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Abstract

Throughout the years, the cosmic microwave background (CMB) has given a crucial
contribution to build the standard cosmological model as we know today, becoming a
privileged observational tool of modern cosmology. In particular, in the so-called era of
high-precision cosmology, CMB data can put stringent constraints about the physics of
the primordial Universe, when, according to the standard paradigm, the first cosmological
perturbations formed.

The measurements of anisotropies in the temperature of CMB and of CMB polar-
ization are perfectly compatible with a Universe that in the past has experienced an in-
flationary phase of accelerated expansion (simply known as inflation), which is assumed
to be driven by a scalar field, the so-called inflaton field. During inflation quantum per-
turbations of the inflaton field were stretched on very large (super-horizon) cosmological
scales, where they got frozen. These are thought to be the seeds which later on evolved
into the large scale structures that we observe today. In particular, from the precise
analysis of the CMB maps, we can constrain a large variety of theoretical models aiming
to describe the inflationary epoch. In fact, the CMB is for cosmologists what the col-
liders are for particle-physicists, allowing to test modified gravity theories, symmetries
breaking, and the particle content during inflation. The CMB observations currently
seem to favor the simplest inflationary models, the so-called slow-roll models, where a
single slowly-rolling scalar field drives the expansion of the Universe under the effects of
Einstein gravity, sourcing both scalar and tensor perturbations, which are the so-called
primordial curvature perturbation and primordial gravitational waves.

However, our understanding of inflation is far away to be complete both for theoretical
and observational aspects. For instance, we still do not know the precise mechanism
realizing inflation. In fact, primordial gravitational waves as predicted by slow-roll models
have not been detected yet. Therefore, we do not have detailed information on their
(power spectrum) statistics, which would be crucial to determine the exact inflationary
model. Another example is the recent confirmation from the Planck satellite of the
presence of some anomalies in the CMB map, suggesting a possible violation of some
symmetries (e.g. the parity symmetry) at some point in the evolution of the Universe.
Moreover, we are still facing the so-called trans-Planckian problem, i.e. the fact that
the CMB physical observational scales could have been inside the Planck scale at the
beginning of inflationary epoch, thus requiring an ultra-violet completion of the theory.
All these aspects force us to push our research efforts further on about the physics of
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inflation.

The physics of the CMB can be used to provide an insight into all these different issues
related to the inflationary epoch. On the other hand, it also provides an observational
tool to test other aspects of fundamental physics. For example, in this Thesis, we will
show how modifications of the photon-fermion interactions as we know from the Stan-
dard Model of particle physics may lead to alternative theoretical predictions about the
expected level of CMB polarization anisotropies generated during and after the recom-
bination epoch. For example, they can generate non-zero circular polarization which is
not allowed in the standard lore, but not completely excluded by the CMB experiments.

Motivated by all these considerations, in this Thesis we will review some fundamen-
tal aspects of the standard cosmological model (regarding in particular the inflationary
epoch) and investigate new scenarios that go beyond the standard paradigm, leading to
predictions that could be tested with current and future CMB experiments which will
focus on CMB polarization. The Thesis is organized as follows:

e In part [, we will review different aspects of the standard cosmological model, focus-
ing on the inflationary epoch and the connection between primordial perturbations
and CMB anisotropies.

e In part II, we will study parity breaking signatures in the gravity sector during
the primordial Universe. In particular, we will consider the modifications to the
statistics of primordial perturbations in presence of Chern-Simons gravity, which is
the first order parity breaking modified gravity theory arising from an effective field
theory modification of Einstein gravity. We will show that the expected amount of
chirality in the power spectrum statistics of gravitational waves is expected to be
very small, in a way that is difficult to have a detection with current and futuristic
CMB experiments.

Thus, we will make an analysis of the parity breaking signatures induced to the
higher order (bispectra) statistics of primordial perturbations, showing interesting
prospects for the 2 gravitons-1 scalar bispectrum. We will perform a Fisher-matrix
forecast on the possibility to detect primordial signatures of Chern-Simons gravity
from this bispectrum, with next decade CMB experiments focusing on CMB B
modes.

In particular, we will show that, in general, an improvement in the angular res-
olution of CMB experiments, together with lensing subtraction, can significantly
enhance the sensitivity of CMB bispectra to parity breaking signatures in the pri-
mordial Universe. On the contrary, we will show that no significant improvements
in constraining primordial parity breaking signatures are expected from the power
spectra statistics of futuristic CMB experiments, even with very high angular res-
olution and perfect lensing subtraction. This result suggests that CMB bispectra
statistics could be, in the future, a crucial observable to constrain parity breaking
signatures from inflation.

e In part III, we will consider how CMB can be possibly exploited to probe new
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physics beyond Standard Model of particle physics. We will study the generation
of CMB circular polarization from the forward scattering between CMB photons
and other particles. This is the same physical mechanism that also generates the
neutrino flavor mixings in the Standard Model of fundamental interactions, causing
the oscillation of neutrino flavors.

In particular, firstly we will study the forward scattering between CMB photons
and gravitons, showing a non-zero generation of V' modes in case of anisotropies
in the statistics of primordial gravitons. However, we will show that the final
amount of V' modes expected today is too low to be detected by both current and
futuristic CMB experiments. Nevertheless, we will derive general equations that
can be applied to a general photon-graviton interaction in contexts different from
the CMB, e.g. for searching of gravitational wave events of astrophysical origin.

We will then study the polarization mixing due to the forward scattering of CMB
photons and generic fermions. In particular, we will provide a general parametriza-
tion of the photon-fermion forward-scattering amplitude (assuming only gauge in-
variance and CPT symmetry) and compute the corresponding mixing terms be-
tween the different CMB polarization states. We will consider different general
extensions of Standard Model interactions which violate discrete symmetries, while
preserving the combination of charge conjugation, parity and time reversal. We
will show that it is possible to source CMB circular polarization by violating par-
ity and charge conjugation symmetries. Instead, a B-mode generation (in absence
of primordial gravitational waves) is associated to the violation of symmetry for
time-reversal. Our final results will be expressed in terms of some free parame-
ters characterizing different kinds of forward scattering interactions, thus offering
in the future a viable and general tool to put constraints on fundamental physics
properties beyond the standard paradigms using CMB data.

In part IV, we will provide our conclusions and final considerations about the
research developed in this Thesis.

Finally, in part V, we will provide an Appendix, where some formulas and for-
malisms employed in this work are reviewed.
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Part 1
Introduction

In this first part, we will review the basic elements of the standard cosmological model,
introducing the inflationary epoch (Chap. 1), and showing the slow-roll models predic-
tions both about the power spectrum and bispectrum statistics of primordial (scalar and
tensor) perturbations (Chaps. 2 and 3). Moreover, we will qualitatively review how
we can link the early-time statistics of these perturbations to the CMB anisotropies we
observe now, showing the experimental constraints on inflationary models from the last
Planck data (Chap. 4). Finally, we will review the effective field theory formulation of
inflation, allowing to study in a model independent way all the possible deviations from
slow-roll models of inflation (Chap. 5).

The main aim of this part is to clarify the formalism and conventions adopted in this
work, in order to help the reader in understanding the original scientific results presented
in parts II and III. Throughout this Thesis, if not alternatively specified, we will use
natural units, thus ¢ = A = 1, together with the reduced mass Planck Mp; = (87TG)*1/2,
and the metric signature (—, +,+, +).






Chapter 1

Standard cosmological model

1.1 General description

The current cosmological model relies on a fundamental feature of the Universe, i.e. its
large scale homogeneity and isotropy. To date, there have been surprisingly only few
tests of these two symmetries. Most of these have looked for a redshift dependence of
cosmological parameters or have used galaxy density projections on the sky (see e.g. [1-
4]). The most reliable test is the isotropy of the cosmic microwave background (CMB)
made by the Planck mission (see the Planck paper [5]). All these observations naturally
support the hypothesis that we do not occupy a peculiar space in the Universe, and this
is the basics of the well known cosmological principle, defining the role of the so-called
comoving observer. In just one sentence, we can resume this principle as follows:

"Each comoving observer sees the Universe around him, at a fized time, as homoge-
neous and isotropic, on sufficiently large scales". When we say "large scales", we refer
to distances bigger than about 100 Mpc (Megaparsec) or, better to say, distances that
are much bigger than the characteristic dimension of a galaxy.

With the mathematical instruments of general relativity, we can reformulate this
fundamental principle in the following way: the Universe is a four dimensional manifold
with three space-like coordinates (z;,7 = 1,2,3) and one time-like coordinate (¢) where
the three dimensional submanifolds at fixed time >; are maximally symmetric manifolds.
This automatically implies that the metric of the Universe, apart for diffeomorphisms,
has to take the following form'

- dx)?
ds® = —di? + a(t)’ [dx2+k(1x_k’22} , (1.2)

where (t, x) are a set of coordinates of the comoving observer, in particular ¢ being the

LOr an equivalent form

. 2
ds® = a(t)? {*d?f + dx® + k(f(_f;)Z ] (1.1)

in terms of the conformal time n defined as dt = adn. In this work, we will use both 1 or 7 to denote the
conformal time depending by the context in order to avoid conflicts of notation with other parameters.
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so-called cosmological time. In polar coordinates the metric (1.2) reads

dr?
1 — kr2

ds* = —dt* + a(t)? + r2(df? + sin® 0d¢?) | . (1.3)
The quantity a(t) is the so-called scale factor and is a positive parameter which charac-
terizes the time evolution of the physical dimensions of space-like hypersurfaces. Usually,
it is normalized to be equal to 1 today, thus a, = 1.? The parameter k, called spatial cur-
vature, represents the curvature of these space-like hypersurfaces. We have three different
spatial geometries of the Universe depending on the value of k:

e k < 0, the hyper-surfaces Y; have negative curvature, it follows an open Universe.
e k =0, the hyper-surfaces ¥; are euclidean, it follows a flat Universe.

e k > 0, the hyper-surfaces ¥; have positive curvature, it follows a closed Universe.

What we have just described is the so-called Friedmann-Robertson-Walker (FRW) metric.
Normally, one has to find the metric of a given space solving the so-called Einstein
equations
Ry — 50 = 87C T, (1.4)
where R, is the Ricci tensor built on the metric g,,, R is the scalar curvature, G is
the gravitational constant and 7}, in the energy-momentum tensor of the matter field.
However, this procedure would require a precise knowledge of the energy-momentum
tensor of the Universe. Since it is not realistically possible to precisely map all the
matter contained in any point of the Universe, then cosmologists can only assume the
metric to be FRW (according to the symmetries imposed by the cosmological principle),
and investigate about the time evolution of the energy-momentum tensor of the Universe.
In particular, it can be shown (see e.g. [6]) that the energy-momentum tensor of the
Universe necessarily takes the same form as for a perfect fluid

Ty = (p(t) + p(t))upuy + p(t) g (1.5)

where u,, is the 4-velocity of the cosmic fluid, p and p the energy density and the isotropic
pressure respectively. Inserting expression (1.5) into Einstein’s field equations we find
the well-known Friedmann equations

I k
H>="p— = 1.
5P (1.6)
a . 4G
S H+H == (p+3p), (1.7)

where H = a/a is the so-called Hubble parameter labeling the expansion rate of the
Universe. The latest experimental value of H today is provided by the Planck mission
as [7]

H, = (67.440.5) kmMpc ts~1 (1.8)

2In the following, we will use the suffix "o" to indicate quantities evaluated today.
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However, this is not the only experimental value of H, available in literature.?

Returning to our general description, after specifying an equation of state, i.e. p =
p(p), Egs. (1.6) and (1.7) form a complete set which can be used to determine the two
unknown functions a(t) and p(t). Typically, the Universe is well-approximated by a
baryotropic fluid which follows an equation of state like [6]

p=uwp, (1.10)

where w take different values depending on which kind of fluid well describes the Universe
composition at any stage. In the following, we list all the different types of fluids that
may compose the Universe.

e Matter fluid (M): it can consist of non relativistic matter and/or dark matter (DM).
Non-relativistic matter is typically baryonic matter with an energy mass F,, = m
greater than the thermal energy Ep ~ T of the Universe at a certain time (i.e. in
natural units m > T'). The DM component represents matter that interacts only
gravitationally in the Universe and does not have any electromagnetic interaction
and for this reason we cannot observe it directly through fotons emission. Moreover,
we know from observations that in order to be a dominant component today in the
matter fluid the DM component must be non-relativistic today (also known as cold
dark matter). For such fluid, we can take p ~ 0, w ~ 0.

e Radiation fluid (R): it consists of relativistic matter and radiation. The relativistic
matter is baryonic matter with an energy mass much smaller than the thermal
energy of the Universe (m < T'). Radiation is associated to cosmological photons
(like the CMB). For such fluid, w = 1/3.

e Vacuum energy fluid (A): this kind of fluid is currently associated to regions of
vacuum in the Universe. For this fluid, w = —1, i.e. it has negative pressure.
Physically, this means that it makes an opposition towards the gravitational pres-
sure, like the radiation pressure when we try to indefinitely compress a fluid. In
this last case, the energy momentum tensor becomes of the kind 7}, = Ag,,,, with
A a constant. In literature, this fluid is also called cosmological constant, because
it originally appeared in the left-hand side of the Einstein equations (1.4) as the
cosmological constant firstly introduced by Einstein to find a solution for a static
Universe [10]. It is also known as dark energy (DE), because it consists of an
unknown form of energy that seems to contrast the attractive gravitational force.

3For instance, it is worth to mention a recent local measurement through infrared observations of 70
long-period Cepheids in the Large Magellanic Cloud, which gave the value [8]

HY™ = (74.03 + 1.42) km Mpc ‘s~ (1.9)

This measurement results in a 4.40 tension with respect to the latest result from Planck satellite. This
is the so-called Hubble tension. For more details on this aspect and how to relax the tension, see e.g. [9]
and references therein. In the rest of this work we will not go trough this point since it is not related to
the PhD research project.



Our Universe is composed by all of these three fluids at the same time. Therefore, the
dynamics of the Universe is driven by the fluid which is dominant in term of the energy
density at a given epoch. In particular, we can define the density parameter €; of the
i-th species as
Pi
Q= —, 1.11
" pe (L11)
where p. = 3H?/87G is the so-called critical energy density, being the density of a
spatially flat Universe. The total density parameter is obtained by the sum over all the
three species
Q =0y +Q 4+ Q4p, Qpr = Qp + Q¢ (1.12)

where b and ¢ stand for baryons and cold dark matter respectively. The last experimental
values of the parameters €)Y measured by the Planck space mission are tabulated in
[7].* These confirm that today the predominant component of the Universe is an energy
vacuum like fluid with a relative abundance Qf ~ 0.69. The cold dark matter component
have a relative abundance of €22 ~ 0.26, while non relativistic baryons and radiation
represent only a minor part of the cosmic fluid (£2f ~ 0.05 and Qf ~ 107°). The current
observations indicate also that today the Universe is fully consistent with a spatially flat
Universe (k = 0). If we assume k ~ 0 during all the Universe history (this assumption
works well because in the past the spatially flat solution is an attractive solution of Eq.
(1.7)), then we can solve exactly Egs. (1.6) and (1.7), finding

tg) t—30+w), ifw+#—1,
o(t) = {710 o (113)
,O(tg), fw=-1,
2
a(ty) t30+w), ifw# -1,
a(t) = 1.14
0 {a(to)th, ifw=-1, (1.14)

where t( denotes some initial time. In Tab. (1.1) these results are summarized for each
of the three fluids.

From our solutions it follows that, independently by which fluid composes the Uni-
verse, the curve a(t) versus ¢t must be concave downward and must have reached a(t) = 0
at some finite time in the past. This is the initial singularity universally known as Big
Bang.

In particular, according to the current Lambda-Cold Dark Matter (ACDM) model,”
the Universe was initially an high energy plasma composed merely of radiation fluid in
thermodynamic equilibrium. This is the so-called radiation dominated epoch. Then,

4Tt is important to underline that the constraints on cosmological parameters derived by the experi-
ments are typically sensitive to the details of the underlying cosmological model, i.e. a modification of
the standard paradigm may give different experimental outcomes. In this work, we will not give all the
details of the standard cosmological model, but we will introduce only those elements which may help
the reader to understand the research goals fulfilled. For more details about the full ACDM cosmological
model, we refer the reader to [7].

5Tt is called in this way because it predicts that the cosmological constant and cold dark matter
dominate the composition of the Universe today.



Fluid w p(a) a(t)
M 0 a3 t2/3
R 1/3 a?t t1/2
A -1 a’ ettt

Table 1.1. The time dependence of density and scale factor for a spatially flat Universe with a
dominant component of matter (M), radiation (R) and cosmological constant (A) fluid.

the Universe expanded according to the FRW solution, becoming colder and colder, and
favouring the formation of hydrogen atoms from free electrons and protons. When the
fraction of hydrogen atoms became higher than the relative abundance of free electrons
and protons, we had the so-called recombination epoch. The consequent reduction in the
number of free electrons determined soon after also the decoupling of photons from the
baryonic matter. In this moment, radiation and matter ceased to be part of the same
plasma, starting to evolve in time with a separate thermodynamical equilibrium. Since
the energy density of the matter fluid decreased slower in time than the radiation fluid
(see Tab. 1.1), then at a certain time the energy density of the radiation fluid became
the same as the matter fluid in an epoch denominated equivalence epoch. Then, a new
epoch started, the so-called matter dominated epoch. During this epoch, all the large
scale structures that we observe in the Universe, such as galaxies and cluster of galaxies,
started to form through gravitational instability guided by the dark matter. It is during
this epoch that we had the so-called reionization of hydrogen atoms, when the Universe
reverted from being neutral to once again being an ionized plasma. After this epoch,
at very recent times, the cosmological constant fluid became dominant with respect to
both matter and radiation, because of the growing of vacuum regions in the Universe,
leading to the today acceleration in the Universe expansion. In particular, as showed
above, nowadays radiation represents only a negligible component of the Universe, while
(cold) dark matter and cosmological constant are the main components. This is a very
brief description of the standard cosmological model just to give a general idea to the
reader. We refer to e.g. Ref. [6] for more details.

An important quantity to date a particular event or source of gamma rays in the
Universe history is the so-called cosmological redshift z. This redshift is the result of the
cosmological expansion of the Universe. It is defined as |6]

Aobs - )\emis
2> - 1.15
z Y (1.15)

where A¢mnis is the wavelength emitted by an electromagnetic source at a certain time

temis and Agps is instead the wavelength observed today, which results stretched by the
cosmological expansion. We can link this observable to the scale factor at the emission
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time a(temis) as
Qo

a(ternis) '
Using Eq. (1.16), one can adopt the variable z(t) instead of a(t) to refer to a particular
cosmological epoch in the Universe history.

A fundamental prediction of the standard cosmological model is the existence of a
background blackbody radiation emitted at the recombination epoch and with the tem-
perature of T ~ 2.7K today, which has been observed and is the well known CMB
mentioned above. One further outstanding success is the prediction of light-element
abundances produced during cosmological nucleosynthesis, which agree with current ob-
servations (see Ref. [11] for a recent review).

However, this picture suffers from at least one major unresolved problem (related
to the cosmological constant) and some other fine-tuning problems (related to initial
conditions). Moreover, it lacks the answer to the fundamental question about the origin
of the first primordial inhomogeneities that gave rise to the cosmic structures that we
observe today. In the next sections, we will see these problems in detail and how we can
solve the initial conditions problems and explain the rising of primordial inhomogeneities
by introducing an inflationary period.

1+ 2(temis) = (1.16)

1.2 The cosmological constant problem

There are several issues regarding the vacuum energy density fluid (or the so-called
cosmological constant) that we now observe in the Universe. In this section, we will
briefly summarize the main ones.

First of all, there is an anthropological problem: from the last Planck satellite mea-
surements we got that today the Universe is dominated by the matter and the cosmologi-
cal constant fluids with relative abundances Q9, ~ 0.31 and Qf ~ 0.69. We immediately
see that, apart for a factor of 2, the two fluids are now present in the Universe with the
same order of magnitude in abundance. The problem relies in the following question:
why this happens just in our epoch? In particular, this fact was most likely crucial for
our galaxy and our solar system to be as we now observe, thus for us to exist. This is a
sort of coincidence problem. This question is still nowadays without a convincing answer.

The other important issue is the famous disagreement between the theoretical and
experimental value of the cosmological constant energy density. This problem was firstly
pointed out by Weinberg [12] as follows. In natural units, the observed energy density of
A is given by

P = O3 pe ~ 10746 GeV? (1.17)

In quantum mechanics to each normal mode k of frequency wy we can attribute a zero
point energy of hwy/2. Thus, the computation of the total vacuum energy density de-
pends on the frequency interval of the normal modes and is given by the following sum-

mation .
*h&) ﬁ Wmax ﬁ
pA:Zk2 o / w3 dw = ——w (1.18)
0

~ w
v 2123 8r2e3 max?

8



where wnax 18 associated to a cut-off scale, i.e. the energy at which we believe that our
current understanding of the physics fails in describing the laws of nature. For instance,
if we take the electroweak scale as the cut-off scale, then we find pEWY ~ 10% GeV?
which is already ~ 10° times larger than the observed value. If we consider the Planck
scale as the cut-off scale, then we find pEW ~ 107 GeV* with a disagreement respect to
the experimental value of 123 orders of magnitude. When this problem was originally
pointed out, it was labeled as one of the greatest disagreements between the theory and
the observation.

However, nowadays this problem has been reformulated under a different perspective
which helps to alleviate it. The modern grown up way to calculate the vacuum energy
density is to compute the vacuum loop diagrams for each particle species in the Standard
Model of the particle physics. For example, the one loop self-energy diagram for a free
canonical scalar field, ¢, of mass m, can be computed using the techniques of dimensional

regularization, yielding [13]

O — _m74 _g + 1 m72 + v — ; /dd
 8m)2 | e ©8 472 T3 v
= _pvac/ddxv (119)

where 7 is the Euler-Mascheroni constant, u is an arbitrary mass scale, and the 1/e term
is a divergent term (e — 0 corresponds to the d — 4 limit). From this result, we have that
the 1 loop contribution to the vacuum energy from the scalar field under consideration

yields
4 2
m 2 m 3
=—— |[——+1 — - =1 . 1.20
prc <8w>2[ :t Og<47w2> 7 2] (1:20)
The divergence requires us to add the following counterterm which depends on an arbi-

trary subtraction scale, M,

m* [2 47 pi?
Pcount ™~ W |:6 + log <W>:| . (121)

So, the renormalised vacuum energy (at one loop) is given by

4

2
Pvac,ren = (ETT)? [log <Arr;2> + finite terms} . (1.22)
Because this depends explicitly on the arbitrary scale M, we do not have a concrete
theoretical prediction for the renormalised vacuum energy. If we extend the same 1 loop
computation for all the fields of the Standard Model and we sum up all the contributions,
then the problem would have been solved since the final value of the energy density is
not predicted by the theory, but can be given only by the observations. It seems that,
using the experiment, we can determine the exact value of M so that the theoretical
and experimental values coincide, treating M like a sort of new fundamental constant of
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the physics. Unfortunately, the problem arises again when we consider an higher loops
computation. In such a case, the finite terms in Eq. (1.22) slightly change since, after re-
absorbing the new divergences with other counterterms, we have additional subdominant
contributions to pyacren. As a result, we have that the 2 loops value of M which solves
the cosmological constant problem is slightly different from the 1 loop value. But then
the same thing happens when we go to three loops, then four, and so on. At each suc-
cessive order in perturbation theory we are required to retune the value of M to extreme
accuracy. This leads to a radiative instability. The only way to avoid it is to require the
higher loop corrections to be very highly suppressed, which would require a fine-tuning
of the parameters of the underlying quantum field theory (and this is not the case of
Standard Model of particle physics). This new way to express the cosmological constant
problem suggests that it is probably related to our ignorance about a complete theory
of gravity at high energies. You can find out more about this point in [13]. Moreover,
in literature many other ways to explain the nature of the cosmological constant fluid
have been proposed, with the common purpose to outflank the vacuum energy problem.
These usually rely on modified gravity scenarios whose purpose is to "mimic" the role of
this fluid (see e.g. [14—17]), without requiring a contribution from the vacuum energy.

1.3 The horizon problem

We start enunciating the problem by defining the comoving particle horizon X, as the
maximum distance a light ray can travel from time 0 to time ¢. In a FRW Universe it

can be written as
/t a /a(t)dl ( ! ) (1.23)
Xp = —_— = nal|—|, .
P o at)  Ja aH

where the quantity (aH)~! is instead the so-called comoving Hubble radius (rg), which
quantifies the comoving distance covered by a light ray during the characteristic Universe
time 7 = H~!. The comoving Hubble radius represents an extimation of the distance
under which two points in the comoving Universe are causally connected at a fixed time
t.

The physical size of the particle horizon is simply

d(t) = a(t)xp- (1.24)

Using solutions (1.14), it can be shown (see Refs. [6, 18, 19]) that the comoving Hubble
radius increases in time like
TH X q(1+3w)/2 , (1.25)

where for a matter fluid w = 0 and for a radiation fluid w = 1/3. This means that the
fraction of the Universe in causal contact grows in time, or, in other words, that the
causally connected Universe was much smaller in the past. In particular, going backward
until the time of recombination, one concludes that the last scattering surface is made of
several independent patches that had never causally connected in the past, but incredibly
have the same degree of isotropy nowadays. Since particles belonging to different patches
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could not interact in the past, the currently situation with the CMB being a bath of
photons with the same properties everywhere in the sky is extremely improbable. The
lack of a microphysical explanation to this unlikely fine tuning is known as the horizon
problem.

1.4 The flatness problem

We can rewrite the Friedmann equation (1.6) as

Qt)—1= (GH)?’ (1.26)
where ) 0
P P
Q(t) = pe " BMEEE (1.27)

where Mp is the reduced Planck mass. As we have seen in the previous section, the
comoving Hubble radius is growing in time, thus the quantity {2 — 1 decreases going
backward in time. The measured value of €, — 1 is very close to zero, |, — 1| =
0.001 £0.002 (68 % CL) |7], implying that in the past it should have been even smaller.
Doing a precise computation, we can show that at the Planck scale |Qp; — 1| < O(10~%4)
[20]. Nedless to say, this points again to an extreme fine tuning of the initial conditions,
which is known as the flatness problem.

1.5 The cosmological relics problem

According to several extensions of the Standard Model of particles (e.g. Grand Uni-
fication Theories (GUT) or string theories), if the primordial Universe had very high
energies, in the early Universe at very high energies various cosmological defects, such
as magnetic monopoles, could have been produced, which would still be present in the
Universe, with an energy density that would overclose the critical density by many orders
of magnitudes. These are called cosmological relicts. The magnetic monopoles are an
example of these cosmological relics. See Refs. |21, 22| for more details about other types
of cosmological relics.

1.6 The inflationary solution to initial conditions problem

Horizon, flatness and cosmological relics problems are known to be initial conditions
problems. In the previous section, we saw how crucial is the role of the comoving Hubble
radius in the formulation of the horizon and flatness problems: both of them appear
since (aH)~! is strictly increasing. However, this also suggests that the horizon and
flatness problems can be solved by the same mechanism: making the comoving Hubble
radius to decrease in time in the very early Universe. In this way, the flatness problem
is trivially solved as 2 — 1 would naturally converge to zero at early times (from Eq.
(1.26)), before the standard FRW evolution begins. The horizon problem is also solved,
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as the region that will become the observable Universe today actually becomes smaller
during this period, so that what appear now as causally disconnected regions in the sky
were in causal contact in the past. Thus, this mechanism requires a period of accelerated
expansion since by definition

d 1
— | — a . 1.2
dt<aH><0(:>a>O (1.28)

This period is called inflation. The search for the solution to the problems of horizon
and flatness was the historical motivation for inflation. Its ability to motivate one or
more of the initial conditions of the standard cosmological model was noticed by several
authors (see e.g. Refs. [23-26]) and acquired universal appreciation with the papers
[27-29]. However, nowadays inflation has become a fundamental part of the modern
cosmology for another reason. In fact, inflation provides us with a powerful mechanism
to generate the energy density perturbations of the Universe, necessary for the formation
of large scale structures. Before the advent of inflationary solution, the initial fluctuations
were only postulated and taken as initial conditions designed to explain observational
data. Today, inflation explains the origin of the first primordial inhomogeneities as small
quantum fluctuations of the inflaton field that are stretched on very large scales by the
Universe expansion. Nedless to say, this offers a concrete way to make predictions for
the spectrum of these primordial perturbations, that are confirmed by the analysis of the
CMB anisotropies (see Chap. 4).

Since the evolution of the Universe obeys Friedmann equations (1.6) and (1.7), it is
clear that in order to have a period of accelerated expansion (i.e. d@ > 0) we need to
satisfy the condition

p+3p<0. (1.29)

From this last equation, we get that for an accelerated expansion it is necessary that
the pressure of the Universe is negative, i.e. p < —p/3. Neither a radiation-dominated
or a matter-dominated phase (for which respectively p = p/3 and p = 0) satisfies this
condition. In the following, we will see a simple field-theoretical model realizing inflation
which is also the current standard paradigm of the inflationary epoch. Later on, we will
also discuss its theoretical implications.

We start by writing down the well-known action of one scalar field ¢, which we call
the inflaton, auto-interacting through a generic potential V (¢):

S= / N [;amamgw + V()] (1.30)

where g, is the FRW metric (1.2) and g = —det[g,] = a®. Writing the energy-
momentum tensor of the scalar field,

T/u/ - 8u¢au¢ - guuﬁy (131)
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we can find out the corresponding energy and pressure densities as

p= 3BV + (Zf2)2 ! (1.32)
_ 2
p= 18- vie) - VoL (133)

Now, we shift the inflaton field into an homogeneous and isotropic background and a
quantum perturbation around the background as

&= ¢o(t) +o(t,x). (1.34)

For this moment, we consider only the dynamical evolution of the vacuum expectation
value of the field, i.e. ¢9. The background part behaves like a perfect fluid with

po = %Gﬁg + V(o) , (1.35)

Po = %ﬁ% — V(o) - (1.36)

Under the hypothesis that the potential energy is larger than the kinetic energy, i.e.

$% < V (o), we obtain
1
w= 1< (1.37)
Po 3
that gives an accelerated expansion of the Universe.
In order to express better this condition, let us write down the equation of motion

for the inflaton ¢¢ derived from action (1.30):
do +3Hdo + V(o) = 0. (1.38)

Physically, if gb% < V(¢p), the field is slowly rolling down its potential, hence the name
of slow-roll inflation. 1If we want that this condition is maintained in time, then we
should also expect ¢p to be very small, i.e. ¢g < 3H¢pg. Under these assumptions the
Friedmann equation (1.6) becomes
3MBEH? ~ V(o) (1.39)
while Eq. (1.38) becomes _
3Hapo + V' (¢g) ~0. (1.40)
Differentiating with respect to the time Eq. (1.39) and using Eq. (1.40), we find
1 ¢} 1 V'()?
~ 100 1V(%) (1.41)
2 Mj, 6 3Mp5, H?

This last equation tell us that, for the potential energy to dominate the energy density
of the Universe, the potential of the inflaton should be very flat:

V' (¢ho)?

2
T <H (1.42)

< Vigo) =
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This is the first slow-roll condition. Now, differentiating with respect to the time Eq.
(1.40) we get
. V(o) do
~ i 1.43
Po Vi (1.43)
Thus, it follows

do <3Hdy = V"(¢o) < H?, (1.44)

which is the second slow-roll condition.

Both conditions (1.42) and (1.44) can be expressed in more generality using only the
Hubble parameter H. In fact, since in the current model w ~ —1 (Eq. (1.37)), slow-roll
inflation is a quasi-de Sitter stage, with H almost constant. To achieve this, it is enough
to require that the fractional change of the Hubble parameter during one Hubble time
H~' is much less than unity, i.e.

€= <1. (1.45)

- H?

This is the definition of the first slow-roll parameter and corresponds to condition (1.42)
if inflation is driven by a scalar field with action (1.30). At the same time, also the time
variation of H must be small during inflation, i.e.

i

— < 1. (1.46)
HH

This leads to the definition of a second slow-roll parameter, n, which corresponds to the

condition (1.44) and is defined in terms of e through

n=2€—-—. (1.47)

Slow roll parameters can be expressed in terms of the first and second order derivatives
of the slow-roll potential V(¢) as

_ L (MpV'(¢0)\* 1 (1.48)
2 Vigo) T2 HQJW}-Q,1 ’ ’
M2 e ¢ 7 1 éQ
= MpV(00) b0 1 0. (1.49)
V(o) H¢y 2 H>Mg,
Notice that we can write .
%:H+H2 = (1—e)H?. (1.50)

Therefore, the condition € < 1 is fundamental to achieve ¢ > 0: as soon as it is violated,
inflation comes to an end.

The total amount of inflation is measured by the number of e-folds of accelerated
expansion as

o—f ay B tf
N = dlna = H(t)dt, (1.51)
a; t

i
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where the subscripts i and f denotes respectively the beginning and the end of inflation.
In the case of slow-roll inflation driven by a scalar field, we have

1
-~ V2eMp

so that Eq. (1.51) can be rewritten as an integral in the field space

Hdt = gd¢ do , (1.52)

%1 1

—dp~ ————
¢ V2eMp) V2eMp)

Inflation can successfully solve the horizon and flatness problems if N~ > 50 — 60 (see
e.g. Ref. [20]).

Notice that, since any physical process occurring in the Universe is irreversible (time-
translation is not an isometry of the FRW metric (1.2)), then inflation, at its inset,
erases any information regarding both the geometry and the composition of the Universe,
giving "new" initial conditions that are in accordance with the today observations and
the subsequent FRW evolution. For this reason, we automatically solve also the problem
regarding the initial singularity that was given by the FRW solutions (1.14) (it is enough
to assume that these solutions are valid only after the time ¢y when inflation ends).
Notice also that, if the theory of inflation is correct, then we are no more interested on
what happened at the times ¢t < t; before the beginning of inflation. In fact, for what we
said, we can not access any physical information about the Universe before this time.

To conclude this section, we very briefly mention the inflationary solution to the
problem of the cosmological relics. The basic idea is very simple: the density of the
cosmological relics can be strongly diluted by the accelerated expansion taking place
during inflation, to such low levels that justify the fact that they are not observed today.
This is just the description of the qualitative solution to the problem. For more details
see e.g. Refs. |21, 22].

Ne—f = Ad. (1.53)
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Chapter 2

Quantum perturbations during
inflation

If during inflationary epoch we do not consider the presence of any primordial perturba-
tion, none of the cosmic structures we see today would have never formed. Our current
understanding of the large scale structures of the Universe is that they had their origin
from tiny perturbations in the energy density at a very early epoch. In absence of a phys-
ical mechanism able to produce them, they must be put by hand as initial conditions.
Fortunately, an explanation is offered by the same mechanism that solves the horizon and
flatness problems: during inflation, small quantum fluctuations are generated and, while
the Hubble radius remains almost constant, their wavelength soon exceeds the Hubble
radius itself. At this point, microscopic physics does not affect their evolution anymore,
and their amplitude "gets frozen" at a non-zero value, which remains almost unchanged
until the end of inflation. Then, since in the subsequent radiation and matter dominated
epochs the Hubble radius increases faster than the scale factor, wavelengths that have
gone outside the horizon during inflation eventually re-enter. The fluctuations that went
outside the Hubble horizon around 60 e-foldings before the end of inflation re-enter with
physical wavelength in the range accessible to cosmological observations like the CMB,
and provide us with distinctive signatures of the high-energy physics of the early Universe
(see Chap. 4). In this chapter, we will review the slow-roll models prediction about the
power spectrum statistics of primordial perturbations and see which are the fundamental
parameters that we use to characterize it.

2.1 Perturbation theory

Let us recall Eq. (1.34) where we considered a fluctuation of the inflaton field around
the background

¢ = do(t) +0o(t, ). (2.1)

It is evident that, when we perturb the inflaton filed, we are automatically perturbing
its energy momentum tensor T}, (1.31), which, in turn, will perturb the metric tensor
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though the Einstein equations (1.4) in the following way

I = ggy(t) + 09 (t, ). (2.2)

where the background metric is the FRW metric (1.2) with & = 0. The metric pertur-
bations are usually decompose into objects with definite transformation properties with
respect to the underlying three-dimensional manifold, since they appear to be uncoupled
at first order [30, 31]. Following this reasoning, the metric tensor can be decomposed as
(see e.g. [32])

goo = — (1 +2 Z ;‘I/(SU (2.3)
s=1 "
goi = alt)? Y el (24)
s=1 "~
gi; = a(t)? (1 + 22 S )523 + Z ‘hfj ] (2.5)
s=1 "~ :

where the functions U, &) wfs) and hl(;) represent the s-th order perturbations of
the metric. We can decompose these in a way that we have objects with a well-defined
transformation under spatial rotations. We can split w; into a transverse and longitudinal
part (that will be called respectively transverse vector and scalar) as

w; = Owll + wik. (2.6)

Moreover, we can decompose h;; into a scalar function, a transverse vector field, and a
transverse and trace-less (TT) tensor as

hij = Dijhll + 8;ht + 9;hi- + KL, (2.7)

where D;; = 0;0; — 6;;V?/3 is a traceless operator and we omitted the suffix (s) in the
perturbations for simplicity of notation.
Because of the invariance of general relativity under general coordinate transforma-
tions
at — ot 4+ & (t, %), (2.8)

not all the perturbations introduced are physical, but there will be some gauge modes
that can be reabsorbed performing appropriate coordinate transformations. Once we
have removed all the gauge modes, we have completely fixed one of many possible gauges.
In particular, the perturbations can be different among the various gauges. Thus, gauge
invariance implies that there are many different ways in which we can choose a map
between the FRW background space and its associated perturbed Universe. Each of these
descriptions is physically equivalent. Thus, in order to remove the gauge redundancy,
we need to fix one of these maps before making a perturbative expansion of our physical
objects. This procedure takes the name of gauge firing. The issue of gauge invariance
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in cosmological perturbations is well-known in literature (see e.g. Refs. [30, 31, 33-36])
and we will not discuss it further in this section. Usually, the most clever way to deal
with the gauge invariance is to define gauge invariant perturbations, i.e. perturbations
which are independent by the choice of the gauge, giving an uniform description. In the
following, two particular convenient gauge choices will be presented.

Moreover, in literature, we can find out an alternative formal way to express the per-
turbed metric tensor when dealing with cosmological perturbations. This is made trough
the so-called ADM (Arnowitt-Deser-Misner) formalism of the metric, firstly introduced
in [37, 38]. This is an Hamiltonian reformulation of the theory of gravity in which we
foliate the total 4-dimensional space-time into 3-dimensional space-like hypersufaces at
fixed time. The 3-metric h;; = g;; on these hyper-surfaces can be splitted in the same
way as in Eq. (2.5). The remaining components of the 4-metric can be rewritten in terms
of the so-called lapse function N = (—¢%)~1/2 and the shift vector N; = go; in a way in
which the metric in the ADM form reads

goo = —(N? = N'N;),
goi = N;
9ij = hij , (2.9)

and the inverse metric components read

1
00 __
g = N2
. N;
gOZ = _N7;7
L .. NINJ
gv =h" — ——. (2.10)

N2

We can rewrite in an "ADM form" all the fundamental tensors of general relativity, in
a way in which all the contractions are done only with the 3-metric h;; (see Appendix
A). This formalism is useful since N and N; will play the role of Lagrange multipliers
in the action (1.30) (at least in standard gravity and in effective field theory extensions
of Einstein gravity) and their algebraic equations of motion can be solved in terms of
dynamical perturbations and substituted back in the action. Another interesting feature
of working in this formalism is the following: if we are interested in an expansion of the
action (1.30) until cubic order in the dynamical fields, we need to know only the first
order expressions of N and N;. The demonstration of this fact is quite simple. Imagine
to have in the Lagrangian of the theory a term that depends on N

L=L(N). (2.11)

We can expand this Lagrangian around the first order value N = N ag

oL > oL > ,
_ (1) hdad . (n) . (n) pr(n’)
L(N) = L(N )+8N N (E_QN ) +82N . § NN +... . (2.12)

n,n'=2
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The second term in this expansion vanishes because it multiplies OL/ON|y), that is
zero if we evaluate the Euler-Lagrange equation for N at first order. Then, only the first
and the third terms remain. But the third term contains a summation which starts with
a quartic order term. All the other terms in the expansion are of higher order. Then, if
we are interested in the contributions until the cubic order, we can take only £(NM).
An analogous result can be found introducing the dependence over NN;.

We conclude this section remarking that in an inflationary context transverse vector
perturbations are usually not considered and put to zero. In fact, they are found to
decay during inflation and then to be substantially irrelevant in this context (see e.g.
[32]). Thus, in the following only scalar and T'T tensor perturbations will be considered.

2.2 Useful gauges

In this section, we introduce two convenient gauge fixings at first order in the perturba-
tions admitting simple non-linear generalizations.

The first one is the so-called spatially flat gauge. In this gauge, the scalar pertur-
bations ®1) and All(M) are removed in the 3-metric. Then, one is free to remove also
the vector perturbation hgl). We leave only with h;TZ.T(l) and the first order inflaton

perturbation ¢!, So, the 3-metric takes the form
h?jat = a2(5ij + %’j) (2.13)

where for convenience of notation we have fixed ~;; = hiTjT(l).

On the other hand, another very convenient gauge is the so-called comoving gauge.
Here, the inflaton perturbation is reabsorbed together with AllM) and hl(l), and the 3-
metric reads

hee™ = a2 |(1+ 20655 + 745 - (2.14)

Since we want a final description in terms of quantities that do not depend by the gauge
fixing, we need to define gauge invariant variables. It is possible to show that, at linear
order, ;; variable defined here is gauge invariant [30, 36]. Moreover, we can define the
following scalar gauge invariant variable [30, 36|

T CELS FOR (2.15)
¢
This quantity is the so-called curvature perturbation on slices of uniform energy density.
By construction, the meaning of ( is that it represents the gravitational potential on
slices of uniform energy density. In the inflationary context, ¢ and ~;; are the two gauge
invariant variables that are used to link theoretical predictions with the observations.
The gauge fixings (2.13) and (2.14) admit non-linear generalizations which allows for
a computation of the higher order statistics of the perturbations. At non-linear level, we
can generalize the 3-metric of the spatially flat gauge as [39]

hzﬁjat = a” exp[v];; (2.16)
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where

exp[Y)ij = 0ij + Yij + Yy + - - (2.17)
Instead, we can generalize the comoving gauge as [39]*
h’(L:]om — a2€2< exp[’y]” (218)
where
e =1+20+4C3+ ... (2.19)

Notice that in these last cases the quantities ¢, 7;; and d¢ are no longer first order fields,
but they include all their perturbative expansion. In addition, we see that the gauge
invariant variable ( explicitly appears in the 3-metric tensor of the comoving gauge.
This makes the latter a good gauge to do the computations, specially in standard gravity
and at linear level, since we can directly find the quadratic action for (. However, as
we will see later on in this work, the spatially flat gauge may help in simplifying some
computations when dealing with non-linearities.

We end this section providing the non-linear (second order) relation between the
variable ¢ and the inflaton perturbation ¢ in spatially flat gauge [39].2

__H. 1¢ (H N\ 1¢° (H_ \’
(= ¢5¢+2¢H(¢5¢) +4H2(¢5¢) : (2.20)

Identifying ¢, = —H/ ® 8¢ as the first order value of ¢, we can rewrite Eq. (2.20) in
terms of slow-roll parameters as

(=a-1¢. (2:21)

As we can see, the non-linear part of this relation is slow-roll suppressed, letting us to
consider ¢ ~ (; if we are interested in slow-roll dominant physics only. This is useful
when one wants to work in spatially flat gauge and express the final results in terms of
the gauge invariant variable (.

2.3 Scalar perturbations

We start by reviewing the dynamical evolution of the scalar gauge invariant quantity ¢
in the context of slow-roll models of inflation. The starting point is to rewrite action
(1.30) with the metric in the ADM form (2.9) in a way that only Latin contractions with
the 3-metric h;; remain. We find (see e.g. [39])

S = % / d*zv'h [N(R<3> — K90, — 2V) + N7L(p — N'9;¢)* + N(Ki; KV — K2)] :
(2.22)

'The quantity +;; in this gauge in principle differs from the one in the spatially flat gauge. But, it
can be shown that the two ones can be considered the same for perturbations that exceed the Hubble
horizon during inflation. Thus, we can still consider v;; as a gauge invariant quantity. See the Appendix
of Ref. [39] for more details.

2Also in this case one should consider more terms in the relation (2.20), but it is possible to show
that they are irrelevant for perturbation modes that go outside the Hubble horizon during inflation. For
the complete relation, go to the Appendix of Ref. [39].
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where h;; denotes the 3-metric, vh = —det[h;;], R®) is the scalar curvature associ-
ated to the 3-metric, and Kj;; is the extrinsic curvature tensor of constant time spatial
hypersurfaces given by

1 .

Kij = W(hw — DlN] — DJNZ) s K = Kijhij ) (223)

where the quantity D; is the three-dimensional covariant derivative.
The algebraic equations of motion for the fields N and IV; are given by the functional
derivatives 05/0N; and 0S/0N. They read

Dj(K! — K&]) = N7'9ip (6 — N79;6) = 0, (2.24)
R® — 2V — (KK — K?) = N72(¢ — N'9;¢)* — h18,00;¢ = 0.  (2.25)

These equations can be solved perturbatively once fixing a gauge and setting
N=1+NO4 . N=gyp®O4 NV L onND =0). (2.26)

Here, we have stopped our expansion at first order in the perturbations ¢ and ;;. In fact,
we have previously showed that for a computation until cubic order in the Lagrangian,
first order solutions for N and N® are enough. These first order solutions in comoving
gauge (2.18) are given by [39]

W _ &
NG = 27 (2.27)
2
W _ S, 0
N =0. (2.29)

Substituting them into action (2.22) (and fixing ;; = 0), after performing some integra-
tions by parts, one can finally obtain the following second order action for

. . 2
S = Mgl/d4mea3 <C2 - (&g) > . (2.30)
a
Now, it is useful to go to conformal time 7,
dt
dr = — 2.31
r=2, (231)
where the action take the form

S— M / dwea® (¢F — (0:0)) | (2.32)

the primes denoting derivatives with respect to conformal time. After performing the

field redefinition .

- a\/ZMpl ’
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the action for the auxiliary field ® becomes
1 2 (ay/e)”
S==[dz D —(8;0)+ Y22 2.34
;[ (27 - @ap+ 4 e (2.34)
which is the action for a Klein-Gordon scalar field with an effective mass term

o= V)" (2.35)

av/e

Thus, we can Fourier expand and canonically quantize the field ® as?

d3k ik-x
d = / e kX e (2.36)
o = axuy + aT_ku*_k, (2.37)

where ay and CLL are the so-called annihilation and creation operators satisfying the
common relations

[, a] =0, a,al,] = 2m)36@) (k — K'). (2.38)

The equation of motion for the mode function uy is simply the Klein-Gordon equation
with time dependent effective mass

uy + (k2 —me) uk =0. (2.39)

During a quasi-de Sitter stage of inflationary expansion, the scale factor can be rewritten

as
1 1
= ~—— 1+ O(e). 2.40
a(7) Ht(1—¢) Hrt +O(e) (240)
Thus, neglecting sub-leading terms proportional to slow-roll parameters ¢ and 7, the
previous equation of motion simply becomes

2
" 2 _

To get physical insight on the behaviour of uy, let us analyze the two different regimes
of Eq. (2.41):
e On sub-horizon scales, i.e. —k7 > 1, we recover a free massless scalar field in
conformal time, whose solution is
e—ikT

7

Thus, fluctuations with wavelength well within the horizon oscillates as they behave
like they are in a Minkowski spacetime.

uP (1) = (2.42)

3Here and in the following, the momentum k in the Fourier expansions will indicate a comoving
momentum.
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e On super-horizon scales, i.e. —k7 < 1, the effective mass term dominates and the
equation of motion becomes

2
up, — 3k = 0. (2.43)
This equation is solved by
ux = aB(k), (2.44)

where the constant of integration B(k) can be obtained making a rough matching
with the sub-horizon solution at the horizon crossing aH = k, so that

I H
SRNGTER

Thus, fluctuations with wavelengths much larger than the horizon freeze-out and
their amplitude becomes constant.

(2.45)

Now, we can go into the exact solution of Eq. (2.39). If we consider the full expression
of the scale factor a(7) including slow-roll corrections, the mass term (2.35) at leading
order in slow-roll parameters reads

(av/e)" _ d <aat(“2€)> N <“5t(“26)>2 (2.46)

aye — dr \2 aZe 2 a’e
d
= laH (14 2¢ — )] + [aH (1 + 2¢ - n)]? (2.47)
1 - 1 —n?
:;ZT[ +i "} +[ +E€T 77] (2.48)
24+ 9¢ - 3n
. (2.49)

Thus, the exact equation of motion at leading order in slow-roll parameters reads

1 1
2 2
uy, + [k -5 (1/5 — 4)] ue = 0. (2.50)
where
s 9
vy = 14-96—3?’]. (2.51)

Since slow-roll parameters are approximately constant during inflation, Eq. (2.50) is a
Bessel equation and its solution can be written in terms of Hankel functions of first and
second kind

u(7) = V=7 |1 (k) HED (—k7) + ca(k) HSD (k)| . (2.52)

The final particular solution can be determined by specifying a certain initial condition
for the mode function uk(7) when the mode k is well within the horizon. This choice
automatically fixes also the initial quantum vacuum state. Above we saw that, asymp-
totically in the sub-horizon limit, the mode function uy(7) takes the form (2.42), which
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we will take as initial condition. The vacuum associated to this initial condition is the
so-called Bunch Davies vacuum state.*
In the end, the exact solution reads (see e.g. [32])

() = \fez‘gwl/mﬁ H (<kr). (2.53)

We are interested to the super-horizon expression of the perturbations. So, using the
asymptotic behaviour of the Hankel function, we find out the following super-horizon
limit

we(7) = grs=3/2,i% (vs+1/2) IF(E),V/SQ)) ((ki/)%%y&) (kT < 1), (2.54)

where I' is the Euler Gamma function. Since slow-roll parameters are very small during
inflation, we can expand v, = (% +9¢—3n)/2 and take only the leading order contribution

3
:§+36—77. (2.55)
In the following, using the same approach, we will analyze the dynamics of T'T tensor
perturbations.

2.4 Tensor perturbations

The other gauge invariant dynamical perturbation during inflation is the so-called TT
tensor perturbation v;;, also called primordial gravitational waves (PGW). This variable
encodes two degrees of freedom, that are the two helictites of the gravitational waves.
More precisely, we can expand +;; in Fourier space as

A3k 2
Yij = / (27’()3 Z’ijkSka = / 2 Zez] ylielkx (256)
s

where e;; (k) is the polarization tensor, s is the polarization index and 7;; is the so-called
graviton mode. For our later purposes it is convenient to use the so-called circular left
(L) and right (R) polarization states of PGW, which are defined as

R
e = 7 e e (2.57)
ek = —(e;; —iejs) (2.58)

4This is the common vacuum choice used to study inflationary models. However, in literature we
can find many physical mechanisms that lead to deviations from Bunch Davies vacuum at the inset of
inflation (see e.g. [40-44] for some examples). We will not go through this point in the rest of the Thesis.
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where efj and e;; are the usual two linear independent polarizations. It is possible to
show the validity of the following relations (see, e.g., Ref. [45])

i Rl
efi(k)ef (k) = efi(k)ef (k) =0,
ek (k)ef(k) =2,
eiy (k) = (k) |
eij(—k) = ej;(k) ,
ke e (k) = —i Ak e (k) |
M =0 (2.59)
where k; is the i-th component of the momentum k, Ag = +1 and A, = —1. Here ¢

is the Levi-Civita pseudo-tensor with three Latin indices. Also we recall that s is the
polarization index and not a tensor index. In Egs. (2.59) Latin contractions are made
with the 52]

In computing the quadratic level contribution to tensor perturbations, we can fix
N; =0 and N =1 in the action (2.22) since at first order they do not depend on tensor
modes (together with ¢ = 0). In the end, the action for tensor perturbations reads (see

e.g. [39]) ) o
N _ akaig
5= ngpl / iz a® <7m” - W) . (2.60)

Using the expansion (2.56) and Egs. (2.59), we can derive the corresponding action in
Fourier space for the graviton modes 7;,. This reads

M3, dtd®k 5 ( 0 Kl
= E ol . 2.61
5 4 = / (2m)3 @\ a? (2.61)

This has the same form of the scalar perturbation case apart for some coefficients. In
particular, we can proceed in the same way, i.e. by passing to conformal time 7 and
making the following field redefinition for the graviton mode

Hie
s 2 2.62
FYk \[a” [Pl ) ( )

which gives the following Klein-Gordon action in Fourier space for both the two polar-
izations of the field p

[ ). e

where now the time dependent effective mass reads

my = —. (2.64)



Also in this case the field py is canonically quantized as

Lk = axuyk + aiku*,k . (2.65)

The mode function uy still obeys an analogous equation as (2.50) but with a slightly
different mass term given by

o _d (a0@))  (ao(a))? (2.66)
a dr \2 «a 2 a

_ diT (aH) + [aH]? (2.67)
2
:d%_ |:1_—|;6:| N |:1_—|;6:| (2.68)
2+ 3¢
~ ; . (2.69)

Thus, the equation of motion turns out to be

1 2 1
" 2 7
uk + |:k 2 <1/T ) Uk 0 5 ( 0)

where this time the coefficient v reads

9
va = 1 +3e (2.71)
The final solution for uy is the same as (2.53), after replacing v, with the following
leading order expression of v

3
vr =g +e. (2.72)

In the next section, we will use the results derived so far to find out the expected spectra
statistics of primordial perturbations within slow-roll models of inflation.

2.5 Power spectra

Primordial perturbations, viewed as function of the position at fixed time, have a random
distribution, whose statistical properties are exactly what we would like to constrain with
the observations. In general, we can compute all the n-th order correlators associated to
a certain random variable. In this section, we will show the results for the power spectra
case, which is the Fourier transform of the two-point function. In fact, as we will see
better later on, when we are within single-field slow-roll models of inflation we can stop
our analysis to the power spectrum, since the primordial perturbations turn out to be
almost Gaussian. As a consequence, all the odd-n correlators almost vanish and the even-
n correlators are well described as sums of products of two-point functions. However, we
will discuss later on about the importance to evaluate non-Gaussianities, in particular
for those models which go beyond single field slow-roll inflation. We want to remark that
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we are interested only to the super-horizon statistics of primordial perturbations, which
is what we can link to the current observations. In fact, those scales that do not exceed
the Hubble horizon during inflation can not give observational imprints in the late time
Universe, as we will better see in Chap. 4.

Using the definition of ¢ in terms of ® (2.33) and the super-horizon limit of the linear
solution for the mode function uy (2.54), the super-horizon two point function in the
Fourier space for the scalar quantity ¢ is given by

|y (—k’r<<1)’2
" 2m)360) (kg + ko) — TS 2.73
<<k1€k2> (—kr<l) — ( ﬂ—) ( 1+ 2) a2 QEMI%I ) ( )
where
[t (i)
a? ZGMI%I

is the super-horizon power spectrum of the curvature perturbation. Usually, we refer to

Pe(ky) = (2.74)

its dimensionless version

k3
By a straightforward computation, we find
H? k™!

Ar(k)= —"5— | — 2.76
)= s (1) (2.76)

where e
= A, 2.77
87r2M1%16* =A ( )

is the amplitude of curvature perturbation at some pivot scale k.. Expression (2.76) is
found taking in consideration only leading order contribution in slow-roll parameters.
The quantity ng denotes the so-called scalar spectral index ans is given in terms of slow-
roll parameters as

ns — 1= —6e+2n. (2.78)

What we learn from this last equation is that the power spectrum of curvature per-
turbations generated during inflation is almost scale-invariant, i.e. the amplitude of a
fluctuation at a scale k is almost independent on the scale itself.

In exactly the same way we derive the power spectrum of PGW ~;; as

* * 4|uk (—k <<1)|2
<’7k171_7 ko/(—kT<1) Z ezg Z] ’Yklﬁyls(2> = (27()35(3) (kl + k2) ;2 M%l X 2’
(2.79)

where an additional factor of 2 comes from the fact that we are summing over the 2
polarization states which turns out to have the same power spectrum statistics. In the
end, the dimensionless tensor power spectrum reads

I 2H? [k \""!
Ar(k) = 55 Pr(k) = w2 M, <k> (2.80)
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where
2H?

2072
me Mg,

= Ar (2.81)

is the amplitude of tensor perturbations at some pivot scale k.. np is the so-called tensor
spectral index and reads
np = —2€. (2.82)

Also the tensor power spectrum turns out to be almost scale invariant. Notice that
the amplitude of tensor modes depend only on the value of the Hubble parameter during
inflation, which, if measured would provide important information about the energy scale
of inflation. In fact, from Eq. (1.39) we have

H o VY2, (2.83)

Moreover, it is very interesting to compare the amplitudes of the tensor and scalar per-
turbations, which is done defining the so-called tensor-to-scalar ratio as

T_AT
=L

= 16¢. (2.84)

As we can see from Eqs. (2.78) and (2.84) constraints on r and ng are also constraints on
slow-roll parameters € and 7. Moreover, slow-roll parameters are by definition directly
related to the first two derivatives of the inflaton potential, so that a measurement of r
and ng can put bounds on the shape of the scalar potential given by a particular slow-roll
inflationary model (see Fig. 4.2 in the next chapter). Notice also that

r=—8nr, (2.85)

which is known as the "consistency relation" of slow roll models of inflation [46-48|. In
fact, a probe of the violation of this relation would immediately falsify any of the possible
slow-roll models of inflation [49, 50]. If futuristic measurements will falsify this relation,
this would mean that inflation is not driven by the simple one scalar field model we have
analyzed so far, but we would have to look to alternative more complicated scenarios.
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Chapter 3

Primordial non-Gaussianity

As we anticipated in the previous chapter, in the framework of the single field slow-roll
models of inflation, non-linear analyses (see e.g. [39, 51-53]) have shown that primordial
non-Gaussianities are negligible.

In particular, we can formulate a sort of "no-go theorem" [52], which states that
every model of slow-roll single field inflation in Bunch-Davies vacuum and in presence of
Einstein gravity deviates from Gaussianity in a negligible way, as the amount of produced
non-Gaussianity is suppressed by slow-roll parameters. It would seem that this argument
discourages the search for primordial non-Gaussianity. On the contrary, this is exactly the
reason why it is very interesting to develop the topic. If, for instance, non-Gaussianity was
revealed by observations, it would make us to discard slow-roll models. In addition, these
data may help in disentangle the degeneracies between different theoretical models that
have similar predictions in the power spectrum statistics. On the other hand, as there can
be large differences in size and shape of non-Gaussianities between different models, the
detection of such features may reveal the underlying exact physics and particle content of
inflation (see e.g. 32, 54-61]). Finally, even if we eventually do not discover important
signals of non-Gaussianities, we still can use constraints on non-Gaussianities to constrain
the parameters of those models of inflation for which the power spectrum statistics alone
does not provide any useful information (in this work, we will see a specific example of
this situation).

3.1 Primordial bispectra

The lowest order correlator beyond the two-point function is the three point function,
which in Fourier space we write as

(X1, X1, Xie,) = (2m)368) (K + ko + k3) Bx, x,.x5 (K1, ko, k3) (3.1)

where each X; can be either the curvature perturbation ¢ or a graviton mode ~s. Under
the assumption of statistical homogeneity and isotropy, the bispectrum B(k;) is a function
of the magnitude of the momenta k;’s that form a closed triangle configuration (as it
is shown in Fig. 3.1). Usually, in order to put constraints on a the strength of a given
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Figure 3.1. Triangle configuration of the bispectrum momenta k;.

bispectrum, it is defined a dimensionless non-Gaussianity coefficient, denoted by fnr.,
associated to each specific parametrization of the underlying bispectrum in terms of the
momenta k;’s. This parameter roughly is given by [62]

Bk, k, k)

INL ~ W, (32)

where P(k) denotes the power spectrum of a given primordial perturbation and the bis-
pectrum is evaluated in the so-called equilateral configuration, i.e. when all the momenta
have equal magnitude. Thus, fn1, quantifies the strength of the bispectrum with respect
to a given power spectrum statistics. Usually, the convention is to choose the power
spectrum of the curvature perturbation Py (k). Moreover, for a given bispectrum we can
define the so-called shape function [62-64]

1
S(k1, ko, k3) = N(klkgkg)zB(kzl,kQ,kg), (3.3)

where N is a normalization factor which is defined such that S(k, k, k) = 1. The shape
function contains the information regarding the explicit dependence over the momenta
k; for a given bispectrum. This is particulary important to distinguish among different
models, as distinct scenarios for inflation can predict completely different shapes. Notice
that, due to the fact that the momenta form a closed triangle, once we specify two of
the three momenta, the last one is automatically fixed. As a consequence, the shape
function depends only on the ratios between two of the three momenta and the third
one, i.e. o = k‘z/k‘l and xr3 = k‘g/k‘l.

The standard technique employed to compute these higher-order correlators is the
so-called In-In formalism which is based on the interaction picture (see App. B for
a brief review of this formalism and relative references). The full exact computation of
primordial bispectra within the single field slow-roll model scenario has been made for the
first time in Ref. [39]. It gave the following results for the cross-bispectra of primordial
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perturbations

H* 1 1
M3, 2€ TT,(2k3)

Bece(kay ko, ks) =

1 i~ i k2k?
YK e[Sy Ly e i
i i z;é]
(3.4)
Yisjkiki  Kikaks
kr K2

H* 2 1
Mléll e [; (%3)

B’YsCC(kbk?a]ﬁ) U(lﬁ)klkj[ kr +

(3.5)
HY 1 k2k3
B k1, ko, k e;t (k ko) | —~k3 k:k:Qk: 4172
%1%2(( 1, F2, 3) Mlé’ll H (2](:3) ( 1) ( 2)|: 3+ 3( + 2)+ Er :|
(3.6)
B (ky, ko, k3) = —4—— 1 est (kr)esz, (ka)eps (k) £
Ys1VsoVsg » Ve Mlé’ll H (2k3) kl
> isj kikj  kikoks
—k t>) 3.7
T+ oy + k:% } ) (3.7)
where k1 = k1 4+ ko + k3, € and n are slow-roll parameters and
190 = k360 4 kLot 4 kLY (3.8)

From the above expressions, it is clear that the slow-roll dominant bispectra in the
fundamental scenario are B¢¢¢ and B, ¢ which have the same order of magnitude and
scale like 1/e. Let us focus on Beee. It turns out that it can be rewritten as the sum
between two different bispectra shapes

Bece(ki, ko, ks) = Bioc(k1, k2, k3) + Bequil(k1, k2, k3) - (3.9)

where Bioc(k1, k2, k3) refers to the local shape (see Eq. (3.11)), while Bequii(k1, k2, k3)
has an equilateral shape (see Eq. (3.13)). The final prediction for non-Gaussianity
coefficients associated to these two shapes turn out to be [64]

NE=6c—2n, it =5e (3.10)

We immediately see that they are proportional to slow-roll parameters. Non-Gaussianity
coefficients associated to the other primordial bispectra are of the same order of magni-
tude or smaller. Thus, if slow-roll models represent the correct description of inflation,
then primordial bispectra are expected to be negligible.

3.2 Shapes of bispectra

In this section, we present the most studied forms of shape functions we can find in
literature.
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e Local Shape: the bispectrum of this shape reads [62]

1 1 1
Buoc(k1, k2, k3) = 250 A% ( + + ) ., (3.11)

k,il—’ns k;l—’ns kil—ns k_g—ns k;l—’ns kg—ns

where Ag (2.77) is the scalar power spectrum amplitude and ng the scalar tensor
tilt (2.78). This bispectrum is larger in the so-called squeezed configuration, i.e.
when one of the momenta is much smaller than the others. Usually, this kind of
shape is generated in those models in which the quantity ¢ takes the following
non-linear correction in real space

() = Gox) — 2 (G (? — (G- (312)

Examples of these models are e.g. [65-68|. In particular, it turns out that these non-
linearities become relevant when they take place on super-horizon scales, like for
those models of multi-field inflation where additional light scalar fields contribute
to the curvature perturbation, namely the so-called curvaton scenarios (see e.g.
[69] for a recent review).

1.0

Figure 3.2. 3D-Plot of the local shape (3.11) in terms of xo = ko/k; and x5 = k3/k1.

e Equilateral Shape: the bispectrum of this shape reads [62, 70]

1 1 1
kéll—ns kg—ns kéll—ns kg—ns ké—ns kél—ns

Bequil(kla k‘2, k3) = 6f§%Ui1A%f [

2 1
_ - | |
(k1 koks)2(4—ns)/3 + (k§4_”3)/3k§(4‘”3)/3k§—ns + (5 perm ))]
(3.13)

This bispectrum is larger in the so-called equilateral configuration, i.e. when all
the momenta have equal magnitude. Usually, this kind of shape is generated in
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those models with non-canonical kinetic terms described by an effective Lagrangian
Lyin = P(X,¢) where X = 0,00"¢ (see e.g. [71]). Other examples in literature
are models with general higher-derivative interactions, as ghost inflation (see e.g.

[72]), effective field theories of inflation (see e.g. [73]), and Galileon-like models
(see e.g. [74]).

1.0

Figure 3.3. 3D-Plot of the equilateral shape (3.13) in terms of o = kao/k1 and x3 = k3 /k1.

e Orthogonal Shape: the bispectrum of this shape reads [62, 75]

3 3 3
Bortho (K1, k2, k) = 61 A% | — - -
th ( 1 2 3) fNL S kil_nskg_ns k%_nskg_ns k;l_nskg_ns

— 8 + 5 + (5 perm.)
(ktkaks) 20103 T\ Qmna /3 20=n B pamn, T 2 PR |
(3.14)

This kind of shape arises in the same models of the equilateral shape, in particular
in effective field theories of inflation (se e.g. |75, 76]).
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1.0

Figure 3.4. 3D-Plot of the orthogonal shape (3.14) in terms of xo = ka/k1 and x3 = ks/k;.
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3.3 Squeezed limit of bispectra

In this section, we very briefly review the so-called "squeezed issue" related to primordial
bispectra, leaving all the technical details to the literature (see Refs. [77-86]). In fact,
it is well known that primordial bispectra are not completely physical in the squeezed
limit where we take one of the three momenta much smaller than the others. In the
real space this corresponds to taking the cross-correlation between two fields evaluated
at close points x; and X3, and a third field evaluated at a point x3 that is far away to
the infinite. It is possible to show that the physical signal of this cross-correlation is
the one computed in the so-called Conformal Fermi Coordinate (CFC) frame centered
in the point x¢ which stays in the middle of x; and x2 (see e.g. [81]). This local frame
is constructed by imposing that the metric becomes unperturbed FRW along the time-
like geodesic passing through xg (the so-called central geodesic), with corrections that
go as the spatial distance from the central geodesic squared and involve second order
derivatives of metric perturbations, as we would expect by the virtue of the equivalence
principle.

Here we consider a generic isotropic bispectrum Bx xy (k1, k2, k3) evaluated on super-
horizon scales in global coordinates, where X,Y can be either { or ~y5 variables, and we
take the mathematical limit in which the momentum of the Y variable, ks, is much
smaller than the momenta k; and ko of X wvariables: in this limit, k3 = k;, ~ 0 and
k1 ~ ko ~ kg. It is possible to show that, expanding the given bispectrum in powers
of (kr/ks) < 1, the leading order effects of the long-wavelength perturbation kz on
the short modes can be removed by transforming to the CFC local frame, leaving only
contributions starting from the order (kr/ks)?. In particular, in co-moving gauge and
in single field inflation the formula giving the physical squeezed bispectra up to order
(kr/ks)? reads [81]

leg(k’%PXX(ks))
dlog kg

kikL dlog(Px x (ks))
k% dlog k‘s

’;12125*%];[,, EQZ*ES*%’;L’ E?)ZEL
+ BXXY(klv k2, k3)squeezed

+0 (Z)z : (3.15)

where By xy (k1, k2, KL )squeezed 15 the bispectrum in global coordinates, P4 (k) gives the
cross-power spectrum of A and B variables, all the power spectra are evaluated at the
time of horizon crossing of the short momenta kg, h = h;*/3 is the trace of the spatial
metric perturbation, while hg; is its trace-less part.

The terms in the square bracket of (3.15) are such that they exactly cancel out the
leading order value of bispectrum Bxxy (K1, k2, k3)squeezed, leaving terms of the order
(kr/ks)?. For this reason, Eq. (3.15) is also known in literature as consistency relation,

1
Bxxy(ks, ks, kL)squeczed,ph = [2PYh(kL)PXX(7€S)

1
+ §PYhiTj(kL)
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as it gives an instrument to compute the expected leading order value of the squeezed
bispectra, starting from the power spectra.
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Chapter 4

Constraints from CMB anisotropies

The CMB is a back body radiation with an average temperature of T' = 2.72554+0.0006 K
[87, 88] which, according to the standard paradigm, was released at the time of recom-
bination epoch, when the matter became transparent to photons. It was discovered
casually about 50 years ago [89], and from that moment it has been one of the main
probes of the standard cosmological model. Initially, it was found to be an extremely
uniform radiation, whose nature is one of the main probes of the cosmological principle.
Only later on, some tiny temperature fluctuations were discovered [90]. These are one of
the main reasons why we need to set quantum perturbations during inflation. The CMB
data remain currently the most precise and accurate way we have to test our knowledge
of the primordial Universe |7, 62, 91].

In this chapter, we will briefly review the physics of the CMB according to the
standard radiation transport models. In particular, we will focus into the connection
between early time perturbations and the late time CMB temperature anisotropies we
observe now. Finally, we will show the current constraints on the physics of inflation
and on the six fundamental parameters describing the full ACDM cosmological model.
For more details about the physics of the CMB we refer the reader to many reviews and
books in the literature, like e.g. [92-101].

4.1 Decomposition in Stokes parameters

In general, a sea of photons like the CMB can have four different polarization states
which are encoded into a 2 x 2 density matrix!

[ Ar+Ag Ap—iAy
'°”_2<AU+ZAV Ar—Ag ) (4.1)

where A7, Ag, Ay, and Ay are the so-called Stokes parameters (see e.g. [93]).
Unpolarized CMB radiation is characterized by Ag = Ay = Ay = 0, and the
parameter A describes the overall radiation intensity. In literature, the quantity A

“When we refer to the Stokes parameters, we take only the relative fluctuations over the respective
mean value, e.g. Ap = (AT —Tp)/To and so on.
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is usually called "temperature fluctuation" or "temperature modes". The Ag and Ay
Stokes parameters describe the linear polarization of the CMB. In particular, taking
two orthogonal (z,y) axes on the polarization plane, the @-mode gives the difference
in intensity between CMB photons with polarization vectors along the x and y axes
respectively, while the U-mode gives the difference in intensity between CMB photons
with a polarization vector along axes rotated by 45 degrees with respect to the x and
y axes. Finally, the Ay Stokes parameter describes the CMB circular polarization or,
better to say, it gives the difference in intensity between the two circular polarization
modes of the CMB radiation.

CMB fluctuations (both temperature and polarization) are functions of the position
and direction on the sky n, and they can be expanded on the sphere in terms of a
spin-weighted basis as [94]

Ar() = 3 b, Yo (8) | (4.2)
{m
Av(R) = 3 all, Yin(8) (43
lm
AB(R) = (Mg i) (R) = 3 aE2 Lpn(f) (4.4)
lm

where Yy, denotes the weighted spin-s harmonic sphere (see App. C). This decomposi-
tion is possible since the A and Ay polarization fields turn out to be spin-0 fields on the
sphere, while the (Ag £+ iAy) combination is a spin+2 field [94]. In particular, this last
feature implies that Ag and Ay polarization modes are not invariant under a rotation
on the polarization plane (while Ay and Ay modes are). In general, we would prefer a
description of the CMB polarization in terms of spin-0 quantities that are invariant under
rotations. In order to define these quantities, we need to act on Aﬁ the spin raising and
lowering operators d and 0 (see again App. C) as

Ap(h) = —% [32Af(R) + 32 AR(R)] (4.5)

. i
Ap(h) = 5
Here, we have introduced the so-called ¥ and B polarization modes. These modes offer
an alternative description of CMB linear polarization which, differently from @ and U
modes, is invariant under a rotation on the polarization plane. In the following, we will
use a description of the radiation transfer both in terms of /U and E/B modes.

[0°AL(R) — 9°Ap(n)] . (4.6)

4.2 Boltzmann equations

The connection between primordial perturbations and CMB anisotropies is made through
the so-called Boltzmann equations, which describe the time dependent evolution of CMB
polarization modes at linear level and predict the expected amount of each polarization
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mode today. These equations take care of two main contributions: the Compton scatter-
ing between CMB photons and electrons and gravitational redshift which relates CMB
anisotropies to primordial perturbations. The explicit full expressions of Boltzmann
equations in Fourier space and in presence of only scalar perturbations of the metric
tensor turn out to be [99]

1
LAD LAY = & iRy — 7 [AOT(S) —AY 4 g — SPa(n) H] (4.7)

dn
d , . g 1
%Api<8> K pApE®) = ¢ [ — Ap) 4 21— Po(p) H} : (4.8)
diAV“) +iKpuAy®) = —7/ [—AV(S) + guAVI(S)] , (4.9)
1

II = A[2(S) + APQ(S) + APO(S) , (4.10)

where K denotes the Fourier conjugate of x and we have fixed a coordinate system where
K || z axis. Here, n denotes the conformal time, the prime denotes differentiation with
respect to conformal time, ¥ and ® are scalar cosmological perturbations of the metric
tensor (produced during inflation), vp is the electrons average velocity, = 7 - K = cosf
is the cosine of the angle between the line of sight and the Fourier mode and Py(u) is the
Legendre polynomial of rank ¢. The quantities Ag(s), Afp(s) and Af,(s) represent the /-th
order terms in the Legendre polynomial expansion of the corresponding modes.? Finally,

the quantity 7(n) is the so-called optical depth defined as

7o
T(n) = / dn' a(n\npxeor 7'(n) = —a(n)npreor, (4.12)
n

where np is the electron density, x. is the ionization fraction and o7 is the so-called
Thomson cross-section. 7/(n) has the physical meaning of collision rate in conformal
time.

On the other hand, transverse and traceless tensor perturbations +;; alter only the
unpolarized mode T" through the following linear equation 99|

S
10

AR + AP EA%?—EA““)], (4.13)

d 1
CAY ik A = oy 7 o= A

dn 2

where ¢ = +, X denotes the two independent linear polarizations of tensor perturbations

and Agf) 4 and A%)X are the components of Agf) in the following azimuthal decomposition

AP = AP (1 - 1) cos(26) + AT, (1 — ) sin(20), (4.14)

2Here, we adopt the convention

14 1 ! d ! / /
M = | S acuP) (4.11)

and an analogous expression for A% and A%.
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where ¢ is the azimuthal angle of 7 in polar coordinates and p is as stated above. For more
details about the derivation of Eqs. (4.7)-(4.9) and (4.13), see e.g. Refs. [93, 94, 99].3
In particular, once we define the harmonic coefficients of each CMB mode as

oy = [ aYin () Ax(@) (4.15)

where X =T, FE, B,V, we can form a huge set of coupled differential equations for each
aﬁfn, where each ¢ multipole is coupled to the £ — 1 and ¢ + 1 by the so-called free
streaming term, which is the second term on the left-hand side of Boltzmann equations
(i.e. iKp Ax) and describes the projection of the CMB inhomogeneities produced during
and after the recombination epoch onto anisotropies in the sky. Solving this coupled
system of differential equations, we can find the today expected strength of the CMB
inhomogeneities for each multipole scale £ which has been left imprinted during and after
the recombination epoch. Here, we are not going to enter into the details of the exact
numerical solutions, but in the following we will limit to give the qualitative description
of the expected amplitude of aifn’s coefficients referring the reader to the literature for
more computational details.

First of all, a particular angular scale Af on the CMB sphere is linked to the multipole
scale ¢ through [99]

27
VR
Thus, small multipole moments correspond to large angular scales. In particular, the
largest scales are the ones that were outside the Hubble horizon at the time of recom-
bination, when the CMB fluctuations formed. As no physics could have affected them
until they eventually re-enter the horizon, these modes carry almost unaltered informa-
tion about the amplitude of primordial perturbations at the end of inflation. Instead,
smaller scales evolve in a more complicated way.

Before neutral hydrogen formed (much before the recombination epoch), the Comp-
ton scattering between electrons and photons was very efficient, and photons and baryons
were tightly coupled in a cosmological plasma forming a photon-baryon fluid. During this
phase, cosmological perturbations of the metric tensor led to the formation of "potential
wells" (i.e. regions of the space with slightly less gravitational potential than others)
where the cosmological fluid got attracted creating local compression zones. But, since
this fluid had its own radiation pressure, the latter acted as a restoring force, leading
also to decompression in these zones. Physically, we had the formation of acoustic waves
propagating at the speed of sound in the cosmic medium, where the energy density lo-
cally oscillated in time passing from overdensity to underdensity moments. This process
predicts the presence of oscillations in CMB temperature (and polarization) fluctuations
due to the compression and rarefaction of a standing acoustic wave. Therefore, the peaks
we observe in the CMB temperature power spectrum (see Fig. 4.1) correspond to those

¢ (4.16)

3Boltzmann equations, usually, do not exactly coincide between the different references. This is due
to the fact that each reference uses his own formal conventions. Here, we have followed the conventions
of Ref. [99].
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modes that have undergone these acoustic oscillations and are caught at both their min-
ima or maxima (the power spectrum statistics is sensitive to the modulus square of a
given amplitude) depending by their phase at the time of recombination. Moreover, no-
tice that we do not see this peak structure before a certain multipole scale, i.e. above a
certain angular scale. This scale corresponds to the so-called comoving sound horizon r,
quantifying the maximum distance the acoustic waves could cover before the recombina-
tion. On the other side, on very small scales, photons have less and less distance where
they can travel before making a second scattering, and we start to see the effects of shear
viscosity and heat conduction in the fluid. This causes the damping at high multipoles
of the ag(m amplitudes, causing a damping in the CMB power spectra that we can see in
Fig. 4.1 (this is the so-called diffusion damping).

In addition, in the standard scenario only unpolarized and some level of linear polar-
ized anisotropies are produced. In fact, circular polarization does not have any source
term on the right-hand side of Eq. (4.9) and, with an initial condition of zero V' modes,
no V modes are produced as well. The final harmonic coefficients of the unpolarized
(X =T) and E/B-mode polarization (X = E/B) anisotropies given by the scalar (()
and the tensor perturbations (7//1), are expressed, respectively, as [102, 103]

(5)X _ N d*k X * (L
a, " = 4dm(—1i) /Wn(s)(k) Yo (k) G

. d3E % /7 x x /7
ol = an(=i) [ ST 0 2 Vi af + ) i baf] @
A=R/L

where 72?2 ) (k) and 72%% (k) are the scalar and tensor transfer functions, respectively, and =
takes 0 (1) for X =T, E (X = B). It is clear from these equations that CMB fluctuations
are tightly bound to initial primordial perturbations, which are set by the inflationary
epoch, and thus they are a direct probe of the physics of the early Universe. We will
not give here the detailed expressions of the transfer functions which can be found in the
literature above, but just qualitatively describe them.

In particular, we have that scalar perturbations left their main imprints on CMB
modes only during the recombination epoch and the respective transfer function is mainly
sensitive, together with projection effects, to the time evolution of the curvature pertur-
bation ( after inflation. This instantaneous imprint is commonly called Sachs-Wolfe
effect. On the contrary, tensor perturbations gave to the mode T' also an integrated im-
print o< 7/ from recombination epoch until nowadays. This is the so-called Sachs- Wolfe
integrated effect. This is possible because tensor perturbations at a given scale remain
constant in time until they re-enter the Hubble horizon. At this point, they start to
oscillate around the 0 value with a maximum amplitude decreasing rapidly in time, until
they finally decay. In general, also scalar perturbations have a similar integrated effect
o (', but after recombination epoch they remain generally constant if they re-enter the
Hubble horizon during the matter dominated epoch. A very small integrated contribu-
tion may arise only from the recombination to the equivalence epoch or during the late
time dark energy dominated Universe, when scalar perturbations re-entering the Hubble
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horizon take some time evolution (see [19] for more details).

Moreover, it is interesting to mention that, for very large scales that were outside the
Hubble horizon at the recombination epoch, the transfer function is given only by the
projection of inhomogeneities onto the spherical sky, since no other physics could affect
it. In particular, for the case of T' modes, the projection is given by

Tty (k) o< jelk(no — n.)], (4.18)

where j, denotes the spherical Bessel function and 7, is the conformal time at the recom-
bination epoch, so that (19 — 7.) gives the conformal distance to recombination. Once
performing the integral (4.25) in this limit, we can find that the power spectrum almost

goes like
c

7., ¢
C; " ~ s (4.19)

where ¢ is a certain constant. This explains why CMB power spectra are plotted in
literature together with the additional factor ¢(¢ + 1)/27. In fact, according to our
theoretical argument, the quantity ¢(¢ + 1)C€TT /27 is expected to be almost flat on the
largest scales, exactly as we can see in Fig. 4.1.

To conclude this section, we explicitly show that scalar perturbations at linear order
are not able to source B modes, contrary to tensor perturbations. In fact, it is possible
to show that Eq. (4.8) admits the general integral solution [19]

3 0 e
ApED (o, K, p) = 4(1—u2)/0 dn KT T (), K) (4.20)

Since scalar perturbations are invariant under rotations and so axially-symmetric around
z (so they excite only the CMB multipoles with m = 0), we get A}, = Ap. Thus, from

Eq. (4.4) ,we have AS) = 0, and scalar perturbations source only ) modes. Moreover,
in this case (i.e. for scalar perturbations) the spin raising and lowering operators act like
(see App. C, Eq. (C.2) for m=0)

= s +(s s
0 AT = ALY = 2[(1 - ) Ap) (o, K, )] . (4.21)
Therefore, using the definitions (4.5) and (4.6), we easily get
0 .
8Ol o) =~ / dne T, K)o | (1= p?)Petimmle) o (4.22)
0

and
Ap® (no, K, 1) =0, (4.23)

concluding that linear scalar perturbations cannot source B-mode polarization, but only
the F-mode.? In fact, it is well known that the B-mode polarization in the CMB is

4Notice also that the quantity g(n) = e~ 77/ (n), called wvisibility function, has a narrow peak at the
period of the recombination and is zero elsewhere (see e.g. [19]). Thus, the main contributions to E
modes from scalar perturbations in Eq. (4.22) come from the recombination, as we stated above.
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generated mainly by weak gravitational lensing and by tensor perturbations [99, 104]. In
particular, the weak lensing contribution becomes dominant on high multipoles (¢ = 100),
while the tensor perturbation signal is dominant on low multipoles (larger CMB angular
scales). Alternatively, a very small amount of B modes can be generated also by second-
order vector and tensor modes sourced by scalar perturbations (see e.g. Refs. [105, 106]),
but it is expected to be a subdominant higher-order effect. Moreover, since the T-
and F-mode signal from scalar perturbations is theoretically expected to give the most
important contribution, covering the tensor modes signal, the CMB B modes represent
the only clean channel to search for primordial gravitational waves. For this reason,
they are considered a sort of "smoking-gun" in the detection of primordial tensor modes.
In particular, a significant signal following the predicted large-scale shape in the CMB
B-mode spectrum would reveal us the complete physics of inflation.

4.3 Constraints on primordial power spectra

The cosmological observable most directly related to the primordial power spectra is the
angular power spectra of the CMB fluctuations. In Eq. (4.15), we have shown that
CMB anisotropies (both temperature and polarization) are described with the spherical
harmonics coefficients (4.17). The CMB 2-point functions are written in terms of these

coefficients as
<ag11127i{11a(p)X2*> = 541’525m1,m2CX1X2 ) (4.24)

lomo él:p

where the angular power spectra CéXplXQ read

1 : X4 Xo=1TT,FEE,BB,TE

x X1 Xo=TB,EB; p=t,
(4.25)

where p = s,t depending if we are evaluating the scalar or tensor contribution and x is

the so-called chirality of primordial gravitational waves, defined as

_ Pr—Pp
- Pp+ P’

where R and L refer to the respective chiral gravitational waves. As we have seen above,
in the standard single field slow-roll scenario, the two chiralities have equal amplitude,
thus x = 0 and we would expect T'B and EB cross-correlators to be vanishing.

In Fig. 4.1, the last TT, EE and TE CMB power spectra measured by the Planck
mission are shown. Instead, the power spectra concerning the B modes are still missing
as it has not been found yet a significant signal consistent with a primordial origin from
inflation; nedless to say, this is the main aim of the proposed polarization satellite projects
to follow up on the Planck mission, as the LiteBIRD experiment (see e.g. [107, 108]).

The most recent experimental results concerning the power spectrum statistics of
primordial perturbations during inflation are given by the Planck 2018 publications® |7,

2 .
cixe =l / dk 2Py (KT () T2 () {

X (4.26)

®Constraint on r has been obtained combining the Planck data with the BICEP2/Keck Array BK15
data.

45



5000 [T — - - - - - - — - - - -
5000 -
4000 —
R P
= 3000 =
S 2000f 8
1000 - —¢
of! . .
zgg - — f - - - Hoo ot - - - - + :
& 3 a0 o 4
S of AR Jl{ io‘ . . " & of T UM .
g
<4 300f ’H { ‘“ } v 4-30 a4 af + F TR t t 11 o
wf L NI o sb o, . . . .
2 10 30 500 T000 1500 2000 2500 2 10 30 500 1000 1500 2000

15000

10000

5000

CFP 1070 uK?)

100

-100

Figure 4.1. CMB TT, ET and EF power spectra (from [7]). On the vertical axis a (¢ +1)/27
factor is understood. We observe that low multipoles have larger errors than high multipoles.
In fact, the predicted power spectrum is the average power in the multipole ¢ an observer would
see in an ensemble of Universes. So, in principle we could even not extract a statistics, because a
real observer can see only one Universe with its own set of ag,,’s. However, assuming statistical
isotropy, we can collect 2¢ + 1 m-samples of power for each multipole, leading to the unavoidable
error ACy = /2/(20 4 1) Cy, which is the so-called Cosmic Variance Limit (CVL) error. This
decreases with the square root of £ and puts a lower bound on the uncertainty that an hypothetical
CMB experiment would commit in measuring CMB power spectra.
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91, 109, 110]. In Tab. 4.1, we summarize the constraints for the primordial cosmological
parameters Ag, r and ng that we have introduced in the previous chapter. One of the most

Parameter Planck 2018 results

In(10'0Ay) 3.044+0.01 (68% CL)
r <0.056 (95% CL, pivot scale k, = 0.002 Mpc™1)
Ng 0.965 +£0.004 (68% CL)

Table 4.1. Constraints on primordial cosmological parameters obtained combining Planck TT,
TE, EE +lowE-+lensing data [91].

important results is a small departure from exact scale invariance of scalar perturbations
(i.e. ms = 1) at more than 50. This represents a strong confirmation of the slow-roll
models expectation of small deviations from scale invariance, proportional to the slow
roll parameters € and 7. Another very important result is the constraint on the tensor-
to-scalar ratio r. As we have showed in the previous chapter, the amplitude of tensor
perturbations can be uniquely related to the Hubble parameter which labels the energy
scale of inflation. Thus, the current upper bound on r gives us the following upper bound
of the Hubble parameter

H
—— <25x107° (95% CL), (4.27)
Mp,

which translates in the following bound on the energy density during inflation
V < (1.6 x 10'6 GeV)?  (95% CL). (4.28)

The couple of parameters (ng,r) can be used to put constraints on inflationary models,
comparing observational results with theoretical predictions. In Fig. 4.2, it is shown
the allowed region in the (ng4, ) space together with the predictions of certain single field
inflationary models.® In the following, we very briefly summarize the basics of the models
considered, referring the reader to the original Planck papers for additional details.

e Natural inflation: in this model, the expansion is driven by a pseudo-scalar field
with a typical axion potential

V(p) = A* [1 + cos @)] , (4.29)

f being the decay constant of ¢. The flatness of the potential is protected by the
(nearly exact) axionic shift symmetry. This model agrees with Planck observations

5The predictions of models are different depending by the number of e-folds to the end of inflation.
This is related to the uncertainty about the reheating process which connects inflation to radiation
dominated epoch (see e.g. [111, 112]). The details of this mechanism go beyond the scope of this Thesis.
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Figure 4.2. Marginalized joint 68% CL and 95% CL regions for ns and r from Planck in
combination with other data sets. It is included a comparison to the theoretical predictions of
selected inflationary models [91]. These are different depending by the number of e-folds to the
end of inflation. This is related to the uncertainty about details of the reheating process which

connects inflation to radiation dominated epoch (see e.g. [111, 112]).
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for f/Mp; 2 O(1), which for various reasons is an undesirable constraint on the
theory, if we want to identify this axion with the QCD axion (see e.g. [113, 114]
for more details).

Hilltop inflation: in this model, the slow-roll potential takes the form [115]

V(p) = A (1 - ﬁ - > : (4.30)

where the dots stand for higher order terms that are negligible during inflation,
but are important at the end of inflationary epoch to ensure positiveness of the
potential. In Fig. 4.2, it is shown the p = 2 case, which is currently compatible
with data.

a-attractors models: This is a class of models with a potential of the form
[116-119]

V(¢) = A*tanh®™ <¢> : 4.31

®) T (4.31)

Power law inflation: In these models, the scale factor grows in time as a power-

law, a ~ t2. In order to realize this exact analytic power-law solution, the slow-roll
potential has to take the form

V(p) = Ae/Me1 (4.32)

As we can see from Fig. 4.2, this model now is highly discouraged, as it lies outside
the joint 99% CL contour.

Spontaneously broken SUSY: this is an example of the so-called Hybrid models
(see e.g. [120, 121]). Usually, these kind of models are highly disfavoured by the
observations predicting ns > 1. But, spontaneously broken SUSY model given by
the potential [122]

V() = A* [1 + ay, log <]\j131>] (4.33)

predicts ng < 1. From Fig. 4.2, we see that this model is currently almost dis-
favoured by the recent tighter constraints on ns. Notice that for «j < 1 this
coincides with power-law potential with p < 1.

R? inflation: this is the first inflationary model proposed [123, 124] . The action
of this model reads

M3 R?
S = % /d4x\/—g [R - GM] . (4.34)

However, it is possible to show that this modified gravity scenario corresponds to
a single field slow-roll model with potential given by

1 —exp (\/EJ\?PI)] . (4.35)
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Notice, from Fig. 4.2, that this model is at the center of the area favored by Planck
data.

e Chaotic Inflation: This is a class of models with monomial potential

V(g) = A* <J\fm>n : (4.36)

where inflation happens when ¢ > Mp;. They are also called "large field models"
because the field excursion A¢ is typically large. It can be shown that cubic and
quartic potentials, which are not shown in Fig. 4.2, are well outside the 95% CL
region and are strongly disfavoured. Even the quadratic potentials lies just outside

the 95% CL region. On the contrary, linear and fractional values like n = 4/3 or
2/3 (see e.g. [125, 126]) are still compatible.

4.4 Constraints on primordial non-Gaussianities

The cosmological observable most directly related to the primordial bispectra is the
angular bispectra of the CMB fluctuations, i.e. the three-point cross correlator of all the
possible ap,,’s in Eq. (4.17). This reads in formula

3
X X X 2
<a’é}:;7)z1 la’gzr)u 20’2;37)13 3> = <7T> / dz 2 / dkydkadks (K1kaks)? By, paps (K1, k2, k3)

x Tyt (k) T2 (k)T (ks) Jey (K1) jey (K2) jey (K3z) Gylgge™
- b€1£2€3 gg?é;?jms 9 <437)

where the quantity G/7*™ is known as Gaunt integral and it represents the integral
over the angular part of x. This can be written in terms of Wigner 3-j symbols as (see

e.g. [127, 128])

gm;z;ms :/dQfonlml(X)nzmQ(X)n3m3(X) (4.38)
\/<2£1+1><2e2+1><2es+1> AN w30
B ar 000/ \mimgmg/"’ ‘

The function by, g,¢,, which multiplies the Gaunt integral in Eq. (4.37), is the so-called
reduced bispectrum. The estimation of the fyxr, non-Gaussian parameter associated to a
given primordial shape is achieved through a fit of a theoretical ansatz for the reduced
bispectrum to the observed CMB angular bispectrum. The final optimal statistical esti-
mator of fyr, is found with an efficient numerical implementation.” In the latest Planck
analysis (see [62]), three different techniques have been employed to estimate fnr, be-
cause comparing different methods improves the robustness of the results. The final

"The details of it go beyond the aim of the Thesis, see e.g. [54] for more details.
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constraints on local, equilateral and orthogonal non-Gaussianity coeflicients associated
to the bispectrum of the curvature perturbation ¢ read [62]

e — _09+51 (68% CL), (4.40)
il — 26447 (68% CL), (4.41)
Qrtho — 38 +924  (68% CL). (4.42)

These results are compatible with a weak non-Gaussianity, telling us that at least the
primordial perturbation ¢ has a Gaussian statistics to a very high level of accuracy
and suggest that initial fluctuations were linear and weakly interacting, in accordance
with the prediction of slow-roll models of inflation. Of course, there is still space for
alternative physically-motivated models that go beyond a simple Gaussian statistics.
On the other hand, constraints on non-Gaussianities can put stringent bounds on the
allowed parameter space for theories predicting important levels of non-Gaussianities in
the curvature perturbation. Moreover, we currently lack of significant constraints on
primordial bispectra concerning the tensor perturbations, which makes the analysis of
CMB non-Gaussianities involving tensor modes (in particular involving the B modes,
see e.g. the recent papers [129, 130]) particularly interesting in view of the next decade
experiments involving the searching for the B-mode polarization of the CMB (like e.g.
LiteBIRD [107, 108]).

4.5 Constraints on ACDM parameters

For completeness regarding the physics of the CMB, we end this chapter by presenting,
in Tab. 4.2 the Planck constraints on the six fundamental parameters (which we already
encountered thorough the chapter) that are used to fit the CMB data with the current
ACDM model of cosmology. These are the baryon density parameter €, the (cold) dark
matter density parameter ()., the amplitude of primordial scalar perturbations A, the
scalar spectral index ng, the optical depth 7 (Eq. (4.12)) and the acoustic angular scale
on the sky, given by 6, = r./Dys, where r, is the comoving sound horizon, and D)y is the
comoving angular diameter distance that maps this distance into an angle on the sky. We
will not go into the details on how the constraints on these parameters are derived since
it is not the purpose of this work. See the Planck paper |7] for more details. Needless
to say, this is a clear example on the power of the CMB in inferring a large quantity of
cosmological parameters, labelling it as one of the most important probe of the modern
cosmology.
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Cosmological parameter 68 % interval
Qph? 0.0224 + 0.0001
Q.h? 0.1193 + 0.0009
In(10%°Ay) 3.05 4+ 0.01
N 0.967 =+ 0.004
T 0.056 = 0.007
1006, 1.0410 + 0.0003

Table 4.2. Planck 2018 constraints for the base-ACDM model from CMB TT, TE, EE +lowE
power spectra, in combination with CMB lensing reconstruction and baryonic acoustic oscillations
(BAO) [7]. The quantity h = H,/(100km Mpc™'s~') is the so-called reduced Hubble constant.
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Chapter 5

Effective field theory of inflation

Until now we have worked within the framework of the standard slow-roll inflationary
scenario. However, as discussed above, we must be open-minded about alternative more
complicated scenarios. In general, there are many ways in which we can modify the
standard lore. For example, we can either modify Einstein gravity, add additional field
content, or introduce non-canonical kinetic terms for fields. All these possibilities must
rely on a well-formulated high-energy quantum field theory which does not face with any
instability or inconsistency (like e.g. Ostrogradsky ghosts [131]). In particular, we must
ensure that the background evolution of the metric is consistent with an inflationary
epoch (which is crucial to solve the fine tuning on the initial conditions). Once we find a
well-defined model, we have to perturb around the background and study the dynamics
of fluctuations in the same way as we do within the slow-roll scenario. The endpoint of
this approach gives a late time statistics of primordial perturbations that can be linked
to the CMB fluctuations. Then, observations test the physics of these perturbations
and hopefully are able to put constraints on the model. Nevertheless, we need also
a physical motivation to study a certain model, which explains why that framework is
more interested than others. Following this path, we would like to find a general approach
which explains the standard slow-roll scenario operators and allows for a huge number of
new terms in the action of the theory at the same time. Inside an unified model, we could
put constraints on each of the new terms, resulting as less model-dependent as possible.
This approach, which directly studies primordial perturbations with as less assumptions
as possible about the model-dependent microphysics of the background, is the so-called
Effective Field Theory of Inflation (EFTI) (see e.g. |76, 132]). In this chapter, we will
briefly review the basic concepts of this method following the original paper [76], and
show how we can find the single field slow-roll models action within this frame.

5.1 EFT action for inflation
In general, an effective field theory approach consists in the description of a system

in terms of light degrees of freedom with the systematic construction of all the lowest
dimension operators compatible with the underlying symmetries. This method can be
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very powerful when applied to the perturbation theory during inflation, specially because
we lack of a fundamental theory of high-energy physics and gravity, and we do not need
any specific assumption on the fields driving inflation.

In constructing our effective field theory, the fundamental step is to identify the
relevant degrees of freedom and symmetries of interest. When studying the early Universe
perturbations, independently of what is driving the inflationary expansion, we introduced

a scalar perturbation d¢ which can be seen as a common local time shift of the "inflaton
field" ¢

6 (x,t) = o(t + m(x)) — ¢o(t), (5.1)
where the time-dependent background value ¢ correspond to a FRW quasi-de Sitter
solution for the background metric. This background solution spontaneously breaks time-
translation invariance, and the scalar field 7(x) giving the local time shift is the Goldstone
boson associated with the spontaneous breakdown of this symmetry. Moreover, we know
that general relativity has invariance under a generic diffeomorphism

o = ot €M (L,x) . (5.2)

This invariance leads to the gauge invariance of the perturbations of the metric. In
particular, it is easy to notice that under a generic time diffeomorphism of the form

t'=t+€%(t,x) (5.3)
the scalar perturbation d¢ transforms as

3¢ = ¢+ do(1)€". (5.4)

We notice that, if we choose €0 = —d¢/ b0, we set 6¢' = 0, fixing the so-called unitary
gauge." In this gauge, the scalar perturbation formally disappears from the action and
is "eaten" by the metric, in exact analogy with the Higgs mechanism of the Standard
Model of particle physics. Since with this choice we have broken time diffeomorphisms,
our theory will be invariant only under the remaining spatial diffeomorphisms of the form

(z") = 2" + €(t,%). (5.5)

We can now define a perturbation theory which breaks time-diffeomorphism invariance
(reflecting the time-translation breaking of the background). The action of such a theory
allows many more terms than the full-diffeomorphism invariant theory, where the only
2 derivatives operator built out of the metric that we could have written in the action
would have been the Ricci scalar. In the following, we discuss in details all the terms
that we can now admit in the action.

e First of all, we admit all those terms which are invariant under the full diffeomor-
phisms: this includes scalars given by the contraction of the Riemann tensor R, s
and its covariant derivative.

!This gauge is characterized only by the condition §¢) = 0, and has a residual gauge invariance, not
coinciding with the comoving gauge (2.18), where the gauge is completely fixed.
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e Under a generic spatial diffeomorphism from a set of coordinates (¢,x) to (¢,x’),
the quantity 0,t" is equal to 52. As a consequence, every free upper 0 index does
not transform. Therefore, we can use the 00 component of the full metric, i.e. g,
and functions of it.

e We can define the so-called unit vector to surfaces of constant time
ot '
NN

With this quantity, we can construct the induced 3D spatial metric on surfaces
of constant time, h,, = gu, + nun,. This metric is used to derive the tensor
components projected on the 3D surfaces (like e.g. the 3D Riemann tensor R,(L?,’,)pg).
Thus, covariant derivatives of n, are invariant under space-diffeomorphisms and
they can be used in the action. In particular, we can decompose these into a part
projected on the surface of constant time and a part perpendicular to it. The first

one is the so-called extrinsic curvature of spatial surfaces

(5.6)

n, =

Kw/ = huovanu ) (57)
and the other one does not give rise to new terms because it can be rewritten as

1 _
n°Ven, = —5(—900) 1fL“VaM(—gOO). (5.8)

e Using at the same time the Riemann tensor of the induced 3D spatial metric and
the extrinsic curvature is redundant because one can be rewritten with the other
and the 3D metric as

RY) 5 = hERShERS Rupe — KoK + KpyKas (5.9)

We can also avoid to use the 3-metric h,, explicitly, writing it in terms of g,, and
Ny

e In front of any operator we can allow a generic function of time f(¢).

Now, we can conclude that the most generic action in unitary gauge and invariant under
spatial diffeomorphisms is given by [76]

S = /d‘*a:\f—gF(gOO,RQW,VM,KW,@, (5.10)
where all the free indexes inside the generic function F' are upper 0’s. We can can now

start to write explicitly all the quantities that we can form with the specified terms,
obtaining at the higher order in the perturbative expansion

S = /d4x\/jg []\/flR —e(t)g® = A(t) + .| , (5.11)
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where the dots stand for terms from quadratic order in the perturbations and depend by
the perturbed quantities
0
59° = g% +1,  ORapys = Raprs — Ropss 0K =K — K, (5.12)
which start at first order in the perturbations. The functions ¢(t) and A(¢) in the action
can be uniquely determined by imposing that they correspond to a FRW solution of the
background Einstein equations

G =8rGTY (5.13)
where the zero-th order energy momentum tensor is given by
2 49 ©
0) matter o v v

This is the energy momentum tensor of a fluid with energy density p = ¢(t) + A(t) and
pressure density p = ¢(t) — A(t). Thus, we finally get the following Einstein equations

0 = 3]\141%1((;@) +A®) (5.15)
. 1
i H? = gz o) = M), (5.16)

We can solve algebraically these equations in terms of ¢(t) and A(t) and substitute the
solutions back into Eq. (5.11), obtaining the following most generic action in unitary
gauge with broken time diffeomorphisms describing perturbations around a flat FRW
background with a Hubble parameter H(t) [76]

M2 ) )
S = / dz/—g [;R + M3 HgY™ — ME (3H?(t) + H(t))
Mo (t)* M (t)*
2() (900+1)2+ 3() (g00+1)3

2! 3!
Ma(t)® Ms(t)? M;(t)? v
— =5 (" + 1)OK", ~ Tawi - SK", 6K, + .| , (5.17)

where the dots stand for terms which are of higher order in the perturbed tensors (5.12),
i.e. at higher order in the perturbations and with an increasing number of derivatives.
Here, all the time dependent coefficients M,(t) and M,(t) are free parameters charac-
terizing all the possible different effects on perturbations of any single-field model of
inflation.

5.2 Stuekelberg trick

In this section, we show how we can formally restore the full diffeomorphism invariance
in the action (5.17), employing the so-called Stuekelberg trick. We start by considering
the following terms in the action

S= / d'ay/~g [At) + B(t)g™] | (5.18)
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which formally corresponds to the first line of Eq. (5.17). Under a broken time diffeo-
morphism

t'=t+ &%), (5.19)
the components of the metric transform as
ox'P 07
lpo (.0 _ g
g7 (! (2)) = OO g () (5.20)

The "old" components of the metric can be rewritten in terms of the new ones as

- Oxf 0x° ,,,
97 () = oo ST g (a(e)). (5.21)

If we insert this last equation inside action (5.18), the latter becomes

oz’

S = /d433‘\/ —g’(w’(x)) 87
x
Then, if we make a change of variable passing to the transformed coordinates x’, we get

S = / diz' /=g (@) [A(t — (x(2))) + BEt — € (x(a')))
L — &0 (x(a!
At — (@ (a))) Ot — E(2(2'))) ,W(x,)} | 5.23)

ox'H ox'v g

29 90
[A(t +B(t)§)xm gx/l/g'“”(x(x’))] . (5.22)

Now, we promote the parameter £(x) to a field through the definition
m(x) = —€%(z). (5.24)

Moreover, we change the name of variable from z’ to x. Thus, action (5.23) finally

becomes

It + m(x)) Ot + 7(x))
OxH OxV

g (z)

(5.25)

S = /d4 [A(Hw( )+ B(t +7(x)))

This action differs from (5.18). This is not surprising, since the starting action was
not invariant under time diffeomorphism. However, if we assign to the field w(z) the
additional transformation rule

'(a'(2)) = m(z) - €%() (5.26)

under a generic time diffeomorphism (5.19), then action (5.25) is now invariant under a
generic time diffeomorphism, thus acquiring invariance under a full spacetime diffeomor-
phism. In the Standard Model of particle physics this is called Stuekelberg trick, and in
this context the field 7(x) is the Goldstone boson associated with the breakdown of time
diffeomorphisms. This mode becomes explicit in the action after one formally "restore"
full diffeomorphism invariance through the additional transformation rule (5.26) for m(x).
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This is the same procedure that is done in the context of non-Abelian SU(2) gauge the-
ories, where adding mass terms for the vector gauge fields break the gauge invariance of
the theory. However, this invariance can be restored by including an extra field into the
action (see e.g. [133]).

Returning to our case, we can apply this prescription to the full unitary gauge action
(5.17). In this case, under time reparametrization (5.19) with ¢° = —x(z), the metric
components transform as

g = gii (5.27)
g% = (1+ ﬁ)gOi + Oy g9 (5.28)
g% = (1+7)2" + 21 + 7)) g° + Oyw0m g . (5.29)

Applying these transformation rules into action (5.17), we get the following action

M2 . .
S = /d‘{m/—g [;R + M3 HgY™ — M3 (3H2(t + )+ H(t+ 71'))

+MEH(t+7) (14 7)?¢% + 2(1 + 7)9m g% + w0 )

My (t 4

n 2( +7T)
2!

Ms(t + )%

N 3(3' )

((1+7)26% + 2(1 + 7)) g% + Bywdym g + 1)

((1+7)%¢% + 2(1 + 7)) g% + dymdym g +1)° + ] :
(5.30)

This action now describes the same physics of (5.17) but, assuming 7 to obey the trans-
formation rule as in Eq. (5.26), it is invariant under a full diffeomorphism.

5.3 Slow-roll models

In this section we show how standard slow-roll models of inflation arise from the EFT
action (5.30). We start by defining a decoupling limit, where 7 (z) is decoupled by the
metric perturbations d¢g*”, and all the dynamics is described by the Goldstone boson
only. This decoupling limit is given by the formal limits

Mpy — o0, H — 0. (5.31)

keeping the combination MI%H = const. Let us give an explicit example to convince
ourself of this fact. Assuming all the M, = M; = 0, the kinetic term for 7(x) is given
only by

T = M4HR. (5.32)

kin

Thus, the canonically normalized Goldstone boson reads
c 1
Te = MpH27. (5.33)
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The 00 metric perturbation is canonically normalized by
5g% = Mp 5™ . (5.34)

For instance, at quadratic order in the perturbations, in action (5.30), we get the following
coupling between the metric and the Goldstone boson:

2ME Hi25g™ = 2H 270602 . (5.35)

Once we rewrite the term in terms of canonically normalized fields, we immediately see
that in the limit A = 0 this term disappears. Similarly, in action (5.30) we can take the
following cubic term

MEH725g" = M5! 7. 692°. (5.36)

In this case, the term disappears in the formal limit Mp; = co. Iterating this reasoning
for all the coupling terms in (5.30) at any perturbative order, we get the only 2 conditions
(5.31).

Physically, in the context of inflation, the limits in (5.31) must be interpreted in
the following way: as we have seen in Chap. 2, during inflation we can always define
2 variables (¢ and 7;;) which are constant, at any order in perturbation theory, when
the corresponding physical mode Apps is outside the horizon. For this reason, we are
interested to compute correlation functions just after horizon crossing, thus in making
predictions for physical wave-numbers of order H during inflation. Therefore, the formal
limit Mp; = oo corresponds to the assumption that the energy scale of inflation, i.e. H,
is much smaller than Mp). On the other hand, the condition H = 0 is equivalent to
impose a quasi-De Sitter background dynamics during inflation. Later on, we will better
convince of these facts.

Now, we make a further assumption on the time dependence of the coefficients of any
operator in action (5.30). In fact, although they can depend generically on time, we are
interested in a background solution where they do not vary significantly in one Hubble
time. If it was the case, the rapid time dependence of this coefficients could win against
the friction created by the exponential expansion, so that inflation may cease to be a
dynamical attractor. Thus, we assume that

Flt+m) =~ ft). (5.37)

This assumption allows us to neglect in (5.30) all the terms in 7 without a derivative,
i.e. we are assuming an approximate continuous shift symmetry for 7. Now, putting
together conditions (5.31) and (5.37), action (5.30) simplifies into [76]

M2 . \2
S = /d%\/jg [QHR — M3 H <7'72 - 7(827;) )

7%(8"'7,;)2> —a4M§7'r3 + ] . (5.38)

+20M3 <7'r2 + a3 — 2

a
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Now, we take the limit in which M, = M; = 0. In this limit, our action simply becomes

M3 : i)
S = /d4x,ﬁ—g [2“3 — M3 H (fr2 - “?)] : (5.39)
a
Thus, in the limits we considered (decoupling limit-+shift symmetry for 7) the Gold-
stone boson turns out to be a Gaussian random field described by the simple quadratic
Lagrangian

a

Sy = / d'ay/—g [—Mng (er - (8"?2)] . (5.40)

Of course, this would be the correct action for 7 only in the exact decoupling limit (5.31).
In particular, reminding the definition of the slow-roll parameter e

H
and expressing the ratio between H and Mp) in the context of slow-roll models of inflation
as? H
— ~4x 1074/, 5.43
Vo (5.43)

we realize that the decoupling limit is equivalent to the limits
e—0 n—0 (5.44)

in terms of slow-roll parameters. Therefore, the decoupling limit is equivalent to the slow-
roll condition for the inflaton field. But, physically speaking, slow-roll parameters can
not be exactly equal to 0 (otherwise inflation would never end), thus in our effective field
theory the reduced Planck mass can never be infinite and H # 0. For this reason, action
(5.40) is not complete, but it must contain other terms which are slow-roll suppressed
(but effectively not equal to 0). These will be a small mass term for the Goldstone
boson (proportional to slow-roll parameters), and slow-roll suppressed interaction terms
leading to negligible non-Gaussianity [76]. After we have convinced of these facts, it is
straightforward to get that 7 took the role of the inflaton perturbation (apart for the
field redefinition m = d¢/¢) and, matching the kinetic terms of actions (2.32) and (5.40),
we get the following slow-roll leading relation between 7 and the curvature perturbation

CB

(=—-Hr+0O(en). (5.45)
2This can be derived putting together Egs. (2.81) and (2.84), finding
Mi = /8n2e A, ~ 4 x 1074/, (5.42)
3

where we have used the latest value of Ay as measured by the Planck satellite (see Tab. 4.1).

3Notice that this relation is equivalent to the first order limit of Eq. (2.21) once we identify 7 = d¢/.
This is a confirmation that 7 corresponds to the inflaton perturbation. Higher order terms in (2.21) are
slow-roll suppressed with respect to first order one, as predicted also by Eq. (5.45).
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On other hand, the action for the T'T tensor perturbations ;; is simply obtained by the
Ricci scalar term in (5.39), apart for slow-roll suppressed terms. In the end, we were able
to find out the standard single field slow-roll model action for primordial perturbations
¢ and ~;; starting from an EFT approach.

Notice that in our derivation we have assumed all the "extra" parameters M, = M, =
0, corresponding to the so-called vanilla scenario. In fact, these coefficients parametrize
all the possible EFT single field models of inflation that depart from standard slow-roll
models.

5.4 Validity of EFT

In this section, we briefly comment on the regimes of validity of EFT approach when we
search for alternative models of inflation. In fact, the main reason why one introduces
this formalism is to modify single field slow-roll models of inflation by admitting some
of the M, and M, parameters to be different by 0 in action (5.38). However, as we
are going to see, these additional terms may introduce in the theory pathologies and
inconsistencies which usually theoretically constrain the new space of parameters even
before the matching with the experiment.

We start by expanding action (5.38) in terms of 7 until cubic order. The most generic
action for the Goldstone boson in the decoupling limit (thus neglecting higher order terms
in slow-roll) up to cubic order in 7 turns out to be [76]

S:/d%\/jg [_M}%H <7-T2_c§(3m)2)

2 a?
—?ﬂ' a2 — g PIH%T( y (546)
where we have defined the new speed of sound of 7 as
—1
2My
= (1 - = > (5.47)
Mg H
and
M4
. _ 243
C3 — CS ﬁél . (548)

We immediately see from action (5.46) that, in order to prevent the Goldstone boson to

become an unstable field, the coefficient of the o< 72 kinetic term must be positive, i.e.

we need ¢2 > 0. From Eq. (5.47) this translates into the following condition on Mg
M3 H

My > 5 (5.49)
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Moreover, we can still have superluminal propagation when ¢? > 1. If we want to avoid
this scenario we must assume the stronger condition

2M3
M H

>0, (5.50)

which, since H < 0, gives the condition My > 0. However, notice that superluminal
propagation in effective field theories may not be a problem per se (see e.g. [134]), but
simply implies that the theory can not have a Lorentz invariant UV completion [135].
Furthermore, the two cubic operators in Eq. (5.46) give rise to two different 3 scalars
bispectra that are given by a linear combination of equilateral and orthogonal shapes of
the same type we have seen in Chap. 3. The corresponding non-Gaussian coefficients
associated to these amplitudes are given by (see e.g. |71, 136] for the full computation)

3 10 1 N 3 5 #(8ym)? 85 1
- 1— a4 = = 1= =] . .01
A 243 < 62> <63 208> ' I 324 c? (5:51)

S

As we can see, we generate non-Gaussianity of the order

1

INL ~ = (5.52)

This means that in the limit ¢2 — 0 we can have in principle huge non-Gaussianities.
However, even before looking to the constraints on fyi, given by the experiments, it is
possible to show that theoretically speaking c¢2 can not be indefinite small. In fact, in
the limit ¢2 — 0, interaction terms in action (5.46) become large, leading to a strong
coupling regime that would spoil the perturbativity of the theory. However, since these
interactions are non-renormalizable (the corresponding coupling constants have the phys-
ical dimensions of M ~2), there must exist an UV cut-off energy scale A setting the energy
limit at which the 7’s self interactions enter in the strong coupling regime. To identify
this cut-off, we have to rewrite the action in terms of canonically normalized fields

Te = (=2MZ He,) P (5.53)
and rescale spatial coordinates as
2 — 2 (5.54)
Cs

If we do so, action (5.46) becomes

S = / Ay =g B (,rg B (aﬂ;c)2>

1 <a (Oime)?

\/ 8M|H e
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Now, the strong coupling scale can be read in the denominator of the cubic interactions

as
A? = \/8MZ|H|c. (5.56)

As we can see, when ¢; = 1, the strong coupling scale becomes higher as in this limit
the theory loses their possibly dangerous interaction. On the contrary, when c¢; becomes
smaller, approaching 0, the cut-off scale decreases and the theory can become strongly
coupled even at the characteristic energy scale of inflation. Since we are interested in
making predictions for cosmological perturbations at energies of the order of the Hubble
scale H, we must impose that A is bigger than H, which implies

H? < \/8M3,|H|c5. (5.57)

If we solve this constraint in terms of ¢,, we get the theoretical constraint?

H? 2 A 2\1/4
N = (A, ~0.012, 5.58
c <877205 132>16 T > (.A T ) ( )

where in the current effective field theory formalism

H2

= —. 9.59
877265MF2,16 ( )

S

Of course, a better estimate of the scale A can be found by computing the exact energy
scale where the scattering of 7 loses perturbative unitarity, i.e. when higher order terms
in the loop perturbative expansion become more important than the lower ones, signalling
the breakdown of the loop expansion. This leads to the following estimate for the cut-off
scale (see e.g. 76, 137])

s

] 5
A2 = \/167T2M1%1|H|1f802, (5.60)

which, for the pathological limit ¢; — 0, gives the following constraint on c;:

<1 H? >1/4 1/4
o> | =——F5— = (As/2)"/* ~0.006, (5.61)
2 8m2cs M3 e

which differs from (5.58) only for a factor 2.

5.5 Constraints from observations

We can use the latest experimental constraints on fyr, from the Planck mission (see Eq.
(4.40)) to make constraints in the parameter space of this effective field theory, as it can
be shown in Fig. 5.1. In particular, after marginalizing over the parameter ¢3, we can

4Here, we use A, as tabulated in Tab. 4.1.
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Figure 5.1. 68%, 95%, and 99.7% confidence regions in EFT single field inflation parameter
space (cs, ¢3) [62].

find the following bound on the speed of sound of scalar fluctuations
cs >0.021,  95%CL (T+E). (5.62)

Since the EFTI action (5.38) describes the leading interaction terms of all single-field
models of inflation, with the constraints in Fig. 5.1 we are able to put bounds on
different specific models of inflation at the same time. For example, in the so-called DBI
scenario (see e.g. [138, 139]) corresponding to é3 = 3(1 — ¢2)/2, we get the following
constraints for ¢, [62]

Bl >0.086,  95%CL (T+E). (5.63)

The same happens for many other models (that we will not review here). The most
recent observational constraints, where the EFTT methods have been used, can be found
in the recent Planck paper on non-Gaussianites [62].

5.6 Considerations and extensions

What we have seen in this chapter is a powerful method to generalize the single field
slow-roll model of inflation in the most possible model independent way. In fact, in the
action (5.38), we can "switch on or off" some particular operators in order to recover
various single field models of inflation. This is probably the most important point,
because it allows us to generically study very different models with a unifying formalism.
Experiments will put bounds on the size of the various operators (for example with
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measurements of non-Gaussianities of primordial perturbations), that generically describe
deviations from the standard scenario. In some sense, this is similar to what one does
in particle physics, where we put constraints on the size of the operators describing
deviations from the Standard Model, constraining in this way the effects of new physics.
Moreover, it is possible to clearly determine the regime of validity of any new term and
where an UV completion of the theory is required. As we have seen in Sec. 5.4, this
typically leads to theoretical constraints over the new parameters of a specified theory.
Another interesting aspect is that in evaluating the new EFT operators in terms of the
perturbations, we can both work in gauge (2.16) and (2.18). In fact, even if the EFT
expansion is defined in unitary gauge (where the inflaton field is "eaten" by the metric),
in Sec. 5.2 we have seen that we can perform the "Stuekelberg trick", going back to
the gauge where a scalar field 7 (which turns out to be the inflaton field, apart for field
redefinition) explicitly reappears in the action (and disappears from the metric).

Here, in introducing this method, we have focused only on the scalar perturbation
case, but analogous arguments arise when one is interested in computing the EFTI mod-
ifications on the statistics involving tensor perturbations. In particular, in this last case,
we can allow for parity breaking terms in the action (while, considering scalar perturba-
tions only, we could not build parity breaking operators). Thus, we can add the following
rule, generalizing the list of allowed terms in Sec. 5.1, in order to allow for parity breaking
terms:

e We can include odd powers of the Levi-Civita covariant pseudo-tensor e#**7 /,/—q
and the projected Levi Civita pseudo-tensor n,e**?? /\/—g = €"*? //—h which is
invariant under space diffeomorphisms.

If we implement this additional condition, then the most general parity breaking action
we can build (stopping at quadratic level in the perturbations) reads

Spr— / d'z [a(t) @7 n, (V6K o) 6KC
+B(t) PSRy SR pora + (1) €77 1y (VS K)) SR porer + 6(t) €777 1, 6K (VSR pyra)
+..], (5.64)

where the dots stand for higher order terms in derivatives and perturbations.

In the first line, there is the only cubic derivative term one can build, while starting
from the second line there are four derivatives terms. Contrary to the parity preserving
case, we can not build any term with less than 3 derivatives. However, notice that the
term in the second line given by the contractions of the 2 Riemann tensors and the Levi
Civita pseudo-tensor is a topological term that can be rewritten as

P75 Ry M SR pora = O AF (5.65)

where we introduced the current

1 1
Al = 2ehaBy (2 0T, 0301 + 3 oT%,, oT%, 5r2£> . (5.66)
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Therefore, the derivative 0, can be integrated by parts and moved to the coupling func-
tion B(t), yielding to an effective cubic derivative term on cosmological perturbations.
Moreover, notice that the quantity A° alone is invariant under a spatial diffeomorphism,
thus we can include it separately in the action as an additional three derivatives term.
So, it is more appropriate to rewrite action (5.64) as

Spr= / Az [a(t) P, (V, 6K o) SK — (8,51 () A" + Ba(t) A
+(t

) €07 1y, (VOSK) 6 Rpona + 8(8) €77 1, 6K (V0 Rpora)
+...] . (5.67)

This is the most general EFT action we can build to describe parity breaking physics
in the primordial perturbations during inflation.® Starting from the following chapter,
we will focus mainly in the Chern-Simons operator (5.65), which is the only term being
explicitly invariant under a full diffeomorphism of the metric, and arises from a slightly
different effective field theories approach describing modifications in the gravity sector
during inflation (like e.g. [6, 143]).

5In literature, in the context of quantum Horava-Lifschitz gravity, it is usually considered as a 3
derivatives parity breaking term also the following 3D Chern-Simons operator [140, 141]

—4 / d'z i (5 TP, + 5 <3>rfq(3’rgr(3>r;p) : (5.68)

where (3)1“?]- is the Christoffel symbol computed with the 3D metric. However, it is possible to show that
this term does not add new physics in our EFT context, because it can be rewritten in terms of the 3
derivatives operators in (5.67) (see Ref. [142]).
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Part 11

Parity breaking in the gravity sector from
the primordial Universe

In the first part of this work, we have seen that slow-roll models of inflation, the ac-
tual inflationary paradigm, describe successfully many observed features of the Universe,
its homogeneity, flatness, and in particular the origin of the first curvature (density)
perturbations. In most of such models, Einstein gravity is usually assumed to describe
the theory of gravity. However, because of the possibly very high energies underlying
the inflationary dynamics, it might be that remnant signatures of modification to Ein-
stein gravity are left imprinted in the inflationary quantum fluctuations. In literature,
the examples are different, from the first model of inflation [123], based on R2-higher
order gravitational terms, to more recent scenarios, such as, e.g., [6, 45, 59, 74, 143~
167].% In such modified gravity models of inflation, we can have modifications in both
the background dynamics and the evolution of primordial perturbations. In particular,
production of primordial non-Gaussianities is an interesting feature of these models. In
fact, we have seen that in the simplest models of inflation with standard gravity, the non-
linearity parameter fnr,, which measures the level of non-Gaussianity in the primordial
curvature perturbations, is proportional to slow-roll parameters (e,7). Thus, in the stan-
dard scenario, primordial non-Gaussianity is highly suppressed. Instead, in a modified
gravity model we can have enhancement of non-Gaussianities (see e.g. [150] and Refs.
therein). This is due to the fact that a modification of Einstein gravity can bring new
degrees of freedom as well as new interactions among fundamental fields of the theory.
In this second part, we will focus on modifications in slow-roll models of inflation
provided by Chern-Simons gravity, which is the highest order parity breaking operator
in the gravity sector that arises from EFT modifications of Einstein gravity. In the
literature, effects of this kind of gravity on gravitational waves in an inflationary context
have been studied for the first time in Ref. [177], and in Ref. [178] more details have
been elaborated on more general aspects of the theory, while more recent works include
Refs. [45, 158-161, 179-182]. In particular, Chern-Simons gravity is obtained adding the
so-called Chern-Simons gravitational term coupled to the inflaton field in the action of
the slow-roll inflationary models. This term can be written in terms of the Riemann

SFor more general inflationary frameworks, see also [142, 168-175]. For a review on inflationary
gravitational waves containing other examples, see Ref. [176].
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tensor as

Spr= / d'z [f(@ e“l’p”RW”/\RpM,\] , (5.69)

where f(¢) is a generic function of the scalar inflaton field ¢ only, e#¥P” is the total an-
tisymmetric Levi-Civita pseudo-tensor (with €% = 1), R, is the Riemann curvature
tensor. As we have seen in Sec. 5.6, this operator naturally arises from an effective field
theory generalization of inflation. In Eq. (5.69) one can replace the Riemann tensor with
the Weyl tensor, Eq. (6.3), without introducing any modification to the action (see, e.g.
[6, 183]). For this reason, the Chern-Simons gravitational term belongs to the so-called
Weyl-square terms, typically abbreviated with the symbol CC. The form of the coupling
function f(¢) could be determined a priori by a quantum theory of gravity, which is
still incomplete for the moment. For this reason, the coupling can be taken totally gen-
eral. A fundamental result is the polarization of primordial gravitational waves (PGW)
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. The
reason is that a parity transformation changes the chirality of PGW, and so, in a theory
in which parity is broken, we expect a difference in the dynamical evolution of these
chiral-eigenstates.

There are several observational studies on parity breaking signatures of PGW (and on
cosmological birefringence) using CMB data [184-202]. At present, CMB power spectra
are not able to efficiently constrain the level of parity breaking. Moreover, it has been
shown recently, on very general ground, that even from future CMB data it will be almost
hopeless to constrain the chirality of PGW exploiting only the two-point correlation
statistics, specifically the cross-correlation of B polarization modes with temperature T’
anisotropies and E polarization modes [203]. Only in the most optimistic cases some weak
constraints might be placed. Therefore, it has become even more interesting and crucial
to ask whether relevant parity breaking signatures can arise in higher-order correlators.

Thus, motivated by this possibility, we will investigate parity breaking signatures
in primordial bispectra that come from the term (5.69). We will analyze the tensor
fluctuations (gravitational waves) bispectra (yyy) and their mixed correlators with the
scalar curvature perturbation ¢, (v(¢) and (yy¢). Analyzing the scalar bispectrum ((¢()
is not interesting for our goals, because it is insensitive to parity breaking signatures,
being sourced only by scalar fields. In particular, we will focus on the bispectrum (y7().
In fact, we will show that contributions to other bispectra are highly suppressed. The
first part of this investigation is the topic of Ref. [204] (Chaps. 6-7). In addition, we
will present a forecast on the possibility to observe such a signal with CMB bispectra
statistics. This forecast is the subject of Ref. [205] (Chap. 8).7

"The scientific results presented in this part contain some differences and original considerations with
respect to the content of the corresponding published papers [204, 205]. These are the results of scientific
discussions having during a research period of 4 months at the University of Amsterdam.
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Chapter 6

Chiral gravitational waves
production

In this chapter, we see the origin of Chern-Simons modified gravity from EFT of gravity,
we specify the computational conventions adopted to derive our results, and describe in
which sense, at linear level, gravitational waves acquire chirality.

6.1 Chern-Simons gravity from EFT of gravity

The Hilbert-Einstein (H-E) action describing standard gravity is built by admitting co-
variant terms with a maximum number of two derivatives of the metric tensor. The only
covariant term which obeys to this constraint is the scalar curvature R and the result is
the well-known density Lagrangian

Lug = /3 <Mj’13) . (6.1)

A standard way to modify Einstein gravity is to relax this condition and consider a
more general theory of gravity in which the action is built with an expansion in series
of covariant terms that contains an increasing number of derivatives of the metric ten-
sor. The first correction to the Lagrangian (6.1) is obtained by considering the most
general covariant terms with four derivatives of the metric tensor. We build these terms
doing tensor contractions between two tensors with two derivatives of the metric tensor.
Such tensors are the fundamental curvature tensors of general relativity: the Riemann
tensor R0, the Ricci tensor R, and the scalar curvature R. Then, the most general
expression for the additional Lagrangian we want to focus on is

AL = /g (iR? + f2RuwR™ + f3Rpupe R™P7) + 26" Ry Rpgor + .. (6.2)

where the dots stand for terms with more than 4 derivatives and f, are some arbitrary
dimensionless coefficients. From Lagrangian (6.2) we see that the Chern-Simons term (the
one which multiplies f;) is appearing naturally by this (effective field theory) expansion.
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It is convenient to rewrite the Lagrangian (6.2) in terms of the Weyl tensor Cpy s
which is the traceless part of the Riemann tensor. This because we can understand
better some properties of the Chern-Simons term that will be useful to perform the
computations later on. The Weyl tensor is defined by

1 R
Cw/pa = Rul/po*§ (g,upszo - g,uO'RVp - gl/pR;w' + guoRup)+€ (g,upgl/o' - gl/pgug) . (63)

Thus, by doing a simple redefinition of the coefficients f,,, Lagrangian (6.2) becomes
AL = \/g (f1R2 + f2R,u1/Rw/ + f3C,u1/po'C#VpU) + f4€“VpUCNVH>\CpJHA . (64)

This if we consider only the metric tensor g,,. If we also introduce a scalar field ¢ which
plays the role of the inflaton field we should include also covariant terms up to four
derivatives of the inflaton field itself. The result is the full Lagrangian (see e.g. Ref. [6])

L=y [;M&R — 5906016 ~ V(9)+
+15(0) (60:00,0) + 11(0)9 0,060,656 + f3(6)(D6)” + fr(6) R 0,00,0+

+ fs(O)R 9" 0,00,¢ + fo(3)ROS + f10(d) R + fi1(¢)R™ Ry + f12(8)C*77 Crapor | +
+ f13(¢)6uypacuum\cpon)\ ) (6.5)

where we allow the various dimensionless coefficients f,, to depend on the inflaton field.
In the first line, we recognize the standard action of slow-roll models of inflation. The
Chern-Simons term coupled to the inflaton field stays in the last line. Since we are
interested only in signatures of parity breaking modifications of Einstein gravity during
the inflationary epoch, we restrict to the following Lagrangian

1 1
L= G| MhR = 59" 0,00"6 = V(9)| + F(@)"* Co™ Cpopr . (66)

The Chern-Simons term, in addition to introducing parity breaking signatures in the
gravity sector, has other interesting peculiarities. First of all, this term is zero if computed
on the background metric (the background metric is the Friedmann-Robertson-Walker
(FRW) metric, which is conformally invariant and thus the Weyl tensor is zero in FRW).
As a consequence, the Chern-Simons term does not modify the background dynamics
of inflation, but modifies only the statistics of primordial perturbations. In addition, it
is invariant under a Weyl transformation of the metric. This fact will also be useful in
performing the computations. As a final consideration, we want to emphasize that the
Chern-Simons term is a total derivative term (as we have shown in Eq. (5.65)); for this
reason the coupling with the inflaton f(¢) is necessary to achieve a non trivial signature in
the theory. Therefore, Chern-Simons gravity could have left signatures only on primordial
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perturbations, since at the end of the inflationary epoch the inflaton decays and the
Chern-Simons term becomes a surface term, restoring standard gravity. We end this
chapter by remarking that this term is expected to be the highest order parity breaking
correction to Einstein gravity, or, better to say, it is the covariant parity breaking term
with the lowest number of derivatives. In fact, as explained in [6], within an effective field
theory approach more derivatives has a certain operator, less is expected to be important
in the EFT expansion. In literature, also parity breaking operators with more than 4
derivatives have been studied. For instance, in Refs. [164-166] possible parity violating
signatures in graviton non-Gaussianities due to a Weyl-cubic parity breaking term ce?
(which contains 6 derivatives) have been considered, however reveling in this particular
case a negligible contribution.

6.2 Gauge fixing

The gauge in which we will work is the spatially flat gauge (2.16) and with the metric
in the ADM form (2.9). We remind that in this gauge, besides the fields N and N;, we
remain with only the scalar perturbation of the inflaton field d¢, and the transverse and
traceless modes ~;; inside the spatial part of the metric tensor

hij = a?[8i +vij + v + -, %' =0, 8, =0, (6.7)

As said in Chap. 2, N and N; are auxiliary fields in standard gravity, which means that
they can be removed by solving the corresponding equations of motion and substituting
the solutions back into the action. However, when we introduce a modified gravity term
in the action, we have to take care of possible modifications of the equations of motion
of such fields. In our case, we are interested to perform an analysis of the bispectrum
of primordial perturbations. In order to do this, it is necessary to expand the action
of the theory until third order in cosmological perturbations. As discussed in Chap. 2,
in this case we need to know only the first order values of N and N;. In gauge (2.16),
the standard gravity solutions for auxiliary fields until first order in the perturbations
read [39]

1 o 1 %2 o d (Hép i(1

Now, let us discuss briefly if, in the case gravity is described by action (6.6), modifications
w.r.t. standard gravity are introduced by the Chern-Simons term to the first order values
of the fields N and N;. We notice immediately that N is a scalar field and at first order
it does not take any contribution from parity breaking terms. In addition, IN; can be
splitted in a scalar perturbation mode v and a transverse vector perturbation N:zp(l). The
Chern-Simons term can not modify at linear level the scalar perturbation mode 1 for the
same reason as for the field IV; instead, a priori, it can give a contribution to the transverse
vector perturbation. In particular, there are two possibilities: the first possibility is that
N%(I) remains an auxiliary field. However, at first order in the perturbations d¢ and ~;;,
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there is no way to build any non-trivial transverse vector. So, in this case, at first order

we can take as usual N;(U = 0 during inflation (as it happens in standard gravity, see

Eq. (6.8)). The second possibility is that the Chern-Simons term turns the field N}(U
into a dynamical field: however, as we said at the end of Sec. 2.1, vector perturbations
in an inflationary context can be safety put to zero. Thus, for what we have stated, we
can take for the fields NV and 1 the same values as in Eq. (6.8) and put N%(l) =0.

Now, we have all the tools we need to study the dynamical evolution of primordial
perturbations.

6.3 Signatures in primordial power-spectra

In this section, we review the results about parity breaking signatures at linear level in
the primordial power-spectra, providing also some original considerations. This is also
useful to clarify the conventions and the assumptions we adopted.

In the quadratic part of the Lagrangian, the Chern-Simons term does not provide
any contribution to the inflaton perturbation. In fact, as we have stated in the previous
section, there is no way to build parity breaking operators with only scalar perturbations.
Instead, it is interesting to analyze the parity breaking effects on the power spectra of
the transverse and traceless tensor perturbations 7;; (i.e. PGW). Let us remember the
following Fourier decomposition (2.56)

s= [ RS e (6.9)
Yijg = (271')2 i Tk 5 .

s=R/L

where we adopt circular left (L) and right (R) polarization states of PGW as made in
Sec. 2.4. In addition, it is convenient to pass to the conformal time dr = a~'dt instead
of adopting cosmological time ¢. In this way, the metric reduces in the form g, = aQ’yW,
where 7, is the perturbed Minkowski metric tensor. Since the Chern-Simons term is
invariant in form under a Weyl transformation of the metric ¢ = e=22(@t) g it is sufficient
to choose w = In a, to understand that we can compute the Chern-Simons term using the
metric 7,,,. We achieve this metric simply setting a = 1 and substituting cosmological
time ¢ with conformal time 7.

Now, using the gauge (6.7), we compute the density Lagrangian (6.6) at second
order in tensor perturbations. Because of the fact that the Weyl tensor is zero on the
background, the correction to the quadratic action from the Chern-Simons term comes

from the computation of the tensor contraction f(¢g)et*P? CW"“’\# )Cpaﬂ)\|5} ), where ¢q
denotes the background value of the inflaton field. The indices (1) and 7" indicate that
we need to compute the corresponding tensors at first order in tensor perturbations. For
simplicity of notation, in the following we will use ¢ to refer to the background value
of the inflaton instead of ¢g. In performing this computation, we can set N = 1 and
N; = 0 because we are not interested in scalar perturbations. The first order values of
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the components of the Weyl tensor read (computed taking the scale factor a = 1)

1 1
Conly) = =30 + 0] (6.10)
1 1
Coigily) = — 510 + O] (6.11)
1 1
Cijk:l|(Tl) = 5[—@‘@%1 + 0;01vjk + 00k — 0501Vik) — Z[—MD%Z + 0u vk + 00y — 0510k »
(6.12)

where O = 92 + 92 and the prime denotes derivative with respect to the conformal time.
Thus, the quadratic modification to the tensor action reads

A8l = [ de e 50)5 [0k - G @] . (613)

where the Latin contractions are made with the Dirac delta. We can integrate the
conformal time derivative by parts, obtaining

AS, =~ / a0 () [ @) — @) 030" (6.14)

Thus, using the relations (2.59), we get the following new total action for the graviton
modes

&>k
Sy = X [dr o A [ A OP =R ] (619
s=L,R
where
M; k£(9) Fph
Af == [1-8)\= =a® (1- A2 1
Ts 5 ¥ 8\ a ME, a A Mos (6.16)
and )
Mcs = MPI (6.17)
8f(¢)

is the so called Chern-Simons mass (the dot represents derivative with respect to cosmo-
logical time). Let us recall that the coefficient A is +1 for R polarization modes and —1
for L modes. Thus, there are some values of the physical wave number kyhys = k/a for
which the factor A% . becomes negative. In particular, from Eq. (6.16), this happens for
kphys > Mcs. The R modes with physical wave-numbers larger than the Mcg acquire a
negative kinetic energy becoming unstable. Similar instabilities at quantum level and at
high energies can be very problematic (see e.g. [206]). In order to avoid this problem, we
set an ultra-violet cut-off A < Mcg to the theory. This cut-off is well motivated within
an effective field theory approach (A can be taught as a scale of new physics). Since we
want to study the statistics of perturbations that go outside the Hubble horizon during
inflation, we have to assume A > H (this forces Mcg > H).
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Now, instead of deriving the equations of motion for the fields -, it is more convenient
to make before the field redefinition

Hs = AT,S/YS . (618)

Following the same steps of Sec. 2.4, we compute the new effective potential term for
the fields pus which, at leading order in slow-roll, turns out to be

"

AT 2 A H 2 As kpnvs H
S = 1——51{; =— 11 8PS 77 . 1
Az, T2< 2 Tm@SA> T2< T <H’JWC§A) (6.19)

In eq. (6.19) we have defined the following quantity

1 w é k hs khs 1 §2
= -4 o — 2| (1= a o)\ P | 2 >
A (1—A$mﬁﬂﬂgp{[ §13 QHT}( Akg) zwk5{2+§+2 ’

(6.20)
where [204]
k
kphys = ’E (6.21)
MCS
= ) 6.22
f= (6.22)
and .
Mcs
= 2
w MosH? (6.23)

where the dots stand for derivatives with respect to cosmological time ¢. The new equa-

tions of motion read
1

A
ug@yk)+—<k2——fL?S>/hxr,k)::0. (6.24)

Now, we assume for simplicity that the Chern-Simons mass is approximately constant in
time during inflation, i.e. £ = w ~ 0. In this case, the effective potential simplifies into

2 1
vh — 1 k H
T (-t A — s =0 6.25
He + ( -2 + 57_ Mcs Hs ) ( )
where we recall that vy = % + ¢, and € is the slow-roll parameter (1.48).

Eq. (6.25) differs by the one of standard slow-roll models of inflation (2.70) by an
additional term in the effective mass (proportional to 77!) which gives a correction to
the sound of speed of the ps fields. In particular, we get the following new sound of
speed:

1 H

2
S . 2
°R/L kr Mos (6.26)
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We can notice that the L-handed graviton field acquires a superluminar velocity (7 < 0),
signaling the breaking of Lorentz invariance in this theory. Now, as usual, we canonically
quantize the fields g,z in creation and annihilation operators as

sk, 7) = gk, 7)atg (B) + w(k, 7l (<F) . (6.27)

Thus, the equations of motion for the mode functions us(k,7) are
v —1 k H
ull + (k:2—T24+)\8 us =0 . (6.28)
T

Eq. (6.28) is the so-called Whittaker equation whose exact solution with the Bunch
Davies initial condition reads (see e.g. [160])

T _

e~i(F-mvr/2) =ik 7 <;+1/T—>\SH 1+zyT,zufT> et TAH/Mes

Mcs’
(6.29)
where U is the confluent hypergeometric function [207]. On super-horizon scales (i.e.
z = —kT < 1) the solution (6.29) simplifies, becoming

1 (=TT, F(VT) —kT 3=2vr L
i r)cr =\ gt I (ST) e e

Now, we can compute the expected super-horizon power spectra of each polarization
mode. We have

(—kT)3

us(k,7) =2 k

L L (TG (T |lur(2)z<al?
Pr = <0\%’j(k)’YL (K)]0) = QT ) (6.31)
T,L
R (T |ur(2) <1l
PE = (OB J0) = 21 =t (632
T.R
At leading order in the slow-roll parameters we find
Pf = LreiH/Mes | (6.33)
Pf = LretiH/Mes (6.34)
where )
4 H 2\ 3—2vr
= (7) (6.35)
k3 M3, \2

is the standard gravity total tensor power spectrum in the standard slow-roll models
without the Chern-Simons correction. As we explained above, the dimensionless coeffi-
cient H/Mcg has to be smaller than 1 due to the energy cut-off. However, a scenario
in which H < A < Mgg is highly unnatural. It is more natural to assume an energy
cut-off A > H, thus forcing H/Mcs < 1. For this reason, we can expand in series
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the exponentials in (6.33) and take only the first order value. At the end, the relative
difference between the power spectrum of right (R) and left (L) helicity states reads

PE_pPL n/ H
y=tr P _m () | (6.36)
PT + PT 2 \ Mcs

This observable (that usually is called chirality of gravitational waves) quantifies the
expected differences between the power spectrum of the R and L polarizations of the
primordial gravitational waves at the end of inflation. We expect that its value is small
(i.e. < 1) for the considerations made in developing the theory. Moreover, we expect
that it is almost scale independent in a scenario where Mcg is almost constant in time
during inflation. This scale independence drops when we consider a scenario where Mcg
is time varying during inflation. In this case, instead of solving the exact equation of
motion (6.24), it is more convenient to adopt an alternative method to compute the
chirality of primordial gravitational waves.

This alternative approach relies in the In-In formalism method (see App. B), which
allows to perturbatively estimate the corrections to primordial correlators induced by
new small interaction terms in the Lagrangian. In particular, using the first order limit
of Eq. (B.18) in Fourier space, we find the following correction to the tensor 2-point
function:

0
6(vr/L(0,k)yR/ (0, k")) = —i/ dr' (yryL(0, k)R (0, K )Hpr(p, 7))  (6.37)
where
&Ppp
Hryeo.r) = [ 5 agp— [ PP =l ] - (639

The choice of evaluation time 7 = 0 in (6.37) corresponds to the late-time limit on super-
horizon scales. In the evaluation of integral (6.37), we can use in first approximation
the de Sitter solutions for the mode-functions vz,1,(0,%) (Eq. (7.7)), a = —1/(HT), and
evaluate the parameters inside the integral at the time of horizon-crossing of the mode
k.l The final result reads (see e.g. [142])

- - - o H \*
8(vry (0, K)vR/L(0, ) ~ £(2m)*6® (k + k') Pp ==, (6.39)
4 \ Mcs
where the star * denotes the value of the parameters at the horizon crossing of the mode
k. The chirality in this case approximately reads

)= () (6.10)

and acquires scale dependence, still remaining < 1 as it is proportional to the ratio
H/Mcs (Notice that this result is a confirmation of (6.36) for the scale invariant case).

see Ref. [39] for more details. These approximations are discussed in Chap. 7.
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As we already mentioned, even in the most optimistic cases, only weak constraints
on the parameter x could be achieved from CMB power spectra (see e.g. Refs. [201,
203]). In particular, in Ref. [203], it is shown that ideally the 1o detection of x # 0 is
possible only if x = 0.4 (which would require the unnatural condition H < Mcg). The
possibility to put constraints on the value of y with experiments involving the direct
detection of polarized primordial gravitational waves through interferometers regards
only futuristic experiments (see e.g. Refs. [208, 209]). In fact, current interferometers are
very far from being sensitive to the primordial gravitational waves amplitude as predicted
by slow-roll models of inflation.? Moreover, in Refs. [211, 212], it was shown that
three-dimensional informations, like the tidal imprints of primordial gravitational waves
fossilized into the large-scale structure of the Universe, could be critical in the future to
discerning the effects of parity violation in the primordial gravitational-wave background.
In particular, in Ref. [212], it is claimed that, with futuristic galaxy surveys, constraints
on primordial chirality at the percentage level could be derived. Unfortunately, the
use of both interferometers or galaxy surveys to constrain the chirality of primordial
gravitational waves is expected to be very futuristic.

Briefly speaking, in the model we have considered, the formation of a very small
parity violation in the PGW power spectrum is expected. This might be very difficult
to observe even with the next experiments involving the polarization of the CMB. Any
other alternative experiment sensitive to the chirality of primordial gravitational waves
is still futuristic. For this reason it is interesting to investigate if a significant parity
breaking signature can arise from a higher order statistics of primordial perturbations,
i.e. looking to the cubic interaction terms among fields. Thus, in the following chapter,
we will study how the Chern-Simons term coupled to the inflaton affects the bispectra
of primordial perturbations.

2This can be possible only in particular models of inflation where a significant blue tensor tilt is
achieved (see the review [210]). On the contrary, Chern-Simons gravity only induces opposite corrections
to the power spectrum of gravitons with opposite helicities. No significant modifications w.r.t. standard
slow-roll scenario are provided to both the tensor tilt n7 and tensor-to-scalar-ratio r (from the prediction
of Eq. (2.82), in the current model the amplitude of primordial gravitational waves is almost scale
invariant). In Ref. [204], it was claimed that modifications of order x? could have provided to both r
and nr. However, due to the smallness of y, these modifications can be safely neglected.
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Chapter 7

Signatures in primordial bispectra

In this chapter, we are interested to understand whether the effects of the new interaction
terms coming from the Chern-Simons term can bring to a relevant parity breaking effect
in the bispectra of the primordial perturbations. In the subsequent three sections, we will
estimate the primordial three-point functions (yyv) and (y(¢) and compute explicitly
(vy¢). In fact, as we have anticipated in the introduction of this part, we will show
that the parity breaking contribution to the correlator (yy() is the only one that is
not suppressed as the power spectrum case. The readers who are not interested in the
technical details of the computation of such three-point functions can go directly to Sec.
7.4 where we will provide our main results, including the explicit expression of (yy(),
and a discussion on its parity breaking signatures.

For parity invariance reasons, the only primordial bispectra that can arise from the
Chern-Simons term are the ones associated to the three-point functions (yyy), (yyd¢)
and (Y0¢d¢).

The master formula used to compute this kind of correlators at first perturbative
order, in the quantum field theory ensamble, is provided by the In-In formalism formula
switched in Fourier space (see App. B, Eq. (B.19))

—

(B ER)5 ) = =i [ 01303, 00,05, 06.065.0) . Hu] ). (1)

where Hjy. = —Lint is the cubic interaction Hamiltonian between fields d,, d, and ., g
is the time at which this interaction is switched on and ¢ is the time at which we evaluate
the correlator. In the formula just introduced t is a totally arbitrary time coordinate;
it will be very convenient for the computations to adopt the conformal time 7 instead
of the cosmological time. The interactions are switched on on sub-horizon scales, that
correspond to the limit 79 = —oco; on the other hand we evaluate the correlator on super-
horizon scales, thus in the limit 7 = 0. Now, we will start to evaluate the interaction
Lagrangians for the bispectra in which we are interested in.
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7.1 Three gravitons non-Gaussianities

This interaction comes from the following contribution to the Lagrangian

£ = FO [ Pl + k], 72
where the suffix T indicates that we have to evaluate the contribution of the tensor
perturbations only and the index (n) means that we have to consider the n-th order
of the perturbations contributing to the corresponding Weyl tensor. We will use an
identical notation also for the other interaction vertices. As we can see, the explicit
computation of this term requires to compute the Weyl tensor up to second order in the
tensor perturbations. Instead of performing a direct computation, we can have an idea
of the strength of this interaction vertex using only the tensorial properties of the Chern-
Simons term. In fact, as we said above, the Chern-Simons term is a total derivative term
for a constant f, so that we can write

L7 = f($)Bu A", (73)
where A* is the four-vector (5.66).! As we said in Sec. 6.3, we can compute the Weyl
tensor adopting the conformal time instead of cosmological time and setting the scale
factor a = 1. The result is that A* has to depend only by v;; and derivatives of 7;; and by
no additional factors a or H. Thus, A* will be a cubic combination of tensor perturbations
and their derivatives only. In particular, integrating by parts the Lagrangian (7.3), it
follows

L7 =~ f(9)A°, (7.4)

int

where, for our purposes, we can just evaluate the coupling f(¢) on the background. Here
the prime ’ refers to the derivative w.r.t. conformal time. If we put this interaction into
formula (7.1), we find

0

<751(kz)752(%2)753 (E3)> = Z/

—0o0

ar'af (§){01 1 (K1, 0)752 (K3: 07 (83,0, A°][0) ,
. (7.5)
where we have used the fact that f'(¢) = af(9).
The bra-ket contractions into Eq. (7.5) produces products of three Green functions

of the type

(51 (51, 0)ys, (B2, 7)) = (21)2 8P (5 + 2) s, (p1, 0)us,y (2. 7') (7.6)

with us(k, 7) given as in Eq. (6.29), apart for the contribution of field redefinition (6.18).
As a first approximation, we can use the expression of u, setting the slow-roll parameters
and H/Mcg to be vanishing. This is justified by the fact that, under our assumptions,

!With the notation used in (7.3), we indicate that we will take the part of the Chern-Simons interaction
that gives rise to a graviton cubic interaction only.
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such parameters are much smaller than 1 during inflation, and thus we can expand in
series the solution (6.29), taking the zero-th order value only. The solution becomes

ug(k,7) = (1 +ikr)e " (7.7)

1H
MpVE3
which is the solution for the mode function of a scalar field in a de Sitter space.

Then, substituting (7.7) into Eq. (7.5), we will arrive to an integral of the type

— — — 0 . 2 . ’
ooy =i [ ar' (=) 0 (H Afmkg) flhi e, (75)

i

where kp = ki + ko + k3, and f(k;,7’) is a function polynomial in the arguments. We
have used a = —1/(HT), a relation which holds apart for small slow-roll corrections. In
particular, we can minimize the errors committed in evaluating the integral taking the
value of parameters H and f (¢) during the horizon crossing of the momentum K = kz. It
is possible to show that, after and much before horizon crossing, the integral in Eq. (7.8)
vanishes (see Ref. [39] and also, e.g., [53] for more details). In fact, we know that much
before horizon crossing the integrand function has a high oscillatory behaviour because
of the imaginary exponential e*"kTT/, which mediates the integral to zero; moreover, after
horizon crossing the tensor perturbations «;; become constant and then the commutator
operator with the interaction Lagrangian in Eq. (7.5) becomes zero. Thus, we have

2 0
<'781 (kl)’YSQ (]472)'783 (]{33)> =~ Zf*(¢) (1:[ Mlgl*k?) ];* /_OO dr’ <_71_> f(ki,T/>e_ZkTT/ ,

(7.9)
where the * refers to the time of horizon crossing of the momentum k7. In the following,
we will omit the x for simplicity of notation. Integrals of the type in Eq. (7.9) can
be computed by parts after passing to complex plane and performing a Wick rotation
(see e.g. Refs. [39, 53, 71]). The result is an imaginary function which depends on the
momenta k; and has the physical dimensions of a M3. In addition, from Eq. (6.17) , it
follows

. M2
19 = ghies -

Thus, if we multiply and divide Eq. (7.9) by >, k3, we find out the following estimation

(7.10)

.- . H

<%1(/<?1)%2(k2)%3(/€3)>NM708 > Pr(ki)Pr(ky) | M(k:), (7.11)

i#]

where M (k;) is a dimensionless function of the momenta k; and Pr(k) the power spectrum
of tensor perturbations, Eq. (6.35). Due to momentum conservation, the function M (k;)
has to be of order 1 and gives only the momentum shape of the bispectrum. As we can
see from this final result, parity breaking in graviton non-Gaussianities are suppressed
by the ratio H/Mcg which is < 1, exactly as the power spectrum case.

81



7.2 'Two scalars and a graviton non-Gaussianities

Here, we are interested in the following interaction Lagrangian

vpo af ¢ K af (b K
Eiﬁtsdry = VP [8; )5¢ C/W A’,(S‘l)cpanA|g}) + 82) )6¢ C;w )\|’S})CPJH>\|S)

k(2 1 (1 2
+ F(0)Cu ™G Coomrl s + F(9)Cn ™ Cron|§)
+ F(8)Cu P Coomrl P + F(0)C™ P Cromrl D], (1.12)

where the suffix S means that we have to evaluate the contribution only of the scalar
perturbations to the corresponding Weyl tensor, and the double suffix ST means that we
have to evaluate the quadratic contribution in which both scalar and tensor perturbations
appear.

In Eq. (7.12) the first two terms come from the expansion in series of the function
f(¢) around the background value of the inflaton multiplied by the contraction of two
Weyl tensors at first order in tensor perturbations. The other terms instead come from
the contraction between the Weyl tensor at second order in scalar perturbations and the
Weyl tensor at first order in tensor perturbations. Finally, there are also contributions
coming from the contraction between the Weyl tensor at second order sourced by mixed
scalar and tensor perturbations and the Weyl tensor at first order in scalar perturbations.
In particular, in the spatially flat gauge, scalar perturbations appear only through first
order expressions of the fields N and N;. If we take these explicit expressions (Eq. (6.8))
and we use the definition of slow-roll parameter € (1.48), it follows

NO ~fesp, N~ febp (7.13)

Thus, N and N; are sub-dominant in the slow-roll hypothesis in comparison with the
inflaton perturbation d¢. For this reason in the slow-roll limit the terms dominant in Eq.
(7.12) are the first two. These terms depend only by the Weyl tensor at first order and
can be easily computed using (6.10) and the following first order scalar contribution to
the Weyl tensor components (computed taking the scale factor a = 1):

1 1
Coingly) = 5[32'33']\[(1) — 50 0N,

COijk:|Egl) =0,

1 1
Cijuals’ = 516;10:0% — 8,10i0h — 5u0;dh + 6D AN — 21081 — Sudye (P NW),
(7.14)
where N is as in (6.8). In the end, we obtain
of (¢ ij
£ = 8210 e @0yt (@100 00 (7.15)
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Using again (6.17), we can express

01(8) _ Mpi_ (7.16)
9% 8Mcso
and, inserting this last equation into Eq. (7.15), we find
2 ..
ciser -~ ML e plsg)eit [(Or0)0i7 ] (7.17)
- Mosé

If we use (7.1), we can perform an estimation similar for what we have done for the
three-graviton non-Gaussianities. The result is

(66 (k1)0¢ (Ra)vs(Fs)) MCS > Ar(ki)Ar(ky) | F(k:) (7.18)
(&

where F'(k;) is another dimensionless function of order 1. The result is that parity
breaking signature in such a bipectrum is still suppressed by the ratio H/Mcs.

7.3 One scalar and two graviton non-Gaussianities

The interaction Lagrangian which gives contributions to this bispectrum is

0 K
Lo = emer | ( 5 ¢f(¢)> 56 C"™rC e+ F(S)CD ™ sC2 Ir + F($)CD D) s
f(¢)C(1)M\T C2) st + F(9)CS |STC;(;?;-;)\‘T 7

(7.19)

where the notations are the same of Eqgs. (7.2), (7.12).

Here, the first term comes from the expansion in series of the function f(¢) around
the background value of the inflaton multiplied by the contraction of two Weyl tensors
at first order in tensor perturbations. Moreover, there are terms coming from the con-
traction between the Weyl tensor at second order in tensor perturbations and the Weyl
tensor at first order in scalar perturbations. Finally there are some "mixed’" terms. In
this case, contributions coming from the contraction between the Weyl tensor at sec-
ond order sourced by mixed scalar and tensor perturbations and the Weyl tensor at
first order in tensor perturbations appear. In analogy with the previous case, in the
slow-roll hypothesis, the term dominant in Eq. (7.19) is the first one. Thus, making a
straightforward computation, we obtain the following cubic Lagrangian in Fourier space:

1) = - x [ kﬂ;ﬂ"){( PN 0 80/ B) [ 500 + G 0 3,9 @)

va (622) b 56t [ (91 @ + 5 0 2 <(qv7]2}0)
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where we have used the notation [ d*k d®p d®q = [ d®K and a sum over the polarization
index s is understood for simplicity of notation.

In this Lagrangian, we see that there are some interaction vertices that depend on
the second derivative of the coupling f(¢) w.r.t. the inflaton field. These interactions
might give a contribution which is not suppressed directly by the ratio H/Mcg, as we
have seen in the previous cases. In fact, in those cases, we have dealt with the first
derivative of the coupling function f(¢) w.r.t. the inflaton. For this reason, we perform
now a detailed computation, using the In-In formalism, in order to show that these
new interaction vertices can bring a potentially relevant parity breaking signature to the
bispectra statistics we are analysing. At the end, we will quantify if this signature is still
highly suppressed or not. In the next steps we will omit the time argument 7 = 0 again
for simplicity of notation.

First of all, we notice that, due to the form of the interaction Lagrangian (7.20), the
only non-vanishing 2 gravitons-1 scalar correlators are

(R(F)YR(R2)0(R3)) s (e (Ra)yr(k2)dg(Ry)) - (7.21)

In fact, it is straightforward to verify that

(vr(k1)vL(k2)d¢(k3)) =0 . (7.22)

We start from the computation of the correlator (vg(k1)yr(k2)dé(ks)). The computation
of the other correlator will be analogous.
Using Eq. (7.1), we have

- (2%) / BE SO(E+ F+ ) / [ <31(T')—|—BQ(T’))

ra g7 10 (63<T'>+B4<T'>)} ,

(7.23)

(vr(k1)VR(K2)d¢(ks)) =

where

(O] [06(ki, 001 (k2. 0)v(k3, 0) , 3¢/ (B, ) 55, 7/)7' (a7 ’)} 0,
B =p (9 q) (0] [5¢(k1, 0)yr(k2, 0)vr(k3,0) , ¢/ (K, T)%] 7TV } 0), (7.25)
By =p(0] |66 (k1. 0)7r(k2: 0)va(k3,0) , 36 (F. 7)1y 5577 #(d.7) } 0), (

( (

By =p (7 ) (0| [M(kﬁ,O)WR(kE,O)vR(kE,O) : 5¢(k,7)%~j(pﬁ)v§ q,T)} 0).

81 =p 7. 24)

7.26)

7.27)

Here the symbol { , } denotes the commutator operator. We can compute these
expressions using the Wick theorem. We need to compute preliminary the following
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contractions between fields:

06k, 7)dp (K, 7)|0) = (27)363) (k + E') u(k, 7)u*(k, ') , (7.28)
056(F, )58 (7, 7)]0) = (27)36D (F + ) u(k, T)%u*(k, ), (7.29)
(O, )y, 7)[0) = (2m)°6E) (k + F) wr(k, T)uf(k, )i (F) , (7.30)
(O (&, P (R, 71[0) = (2m)%6 P (k + B) ug(k, 7)ug (k. 7')e] *(15% (7.31)

(OB 7)10) = (20 ) (P55 ), )l ) (733)

where u(k, 7) is the mode function of the inflaton perturbation and us(k, 7) is the one of
the tensor perturbations. Thus, performing all the contractions, Eq. (7.23) becomes

(vr(k1)vR(k2)d¢(ks)) = — '(27T)353(/€1 + ko + k3) Tm{[ky (11 + T2) + ka (k1 - F2) (I3 + )]

B (ke (ka) — c.e} + (k1 +— ka)
(7.34)

where the I,, are the integrals

0
I = ks, 0)ur(k, 0)us (s, 0) /_ i’ (‘9 f(¢>)> [du*(kl,T')Cz_uﬁ(kl,r’)ciu}(kgﬁ')} ,

0¢ dr
(7.35)
0
— w1, 0)ur(ks, 0)un(ks, 0) / dr'a ( 8‘1 f(¢)> [u*(/ﬁ,T’);iu*R(kg,T’)iu;(kg,T')] ,
(7.36)
0
I3 —u(kl,O)uR(kzg,O)uR(kg,O)/ dT/ (;)f((b)) |:dci' (k‘l, )U*R(kQ,T/)u*R(kg,T/)} y
(7.37)
0
T4 = u(ky, 0)un(ks, 0)ug (ks 0) / dr'a ( 8‘1 f(¢)> [ (ky, 7 Yacly (kg )iy (s, )]
(7.38)

We can compute analytically these integrals with the same approximations we have
already discussed above. In particular, the Hubble parameter H and the function f(¢)
and its derivatives can be evaluated at the time of horizon crossing of momentum kp =
>, ki and put outside the integral. The second approximation is about the cosmological
evolution of the scale factor a. At leading order in slow-roll, we have a ~ —1/(HT).
Finally, we take the value of the functions v and ug setting the slow-roll parameters and
the ratio H/Mcs equal to zero. This approximation is justified by the fact that these
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parameters are very small during inflation. Thus, as a result of the last approximation,
we can use the mode function of a scalar field in a de Sitter space (7.7)

1H

us(k, 7) =————(1 + ikr)e 7 | 7.39

(k,7) Vo \/k»g( ) (7.39)
iH . —ikT

u(k,7) =——==(1+ik7)e , (7.40)

V2k3

where the different normalizations of the variables v and §¢ come out from the study of
the action of standard slow-roll inflationary models (see e.g. [39]).

With the prescriptions just explained, we start now the explicit computation of the
first integral I;. It reads

H? o 0 e
n=-amg | ] TS ((%f(aﬁ)) k2k2K2 / dr'r3e KT (7.41)
i=1,2,3 -

where Kp = k1 + ko + ks.
This integral can be performed by parts, after passing to the complex plane and
performing a Wick rotation of the integration contour. We obtain

n=-4m3 | 1 I ( 0 f(¢)> k2k2k? < ! ) (7.42)
1= — — —_— —— . .
a i=1,2,3 Mg, 2k? ¢ BN

We see that the final result is real. Thus, it does not give any contributions to the
correlator (7.34). For the same reason, also the integrals Is and Is do not give any
contribution. The only integral which is not trivial is I;. Let us see its computation in
details

Ml%l H2 ] 82 0 dr’ . . . i Kt
I, = 47 H 2,28 <¢62¢f(¢)) / 7(I—Hle')(1+zk27")(1+2k37")e T,

i=1,2,3 —o©
(7.43)
We write down the integral which appears in (7.43) as
0 dT/ K /
/ 7(1 + ik ") (1 + ko7’ ) (1 + ikg)e T (7.44)
—0oQ
which can be splitted into the sum of four integrals
0 d’T, ; / 0 : / 0 ; /
( / ,ezKTT> + (iKT / dTlele-) — [ IT %% / dr'7e T
i
o - i#] - (7.45)

0 ‘ )
- (ik1k2k3 / dT’T’%zKTT) :
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All the integrals, apart the first one, can be computed by parts and give a real con-
tribution. For this reason, they do not give any contribution to the correlator (7.34).
Instead, the first integral can be written in terms of the exponential integral E'i(z) by
promoting the real variable 7/ to a complex variable and performing a Wick rotation of

the integration contour (i.e. a change of variable 7/ = —i7”). It becomes:
iT dr" .
lim KT (7.46)
T—0— — 4500 T
The complex exponential integral is defined as [207]
# dZ, ’
Fi(z) = —e 7 |Arg(z)| <. (7.47)
z
[e.e]

It is well defined for all complex numbers z that are off the real negative axis. A good
characteristic of this integral is that it is independent by the integration contour and
depends only by z. In particular, it can be expressed in terms of the following series
representation [207]

S o S Gl
Ei(z) v—Inz Z R (7.48)
k=1

where v is the Euler-Mascheroni constant and In z is the principal complex logarithm
of the complex number z. This series converges for all z that are not in the real axis.
Applying formula (7.48), the integral (7.46) becomes

o0

—iKpT) T
li —In (iK$ = - li In |K = 4
|1 mirern) -3 S ] ot (lim, i} 4 49

where the In|Kp7| in this case represents a real logarithm. Thus, at the end, we get

M2 2 . 02 ™
Tm(1Iy) :4% 11 Mg%g <¢82¢f(¢)> X <z§> : (7.50)

i=1,2,3

If we substitute this result into Eq. (7.34) and we consider also the contributions of the
permutations, we find the final result

. L N I U H? . 0?
(onEapin oot =(2m)" Ry Bt Foe 2t | 11 s | (d32000)

x (ky + ko) (1 - k2) eft(kr)eld (k2) -
(7.51)

Following the same steps, we are able to compute the correlator (yz(k1)yz(k2)d¢(ks))
as well. It is sufficient to substitute in the previous steps R with L and take a relative
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factor —1 due to the A\, = —Ap relation in the interaction Lagrangian (7.20). Thus, we

have:
. . . o . M2 H? . 02
_ 35(3) Pl
b o) == (m 0+ Bt Ron ! | TT s (5350))

x (k1 + ko) (k1 - k2) el (ke (ko) -
(7.52)

We can try to express the final result in a way in which we write explicitly the dependence
over the wave numbers k;. As we have seen in Sec. 3.1, because of momentum conserva-
tion, 60 (121 + ko + /Zg) = 0, the three momenta inside the bispectrum form a triangle
in the momentum space. For invariance under rotations, we can put this triangle in the
(z,y)-plane without losing any generality. It follows that a triangle can be constructed
by

Ky = k1(1,0,0) , ko = ka(cos6,sin,0), ks = k3(cos @,sin ®,0) , (7.53)
where § and ® are the angles that the momenta ks and Eg form respectively with the

momentum El. With these choices of the momenta, we can write down the explicit
expressions of L and R polarization tensors. They read (see e.g. [165])

. 1 00 O
ejik1) =—= [0 1 diXs | , (7.54)
V2 0iXs —1
. 1 sin® 6 —sinfcosf —idgsinf
e;j(k2) = —= | —sinfcosd cos? 0 iAscosf | . (7.55)
V2 —iAgsinf  idgcosO -1

Thus, through an explicit calculation, we find

I W o 1
k1 - ko = kika cos ), e;;(k1)ed (ko) = 5(1 —cos 0)? (7.56)

where 6 is the angle between the two momenta k1 and ko. By the cosine theorem, we
can express this angle as a function of the three wave numbers k;

K2k - k2

T (7.57)

cosf =

In the end, the correlator (7.51) becomes

- N - N . R ] H2 82
ol (o)) =m P -+ o+ Fansy | T s | (b (@)
i=1,2,3 i

cos O(1 — cos 0)?

X (kl + kg)klkg 5

(7.58)
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We can rewrite this correlator in a more convenient way in which the product of two
power spectrum of PGW (6.35) appears. It is sufficient to multiply and divide for Y, k3
to obtain the final result

(on(En(Eio(Re)) =(2n)'5" B+ Fo+ ) I (52 Pr) Prthy) ) (12 521(6))
i#]j

« (kl + kg)klkg

cos (1 — cos 6)?
2ok

(7.59)

7.4 Main results

As we have understood in the previous sections, the two gravitons-one scalar bispectrum
(7.59) is the most relevant for parity breaking signatures. Before starting to analyze such
signatures, we switch to the gauge invariant variable (, using the local relation (2.21).
Thus, in the coordinate space we have

S N H S S S
(YR(Z1)VR(Z2)((F3)) ~ _g<’7R($1)7R($2)5¢(3«"3)> : (7.60)
The symbol ~ means that we are evaluating the correlator at first order in the slow-roll
parameters.
Thus, passing in Fourier space and substituting Eq. (7.59) into Eq. (7.60), we have

. H

(vr(k1)vR(K2)C (K3)) ~ _E<VR(E1)7R(E2)5¢(E3)>
—(2n)3 (R + ko + kg ; Py (ki) Pr(k;) (Hz 32{92(;))
(kl E]Q)klk? 0s6(1 — cos 0)2 ,
(7.61)

where we recall that 6 is the angle between the two momenta El and Eg. Proceeding with
the same reasoning for computing the vertex (v (k1)yr(k2)((k3)), we find

(v (B )ye(k2)¢ (ks)) = —(vr(B1)vr(R2)¢ (Ks)) - (7.62)

Notice that we have obtained a result which differs for a sign in the passage from left to
right gravitons. This result is not inconsistent and can be explained with a symmetry
argument: if parity was a symmetry of the theory, there would be not difference between
the statistics of L and R gravitons. And thus the correlators (yryr() and (y7yr¢) would
be equal. But the Chern-Simons term breaks parity symmetry and, as a consequence, we
have a difference between the two bispectra. This is achievable e.g. by a sign difference,
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Figure 7.1. 3D-plot of the shape function of the correlator (g (k1 )yg(k2)¢(K3)). The quantity
F(l,:cg,xg)xgxg in terms of x5 = ky/k; and x5 = k3/ky is shown. The figure is normalized to
have value 1 for equilateral configurations xo = 3 = 1.

as it happens specifically in our case.? If we take the dependence of the bispectrum (7.61)
over the momenta k;’s, we obtain the shape function

1 k1 + ko)k1k
F(ky, ko, k3) = Z SR ( 1% 2}33 ™2 cos0(1 — cos 0)2, (7.63)

i 1

where cos @ is defined in Eq. (7.57). As it is customary for scale-independent bispectra,
the shape function is plotted as the quantity F(1,x, xg)x%x?)) in terms of the variables
xo = ko/k1 and x3 = k3/k;. From Fig. 7.1, we see that the shape function peaks when
2o = 1 and 3 = 0. This corresponds to the so-called squeezed limit, in which the
momenta of the gravitons, k; and ks, are much larger than the momentum k3 of the
scalar perturbation.

At this point, we can start to analyze the parity breaking signatures induced by our
result (7.61) in the bispectra we are analysing. For this purpose, we can define a parity

*Notice that this is what happens similarly in the analysis of [166].
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breaking coefficient?

_ (mB)yr(R)CE) ror — (k) (=k)(=k))ror (767
(YR(F)R(E)S(R))Tor + (Yr(=k)vn (k)¢ (=F)ror

where the suffix “TOT" stands for the total bispectra, when we include also the contribu-
tion of standard gravity (see Eq. (3.6)). Notice that II has been defined so that it is equal
to zero when the R- and L-handed bispectra coincide, thus when parity is a symmetry
of the theory. In Eq. (7.67), the numerator represents the difference between R and L
contributions to the bispectrum (yy() which ultimately will determine the amplitude
of observable quantities, such as, e.g., CMB bispectra involving (mixed) temperature
fluctuations (T) and polarization (E and B) correlators, like, e.g., 3-point correlations of
the type (I'BB) or (EBB) (see Chap. 8). Moreover, in defining the amplitude II, we
have evaluated the bispectra in the equilateral configuration of the three momenta. This
is a standard convention which is adopted in literature (see e.g. [62]). To evaluate the
quantity II notice that in the model considered*

— — — — — —

(Yr(k1)VR(K2)C(k3)) = — (v (=k1)yL(—k2)C(—k3)) - (7.68)
Thus, using Eq. (3.6) and our results, Eq. (7.61) and (7.62), we find:
_ 967 2 0°f()
= S (7.69)

Now, let us comment about the result we have obtained in Eq. (7.69). The parity-
breaking amplitude II depends on the strength of the second derivative of the coupling

3This coefficient is not properly an amplitude of primordial non-Gaussianity fxr, but an estimate
of how large parity breaking is in our bispectra. Nevertheless, one can define separately for L. and R
polarizations a coefficient of non-Gaussianity fﬁiL as

rr _ (yrr(k)vr L(k)C(K))
finding 55(6)
R _ T 2 ¢
fNL - %H 82¢ ) (765)

and the same result for fZ; apart a sign difference. From this definition, it is clear that we have
normalized the L and R bispectra using the tensor power-spectrum (6.35). An alternative definition can
be adopted by normalizing with the scalar power-spectrum, which would simply give the same result as
above, rescaled by the inverse of the tensor-to-scalar perturbation ratio. In this context, we do prefer the
definition (7.64) because the parity breaking signatures arise in the tensor sector. Using the result (7.64)
and Eq. (7.69), we can link such coefficient of non-Gaussianity to the coefficient II finding

25

= I ~107310. )
24576 0 (7.66)

R
fNL:

“In Eq. (7.62), we have showed that (vr(k1)yr(k2)C(Ks)) = — (L (k1)vL (k2)C(Ks)). Eq. (7.68) follows
after noticing that the bispectrum (7.61) depends only on the modulus of the momenta k:’s and not by
their direction (In fact, cos @ can be expressed in terms of the k;’s as showed in Eq. (7.57)).
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f(¢) wr.t. the inflaton which is something new with respect to the power-spectrum
case.”

In fact, in the latter case only the first derivative of the coupling f(¢) appeared (see
Egs. (6.36) and (7.16)). Thus, apparently we can say that our result is independent of the
parity breaking in the power-spectrum case which is labelled by the parameter y in Eq.
(6.36). However, a theoretical constraint occurs when we look to the radiative stability
of the theory. Following the same reasoning of Sec. 5.4, we switch to the following
canonically normalized gravitons in de Sitter space

2\ 1/2
)= (). (7.10)

and we rewrite the last term of interaction Lagrangian (7.20) (which gives the strength
of our bispectrum). We obtain

I _' . 2 —_ ..
c= [erTEEEED B (21D o ) iiiaso i el @
3(k 4+ 7 . iy

= [ @K W aAlgp 7 D) DB PV (@, (1.7
where ) , i
A% = M2Pl <¢58 aéif)) . (7.72)

To avoid a strong coupling regime (which would spoil the perturbativity of the theory),
we must impose

2< A, (7.73)

which gives the following constraint on the strength of the second order derivative:

20 f(¢)  Mp 1 2 (001 p
H 20 <H2\@_ﬂ<r>x1o. (7.74)

Thus, recalling the definition of II, Eq. (7.69), we get the theoretical constraint

0.01
< < ) x 107 (7.75)

r

From Eq. (7.75), it would seem that, by decreasing r, one would get less stringent bounds
on II. In fact, one should keep in mind that the bispectrum of Eq. (7.61) is proportional
to 72 coming from the 2 tensor power spectra, attenuating the power of the bispectrum

5Arrived at this point, one might ask whether the appearance of the second derivative is something
of inevitable. In fact, it is interesting to notice that if the first derivative of the coupling f(¢) w.r.t. the
inflaton would be exactly a constant in the first term of Eq. (7.19), then one would obtain a vanishing
result for the correlators of interest. This confirms the result that we find in Eq. (7.61), namely that
these correlators are actually sensitive to the second derivative f(¢) w.r.t. the inflaton field.
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in the r — 0 limit independently by the value of II (which is determined by the strength
of the second order derivative of the coupling function f(¢)).

In the next section, we will make a brief comment about the physical meaning of the
squeezed limit in the current bispectrum statistics and, after that, in Chap. 8, we will
perform a numerical evaluation of the minimum 1o error committed in measuring the
parameter Il with an ideal CMB experiment. The aim of this investigation is to assess
the usage of CMB bispectra for constraining parity breaking signatures of Chern-Simons
gravity during inflation.

7.5 Comments about the squeezed limit

A useful cross-check of our results, (7.61) and (7.62), comes from considering its squeezed
limit, in which we take the momentum of the scalar ﬂuctuatlon k3 = k:L ~ (0 and the
other two momenta of the tensor fields such that kl = ks —kg

If we use the squeezed consistency relation (3.15), we get that the expected leading
order value of the R-handed squeezed bispectrum reads (in our conventions h = 2¢ and

hi; = i)

- - - dlog(k3PE(kg
(om (s () ersn = =T ED b P ), (176)
where )
H
P = — .
c(k) = - VERE (7.77)

is the scalar power spectrum of slow-roll models of inflation and PF(k) is the right-
handed tensor power-spectrum as in Eq. (6.33). On super-horizon scales, we can rewrite
Eq. (7.76) in terms of the derivative with respect to the cosmological time as

<7R(ES)7R(_ES)C(EL)>|squeezed = _PC(kL) (3P76(k‘( )) + ;zﬁpj@(k(t») ’t:ts , (778)
where we used the fact that
_ dPf (k(ts))
dlog(k3PR(ks)) = 3(dlogks) + m : (7.79)

and that each short mode kg is related to the time tg of horizon crossing by the relation
ks = kits) = a(ts)H(ts). (7.80)
In fact, since a ~ ef*, then we have (apart for slow-roll corrections)
dlogks = Hdtg . (7.81)
Computing the time derivative term in Eq. (7.78), we find
g P ks) = [—3 — 2+ — (%22)
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Here, ~ refers to the dominant contributions in slow-roll parameters and in (H/Mcs),
and Pr(k) is the tensor power spectrum as in Eq. (6.35). Since we are interested only
in contributions of the parity breaking part of the bispectrum, we consider in Eq. (7.82)
only the term that depends on the Chern-Simons mass. Using the definition (6.17), we
find

~ —16H*f"(})e, (7.83)

where the prime ’ denotes derivative w.r.t. the inflaton field. Here, similarly as above,
we have neglected another term that is proportional to the ratio H/Mcg which is much
smaller than 1 in our theory. This term, in fact, has not been considered in our compu-
tation of the bispectrum performed in the previous section.

Thus, gathering all together in Eq. (7.78), bispectrum (7.61) in the squeezed limit
becomes

<’YR(ES)’YR(_ES)C(EL)>‘squeezed = gH2f”(¢)PT(kL)PT(kS) . (784)

Now, it is easy to verify that, if we take our complete result (7.61) and expand it around
the squeezed configuration, then at leading order in (k1 /ks) we obtain exactly Eq. (7.84),
as we would expect.

However, as we have seen in Sec. 3.3, the strict squeezed limit result corresponds to
a gauge artifact. In fact, after passing to CFC frame, we expect our physical squeezed
bispectrum to be (see e.g. Refs. [84, 85, 213])

2
sy~ F)CEL stz = O (T2 ) x HL @ Prlbn) Privs) . (759
S
The quantity O (k:% / k%)(j is the first physical correction term to our squeezed bispec-
trum. An analogous argument is valid (apart for a sign difference) also for the L-handed
squeezed bispectrum (v, (ks)yr(—ks)C(kL)).
A problematic consequence of this fact appears when one tries to compute the signal-
to-noise ratio for the bispectrum B(kq, k2, k3). This in formula reads

2
S 3121 Il 2 4 4)\°2

Z - E:iw ~ drodrs B2(1 . 7.86
N C),C1,C, / Todws B(1, 02, 3) 575 (7.86)

11<12<13

Here, the integration over z3 goes from Ziin = lmin/lmaz to 1, while the integration
over xo goes from 1 — x3 to 1. Since for Planck we can take l,,;, = 2 and ;4. &~ 2000
(see Ref. [62]), Tmin = 1073, In the squeezed limit, our physical bispectrum goes as in
Eq. (7.85). But this is valid only when x5 is sufficiently small. For example, when z3
is greater than 10~!, we are already too far from the squeezed configuration to use the

5We have not computed explicitly the coefficient which multiplies the factor k7 /k%, because it is
not the purpose of this research (for such a computation in the case of the scalar bispectrum, see e.g.
[85]). Our aim, in fact, is to show that one has to pay attention when constraining with observations a
bispectrum from single-clock inflation that peaks in the squeezed configuration.
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expression (7.85). On the contrary, in this case we have to use the result (7.61). For this
reason, it is interesting to compare the signal-to-noise ratio calculated in two different
cases: in a first case, we substitute the bispectrum (7.61) into Eq. (7.86) without taking
into consideration spurious signatures that come from the squeezed configurations; in a
second case, instead, we split the integration over z3 into two parts: when 3 < 107! we
use the squeezed expression (7.85) for the bispectrum,” instead when x3 > 107! we use
expression (7.61). If we compare the two S/N ratios we obtain that in the second case,
we lose approximately 50% of the signal that we would have if we take into considerations
also spurious signatures. This implies that to produce the same S/N ratio, the primordial
parity breaking amplitude II should increase by a factor two w.r.t to the case where we do
consider spurious effects in the squeezed limit, something which however is not difficult
to obtain within the parameter space of the model. Of course, this is just an estimate,
because one should define better the value of x3 at which the very squeezed limit ends.

"We have verified that our conclusions are not sensitive to the precise value of the term O(k? /k%).
In fact, in the squeezed limit (x3 &~ 0) the integrand of Eq. (7.86) is suppressed as z2 and thus it gives
a negligible contribution over squeezed configurations.
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Chapter 8

Measuring parity breaking
signatures with CMB bispectra

8.1 Notations

To begin with, we recall the bottom-line expression of the tensor-tensor-scalar bispectrum
(vv() we found in the previous chapter

3
<'VR/L(k1)’m/L(kz)C (k3)> = (2m)%® (Z kn>
n=1
X (+/ =) Fyhaks (1 - ko) [ef’}/L(El)ef‘}/L(l%) :
(vr(F)ve(Ba)C(Fs) ) =0, (8.1)
where eg?/ L(E) is the polarization tensor of R(L)-handed gravitational waves,

wHS 32f(¢>) (k‘l + k‘g) B _257‘(‘47)? (7”21_[) (k‘l + /{72)

COME 99 K2K2ED 768 K2k2k3

Fk1k2k3 = (8'2)

where we have used the definition of II in our model, Eq. (7.69), and

H\? n?

r being the tensor-to-scalar ratio. Equation (8.3) holds since the standard relation r = 16¢
is still valid in the current model apart for a very small correction in the total tensor power
spectrum which is negligible in the x < 1 regime in which we are working. According to
our results, the bispectrum (8.1) peaks in the squeezed configurations ki ~ kg > k3. As
we will show in the next section, this fact will lead to a signal-to-noise ratio enhancement
when using BBT or BBE CMB bispectra to make a measurement of the parameter II.

For CMB bispectrum computations, we will follow the procedure already developed in
Refs. [102, 103]. In order to do so, we have to express the tensor-tensor-scalar bispectrum
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(+2/- 2)(}%) . R/L(E

€ ). Since

with the polarization tensors used in Ref. [103], satisfying €
we now consider the tensor-mode decomposition using [103]

. Bk s A) (A7
%j(;p)z/(%)?)ek 3 ylyeg.j)(k), (8.4)

A==%2

(+2/-2) _

we have Tz f'yR/L(E). Also, changing the notation of C(Eg) to CES for simplicity

of notatlon Eq. (8.1) can be rewritten as

3
- A1
(1667 G, ) = (2m)0® (Zk) Fm< )mml Ra)ei ™ (kn)el; ™ (k).
n=1

(8.5)
The spherical harmonic coefficients of the temperature (X = T') and E/B-mode polar-
ization (X = E/B) anisotropies from the scalar (¢) and the tensor (v*2)) perturbations
are expressed respectively as [102, 103]

o) = an(-i)! [ (jﬂ’; R)GYin(B) (5.
OX . B3k N 0 o e
o =) [ gm0 T (3) vt 6)

where Yy, (k) is the spin-weighted spherical harmonic function, 72?2 )( ) and 72@ (k) are
respectively the scalar and tensor transfer functions, and x takes 0 (1) for X = T, FE
(X = B). Using these conventions, the CMB bispectra sourced by the primordial tensor-
tensor-scalar correlators can be written as

)X )X By, An ) 7 . .
<a’21)m11a§2)m2 £3377,33> = H47T / ) T (t)(k ) Z <2> —Anyvfnmn(kn)

An==2

<an(-i [ 4 ";‘”’mfs (k) Vo ) (102076 ) . (89)

8.2 Allowed harmonic-space configurations

First of all, we check the /-space configurations where a nonvanishing signal of the am-
plitude II (Eqg. (7.67)) lies in by following the procedure discussed in Ref. [214]
Using the fact that _\Ym(—k) = (—1)“\Yon(k), we can rewrite Eq. (8.8) as

X1 ()X (s)Xs\ _ Bl An\ " .
<a€1m11a52m2 53m33> H47T / 27T)372 (t)(k”) Z (2) _Anyvgnmn(k‘")

An==%2

cn(if [ SR )i

« (_1)r1+w2+41+€2+53 <7£%;\1)7£%;\2)C,E3> . (8.9)
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In our model the parity breaking tensor-tensor-scalar bispectrum under consideration
(8.5) has odd parity. Namely, it obeys

< (?1 <k3> <’Y(,,$1 C_k3> (8.10)

Due to this peculiarity, II turns out to be proportional to the amplitude of this bispectrum
(see e.g. Eq. (8.2)).

Now, comparing Eq. (8.8) with Eq. (8.9) under the parity-odd condition (8.10), we
find that

< ®)X1 (t )Xza(S)X3> [1 + (_1)x1+x2+€1+52+€3] =0 (8_11)

Apimy Yoms Yezms
always holds. Thus, nonvanishing signal is confined to
T1+ 20+ 01+ o+ f3 = odd. (8.12)

This means that in our case a nonvanishing signal for IT in X X9 X3 and BBX3 (BX2X3
and X1BX3), where X1, X9, X3 = T, FE, arises from odd (even) ¢; + ¢ + f3 compo-
nents. It is worth stressing that these combinations are not realized under the usual
parity-conserving theories like Einstein gravity and, therefore, they can become distinc-
tive indicators of Chern-Simons gravity if they are detected. The restriction given by
Eq. (8.12) is, of course, confirmed also in the following CMB bispectrum formulation.

8.3 CMB bispectrum formulation

Plugging Eq. (8.5) into Eq. (8.8) yields

3
(st = 112

n=1

/ kidkn/d%n] Ty (BTl (k2) Tl (ks)
A z1+w2+1 . N A
< % () Yoy ) 0, Yy (82) Y5 ()

(Zkﬁ )Fk1k2k3 (ky - o) € Al)(if) (] (k). (8.13)

Here, the angular-dependent parts are decomposed using the spin-weighted spherical
harmonics as

2
OA1—X
(]% ]%) (—>\1)(]%> (= Al)(/;.) 2°n? (k:) Y (k )(—1 )u+1+j<h121j1>
1 2 eij 1 Z_] 15 ]u A1 ]lu, 1)\ 2 2] + 1 ’
(8.14)
3 . 00 ~
3) (Z k:n> = 8/ y2dy [H Z ny)YLnMn(kn)]
n=1 0 n=1L, My,
Li Ly L3\ ,000
. <M1 Mo M3> FlilaLs (519
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where

A \/(% +1)(2le + 1)(2l3 + 1) (11 Iy 13> (8.16)

hisls — 47 81 S92 83

with <3 2 ;) the Wigner 35 symbol. The products of the resulting (spin-weighted)

spherical harmonics are integrated with respect to ke, according to the identities:

2
/d2k H YE:mn(k) = (_1)m15l1,l26m17*m2 ’ (817)
n=1
&2h f[ Y, (h)=hpes (bl s (8.18)
n:15n lnmn hola 13 mi mo ms ) .

Adding the angular momenta in the induced Wigner symbols by use of, e.g.,
Z (—1)Znziltn=mn) < Is L s ) < le la s ) < la I3 s >
ms —mi —Mg me —M2 —1My m4 —Mm3 —mMms

m4amsme
(ol 3\ [l
o (ml mo m3> {l4 l5 l6} ’ (819)

where { Z Z ]CC } is the Wigner 65 symbol, and performing the summations with respect to

A1, we obtain the bottom-line expression< () X1 (t)XQa(S)X3> = BX1X2Xs ( bbb >

aflml afgmz l3ms (tts)@lfzfg mi Mo ms
where the angle-averaged bispectrum turns out to be

Li+Lo+t
X1X2X3 _ sodd 1 +lo+H3 T
B(tts)€15243 = 5I1+$2+Z1+€2+f3(_1) Z (—1) 2 hL1L2€3
L1Lo
962 (_1)1+j+L2+€1

20 £y ¢
02—2 7022 02—2 1 t2 €3
15 ; 2j+1 M1 Lata; <h12j) {LQ Ly j}

2
X /0 y*dy [HW /0 kidknﬂf&)(kn)un(kny)]
n=1

9 [0 .
<2 [ BT )iy () P (8.20)
0
with
pod ] 1 (£=o0dd) (8.21)
0 (¢ =even)

In fact, the ranges of the summations with respect to L1, Lo and j are limited to a few
modes by the selection rules of the Wigner symbols.
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8.4 Fisher matrix forecasts

From Eq. (8.2), one can see that Fj, j,k, depends linearly on the chirality parameter II,
given by Eq. (7.69), and quadratically on the tensor-to-scalar ratio r. Thus, B()t(tls))%lzg’ég
r211.

We now evaluate the detectability of II by computing the Fisher matrix from X XX
(FXXXY or BBX (FBBX) with X =T, E, according to

X

XXX E (B@)fé’f)g ) 1o+
01,02 ,03=2 4 1% L3
. 2
BBX o (BEZ;(S) {1 +la+L3
J—: - Z QC’BBCBBcXX (_1) 5 (823)
01 ,02,03=2 4 Lo L3

where

3214253 = aBﬁMz&s/aH = B€1f2€3/Ha

XXX _ pXXX XXX XXX _ XXX XXX XXX

Biiists = Bltisyt ta0s T Btstyortats + Bisityesta0s = Blaisyoreaty + Bltisyestreo T Blats)tatser -
BBX _ pBBX

B£1€2€3 = B(tts)flegfg . (824)

We focus on these cases, since they represent the best representative combinations to be
compared. Here we have assumed a weak non-Gaussian signal (we will comment later on
this assumption), so that the variance can be expressed with the products of the angular
power spectra CZ(X and CfB . Furthermore, in order to derive FBBX we have used
the fact that the expected signal of the cross-correlation X B is undetectably small, i.e.,
CKXX CfB > (C j( B)2 which is a consequence of the y < 1 condition. In the following,
we consider a full-sky noiseless cosmic-variance-limited-level (CVL-level) experiment. In
this case, Cg(X and CfB are determined by the signal computed from theory (and when
specified it includes the contribution from lensing, see later). The expected 1o errors on
II for = 1072 and 1073, computed according to AIIX1X2Xs = 1 /v/ FX1X2X5are shown
in Fig. 8.1.

From the TTT results, we find that the usual scaling relation for the squeezed-type
non-Gaussianity case, AII7T7T oc £1 68, 103, 215], stops at £max ~ 100 corresponding to
the end of the large-scale amplification due to the integrated Sachs-Wolfe effect induced
by gravitational waves [216|. The same suppression was confirmed in the tensor-tensor-
tensor bispectrum case [166, 217-220]. At very low £’s, 72%;) is comparable in size to 72{5),
S0, e.g.,

Blusytntats/ Blsssyenests ~ (77€) / (GCC) (8.25)

becomes a good approximation. Considering the comparison with the usual scalar-mode
local-type non-Gaussianity case [68], we therefore have

Bl nto0s/ Blokytntars ~ 1072 x (P11 / . (8.26)
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Figure 8.1. Expected 1o errors on the nonlinear chirality parameter Il from TTT, EEE, BBT
and BBE for r = 1072 and 1072 as a function of ;.. Here, we assume a full-sky measurement
without any instrumental uncertainties. Solid (dashed) lines for BBT and BBE are computed
assuming a perfectly delensed (undelensed) B-mode polarization data.
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(see, e.g., Eq. (5.62) of Ref. [204]). From this, we find the following transforming formula
ATITTT 103 2AFIIT (8.27)

Substituting the expected 1o error on fni, obtained in the literature, Aff\?ET(EmaX =

10) ~ 103 [68] into this last equation, we can derive
AITTT (40 = 10) ~ 105772 (8.28)

As expected, this fully agrees with the results in Fig. 8.1. Notice that AII"TT o 72
exactly holds because of EZ%;EB o« r2. The similar features are also seen in the EEE
case.

The Fisher matrix from BBT or BBE is computed assuming two kinds of cases
where the B-mode polarization data is fully-delensed or undelensed. In the former case,

the errors are expected to scale like

ATIPBX o 71 (8.29)

because of CBB « r and BBBX « 2,
0 L1lal3

Moreover, at very low £’s,

BiG/ Bisigis ~ 1 (8.30)
and
CPP I ~r (8.31)

hold because of the small shape difference between the transfer functions 7;%;), ’7?5), ’7?(9”,
) .
72%;) and 72(5)' Thus,
ATIPBX JATIAXX g (8.32)
is expected to hold. All these scaling are actually confirmed from the solid lines in

Fig. 8.1, justifying our numerical results for BBT and BBE.
The former analysis tells us that if delensing perfectly works, the squeezed-type scaling

ATIPBX o L (8.33)

is still maintained beyond fa ~ 100.! From the above estimates and our numerical
results, we can therefore expect that

01
ANIBBT o ATIPBE 105 <00> ( b0 ) : (8.34)

r Cmax

Even in the perfectly-delensed situation, such a rapid sensitivity improvement by increas-
ing £max is not expected when estimating the usual power spectrum chirality parameter,
<7(+2)7(+2)> — <r}/(72)fy(72)>

X= 00D,0D) 4 (DD’ (8:35)

! Very roughly, the effects of the transfer functions in Bfl]f)é and |/CPPCOPECEX of Eq. (8.23)

2

cancel each other out. Thus, one can obtain this result following closely the estimate for local bispectra
given in Refs. [68, 221].
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from C’EB and CKEB [203, 219, 222]. The Fisher matrix in this case is expressed as

Cnax (C*EXB)Q
XB _
FXB = ZZ(% + UW’ (8.36)
=2
where R
XB = 90X B jox = CXP ). (8.37)

Especially for high ¢, CA’ZXB and CfB (that are sourced by the tensor modes alone)
are subdominant compared with C’£XX (that is also generated from the scalar mode).
Hence, (CA}XB)Q/(CEXXCEB) is highly suppressed causing a saturation at high ¢ (see Fig.
8.2). This actually prevents FX? from growing. In contrast, in Eq. (8.23), both Eﬁgﬁ

and C’gBCgBCéX come from two tensors and one scalar, and therefore the ratio

(BEZZ)Q/(CgBCgBCgX) does not decay for high ¢, enhancing F8BX. This indicates
that CMB bispectra represent a promising observable to test and measure the chirality
of gravitational waves arising from parity-violation effects. In contrast, the presence of
the lensing B-mode can degrade the sensitivity, as expected and as shown in Fig. 8.1.
Thus, a delensing of the CMB map is required.

There is a further aspect to point out. In real data analysis, one may be concerned
about the contaminations due to late-time secondary contributions such as the so-called
ISW-lensing and polarization-lensing bispectra [223, 224]. These effects completely van-
ish in the multipole domain under consideration (8.12) (because these late-time effects
are not parity-violating sources). Hence, the extra process of subtracting such secondary
contributions in the CMB bispectra is indeed not required. However, additional con-
tributions to the covariance of CMB bispectra may arise when we Wick expand it and
include the CMB higher order correlators (i.e. the connected 4- and 6-points functions)
coming from the late-time physics. Also in this case, a delensing of the CMB map is the
only alternative to remove this extra contribution from the covariance.
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Figure 8.2. Expected 1o ideal errors on the chirality parameter x from TB and EB power
spectra for r = 107! as a function of /.. A perfectly delensed CMB map is assumed. We can
see that, after a certain maximum multipole scale (¢4, = 10), we get a saturation of Ay at
the value ~ 0.2 (combining the TB and EB channels). Thus, there is no hope of improvement
in the measure of x even in futuristic CMB experiments with very high angular resolution and
complete lensing subtraction.
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8.5 Comments on the weak non-Gaussian signal assumption

In this section, we comment on the assumption of weak non-Gaussian signals. In perform-
ing our Fisher matrix forecasts, we implicitly assumed that the CMB non-Gaussianities
due to primordial perturbations are weak and the Gaussian statistics is predominant.
In fact, this is what we would expect by the constraints on CMB non-Gaussianities al-
ready made in literature (see Sec. 4.4), even tough no constraints on primordial tensor
non-Gaussianities have currently been made.

The request that non-linear effects from the 2 gravitons-1 scalar correlator do not
overcome in strength the linear ones translate into the following condition

(7€) < AFAc, (8.38)

where A here refers to the linear amplitude of the respective tensor /scalar perturbations
(which is the square root of the power spectrum). Since from Eq. (7.64) we have

(7¢) = fiEbad, (8.39)

this means that the upper value of fyi, denoting the passage to a high non-linear regime
reads 1
R,L ¢ 1
: — = 8.40
NL A%« TAC ( )

Thus, using the experimental value A¢ ~ 107> (see [91]), we get
0.01
b < (> x 107, (8.41)
,

or in terms of IT ~ 103f£ff (see (7.66))

0.01

< (> x 1019, (8.42)
T

The upper bound on II just derived is 3 orders of magnitude weaker than the one that
we imposed in order to preserve the perturbativity of the theory (see Eq. (7.75)). For
this reason, in the allowed region of the parameter space for 1I, we are in the weak
non-Gaussianities regime where the forecasts made are legit.

8.6 Conclusions

If we match the allowed values in the parameter space, Eq. (7.75), with our final Fisher
matrix forecasts, Eq. (8.34) and Fig. 8.1, we get that there is a window of 1 order
of magnitude in the parameter II where we can hope to detect parity breaking effects
with the measurement of BBT or BBE CMB angular bispectra. On the contrary, CMB
angular bispectra not involving B modes show much worse sensitivity to II, resulting quite

106



useless in making a constraint on II in the weak non-Gaussianity regime.? Moreover,

we showed that an improvement in the angular resolution of the experiment could in
principle enhance the minimum testable value of II. In fact, the 1o ideal error on II scales
as (. (contrary to what happens when estimating chirality from power spectra CeTB
and C’EEB ). However, realistically speaking, the B modes coming from the gravitational
lensing degrade the small scale contribution to the S/N ratio in a way that a saturation
is achieved for £ > 10? (see Fig. 8.1). For this reason, the CMB delensing is a necessary
condition to improve the sensitivity of the experiment. Nevertheless, we showed that
BBT and BBE CMB angular bispectra could become in the future essential observables
for testing Chern-Simons gravity during inflation, as well as other parity breaking theories

of inflation with bispectra satisfying the parity-odd condition (8.10).

2What we found is in accordance with e.g. Refs. [129, 225], where it is claimed the importance of
cross-correlation with CMB B modes to significantly improve constraints on non-Gaussianities involving
tensor modes.
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Part 111
CMB V modes from physics beyond
standard scenario

CMB radiation represents a crucial observational tool of modern cosmology. As we have
seen in Sec. 4.2, the standard Boltzmann equations describing the radiation transfer of
the CMB from the recombination epoch until today predict the presence of some level
of linear polarization, the so-called £ and B modes, which has been widely studied and
reviewed in the literature (see e.g. Refs. [93, 94, 99, 104, 226-229]). This is the result of
the Compton scattering between CMB photons and electrons and gravitational redshift,
induced by cosmological perturbations of the metric. Instead, the generation of CMB
circular polarization is usually not considered, because the electron-photon Compton
scattering cannot generate it at the classical level.

However, some models have been proposed that can lead to the generation of CMB
circular polarization. One possible way is via Faraday conversion of the linear polarization
generated at the surface of last scattering by various sources of cosmic birefringence (see
e.g. Refs. (230, 231] for a recent review). For instance, in Refs. [232-241|, V-mode
formation due to magnetic fields is discussed. In Refs. [242-245], V-mode formation due
to photon-photon interactions via Heisenberg-Euler interaction is considered. V-mode
generation due to interactions coming from extensions of QED is studied, in particular,
in Refs. [238, 246, 247|, where Lorentz-violating operators are considered. In Ref. [248],
it is shown that a cosmological pseudoscalar field may generate circular polarization in
the CMB, while, in Ref. [249], it is shown that V-mode generation can be obtained in
axion inflation. Moreover, in Refs. [250, 251], it is shown that forward scattering between
CMB photons and neutrinos can source V modes through Standard Model interactions.
In Ref. [252], circular polarization of CMB photons via their Compton scattering with
polarized cosmic electrons is considered. In Ref. [253], it is shown that V modes in the
CMB may arise from primordial vector and tensor perturbations. In particular, in Refs.
[254, 255], the case of chiral gravitational waves is considered.

Despite the fact that CMB circular polarization has not been observationally explored
so much up to now, these many examples show how its detection might reveal interesting
phenomena occurring in the evolution of the Universe. In particular, from the obser-
vational point of view, CMB circular polarization is not excluded. As an example, the
SPIDER collaboration has recently provided new constraints on the Stokes parameter V
at 95 and 150 GHz, by observing angular scales corresponding to 33 < ¢ < 307 [202]. The
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constraints on the circular polarization power-spectrum £(¢ + 1)Ct,,/(27) are reported
in a range from 141 pK? to 255 uK? at 150 GHz for a thermal CMB spectrum. Also, in
Ref. [256], some interesting detection prospects are discussed.

Motivated by all these theoretical and observational reasons, in this third part of the
Thesis we will investigate about innovative physics which may lead to the production of
CMB V modes, working with the formalism of the so-called quantum Boltzmann equation
(see App. D for a brief review). In this formalism, the master equation governing the
time evolution of the CMB photon polarization matrix (4.1) reads (D.15)

(250 020 G100 = i (1(0). D 0)]) = [ ([ 0). 1), DY) (543

where Hj(t) denotes a certain interaction Hamiltonian (in perturbative regime) involving
photons and other fields, and DZ-I]- k) = ai(k)a}(k) is the photon number operator. In
particular, we will focus on the effects of the forward scattering term (the first term in
the right-hand side of (8.43)) which is able to generate couplings between different CMB
polarization states.® In fact, Eq. (8.43) is derived adopting a perturbative approach
so that increasing powers of the interaction Hamiltonian Hy(t) reduce the strength of
the corresponding term. For this reason, in any fundamental interaction in perturbative
regime in which the forward scattering term is non-zero, a-priori it is expected to give
the relevant physical effects on the CMB polarizations. Of course, this is not the case
of the standard QED interaction between photons and electrons, where such a forward
scattering term vanishes (see e.g. [93]), and all the relevant effects arise from the damping
term only (the second term in the right-hand side of (8.43)).

First of all, in Chap. 9, we will analyze the effects on CMB polarization from the
polarization mixing induced by the forward scattering with primordial gravitons [259].
Then, in Chap. 10, we will consider the forward scattering mixing in the case of photon-
fermion interactions that go beyond the Standard Model of particle physics [260].

3This is the same physical mechanism that generates neutrino flavor mixings, see e.g. Ref. [257].
Such mixing in the CMB polarization states has been previously considered e.g. in Refs. [238, 243, 245,
247, 250, 258].
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Chapter 9

Effects of photon-graviton forward
scattering on CMB polarization

9.1 Introduction

From an effective field theory (EFT) point of view, general relativity can be considered
as the low energy limit of a well-defined renormalizable theory of gravity. In this low en-
ergy theory, gravitational waves are (transverse-traceless) fluctuations around a suitable
background space-time; expanding the Einstein-Hilbert Lagrangian in a power series of
these fluctuations, we are able to extract a positive-definite kinetic term describing the
free propagation of gravitational waves. Thus, we are able to canonically quantize grav-
itational waves, introducing creation and annihilation operators, as it is done with the
particle content and gauge bosons of the standard model of fundamental interactions. In
such a formalism, field operators describing gravitational waves are called gravitons. In
particular, expanding the full covariant Lagrangian of a generic theory in power series of
all the field content, we can derive interaction terms between gravitons and other fields.

In this chapter, using this quantum field theory (QFT) approach (as well as the quan-
tum Boltzmann equation (8.43)), we will study the forward scattering mixing induced to
a CMB photon due to the so-called "gravitational Compton scattering" with gravitons.
In this case, the full Lagrangian we have to consider is the sum of the Einstein-Hilbert
Lagrangian and the covariant electromagnetic Lagrangian. Feynman amplitudes describ-
ing gravitational Compton scattering have already been computed in the literature (see
e.g. Refs. [261-263]). Thus, after a brief review, we use these results to analyze the
CMB polarization mixing induced.

9.2 Computation of the forward scattering term

The effects of photon-graviton forward scattering are described by the following Boltz-
mann equation:
™)

dpij

k
<2w>36<3><o><2k°>dt() — i ([0, D5 (k)] ) . (9.1)
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where pg) is the polarization matrix of the photon [see Eq. (9.31)], Dg) = a;raj is the

photon number operator and H,4(t) is the quantum interaction Hamiltonian between
photons and gravitons, defined in terms of the second order S-matrix as

S@ = / dt Hy(t) . (9.2)

In order to derive the photon-graviton interaction Hamiltonian, we follow the same con-
vention of Refs. [261, 264]. The gravitational dynamics is given by the Einstein-Hilbert
Lagrangian

e
£, =Yg (rh, —ThT%, ) | (9.3)

where k? = 167G and we have dropped irrelevant surface terms. We consider the weak-
field limit and expand the metric around Minkowski space-time in powers of k, as

guu(x) = N + ’ih/w(x) ) (9.4)

where h,,,(z) is the graviton field. Now, we have to expand the Lagrangian (9.3) around
the background in powers of x and hy,(x). The terms linear in h, (x) vanish by virtue
of Einstein’s equations. We keep only the nonlinear terms in hy,(x), up to first order
in k. In fact, it is possible to show that terms with higher powers of k give a gradually
suppressed contribution, when inserted into Eq. (9.1). Thus, we have

Ly=LP+ LM+ 02, (9.5)
where L'go) is the Lagrangian describing the free propagation of gravitons and reads
1 el A @ e
£ = {17 (203 — has) + W7 (=2hars + hora) | (9.6)

Eél) is the three-gravitons interaction Lagrangian and is given by
1 1
Egl) =K {thﬁém - ZhAp [2hg,<7 ( K,p - hfp) + (_Qhoz)\,ahg’a + Qha)\,ahop”a + hao‘,)\hjga)
+h 5 (207, =BG ) + 205 hapo — 4R hag ] } - (9.7)

Here and in the following, Greek indices are raised and lowered using the Minkowski
metric 7,,,. Now, we make the following spatial Fourier expansion for the graviton field:

(r zz T r)x _—iqx
By (2 )—/ %32(10 > [brla) ) e 4 bl (@) Ay e 9.8)

r=+4,X

where bl(l) and b( DT are graviton annihilation and creation operators, respectively, obeying
the canonical commutation relations

[br(@), bl (a)] = 2m)*20°5 (@ = a)o,e (9:9)
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and h,(f,,) are the polarization tensors with the well-known properties

/

M@)e =0, @) =0, R (A (g) = (9.10)

It is also convenient to represent the polarization tensor A" # in terms of a direct product
of unit spin polarization vectors

’ *72 ’
he) =eel | elg =0, [e/(j)(q) <e(r)u(q)> } 5 (9.11)

The explicit expression for the graviton propagator in the harmonic (de Donder) gauge
is given by [261, 264]

'l
ng,)ag(Q) 72 (nuanuﬁ + NusNva — 77;11/”04,8) . (9-12)

To compute the S-matrix (9.2), we need to consider also the covariant electromagnetic
Lagrangian density [261, 264]

Ly=L0 40+ O+ 0, (9.13)

where £(70) is the part of the Lagrangian that describes the free photon propagation and
is given by

0
) = —FFMVF : (9.14)

where, as usual, Fj,, = 0,4, — 0,A, is the gauge-field strength and A" is the photon
field. The remaining terms on the right-hand side of Eq. (9.13) give the photon-graviton
couplings

(W) — — " (_R2 F, F™ — 20" FOFy, 1
T < , (9.15)
and
£ = ” —hoh" S Foy + 1(h“)2 L WY | FogFOP 4 B hePF,  F g
T 16w g« 4 K
+2h“ah5FH5Ff} . (9.16)

In particular, Egl) gives the two photons-one graviton interaction vertex, while ££YZ) gives

the two photons-two gravitons vertex. Notice that in Eq. (9.13) we considered also a
coupling term which is quadratic in k. This should not create any confusion, since the
important fact is that, when we will apply the formula (9.1), the term (9.16) will give a
contribution of the same order in powers of «.

As we made for the graviton field, we expand also the photon field in Fourier space
as

Ay(z) = / Zpo Z[ e @) e (0an)
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(s)

where €,” are the real photon polarization four-vectors, s labels the two physical trans-

verse photon polarizations, as and al, are photon annihilation and creation operators,
respectively, satisfying the canonical commutation relation

las(p), al (8] = (27)*2p°59 (b — p)d, (9.18)
We fix the Feynman gauge for the photon field, thus the photon propagator is given by
[261, 264]
i
D) (p) = A5 - (9.19)

Now, we have all the elements to evaluate the right-hand side of Eq. (9.1). In fact,
the expression of the second order S-matrix contribution describing the photon-graviton
scattering is

1 1
s = - / dardbes T {£P @)D )} - 2 / d'aydtes T { £ ()£ (22) )

+i / d'z L3 (), (9.20)

where T denotes the time-ordering operator.

Now, calling p and p’ the incoming and outgoing momenta of the photon, ¢ and ¢
the incoming and outgoing momenta of the graviton, we can evaluate the second-order
S-matrix (9.20) using Feynman’s rules (see Refs. [261, 262|). In particular, Feynman
diagrams for the photon-graviton scattering are shown in Fig. 9.1. The result is such
that the photon-graviton interaction Hamiltonian defined in (9.2) turns out to be

Hyg(t) = / dadq'dpdp’ (27)*63) (d' +p' — q — p) exp [it(q° +p° — ¢° — p*)]

x [bh () al, () (M + My + My )ay (B (@) | (9.21)
where for simplicity of notation
d’q d’p
dg= 294 dp=—"P 22
q (27m)32¢0 P (2m)32p0 (9:22)
and the three different Feynman amplitudes appearing in Eq. (9.21) are given by [261]
2
K v Ix * *U *
My =" [p"(e-€) —(p-e)] [P (" ™) = (- )]
x g (e-p) (€™ 1) + qud, (e €) — €q) (e p) — guen(e” -p’)} +(e,p e, 1),
(9.23)
,{'2 / ES IES / / Ik I£3 / /%
My =5 {[(p-P)le- ) = (" -p)le- )] 2e- ) (") = (- ) (g~ (e - ")

_ [(p X p/)E’uG/*V + (6 . 6/>|<)p,up/1/ _ (p . 6/*)6,up/u _ (6 . p/)p‘uel*y + (6,]) o 6/*, _p/)}
X [(e- €)2qutl, — 2(e - €*)(a- d)eucls +2e- &) E™ - enels + e ) Pelrel
—f—(el* . q)QGMeV —2(e- e’*)(e . q/)e:,*q:L —2(e- e'*)(e/* . q)e,,qu]} , (9.24)
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R {(e-¢)(p-p)e- &) — (p- ) - O] — 2[(p-e)(e - ) — (p- e e)]
< [0 )" - ) = (- )" - )] — 2e - €)[(p- )P - € (e - )

+le-e)(" ") p-p) = (p-e)(€” ) (e p) = (e-)(p' - ")(p- )

+ (67p <~ 6/*7 _p/)]} )

M; =

(9.25)

€®)(p) and € = 6(5/)(17’). At the end, we will see that

eM(q), ¢ =e(q),

the contribution of M7 + M3 amplitudes in the forward scattering vanishes. Hence, we

focus only on M. After expanding My and doing some algebra we obtain

where e
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Now, using the four-momentum conservation ¢ - ¢’ = p - p/, we can rewrite My as

,{12
My == -{(e-e")? ((g- )€ d) + (- )p-p) = (p-)e-p) + (¢ - €)(a- 0))

") [(e-e)(qg-€")q-e*)—(e-p)(p-€)(e- )+ (e- ") ((q-€)(q-€™)
p-p)e-e)—(e-p)p-e*)) —(e-e)(p- €™ :

+( ) ™)+ (e-e)(p-p)e™ - €)
—(e-p)(e-p)(e" 6'*)+(6 Q)(f q )" 6'*)+(6 ) ((e-p)(p-e)
+(e-p)(e™-p)+ (e )+ (e-q) )(q/ ) +2[(e-g) (™ ™) (e-e)
+(qg-e")(e-q)(e- ¢ )( ) (e-e)(q- )(( ) g-€”)+ (e g™ - €7))]

2
—2(:, q,){(e‘e'*) [—(q- ) d)e D)+ (e ) ((p-d)g D)+ (- a)¥ - d))
—(p-€")((a-P)e-d)+(q- )@ ) = (d-)p- Q)(G'p/)] —2(e- ™)
x {—(e-p)(p-€*)qg-€)(qg-€*)—(e-e)(p-*)(q- p)(q ") —(e-q)p-e")(e-p)(g-€™)
—(e-p)(g-€")(e-p)(g-e™) —(e-e)(e- ')( ~q)(q- ) (e-d)p-)e- )P -e)
—(e-¢)p-d)e-p)e™ €)= (e-q)p-*)e- )P -¢')+ (e- ) [(e-D)(p-q)(g-€)
+(e-p)(g-e*)g-p)+(e-¢)((p-d)(e '*-p') +(p- )(p q7))]
—(e-q)p-e")(e-p)d ) }+2{ e q [ -e) ((6 ¢ )(p ) = (p-€*)(e-€™))
—(" ") (p-e™)e-p)] + (a-€")e-q) [(e-p) ((e- € —(p-€")(e-€™))
(e Y- Ne-p) + (1) (e >< e o)
+(e-p)(g-e*)? ((e-€)e-p)—(e-*)(e-p)) = (p-€*)(e-e)(q-€™) ((e-p)(g-€™)
+(e-q")(e"-p)}} - (9.27)

Now, in order to compute the forward scattering term in (9.1), we need to take the
expectation value of the following expression:

i va(t),D@(])(k)] =i / dqdq/dpdp’ (27)*6®) (¢ + ' — q — p) Mz [b], (¢)br(q)al, (b )a; (k)

x2p"(27)36:56®) (p — k) — b1, (¢)by (q)al (k)as(p) 20 (27)38;90P) (b’ — k) | .
(9.28)

The expectation value of a generic operator A is defined as
(A) = tr(p A), (9.29)
ﬁ(i) being the density operator of a system of particles. Applying this definition to the

case of photons, one can find the following expression for the expectation value of the
product between photon creation and annihilation operators [93]

(af,()an(P) ) = 2°2m)*5 (b — ) p)(P) . (9.30)
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/ (@) \ / (b) ! \\

(©) (d)

Figure 9.1. Feynman diagrams for the photon-graviton scattering, dashed lines represent gravi-
tons, wavy lines represent photons. Diagrams (a) and (b) give the amplitude My, Eq. (9.23);
diagram (c) gives the amplitude My, Eq. (9.24); diagram (d) gives the amplitude M3, Eq. (9.25).

117



™)

where pi;’ s the polarization density matrix of the electromagnetic radiation (4.1)

A(’Y) A( v) A(’Y) _ 'A(’Y)
(v )_ 5 < + U v 1% , (931)

pZJ Agj) 4 A‘;Y) A(I’Y) _Ag)

A(V) A(V) Agj), and A( 7 being the photon Stokes parameters (I =T of Eq. (4.1)).
By the same reasoning, one can find an analogous relation for gravitons

(bl (@)ba(@) ) = 24°(2m)*6) (@ — a)plEh (@) (932)

(a)

is the polarization density matrix of gravitons [265, 266]

@ A(g) + A( 9) A(Q) ZA( g9)
Pmn = (g q()g) (9) ’
Ay’ +iAy A AQ

where pp,

(9.33)

in which A}g ), Ag ), Agj}) and Ag) are the Stokes parameters associated to gravitons; in
general, these are given in terms of the power-spectrum statistics of the gravitons. As

(9)

an example, let us consider Aj

defined as

. The total tensor power-spectrum P, of gravitons is

3 .
(i ()R (x + 1)) = / g&)mq)e—m (9.34)

If we insert Eq. (9.8) into the left-hand side of the previous equation and we use Egs.
(9.9) and (9.10) we find

AP (q) = 2¢°Pi(a). (9.35)

Now, using the expectation values (9.30) and (9.32) and performing the integration over
p, p’ and ¢, we find that the forward scattering term is given by

([0, 07 1)) = 2m%500) [ da (55700 - 8,00700)) 2
x My" """ (d' =q,p=p =k), (9.36)
where the contraction between Latin indices is made with Kronecker delta. Thus, recall-

ing the expression of My, Eq. (9.27), and inserting Eq. (9.36) back into Eq. (9.1), after
some straightforward algebra we finally get the forward scattering mixings between the

'Here, we use the index v to distinguish it from the polarization matrix of gravitons (9.33) (with
index g).
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photon Stokes parameters in the following form

AP =o,
/12
AP =% [dadf@a-e'00) (a- 00)AL

where dots stand for time derivatives.

Then, in order to take the integral over dq, we fix a coordinate system where the z-axis
is aligned with the three-momentum of the scattered photon k and photon polarization
vectors €1 and €2 stay along x and y axes. In such a case, we can write the photon and

graviton kinematic variables in the following form:

k =k"(0,0,1),
q= qo(sin 6’ cos ¢, sin @' sin ¢’ cos 9’) )
€ =(1,0,0),

=(0,1,0) ,

where 6’ and ¢’ are the polar angles defining the direction of the three-momentum of the

graviton in space. Thus, we can rewrite the previous set of equations as

A(I,Y) == 07

) A(’Y) d3 ) .

A = 41‘;0/ (2 (;3 ¢*sin 0’ sin2¢'s? A (q),

c) 17460) d3q
U4k ) (2

q" sin 9/C082¢,H2A(g)( ),

4k0

. 1 d3q .
Ag}y) /( )3q sin? ¢'[cos 2¢' Ay —s1n2¢’AQ(“’)]142A§g)(q).
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Finally, using the results of Appendix E, we can write

. ( ) AS/Y) 2 2 I 2 nl / / /
Aé’ = 5ok ﬁng/d q.¢y,, sin” 0'sin2¢’ Y, (0, ¢') , (9.50)
Im
S @) A(’Y)
Ay " = _27120 ﬁZﬁgw Z / d*q C{m sin” 0’ cos 2¢/ Y™, 4", (9.51)
Im
. 1 _ N . . m
AY = 5o ZZ/ d*q cf,, sin® ' [cos 2¢/ Ay ) — sin 26/ A ) V™0, ¢') ,
(9.52)

where pg,, is the energy density of gravitons averaged over all directions, Eq. (E.9) and

clIm are the harmonic coefficients in the decomposition of Agg) (q) in terms of spherical

harmonics, Eq. (E.6).

Let us briefly comment on this final set of equations: it is straightforward to ver-
ify that the source terms appearing in the right-hand sides all identically vanish when
photons interact with gravitons that are characterised by a statistically isotropic power-
spectrum. Thus, to achieve a nontrivial result, we need the photon to interact with
an anisotropic background of gravitons. In the latter case, Q and U photon polariza-
tion states couple with the V polarization state, while the I unpolarized state remains
unchanged. Notice that this result can be applied in full generality to the interactions
involving gravitons and photons of whatever origin. In the next section, we will give
some examples applying our results to study the effect on the photon polarization due
to the forward scattering with primordial gravitons generated during inflation.

9.3 Forward scattering with inflationary gravitons

As we have seen in Chap. 2, standard slow-roll models of inflation predict an isotropic
power-spectrum of primordial gravitons. Therefore, in this case inflationary gravitons
have no effect in Egs. (9.50)-(9.52). In this section, we will briefly review some alternative
models of inflation where a certain level of anisotropy in the tensor power-spectrum is
generated and, using Eq. (9.35), we will link the power-spectrum predicted by these
models to the results found at the end of Sec. 9.2. In the next section, we will provide
also a general estimate of the effects on CMB polarization.

Anisotropic solid inflation

Anisotropic solid inflation is a novel inflationary model studied in Refs. [267-269], based
on the original model of solid inflation [270]. According to this model, the inflationary
period is driven by a configuration which behaves like a solid: the space is fragmented
into cells whose location is defined by a triplet of scalar fields ¢! (t,x), where I = 1, 2
or 3. The three scalars can be viewed as the three coordinates that give the position,
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at time ¢, of the cell element that, at the time ¢ = 0, was in the position x. At the
background level one has

(o) =", 1=1,23. (9.53)

From the previous equation, we understand that the scalar fields ¢! are time-independent
at the background level and give a sort of "average position" of each cell. In order to
require isotropy and homogeneity of the background, in the Lagrangian of the theory the
following internal symmetries are imposed

¢! — ¢' + ! (9.54)
and
o' = 0he! | 0L eS0(3). (9.55)

The most general action consistent with the previous symmetries and minimally coupled
to gravity is given by [270]

S = /d4x\/jg {]\?R + FIX,Y, 7], } , (9.56)

where
Tr (B%) Tr (B%)

e 0 OT (Tt B)?

X=TrB=B" |, Y :
(Tr B)

, B =g"9,6'0,07. (9.57)
Writing down the background cosmological equations, the slow-roll parameters turn out
to be [268, 270]
XFx X?Fxx
=—= =2le—1———F— .
e I B (9.59)

where F'x = 0F/0X and the same for Y and Z.
The scalar field perturbations are given by

¢! =2’ +7l(t,x). (9.59)

In particular, it is possible to decompose the perturbations 7/ (¢,x) into a transverse and
a longitudinal part, as

ml(t,x) = Oymp (t,x) + wh(t, %), ok =0. (9.60)

The field 77, (¢, x) labels the “phonons” for the longitudinal fluctuations of the solid. The
sound speeds of longitudinal and transverse excitations are given by [268, 270]

62 _ 2FX)(X2 8<FY+FZ) (9.61)
L 3Fx X 9Fx X
and
2(Fy + Fz) 3 2€ n
2 2
-1 2/ -2 (1 —— 4= 9.62
=t Ty, I\ TaeT 3Ty (9.62)
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The anisotropic version of this model is achieved introducing a preferred direction in the
background metric; for example, we can consider a Bianchi type-I background geometry
with residual 2d isotropy

ds? = —dt* + a® (t) da® + V2 (1) [dy? + d2?] |

a=e¥2 | p=eoto (9.63)

where the field o labels the anisotropy. Here, the x-axis is labeled as the preferred
direction. Einstein’s equations for this kind of background applied to solid inflation are
given by [268]

2 F

H? 52— 0.64
= (9.60)
Fogs? =S 27 g (9.65)
g =——F—8€ .
3M2 x
) 4o _ ,—20 4601_ 60’F 6601_ 120F
5+ 3Ho :(6—26)6an v — & ( € )2Y . (& ( € )2Z (966)
3M3 (24 €57)3 M3 (24 eS9)4MZ
If we rewrite Eq. (9.66) in the small anisotropy limit (i.e. o < 1), it becomes
6 +3Ho +4eH?*c3o = 0. (9.67)

Assuming nearly constant values of € and ¢y, one can solve Eq. (9.67) finding [268)]
U(t) ~ Uleffdt [(3*(2+C%)6)]H + U2e—fdt%c%eH ’ (9.68)

where o1 and o9 are two constants.

From Eq. (9.68), we understand that the general solution is a superposition of two
kinds of solutions: the solution proportional to o; is fast-decaying, while the solution
proportional to oo is slowly decaying. The result is that, immediately after the begin-
ning of inflation, only the second solution survives. Moreover, if inflation does not last
longer than a time 1/y/ecr, a residual anisotropic deformation of the background is pre-
served [268]; thus, solid inflation is not efficient in diluting the initial anisotropy, contrary
to what happens in the standard slow-roll inflationary scenario.? This is due to the fact
that to produce inflation, the solid must be insensitive to the spatial expansion, but, at
the same time, this makes it rather inefficient in erasing anisotropic deformations of the

?In fact, in slow-roll models of inflation with a Bianchi type-I background Eq. (9.67) simplifies,

becoming
6+3Ho=0.
The solution of this equation reads
o(t) ~ ooe” JatsH

Thus, a rapid dilution of all the initial small anisotropy follows. This result is also known as cosmic no
hair theorem, and states that slow-roll inflation rapidly erases all kinds of anisotropies. For this reason,
a Bianchi type-I slow-roll model of inflation is not sufficient to lead to anisotropies in the primordial
perturbations.

122



geometry. In fact, Ref. [268] shows that it is rather general to expect anisotropic evo-
lution in these scenarios. For this reason, during a solid inflationary period, signatures
of primordial anisotropies can be left imprinted into primordial perturbations [268, 270].
In particular, in Ref. [269] the anisotropy in the power-spectrum statistics of primordial
gravitons has been computed. The final result is

16 No Fy

P@) = P0(0) |1+ TG
L

F
[eci(l — 3 cos? a)+20N?Y sin® a] ] , (9.69)

where P,EO)(q) = 4H? /q3]\JF2,1 is the total power-spectrum of gravitons in the standard
slow-roll inflationary models as computed in Sec. 2.5, N = — In(—qn,) is the number of
e-folds when the mode q leaves the horizon until the end of inflation, and « is the angle
between the preferred direction and the momentum q of the graviton.

Now, let us assume that the preferred direction is completely general in the (x,y)
plane,® so that 2 = (cos ¢, sin ¢,0). The angle o between the preferred direction 7 and
the generic graviton momentum ¢ = (sin 6’ cos ¢, sin &’ sin ¢/, cos §') is given by

A~

cosa =1 -4 = cos @ sind cos ¢+ sin ¢ sin §’ sin ¢, (9.70)

2

sin? o = 1—cos?

a = 1—cos? ¢’ sin? @’ cos® p—sin? ¢’ sin 0’ sin® p—2 cos ¢’ sin® #’ cos ¢ sin ¢’ sin ¢ .
(9.71)

Thus, apart from some coefficients, the integrals we have to compute turn out to be

1 d3q ’ 1 2 A(9) .
L = - q"sin” ' sin 2¢' w0 A (q) = —B sin(2¢), (9.72)
4 (2 ) Isoria
and
L=l P9 00, s2¢'k2AY (q) = —B cos(2¢) (9.73)
2= 7] @y q"sin” ' cos 2¢'k Lo (@) = 08 , :
where ANoF .
_ oly 8 128 Yy
B = k2 w - 5 —_— N 9.74
P g E |5 1057 (0.74)

pgw being the energy density of primordial gravitons averaged over all directions, as
defined in Eq. (E.9).
At the end, inserting Eqgs. (9.72) and (9.73) into Egs. (9.46)-(9.48), we obtain

AY) = kOA( 7 (9.75)
AY = i [IQAU( 7 IIAQ(“/)} . (9.77)

3Notice that, in principle, we could choose completely general 7i. However, from angular integrals in
Eqgs. (9.46)-(9.48) it follows that it is sufficient to introduce in Agg) a dependence on the polar angle ¢’
to achieve a non-trivial result.
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Squeezed non-Gaussianity anisotropic imprint

Squeezed tensor bispectra can lead to anisotropic modulations of the tensor power-
spectrum in some inflationary scenarios, similarly to the effect induced in the curvature
power-spectrum by the so-called "tensor fossils’" (see 78, 84, 211, 271-274]). This can
happen, e.g., in models of inflation where space-time diffeomorphisms are spontaneously
broken (see, e.g., [84, 274]). Here, spontaneous breaking means that one or more scalar
fields driving inflation admit a background value which is not invariant under a generic
space-time reparametrization.

In general, the squeezed limit of the three-gravitons bispectrum is given by (see, e.g.,
[274])

(hey (1) (a2)hs(Q)) =2 (27)°6) (a1 + d2 + Q) Ph(Q) Ph(@) (; + fNL> €} (Q) A1) durss

q1=q2
(9.78)
where Q and q are the momenta of the long and short modes, respectively. The param-
eter fnr, characterizes how much we are violating the so-called Maldacena’s consistency
relation (see Ref. [39]), due to the spontaneously breaking of space-time reparametriza-
tions.
It is possible to show that a single soft graviton ES(Q) is able to modulate the tensor
power-spectrum as follows [274]

(hs, (a1)hs, (q2)hs (Q))'

Pu(a)|n = Pu(q)© + hs(Q) Pr(Q) ,

(9.79)

where P,EO) is the unmodulated total tensor power-spectrum and the prime ’ means that
we have to drop the Dirac-delta in the corresponding expression. Moreover, if we want
to look for this modulation at a given position x in a cube of volume V of physical
space, we should consider the cumulative effect of all soft graviton modes with minimum
wavelength Ay, = V1/3. This leads to a local quadrupolar anisotropy in the total tensor
power-spectrum which can be parametrized as

Preed(q x) = P (q) (1+ % (x)@'d) (9.80)
where F
(x) = INL 30 LiQ-x s
w6 = [ dQ e @@, (9581

From its definition 7;;(x) depends on the position in space and is a stochastic Gaussian
tensor field, with variance given by

) = N [ @), (9.82)
VL QI<QL

From Eq. (9.80) we understand that 7;;(x) labels the local preferred directions of the
tensor power-spectrum, due to the modulation provided by long modes. For simplicity,
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we can assume that 7;;(x) is a constant, thus 7;;(x) = 7;;. In this case, v;; is a three-
dimensional symmetric constant matrix whose entries are proportional to fyr, and fix the
form of the quadrupolar angular dependence. Notice that, a priori, 7;; takes a random
value extracted from a Gaussian distribution with variance given by Eq. (9.82). So, the
precise angular dependence of the quadrupolar anisotropy is not completely fixed by the
theory, but depend on which particular realization -;; is fixed during inflation.

Now, we take the modulated power-spectrum

Psqueezed(q) _ P}EO)(C]) (1 + :quldj) , (9.83)

with a fixed value 7%;;, and we substitute Eq. (9.83) into Egs. (9.46)-(9.48). Recalling
Eq. (9.35) and performing some simple integrals, we finally get

. 4 k2pgw
AS) = M2g /5)9 Ag) ; (9.84)
. 2 k20,0

N = = (1 = 22) 1z A (9.85)

: 2 KPgw [, _ .
A = 1757/@5] [(711 — ) A — 2712A8) : (9.86)

9.4 Effects on CMB polarization

In this section, we evaluate the effect of the (quantum) Boltzmann equations we derived
on the CMB photon polarization.

As we have seen in Sec. 4.2, before the recombination epoch CMB photons were
basically unpolarized, thus Ag = Ay = Ay = 0. In this case, it is straightforward to
show that no new physics is provided by the forward scattering mixing we derived. At
the time of recombination, a small amount of Ag polarization modes due to the Compton
scattering of photons with baryons is formed [19]. Thus, after the recombination epoch,
we start with initial conditions where only the Ag polarization mode is nonzero, i.e.
Ag(0) = Ag,,,, and Ay (0) = Ay (0) = 0. In such a case, according to our mixing, CMB
V' modes are initially coupled only with ) modes, through a set of differential equations
like

. /{Qﬁ w
Ay — < L A> Ao, (9.87)
. /12,6 w
Ag = - ( L A) Ay, (9.88)
where 1
A= lz / g cl, sin? 0/ sin 260/, ) (9:89)

is a dimensionless parameter depending on the underlying theory. In Eqs. (9.87) and
(9.88) we have dropped the U modes. In fact, in our Boltzmann equation U modes

125



vanish at the beginning of the time evolution and they are coupled only with V' modes,
hence they cannot be produced until a reasonable amount of V modes is produced in
turn. If we neglect the time dependence of k¥ and pg, due to the CMB gravitational
redshift, this kind of coupled set of differential equations can be easily solved leading to
the oscillatory behavior

Ay = Ag,,, sin(wt), (9.90)
AQ = AQyy, cos(wi) (9.91)
where
ﬁQﬁ w
w= k(f A (9.92)

is the frequency of the oscillation.

The result is that the value of Ag starts to decrease like a cosine, while the value of
Ay grows like a sine. At a certain time, when the value of Ay becomes important, the
coupling between V' and U modes should be taken into consideration and can potentially
lead also to the generation of U modes, modifying our general solution. However, let us
neglect for simplicity the U modes in all the discussion. This is equivalent to make a
fine-tuning in the parameters of the models we considered, in order to decouple U and
V modes in the Boltzmann equations.?

From Egs. (9.87) and (9.88), we understand that the effect on CMB polarization is
greater for photons with smaller wave number k°, thus we consider CMB photons with
comoving frequency of 1 GHz (k® = 27 f), which is the order of magnitude of the smallest
CMB frequency that has been measured.® From the constraint on the total energy density
of gravitational waves today, provided by nucleosynthesis (pguw < 10_5pg”-t, where p?,.; is
the critical energy density of the Universe today, see Ref. [276]) and from the definition
of K2 = 167G, it follows that, at the time of recombination epoch (at redshift z ~ 1100),
we have

wree(f =1GHz) <5x 107414 571, (9.93)

From this constraint it follows that, if we take A ~ 1, neglect the gravitational red-shift,
and evaluate Eq. (9.90) after 107 years (the time interval from the recombination epoch
until today), we get

AVvtoday 5 10_25AQinit : (994)

In this last case, neglecting in 10° years the effect of gravitational redshift on the fre-
quency k° and on the energy density Pgw 1s indeed not a good approximation. However, if
we account for it, we would expect that the upper bound on Ay is even smaller than the

“In the case of anisotropic solid inflation it is enough to choose ¢ = 7/4 in Eqs. (9.72) and (9.73); in
the case of squeezed non-Gaussianity theories we need (11 — J22) = 0 in Eqs. (9.85) and (9.86).

SMore precisely, the lowest measured CMB frequency corresponds to 0.6 GHz as measured by the
TRIS instrument (see e.g. Ref. [275]).
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one shown in Eq. (9.94).5 Therefore, these estimations show that the forward scattering
between CMB photons and (primordial) anisotropic gravitons leads to the production
of circular polarization in the CMB, but this in general is very inefficient. This brief
analysis suggests that unfortunately the CMB does not seem to be the best source of
photons to be used in searching for a signature of anisotropic (primordial) gravitons, and
one should look for other kinds of sources.

9.5 Conclusions

In this chapter, we studied the forward scattering of photons with gravitons, focusing on
the effect that this scattering has on photon polarization. We derived fully general equa-
tions which display a coupling among the Ag, Ay linear polarization states and the Ay
circular polarization state of photons. These couplings are not vanishing only if photons
interact with gravitons that have anisotropies in their power-spectrum statistics. As an
application of our general results, we have considered some models of inflation where
primordial anisotropic gravitons are generated and we linked our Boltzmann equations
to these models. Finally, we evaluated the effect of a primordial anisotropic background
of gravitons on the CMB polarization. We saw that the effect on the CMB is expected
to be very small (leading to a very inefficient conversion of linear polarization in circular
polarization) in a way that it is probably impossible to measure it via CMB polarization
measurements. However, we have to be open-minded and think about alternative scenar-
ios where "artificial" polarized photons can be employed: in this case, playing with the
initial values of the Stokes parameters and with the frequency of the photons we could
enhance the effects on the photons polarization. Thus, we could use controlled photons
to probe statistical anisotropies in (primordial) backgrounds of gravitational waves, e.g.
constraining free parameters of alternative models of inflation. More in general, we could
use our result to search for any source of anisotropic gravitons in the Universe (in par-
ticular, in Ref. [277], our general results have been used to show that significant circular
polarization on photons from a binary merger can be generated due to the forward scat-
tering with the gravitational waves counterpart). In the future, we could use this new
tool to get insight into the physics of gravitational waves and provide an innovative way
to look for gravitational-wave events.

SIn fact, the energy density of gravitons and the physical wave number of CMB photons in terms of
gravitational redshift z are given respectively by

Perit (Z) = (]- + 2)4p27‘ii
and
k°(2) = (1 + 2) keom -
Thus, the parameter w(z) in Eq. (9.92) scales as
w(z) =1+ 2)3w,.

Inserting the latter equation into Eqgs. (9.87) and (9.88), we understand that the strength of the coupling
between @ and V modes in the past was larger than the one today. Thus, if we neglect the effect of
gravitational redshift, we overestimate the final amount of V' modes today.
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Chapter 10

CMB circular and B-mode
polarization from photon-fermion
forward scattering

10.1 Introduction

In this chapter, we will study V-mode polarization generation in the CMB radiation from
its direct coupling with linear polarization states induced by the forward scattering of
photons with generic fermions at or after the recombination epoch. In particular, we
will assume a completely general photon-fermion interaction which may also go beyond
QED, but still preserving the combination of charge conjugation, parity and time reversal
(CPT), which up to now is observed to be an exact symmetry of nature at a fundamental
level. In order to do so, we will use a generic parametrization of the photon-fermion
scattering amplitude which follows only by the imposition of gauge-invariance (see e.g.
Refs. [278-280]).

We will show that V modes can be produced by forward scattering for a generic
interaction preserving all the C (charge conjugation), P (parity), and T (time-reversal)
discrete symmetries, if the stress tensor of the fermion contains anisotropies. In addition,
we will show that V' modes can be sourced also from an interaction violating C and P sym-
metries, but preserving the CP combination. In this case, together with the anisotropies
in the fermionic stress tensor, we need the fermion to interact with the photon only in
the L- or R-handed helicity state, like the L-handed neutrino in the Standard Model
interactions. In particular, this last case confirms and generalizes the results found in
Ref. [250]. We will also analyze the cases in which C, T and P, T symmetries are violated
individually, while preserving, respectively, the combinations CT and PT. We will show
that, in these cases, it is impossible to generate V' modes by forward scattering, but we
can have formation of CMB B modes. In particular, in the case of a generic interaction
which violates P, T symmetries, it is possible to generate B modes with no conditions
on the fermions the photons interact with, while in the case in which C, T are violated
we need the fermion to be in the L- or R-handed helicity state. All these conclusions are
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summarized in Tab. 10.1.

10.2 General parametrization of photon-fermion scattering amplitude

q q
Figure 10.1. Figurative representation of photon-fermion interaction.

We are interested in the Compton scattering of a photon by a fermion (Fig. 10.1)

() + flg) = ') + f(d) (10.1)

where p (p') is the initial (final) momentum of the photon and ¢ (¢’) is the initial (final)
momentum of the fermion. It is possible to construct the invariant amplitude of this
process using a general method. The amplitude of such a process can be written in the
form [278-280])

My; = FN'el*e’, . (10.2)

where €, and ef,, are the polarization vectors of incoming and outgoing photons and s, s’ =
1,2 label the physical transverse polarization of the photons. Gauge-invariance requires
es-p=¢" - p =0. Moreover, the rank-2 tensor F* which is called “Compton tensor",
must satisfy the conserved current condition p,F* = p|,F* = 0, as a consequence of
gauge-invariance. It is possible to provide a general parametrization of F*¥ satisfying
the previous condition from the linear combination of basis vectors defined below.

We first construct a general form for the Compton tensor F#” and then study its
parity conserving and parity violating aspects. Using the procedure of Refs. [278-280]),
we can write

FM —Gy <é(1>né<1)u X é<2>ué<2>u) el <é(1>ué(z>u n é<2>ué<1>u) TGy (éu)ué(z)u _ é<2>ué<1>u>

+ Gy (é(l)“é(l)” - é@)“é(?)”) , (10.3)

where G, are invariant functions and e(!) and e(® are two four-vectors satisfying the
orthogonality condition é)-é(2) = 0. In order to construct these two vectors, we have to
use only the kinematic variables p, p/, ¢, and ¢’ and define a system of orthogonal vector

basis of the form \

Q= (¢ +d™) - 53 (a+d) P, (10.4)
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P =p* ", (10.5)
N» = MPQt, Py, (10.6)

where t}, for the tree-level contribution to the scattering amplitude, is given by
th=q =g =p —p. (10.7)

A possible choice of the normalized é) and é) four-vectors is given by (see e.g. [278])

A
SN _ NN2 , (10.8)

and \
e = QQz : (10.9)

From these definitions it is easy to verify the conserved current condition as
(P, +t,)F" = (P, —t,) F" = 0. (10.10)

Here, we are interested in the forward scattering limit in which +* = 0 and P? = 4p? =
0. Under this condition, N* vanishes and the second term in Q* becomes singular.
Therefore, é)* and é@* are not well-defined. In order to overcome these problems, we
firstly change the normalization in é®?* as

@A _ Q)\ _ Q)\
\/_4q2 \/—4m% ’

(10.11)

by noting that the second term in Q* does not contribute to the amplitude. Second, we
introduce a new general quantity A* replacing t in Eq. (1.51). This quantity A* has to
be expressed in terms of kinematic variables and invariants of the interaction. However,
in the forward scattering limit, any linear combination of the photon and electron four-
momenta p# and ¢* leads to a vanishing value of ¢ when doing the contractions with
the Levi-Civita pseudotensor in Eq. (1.51). Hence, A* has to be given only in terms of
scalar invariant quantities. Thus, the only possibility to define A* reads

AN = (AY)0), (10.12)

where A is a generic function of scalar invariants in the interaction. Therefore, in the
forward scattering limit, the four-vector N* becomes

N* = M0PQ AP,
= 4%, A0, (10.13)
and é() is now defined as ,
. N*
e = eMo =, (10.14)
—N2



where N2 will stand for the modulus square of the three-vector
N = 4% g, Ay, | (10.15)
which gives
NZ =16(A%?p x q* . (10.16)

It is easy to verify that F),,, with the new definitions of éMA and ¢ in Eqs. (10.14)
and (10.11), satisfies the conserved current condition.

Before proceeding, it is worth to rewrite the factor of Go in Eq. (10.3) in a new form
for the case of forward scattering. Using the following identity regarding the Levi-Civita
pseudotensor [281]

Iau€rvaBy — 9aw€uaBy + IGrauvBy — 9ABEuvary + I\ E€uvaB = 07 (1017)
we obtain

4
g _ s@uplv _ DA 3aDy (QV/\G#OJJ”Y _ guz\evaﬁv>

/22
mfN

4
e Aggapy (g = g g o)
m2IN2
f
4
= (qQAﬁpye“”B” — ¢+ Agapre ™ + q - pgalge ™’ ) :
mchQ
(10.18)
Thus, in the end we have
R . R 4
eWng@y _ s@puglyy — = (*Daps — 4+ A aps + - P gadds) B (10.19)
m?cN2

Notice that the second term on the right-hand side of Eq. (10.19) is equal in form to
the one that appears at quantum level in the interaction of a photon with the magnetic
moment of a neutrino (see e.g. Refs. [282, 283]). Using the definition of A* in Eq.
(10.12), we can further simplify Eq. (10.19) into®

DD DAl 4 )
eWre@rv _ s@Qugyy — = [(qg — A% py + (g p — gopo)A° a] e k0
m2N2
f
4A° 5
=——— [laP*pr — (a-p) &) ™. (10.20)
m?cN2

'Here we are implicitly assuming that Greek indices take only Latin values. In fact, as we will see
later on, only the Latin components of the Compton tensor will be important.
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Moreover, it is worth noticing that é) is an axial vector and é® is a vector. Using
this property, it is straightforward to verify that the second and third brackets in Eq.
(10.3) change sign under parity transformation, while the first and fourth brackets remain
unchanged. Both these two combinations of the Compton tensor satisfy the crossing
symmetry and gauge-invariance. However, F'*¥ can be even or odd under parity.

In order to discuss these cases, we first provide the general expression for the coeffi-
cients G;, and then we start from the parity-invariant case by deriving all nonvanishing
terms of each G; under the parity-invariance condition of the scattering amplitude. The
coefficients can be represented in terms of the following bilinear covariant terms [278—
280])

Go =t [fi + folP + f37° + fay° P u, (10.21)
G1 =t [f5s + folP + f7° + fs7° P uy, (10.22)
Ga = Uy [fo+ froP + fu17” + 27" Pl ur (10.23)
Gs =ty [fi3 + ful + f157° + fr67° P ur (10.24)

where u, and @, are Dirac spinors associated to the fermion; 7,7’ label fermion spin,
P = P,y", v*, and 4° are Dirac matrices and f; are constant coefficients.

The invariant functions G; involve four possibilities. One can show that the ¢) and f
terms are nothing else than numbers due to the Dirac equation and hence they do not
appear in the G; invariants. Similarly, all higher powers of the y* matrices are reduced to
the above four possibilities. With the above representation, the time-reversal and parity
transformations of each bilinear term are evident.

Even-parity amplitude

In this subsection, we determine the form of the fermion-photon scattering amplitude
with the condition that the amplitude is even under parity transformation. As we have
seen, the photon scattering amplitude is represented by (10.2). Since under parity trans-
formation, the polarization vectors change as

(607 6) <~ (607 _6) ) (1025)
the condition of parity invariance of scattering amplitude My; implies
(FO0, pi0 piky  (FO0 0 ik (10.26)

Using the fact that é) and é®2) are a pseudovector and a vector, respectively, Gy and
('3 must be scalars and G; and G2 must be pseudoscalars. Consequently, we can obtain
the following constraints, as a result of the even-parity condition

fa=Tfa=fs=fo = fo = fro= f1s = f1is =0. (10.27)
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Then, we impose the condition of time-reversal invariance. Under time-reversal we have

(QO; Q) A (Q[/), _ql) ’ (p07 p) A (p67 _p/) ) (1028)

and
(€0, €) <> (66*, —e/*). (10.29)

Hence, invariance of the scattering amplitude My; under time-reversal yields
(FO0, pi0 piky — (F00, 0 ki), (10.30)

Similarly, the relations in Eq. (10.28) imply

(Q07 Q) — (Q07 _Q) ) (t()?t) — (_t07t) )
(1307 P) — (P(), —P) s (Ng, N) — (N(), —N) s (1031)
so that
(6, e09) — (612, —e2) . (10.32)

Thus, invariance under time-reversal implies
Go13 — Goi3 s Gy — —Go, (10.33)

and based on the following properties of spinor bilinear terms under a time-reversal
transformation

o' ~yu — —i'yu Wy Pu — @'~ Pu, (10.34)
one can verify the following additional conditions
fr=/fi12=0. (10.35)

Consequently, under parity and time reversal invariance the number of free coeflicients
is reduced to

Go =ty [f1 + fo PPl ur G1 = Uy fs7" Pus |
Gy = U f117°ur Gs =ty [ fiz + fralP] usr . (10.36)

For further investigation, we analyze the transformation under charge conjugation and
crossing. The charge conjugation leads to

(€0, €) +» —(€eg, €7) . (10.37)
As a result, invariance of the scattering amplitude My; under C transformation leads to
(FO0, pi0 piky — (FO0, g0 pkiy, (10.38)

On the other hand, the crossing leads to

“ —p and — v 10.39
p p 14 )
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and
Ay a(DA DN o @A (10.40)

and we find that under charge conjugation and crossing
Go2,3 — Go23 G1 — -Gy, (10.41)

that is satisfied by the results presented in (10.36). Therefore, we can claim that the
amplitude is invariant under CPT and crossing symmetry.

In particular, let us discuss the standard Compton scattering amplitude, which is
based on QED. Using the standard Feynman rules, the amplitude of Compton scattering
is given by

/

My; = —*¢;(p) & () [a(g") Q" u(q)] (10.42)

where

R — VPt d+my+

S — mQ ’Y“(% - Zé/ + m)ﬁyu ) (1043)

U — m?2

and the kinematic invariants are

s=p+q*=0+d) =m*+2p-q=m*+2p - ¢,
u=(p-¢P=0-¢*=m"-2p-¢ =m* -2 -q. (10.44)

After some straightforward algebra we can find the following values of the coefficients
fi’s |280]
1. 1
flz_ma’-i-a f2:07 f8:§/La+v fllz_ma-i-a fl?):ma-‘rv fl4:7a—a
(10.45)

where
1 1

+ .
s—m?2  u—m?

ar = (10.46)

Odd-parity amplitude

In this subsection, we impose the odd-parity condition. In this case F'*¥ is a pseudotensor
that under parity operation must transform as

(FO Fi0 Fiiy 5 —(F% —F® Fi), (10.47)

Imposing the odd-parity condition and using the properties of bilinear terms under parity
transformation we get

fi=f=f=fs=fu=hle=fis=fu=0. (10.48)
Therefore, those terms that remain after imposing the above condition are

Go =1 [f37° + faV° Plur,  Gir=1y [f5 + folP] ur,
Ga = Uy [fo+ froP] ur Gs = Uy [f157° + f167° P ur . (10.49)
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Afterward, imposing the even-time-reversal condition, we find

fs=fo=fi0=f15=0. (10.50)
Thus, we remain with

Go = fay" Pur,  Gr=1py [fs+ fel]ur, Ga=0, Gs=1uyfie7"Pu,.
(10.51)

One can show that the resulting amplitude is odd under charge conjugation. Therefore,
the final form of the amplitude is even under CPT combination. In this case, the FH¥
tensor is determined in terms of four free parameters.

10.3 Computation of the forward scattering term

In this section, we will provide a general expression to compute the forward scattering
term on the right-hand side of the Boltzmann equation (8.43) for the photon-fermion
scattering case. We will specialize in particular interactions in the next sections.

Similarly to Eq. (9.21) for the photon-graviton scattering case, it is possible to show
that the general form of the photon-fermion interaction Hamiltonian we have to insert
in Eq. (8.43) reads [93]

Hi(t) = / dqdq'dpdp’(27)%0®) (q + p’ — a — p) exp [it (¢° + 1 — ¢" — )]
x|l (@)al ()it (4) P (ar, a7 s, 0 Yur ()65 (P (9 s (p)br (a)]
(10.52)

where
d3q my d3p
dq = — dp = ——— . 10.53
1= omi g P= Gz (10.53)

as and al/ are photon annihilation and creation operators respectively, which satisfy the
canonical commutation relations

las(p), al (8] = (27)*20°59 (b — p)0, (10.54)

and b and ()T are fermion annihilation and creation operators, respectively, obeying
the canonical anti-commutation relations

0
{br(a), bl (@)} = (27T)313Lf5(3) (a—d)é, (10.55)

where my is the fermion mass.
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Using Eq. (10.52), the commutation relation in the forward scattering term of Eq.
(8.43) becomes

[H1(0), Dy (k)] = / dadq'dpdp’(27)*6) (d' + p' — q — p)ar (¢') F* (qr, ¢'r, ps,p's)
< ur(q)es(p)es (1)) [0, (¢)br (q)al, (0)a; (k)2p° (27)30:56®) (p — k)
—b!,(¢")br(q)al (k)as(p)2p" (27)%0;5 0 (p' — k)] : (10.56)

After this step, in order to evaluate the forward scattering term, we will need to take the
expectation value of Eq. (10.56). For this purpose, we provide the following expectation
values [93]:

(ab,(0)an(®)) = 2°(27)*69 (D — ') prn(P) (10.57)
and r :
(O (@bula)) = =26 (@ = Vo s (@), (10.58)

where py,,, is the photon beam polarization matrix (4.1) and ny is the number density
of fermions of momentum q per unit volume. After using the Dirac delta functions, one
can easily perform the integrations over p, p’, and q' and obtain the limit p = p’ and
q = ¢ of the integrand, in agreement with the forward scattering condition.

At this point, we can fix the Coulomb gauge for the photon polarization vectors,
where we have ¢/ = (0,€). As a consequence of this gauge-fixing, we are interested in
only "Latin" components of the Compton tensor F*¥ (thus, Latin components of the
vector bases é(1) and é(?)) to do the contractions in Eq. (10.56). In particular, using the
definitions (10.14) and (10.11) and the result (10.19), the F'¥ components in the forward
scattering limit can be represented as

T (¢ ) F9u,(q) = (Go + G3) eWieMi 1 (Gy — Gg) 6@ 4 Gy (é“ﬁé@)j + é<2>ié<l>f')
+ Gy (é(l)ié@)j _ é(2)ié(1)j)

—(Go+ Go) U2 (qx pYitax py + (Go - Go) L L
0 3) TIN2 qxp)axp 0 3 mymy
4A° S . 4A0 y
+Gi——— [(ax p)'¢ +¢'(axp)’] + Go——— [la* px — (a-p) a] €7*°.
1/m?cN2 m?cN2

(10.59)

In the next sections, using Eq. (10.59), we will study the phenomenological consequences
of the forward scattering term for CMB polarization in specific cases.

10.4 General conditions for generating circular polarization

In this section, we will give the most general conditions for generating circular polariza-
tion from photon-fermion forward scattering. Thus, we will consider specific expressions
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of the Compton tensor (10.59), evaluate Eq. (10.56), and study the effects of new inter-
actions on the Stokes parameters.

Even-parity amplitude

We start by considering the even-parity terms. The general forms of the G; coefficients
invariant under time-reversal have been derived in the previous section. We have also
determined the coefficients for the QED case.

The coefficients G; read

Go + G3 = (fi + falP)ur, Gy =t (f37° P)us
Ga =t (fay°)uy , Go— G3 =t (fs + foP)u,. (10.60)

where fi = fi + fi3, fa = fo+ fia, f3 = fs, fa = fir, f5s = f1 — fis and fo = fo — fua.

Using the well-known spinorial relations

v (9)7 ur(q) =0, (10.61)
and
_ q*
uT’(Q)fyuur(q) = Oppr —— , (10~62)
mg
we find
_ (7 zP-q _F- 5
Go+Gs=|fi+ f2m7f O G1 = f3ty° Puy, (10.63)
- - P.g
G2 =0, Go—Gs = <f5 + f6m> - (10.64)
f

Using these results, the scattering amplitude (10.2) becomes

P-q\ (4A°)?
my N2
4N

\ /mpr2

In this equation, the main effects are expected to come from the term multiplying the
f5 and fﬁ coefficients. In fact, other terms, containing at least one factor of A?, will
appear only when considering loop quantum effects. For this reason, in the next steps
we will ignore them, since in a perturbation quantum field theory framework they are
supposed to be an higher-order effect. Thus, the time evolution of polarization matrix
elements is given by (from now on we will explicitly account for spatial dependence in
the Boltzmann equations)

My; = (fl + f (axp)-€(axp)- e s + <f5 Ty q) e )57~w

+ fatigy® Puy [(q xp)- € (q-€)+(q-€)(axp)- 65'} : (10.65)

d
—pij(x, k)

1 ~ ~q-k /
= 502 | 4 2f6—— | (ispsij(x, k) — 6js pis(x, k -€°) (q- €
7 2k0m?/ ans(x,q) <f5+ fo mf> (8ispsj(x, k) — 0j5pis(x,k)) (q-€°) (q-€”)

+standard Compton scattering terms (s.C.s.t.). (10.66)
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Now, expressing Eq. (10.66) in terms of the different components, we have

d _ P or 4k (1) e
A0 = g [dantea (7+2A4 ) (@-e)ta-a) [ on) — o]
+5.Cs.t., (10.67)
d 1 d 1
20 (k) = =2 o) (x K. (10.68)

d : - gk
R = g [danxa (7 + 2020 [(a-e0) (- e b0 = i o)

H(a-e)? — (q-e)?piD(x, k)} +5.Cst., (10.69)

d ; . gk
e = gy [danseea) (£ 0257 ) [la- e a- e o il (e

+[(a-e)? - (a- )]s (x,k)} +5.Csit.. (10.70)

We can also convert the density matrix elements to the normalized Stokes brightness
perturbations after changing momentum to the comoving one, k. = ak, and going to the
Fourier space. We find

di Ar(K ko) =s.Cas.t., (10.71)

Ui

d 2 oz q-ke
iy 2a0k) = gl [dan@<.a) (F2 g ) @ e (a-a)ar o<k

+s.Cs.t., (10.72)

2 - ~ .
iS00 = gty [dansa<.a) (2 ) e e - @ elarm

+s.C.s.b. (10.73)

d 2 c gk
A k) = —2“@% [ dans(k.q <f5+2f6az’mmf> —2(a- e2)(a- €A (K ko)

g a)? - (q-e)]ArV(K, kc)} +5.Csit., (10.74)

where 7 denotes conformal time. From the last set of equations we see that the V modes
in the CMB can be generated even with a parity preserving interaction. In particular,
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it is straightforward to verify that the fermionic number density n¢(K, q) has to contain
anisotropies in order to achieve a nontrivial coupling. In fact, under the assumption
that ns(K, q) does not contain anisotropies, using the generic parametrizations (10.89),
the angular integrals over the fermionic momentum q are vanishing as we show in the
following:

m 2 B B . ™ 2
/ df’ sin ¢’ / dy¢’ <f5 +2f6 q- ke ) (q-€)(q-€)x / df’ sin ¢’ / dy’
0 0 a(n)my 0 0

/ AP B,
" <f5 n 2f6c0890089 + cos(p — ') sin @ sin 6 > sin(p — o) sin 8
a(n)mg
x [cos @ sin 6 — cos(p — ¢') cosfsinf'] =0, (10.75)
and
s 2w ~ - q- k s 2
/ df' sin @' / dy’ (f5 +2fs < ) [(q-€1)? —(q-€2)?] / df' sin @' / dy’
0 0 a(n)mg 0 0
. = cosfcos b + cos(p — ¢') sin O sin 0’
X <f5 +2fs o =) )
a(n)mg
x [(cos§'sinf — cos(p — ¢') cosfsin 60')2 — sin?(p — ') sin? 9] =0. (10.76)

Moreover, from the current model of particle physics, we know that a fermion can have
a parity preserving interaction with a photon only through QED vertices. If we take the
values of f5 and fﬁ for the case of QED, Eq. (10.45), and we evaluate them in the forward
scattering limit, we find that f5 = fﬁ = (0. Thus, QED does not provide mixing terms
among different polarizations, and only a parity preserving theory which goes beyond
the standard paradigm could provide some kind of conversion from linear to circular
polarization in the CMB.

Odd-parity amplitude

The general form of scattering amplitude for odd-parity was derived in Sec. 10.2. In that
section, we found the general form of coefficients G; for the odd-parity case

GO - ﬂr’(f4V5P)Ur ’ Gl = ar’(ff)"’_fGP)ur 5 GQ = 0, G3 = ar’(f1675}b)ur . (1077)

The amplitude can be constructed using the tensor (10.59) and replacing the values of
the coefficients (10.77). As in the previous subsection, we focus only on the terms which
are expected to give the dominant contributions. Thus, our amplitude reads

(a-€) (a-€)
my o my

(10.78)

My = (fa— fi6)tw (q)7° P ur(q)

Using this result, we can find the time evolution of polarization matrix elements as

d . f _ s s’
%pij <X7 k) = 241430?71? /dq nf(x, (I) (5isps’j (X, k) - 5js’pis(xa k)) UT(Q)’}/S% UT(Q) (q € ) (q € )
+s.C.s.t., (10.79)
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where f, = 2(f4 — fi6). Therefore, we have

d @ if _ 1 1
00K =~ [ dansix @k e (a- e a-e) [ 10 - o3 (x. )
+s.C.s.t. (10.80)
d g d
£p;2)(X, k) = Tt pgl)(xﬂ k), (10'81>
if _
712 05K =~ i [ dansix ke [(a- e (a- ) (e 10 - o} (1)
+[(q-€1)* = (q- 62)2]p§12) (x, k)} + s.Cs.t., (10.82)
S0 = [ danstx aniru [(@-e) (@ e) (el oK) - o) x10)
dt P21 ) 4]{301771? qneX, qQ)ur 7y Uy ((q - €2)(q " €1)(Poo ) P11 y
+(a-e)? - (a-e)?pV(x, k)} + s.Csit.. (10.83)

Here, we convert the density matrix elements to the normalized Stokes brightness per-
turbations and go to the Fourier space to obtain

CZ}AIW)(K,kC) =5.Cs.t., (10.84)
d a(n) fp _ 5
df'n AQ(’Y) (Kv kc) = 2]627713: /dqnf(K7 q) uTk07 Uy (q ' 62) (q : GI)AV(’Y) (K7 kc)
+s.C.s.t., (10.85)
a0 = =S iqn, . a)akote lla-a)? - (a- eI K k)
dn ’ 4k8mfc ' ¢ ’
+s.Cs.t. (10.86)
d a
A k) =S [ dgng(K.q) mkou [~2(a- ea) (4 @) 200 (K k)
My
+(q-€1)? = (q-€) Ay (K, kc)} +5.C.s.t.. (10.87)

The quantity ). Uy y*y5u, vanishes when we sum over spins if the interacting fermion
exists in both left- or right-handed helicity states. Thus, looking to this final set of
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equations, circular polarization in the CMB photons can be generated from a parity
violating interaction only if the following condition is satisfied:

> wA yuy # 0, (10.88)
=
implying that the fermion particle must interact only in left- or right-handed helicity
state.

Now, in order to perform the integral over q, we choose the momentum and photon
polarization vectors in the following form (see Fig. 10.2):

K = (0,0,1),
k = (sin @ cos p, sinfsin ¢, cosb),
q = (sinf cos¢’, sinf sin¢’, cosd'),
€1(k) = (cosfcosp, cosfsinp, —sinf),
€a(k) = (—singp, cosp, 0) . (10.89)

Moreover, we can expand ny(K, q) in harmonic spheres as [6, 284]

K

4

=l

‘
<

4 € (k)

=

Figure 10.2. Pictorial representation of the polarizations and momentum direction of the
photon.

m
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In the Dirac representation, the helicity spinors are given by (see e.g. [285])

cos(%’)

sin(%/)ew,

—sin(%)

cos( %/ )i’

sin(%/)

cos(%/)

0 0
q°+m qQ°+m
up(q) = 2 lal Jur(q) =4/ lal
2my O+my 2my Oty

lal .08 i __ld
q0+mf Sln( 2 )6 q0+mf

cos(%/)ew,

(10.91)
Hence, assuming i.e. a left-handed fermion, the bilinear term #y*~y5u reads

1
ayHydu = - (\q|, ¢"sin@’ cos¢’,¢"sin@ sin ', ¢° cos 9') . (10.92)

Now, using Eqgs. (10.90), (10.92), and integrating over the fermion spherical angles ¢’
and ', Eqgs. (10.85)-(10.87) become

d
— Ao (K, ke) =i

g fé:gi% /dq|‘2(’)4nf(K, lal) {—28\/%|q| [(czgew — CQ,ge_QW) cos
+ (czlew + 02_16_W) sin 9] +10v/21¢° sin(26) (c;ﬂew + 03_1e_i‘p)

+41/2104° cos(26) (03262w - 03_26_2i”)

—6+/35¢" sin(26) (63363i‘p + 63,36_3“")} Av(K ko) + s.Csit.,

(10.93)

d

d777 AU(W)(K’kC) _ ﬁ a(n) fp

420 32773m§0
[2 (chew — 62_1671'50) sin 20 + (CQQeQi“p + 62_2672i¢) (cos 20 + 3)]
+120V7¢" cos 0 sin” 0 59 + 10v/21¢° (03lei“" — 03_167%0) sin 0(3 cos 20 + 1)
+v/210¢" (320%™ + c3_0e*"%) (5 cos 0 + 3 cos 30)

—6v/35¢" (c33¢®* — c3_3e%"¥) sin O(cos 20 + 3)} Ay(K, ko) +5.Csit.
(10.94)

4
[ a5 (1. ) {-168VBlalsn 0 ez — 1430l
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4
T ArOK k) = 4{032;2}0? [ a0l [-2: {~25V30la] [(c22e®

—Cy_ge 2 ) cos 6 + (0216 ? + 02,16_“0) sin 0] +10v21¢° sin(26)

X (c;;lew + 03,16_i‘p) + 44/210¢° cos(260) (03262” — 03,26_2i‘p)
—6v/35¢" sin(26) (633632@ + 03_36731'('0) } AQ(W)(K, ke)

- {168\/5|q| sin? 0 ca0 + 14v/30|q] [2 (216" — ca—1e"7) sin 26

+ (622627;@ + cz_ge*Qi“") (cos 260 + 3)] —120v7¢° cos 0 sin® 0 ¢
—10v21¢° (63162'(’0 — 03_1e*i‘P) sinf#(3cos20 + 1) — V2104°

X (0326%50 + 03,26_2w) (5cosf + 3 cos 30)

+6v/35¢° (c336™? — c3_3e7%%) sin (cos 26 + 3)} Ap (K, k)

+ s.Cs.t.. (10.95)

From this set of equations, we find that quadrupolar or octupolar anisotropies in the
quantity n¢(K,q) have to appear (i.e. at least one of the cop,c3, # 0) to have a
coupling between @ and V modes. The same results hold considering a right-handed
fermion apart for a negative overall sign in the Boltzmann equations.

10.5 General conditions for generating B-mode polarization

As we have seen in the previous section, new interactions which are even or odd under
party and even under time-reversal can generate V' modes, but are unable to generate
B-mode polarization through the forward scattering term. This is due to the fact that,
in Eq. (10.59), the term multiplying the Gy coefficient vanishes being the amplitude
even under time-reversal. Let us briefly explain this fact. After doing the expectation
value of Eq. (10.56), the forward scattering contribution to the Boltzmann equations
schematically reads as

— g / da (5:490) () = 8507 () ) b mp(@ M (o =, p = P/ = k),
(10.96)
where M is the scattering amplitude of the process taken in the forward scattering limit.

Now, we can express the ()-mode taking the difference between the 5 = 11 and ij = 22
components of the polarization matrix. So, we have

d . rrl,s’ TS,
80 ke) xi [ da [ (e — ) ) o)

= (P02 = ) )M 2 (@) (10.97)
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Now, summing over the remaining s and s’ indices, the coupling with the U modes is
given by the following term:

d

aAQ(V)(K,kC) o i / dq U (K, ko) (M™12 — M7 21 ny(q). (10.98)

From this last equation, we get that only scattering amplitudes that are antisymmetric
in the final s, s’ photon polarization indices can give a direct coupling between @ and U
modes. This coupling converts £ modes directly into B modes and vice versa. The only
term in the amplitude of the process to have this property is the one proportional to the
G coefficient due to the Levi-Civita tensor contracting the photon polarization vectors
in Eq. (10.59). All the other terms turn out to be symmetric in the s and s’ indices,
thus not providing any direct coupling between the @Q and U modes.

Now, in this section we will investigate the case in which the fermion-photon scattering
amplitude is odd under time-reversal, leading for a non-negligible value of the Ga term,
thus providing a direct source term for B-mode polarization.

Even-parity and odd-time-reversal amplitude

As we discussed in Sec. 10.2, after imposing the even-parity condition, the G coefficient
is restricted to be [see Egs. (10.23) and (10.27)]

Gy = ﬂr/(fu’)/s + f12'y5P)ur . (10.99)
After imposing the odd-time-reversal condition, the only nonzero coefficients are
G = ﬂrl(f7’)/5)ur and Gy = ﬂw(f12’y5f’)ur . (10.100)

Moreover, we impose the odd charge conjugation condition, so that the amplitude is even
under CPT. As a result we get f; = 0. Finally, the scattering amplitude is reduced to

AO / /

o o 5, = 2 (8 s’ X (S s
My = —4fi2 U Py u, e [Iq\ p-(e°x€)—(q-p) [q (€" x € )” . (10.101)
The only term which survives multiplies a factor of A°. Hence, the corresponding effect
will be a loop quantum effect. The time evolution of the brightness Stokes parameters is

given by

d a(n) fi2 _ 1 L

el 00 - _ 5 —(q - .

dn AQ (Kakc) k’gmf /dqnf(Kaq) Urkc’}/ Uy sin 4 [(|q| ke (q kc) Q> (61 X 62)}
x AD(K k) +5.Cst. (10.102)

and

d a(n) fz2 / _ 1 « R

il () — 5 —(§ - .

3y SO0 ko) =558 [ dans (Ko arka®ur o [(lal ke — (@ ko) a) - (e x e2)
x Ag (K, ke) +5.Cs.t. (10.103)
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and hence in terms of the Af,(v) fields (see Eq. (4.4)) we have

;; AT 4 ik AT = 5id AEY 4505t (10.104)

where p = k.- K = cosf, and o is defined as

oy am)fi2 o5 L L a1
o (n) = Kom, /dqnf(KA) Urk ey U g [(!ql ke — (4 kc)q> (€1 x 62)} :
(10.105)
with
0
atn = [ ) df (10.106)
U
and
sin1p =[(sin 0 sin @’ sin(p — ¢'))? + (cos @ cos O sin @ — cos § cos ¢’ sin §')?
+ (cos ' sin sin ¢ — cos B sin @' sin ')?]"/2 . (10.107)

As a result, Eq. (10.104) can be rewritten as

di AP:I:(’Y) eiK,lm:l:ia("]) —7(77)} — eiKl“?:l:ia("]) —7(n) <;7_/ [1 B PQ(M)} H> ’ (10108)
n

where again II = 12(5) 4 p2(5) — pO(S)  Integrating the last equation gives the general
solution

3 70 . .
ApEO) . Kop) = 0 =) [ e KOmmnEen =0 i g K) . (10109

Then, using Eqs. (4.5), (4.6), and (4.21), we get the following expressions for the E and
B modes

3 1o

Ap D, Ko = = |7 dng) T K2 [(1 = 2P cosan)| - (10.110)

3 [0 .

A5 Kop) == [ dngu) T K)GE (1 e 0 sinaly)] . (10111
0

Also in this case, we need the fermion to be left- or right-handed, otherwise o = 0 since

Yo Uy y*y5u, = 0. However, in this case, the angular integral inside the definition of a,

Eq. (10.105), is not equal to 0 if ns(K, q) is isotropic. Thus, we do not have to impose

any particular condition to the fermionic stress tensor.
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Odd-parity and odd-time-reversal amplitude

The expressions of the coefficients G;’s under odd-parity condition have been presented
in Eq. (10.49). Hence, Gs is restricted to

= U (fo + froP)ur . (10.112)
Then applying the odd-time-reversal condition on G;, we get
fa=fs=fe=/ie=0. (10.113)
Therefore,
Go =t (f37")ur, G1=0, Go=1up(fo+ froP)ur, Gz=av(f157")u,, (10.114)

which are all even under charge conjugation. Hence, the final form of amplitude will be
even under CPT. Using these results, the final form of the amplitude is simplified to

My =4—2 (fg + ok ) [|q|2 (¢ x €)= (q-p) [q. (€ x es’)” Sy

(10.115)
The corresponding F-mode and B-mode polarizations are derived using the same method
that we used to derive Egs. (10.110) and (10.111). The only difference is that the pa-
rameter ' (n) changes into the following form:

CL2
(1) = g

C

A0
m VN

[ dansia (s 20 ) L [(lalke - (@R a) (e x )]
! (10.116)

As a result, in this case there is no restriction on the handedness of the fermion. In fact,
o' can be different from zero if the fermion interacts both in the left- and right-handed
states. Moreover, also in this case, we do not have to impose any particular condition in
the fermion stress tensor, since we do not need anisotropies for providing a value different
from zero to the angular integral contained in the o/ expression.

10.6 Majorana fermions

In the previous sections, we assumed the fermion to be a Dirac spinor. In this section,
we will analyze what changes when the interacting fermion is a Majorana spinor, instead
of a Dirac spinor. Analogous considerations have already been made in Ref. [251] for
the case in which the fermion is a neutrino.

A Majorana fermion is a particle which coincides with its own antiparticle and hence
it has no electric charge [286-288|. We remind that a Majorana spinor is defined as

m =1"Ciy (10.117)
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Symmetries broken V-mode formation B-mode formation

All preserved Anisotropies in ny(K, ¢) /

Anisotropies in n¢(K, g
Cand P s ) /

Only R- or L-handed fermion

Cand T / Only R- or L-handed fermion

Pand T / No conditions

Table 10.1. The conditions one needs to impose on the fermion to directly convert CMB E
modes into V and B modes through fermion-photon forward scattering in the different cases
analyzed.

where C' is the charge conjugation operator. The properties of Majorana bilinear terms
under parity, charge conjugation, and time-reversal transformations have been summa-
rized in Refs. [286-288]. The Majorana condition implies ¢y = 9¥§;. As a result, a
Majorana spinor transforms under charge conjugation as

C Yy C = . (10.118)
Thus, in general we can write
C™' (YA vy) C = dyAdy, (10.119)
that for A = «v* becomes )
Yy m =0. (10.120)

However, one can show that the transformations of the Majorana bilinear terms under
P, T, and C are the same as Dirac bilinear terms. It was discussed in Ref. [289] that
the Compton scattering amplitude for Majorana fermions is given by

_ T 1] o
My = o (q)el, [F™ (a.¢,p.0) + C (P (=¢,—q.p.9)) " C7'] &urla),  (10.121)
FM being as in Eq. (10.3). Now, if in general
v T ~— v
C(F"(~q'.~q,p,p)) C™" =—F"(q,4",p,¥), (10.122)
we find that M }\f = 0 identically. However, if
v T — 174
C(F"(~q' . ~q,p,p")) C™" =F"(q,q,p,p'), (10.123)
then the scattering amplitude becomes
M =2M§f,. (10.124)

Thus, when the Compton tensor F** transforms like a pseudotensor under C, we get no
fermion-photon forward scattering mixing. On the contrary, when F*" is invariant under
C, we get the same coupling as discussed in the previous sections, but with an additional
factor of 2 with respect to the Dirac fermion case.
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10.7 Conclusions

In the standard lore, circular and B-mode polarization of CMB photons cannot be gen-
erated via Compton scattering with electrons from linear scalar perturbations. In this
chapter, we studied the conversion of CMB FE modes into V and B modes due to the
forward scattering with a generic fermion. We assumed interactions which may also go
beyond the Standard Model of particle physics, keeping only gauge-invariance and the
preservation of CPT symmetry. We derived various sets of Boltzmann equations de-
scribing the radiation transfer of CMB polarization. Our final results are qualitatively
summarized in Tab. 10.1. We can have conversion in V modes both preserving all the
discrete symmetries and breaking the C and P symmetries. Instead, conversion into
B modes may arise only from the breaking of the T symmetry. Since our results are
expressed in terms of free parameters, they offer a viable tool to put constraints on
fundamental physics properties beyond the standard paradigms.
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Part 1V
Overview and conclusion

In this work, first of all we have reviewed fundamental aspects and open questions of the
standard model of cosmology, focusing on the description of slow-roll models of inflation
and model independent generalizations of them.

Then, we investigated the signatures in the primordial bispectra induced by a Chern-
Simons gravitational term coupled to the inflaton field through a generic coupling func-
tion f(¢). This is a modified gravity scenario of inflation that naturally arises from an
effective field theory approach (Egs. (5.67) and (6.2)). In particular, we showed that
this term introduces parity breaking in the theory, polarizing PGW into left and right
chiral eigenstates and leaving scalar modes unchanged at linear level. Our analysis of
the bispectra statistics was motivated by the fact that, in such a scenario, the chirality
of primordial gravitons in the (yv) power spectrum is suppressed by the ratio H/Mcg
(where Mg is the so called Chern-Simons mass, Eq. (6.17)), which is expected to be very
small, thus making impossible to probe the theory with the CMB angular TB and EB
power spectra only. We have shown that an asymmetry among the bispectra (ygyr() and
(v£vLC) (caused by the breaking of parity symmetry) arises as the only parity breaking
signature that is not a-priori suppressed. Hence, we defined a dimensionless parameter,
I1, labelling the relative difference between these two chiral bispectra (Eq. (7.67)). This
parameter turned out to be proportional to the strength of the second order derivative
of the coupling function f(¢) (Eq. (7.69)). For this reason, only a non-minimal cou-
pling function (i.e. f(¢) which is not just proportional to ¢) is able to produce such
a signature. Therefore, if experimental observations will indicate such a signature, we
would have a clear evidence during inflation of Chern-Simons gravity with a non-minimal
coupling with the inflaton field. Within an effective field theory treatment, the value of
IT is theoretically constrained (Eq. (7.75)). This constraint is alleviated when the tensor-
to-scalar-ratio r is small. In this case, we can realize a relatively large parity breaking in
the (yy() bispectra even if the parity breaking in the tensor power spectrum is very low.
However, in the same limit we also reduce the amplitude of the bispectra (Eq. (7.61)),
suggesting that at the same time we lose sensitivity on a possible detection of this parity
breaking signal.

In the subsequent forecast about the detectability of this signature with an ideal
CMB experiment, we showed that BBX (where X = E,T) CMB angular bispectra
could become essential observables in probing this parity breaking signature. In partic-
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ular, important future improvements regarding the sensitivity of the experiments on the
measure of II are expected with both lensing subtraction and increasing of the angular
resolution (Eq. (8.34) and Fig. 8.1). On the contrary, we showed that the CMB power
spectra statistics does not get any futuristic improvement in the sensitivity to parity
breaking signatures (Fig. 8.2).

In the future, it would be interesting to study modifications induced in this theory
when we couple the Chern-Simons term with an external scalar field x not participating
to the slow-roll dynamics. In fact, the insertion of this new degree of freedom could in
principle lead to a modification in the strength of the parity breaking signatures during
inflation. Another interesting alternative is to study the effects, during inflation, of the
other parity breaking terms included in the effective field theory action (5.67). In this
regards, it is worth to mention Ref. [290|, where different chiral scalar-tensor theories
(thought to be generalizations of the Chern-Simons modified gravity theory) are consid-
ered. In fact, while the effects of these operators on the power spectrum statistics are
expected to be very similar to our scenario (see e.g. [291]), they could affect the bispectra
statistics of primordial perturbations in a completely different way (in particular, pro-
viding different shape functions and strength of primordial non-Gaussianities). Finally,
we notice that in our study we have completely neglected the effects of Chern-Simons
gravity during the re-heating epoch, assuming an immediate transition between infla-
tion and standard FRW evolution. However, during the re-heating epoch the inflaton
field coupled to the Chern-Simons term has no more a slow-roll dynamics, suggesting
important modifications of the effects of this modified gravity on primordial perturba-
tions. Nevertheless, a detailed analysis should be done, as the dynamics of primordial
perturbations could become very complicated in this regime.

Moreover, we studied how we can possibly exploit the CMB to probe new physics
beyond the Standard Model of particle physics.

In this regards, first of all we considered the generation of CMB V modes induced
by the forward scattering between CMB photons and gravitons. We showed that only
gravitons with anisotropies in their statistics can couple the linear and circular CMB
polarizations (Eqgs. (9.50)-(9.52)). However, even assuming primordial gravitons with
large anisotropies (generated in specific models of inflation), we have estimated that
the final effect on CMB circular polarization is negligible. However, the formalism we
developed is very general and can therefore be applied in other contexts, e.g. to measure
gravitational waves of astrophysical origin.

Then, we studied the forward scattering mixing on CMB polarizations induced by
photon-fermion interactions which may also go beyond the Standard Model of particle
physics, keeping only gauge-invariance and the preservation of CPT symmetry. Our final
results are qualitatively summarized in Tab. 10.1. We can have conversion of linear
polarization in V modes both preserving all the discrete symmetries and breaking the C
and P symmetries. Instead, the conversion of CMB F modes into B modes may arise
only from the breaking of the T symmetry.

Since our results are expressed in terms of free parameters, it would be interesting in
the future to use CMB data to directly put constraints on the alternative physics studied.
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A natural extension of this study would be deriving the effects on CMB polarizations of
the damping term in Eq. (8.43) for the different interactions we have considered.

All the intriguing and interesting extensions of our work mentioned here are left for
future research.

153



154



Part V
Appendix
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Appendix A

ADM expressions of general
relativity curvature tensors

In this Appendix, we give the expressions in the ADM formalism of the fundamental
tensors of general relativity. For more details regarding the derivations of these formulas,
see e.g. Ref. [292].

Riemann tensor components

Rijp = RS,)C; + K Kj — Ky Kjy, | (A1)
Roiji = N[D;j Kix — DiKij] + N'RE), + Ki; K, — KKy | (A.2)
Roioj = N[K;j + D;D;N + NKFKj — (D; Kx)N® — (D;N*)Kyj — (D; Ky ) N*

+ (DpKj)N*] + N’N’“[—Rz(?i)k — KK + KiKyj) - (A.3)

Ricci tensor components

1 .
Ry = jo.’) + K Kih'™ — 2K K h'™ — ~ Kij + DiD;N — N'OK;; — Kyo;N' — K;0,N']

(A.4)
Roi = — ]X:K’ - JX:(DiDjN) — NVKf Kyj + ]X;[(DJ'KM)Nk + (DiN®) Ky
+ (DiK3)N* — (DyEKi)N*| + N'W*RE) + NUWR K Ky, — N Ky K
(A.5)
Roo =Roio; (hij - N];];fj) (A.6)
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Scalar curvature

. g . 2 .. INJ , 2
R=R® + K, K + (K))? - Z(K) + 2 (D,K!)) — = AN AT
+ J +( z) N( z)+ N ( ] z) N 9 ( )

where A\ = h¥ 0;0; denotes the covariant laplacian built with the 3-metric h;;.
In particular, from this last equation it follows

R=R® 4 Ki; K7 + (K!)? + (surface terms) . (A.8)

This last equation explains the appearance of terms proportional to K2 in the ADM
expression of slow-roll models action (2.22).

158



Appendix B

In-In formalism

In this Appendix, we will briefly review the so-called In-In formalism [52, 293-295|. This
technique allows to compute perturbatively the cosmological correlation functions. The
method is quite different by what is used in standard quantum field theory. In fact, here
we are not interested in the calculation of S-matrix elements, but rather in evaluating
expectation values in a certain vacuum state of products of fields at a fixed time. In
particular, we do not need to impose conditions on the fields at both very early and very
late times (as in the calculation of S-matrix elements), but only on very early times:
for instance, during the inflationary epoch, the early-time limit corresponds to the limit
when the wavelength of the fields in Fourier space is deep inside the Hubble horizon.
In this case, according to the equivalence principle, the interaction picture fields should
have the same form as in Minkowski space-time (apart for diffeomorphisms), leading to
the imposition of the Bunch-Davies vacuum state as initial vacuum state.!

Now, we start our derivation by considering a general Hamiltonian system, with
canonical variable ¢(x,t)? and conjugate momentum 7 (x, t) satisfying the commutations
relations

[PGx, 1), m(y, 1) = 6P (@ —y),  [b(x,1), ¢y, )] = [n(x, t),7(y, 1) =0,  (B.1)

and the Heisenberg equations

¢(X7 t) =1 [H[¢(t)7 ﬂ-(t)L ¢(X7 t)] ) #(Xv t) =1 [H[d)(t)? W(t)]vﬂ-(xv t)] : (B2>

The Hamiltonian H does not depend explicitly on time, but it depends on time through
the fields ¢(t) and 7 (t). Now, we expand the fields as:

d(x,t) = ¢o(t) + dp(x,1), m(x,t) = mo(t) + dm(x,t) (B.3)

where ¢¢ and 7y denotes background classical values satisfying Hamilton equations

!Notice that this is perfectly in agreement with what explicitly found in Sec. 2.3.
2In our inflationary context, ¢(x,t) can correspond to both the inflaton and the metric fields.

(B.4)
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and d¢ and d7 denotes quantum perturbations w.r.t. the background. Substituting Eq.
(B.3) into Eq. (B.1), it is straightforward to show that perturbations satisfy the same
commutation relations as the total fields

[6o(x, 1), 6m(y, )] = 6 (x —y), [86(x,t),80(y,1)] = [bn(x,t),6m(y,t)] =0. (B.5)
Expanding the total Hamiltonian H in powers of the fluctuations

H(o(t), m(t)] = Hlpo(t), mo(t)]+
6H [¢o(t), mo ()]

dpo(x,t)
+ H[0o(t), o (t),1]

6 H [¢o(t), mo(t)]
dmo(x,t)

6(x,t) +

om(x,t)| + (B.6)

we find terms of zero-th and first order in the perturbations, plus an additional term H
which stands for all higher-order contributions. Using Eqs. (B.4)-(B.6), we can show that
the time evolution of the perturbations is generated by the time dependent Hamiltonian
H:

Sop(x,t) = i [H[6p(t), 0m(t), 1], 00(x,1)], om(x,t) =i [H[6p(t),dn(t),t],dm(x,1)].
(B.7)
The quantum evolution of the perturbations can be expressed as

5¢(t) = U™ (t,10)d9(to)U (t, to) , m(t) = U (t,to)6m(to)U (¢, to) , (B.8)

where t( is some early time and U is a unitary operator. Substituting Eq. (B.8) into Eq.
(B.7), we find out that U must obey the equation of motion

d .5
aU(t, to) = —i H[0¢(t), om(t), t]U (L, to) (B.9)
with initial condition U(tg,%o) = 1. Notice that in cosmology the classical background
solution would describe the FRW background and we can take tg = —oo, by which
we mean any time early enough so that the wavelengths of interest are deep inside the
horizon. Now, we decompose H into a kinematic term Hy that is quadratic in the
fluctuations, and an interaction part Hj as

H[5o(t), 6m(t),t] = Holso(t), 6m(t),t] + Hy[8o(t), dm(t),1] . (B.10)

As in standard quantum field theory, the interaction picture is introduced defining fluc-
tuations operators whose time dependence is generated by the quadratic part of the
Hamiltonian as

$¢1(x,t) =i [Hol0bs (1), 6mr(t), 1], 661 (x,8)],  dmr(x,t) =i [Holdbs(t), 6m1(t), 4], 1 (x,1)],
(B.11)

with the initial conditions
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The time evolution of fluctuations in interaction picture can again be expressed as unitary
transformations

3p(t) = Uy (£, 10)00(to)Uo(t, o), 0m(t) = Uy (¢, to)dm(to)Un(t, to) , (B.13)
where this time Up(t, tg) follows the differential equation
d .
53 Uo(t, to) = —i Ho[0(to), o7 (to), Y]Un(t, to) , (B.14)

with initial condition Uy(tg,t9) = 1. Combining together Egs. (B.9) and (B.14), it can be
shown that if we define F' = U, (¢, t0)U(t, o), the operator F(t,to) satisfies the equation

%F(t,to) — i Hy(t)Up(t,to) | (B.15)

where H;(t) is the interaction Hamiltonian in the interaction picture
Hi(t) = Uy (t, to) Hr[661(t), 671 (1), )Us(t, to) - (B.16)
The solution of Eq. (B.15) reads

F(t,tg) = T exp <—i tH;(t’)dt’) : (B.17)

to

where, as usual, "T exp(-)" means the time-ordered product of the operators once we do

the expansion in series of the exponential. Now, we can express the expectation value of
a products of any fluctuation field Q(¢) (in Heisenberg picture) as

(Q(t)) = (0| U™ (¢, o) Q(to) U(t, to) |0)
= (0| U1 (t, to)Uo(t, to) Qr(t) Uy ' (t, to)U (¢, o) |0)
= (0| F~1(t,t0) Q1(t) F(t,t0) |0) (B.18)

= (0] [Texp <z tHAt’)dt’)] Qr(t) {Texp (—2' tHI(t’)dt’ﬂ 0,

to to

where T denotes anti-time ordering and |0) denotes the vacuum state at the initial time
to. Applying formula (B.18), one can stop the expansion at the desired order in the
interaction Hamiltonian H;. Moreover, notice that, in order to compute (B.18), we
firstly need to apply the Wick’s theorem to evaluate the expectation value of products
of fields in interaction picture, and then perform the remnant integrals.

Just as an example, the tree-level expectation value for the product of three fields
do(t) is given by

(Bisbnsdna) (1) = =i |t 0][30L, (501, (0604, (0. H(@)]I0).  (B19)

Typically, assuming to work with interaction Hamiltonians in perturbative regime, tree
level computations are sufficient to give a good estimation of the statistics of cosmological
perturbations.
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Appendix C

Spin-raising and lowering operators

Here, we briefly review the definitions of the spin-raising and lowering operators, giving
an example on how we can use them to define the weighted spherical harmonics. We
refer to e.g. [227] for more details. The spin raising (& ) and lowering (J ) operators
acting on a generic spin s function 4f(6, ¢) defined on the 2D sphere are given by

d sf(0,¢) = —sin® 0 [0p + i cscH0,] sin~* 05 £(6, ¢) ,

dsf(0,¢) = —sin"* [0y — icscOOy)sin® O, £(6, ¢) . (C.1)
In particular, the new functions Jd ,f(6,¢) and d sf(0,¢) have spin s + 1 and s — 1,
respectively. For example, the spin raising and lowering operators acting twice on a
generic spin-+2 function 4o f (i, ¢) which is factorized as +of(0, ) = +of(p)e™® (i.e.
the CMB polarization fields) can be expressed as

- m 2
) 22f(9, ¢) = (—(‘% + 1—H2) [(1 - M2)2f(ﬂa ¢)] )

2
= 2) (1= p®) 2 f (1, 0)] (C.2)

d2_2f(0,¢) = <—3u “1o2

where 1 = cos 6. In this way, just acting with a differential operator, we can easily define
spin-0 quantities starting from spin-2 ones. This procedure is used in the case of CMB
to pass from the P* spin-+2 linear polarization fields to the E and B modes, which are
spin-0 fields.

Using Egs. (C.1), we can even express the spin-weighted spherical harmonic functions
on 2D sphere, Y, (0, ¢), in terms of the common harmonic spheres (Y, (6, ¢) = Y (0, ¢)
just acting with the spin raising/lowering operator as

Yin(0.0) = (] 1008 ¥n0.0) (12520 @y



Then, it is possible to show the validity of the following relations

8 Yim(0,6) = [(1 — s)(I + 5+ 1)]Z 411Yin(0,0) |
8 Yim(0,6) =~ [(L+ )1~ s+ D)2 s1Yim(60,0) ,
5 3 s}/lm(97 ¢) = _(l - S)(l +s+ 1)51/lm(07 ¢) m, (04)

which can be used to derive the following explicit expression of the weighted spherical
harmonics

L+m)(l—m) (2041
(I+s)ll—s)! 4nm

X;(l_8)< [+ )(—1)”s+mcot2r+sm(9/z). (C.5)

1/2
Yim(0,0) = ™ [( )} sin?(6/2)

T r+s—m

It is straightforward to verify the orthogonality and completeness conditions for the

21 1
/ dé / 0008 05V (0, 8)s Yim (6, 6) = 61 6
0 —1

D Y (0,0)Yin(0',8) = 5(6 — ¢')5(cos 6 — cos¥'), (C.6)
Im

as well as the following properties regarding the transformation under conjugate and
parity

Yim(0,0) = (1) _Yi_m(0,9) ,
Yim(m = 0,6 + 1) = (~1)L Yim(0, ¢) - (C.7)
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Appendix D

Quantum Boltzmann equation

In this Appendix, we will briefly review the derivation of the so-called quantum Boltzmann
equation partially following Ref. [93]. This equation provides a quantum framework to
study the effects of the collisions between CMB photons and other particles, and can be
used to derive the standard Boltzmann equations (4.7)-(4.9).

The starting point is to adopt the second-quantized formalism, introducing creation
and annihilation operators for CMB photons obeying the usual canonical commutation
relations

[as(p), al, ()] = (21)32p°6®) (p — p')ds , (D.1)

where s, s’ label the photon polarizations. Now, we introduce the so-called photon num-
ber operator
Dyj(k) = al (k)a; (k). (D.2)

The time evolution of this operator, in Heisenberg picture, is given by

d .

%Dij = ’L[H, ng] 5 (D3)
where H is the full Hamiltonian of the theory which we can decompose in the free and
interaction terms as

H=Hy+ Hj. (D.4)

Here, the interaction term is a functional of the photon field and all the fields interacting
with the photon. Now, we want to express the right-hand side of Eq. (D.3) in terms of
fields in interaction picture. For this purpose, we remind that a generic operator &g (t)
in Heisenberg picture can be expressed in terms of the same operator £;(t) in interaction
picture through

Eu(t) = F71(t,t0) &1(t) F(t, to), (D.5)
where .
F(t,tg) = T exp (—i t Hf(t’)dt’> : (D.6)
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Expanding Eq. (D.5) in series of the interaction Hamiltonian, we find the first order
relation .
u(®) = (1) +1 | de(HAE). ) (D7)
to
which is valid under the condition that the interaction Hamiltonian is a small correction
in the total Hamiltonian (i.e. in perturbative regime). Writing this relation for the
operator D;;, we get

t

DY) = D)+ [ atHi(). D). (D3)
0

Inserting this last equation in the right-hand side of (D.3), we find

©35(1) = ilHi(0), Dly(0)] - / at'[H (8), [H; (#), DL ()] (D.9)

Now, we have to take the expectation value of both the members of the previous equa-
tion. In particular, the expectation value of the number operator on the left-side can be
computed after introducing the density operator describing a system of photons as

3
p= / g&,pixp)akp)aj(p), (D.10)

where p;; is the density matrix (4.1). With this operator the expectation value of a
generic operator O associated to CMB photons can be expressed as

(0 = tr[pO). (D.11)

Thus, the expectation value of the number operator is given by

3
(D300) = ulp Dy (1)) = [ (;f;?xp\ 5Dy () |p) (D.12)
where
Ip) = al(p)[0) (D.13)

denotes the quantum state of a single photon of momentum p. Using repetitively Eq.
(D.1) into (D.12), then the expectation value (D.12) reads

(D3 () = (2m)25 (B)24 i k). (D.14)
Thus, taking the expectation value of Eq. (D.9), we finally get

(280 0)2K° 20100 = i [H:(0), D00)) ~ [t ([Hi(0). 111, D00

to
(D.15)
This equation for the photon density matrix can be expressed in terms of Stokes pa-
rameters using the definition (4.1). The first term on the right hand side of (D.15) is
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the so-called forward scattering term and describes possible mixing between the different
CMB polarizations due to the forward scattering of CMB photons with other particles.
It is possible to show that in the standard scenario (i.e. Standard Model interactions be-
tween photons and electrons) this term is equal to 0 [93], thus no mixing is induced. The
second term on the right hand side of (D.15) is the usual scattering term which describes
how Stokes parameters vary in time when CMB photons get deflected after a collision
with another sea of particles. If we compute the latter taking only the usual QED in-
teractions between photons and electrons, then we can derive the full set of Boltzmann
equations (4.7)-(4.9) (see [93] for the full computation).
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Appendix E

The energy density of gravitational
waves

In this Appendix, we derive the energy density of gravitons (i.e. gravitational waves) in

terms of gravitational Stokes parameter Agg). Starting from the Lagrangian (9.6), we
can find the energy density of gravitational waves as'

1. .
o = U ) (E.1)
By inserting
_i dgq (r) 1 (r) igx ()T 7 (r)* —iqz
hyw () = 5 / @) T:Z:X [bq W) el — by Th()* e (E.2)

into (E.1), we get

1 d*q [ d¢ () 1 (1) sige 2O () % —ige
S </ et | o 20 [ 1 = o) i e

rr!

y |:b(qy;/) h,ul/(’f’/) eiq’z _ b'(;;/)-r hul/(r’)* 6—7jq’$:| > , (E?))

Normally, it is impossible to define a full non-linear local energy-momentum tensor for the gravi-
tational field g,.,. The definition (E.1) can be used in our context because we work in the weak field
approximation, as stated in Eq. (9.4) (see Ref. [296] for more details).
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which can be further simplified as

1 [ dq [ & V() ila+a) (@) p(r) ()
pgw:_g/( / E Z Z{ ) (') gilata) (@) (b0 b0))

r=+,X r'=

_h;(:v) B () gilg—q')(x) <b(7') b( )T> hffl,) R (') Gild' =) (@) <bf{)T bg’)>
(r)* puv(r')x ,—i(d' +q)(x) (7") ()
FRG)* ) i) (T >}

1 d3 vir r r’
:8/( / z; ST A ) 0@ g0 0
+

-5 s [

,U,V(”" (q'—Q)(m) (2(]’0(27[‘)36(3) (q' - q)prr’ (q/)) .

=+, X /=4,
(E.4)
Now, using Egs. (9.32) and (9.10), we get
1 d3q
Pgw = / 3 Z Z q prr rr = 4/(277)3q0 [p++(Q) +P><><(Q)]
r=4+,X r'=
L[ dq o,
== A . E.5
1 ks (E5)
We can expand Agg )(q) in terms of spherical harmonics as [297]
AP (q) =AY (q chmym 0. ¢ (E.6)
Therefore, we can write
™ ~ m
b =5 [P0 DY [ Pack, o). (.7
I,m

where ¢ = 27 f. The isotropic part of gravitational waves energy density, Pgw, 1S given
by

I
oo =52 [arraln) [ a, (E8)

and, after normalizing the monopole moment as c(I)O = /47 and performing the angular
integral, we finally get

b =20 [ APAPE). (E.9)
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