HCL 90L ci

We can eliminate ¢ in the expression (4.50|) and obtain a second-order derivative equation
for Ry
R+ (3+n-28)Rey+a2 [3a2H2(e +2e—2s)+ kQC%] Ra=0

where we have used the definition (4.36). This equation becomes, using the conformal
time
R +aH(2+n-28)R., + [3&2H2(6 +he—2s)+ C%k‘g] Re =0. (4.75)

Using the explicit time dependence of the various parameters we can find an equation of
motion which resembles a Bessel equation

TRy — (2= ne + 25 — €) Ry + [¢LK°T + (3ec — 65c + 37 c€c) | Ry = 0. (4.76)

using the new rescaled variable o(7) = (—T)%Rc with a = =3 — 1. + 2s. — 2¢, we have

9 3
26" + 10’ + I:C%/-CQTZ i 5?70 —3s.+ 30%7060] c=0
defining the new “time variable” y = —cp k(1 + s.)7 and vg = %(3 +58c — 36%7066 +17c) at the
first order we have )
d“o do
2 2_ 2

Y (y"-vg)o (4.77)
which has exactly the same form of Eq. (2.67). We know the exact solution and the
relation between o and R, so

Ra(r,k) = (-7)7® [CHg)( —cpkt(1+s0)) + DHP (= cpkr(1+ sc))] . (4.78)

In order to restore the correct initial condition, i.e. to use the Bunch-Davies vacuum we
have to canonically normalize the scalar mode 7. Looking at (4.53) we can define the
canonically normalized field and its behavior on small scales

1

2

M2 a?k? —kT—>00
L}@ L kT—> \/EMPZHQQTFL. (479)
3 (1 + 3a2H2e)

The action of this new variable resembles exactly the one of the harmonic oscillator, hence
we can use the normalization induced by the Bunch-Davies vacuum behavior. We are now

v(r,k) =2

'Remind that the time goes from —oo to 0, so this definition does not create any mathematical problem.
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ready to give the behavior of the scalar modes in the subhorizon limit, remind the two

definitions in (4.48)

lim Ca(r,k) o o e (4.80)
m (q(7, = = = ]
roroo 3v2eMpHa? dec;, 3Mp;Ha?
and - -
. a“H* d Vel ] CL et +Sc)CLKRT
lim Ry (7, k) = - —(E) =i = 4.81
Am Ralrk) === dT(H) Viek ™ Mpa (4.81)

Knowing the behavior of the Henkel function in the subhorizon limit given in (2.69)) we
can fix the two parameters in (4.78]), setting D =0 and

. m CL,CHC

C=—iy] =
! 8e. Mpy

2
We have now the exact solution for R, hence we can find the exact solution for (y
substituting it into Eq. (4.73]). We need to use the Hankel function property

d v
W () = Y 17 0y - g®
dyHV (y) = yHVS (y)-H, 1 (v)

where y = —cpk7(1 +s.). Eq. (4.73) gives
ne, 5
Ca(,k) = —i\/geig('/s%)cL’ch(l ~ e~ 2¢c) (1) 2T

3Mph / 4606%7(:]{33 Te

< [y HS () + ¢ e HE () ]

It is important to note that this solution We are interested in the super-horizon limit.

Using (2.71)) we obtain, for R and (y

(4.83)

. T %C%,cﬁc 2 e-Zs.-1p H,. 1/2
khmm Ca(T k) = (—) (—cp,ckre)Lecem2%em2Me Ty +0(e’) ],
T ¢ VidecMpicy k /
(4.84)
T %C%VCEC_%” 2 5. 1 H
hm Rcl(Tak) = — (_CL CkTC)CL,56c—§SC_§776 _ Cc + 0(61/2) .
kT —>0* ' 1/2,5/9
T ¢ \/460MPICL,ck /
(4.85)

At first glance we can note that neither ¢ nor R is conserved on scales larger than the
horizon, even if their time dependence is suppressed by the slow-roll parameter (,R ~
T¢Lcf: remind that also the longitudinal mode propagation speed presents a small time
dependence, which have to be taken into account when describing the time evolution of
the two gauge invariant quantities. We also notice that the two quantities are not equal
anymore, but are proportional, on large scales

R~ —c2(1)C. (4.86)
We can finally calculate the two point function of ¢ and its power spectrum

(C(7, k)¢ (7, k) = (2)30) (k1 + ko) Ca (7, k1)

— H2 1 L)BeL ccel3 4.87
ZhT207) (277)35(3)(1(1 + ko) _ (7/7) (4.87)
4ecCL,CMPl ky (

55c—2¢2 €c+ne
—epchire) TR
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The power spectrum becomes

Pty 121 (r/re)hecel?
ST deod) MK (

(4.88)
_CL7cch)SSC_2Ci’CEC+nC

from which we can extract the scalar index at the first order in the slow-roll parameters
ng—1= 2600%76 =58 = Ne. (4.89)

We can calculate the tensor-to-scalar-ratio ([2.106|), which gives, considering Eqs. (4.69)

and (I53),
I~ ecy. (4.90)

We clearly see that the consistency relation (2.108)) is not satisfied anymore, since there is
an extra ~ cj{ factor. This is a fundamental outcome of the theory which makes observable
prediction which differs from the ones of single field slow roll theories.

4.4 Three-Point Functions

We have seen that new features appears at the level of the power spectrum predictions.
We calculate now the third order Lagrangian in order to obtain the observable predictions
of Solid Inflation for the non-Gaussianities, the relation between the v(({ bispectrum and
the ¢ power spectrum, i.e. we want to test the consistency relation found in [56], and, in
the next section, the predicted tensor fossils.

Finding the third order action is a lengthy work, for this reason the authors in [53] make
a fine tuning hypothesis on the shape of the function F'. We have seen that the request
of subluminality for the subhorizon limit of the theory can be translated in the condition
(4.33]) on the derivative of F' with respect to Y and Z. [53] assumes Fy, Fz ~ F in the limit
Fy + Fz ~ 0 in order to simplify the calculations for the third order action. In this section
we will briefly review the results of [53] and [82] for the bispectra in this particular case.
We will then proceed with the generalization of the calculations done in [80]. The results
of this article will be used to calculate the prediction for the tensor fossils in solid Inflation.

We want to calculate the non-Gaussianities arising from this new model; we have
learnt that the three-point function is given by the in-in formalism [61], schematically,

using T
() =i [ dr O, Lan ()]0} (4.91)

We have seen that it is not necessary to calculate the entire interaction Lagrangian, since
the only commutator which are different from zero are the ones with the same number
and the same kind of field, e.g. three scalar fields on the left and two scalar fields and one
derivative of a scalar field on the right. Considering the limit Fy = —F it is found that
the third order Lagrangian with three scalar fields is [53], [82]

F 1 . -4 2 . .
Y — a3H2M123lFY [811(871')3 - §8W8i7r]8j7rz - §8W8j7rk8j7rk + gajwlajw’“akwl] . (4.92)

Here we are simplifying the notation, removing the subscript L and denoting 7y, simply
by .
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Without going into the detailed calculations (we will be more detailed in the following),
the three-point function for ¢ is [53]

(C(7e. k1) (7e, ka)C (7, ks)) =(2m)?6) (ky + ko + ks)x
3 Fy H* 1 (76)40%6Q(kl,k2,k3)U(k1k2k3)

“32F ML S\, EIETE ’
(4.93)
where
ks - k3)? k; - k3)? k; - ko)?
Q(kl,kQ,ks):lklk‘ﬂﬂs—3 k‘l( 2-ks) +7€2( 1-ks) +k3( ko)
81 27 koks ks Ky ko (4.94)
L 2 (ko) (ko k) (ks - Ky )
3 k1koks
and
2 6 6 6 21212
U(ky, ko, k3) = 3(kS + kS + kS) + 202 k3K
(k1, k2, k3) klkgkg(k1+k2+k:3)3[ (KS + kS + kS) + 20kT k33
+18 (ki koks + kikyks + kikoks ) + 12 (KPS + kKT + kK3 (4.95)

+9 (k‘?kz + 5perms) +12 (k‘fk:% + 5perms) +18 (k::fkgk:g + 5perms) .

The corresponding amplitude for non-Gaussianities fy; from the three-point function
(4.93]) results to be huge [53]
Fy 1
~-0(1) ——. 4.96
f NL ( ) r EC% ( )
As stressed out in [80], taking Fy ~ F, CQL ~ 1/3 and € ~ few percents, compatible with
the value in (1.99), fyz takes an absolute value > 100, which is clearly too high for the
actual observational constraints [57], see Eqgs. (3.8)-(3.13)). For this reason we will follow
the generalization and the correction made in [80].

4.4.1 Non-Gaussianities

The third order Lagrangian obtained in [53] was found with the assumption of large
derivative of the function F', i.e. Fy ~ Fy ~ F. As a result the authors considered only the
leading terms |Fy, z/F| = 1+O(e), neglecting all that terms that are of order of the slow-roll
parameter €. It can be naively seen that this induces errors on the calculation of fyj of
the order of unity. The leading value of fyr, from Eq. is fnp ~ Fy/eF ~ 1]/e, hence
a correction to the Lagrangian of the order ~ ¢ would induce correction of order unity on
fnr, which are discarded. A symmetry argument also holds in disfavor of [53]. There
is no profound reason for assuming Fy + Fy ~ 0 while preserving the constraint equation
(4.33)), while, we have seen, the assumption of small derivatives of F' can be explained
with an approximate symmetry . More physically it provides a description of an
inflationary period driven by a cosmological constant, which does not sound so strange as
it seems. We will calculate the three-point functions ({¢¢) and (y((¢) considering Fy and
F as free parameters of the theory. We will see that are also present other corrections
from performing a more precise computation of the bispectra.
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The full calculation of the (¢ bispectrum is performed in detail in Ref. [80]. The full
three-point function is given by

{Cy CiaCks ) = {Coey Cleo Ckes Niead + {Ciey Clea Cies ) (1) + {Ciey Cea Cies ) (2) (4.97)

The leading contribution is due to the computation of the three-point function using the
leading order Lagrangian

F 16 8 ; .4 ; .4 ) 4
,lef:fr = a3H2M]%l|:FY (—E(aw)?’ + 53%8,'#]8]7@ + 5871'82%]82-%7 - gﬁjﬂlajﬂkakﬂ'l)

F ) 1 . . ) )
+-Z —ﬁ(an)“?’ + Omo; Ot + —667T6i7rjé?i7r3 20,7 0; 7o) |.

F \ 81 J 9 i j

(4.98)
Taking the first order solution for the mode function from ({4.83))
H 1 -

Ca(r k) = (1 +ic, - gcik%?) emierhT (4.99)

QMPZ\ / ec‘rik:)’

(¢3)1eaq has the form

iy Cica Cics Viead =(2)? 6 (ky + ko +ks)
3 ( H )4 1 1 (4.100)

— U(ky, ko, k3)F(ky, ko k
* 32\ 2 ERPRRIRE (k1, ka2, k3) F (k1, ks, k3)
wit U given in (4.95) and
Fy Fyz
f(k17k27k3) :QY(k17k27k3)? +QZ(k17k27k3)F7
with
16 20 ( ki ) ) 4 (k1 ko) (ki - k3) (ko - k3)
ki.ko. k3) = ——Fkkoks + — | — (ko -k 2 -=
Qy (ki,ka,k3) 5 Kk 3+27(k2k3( 2-k3)” +2 perm 3 Fukahs
(4.101)
55 25 ( ki 9 ) (ki - ko) (ki -k3) (ko - k3)
ki,ko, k3) = ——Fkikoks+ —| — (ko -k 2 )-2
Qz(ki, ko, ks) g1 ke 3+27(k2k3( 2-k3)”+2 perm Fvfaks
(4.102)

Note that the expression coincides with the one found in [53], Eq. (4.93), when
Fz=-Fy and Q =Qy - Qz.

If we consider the two derivative Fy and Fy of order ~ ¢F we are not allowed to neglect
the order € terms in the Lagrangian. <C3)(1) is the terms calculated using the subleading
order Lagrangian, obtained considering the following solid relations

a* 2a° 9
Fxx = _EGF’ Fxxx = 2—76F7 (Fxz+Fxy)=0(€)

which is

9 o
£ = ea® H2M?, (—%(37r)3 + gawamjamj) . (4.103)
The correction to the three-point function takes the same form of (4.100))
3 ( H\* ¢ 1 -
:235<3>kkk—( ) U(ky, ko, k3)Q (K1, ko, k
(Ck1<k2Ck3>(1) (7T) ( 1+ Ko+ 3)32 MP[ 630}/2 k%k‘gk’g ( 1, ~2, 3)@( 1,%2, 3)

(4.104)
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with

Q(k1,k2,k3) = — k1k2k3+—(—(k2 k3) +2 perm)

27 koks

There are other two corrections: the first one comes from considering the full solution for
the ¢ mode function which is [81]

He c
C(rk)=—i ECL’—(_T)SM [1 N (ec . % _ 8L7C)1nl]

22Mp V_ Te (4.105)
1)
|5 @+ - onw)]
Considering the super-horizon limit of Eq. (4.105) we can write
¢ 0 (e kr) A1+ Bln(=cpkr)), (4.106)
with .
A:ﬂ+—s—c%e, B=e+ 1 s (4.107)
2 2 2

The structure of in-in integrals for this case is exactly the same as the leading order one,
the only exception is the additional factor (B — A)In (—cpk7.). We obtain

4 (B-A)In(-cpkre
(G (7e) iz (7e) iy (7)) 2) (27T)36(3)(k1+k2+k3)_(MPl) ( )esrcé cLkTe)
k3k13k3U(k17k2>k3)~7:(k17k27k3)

(4.108)

The last correction is due to the order € correction for the Hankel function for the small
argument limit (super-horizon scales) and has expression [80]

4 —_
(Giey Ciea Giey )3y =(27)20P) (ky +k2+k3)_( H ) eln(-kscpe)

My eer (4.109)
U(kh k?a k3)‘¢(k17 k27 k3)
k:lk
where ) ) )
- k k k
Uk, ko, k3) = — 2 Y
(kaska k) = e ks ks
The complete three-point function can be written as
(P (7)) = {C (7e)ieaa + (C(7e)) 1) + (P (7e) 2y + (P (7)) s): (4.110)
so that the complete result for the bispectrum is
3H* U(k1, ko k3) Qe
Beee (ki ko, k3) = (k1 ko, ks) Qepy (4.111)

32Mp,  eck? ESR3KY

where Q. y is
_ P F U
Qers = €Q(ky, ko, k3) + (FYQY + FZQZ) (1 +(B-A) Y Ny, + 2621\%5) - (4112)
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Note that Ny, = In(—cpk;7.), which represents the number of e-folds when the mode k;
has left the horizon. It can easily be seen that when considering Fy = —Fz and Fy,z/F ~ 1
Eq. resembles the result of [53], Eq. .

We can evaluate the squeezed limit for the three-point function of the mode { to test
the Maldacena consistency relation. Using the following relations, which hold in the limit
kg g 0, k1 =~ —kQ

15k; - 2k
U:— (]:—7
ks ’ ks
_ 2K%k 4k2k 4k2k
Q- 3(c2—1), Qy = 73(2+1), Qz = 3(5 3¢%),

where ¢ = cos 6 and ¢9 is angle between k1 and k3, we obtain

5(H\" 1 1
B =—( ) 2¢(6c* - 1
<™ 96\ 2p) B igig )| 20

+ (4%(62 + 1) + %%(5—302)) [1 + (B_A)(Nk3 +2Nk1) + le_g(Nks +2Nk1):| }

(4.113)

Using the first order solution for the scalar power spectrum in (4.88) and defining
G(0) =2¢(6¢* - 1)

Fy 4 Fy 4e
N (4?(02 1)+ 52 (5 302)) [1 # (B = A) (N, +2N,) + 1o (Vi + 2Nk1)],
(4.114)

we can rewrite (4.113]) as

Bl = g g Pelh)Pe(). (@.115)

Note that, except for tuned values for the parameters of the theory, the consistency relation
3.5?} is violated in this theory, also because of the explicit angular dependence inside
4.114)), which is that of a pure quadrupole This result emerges also in the hypothesis
of [53], see Ref. [82]. Eq. (4.115)) generalizes the result found in Ref. [63]. Following
[80] it is possible to evaluate the non-Gaussianities in this limit. The amplitude of non-
Gaussianities is given by (3.5 ., which can be evaluated in the squeezed limit
25 [Fy Fy 9
6c® ~ 1 [ 1+ —=(5-3 ]
fNL 362( )+ 1860% (1 ) F( )
46(2Nk1 + ng) + (B - A)
15 4N},

The first term in this expression has very particular features. It is (almost) model in-
dependent, which means that it depends on the form of F(X,Y,Z) only through c. It
comes from the subleading order terms of the Lagrangian . The other terms have
the same form of [53, 82]. If we consider a particular limit, for which Fy = Fz = 0 we have
an F'(X) theory. For this model, considering ¢y, = % we obtain

(4.116)
1+

- 3Nk3] :

25
]S\?L:E(GCOSQG—U. (4.117)

This result is very interesting. It shows that for all the F'(X) theories of solid Inflation
the amplitude of the non-Gaussianities has a universal form. Therefore, this amplitude is
consistent with the bounds from the Planck observations [57], as opposed to the results of
[53]. In the end, we note that the expression , but also , is anisotropic, due
to its angular dependence.
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4.4.2 Testing the v(( Consistency Relation

In this section we will calculate the scalar-scalar-bispectrum. In the previous chapter we
have seen its importance. For SFSR models it assumes the form of a consistency relation
in the squeezed limit, when the long mode is tensorial. We will calculate the leading order
bispectrum and test the consistency relation , then we will calculate the observable
prediction for the tensor fossil in this theory. For the reason described above we will follow
[80] for the full calculation, which we report here. It is fundamental, for simplification of
the calculation, to see that the leading contribution to the bispectrum is due to the matter
sector, and the contributions from the metric perturbations are sub-leading [80]. For this
reason we only need to calculate the w7y terms deriving from varying F'.

At the first order in the slow-roll parameters the action involving two scalar modes 7 and
one tensor mode -y is [80]

1 . . 4 .
E'y7r7r = a3[ - ngX’)/kjakﬂ'lajﬂ'l - §FXxX2’yijai7T]8k7Tk
8 , 4 2 4 ,
+ Fy (5%]-82-7798”’“ - §%jai7rk8j7rk - §fyij8k7r7’8k7r3 - §’}/Z'j8¢7rkak71'])

32 ; 5 1 : S2 ;
+ FZ (—%j(?iw]@kwk - —%jﬁmkﬁjwk - —%jﬁszakwj - —’)/ijaiﬂ'kakﬂ'j)
27 9 3 3
(4.118)

We have to Fourier transform the gravitational waves

2 (7,%) = [ Y € )m(), (4.119)

S,

7 s the polarization tensor, which, in flat gauge, satisfies

where ¢

kil (k) = 0 = e(k), € (k)es: * (k) = 26, (4.120)

For the scalar mode we will use the first order solution (4.99)), the relation (4.49) and

C(7,%) = fk %0 (7).

Now we write the interaction Hamiltonian having in mind the following fundamental

relations
FxX FxxX

6’
F F
which are the relations found in the study of the background dynamics. The interaction
Hamiltonian results to be

=-1+0(e), F=-3M3H?

)=

p1p2p3(27r)35(3)(p1 +P2+P3) Y. €;(P1) 7, Cpy s

NP S
X[€P27;p3jp21p31 - S €D2iP2j

3
RARIPWEIPWPN
I3 3P2i 27 3 Db2iP3jP2pP3p
Fz( 32, . 14, . .
+— (——pmpzj + —pzipsjpzppap) ],

(4.121)

F 9 3
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where we have used the notation k; = kﬂ%l The three-point function now takes the form

<’}/ii1 CkQ ij >Te
. Te . SR
= i9Mp; Y. / dra'H* / (2m)*6) (py + py + P3) x [€p2ip3jp21p3l — Z€D2iD2;
PR P1P2p3 3
Fy( 8 10 Fy [ 32 14 5
e ( JP2ib2; + Ep?szyp?ppSp) Nl ( 9 D2iP2i + §p22p3jp2pp3p) €;j(P1)

% [, (7e) G (76) G (7)1, (7)o (T) G (7)) = ]
(4.122)

It remains to solve the time integral. We use the firs order relation for the conformal time
aHT = -1 and the Wick theorem to write the correlator. The procedure is standard, we
quantize the tensor mode

(7)) =95(r k)ar + 33" (7, k)aly =57 (1) + 2 (), (4.123)
where we will use for v the first order solution, which is, looking (4.66]),

S (_pr
Yk - \fMPM_< k)i (k)

i (1 +ikT)e T
Mplm( )

The commutation relation between the creation and annihilation operators af, a, induces
the following commutation relation for the tensor modes

(4.124)

[ ()75 (7] = (2m)?6®) (k +)6* v (7, k)73 (7', p).- (4.125)
Now, the contraction between two tensor modes is defined as
s s s s’ s s'—
()7 (77) = (095 ()7 (7)[0) = [ (1), 75 (7). (4.126)

for which we have, using the Wick theorem

(Yie, (7e) Ciea (7o) Cica (Te )iy, (T) Gy (T)Gpy (7)) =

I I / 1 | I ,—,l 1
"(lsq (Te)Ckz (Te)Ckg (Te)ql/;l (T)Cpg (T)Cp3 (T) + 715(1 (Te)Ckg (Te)Ckg (Te)’)l/f,l (T)CpQ (T)Cpg (7—)
= (2m)°8° 5 (K1 + 1) Vet (Tes k1 ) Gt (Tes o) Caa (T k3 ) o (7, p2) o (7 03 )i (7, p1)
[5(k2 +P2)0(ks + p3) + 0(ka + p3)d(ks + P2)]-

(4.127)
The correlator becomes
(7, Gies Gics) = 18 M3 (27)%60) (Ky + ko + kg )€l (k1) M (ka, k) x
[i%l(Te, k1) Cer(Te, k2 )Cet (Te, k3) [OO dra* H?~(7,p1) i (7,p2) Gy (1, p3) = c.c ] (4:128)
with
M;j(ko,k3) = (6 + ?% 13—4%) ok jhorka — g (6 + 2% + 2%) (oiko; + kaiks;) -

(4.129)
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The expression inside the square brackets becomes

H* 1
16€2c}OMS, k3k3 k3

(=2I'm[11])

Where

. _1 S, .,
I - f drr (1= ikiT) (L =ikt = SRS (1 - ikt = SR3T2) ™ (4.130)

oo (1-ie)

where we have used the notation k; = crki, K¢ = ki + ko + 12:3 and H,e = const, aHT = —1.
The integral can be solved exactly, the result is

11 —y - iK, - I _
I = { - [373 o (3k7 + k3 +k3) | - - (4k7 + K3 + k3 — kiko — koks — k1k3)
e , - (4.131)
RaRs 1 g (S + Bhak + oks) + kikoks] +itd [ g S
9th t 1h2 1h2 2R3 1~h2h3 3 —oo(1—i€) -

Note that we have used the fact that K;7. << 1 to expand the exponential function
eir, = 1 + iKyr. + O(KE2).
Before going on, we have to solve the integral in the second line

Te KT
1= ["  art—
—oo(1-1€) T

It is possible to solve this integral promoting the variable 7 from to real to complex

Te eiKtl'
I=Re [[ dr ]
—oo(1-i€) x

with  complex. Performing a Wick rotation x — iz and a rescaling of the variable z = K;x
we obtain
iKtTe eiz
I=Re [ [ dz—] .
—t00(1—i€) z

The integral inside the square brackets is related with the exponential integral, defined as

El(z)zfoodx%, (4.132)

for which is valid the following expansion

o (_1)kk
El(z):—’YM—IHZ—Z( D

: (4.133)
Z kK

where vps ~ 0.577 is the Eulero-Mascheroni constant.
In our case we have

I =—-Re [El(iKtTe)]

and, since we are interested in the super-horizon limit K7, ~ 0, we finally have
I = Re[vyy + IniKy7e]| = Re[yar + In | Ky7e| + im/2] = yar + In| Ky 7e| = var + Nk,
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where Nk, is the number of e-folds since the scale corresponding to K; crossed the horizon
until the end of Inflation. Plugging the imaginary part of I (4.131)) into (4.128]) we can

finally write the expression for the three-point function

H* 1
; D= (27)203) (kg + ko + k * (k)M (ka, k
(7k1<k2Ck5> e ( 77) ( 1t Ko+ 3)4M;1)l€20}/0 ki;kgkgez]( 1)MJ( 25 3)
{Kt (4/{% + /;; + ]7632) - k‘llgg - ];52];3 - k‘llzig) (4.134)
kgkg

+

= [ K (Bkaka + 31k + koks) + ki koks | + 3K (yar + NKt)}
t

hence the bispectrum becomes
H* 1
AME 20 K3k
koks

t [ K, (3kika + 3kika + koks) + kkoks | + 3k (yar + NKt)}.
t

chg(kl,kg, kg) = Efj(kl)Mij(kQ,kg){Kt (4]?% + ];35 + ];3% - k1/¥:2 - ]52];3 - kll_ﬂg)

(4.135)

Note that this is the result for the bispectrum of one tensor mode and two scalar ones
in the general configuration of the momenta. Neither [80] nor [82] reported this general
result, while they take directly the squeezed limit. Their result could be taken as a check
for the correctness of our result. We are interested in the possibility of violating the CR
seen in the previous chapter, so we need to calculate the squeezed limit of . Here
we want the long mode to be the tensor one, i.e. kf = k1 < ko ~ k3 = kg. In this limit the
function M;; in Eq. becomes

k1 <<ko k3 ( e 2Fy 10Fy

B

_EL 2ty ool 41
3+3F+9F)22] (4.136)

while the function inside the braces in (4.135]) becomes %kg Plugging (4.136) into (4.135))

we obtain the squeezed limit of the bispectrum

ey <<k ki3 5( H )4 1 1 ( € 2Fy+10FZ

Boco(ky, ko, k Sl A 4
vec ki, ko k) 8\ Mp) e BE\3 3 F 9 F

) Efj (kl )lzizikgj .
(4.137)

This expression is in agreement with the result of [80]. We can now rewrite the expression

for the squeezed limit of the bispectrum as a function of the power spectrum of the tensor

and the scalar modes

1 e 2F 10Fy

‘ 5
B (ki ko, k3) = =
wcc(h?’?’)z 373 F "o F

2 PaRP (k) (- et Qebiby (1135)
Taking Fz = —Fy and neglecting the ¢/3 term we have accordance with the result of [82].
We underline that except for particular conditions on the parameters of the theory, this
expression violates the consistency relation ﬂ Eq. shows a fundamental out-
come of this theory: the squeezed limit of the tensor-scalar-scalar bispectrum departures
from the standard expression of SFSR models. This is what makes so fascinating this
theory and a test of the consistency relation would rule out one or the other model. We

will use this formula for the predictions about the tensor fossil coming from this model.

See Ref. [63] for the study of the violation of tensor-scalar-scalar consistency relation in Solid Inflation
using the hypothesis of [53]
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4.5 Tensor fossil in Solid Inflation

We have seen in the previous chapter that the a long tensor mode can affect the power
spectrum of the scalar field. We have called this effect tensor fossil and we have seen how
important is the Maldacena consistency relation for the bispectrum v((. Now we are in
presence of a theory which violates the mentioned CR, hence this fossil effect can be large.
Using the parametrization we clearly see that the effect of a long tensor mode is
a quadrupole remodulation. Through the parametrization of Ref. [63] it is possible to
estimate the effect of this quadrupole, using . Using the notation of [67]

16 ke Boce(ky, ks, ks) T
(&= (Q”Q”) 157 f kidl@[ :;C&I(L)Lpgfksf)] Prlhe) (4.139)

where Q;; is the power quadrupole defined in Eq. . Here kp represents the mo-
mentum of the long-wavelength mode, the tensor one, and kg the momentum of the
short-wavelength modes, the scalar ones. We remind that the upper limit of integration,
kmm is the smallest wavenumber probed by the observations while the lower limit, k:mm,
corresponds to the longest wavelength gravitational wave mode produced during Inflation.
We can calculate exactly the integral using the bispectrum calculated in the squeezed limit

(4.138) and the first order power spectrum (4.69)), obtaining

20 1 1 2F 4 F H \%2. (kmin
(@)= 4( fyY Z) (—) ln( fnn) (4.140)
e L 3 3 F 9 F Mpl kL

We can define the parameter
1 1 2 F 10 F
5—(—— +——Y+—0—Z) (4.141)
3 3F 9 F

so that Eq. (4.140) becomes
12 H 2 kmzn
2 2 S
=—K[—) 1 — |. 4.142
<Q > 5% (Mpl) n(kizun) ( )

We know that the quadrupole distortion in (3.94]) must be a perturbative effect, hence
its perturbative nature imposes some limit on (Q?). Given that the maximum theoretical
observable wavelength today is the comoving Hubble horizon we have k""" = Hy, imposing

(Q?) <1 we have , ‘
El@ (—H ) In ( ul? )
5%3 Mpl HO

For single-filed inflationary models all the above relations hold with IC = 1. In this work
we want to evaluate the departure from the standard prediction, i.e. we will concentrate
on that part of the bispectrum which violates the consistency relations, see Ref. [63]. It
is equivalent to replace I with IC -1 in (4.142)).

As seen in the previous chapter it is possible to construct an estimator for the detection of
the primordial GW from the quadrupole correction on the power spectrum. Following the
same steps of [70] exposed in Chapter 3 we find a variance for the amplitude of gravitational
waves

<1. (4.143)

0. = 30m\/37K" (’”‘”)_3, (4.144)

mn
where k4. and ki, comes respectively from the UV and IR cut-off on momentum inte-
gral, they represent the minimum and maximum detectable scales. Note that with respect
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to the result for SFSR models found in [70], see Eq. there is an extra K2 fac-
tor. Eq. can give an estimation on the possibility of measuring the primordial
gravitational waves. More precisely it gives an estimate of the possible GW amplitudes
detectable at > 30: a smaller variance entails a higher chance of detection. So, to estimate
the detectability limits for solid Inflation we have to bound the parameter K. Its bounds
can be found using the subluminality condition , which can be rewritten as, using
c2 =1/3,

0 ANy g2 24 (4.145)

Up to now we have made use of the hypothesis Fy z ~ €F', and we have seen that in this
case the predicted non-Gaussianities are in good agreement with the bounds from the
Planck measurements [57]. For this reason we can bound Fy as

Fy
—€< — <E€. (4.146)
|F]

A smaller variance arises in the case of a higher I, hence if we saturate the value of Fy

to the case Fy = —¢|F|, (4.145) becomes

21
Bk (4.147)
9 36

The maximum value that I can assume is K ~ 6, for which we obtain, in the case of a
tensor amplitude near to its maximum value Ay ~ 2.2 x 1077,

Finaz > 1550, (4.148)

kmin
which means that the signal is detectable at 3o if the galaxy survey under consideration
has ]Zm# > 1550. In Chapter 3 we have seen that the observable predictions were more
pessirgizgtic on the possibility of a detection of a tensor fossil from a SFSR model, see
Eq. and compare it with . This is a very interesting feature of the Solid
Inflation: it predicts a detectable of primordial tensor fossils. In [63] it has been shown
that this possibility arises also in the hypothesis of [53], i.e. Fy z ~ F. A detection of these
kind of tensor in the reach of the future experiment, 21-cm surveys or EUCLID, not only
would confirm the Inflation model but it would rule out all the SFSR model, in favor of

solid-like inflationary models.

We have seen that Solid Inflation have very interesting outcomes which will be verified

with the future observations and analysis, see e.g [83] for an analysis of the perspectives
of future detection of primordial tensor modes with interferometers, like LISA, or [84]
for a complete and detailed analysis of the possible constraints on Inflation coming from
galactic surveys, like EUCLID.
However, as we will see, the predictions for the tensor power spectrum are not so dis-
tant from the single-field predictions. For this reason we will try to generalize the solid
paradigm. A possible generalization is considering the case of an inflationary period driven
by a supersolid, [85]. In this theory in addition to the three scalar fields which break space
diffeomorphisms, is present a fourth field which breaks the time diffeomorphism coupled
to the solid in a non-trivial way. Another possibility is searching for a solid which is
not constructed with scalar fields but with vector gauge fields: this is the case of Gaugid
Inflation, [52], and it is this theory that we will study and generalize int his Thesis.
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Chapter 5

Gaugid Inflation

In the previous Chapter we have seen the original features coming from the model of
Solid Inflation. Its relevance is due to the non-standard approach to Inflation using the
spontaneous-symmetry breaking mechanism, which entails very interesting and intriguing
outcomes. Nevertheless we have seen that the prediction of this model for the power
spectrum amplitude of the gravitational waves is similar to the prediction of single-field
models. Indeed their amplitude is of the same order, see Egs. and

ASF ., gSolid H_2 (5.1)
T

This is a very interesting feature of the gravitational waves, which arises also in more
general scenarios, see [86]. Therefore for the gravitational waves, at the level of the power
spectrum, the model of Solid Inflation does not give any particular novelty. However, as
we will see, there is the possibility to generalize the solid paradigm in order to obtain
new outcomes for the gravitational waves. The study of the possible symmetry-breaking
patterns preserving the homogeneity and isotropy is deepen in [87].

In this final chapter we will study and generalize one of these new models, the so called
Gaugid Inflation [52], which is a sort of generalization of the solid paradigm. In Gaugid
Inflation the fields which drive Inflation are three vector Abelian fields Aﬁ with a vev
which manifestly breaks the spatial translations and rotations, as for Solid Inflation. The
possibility of using a (Abelian or non-Abelian) gauge field as the responsible for Inflation
has been studied, e.g., in Refs. [88] [89 00, O1] (see also [92, 03, 94]). The fundamental
difference is the choice of the background. In all the previous studies a vacuum expectation
value that depends only on time has been used, i.e. breaking the time diffeomorphisms.
In our case, we will choose a particular solid-like configuration for the vev of the gauge
field Aﬁ. In [52] the authors take the expectation value

(Al) = gfjkagxk, (5.2)

where I =1,2,3 is the internal index in the vector, p = 0,1,2,3 is the Lorentz index and
1,7,k =1,2,3 are the spatial indices. This configuration is called, in analogy with the elec-
tromagnetic four-potential A,, magnetic gaugid, because, as we will see, it describes three
mutually orthogonal homogeneous “magnetic” fields. Here we are not really considering
an electromagnetic field in a particular configuration, but anyway, following the notation
of [95], we will keep the electromagnetic notation.
Using this electromagnetic notation we can write another possible expression for the vev
of the vector fields

(Al) =o' (5.3)
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which can be called electric gaugid with an analogous reasoning [87]. In general we can
think of a vev expression as a combination of and (5.3). In [52] this possibility is con-
sidered but the expression for the vev used is only the magnetic one, for parity-preserving
reasons which will be clear later. In this work we will consider also a term of the kind
in order to generalize the results of [52]. We focus in particular on the predictions for the
generation of primordial gravitational waves, given that also in the original model very
interesting results arise in this respect. Indeed when studying the perturbation dynamics
of this theory a new tensor degree of freedom for the cosmological perturbations of the
gaugid vector fields arises, which we will indicate with E;;. The coupling with this new
tensor degree of freedom will enhance the power spectrum amplitude for the gravitational
waves -y, giving an original result for their power spectrum. Moreover, in Chapter 3 we
have studied the inflationary tensor fossils and their cosmological implications. The new
tensor field E;; could represent the fossil field we have described in Chapter 3, given that
it would leave no traces except for a remodulation of the scalar power spectrum. Studying
the possible predictions for the tensor fossils from this theory can be the object for future
work.

Here, in the first section we will describe the Gaugid Inflation and its predictions;
then we will introduce the generalization mentioned above, its consequences and possible
outcomes for the gravitational waves.

5.1 Review of Gaugid Inflation

In this section we will review the most important features and outcomes of Gaugid Inflation
as obtained in [52]. We will describe the hypothesis of this new model, we will calculate
the second-order action and the two-point functions predicted for the scalar and the tensor
perturbation modes.

5.1.1 Extension of the solid paradigm

The basic idea behind the Gaugid Inflation model is the same of Solid Inflation. We want
a field with a vev which breaks the standard isometries of a de Sitter spacetime. In this
case we will not consider a triad of scalar fields ¢! but we will consider a triplet of U(1)
Abelian gauge fields A{L. As for Solid Inflation, to restore the homogeneity and isotropy
of the space we impose additional symmetries on the internal index of the gauge field

Al > Alox', Al - RLAY (5.4)

where x! are three gauge parameters and R{, is a SO(3) matrix. We define the usual
antisymmetric field strength with which we will build up the Lagrangian

Fl, =0,AL-0,A]. (5.5)

We will build our Lagrangian constructing some building blocks which will be invariant
under Lorentz and SO(3) transformatiorﬂ i.e. we want it to be a function of SO(3) x
SO(3,1) invariants built out of F, ;{u' In order to have SO(3,1) invariants all the Lorentz
indices must be contracted, like F/fVFJ # To construct all the possible Lorentz invariant
combinations we must define the dual of the field strength

~ 1
I I
F,, = §5W""’Fpa, (5.6)

'Note that the shift symmetry in (5.4) implies that the field must appear with its derivatives, i.e. we
have to use the field strength to write down our Lagrangian.
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where €, is the Levi-Civita tensor completely antisymmetric. There are four possible
Lorentz invariant independent terms that we can construct with Flf,j [52]

1J _ ol pJuv vIJ _ ol pJuv I1JK _ plvpJopKp r7lJK _ plvpJonKp
Y =F, M Y = F P U =F,"F;°F; ", U =F,"F  F; "
(5.7)
Terms like £2 are not present given that F IfVF T~ p JVF T Now we are ready to write
down the possible SO(3) invariants using (5.7). There is a total of 11 invariants

X=F. F'"=[y],

P 0 I b o R VG N 1 0
e e e R
[ Y] [V (5.8)
SN S O
j [V3Y] o - U ep ik [ U8k
8 Y]+ 9 [y]3/2 ) 10 = [Y]3/2

Here the square brackets represent the trace of a matrix and the Lorentz indices are
contracted using the general metric g,,,. As for Solid Inflation the only variable which will
be affected by the expansion of the Universe will be only X, since all the other variables
are rescaled with the right power of X. The most general gaugid Lagrangian we can write
is thus a function of all the eleven variables in

L£=-Z(X,5,...,I10). (5.9)

5.1.2 Background solutions with magnetic configuration

We will consider now the background solution for gaugid inflation, considering the vacuum

configuration in (5.2))

(Aﬁ) = €[jk5ﬂxk.

This is the so called magnetic configuration. Indeed, working with the “electric” and
“magnetic” fields E' and B!, defined using the “four-potential”

Brj = €ju0kAn

5.10
E[j = ajA[() - 8014[]' ( )

we can see that Eq. (5.2)) provides the description of a constant magnetic field. Indeed
taking (5.10)) and using ((5.2) we have the background values for the fields

(5.11)

1 1
<B> = _25J

i.e. a constant magnetic field and a null electric field. We can see that we can consider
this configuration since it is a solution to the equation of motion in the background, i.e.
considering the FLRW metric in the case of a spatially flat Universe

ds? = —dt* + a*(t)6;dx" da’ . (5.12)

To verify this let us consider a general configuration of the electric and magnetic fields
EJI (t,x), B][ (t,x). The only way to be compatible with homogeneity and isotropy for the

fields is to be only time dependent, i.e. Ef(t,x) = fl(t)éjl», le(t,x) = fg(t)éf. Before
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constraining the two time-dependent functions f; and fo with the equation of motion we
can use the Bianchi identities for the field strength, which reads

VMFVIP + VVFPIM + VPFA{V =0, (5.13)

where V,, stands for the covariant derivative. Considering ;1 =0, v =7 and p = j and the
FLRW metric (5.12)), the Bianchi identity in this case becomes

BJI + 5jk18kEf = 0, (5.14)

which, in the case of only time-dependent functions, automatically gives fo = const.. In
other words, for a homogeneous and isotropic background the configuration for the
magnetic field is a solution. For the electric field the reasoning is different, given that its
form depends on the chosen dynamics. To see it we can consider a simplified form of the
Lagrangian , L =-P(X). In this case the action for the system becomes

Sa=- f diza® (1) P(X),

and varying it with respect to the field Ai one obtains that the equation of motion is
simply

oL
Oy (ag—) =0
00, Al

This equation finally becomes
du(a®*P'(X)F'™) =0, (5.15)

where ’ indicates a derivative w.r.t. X, which simplifies to

(P () Fi(1)) =0 (5.16)

This equation describes the dynamics of an electric gaugid. At this point this Thesis and
the authors in [52] take different paths. Here we will review the work of [52], where no
electric gaugid, for the background, is considered, while later on we will consider also the
possibility of a non-vanishing contribution due to an electric field.

One can argue that the magnetic gaugid is always a solution of the equations of motion
as long as the Lagrangian respects parity P, see [52]. Indeed, inspection of the building
blocks in Eq. makes it clear that parity forces the Lagrangian to depend only on
even powers of the electric field. Therefore, around a magnetic gaugid configuration with
vanishing electric fields, the Lagrangian is automatically stationary with respect to varia-
tions of the electric fields. Moreover on homogeneous backgrounds at hand, the action is
obviously stationary with respect to variations of the BJI- as these are pure space deriva-
tives. Hence the magnetic gaugid FRW Universe is always a solution when P is respected.
In our generalization of Gaugid Inflation we will consider also the possibility of a parity
breaking Lagrangian, i.e. we will consider also the electric component of the vev of the

field A{L, see Section

We are now ready to study the background dynamics with the choice for the vacuum
(5.2). First of all notice that the only background value of the variables ([5.8) which
depends on the metric is that of X, since

24

<X>EX:¢“—(LL)'

(5.17)
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Using ((1.73) for the stress-energy tensor we obtain, in the most general case (5.9)), for the
background
Ty = ~guZ +4Zx FL FL® (5.18)

pot v
where we have used the notation Zx = 0Z/0X. In (5.18) we have considered only the
X-derivative of the Lagrangian since it is the only variable which feels the expansion of
the Universe. Using the stress-energy tensor of a perfect fluid we have

p=172,

_ 5.19
p:—Z+§XZX, (5.19)

where we used ([5.17) and the fact that the background values for the field strength are

Fy, =0,
o (5.20)
F}‘k = _25]jk~
The Friedmann equations in this case become
H? = —87;G Z,
.. > (5.21)
9287rGZ 1_2XZX ’
a 3 Z

which allow us to write down the slow-roll parametelﬂ which ensures the nearly constant
behavior of H during inflation

H 2 XZx _XZx _0lmZ
H? 3M}H? ~ Z ~TolmX

€=~

«< 1. (5.22)

The condition is in perfect agreement with what we found for the Solid Inflation,
Eq. , i.e. we can interpret the first slow-roll condition as a weak dependence of the
Lagrangian for gaugid Inflation on the expansion of the Universe, implicitly expressed by
X. Now we can evaluate the expression for the second slow-roll parameter. We use the
relation on the background to obtain

1X
H=--——.
4X
The condition on the second slow-roll parameter, n << 1 ensures that the Inflation holds
for an enough long time and in this theory we have

€ € XZXX
= =—_4|1=-= . 5.23
" eH [ 2" Iy ] (5.23)

We obtain a useful relation for the second order derivative of Z

OlnZx n

€
=-1+--= 5.24
Oln X 2 4’ ( )
which can be rewritten as B
X2Zxx
————= =-1+0(e,n), (5.25)
XZx

2 As said in Chapter 4, here there is nothing which is rolling but we will use the same expressions used
in the slow-roll approximation for simplicity.
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which we will use throughout to express Zxx in terms of Zx. All the derivatives w.r.t.
X are evaluated on the background value X.

From now on we will consider a simplified Lagrangian which preserves parity for the
arguments mentioned above. The action we will focus on is the following

M2
S = f d*z/=g [%R — P(X) = (2TM} + 18 M) I + T2M3W |, (5.26)

where we have defined

FéﬂFé’ngfjéFga _ 1+IQ+13
X2 - 4

(5.27)

Here the coefficients M; and My are parameters with the dimension of a mass.
Extending this Lagrangian to a more general parity preserving one of the form (5.9) is
straightforward, but it is not expected to introduce any qualitative novelty compared
to the minimal case we study in this first section. Instead (as an original computation
contained in this Thesis) we will add new terms when studying the case of a breaking-parity
Lagrangian and we will see what the effects will be.

5.1.3 Perturbing the Gaugid

We are now ready to study the perturbations in Gaugid Inflation using as background
the chosen vacuum . Up to now we have distinguished between internal and spatial
indices, but, given the imposed symmetries and the magnetic configuration, we are
allowed to make no distinction between spatial and internal indices. From now on we will
indicate both with lower-case letters and we will treat the internal index as a spatial index.
The perturbed gauge field can be written, in general, as

Ai“ = <AW> + Qjyys (528)

where a;, is the perturbation field given by a general 3 x 4 matrix. Therefore it can be
decomposed into a 3-vector a;p and a 3-tensor a;;. We will see that the action will not
involve time derivatives on a;g, hence their equations of motion are equivalent to constrain
equations and all the propagating degrees of freedom reside in a;;. It is useful to decompose
the perturbation field into scalar, vector and tensor fluctuation modes, according to what
we have explained in Chapter 2. More precisely, using helicity representations

opT
A5 = Oz(;ij + 828JS + &Sj + 8]SZ + Eij + Eijk (Vk + ﬁ) R (5.29)

where 9% = §% 0;0;. We see that, without fixing any gauge, there are 9 degrees of freedom:
a, S and T are helicity scalars, S; and V; are transverse (8,~Si =9;Vi = 0) helicity vectors
and E;; is a symmetric, transverse and traceless (ElZ = 0;EY = 0) helicity tensor mode. The
fields A;, form a U(1) triplet, hence a U(1)? gauge redundancy is present, which is given
by da;; = 0;&; = aj(giT +0;€), where 5? is the transverse part of the gauge parameter. This
means that we can fix three parameters, two using f;f and one using £. We can eliminate
S; and S, in order to have

(5.30)

N

OT
ajj = Oééij + Eij + Eijk (Vk + ka )
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We can use the parity transformation
Aio(t, X) - Aio(t, —X), Aij(t, X) g —Aij(t, —X) (531)

to classify our perturbations, since parity is preserved by vacuum . The perturbation
field transforms as a;;(t,x) - —a;;(t, —x), therefore the presence of the Levi-Civita symbol
in (5.30]) ensures that T and Vj are polar fields, i.e.with parity (—1)h, where h is the helicity
of the field, while & and E;; are azial fields, i.e. with (=1)"*1. The polar excitations T and
Vi are the exact analogs of the longitudinal and transverse modes of an ordinary solid, and
therefore they are the same perturbations present in Solid Inflation [53], see Sec. This
is a confirmation of what we said above: this theory is a generalization of Solid Inflation.
We see that the novelty appears already. The two modes o and E;; are new outcomes
of the theory, and in particular, as we will see, the tensor field E;; is the main source of
novel results for this model. It represents an extra tensor degree of freedom, which can
have non trivial effects when evaluating tensor fossils in this model. Before starting with
the computation we decompose also a;g

0;
V=02
We first perform the subhorizon calculations in order to find the conditions for the stability
and the subluminality of the theory (5.26)). In the small scale limit we can work with a

Minkowski metric, i.e., we can neglect the coupling with gravity. Inserting (5.28) into Fj,,
we can define the perturbation of the field strength

a;o =

+ B;. (5.32)

Fz';w = <Fiul/> + fi,ul/, (533)
where we have defined
(Fiwj> = aM(AZ,) - 81,<Am) = —28w,, (5.34)
and
fi,ul/ = 8uaiu - 8uaiu- (5.35)

We expand the action (5.26]) up to second order in perturbations.
The matrices Y;; = FiWFf ” and its dual Y;; = Fi,wFJH " at second order in the perturbations,
are

Yi; =80i; — 2€itm fjim — 2€jim fitm — 2fiko fiko + fitm fiims (5.36)

Yij = ~4fijo — 4£ji0 = Etmn (fior fimn + Fionfitm) - (5.37)

We can see that in this configuration ffij arises only at the level of the perturbations. On
the other hand in our computations with an electric vacuum we will see that it has also a
non vanishing zeroth order background value.

From ([5.36)) X becomes
X = Fipu F™ = 24 — ey fiji + Fipn F17 (5.38)

In order to calculate Is and I3, the two building blocks into the Lagrangian, we have to
calculate the two contractions [Y?2] = Y;;Y;;, [Y2] = Yi;Y;; up to second order in perturba-
tions and then we have to multiply for expression of X 2 expanded up to the second-order.
All the expressions and the computations are in Appendix [Al In the following we report
only the final result for Is and I3 in the magnetic gauge:

1

64 64
I = o [192 + Efijkfijk = 32fiir fijn + ?fijkfjik:l ; (5.39)
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1
I3 = E76 [32fijofijo + 32 fijo fiio] - (5.40)

The second-order perturbed expression for the kinetic term is

X Py
24

v XPX
P(X)| o) = =5 fuwr " = =5 (g fign) . (5.41)
Inserting these expressions into (5.26]) we obtain the second order action in Minkowski

spacetime

XP y XP
5(2):/d4 [ Xf'u f““, X(ez]kfljki)

(5.42)

- My (fijkfz‘jk + fijkfjik = Efiikfjjk) + My (fijofijo+ fijofjio) ]
In this work we have performed all the calculations of [52] and we have obtained the same
result. Expanding the various f;,, using (5.30|) we can write down the second order action
for all the perturbation modes

XP XP XP 0%y
S<2>:fd4 [( X 6M4) '2——X da)? (—X+4M4) a
2 ( ) 2 \/—_82

X Py
12

X Py . X
+ 2M§) x0%x + TXT2 - (2M4 - 1—) (0T)? +

XPx 3_, 5
22X 20 ) oy
12 2 1)( K)o

+ &+2M§ E?% - &+3Mf (DE;)?|.
12 J 12

We see, as anticipated, that the fields y and B;, i.e. the fields which characterize a;g, are
non dynamical since their time derivative does not appear. Therefore we can obtain their
expressions in terms of the other fields as

X Py X Py N

5%8 B; Vk + (

XP -
= _—Xsijk(?_z@in, X =- 5 (544)
X Px +12M3 -2
and inserting these solution back into the action yields the final expression
@ = 9@ 4 52 4 gD, g2 (5.45)
with
[(XP XP
SP = [ diy X At e? - —X (Oa)? (5.46)
[\ 6
[ XP XP
S - f d*z GXT2 (2M4 - —18X) (GT)Q] : (5.47)
[ X Py (X Py + 24M2) . XP
Sy = f g | XX P + 2)Vk 253 (o2 (5.48)
12(X Px + 12M3) 122
[(XP : XP
- ol (S fonr] e
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From these equations we can easily extrapolate the propagation speeds of the fluctuation
modes and impose the subluminality for the different modes

® " XPx+24MY r 3XPy (5.50)
5  (XPx+18M}(XPx +12M3) 5, XPx+36M} '

C = — — s C ==
v X Px (X Py +24M}) P X Py +24M3

We note that the speed of sound of the scalar o can be rewritten in terms of c?p and CQEZ
2 = c%[(3c% +2). Imposing 0 < ¢? < 1, with i = a, T, V, E we obtain the conditions on the
kinetic term and on the parameters of the theory Mj and My in order to have a stable
theory
XPx
36

XP M{XP
<Mp< =X M _SMyX Py
9 2X Px — 36 M
Note that w.r.t. the results of [52] the higher bound ofiM{1 presents a little difference, in
the original article they have X P(X)/18 while we have X P(X)/9. To find these conditions
we have considered that the product X Py must be positive. This condition has profound

reasons. If we consider the simplest model with Lagrangian £ = —P(X) we would have,
using the Friedmann equations (5.21),

(5.51)

= 3
XPx = Z(p+p).

The second member must remain positive in order to satisfy the Null Energy Condi-
tion [96]: this condition, if we write the state equation p = wp, consist in requiring that
w > —1. Given that the expression for the variation rate of the Hubble parameter is
H = —47Gp(1 +w) it is equivalent to require an ever-decreasing Hubble rate, H < 0. For
more details about the Null Energy Condition and its possible violations see Ref. [96].
For these reasons we will take, together with the conditions , also X Px > 0.

Recall that the only variable sensible to the expansion of the Universe is X, hence the
“minimal” model one can consider is that with only the kinetic term. So, why do we not
consider the simplest model £ = -P(X)? We do not use this model because perturbing
it one finds that all the fluctuation modes have exactly the speed of light except for the
T mode, which would have an imaginary speed of sound, i.e. a UV instability. One can
verify this statement by imposing M; =0 in . Note also that the model with M{L #0
and Mg = 0 would entail some problems: it would predict superluminal modes. Hence
we can affirm that (with the conditions (5.51))) is the “minimal” magnetic Gaugid
theory to avoid instabilities.

After all these premises we are ready to switch on gravity in order to study the cosmo-
logical perturbations predicted by the Gaugid Inflation. We will use, as before, the ADM
formalism for the metric

ds* = ~N2dt?* + g;;(dz" + N'dt)(da’ + N7dt), (5.52)

where N and N; are the usual lapse and shift non-dynamical variables. We can fix the
gauge using the diffeomorphism invariance: in particular for our studies we will use the
spatially flat slicing gauge (SFSG) where the 3-metric is perturbed only by the helicity
2-mode (i.e. by the tensor perturbations)

gij = a”(t) exp[i;], (5.53)
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where «;; is the transverse traceless metric perturbation satisfying
vi= 07 = 0. (5.54)

The lapse and shift function are not affected by this choice of gauge and they can be
integrated out using their equations of motion. Therefore SFSG does not affect the gaugid
degrees of freedom. The calculation to obtain the second order actions for the different
modes is lengthy and we leave all the details in Appendix [A] The second order action
including mixing with gravity is [52]

S = 5@ 4 g g, 52 (5.55)
where
3c2 +2 ,
S = [ a2 MR 2 - 0a)?), (5.56)

M? d®k k%/3 :
5;2):% f dt f ( 3[ / Ty + eHT|* — eH*A k2| T |, (5.57)

27)3 T+ k2302H2
3 2
(2) _ pr2 d’k 3 k=/16 S22 Ar272770(2
s —Mplfdt/ Gy [1+k2/16a2/\/5|vk| ~ ANV, (5.58)

M? 1
2 .
Sév)v = f d4xa3{% (7% - ;(8%]-)2 - 3(02T + 1)H26’yijfyij)

(3 9 %) 5 (5.59)
o+ .
+ TTM]%lHQG (aQCEZE?j - (8Eij)2) + Z(C% + l)MI%lH2eeijk8kEil’ylj},
where we have defined
2+ 3c¢2
N = T g (5.60)

12+32+c2) ©

Here we have just integrated out the non-dynamical lapse and shift functions. After the
expansion N = 1+0N, N; = 8¢1/1+NiT one finds that the solutions, in Fourier space, contains
only the scalar and the vector fields 7" and V;, as for Solid Inflation [53]

ao®H T-HT/H

~ _a®3d’HT/K* - HT|H . Vi
2kH 1-3a2H k2’

5N = B ) ,L' = - . .
2k 1-3a2H/k> 1-k2/4a2H

Y=

(5.61)

We immediately note the first non-trivial outcome of this theory: we have just said above
about the importance of a new tensor degree of freedom, E;;. In we explicitly see
that the metric tensor perturbation and the one due to the gaugid mixes with a terms
~ 0FE~. We will see later the importance of this new coupling between the two tensor fields
when studying the tensor power spectrum.

We also note that the action for the scalar mode T', which is connected, as we will see, to
the ¢ perturbation, is identical to the one of the longitudinal scalar mode in Solid
Inflation in . For the vector degree of freedom we found the same analogy in the
case of absence of the new tensor degree of freedom, i.e. imposing c% =0, compare
with . For this reason, as we will see, the prediction for the power spectrum of the
scalar field will be the same as in Solid Inflation. We will see that the true novelty comes
from the tensor sector, for which we will provide a full description of the calculations.
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Time dependence of background quantities

As for solid Inflation we need to define some new “slow-roll” parameters of this theory
and describe the time-dependence of background quantities. We switch to conformal time,
defining the integration constant such that a - co when 7 — 0, i.e.

1+e.

aH = - : (5.62)
T

where we use the notation e, = €(7.), see . We set 7. to be the time correspond-
ing to the longest CMB mode exiting the horizon during inflation, so that all modes of
phenomenological interest cross the horizon at |7| < |r.|. It follows that N = In(7./7)
where 7 stands for the end of Inflation and hence N is the minimum number of e-folds
for Inflation. We can now define the new slow-roll parameter

3 3¢ +2
€ = 5((:% +1)e, €p = 07;2 €, (5.63)
E

[1yoel]

and their respective “n”s, which define their time dependence

€y 35
= _’ = . 5064
Ty E’yH nE epH ( )

All the e parameters have the following time dependence

7\ e 7\ e 7\ "E,;c
e=ec(—) , 67:6%0(—) , €E=6E’C(—) . (5.65)
Te Te Te
We can also define the parameters sg = C;’”}{ and sp = C;TH, which measure the time
dependence of the two speeds of propagation c¢g and c¢r through the relation
T —SE,c T —ST,c
CE =CE7C(—) , cr =CT,C(—) ) (5.66)
Te Te
These parameters can be rewritten in terms of the other slow-roll parameters
1| 2eymy —€n 57(777 -1)
sp=—-|—]——- sp = ——m=. 5.67
E 2[ 2ey —€ e T 2e, — 3¢ ( )

Note that the new ¢; give a measure of the two graviton masses. In terms of these new
parameters the subluminality and stability conditions (5.51)) can be rewritten

€€y

3
e>0, g€ <er< 2¢, ep> (5.68)

2€ — €y

5.1.4 Scalar perturbations

As we mentioned above the action for the 7" mode is the same as 7y, in solid Inflation. We
now perturb the stress-energy tensor in order to see that this scalar field is the one which
enters in the definition of ¢ and R, the comoving and uniform energy-density curvature
perturbations respectively, introduced in Chapter 2. The other scalar degree of freedom «
plays no role, as we will see soon. The stress energy tensor can be easily written looking

at the action ([5.26])
TY = =61 [P(X) + (2TMY + 18My) I - 72MyW | + 4Px F¥' F;, . (5.69)
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The perturbed scalar quantities are defined as
Ty =—(p+0p), T,)=0idq, Tj=0;(p+0p)+0j, (5.70)

where 0§ is the anisotropic stress. Using the perturbed expressions for I and I3, one finds
[52]

op=-MEH*eV-0T,

2 2 2 T
6q:MPlH 6(2¢—a \/__82)7 (571)
T

i 1
Uj = MI%IHQE (Olaj - §5U@2) \/__827

where v is given in (5.61)). The two gauge-invariant variables R and ( are defined, in
general, using the notation of 2.27 , as

op
R=0- 5q, (=0- . (5.72)
p+p 3(p+p)
In the spatially flat slicing gauge ® = 0 and they take the forms (in Fourier space)
k T+ Hel
Ry = KTk Ck = —Tk (5.73)

6Hel+k2/3a2H2e’
Since the action and the equation of motions for 7' is identical to the scalar field 77, then we
can proceed with the identical path undertaken in Section .3.1] Therefore the predicted
scalar power spectrum takes the same form of (4.88))

B 1 (e

Pc(k) = ¢
4606%,CM1231 k3 (—CL7C]€TC)5SC_262L,CEC+”C’

(5.74)

and the scalar spectral index is

ng—1= 2600%,6 - 5S¢ — 7. (5.75)

5.1.5 Tensor perturbations

The main novelty of Ref. [52] is indeed the new arising tensor degree of freedom Ej;,
Eq.. Usually, as we have seen in Sections and (where we have studied the
gravitational waves arising in the single-field slow-roll and in the solid Inflation models),
the calculations for the tensore degrees of freedom, are the simplest. However in this case
the computations become definitely more involved. Hence we will dedicate this section
to the complete calculation of the tensor power spectrum using the action . It is
convenient to switch to canonically normalized fields

2 2
iy , Ejj=——+—"——F°%, 5.76
g = aMp; adip Vi Y a?MpH\Jeg ¥ (5.76)

where we have used the definition in ([5.63]). If we use the conformal time we obtain the
action

2 c\2 1 c_.c
S(GV)V =5 f d3xd7[ 723 (a%j) + 5(2 +3€ = 264 )7i37i;

c’\2 c 1 0 c e
4 €

Ve

EwkakEle]]’
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where we have used the new slow-roll parameters in Eqgs. (5.64)) and (5.65) and the prime
denotes a derivative with respect to conformal time. Note that we have used the relation
(5.62)) to integrate out some boundary terms. We now perform a Fourier transform of the
field

3
() = [ s 3 el (5.75)

(T,X) f(2 5 2 E%E T,k ’kx. (5.79)

Given the helicity operator s|;; = iklalij, the polarization eigenstates efj(k) are defined by
[s),€*] = +2¢*. This property can be rewritten in a more useful expression [97]

iji0h [ €5 ()] = skes, ()™,

which can be rewritten as
iklgijleqsnj(k) = Skefm(k)v (580)

where s = +. Eq. (5.80) implies the usual properties for the polarization tensor
kiel; =€;; =0, € (k) =¢€;(-k), €;(k)e; (k)" =20

In particular the hermiticity property implies fy;r(T, k) = v5(7,-k). Now the action reads
2+ 3e - 2¢
5233 [ ar g finiei - (- 222 00n. 00

+ LK) EL(-K) - (Ek . M) EOE(K) (581)

_@[%(k)m( k) -y~ (k) E_(- k)]}

where we have integrated in x using the Dirac delta definition

5@ (k +p) = f i (ilk+p)x

and we have exploited the orthonormality property of the polarization tensors (we keep the
time dependence of the modes implicit). Note that the last line comes from the property
of the helicity polarization property (5.80]). In (5.81]) we have defined the quantity

€ T _7]’Y+77E/2
B=-2——=B, (—)
VEE Te
Note that in the action (5.81]) modes with different helicity do not mix, hence they can be
treated separately. We have four equation of motion that can be written as

(5.82)

d? 2+ 3¢ - 2¢ B

T ( ——— i ) Ve ;Ei =0, (5.83)
d? 6+ 5e + 5ng /2 B
—Eu+ (C%E - %27“5/) B.+ 7. =0, (5.84)

3Note that here we are using the notation + to indicate the helicity states, instead of the standard +, x.
Of course this dose not change the physics, however the helicity polarization states will be useful when
studying the parity properties of the tensor fields.
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where z = —k7. We can verify that the invariance under parity transformation translates
into invariance of the system ((5.83))-(5.84)) under the parity transformation

Y:(k) = 72(-k) FEi(k) > -FEz(-k). (5.85)

The system — is composed by two second order differential equations, in which
the two tensor functions v and E are coupled through a source term in each equation. This
means that the quantization procedure is more delicate with respect to the previous cases
we have studied, since we have to consider also the correlation between the two modes.
As a first step we collect the fields of a given polarization into two doublets ¢.o =
(v, BT, with ¢y =, and ¢.o = E,. The system of equations can be then rewritten in

the synthetic form
2

d
@gbia(z) + Mog(2)pep =0, (5.86)

where M,z is the symmetric matrix

1= (2+3¢ - 26,)/22 B/ ) _ (5.87)

Maﬂ(z):( +B/z ¢ — (6 + 5¢ + 5np/2) /2>

The equation ((5.87) has two independent solutions, see Appendix B in Ref. [52], so that
each doublet can be expanded as

bra = L + 02,

where

) = £ (7 k) asn (k) + £ (7, k) al, (<K). (5.88)

Here a., and ain are the corresponding annihilation and creation operators respectively.
The mode functions fil) and ff) solve the system in Eqs. (5.83)-(5.84). They can be
chosen such that f_(Z) = P,p fiz) where P, = diag(1, -1) represents parity. We can impose
now the canonical commutation relations for the doublet ¢

[¢ia(7—> k)v qb:tﬁ('r’ q)] =0= [¢;a(77 k)a ¢;,8(7—7 CI)],

(5.89)
[¢2a(7,K), ¢5(m,@)] = (27)%i60™) (k + @)dap.
For the choice of vacuum we have to be precise. The two solutions f M) and f () can be, in
general, correlated at a given time. To measure the correlation between two function we
have introduced in Section the Wronskian function in Eq. . We can generalize
the normalization condition to our theory through the following vacuum choice

W 1), 180 R)) = £ k) £ () = £ () £ (7, ) =
(5.90)
Given that the Wronskian is constant for all the functions which solve Eq. (5.86)), see
[52], the vacuum choice corresponds to the request that the two solutions f) and
f (2) are correlated at any time. The commutation relations between the annihilation and
creation operators are found to be

[asm(K),azn(p)] = [aln(k),al,(P)] =0, [azm(k), aln(p)] = (2m)*6®) (p - K)dpn-
(5.91)
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Using (5.90) we can make the following choice for the early time modes (—k7 — o0)

iz 1 —’ka dTCE(’T)
(1) ¢ (2) €
z—>00) = ,01 z—>00)=10,=% , 5.92
= ) (\/2k: ) = ) ( V2cp(T)k ) ( )

we recall that the time dependence of cg is expressed in . The configuration
correspond, as anticipated, to purely gravitational and purely gaugid Bunch-Davies ex-
citations. Now the two-point function for the canonically normalized graviton with “+”
polarization reads

(1 (1 305 (7, K)) = (27)26@ (k+ ) S (7, k) = (2m)%6 P (k+ K)PZ, (5.93)

where we have defined 73; as the power spectrum of “+” polarization graviton field. For
the — polarization an analogous relation holds, moreover ’P; =P;. Using (5.76) we can
find the expression for the power spectrum

2
2
K aMpl

Now we have to find the solutions to , fi(l) and fiz), imposing the initial conditions
. We will see that the contribution of the first solution f(!) to the amplitude of the
tensor power spectrum is at most of the order of the standard single field result ,
while the contribution of the second one f(?), as we will see, is parametrically large.
We will then solve Eq. separately in two casesﬂ the small mode is the one with

initial condition ('y+ 2%, ez /22, E. %, 0) while the large mode is the one with initial

condition (fy+ s 0,E, oo e—ik/dTCE(T)/ QCE(T)k:).

Large mode

We need to solve now the system ([5.83))-(5.84)) using the initial conditions
—ik [ drcg(T)

V2ep(Mk

Recall that at first order in slow-roll parameters we have

[ drep(t) =—-(1+sg.c)cpT. (5.96)

)2(7%+ +P) = z(aﬂjpl)QP;. (5.94)

Z—>00 z—o00 €

Y+ — 07 E+

(5.95)

The non-trivial solution of v, is entirely due to the mixing with E, (in the absence of
this mixing ~, would vanish at all times with the given initial conditions). To solve
(5.84) we can consider perturbative arguments: the difficulty of the system resides in the
coupling between v and F, which is regulated by the coefficient B. This factor goes like
B ~ey /6113/2 and we can affirm, looking at the stability conditions rewritten in terms of the
new slow-roll parameters , that it is at most of order €/2, i.e. very small, but it can
also be smallexﬂ This means that E, evolves practically independently of v, and we can
approximate (5.84)) to

d? 6+ 5e + 5np/2
B+ (C%E - %277’5/) E, =0. (5.97)

“Here we use only the +-polarization solution because the —-polarization can easily be found with a
parity transformation.

5If the values of €, and eg are saturated respectively to their maximum and minimum value, one finds
that B is exactly 0.
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If we define now = = (1 + sg.)cpz we have, at first order in the slow-roll parameters

2 d2 2 2 1
T @E.;.'l‘l:x _(VE_Z)]E+:07 (598)

where we have defined vg = % + %s Ec+ €+ %UE,c- This equation resembles ([2.66)), for

which we know the exact solution
E (1,k) =z [C'lHlSIIE)( —krep(1+sgpe)) + CQH,E?( —krep(1+ sE’c))] . (5.99)

The two constants C1 and C5 can be found by imposing the initial condition (5.95)), which,
using the asymptotic behavior of Hankel functions (2.69)), imposes C = 0 and

C1 = (cpz) ™2, /Z—Ze"(Q”E“)“/‘*. (5.100)

Therefore, the solution for F, is

E(1,k) = (1 + %) \/gei@w“)“/‘*ﬂgy(u +55,0)CE?), (5.101)
where, we remind, z = —k7. We will verify that is a good solution for the system
— and that our approximation of an evolution of the mode FE, independent
from -y, is justified. Taking the limit z > 1 we know that at the leading order in the
slow-roll parameters E, — e/F:c? /2cg k. The equation suggest a possible ansatz
for 4 in this limit

ICE,c2
v 25 A (5.102)
z
Indeed, in this limit we have
d? 1
N 2 -G v (5.103)

Plugging (5.102)) and (5.103)) and taking the small-scales limit of F, fixes the coefficient
A

ICE %
z>1 B e'CE.c

C
T+ -
(1- C%}’C)\ [2cpck %

Now inserting this small-scale solution into (5.84) (now including also the source term
from ~,), one can easily show that there is no significant backreaction on the early-time
dynamics of E,: the correction to the zeroth-order solution ([5.101)) scales as dE, [/ E.|.»1 =
O(B2/z).

We now evaluate the late time evolution. Using we have, from ,

<1 3 1

9 kCS Z5SE’C Z2+€c+nE,c/2’
V E,c~¢

where z. = —k7.. Substituting this expression into (5.83|) and using the explicit time
dependence of B, (5.82]), we have

(5.104)

E,

(5.105)

-1/2
d? 2+ 3€ - 2¢, 3B. (2keh,) !

dz2 T 22 T ZTIE,C/2+53E,C/2_77"/,C Z3+Ec+77'v,c
C

=0. (5.106)

It is simple to find a solution for this equation. As a first step one could neglect the
source term (i.e. the third term) in (5.106)) and consider the solution of the homogeneous
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differential equation. We can then find the particular solution considering a power-law
solution v, = Az® and solve the constraint equations for the two parameters A and a. The
full solution will be a linear combination of these solutions

3B, (2kc3, ) *

= ) —1—6(; o o—
Tz sy LA O R S (5.107)
2€y,c2c '

with
1+ (3+2¢ —4e,0/3)

2 )
where we have used (5.65)). C. are two integration constants that can be fixed using
perturbative arguments [52]

Oy

(5.108)

3B, (2kc}, 2,)

[2+45sE /2
2Z£7E,c/ E,c/

C,=0(1), C.=- (5.109)

We will not consider the C, mode because it decays outside the horizon. Finally, the
solution for the metric tensor mode in the large mode hypothesis and in the limit z «< 1 is

)—1/2

3(2kc;
- (2kc}, €p.c 1 (1_226%6/3). (5.110)

77E,c/2+55E,c/2 Zl+6c
Zc

We can note that in the limit e, — 0, that is the limit in which the two tensor modes are
decoupled (the coupling terms in — go like ~ €,), v+ vanishes. This argument
shows that in this model the effect of a large mode contribution to the power spectrum is
exclusively given by the presence of the gaugid graviton F;;. Now we can calculate the
contribution to the power spectrum coming out from this solution. For ~, we have, using

the notation of (5.93))
-1 2
9(2kch eme) (1 -220el3)
— (2) 2 — 2 _ E,.c ©
7D+(k) - ‘er ‘ - |7+(k)| - Z77E,c+55E,c 22(1+5c) (5111)
For the physical mode, (5.76]), we therefore find
H? 1 1 2
P, (k) = 50 oz 26 (1 - z26%0/3) (5.112)

2 5 1.3 +5s
MPZCE7C€E7Ck ZZE,E E.c

where we have a two factor from the P, = P_. As we will see later this is the fundamental
result of this model. We can immediately see that the amplitude for the large mode is
enhanced w.r.t. the standard single-field predictions by a factor cEE’ceElC. We will see that
this is the dominant contribution to the power spectrum, and it replleseflts the true novelty
of this model [52].

We can calculate now the power spectrum for the small mode.

Small mode

We can evaluate now the contribution of fil) in (5.93)) solving (5.83))-(5.84) using the

initial conditions '
Z—>00 e'? Z—>00

'y+—>m, E, —0. (5.113)
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As for the large mode we perform a perturbative expansion in the small mixing parameter
B, expecting that the backreaction of F, in would be negligible with respect to the
full mode v. We expect indeed a gaugid tensor mode of the order F, ~ O(B) as for v, in
the large mode calculations, see e.g. (5.104) and (5.107). Neglecting the mixing term Eq.
becomes
@+(1_ 2+ 3€ - 2¢,
dz?

The solution, after matching the asymptotic behavior of the solution and of the Hankel
functions, reads

- )% _ 0. (5.114)

A 1/2
Yy = oi(2vy+1)m/4 (%) HS)(’Z) + 074, (5.115)
where v, = % +€+ %eﬂ,. In we have indicated with 07, the possible backreaction
due to the mixing term; it is expected to be of order §v, ~ O(B?). We can can give an
estimation of this backreaction solving Eq. in the limit z > 1, for which we have

E z>1 B eiz
TVRk(1-2) 2

Plugging this solution into the equation for ~, one finds

BQ iz
0y ¥ —l————F~ ¢

2V/2k(1-¢2) 2

i.e. we are allowed to neglect the backreaction at early times.
Unfortunately, for the late-time dynamics we cannot consider the same argument.

From (5.115)) and using (2.71)) we see that 7, behaves, at late times, as
1 1

Plugging this expression into the equation for F, one can find a solution analogue to
(5.107)
B 1

- A+ A
Bl =75 o semaeas ¥ D42 # DA (5.117)

with

1+ (5+2€e+ng,)
= 5 ,
and D, are two integration constants expected to be of order D, ~ B [52]. The first two
terms in this solution gives negligible contributions in the z <«< 1 limit w.r.t. the third one
which scales as z72"¢~"£.¢/2 If we consider only this dominant term we can evaluate the

074 contribution to (5.115)), using (|5.83))

d?5v,
dz?

(5.118)

+

04 BD_
—(2+36—267)7+m20, (5119)

in the late time limit. The exact solution to this equation is

_ BD_ 1 4 01Z_1_6C+267’c/3
2€y,c + 377E,c/2 Sltectnp,c/2

Sy = + cpp?teeT2enel3, (5.120)
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The third term is negligible in this limit and the constant of integration ¢; wold be of the
same order of the first term coefficient. If we analyze the amplitude of this correction we
have
574 BD_ B? ¢,
T+ <1 €y €y €E
where in the last equality we have used the expression of B, . Note that this
contribution can be considered small, justifying our perturbative method, only if eg >
€, which is admitted by the stability conditions ; otherwise the effects from the
backreaction of the gaugid tensor mode for the late time dynamics of v, are O(1).
If we can neglect the backreaction we have that the solution for the +, mode in the

superhorizon limit is (5.116|), which provides a power spectrum, using ([5.94]),

AH?2 (_k,]_)726972e%c/3
M2, k3 '

, (5.121)

P, (5.122)

For the sake of precision we consider now also the limit in which the backreaction is not
negligible. We will see that also considering the case g ~ €y one finds an amplitude for the
gravitational waves power spectrum of the order of . First of all we fix the integration
constant D_ following what we said in the previous section, see ,

B
6v2k

Now we can correct the solution for the tensor mode using ((5.116f) and the dominant mode
in (5.120)), obtaining

_=—1

. .52
? Z—l—ec—26.y,c/3 4 iB

" ok 63/2k(2€+.¢ + 305.0/2)

g2

which can be approximated to

i -1-€ €y,c 41 -1-€
v 1T+ | > z e 5.123
AN ( 2€E,c) 3V/2k (5:123)

where we have neglected some ~ O(¢;,7;) terms and used the exact expression for B ([5.82))
in the limit ey ~ eg. Using this solution the predicted power spectrum ([5.94)) becomes

_ 64H? (<kr) 7>
IMZ, k3

P, (5.124)

i.e. very similar to (5.122)). We can conclude that in the small mode case we have predic-
tions on the power spectrum that are of the order of the standard inflationary models

2

Asmall ~ H
T T MR
Pl

while for the large mode, Eq. , we have an enhancement by a factor c5Ee g due to
the coupling between the metric tensor mode 7;; and the gaugid one Ej;;.

For this reason we will consider only the contribution to the power spectrum coming from
the large mode, since it will be the dominant component.
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We can rewrite (5.112)) in a more familiar version and we evaluate it at 7¢

16H?2 e N?

P(k) = M2 CE €Eck3( kr, )2ec+17E c+bsp.c’

(5.125)

where we have used the fact that N, = ln(—k:Tf) represents the number of e-folds when
the mode k has left the horizon from the end of Inflation. Using the dimensionless power

spectrum (2.50)) we can finally write

2
A8 H? € N 1
v = 2 2
2.7\/[ CECGEc( kt,)2ectnm,ct55B.c

(5.126)

Eq. (5.126) is the main result of this section. We see that the “standard” amplitude
H?/M?, is multiplied by a factor (63701\73) / (c5E -€E,c) Which depends on the parameters
of the theory. Moreover, we can consider two different limits for the parameter e, since
(5.68)) entails only a lower bound for it [52]: e, N, 2 1 and ey N, < 1. In the first case the
amplitude and the tensor tilt are

18 H?> 1
T2 M3,y e’ (5.127)

N =

Ny = —2€. — NE,c — 55E,67

while in the second case

2
8 H? €,

C

2 2
- My cpene (5.128)

N~y = _E - 2¢. - NE,c — 58E,c-

We see that in the first case, the most interesting, ((5.127) ensures that the power spec-
trum amplitude arising in the standard inflationary models is enhanced by a large factor
CEEZCEEC, i.e. this theory predicts an abundance of gravitational waves. However, we are
not capable to give a prediction about the sign of the tensor power spectrum since it (and
in particular its sign) depends on much parameters of the theory, which can have a large
set of possible values, see and . However the possibility of a blue tilt is not
excluded, giving a possibility of detection with future experiments, [83), 84].

We can calculate now the tensor-to-scalar ratio in the e, S N 1

5
C

P ?T (e,N.)?. (5.129)
E

One can see that r is extremely sensitive the the scalar speed and can be highly sup-
pressed if the phonons are subluminal, i.e. ¢y < 1. On the other hand, the stability and
subluminality conditions ([5.68) do allow for a large tensor-to-scalar ratio.

5.2 From Magnetic to Electromagnetic (Gaugid

5.2.1 Parity violation in Cosmology

This section contains the main original results of this Thesis work.
Here we will consider a generalization of Gaugid Inflation in which we will consider a
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more general vacuum expectation value for the gauge field Ay,. In [52] a theory which is
manifestly invariant under parity transformation is considered. In the literature, see, e.g.
[98] and References therein, various inflationary models in which the parity transformation
is not preserved have been discussed. In particular in [98] is presented the case of a
modified gravity theory (with a gravitational Chern-Simons term) and its implications
for the inflationary power spectrum and bispectrum have been analyzed. In this kind of
theories a (small) violation of parity in the tensor power spectrum arises. The effects on
CMB of a possible parity violation has been studied in [99] (for the latest analysis see [I00]
and Refs. therein for other previous analysis): having a fundamental theory which violates
parity entails a polarization of primordial gravitational waves into chiral-eigenstates, the
so-called left (L) and right (R) polarization states and the possibility to detect such parity
breaking signatures looking at CMB polarization.

We have seen that in [52] a vacuum state which preserves the parity of the theory
is chosen, and the phenomenological action is chosen so that it is invariant under
parity transformation. It can easily be shown that the original theory preserves parity.
Three U(1) gauge fields must transform under parity as [52]

Aio(t,X) g Aio(t, —X)7 Aij(t,x) g —Aij(t, —X). (5130)

These transformation rules are respected by the vacuum , as one can easily verify. But
using the new choice of vacuum we have A;(t,x) - —A;o(t,—x), clearly violating
the parity transformation laws in .

For this reason we will consider as vacuum expectation value of our theory a combination
of a magnetic component, i.e. , and an electric component, i.e.

(A1) = erjidla® + gdpwr. (5.131)

The parameter g in general can be time dependent: indeed we have seen in section [5.1.2
that, taking a homogeneous and isotropic background, the only possible expression for the
electric field is Er; = g(t)dr, with g(¢) such that

%(aP'(X)g) -0, (5.132)

with P'(X) = 0P/0X. Note that here we would have to consider a more general La-
grangian, such as £ = -Z(X, I1, I, I3) since I, I3, I3, are the terms that we will consider.
This means that the equation of motion could have, in general, other terms due
to the presence of a time dependent background of I;. The background value of I; was
null in the original theory, but in our case, using a different vacuum choice, it can have a
small time dependence. In particular, one finds that the background value of I; using the

vacuum (|5.131]) is
g

4-g2a®(t)
This means that we will work in the hypothesis of switching on a small electric configura-
tion where the parameter g in the vacuum is perturbatively small. This allows us,
as a zeroth-order approximation, to neglect the term I, , as far as the background
dynamics is concerned.
We want to see now whether a background configuration with a constant electric and
magnetic field exists, i.e. g = const., which means

I = (5.133)

d, o
- (aP'(X)) =o0. (5.134)
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This condition necessarily implies that the kinetic term has a non-trivial time dependence.
We will see that the background value of X in the electromagnetic configuration will scale
as o< a~2, which means that a possible solution to is having a kinetic term of
the type P(X) o<« X 3/2 Possibilities of this type resemble closely the scenario of the so
called k-inflation models for scalar driven inflationary models, [54]. Another possibility to
have a constant electric field configuration is that of considering a standard kinetic term
which is coupled to another (scalar field) in such a way to give rise at the background
level to the expression P(X) = ¢(t)X, with c(t) o< a(t)™!. This possibility resembles the
case when we consider suitable couplings between a scalar field and the kinetic term of a
vector field, such as the one presented in [95] and Refs. therein. Here we will consider a
general case and g = const. We could impose g = 1 but we leave it to use the predictions
of [52] as a check for our theory when g = 0. We will study in detail the outcomes of this
hypothesis in particular as far as the gravitational waves are concerned. We will see that
a new coupling term in the tensor action appears, that will entail new non-trivial results.
As a consequence of violation of parity we will also see that there are novelties also in the
scalar side. There will be a coupling between the two scalar modes of the theory o and T,
see Eq. , also in the subhorizon limit, which could also imply a violation of parity
for the scalar power spectrum. However we are more interested in the possible violation
of parity in the gravitational wave sector, so we will not consider the scalar fluctuations in
performing the calculations when mixing our field with gravity: we leave this calculation
for future works.

5.2.2 Inflation

Here we will see what are the conditions that our theory must satisfy in order to provide an
inflationary period. Using a FLRW, now all the contraction of the Lorentz indices, not the
internal ones, in are performed using g,,. See Appendix |A| for the new components
of the field strength Fj,, .

First of all we notice that, in a FLRW metric, the background value of X changes using

B130) )
(X)= X =-6a"%(4a"? - g°). (5.135)

We now use again the stress-energy definition ([5.18) with the general Lagrangian £ =
-Z(X,1,...,110) and obtain

=7 +12¢%a2,
P g2 9 4 (5.136)
p=—-7Z-4g°a " Zx +32a " Zx.
Hence the Friedmann equations become
8tG
H? - WT (7 +12g%a7?),
. 5.137)
a &rG _4 (
; = T(Z—48a Zx),
so the slow-roll condition (5.22)) becomes
H 24727 +32a74Z Xz
__H _38gaix 4327 Ay _,XIx (5.138)

CH2 2 Z+12g2a27x Z

where in the last equality we have considered the limit ¢ > 1. This means that, as
before, the request of an inflationary period translates into a weak X dependence of the
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Lagrangian. In this limit we can calculate also 7. Using

X
— = _-2H, (5.139)
X
we obtain
X%z
n=2-1+ ——= XX e« (5.140)
XZx
which means
X%z
LXK 14T 14 O(e,n). (5.141)
XZx 2

We will exploit this relation in order to perform some perturbative calculations.

In the end, the theory we will consider is the same of [52], but to Eq. (5.26]) we will
add the simplest parity breaking term I given in (5.8])

M2
S = f d*z/=g [T”R — P(X) +sM*I, - 2TM} 1, + 18M§13] . (5.142)

We will see that changing the vacuum expectation value from the case of Eq. ([5.2)) to Eq.
(.131]) and adding the term I, will change significantly the perturbative expansion of the
action up to the second-order in the perturbations.

5.2.3 Perturbations in the subhorizon limit

We perform now the perturbative expansion up to second order in the perturbations
to study the stability and subluminality of this theory. We will use the same notation
introduced in [5.1.3] since the new choice for the vacuum does not change the perturbative
expansion of the gauge field A;,. The perturbed field strength will have the form

Fipw = =2 + g(égdiu - 5251'1/) + fipw, (5.143)

with f;u, defined in (5.35]). Using the perturbed expressions for I, I> and I3 the we have
computed in the Appendix [A] the perturbed action up to second order in the Minkowski
limit is

s Sg) " 5‘(/2) n Sj(?)7 (5.144)
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where the subscripts S, V,T stands for Scalar, Vector and Tensor and
XP 2 4g* 214
S§2) _ / g X 36g M1 96(4g* + 33g” +4)
4 (4-g?)? (4-g2)°
L[ XPx  42’(de'+g’-68) 4 83(20-237 +5gT) 4 (
6 3(4-g)t  ? 9(4-g?)?
(XPx 64(4g + 33g% + 4) 1, Be(4- 5¢%) 4\ . 0%x
6 (4-g%)3 2 3(4-g2)?
T2 1, 96g(3g* + 8g? + 48)M4 _16(4+ g2)2SM4 N o0’T
2 (4-g2) Nar:>

4
My +

(4-g2)2 ! (4-g2)1

XP 2t 2(4¢% + 16 — 12902 — 4 4o (4 2
L[ XPx | 82'M;  32(4g” + 168" — 129g )M§+ g( +3g)SM4)X82X

12 (4-¢2)? (4-g%)? 9(4-g?)3
. 32g M +16g(13g4—88g2+208) 4 16(4+¢%)°
(4-g2)2 3(4-g2)* 2 (4-e2)?

2
S X, 128% M - —8 sM4)T2
6 (4-g%) 3(4-¢?)?

sM4) Td*x

XP oME 1 4g2 2 — 56g2 4

. X  32M; 6g2(3g* + 64g2 + 80) 4 g(96 — 56g~ + bg )sM4 o7)2\,
18 (4-g2)? 3(4-g?)? 9(4-g2)3

(5.145)

2
(2) [d4 XPX 128g M4 8—SM4 (Vk,‘)2
6 -yt -g)
4 2 B
. _XPx 240 +4g (g* + 8g? 48)M§+
12 (4-g?)? (4-g*)*

g(96 - 56g% + 5gt)
9(4-g2)3

SM4) (OVi)?

XPx  128¢% 8g 4 ;
- - My + —————sM*|e;;10; BiV} —
BT T E U il A
X Px 6g> 4 16(4+3g%) 4 4g

+ - My + My -
12 (4-g2)2" 17 (4-g2)3 7 3(4-g?)2

8g(3 M1+ 2M)
(4-g2)?

0:V;0:B;

SM4) (aBk)2}7
(5.146)

and

2 2
Séz) =fd433 XPx 12 M+ 32(4+g )Mél_ 4g sM*) B2
12 (4-g%)° (4-g%)? 3(4-g%)? ’

L[ XPx 48M}  8g?(g* +32g” + 48)
12 (4-g?)? (4-g?)*

g+ B8 08 1) o2

(5.147)

Despite the messy appearance of this action we can clearly highlight some new outcomes.
The only effect of the new term I; in the action in and is only a renor-
malization of the coefficients of the dynamical terms, i.e. a renormalization of the speeds
of propagation. As we will see, the real noteworthy effect of the new term I; appears

only in the scalar action. First we have computed the solution for the dynamical for the
non-dynamical field x introduced in ([5.32))

A 4 C,
X982 2B
130
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where

XP 4(4g* 244 4 - 5g2
6 (4-2)°

A 3(4-g%)°

4
My +

XPxy  8g?M{  32(4g5 + 16g* — 129g% - 4) Al 4g(4 + 3g?)

B . M* 5.150

12 (4-g2)? " (4-g2)3 2942 (5:150)

oo 32eMi 165(13¢" -888° +208) g 16(4+ ") 0 (5.151)
(4—g2)2 3(4—g2)4 (4_g2)2

We see that with respect to the result of [52] here we have an extra term depending on
the scalar degree of freedom T', which disappears when neglecting parity-breaking terms,
i.e. when g =0. This means that we will have, also in the quadratic action, a coupling due
to the presence of I; between the two scalar fields o and T'. Indeed substituting

into (5.145)) we obtain

2 4 2 ) 2
SéQ) _ f de XPy  36g Mf . 96(4g* +33g° +4) M24 . 4g(4 - bg )SM4 . A &2
1 -y (4-g2)? (=g~ 1B

XPx 4g®(4g*+ g% - 20 — 23g2 + Hg?
[ XPx | 45748 v e 68)M§1+8g(0 3¢ +58°) 4 (90)?
6 3(4-g?)* 9(4 -g?)3
2 4 2 4 16(4 2\2 2T
| 72g Mf+96g(3g +8g” + 8)M§— 6( +g)SM4+£ da
(4-g?)? (4-g?)* (4-g%)° 2B V-9?
XP 128g? :
+ X 4 S 24_—8g sM* | T2
6  (4-g?) 3(4-g?)?
XPx  32M{  16g%(3g* + 64g% +80) . , 22(96 - 56g2 + bg*)
+ - + My +
18 (4-g2)? 3(4-¢?)*

sM* + f—;) (8T)2},
(5.152)

9(4-g?)?

i.e. we can see that a term &0>T appears, sign of a coupling of the fields. This implies a
parity violation since in[5.1.3] we have seen that « is an azial field, i.e. with parity P, = -1,
while T is a polar field, i.e. with parity P = +1. Therefore, the new term has a parity -1,
suggesting a possible violation of parity. Although very interesting, we will not consider
this effect in our studies. We will instead focus on the new outcomes for the new tensor
degree of freedom Fj; using the electromagnetic vacuum. Since in this case the only effect
of I; is a renormalization of the coefficients, we will not explicitly account for it in order
to have simplified expressions.

We can now give a zeroth order measure for the two scalars speeds of sound neglecting
the coupling term

2 ={27(4-g*)' X Py - 216g°(4g" + g - 68) My
—144g(4 - g°)(20 - 23¢” + 5g")sM* } [{2(4 - g*)* X Px - 288(4 - g*)* g M}

(5.153)
2
+T68(4 — g2) (4g* + 3302 + 4) M + 32(4 — g2) (4 — 5g2)sM* + 8(4 - g2)4f—6}
b ={ - (4-g*)" X Px +576(4 - g*)> M} - 96g°(3g" + 64g” + 80) M,
2
- 4(4 - g)g(96 - 5687 + 5g")sM* - 9(4 - g)2§—8}/{3(4 - ) X Py (5.154)

+2304g% (4 - g%) My - 48(4 - g?)gsM*}
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Now, neglecting the I; terms, we obtain the two speeds of sound for the vector and
tensor perturbation modes,

¢ = {XPx(4-g2)°[1+2N - G°]
+48[g?(g? +12) + 32¢°N + 4(4 - g7)G - 4(4 + 3¢g%)G*| My

5.155
+72(4-¢g°) [(4-g° +4G + g*G*) | M} [{X Px (4 - g*)*[2 + N?] ( )
- 72¢%(4 - g® )N M7 +192[8g” + (4 + 3g>)N?| M3 },
_2\4 o 2\23 74 2.4 2 4
CQE: XPx(4-g7)* +576(4—-g”)" My +96g~(g* + 32g” + 48) M, (5.156)

XPx(4-g2)*-144g2(4 - gQ)QM{l +384(4-g2)(4 + gQ)Mé’

where N and G are defined in Appendix [A] We see that the expressions (5.153)), (5.154)),
(9.155]) and (j5.156f) are very messy and do not give us much information about the sublu-
minality of this theory, which are 0 < ci <1,0< c% <1,0< c%, <land0< C% <1.

5.3 Second order Lagrangian including mixing with gravity

We are now ready to switch on the gravity. We will make use, as usual, of the ADM
formalism, Eq. (5.52)), and of the spatially flat gauge, defined in (5.53|) and (5.54)). In this
case the covariant components for the field strength are

Fijo = =Fioj =80ij + fijo,  Fijk = =2€iji + fijk, (5.157)
while the contravariant ones are

FO_ 8 i W* fior . eimh? N* . N*BI fir
PNz N2 N? N2

Fik - -% (Nigk - NkoT) - % (NIpM - Nk Rt

(5.158)
) ) 2 ) )
= 21 ¥R+ BIRM fyp + ~z (€itm NPN™hI + €41, NI N RF™)

film
N2

(NFN™RI' + NTNTRF™) .

Given that we are interested in the linear equation of motions, and that we are interested
only to the tensor degrees of freedom, we can consider from now on N =1 and N; = N =0
to simplify our calculations. The action one obtains is quite involved, but one can see
that the only f;,, terms which contribute to the tensor action are (here we write only the
tensor perturbation)

fijo=~Ffioj = —Eijs  fij = 0; iy — O Ejj. (5.159)
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After some lengthy calculations, see Appendix @ the action for the two perturbations ~;;
and E;; turns out to be

M2
2 . — 2
Sé%/:fd[lm\/—g{%('yizj—a 2((9’yij) )

. X Px 12¢% M} +32@72(4a*6—g20f4+2g2)M51 52
3(4a?-g?) (4a7?-g?)? (4a72 - g?)? N
a”2X Py 48a~* M} 8g?a~*(3g* + 16a~*g? - 64a*) My )

+ 2_ o2 2 _ 22 T 2 _o2)4 (9Ei)

3(da?-g*) (4a™?-g?) 3(4a72 - g?)

.\ a2 XPx  3(4a7%+g?)2M} . 128g%a~* (5> - g®) My

3(1a=gh) (102 )2 (a2 =gz
9 “204.-2 | ;2\ Ag4 2 -4 -2 2\ 74
a“XP 2407 (4a ™ + g )M 16g°a™*(28a* — 3g°) M.

+[4 = X2 + (_2 28;2) 1, g (_2 . 3g) 2 Eijk’YklajEil
3(4a72 - g?) (4a7% -g?) (4a7% -g?)

oy XPx 12g(4a72 + g2)M}  128g3a~4 My ey
“3(a?-g?)  (a?-g)?  (a?-g) )

(5.160)

A detailed perturbative calculation show a particular feature, useful for future studies. In
the gravitational waves action can also appear another term coming from the I; expansion,
see Appendix |A| It is a term of the form eijk'ykl(?lEjm but it gives a null contribution in
the integral, because it can be rewritten in terms of a total spatial covariant derivative.
Indeed
kl _ kl kl
€ijkY O1Ejm = 01(€ijky" Ejm) — €ijk01Y" Ejm.

Here the second term of the right-hand-side is null for the choice of the gauge. The first one
can be rewritten substituting the partial derivative with the covariant derivative. Indeed

v,Vi=gvi+r, vk

where we have defined V* = aijk’yklEjm. But I‘gd ~~2, so that the term with the Christoffel
symbol is automatically negligible since it is of order ~ O(4>E). Therefore

v, V=9V,

i.e., contribution of aijk'yklalEjm to the equation of motion is null. This term could be
considered in a higher order perturbative expansion, with new possible parity-breaking
terms.

One can easily see that imposing g = 0 in one founds the action , this is a
check of the goodness of our computations. Moreover, in a new non-trivial term of
the form %-jEij is present in the gravitons action. This term will reappear in the equations
of motion for v and E as a new coupling term different from &;;,v10;Ey. Moreover in
the magnetic configuration, when expanding the two gravitons using and , we
have seen that modes with different helicity do not mixed, hence they could be treated
separately. This was a direct consequence of the presence of the Levi-Civita symbol in
the coupling term and of the property . In this case we can qualitatively see that
the equation of motions of v;; and FEj; violate parity. If we use the decomposition in the
helicity eigenstates we can write

Al’y;’ + Bl’}/i + ClEi + DlE; = O,

. ;o (5.161)
AQEi + BgEi + Cg’yi + l)g")/i = 0,
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where A;,b;, C;, D;, with i = 1,2 will be, in general, some time-dependent coefficients and
a prime denotes a derivative w.r.t. the conformal time.
Using the parity transformation (5.85)) we see that the system (5.161)) becomes

Al’yg + Bl"}/q: F ClE; — DlE; = O,

o . (5.162)
AQE; + BQE;: + CQ’)/:;: - Dg’y; =0.

We can see that the systems and are not equivalent, and the term which
manifestly violates the parity is due to the coupling 7;;E;;. We underline that this term
was not present in [52] and it represents the original contribution of this work. This further
complicates the calculations for the tensor degrees of freedom, but we expect that this new
term could give very interesting outcomes. In particular we need to calculate the explicit
expressions of A;,b;, C;, D;, and then find the solutions of the system in order to
calculate the power spectrum for the gravitational waves. We leave for future works these
calculations concerning this generalization of Gaugid model.
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Conclusions

In this Thesis various aspects of Inflation have been investigated. First of all we have
introduced the inflationary scenario as a solution of the classical problems of the hot Big
Bang model: the horizon, the flatness and the “unwanted relics” problems. Then we have
introduced the single-field slow-roll models of Inflation to study the production and evolu-
tion of the primordial perturbations during Inflation. We have performed the computation
of the inflationary power spectra for scalar curvature and tensor perturbations and, always
remaining in the context of the slow-roll models, we have made a computation of primor-
dial non-Gaussianities provided by the scalar bispectrum (i.e. the Fourier counterpart of
the three-point correlation function) of the curvature (density) perturbations. In order
to do the computations we have defined and used the so called in-in formalism [61], the
natural extension of the diagrammatic Feynman rules in a dynamical spacetime. We have
reobtained the well-known and important result that the scalar bispectrum is suppressed
when the slow-roll parameters are small and therefore the non-Gaussianities predicted by
the slow-roll models of Inflation are very small [56, [42]: this is fully consistent with the
observational constraints on non-Gaussianity provided by the Planck satellite. Such con-
straints are compatible with a zero level of primordial non-Gaussianity as predicted by
the slow-roll models, but there is still a window of almost two orders of magnitude which
does not rule out a priori the possibility to find out profiles of non-Gaussianity in the next
future [43].

We have also presented the expressions for the scalar-scalar-scalar and tensor-scalar-scalar
bispectra arising in single-field inflationary models in the limit in which one perturbation
mode has momentum much smaller than the other two, the so-called squeezed limit. This
configuration is very interesting because in this case the perturbation mode labeled by k3
crosses the horizon much earlier that the other two modes, with new interesting physical
consequences. For the scalar-scalar-scalar bispectrum we have that, in the squeezed limit,
the following expression [50]

k3<<k21~k32
_—

<Ck1<k2Ck3> _(nS - 1)<<k3<—k3><gk1<k2>

holds. In this expression ng is the scalar spectral index and (ns—1) measures the deviation
from a scale invariant (scalar) power spectrum. This relation between the bispectrum and
the power spectra in the squeezed limit holds in all single-field inflationary models, since
it is a consequence of the invariance under space diffeomorphisms of the classical and
quantum theory. For these reasons we will refer to it as consistency relation for the scalar
perturbations.

Actually there is an objective difficulty in verifying this consistency relation since it would
entail a high precision measurement of the level of non-Gaussianity. On the other hand, it
is easier to demonstrate, or observe, that a relation is false w.r.t. showing that it is true.
A violation of the consistency relation would rule out the entire class of “standard” single-
field models of Inflation. For this reason this consistency relation has been studied, and
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a great work has been spent in searching new models which violate these conditions. In
particular in this Thesis we have focused on the the tensor consistency relation. We have
studied the Gravitational Wave sector because of its fundamental importance in shedding
a light into the physics of the the Early Universe. In this case the perturbation mode with
smaller momentum is the tensor one and a relation similar to the scalar one holds in the
squeezed limit [63], [67]

. d1
Kk, (7)350) (K + ey + key) - TS

2 dlnk

{Cier G k) i (K) ki ky Py (K)Pc(F),
where k = (ki +k2)/2 and P¢, P, are respectively the scalar and the tensor power spectra.
In particular this consistency relation allow us to define a new observable quantity useful to
provide a new indirect way to detect primordial gravitational waves: tensor fossils. These
are defined as a hypothesized primordial degrees of freedom that no longer interacts or
very weakly interacts during late-time cosmic evolution, as metric tensor perturbations
are. The only observational effect of an Inflation fossil might therefore be its imprint in
the primordial curvature perturbation, as we have seen in the case of the squeezed limit
of the ((v bispectrum. The tensor consistency relation written above allows to define a
new correlation induced on the inflaton by the tensor degrees of freedom [70]

(C(k1)C(k2)) (k) = (2m)30® (K + ky + k2)fp(k1,kz)h;(K)GZ(K)E%%-

In this Thesis we have described what are the physical observable effects of the presence
of a primordial fossil field: we have described its effect on CMB observations and on the
mass distribution of Large Scale Structures. In both the cases the presence of a tensor
fossil would entail a quadrupole distortion. Observing this quadrupole would be a very
interesting result since it could be a sign of the presence of a gravitational wave background,
as predicted by the Inflation models.

We have then considered a new model which violates the standard scalar and tensor
consistency relations: Solid Inflation [53]. In this model three scalar fields are responsible
for Inflation. These three scalar fields have a very particular property: their background
values are time-independent and Z-dependent. This means that the standard invariance
under spatial translations and rotations are broken, while time translation is preserved.
We have recalled the procedure according to which, adding internal symmetries on the
scalar fields, homogeneity and isotropy can be restored for the background. This simple
procedure entails very interesting outcomes, such as a blue tilt predicted for the tensor
perturbations and a violation of the consistency relations described above. In Chapter 4
we have performed an original computation of the v(( bispectrum calculated in a general
configuration of the three momenta, while in the literature such a computation has been
done only in the squeezed limit. The result we obtained is

g4 1 s 2,72, 72 Lo — koL k
Bycc(ki, ko, k3) :4M243162C%0 eI 6¢j(k1)Mij(k2,k3){Kt (4K7 + k3 + k3 = kiks = kaks = kiks)
+ ;{; [Kt (3k1k2 + 3k1ko + k2k3) + k1k2k3] + Bk?(fyM * NKt)}’

where k; is the momentum of the gravitational wave while ko and ks are those of the
scalar perturbations. Here M;; is a function of the parameters of the theory and of the
momenta ks and ks. We have then calculated the squeezed limit of this expression and we
have used it to reobtain observable prediction in the tensor fossil sector for Solid Inflation
[80].
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Finally in the last Chapter of this Thesis we have considered a new model, a generalization
of Solid Inflation: Gaugid Inflation [52]. In this model the fields which drive Inflation are
three vector Abelian fields with a vacuum expectation value which manifestly breaks the
spatial translations and rotations. It is a generalization of the Solid paradigm. The
background considered in the original work [52] for the vector field A;, is of the magnetic
type ‘

(AW) = 5ijk5ﬂ$k7
where i is the internal (spatial) index and p is a Lorentz index. We have reviewed the
observable predictions of this theory using this particular choice of background. A note-
worthy result of this theory is the appearance of a new tensor degree of freedom, F;;, due
to the gauge fields, besides the metric tensor perturbations v;;. This field could play the
role of a tensor fossil. The standard predictions on the amplitude of the tensor power
spectrum are
2
M_27

Pl

SF Solid
ASF o p5elid

while the presence of this new tensor field would enhance the tensor power spectrum
amplitude, giving ,

PlLEECE
Here eg and cg are two parameters of the theory that might be lesser than 1, i.e. the
factor (e EC%)_l enhances the standard results for the tensor power spectrum amplitude.
As an original contribution we have explored the possibility of adding at the background
level an additional configuration, compatible with the hypothesis of the theory, i.e.

(Ai) = ;.

This in turns allows to also consider an additional parity-breaking term in the Lagrangian
of this theory which might have new observable results in the gravitational wave sector.
Using this generalization we have obtained two interesting results. At the quadratic action
level a possibility of violating parity for the scalar perturbations of the theory arises due
to the appearance of new coupling terms in the quadratic action.

Another intriguing result we have obtained concerns the gravitational waves: we have
found a new coupling term between the gauge tensor perturbation FE;; and the metric one
7i; of the form fyijEij. The complete action for the tensor degrees of freedom leads to the
system of equations of motion

Al’y;, + Bl'}’i + ClEi + DIE; = O,
AQE;’ + BQEi + CQ’Vi + Dz’yi = 0,

where the coefficients A;, B;, C;, D;, with ¢ = 1,2 are, in general, time-dependent coeffi-
cients, and a prime denotes a derivative w.r.t. the conformal time. Thesis system of
differential equations is not invariant under parity transformation for the two polarization
states (x) of the tensor modes, as we have verified. This is a very interesting result that
could open to new possibilities.

In any case our theoretical computations have been just explorative. In order to have an
observable prediction we need to solve the system of equation presented above and find the
power spectrum for the gravitational waves. As a possible future extension of this work
one could find the third-order action in order to calculate the bispectra for this theory and
see the possible predictions about tensor fossils using also the new tensor field FE;.
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Appendix A

Calculations for electro-magnetic
Gaugid Inflation

A.1 Subhorizon limit
The expression for the vev in our generalized theory is
(Aip) = aijkéimk + gégxi, (A.1)
so that we can write the perturbed field as
Aiy = (Aip) +aiy, = 5ijk6ixk + géﬂxi + Qi (A.2)

The perturbed field strength will be

Fi,uz/ = a,uAiz/ - 81/Ai,u = _2€i/.LV + g(535w - 625111) + fi/uja (AS)
where we have defined
fi,ul/ = 8uaiu - 8uaip- (A.4)
The dual of the field strength is
g 1 vpo vijk v1i0 1 vpo
F" = 55“ PP Fipy = =" eijn + ge""" + 56“ 7 fipor- (A-5)

Let us calculate the building blocks of our theory: we start with Y;; = FW,F]” Y. Here
for the calculations we will use the Minkowski metric, given that we want to evaluate the
perturbations dynamics in the subhorizon limit, in which we can neglect the coupling with
gravity.

We obtain

Yy =2(4- )3,

= 2€im fijtm = 2€jim fam — 28 fij0 — 28fji0 — 2 firo fixo (A.6)
+ fim fim,
while Y;; = Fy, FI™ s
Y;; = - 8gdij
—4fijo —4fji0 + gumfiim + &€ jim fitm (A7)

— Elmn (inlfjmn + ijnfilm) .
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We calculate now the terms we are interested in in Eq. (5.8))

X =[Y]=6(4-¢g%)
—deijk fijr — 48 fiio (A.8)
+ fijk fije = 2fijo fijos
X=[V]=-24g
= 8fiio + 2g¢ijk fijk (A.9)
= 2€umn fior fimn-

Let us consider s, defined as

2
I, - [)Yp]. (A.10)
We have
(V2] =12(4 - g?)?
~16(4 - g%)esnfijn — 168(4 - &%) fiio (A.11)

~16(2 - ) fijofijo + 88> fijofjio + 16g(Eitm Litm fijo + Eitm fiim fiio)
=32 fijn + 412 = &%) fiju fijes
and
X? =36(4 - g?)?
—48(4 - g*)eyjn fiji — 48g(4 - g°) fio
+4(20 = 3¢?) fiji fijk — 64 fin fin + 168 (fiio)? = 24(4 = &) fijo fijo + 328ijk fijk futo-
(A.12)
We have to perform a perturbative expansion up to the second order, hence we have
2 _ 1 [+ deijk fijk . 4g fiio0
36(4-g*)?"  3(4-g?) 3(4-g?)
. (4+8°) finfin 48> (fiin)®> 16 infiin
3(4-g?)? 3(4-g?)? 3(4-g?)?
2 fijo fijo . 8g5z’jkfijkfll0]
3(4-g?)  3(4-g?)?

(A.13)

The result for I in the subhorizon limit is

1 by 64 64
I = m[m@l -g )"+ 5 Jiwijk = 32fantjsn + = Fign i
32

- ?gsijkfijkfllo +16g(citm fiim fijo + €itm fiim [ji0) (A.14)

16
- ggQ(fiiO)Q +8¢” fijo fijo + 88> fijo fjio]

Now we calculate I3, defined as

(A.15)



For the numerator we have

(V%] =192¢” + 1288 fii0 - 32871 fijn
+ 32 fij0fij0 + 32fij0 fiio (A.16)
~ 16g€itm fiim fijo — 48im fitm Fiio + 88° fiji fiji — 82 fiin fjn

Using (A.13)) we obtain the expression for I3 in the subhorizon limit

1

32g2(4 + g%)
36(4 - g2)?

4— g2
8g2(3g* + 32g” + 16)
3(4-g?)?

256g%(8 + g2
W(ﬁiof ~8¢” fuin fijk (A.17)

128¢(g* + 4% + 16
(e g§)2 )5ijkfz‘jkfll0_48g5klmfik0fz’lm

128g2%(4 + g?)
g Jio

512g%(2 + g2)
Wfijkfjik

I3 = [192g” + Eijk ik +

fijk fijk —

3(4-
32(4+3
— 1682 kim frio fitm + 32 fijofjio + (El—g))fzJszJO]

We only need to calculate I, defined as

(A.18)

Note that this term was not calculated in the original article [52]. Let us first consider its

denominator, using (A.8)
2eijk fij i
-1_ 1 2[1+ Eka;kJr 2gfo2
6(4-g%)" 3(4-g*) 3(4-g°)
3g +4 16fzykszk
o fig — Lk ik Al
18(4 2)2fﬂffﬂk 9(4-g2)2 (A.19)
fzysz]O 48 (fii0)?  8geijifijifuo
T3(4-g?) T0(4-g2)? " 9(4-g2)?

I,

and for I; we have
1 2g(4+g )
I = ———[-24g - Eijk fijk —
61— (1-g2) kho

4g(4 - 5¢%) 16g(4+g )
g P Sy fa

8g 16g(3g% - 4
- —2fij0fij0 - ﬁ(ﬂioy
C4(4+g?)?

3(0-2) ——€ijkfijkfuo + 2€ijk frio fijk]-

8(4+g )fo

fzgkfz]
(A.20)

The action we will use to generalize the results of Gaugid Inflation is:
M2
S = f d*z/=g [TPZR — P(X) +sM*I - 27TM{ 1, + 18 My I3 | . (A.21)
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Here we have indicated with ¢ the coefficient of the new term I; and with M* the energy
scale at which the effect of this new term becomes interesting. The value of ¢ can be
chosen in order to simplify the calculations, but from now on we will always leave it a
parameter of the theory.

Eq. (A.21)) at the second order, using the Minkowski metric, becomes

XPx .0 XP sM*  [4g(4-5g>
s@ :fd495{ Xf“ fipw + = X(é‘ijkfijk)z*' [ ( )fijkfijk

6(4-g2)| 3(4-¢?)
16g(4 16g(35” — 4
3(%1( +2g)2) fijk ik = fzJOf”O %(ﬂio)z * 22ijk fiio fuji
44+ 27M 1
(< ) %kf@-jkflw] g e TR T S

fzykf]zk + 16g(5zlmf]lmflj0 + 8zlmfjlrrzf]zO) g2(f110) + 8g fZ]OfUO + 8g fl]Of]zO

128¢? (4+g )
4 -

512¢2%(2 +
ijkfijk = wﬁjk}cjik — 48g€kim fiko fim

fito — 8> fiik fijn

18M2Y  [3202(4
5 [ g%( +g)Eijkfijk

+
36(4-g?) 4-g?
8g2(3g* + 32g2 + 16)
3(4-g?)?
256g°(8 +g%) >
ECEE

= 16g€kim frio fitm + 32 fij0 fii0 + 32((44 s Bg) )fzjofijo]}

128g(g* + 4g? + 16)
3(4-g?)?

€ijk fijkJuo

(A.22)

Now we consider the decomposition of our perturbation field a;,. In (5.30) and (5.32)) we
have seen that, with a particular gauge choice, we can write
dix
—92

a;o = + BZ', (A'23)

and

Q5 = aéij + Eij + e (&C—T (A24)

+ Vk) .
V-2
One can immediately note that in the expression for the field strength will never appear
the time derivatives of the fields x and B;. This means that their time derivatives will
never appear in the perturbed action (A.22)). These fields will not be dynamical and their
equations of motion will only be two constraint equations.

For the terms that appear in (A.22)) we have

2
fz‘j()fij() = (8Z'Bj)2 - 2€ijk8jBin - X82X - 2¢ 8 X + 30[2 + (Eij)Z + 2(Vk)2 + 2T2 (A25)

V=52
. 2 . aQX -2 SN2 7\2 2
fijijiO = QEijkajBin - Xa X — 2(1\/__62 +3a° + (EU) - 2(‘/;) =-2T (A.QG)
finFine = 4(0;0)% + (8;V;)? (A.27)
Fiiwfiie = 4(0;0)% + 2(0F;;)? + 2(8;V;)% + 4(8;T)* A.28
JkJij J J
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FiirFiie = 2(0;0)% + (0Eij)* + (9;V;)* - 2(8,T)* (A.29)

) . 0?
(fiin)* = 9&° - 604\/_—;2 - x9°x (A.30)
. 0T
eijifijefuo = 4(TOx + 304\/_—82) (A.31)
o
Eilmfjlmfz‘jo = 4am - X82T + 26J/}8iBj (A.32)
Eitm fjim fji0 = XO*T (A.33)

(A.34)

If we substitute now all these expression back into the action we obtain the messy expres-

sion

2 4 2 )
(@) _ /d4 {(XPX (436g2)2M4 96(4g" + 33g +4)M4+4g(4 5g )sM4) &2

+_

_ XPx  64(4g" +33g° +4)

+
! (4-g2)3 2 (4-g2)3
XPx 4g?(4g* + g* - 68)
+
6 3(4-g2)*

8¢(20 — 23g? + Hgt

g( 9(4_?2)3 g )SM4) (605)2
~ 8g(4-5¢%) ), X
6 (4-g2)3 3(4-g?)3 V-2

4
M, +

M -

CXPx  8g°M  32(4g” + 16g" - 129¢° - 4) Al 4g(4 + 3g?)

M+

72g 96g(3g4+8g2+48)M4_16(4+g2)2 M4) T
(4-g2)2 (4-g2) 2 (4-g?)? Nar

—M4 82
12 (d-g2)? (1-g2)3 27 9(1-g2)? )X

32gM{  16g(13g* - 88g? + 208) A 16(4 + g2)?

4 2
a-g22 3a_g) 2 @—g%?S”[)Tax
XPy  128¢% 8¢

__ 8 )
6 (4-g2)B ’ 3(a-g)2" )

2¢(96 — 56g2 + 5g*)

XPx  32M} . 16g2(3g* + 64g% + 80)

- M+
18 (4-g2)? 3(4-g2)1 2

501 ¢3)7 sM4) (0T)?

_XPx  24M}  4g%(g"+8g>-48) (96 -56g° +5g")

_XPx  128g* 8¢

_XPx  48M}  8g%(g" +32¢° +48)

2
XPX + 128g M4 8 SM4 (Vk)Q
6 (4-g?)° 3(4-g%)?

12 (-2 (4-g)f 27T T 9(a - g2)3 SM4)(8V’“)Z

8g(3M} + 2M3)
(4-g%)?
sM4) (0B)?

M4) qjkﬁjBin - 3 V 3 B

6 (a-g2)  3E-g)2
XPx  6g? M4+16(4+3g2)M 4g
12 (4-g2)?2 ' (4-g2)3 7 3(4-g?)?
XPx  12g M4+32(4+g2)

12 (4-g2)2" 17 (4-g2)3 2 - 3(4- g2)2

96 - 56¢% + 5g%)
_ _ it & sM*) (OE;

2 G-g)R  G-gn BT ga-gyp (OF;)

(A.35)

sM4) E2
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Here we can see some new peculiarities. The presence of the new term for the vacuum
expectation value and for the action translates into a new coupling term &d?T between
the two perturbative scalar degrees of freedom of this theory. This is exactly what we
expected since « is an axial field, i.e. with odd parity P, = -1, while T is a polar field,
i.e. with even parity Pr = +1. A coupling between these two fields would entail a possible
parity breaking signature for the scalar perturbations, exactly what we were looking for.
Moreover we see that the presence of I, traced back by the coefficient ¢, does not change
the equation of motion for the tensor field, i.e. does not add any new term, but it just
renormalizes the coefficients of EZQJ and (OF;;)?. For this reason, we will consider the limit
¢ =0 in order to simplify all the later calculations.

Now we go back to . Considering the case s = 0 we have

2 4 2
5(2)=fd4a:{(XPX 36g e 96(4g” +33g +4)M§)a2

+

Z O N PR
2044, 2 4 2 2
XPx  4g%(4g'+e 68)M§)(8a)2+(_XPX _ 64(4g" + 33g +4)M4)d &*x

6 3(4 - g2)* 6 (4 - g2)3 2 —o2
72g AL 96g(3g* + 8g? +48)M4 N 0T
(4-g2)2 ! (4-g2)* 2]
_XPx | 8g2 M . 32(4g% + 16g* — 129¢2 - 4)M4 o2
12 (4-g2)? (4-g2)3 2 XX
32gM{  16g(13g* — 88g% +208) . 4\ .0 XPx  128¢% ) .o
(1- &) -y )T Tt )T
XPx  32M{ . 16g2(3g* + 64g2 + 80) M) (ory?
18 (4-g2)? 3(4-g?)* 2
XPx 12822 4\, 2 XPx  24M{  4g%(g* +8g%-48) 4 5
5 T My | (Vi)™ + (- TR Y My ) (0Vk)
(4-¢?) (4-g2) (4-g?)
XPx  128¢% . 8g(3M{+2M3)
- - M | &0 Bi Vi, — d;V;0;B;
6 (4-g2)? 2 | €ijk0j k (4-g2)? JjOiBj
X Px 6g? 4 16(4+3g%) 5
- M+ ——=22My | (0B
B (g gy M| (OB
2 2
12 (4-¢)° (4-g%)% ’
_XPx  48M} _8g2(g4+32g2+48)M4 (OB, )?
12 (4-g2) (4-g2)! A
(A.36)

If we calculate now the equations of motion for the non-dynamical degrees of freedom
and B; we can eliminate them from the action. For B; we have

B;

. 96g(4 - &%) (3M] +2My) v
C X Px(4-g2)3-72g2(4 - g2) M} +192(4 + 3g2) My "
. 2X Py (4 - g?)3 + 2562 My}
X Px(4-g2)3 - 72g2(4 - g2) M} +192(4 + 3g2) M
EQVZ +Nsl-jk8‘28jf/k,

Eijka_Qaij (A37)
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where we have defined
96g(4 — ) (3M} + 2My)
X Px(4-g2)3-72g2(4-g2) M +192(4 + 3g2) M’
~ 2X Px (4 -g?)3 + 256g2 M.}
XPx(4-g2)%-72g2(4-g2)M{ +192(4 + 3g2) M3

G =

(A.38)

N

For x we obtain

o 2X Py (4-g?)3 +768(4 - g?)(4g* + 33g% + 4) M3 &
=T X Py (4-g2)% - 8g2(4 - g2) M — 32(4gb + 16g4 — 129¢2 - 4) M | V02

4 32(4 - g?)2 M} + 16(13g* - 88g? + 208) My T
S| X Py (4-g2)" - 9652(4 - g2)2 M — 256(4 — g2) (4g® + 16g* — 129g% — 4) M

o

Wz

=H + ST,

(A.39)

where
2X Py (4-g?)3 +768(4 - g?)(4g + 33¢% + 4) M
XPx(4-g%)%-8g2(4 - g?) M} — 32(4g8 + 16g* — 129g2 — 4) M}’
5o 4g[32(4 - g?)* M} +16(13g* — 88g? + 208) M, |
X Px(4-g2)*-96g2(4 - g2)2M{ - 256(4 — g2) (4% + 16g* — 129g2 — 4) M5

H [
(A.40)

For the scalar modes we have
2 4 2 4 2
§@) _ /‘d4x{[XPX 36g M 96(4g" + 33g +4)M51 . (XPX , 64(4g" +33g° + 4)

4 (4-g2) (4-g%) 6 (4-g%)
L(XPx 8g°M;  32(4g® + 16g" - 1295 - 4) ALEIRE
12 (4-g?)? (4-g?)3
XPx 4g?(4g*+ g% -
[ XPx  4e7(4g’ 4 68)M§1 (9a)?2
6 3(4-g?)!

72g M 96g(3g* + 8g2 + 48)
| (4-g?)? (4-g?)*
4 2
. 72¢g Mf . 96g(3g* + 8g” + 48)
(4-g%)? (4-g2)4
Lof XPx . 8g? M . 32(4g% + 16g* - 129g2 - 4)
12 (4-g%)? (4-g%)3

20 M4 4 2 2
32eM}  16g(13g* - 88g +208)M§ 1la o*T
(4-g?)? 3(4-g2)* V=02

2

6 (4-g?)3

[ XPx  32M}  16g?(3g* + 64g% +80) . ,
- + My

| 18 (4-g%)? 3(4-g?)*

XPx  8g’M;}  32(4g° +16g" - 1295 - 4)
12 (4-g?)? (4-g?)3

4 4 2

_( B2eMi | 16g(13g* - 88g? + 208) ) sl
(4-g?)? 3(4-g2)

M;

M§)S

M§) RS

Mé) S?

(A.A41)
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while for vector modes

@) _ . [ XPy  128¢g2
Sy —fd 9:{+- 5 +(4—g2)3M2

X Py 6g> 4 16(4+3g%) 4\ o] 2
- My |N*[(V;
12 (@-g)? T g2 (Vi)
_XPx  24M}  Ag’(g'+8g*-48) . 4

+

- M. A.42
1T TaeertT eyt b (4.42)
XPx  128¢* 4 8g(3M} + 2M3)
N TN e
XPx 6g> 4 16(4+3g%) 4\ o 2
+ T (4—g2)2M1 + 14— ) M5 | G=|(0Vi )™ ¢

The action for E;; remains the same since, at the linear order, it is cannot be coupled to
a scalar or a vector degree of freedom.

Now we can calculate the speed of propagation of the various mode, but the only two
we can calculate are the vector and the tensor ones, since for the scalars we have a two
coupled equations

& = {XPx(4-¢*)>3[1+2N - G?]
+48 [g%(g% + 12) + 32¢° N +4(4 - g¥)G - 4(4 + 3g%)G*| My
+72(4- %) [(4-g? +4G + 2G| M} [{X Px (4 - g%)*[2 + V2]
~72¢%(4 - g® )N M +192[8g” + (4 + 3g*)N?] M3 }.

(A.43)

These two expressions are very messy . It is possible that inserting a specific value for
g we would get more useful expressions in order to write the subluminality and stability
condition for our theory.

2 XPx(4-g?)*+576(4 - g?)2M{ +96g2(g* + 3282 + 48) My,

- A.44
B X Py(4-g2)t— 144g2(4 - g2)2 M7 + 384(4 — g2) (4 + g2) M (A.44)

A.2 Mixing with gravity

Here we go to the superhorizon limit, the most interesting one, and hence we need to
consider also the gravity. We will repeat the same calculations of the previous section but
using a curved metric in the usual ADM formalism, see . The covariant components
for the field strength Fj,, are

Fioo =0,

Fioj = —gdij + fiog
Fijo = gdij + fijo,
Fijk = =25k + fijrs

(A.45)
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while the contravariant ones FZ.“ Y are

F% =,
FY < N2 B 5 hj;?;i% B 2€ikl]f5;Nk . Nkjl\;;fik17
R == B (NI - NFoT) - 10 (it gt (A.46)
— 21 WP R 4 WITRET iy + % (2itmNFN™ W' + £, NT N RF™)
J;i;;” (NEN™RI 4+ NINRF™)

We consider the spatially flat gauge (5.53)) and (5.54). Given that we are at the linear
order and we are interested only in the tensor perturbations 7;; and E;;, we can also
consider N =1 and N; = N* =0, and we obtain, for Y;;
YVij =2(L_2(4CL_2 - g2)6l’j
+2a7%(4a™ + g¥) i
+2ga”( fioj + fioi) — 20~ (Sa fjun + € ik fik) (A.47)
+2ga"2 (7} fior + AL Fiok) + 40 (inmY™ Fins + Ejnmy™ fins)
~da™* (8™ - 2'Yik7]]'€) ~2a"2 firo fiko + @ fitm Fitm-
Taking the trace of (A.47)
X =[V]=6a"*(4a"? - g%)
—4ga™? fii0 - 4a ein fijn
— dga" fijo + 8a ey ™ fiqt - 4o iy

4 2
+a " fijkfijk — 20”7 fijo fijos

(A.48)

and for [Y2] we have
[V?] =127 (4a72 - g%)?
—16ga~*(4a™ - g*) fiio - 16a°(4a™* - g*)eijn fijn
~128ga%4" f,50 +32a%(4a7% ~ &) imny™ fins
—16a"%(4a™* + g*)eauy” fiu + 4~ g% (1207 + g*)yi;v"
—16a"*(2a72 - &%) fijo fijo + 88%a ™" fijofiio + 8ga° (cak fiw fijo + €ak ik fjio)
+4a™%(12a7% = &°) fiji fijk — 32a7° fiin fijn-

(A.49)
For the dual components £/ we have
FY=o, (A.50)
FY =267 + Qsﬂlkf,lk, (A.51)
FiJO _ _Fiojv (A.52)
FIF = —ge % 4 ek g, (A.53)
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which lead to

Yij = - 8ga™!(6i5 +7i5)
+ga™? (Sitm fjim + €jtm fitm) — 407 (fijo + fiio)
—dga™ 6 my"™ - 880 Yim " — ga™! (s Fitm + ks fikt)

+4a™ (V¥ fino + ’ijfiko) +a”° (Skim fiko fitm + Extm Fiko fitm) -

(A.54)

Taking the trace of (A.54]) we have

[V]=X =-24ga™
+2gaeiji fijr — 8a”C fiio
- 20gayi;vY - 2ga”Yeusy™ fitm + 8% fij0

+ 207 kim fiko Fitms

(A.55)

while for [Y2] we obtain

[Y?] =192¢%a® - 32g%a %1 fijn + 128ga " fiio + 256g%a ;7"
+328%a"%e 7™ fim - 328°a S cim" fim
+32a7" fij0 fijo + 320" fijo fiio + 88°a”(fijk fijk — fiinfijk)
—48ga™ i1 fjim fiio — 1680 €itm fiim fijo-

(A.56)

In order to calculate Iy e I3 we have to compute X 2 and then take its inverse

X% =360 (4a7% - g?)?
—48ga~*(4a™* - &%) fiio — 48a7° (4a™> - g*)ejn fijk
+96a%(4a7% - g%)eiiy™ fij1 - 48ga~* (4a7% - g%)77 fijo — 4800 (4a? - &%) i7"
+16g%a " (fii0)” - 64a”> fiju fiin + 4a~°(20a = 3g%) fiju fijn
—24a"*(4a™% - &%) fijo fijo + 3280 Ccijk fijk fitos
(A.57)

which gives, at the second perturbative order

-2 1 N 4g fiio N da™%e; ik fijk B 8a~ 2™ fiji
A? 3(4a=2-g?) 3(4a?-g?) 3(4a?-g?)
ey figo  AayVyiy o 4g%(fio)? 160 fijefiin (A.58)
3(4a=2-g2?) 3(4a?2-g2) 3(4a2-g?)? 3(4a72-g?)?
a2(4a7? + gQ)f” ot 2 fijo fijo . 8ga ek fijifuo
3(4a2 - g2)2 "M T 3402 - g2) T 3(4a2-g?)? |

where we have defined

A=6a"%(4a"% - g?).
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Using (A.49) and (A.58) we can write Iy

2= X2 A2 a a ga a g )7 Jijo
- 16a_6(4a_2 + g2)6ilk'yijfjlk + 4a_4(4a_2 + gQ)Q%-j*yij - —g2a_4(fmo)
32
- ?ga 5z]l~cfzyk:fll0 + Sg a flef’LjO + 8g a fzJOfﬂO
_ _ 64 _ 64
+8ga” O (&itm fitm fijo + Eitm Fiim Fio) — 32a7° fuir fiin + 30 ® fijkfije + ?fz‘jkfjik .
(A.59)
Note that imposing g = 0 we obtain the same expression of [52].
Using (A.56)) and (A.58) we obtain I3
1 2,8, 128ga78[g?(2 - a™2) + 4a™*] 32g%a78(4 + g?)
I3 = yE) {192 102 g? Jiio + la2— g Eijkijk
_ y 32g%a78(20a72 - g2 256g%a78 ..
- 328" citm fim + 4a£2 2 & )Eijk')’klfijl %_gQV ? fijo
256g a8(5a7% - g?) . 256g%a78(g? + 8a72) _
a2 g2 Yig V" (a2 —g2) (fii0)? +32a7" fijo fi0
32a7[4a7% + (4 — a™*)g?] 128ga8[g* + 4g%a7%(2-a7?) + 16
+ J- g fijofijo + [ 3(da - ;2)2 ) ]Eijkfijkfllo
~8¢%a™® fuir fijr — 488 it Fitm fiio — 168a™ " eitm Fiim fijo
512g%a710(g? + 2a72) 8g2a~8(3g* + 32g%a7? + 16a7%)
T 3(da2- ) fiji fyik + 3(1a-2 - g2)? fijfigh ¢-
(A.60)

Again one can verify that imposing g = 0 one obtains the same result of the original article.
We will use this comparison as a check for the correctness of our calculations.
We only need to calculate the new term I;. In order to compute it we calculate X!, i.e.

1o 1 1+ 2g fiio . 2a %k fijk . 287" fij0 ~ da%eij M izt
A 3(4a72-g?) 3(4a2-g2) 3(4a2-g2) 3(4a72-g?)
2a72’yij’yij a_2(4a_2 + 3g2) N 16a_4fijkfjik
3(1a2—g?) * 18(da 2= g2y Jikliik T graaa oy
fijofijo 42 ( fii0)? N 8ga2eqjk fijkfuo
3(4a2-g2) 9(4a"2-g2)2 9(4a=2 - g2)?2

(A.61)
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Finally, using (A.55)) and (A.61)) we can write down the expression for I; in the superhori-
zon limit

40902 _ 52,2 -4
I :% —24gat - 8a (2g4—2g_ag2 +4a )fu‘o—
~ 8a~4(2g% + g2a7? - 4a™%) ay 2ga~4(12a72 + g?) Kl
4a~2 — g2 ijo + 4a-2 — g2 Eijk”Y fzgl
4ga~*(24a7% - 5g?) . 8ga™t 16ga~4(2g% + g%a™2 — 4a™) 9
- 5 Yig v T fz_]OfZ]O 3(da2 - 22 (fiio)

2ga"4(4a7? + g?)
€ijk fijk
4a72 - g2 JRI

4a=2-g
C4aT (gt +12g%a7 - o + 16a—6 _
= 3(4a2 - g2)2 )5ijkfijkfllo = 2a e fiko fitm

16ga~%(4a™2 + g2 4ga%(4a7? - 5g?
: SQ 2 zg )fijkfjik+ & (_2 5 Qg )fijkfijk
3(4a —g ) 3(4@ —g )

(A.62)

Now we can write, for the sake of completeness, the perturbed action up to the second
order when considering the mixing between the gaugid and gravity, considering only the
tensor degree of freedom

sM* 8a~*(2g% + g%a™% - 4a™*) ;.
(2)—fd4 V- PZR P(X)+ - & 78 ij g

x { ( ) 6a- 2(4@ 2 2) 4@,2 _ g2 Y ijO
L 2807012072+ g?) gy dgaT!(24a72-5g?) Sga

pp— ik Jiji — Ja?_g Yigy* - pp fuofwo
16ga*(2g® + g2a2 - 4a™) 4a72(g* + 12g%a72 - 4a‘4g + 16a‘6)

B 3(4a~2 - g2)2 0 3(4a2 — g2)2 €ijk Jijr fuo
16ga %(4a72 + g?) 4ga~%(4a7% - 5g?)

-6
= 2a"egim fiko fitm +

3(da2 = ) fijk fyik + 3(da2- g2)? fijk fijh

2TMY C16ea-(4a2 + o2V £ — 1605 (da 2 + oXVes i £,
ye ga " (4a™" + g )" fijo a " (4a™" +g7)ear" ik

3
+8g%a™ fij0 fijo + 88%a ™ fijo fiio + 824 (itm fitm fijo + Eitm fiim fii0)

_ 64 _ 64 _
~32a"® fun e + —a > fijifih + 30 8 fiik fiik

_ _ 16 _ 32
+4a” (407 + g*) i7" - —g*a (fiio)” - 380 S,k fijifio

3
18M; 2 8 i 32g°a(20a* ~g%) 4. 256g°a°
t [—32ga Eitm""” [jtm + 102 —g? ik fiji + 4—g27 fijo
L 256g%a8(5a2 %) 256g2a‘8(g2+8a‘2)(f“ )2
4a72 — g2 K 3(4a2 - g?) 0
B 3207974076 + (4 — a1 g?
+ 32a 10fij0fji0+ [ 4@_25g2 )g ]fijOfijO

128¢a 8[g* + 4¢2a72(2-a"2) + 16
+=F L& g_2 (2 3 ) ]Eijkfijkfuo
3(4a? - g?)

—8¢%a® fii fijk — 488a” it Fiim fio — 168a” " €itm fiim fijo
512¢%a™'%(g” + 2a7%) 8g%a 5 (3g" + 32¢%a 2 + 16a™*)
T 3(a - g fijiJiin 30007 &) Fiinfij

(A.63)
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If we consider only the gaugid and the metric gravitational waves, the only non zero terms
for f;. are

We have

v fijo = =i Eijy (A.64)
itm” Fitm = 2€itmYijO1 Ejm, (A.65)
ik fiji = €ijk7k13'Ez‘z, (A.66)
fijofijo = B, (A.67)
fijufije = 2(0E;;)?, (A.68)
Fijrtjin = (OEij)?. (A.69)

M2
5(2):fd4$\/_—g{%R—P(X)

or

18 M3
| 18My

sM* 8a*(2g* +g*a? —4a™) 4 5
" 6a-2(4a=2 - g?) 4072 - g2 Rt
_ 4ga_4(24a_2 - 5g2) i 8ga_4 E2
4a72 — g2 ViV T g g2 v
16ga=%(4a72 + g?) 5 8ga%(4a7? - 5g?) 9
+ 3(4a2 - g2)2 (0E;)” + 3(4a2 - g2)2 (0Ei;)
_2TMY

[16ga4(4a2 + g2)7ijEij +4a7 (4072 + g2)2’y,~jfyij + 8g2a74Ei2j

128
8g’a _4E2 +T‘I—8(8Ew) 3 _S(OEW) -32a” 6(4(1 +g )&lm%galEgm)]

32¢2a78(20a72 - g?)
4a72 - g2

6744 R _
32a7%[4a7 %+ (4-a )g]E’?j

256g%a"
4a72 - g?

A |:64g2a_852]k7klajEil + zykrykla Ezl - 'YijE'ij

256g a8(5a7% - g?)

5 ’}/U’)/Z] + 32a_10E"Z~2- +

da72-g da~2 — g2

3(4a~? - g?)? 3(4a2 - g2)?

_ 512g%a710(g? + 2a72) (OF,) + 16g%a~8(3g + 32g%a™2 + 16a‘4)(8E“)2]}
ij 1) ’

(A.70)

M2
58 = [ v iR P(Y)

+

dsga”>M*  12¢° M} 32a7%(4a7% - g%a™* + 2¢%) My I
3(4a2-g2)2  (4a=2 - g?)2 (4a72 - g2)3
8sga~4(6a72 - 19g%)M*  48a~* M} . 8g2a*(3g" + 16a~1g? — 64a™*) My
9(4a-2 — g2)2 (4a2 - g2)2 3(4a-2 - g2)4
2sga~2(24a72 - 5g2)M*  3(4a72 +g?)2 M} . 128g%a~*(5a72 - g%) M3 -
3(4a? - g7)? (4072 - g?)? (a?-g? )
24a7%(4a72 + g2) M} . 16g°a™ (280> - 3g*) My 1 0.
(402 —g2)? (a2 =gy 7T
dsa”>(2g” +g%a” —4a”H )M*  12g(4a”* + g*)M}  128g%a My o
3(4a72 - g?)? (4a72 - g?)? (4a=2-g2)2 | 1770

(0F;;)?

(A.71)
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We perturb now P(X). For X we have
X =X+6X,

where
X = 6a_2(4a_2 - g2),
and
6X =-4ga 2 fiio — 4a  eij1. fiji

— 4ga™*y fijo + 8a  eijuy™ fiji - 4oy

4 -2
+a " fijrfijk — 207 fijofijo-

Hence we can expand P(X)
_ _ 1
P(X)=P(X +6X)=P(X)+Px0X + 5PXX(SX2

We can immediately note an important thing. Here we are treating the case of the grav-
itational waves, hence it is enough to calculate the contribution due to this term for the
gravitational waves equation of motion. We see that the term 6X? appears but it gives
no contributions for the gravitational waves at this order. Indeed we have

6X? = (—4ga 2 fiio — da e fiji)? + O(FY, (VA AP),

i.e.
6X? =16g%a™*(fun)? + 14a™®(eijifiji)® + 3280 %cijn fijn fuuo-

Using the relations

(eijefiji)? = 2fijkfisk — Afijnfjik (A.72)
EitmEikn fjim Fikn = 2fijk fijk (A.73)
EitmEjkn fiim fikn = 2fiji fiji — 4 fiin fijr (A.74)

we can see that any term of §X? gives a contribution for the tensors.
We can then write the first term of the series expansion as

60X 0X 0X 0X 0X
Px0X = XPx— = XPx—(1- —) = XPx— + 30X? = XPx —,
X XO XO X() XO
hence
XP - g .
P(X)(2) = X (4ga_2'y”El-j+8a_48ijk7kl8jEil—4a_4%-j'y”+2a_4(8Eij)2—2a_2Ei2j ) .

6a-2(4a"2 — g2)
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Finally, in order to simplify our calculations, if we do not consider, for the reasons men-
tioned in the previous section, the corrective terms due to I; (i.e. s =0) we obtain

2
S8 = [ v A (3 - 00))
o XPx 12¢2 M} N 32a7%(4a7% - g2a™* + 2¢2) My )E2
3(4a™?-g?) (da7?-g?)? (da=? - g?)? N
a2X Py 48a~4M}  8g?a~t(3gh + 16a1g? - 64a‘4)M24) 5
+ — - — + — (8EU)
3(4a2-g?) (4072 -g?)? 3(4a™2 - g?)*
a®XPx  3(4a”*+g*)*M}  128¢%a'(5a -gP)My)
B R O N O )W”
4 a2X Px . 24a7%(4a7? + g?) M} N 16g%a~*(28a7% - 3g2)M§)8 MO E,
3(a2-g?)  (da?-g?)? (4072~ g?)? A
(2 X_PX ~ 12g(4a:2 +g )M 128%3a‘4M§ )%j Ej}
3(4a7? - g?) (4a=2 - g?)? (4a=? - g?)?
(A.75)

Here we see that we have a new term, %jEij due to the choice of a parity-breaking
vacuum. This term is exactly what we was looking for: it violates the parity since it mixes
the different helicity states equations of motion.
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