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Abstract

The thesis project deals with the so-called cosmological consistency relation, as predicted by inflationary
models of the Early Universe. Such relation links the primordial power spectrum of the so-called
comoving curvature perturbation (a gauge invariant measure of primordial density perturbations) or
the tensor perturbations (i. e. primordial gravitational waves) with the corresponding bispectrum
(the Fourier counterpart of the 3-point function), in the so-called squeezed limit, which means sending
one momentum to zero in the 3-point correlator. This property is phenomenologically very important,
since it holds in any single-field model of inflation, but many other models of inflation (such as
multi-field inflation) do not respect it. This implies that a measurement of a deviation from the
consistency relation would authomatically rule out all single-field models of inflation. However, some
works have recently claimed that this relation is trivial and non-physical, because according to them
the squeezed bispectrum can be set to zero through an appropriate gauge transformation. In this work
we introduce all the tools necessary to discuss this issue, but we also provide some arguments that this
cancellation argument is not valid and this relation indeed remains observable and phenomenologically
very interesting. More specifically, the impossibility to cancel mixed bispectra involving the scalar
curvature and the tensor perturbations of the metric is presented for the first time in this work.
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Introduction

The thesis project deals with the so-called cosmological consistency relations holding in inflationary
models. More specifically, this relation links the primordial power spectrum of the comoving curvature
perturbation (in single-field models of inflation) or the tensor perturbations (i.e. primordial gravitational
waves) with the corresponding bispectrum (which is the Fourier counterpart of the 3-point function),
in the so-called squeezed limit, which means sending one momentum to zero in the correlator.

After having briefly reviewed standard cosmology and cosmological perturbations, we introduce Weinberg
theorem. Weinberg showed that in the superhorizon limit, whatever the constituents of the Universe
and under very general assumptions, there are always two independent scalar solutions of the linearized
Einstein equations in the Newtonian gauge for which the curvature perturbation is time independent
and there is one tensor mode for which its amplitude is time independent in this limit. The modes
having constant curvature perturbations are usually called adiabatic. We use a geometrical definition
for the comoving curvature which is related to the spatial metric in Arnowitt-Deser-Misner formalism.
After that, we introduce inflation, which is a period in which the Universe expanded accelerating at
early stages, able to provide the correct initial conditions for the evolution of the Universe and also to
solve some shortcomings of the standard hot Big Bang model. We focus only on the simplest model
of inflation, which is single-field inflation: in this case the mechanism is driven by a scalar field with
an almost flat potential in order to fullfill the so-called slow-roll conditions. To test the different
inflationary models one usually computes correlators: the 2-point function in Fourier space is related
to the power spectrum of the cosmological perturbations; the 3-point function in Fourier space is
related to the bispectrum. In general, as usual, a non-vanishing three point function is related to non-
Gaussianity, which is due to interactions in the inflaton Lagrangian. To compute these correlators in
Fourier space, a very powerful technique is the in-in formalism. In case of single-field inflation, in 2002
Maldacena was able to compute all the bispectra for this class of models, involving both curvature
and tensor perturbations, starting from the action written in Arnowitt-Deser-Misner form.

From Maldacena’s results the consistency relation emerges naturally taking the squeezed limit, which
means to send a momentum to zero, so that the other two are equal (given that any bispectrum
is multiplied by a Dirac delta of the sum of the momenta, the three momenta form a triangle in
momentum space). In the following years, many other proofs of the consistency relation have been
discussed, using different approaches, such as a “background wave” argument based on Weinberg
theorem, path integration, Ward identities, BRST symmetry and holography. There are however
models in which the consistency relation is violated, such as multi-field inflation or solid inflation, for
which these demonstrations do not work.

Literature includes also many extensions involving an increasing number of fields in the correlators.
The consistency relation linking the bispectrum with the power spectrum is very interesting, linking
observables to be hopefully measured in the future. Since all single-field inflationary models must obey
it, any deviation would unavoidably rule out all the single-field models, making this result a crucial
key in order to understand Early Universe physics.

However, some works have apparently shown that the bispectrum could be cancelled using a coordinate
transformation, implying that this relation is not observable. Their demonstrations are based on
moving on a particular frame of reference, called conformal Fermi coordinates (CFC), and on the
splitting of the comoving curvature into a long-wave and a short-wave part. Each part transforms
differently under the coordinate transformation. The infinitesimal diffeomorphism relating the change
from one frame to the other turns out to be a deformed dilatation. On the other hand, a recent
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paper by Matarrese, Pilo and Rollo poses a critical assessment of this result in the case of a scalar
bispectrum, for example the one involving the correlation among three curvature perturbations. In
particular, it highlights that such a cancellation is true only in the exact squeezed limit in which one
momentum is exactly null, which implies a perturbation mode to be infinitely long, so unphysical.
Our work aims at extending this result to all the bispectra involving both the curvature and the
tensor perturbations (which are gravitational waves). We found that the splitting into a long-wave
and a short-wave part of both the comoving curvature and the tensor perturbations is problematic.
We have analyzed carefully the scalar-vector-tensor decomposition of the infinitesimal coordinate
transformation used to pass from conformal frame to CFC: we have found that the transformation
rules are not the ones used in the demonstrations. We also developed a Mathematica code, based on
in-in formalism, showing that the action varies as a boundary term at third order in perturbations
under the deformed dilatation. This implies that all the bispectra are uneffected from the deformed
dilatation, so the transformations rules used to cancel the consistency relation are wrong.

Our results imply that the all the consistency relations can be gauged away only in the exact squeezed
limit, which is non-physical, so they remain a crucial tool to test Early Universe Physics: any deviation
would exclude all single-field models of inflation. Our results are about to appear as preprint in ArXiV
in the near future and it will be submitted to an international journal.

The project is organized as follows. In chapter [l| we review the basics of standard cosmology, with
the best model we have today: the Standard Hot Big Bang model. In chapter [2] we introduce the
perturbative approach to general relativity, which generates a non-trivial gauge issue; we also review
the equations for the evolution of the metric at linear order in perturbations. In chapter [3]we introduce
an important result, Weinberg theorem, which ensures the conservation of some specific quantities
in superhorizon limit. In chapter [4] we are ready to introduce inflation: we focus in particular on
single-field slow-roll inflation, until the calculations of three point correlators, which are related to
the primordial non-Gaussianity. Thanks to these results, we can finally introduce the Maldacena
consistency relation in chapter [5], discussing a proof and some generalizations. Chapter [6] contains
some arguments in favour to the fact that the consistency relation is physical, i. e. it can be really
measured in an experiment, for all the types of bispectra. This is the main result of this project,
appearing for the first time. We conclude with a brief discussion about how single field inflation can
be experimentally tested in chapter [7}

Notation and conventions

In this work we use natural units to measure length, time, mass, energy and temperature. In these
units one has ¢ = h = kg = 1, so the mass dimensions are

(m] = [E] =[T]=1, ] =[] =-1.
. o _hic_ . . o 1
The (reduced) Planck mass is defined Mp = |/ g%, or in natural units Mp = T

We use also the mostly plus convention for the metric tensor, so that in flat space it reads
-1 0 0 O
10 100
=10 010
0 0 01

The Einstein notation for the repeated indices is massively used. A Lorentz index is indicated with
Greek letters (ex. x*), while spacetime points are indicated without the vector symbol (ex. z). Space
coordinates are indicated with with Latin indices (ex. x%) and a 3-vector is indicated with the vector
symbol (ex. Z). The same convention is used for momenta (ex. k*, k, k'), but for sake of shortness
the norm of the space component of the momentum is indicated without any symbol (k = ]E ).

The notation for the symmetrization or the antisymmetrization of two indices of a generic tensor T},

is the following:
Ty — Ty Ty + Ty,
j[lw}—# j{uv}—#'



Requested prerequisites to read this work

This project is self-consistent, since it introduces all the tools necessary to understand the final results
obtained. However, a first introduction to general relativity and quantum field theory is necessary as
a starting prerequisite.

Abbreviations

Since in this project there are many recurrent terms, we often abbreviate them as follows.

ADM Arnowitt-Deser-Misner (formalism)
BRST Becchi-Rouet-Stora-Tyutin (symmetry)
BT Boundary term

CFC Conformal Fermi coordinates

CL Confidence level

CMB Cosmic microwave background

CR Consistency relation

EMT Energy-momentum tensor/stress-energy tensor
eq. equation

ex. example

FLRW Friedmann-Lemaitre-Robertson-Walker (metric/spacetime)
FNC Fermi normal coordinates

GR General relativity

GUT Great unification theory

GW Gravitational wave

LIF Local inertial frame

LHS Left hand side

ODE Ordinary differential equation

PDE Partial differential equation

QFT Quantum field theory

PDF Probability density function/functional
PNG Primordial non-Gaussianity

RHS Right hand side

SCT Special conformal transformation

SSB Spontaneous Symmetry Breaking

SVT Scalar-vector-tensor (decomposition)
VEV Vacuum expectation value

ACDM Standard hot Bang Model
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Chapter 1

Review of standard cosmology

In this introductory chapter we briefly review the standard cosmological model, based on general
relativity (GR). After its introduction in 1916 (]1]), GR is the best theory we have nowadays to
describe gravity, both on astrophysical scales and on cosmological scales. The modern cosmology
started from the work by Friedmann ([2]), introducing the correct metric to describe a Universe in
accordance with the cosmological principle. The contemporary mode explaining in a quite exhaustive
way the cosmological data is the standard Hot Big Bang model, also called ACDM model.

This chapter must be intended as a starting point to review what we need in the project and to fix
the notation, so it is very far to be exhaustive on some huge and long studied topics. Since its content
is very standard, it is based on classical references ([|3H5]).

1.1 General relativity

The contemporary theory which describes gravity is GR, introduced by Albert Einstein in order to
avoid the problems one typically encounters trying to covariantize the Newton’s law in the contest
of special relativity. The basic principle of GR is the equivalence principle, which in the Einstein
formulation is based on the following postulates:

e equivalence of inertial mass and gravitational mass (weak equivalence principle);
e impossibility to detect gravity doing a local non-gravitational experiment (local Lorentz invariance);

e independence of the results of a local non-gravitational experiment on the position (local position
invariance).

The mathematical formulation of GR is based on the fact that the spacetime is described by means of
a 4-dimensional manifold, having in general a non-trivial intrinsic curvature. The matter distribution
(or better, the energy, since in a relativistic contest matter is nothing more than a form of energy)
establishes how the spacetime curves and at the same time this curvature is responsible to the presence
of gravity (the motion of a particle in a gravitational field can be non-linear since the spacetime itself
is curved). The distances between couples of points on this manifold are measured by using the metric
tensor g,,; in case of a flat space g, is the Minkowski metric tensor 7, = diag(—1,1,1,1), but in
general it is a non-diagonal symmetric matrix, whose entries can depend on the spacetime point. In
GR, in accordance with the equivalence principle, all the frames of reference are allowed to describe
the spacetime. Mathematically, they are different charts covering the same portion of the spacetime
manifold. This means that the physics described by GR must be invariant under diffeomorphisms. We
remind that a general vector and covector change as follows under a diffeomorphism of type 2’ = 2/(z):

O™, poon 0
=2y Vi) = 20 i)

A generic tensor field with more indices transforms the same way, each index carrying a Jacobian as
above.
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The local Lorentz invariance imposed by the equivalence principle is analogous to impose the existence
of a reference of frame 2’ such that the metric tensor, which changes as above under a diffeomorphism,
can be written at a point P as

OxP 0x” )
a0 o990 —=9w\Tp)="Nuw -
ox'r Ox'v p

Indeed, one can showE| that there is always a diffeomorphism such that the metric is transformed into

G (@) = 1 + 0 (&' = 2p)?) (1.1)

in accordance with the equivalence principle.
Another important point is that in a theory invariant under diffeomorphisms one cannot use the
standard derivative acting on a tensor field, since the result would be diffeomorphism dependent. On
the contrary, one has to use the covariant derivative, acting on a generic tensor field F' as follows
DyuFg = OuF g+ Do 25 A g = T B =~ g T3y -
(1.2)
This expression can be shown to be diffeomorphism invariant: in a mathematical language, this
expression is independent of the chart used to cover the spacetime manifold. The I's are called
connection coefficients or Christoffel’s symbols. In case of GR, one chooses the covariant derivative to
be the Levi-Civita connection: in this case the Christoffel’s symbols are uniquely fixed by the metric
and their expression reads

1
Flljp = igua(al/gpo + 8pgol/ - 8crgzzp) . (1.3)

We remark that despite having 3 indices, the Christoffel’s symbols are not tensors, that is to say that
they do not transform as tensors under a generic diffeomorphism.

The equation describing the motion of a particle in the spacetime manifold in absence of external
forces is the analogous of the second law of dynamics. Given a particle with trajectory z#(s), where
s is the (affine) parameter, one expects that in absence of external forces the acceleration is null; in
this case we have to derive the velocity %, with respect to s, but to be consistent with what we have
just said we have to use the covariant derivative along the trajectory:

daxt dx¥

—D,|— ) =0

ds " ( ds )
The result is the geodesic equatiorﬂ

d?zH dz¥ dxf
+ 14 _
ds? VP ds ds

It is very important to notice that in case of a flat space, where the metric g,, is constant, all the
Christoffel’s symbols are null, so one gets back the standard expressions one is used to know.

Let us briefly argue how to get the Einstein equations. In contemporary language, general relativity
is a field theory, whose field is the metric g, itself, whose dynamics can be obtained by varying the
Einstein-Hilbert action

MR [ o0 —

1See [3], pag. 50.
2This equation can be obtained by varying the following action

Sp = —m/d‘lx\/—gwiﬂa’s”

with respect to the coordinate x*.



where R is the Ricci scalar of the 4-dimensional spacetime manifold and g = det g,,. The external
source of matter is added as an action of type

Sm = /d4x\/—ng ,

where £, is the Lagrangian of the particles content of the particular model under scrutiny. By varying
the total action with respect to the metric, one finds the equations describing the evolution of the
fields in terms of the matter-energy distribution, the famous Einstein equations

1 1

Rl’“’ - *gﬂl/R = M7123T

s (1.4)

2

where R, is the Ricci tensor of the spacetime manifold and 7T}, is the stress-energy tensor (EMT),
which describes the distribution of matter and energy of the system, related to the matter Lagrangian
by means of the following expression involving a functional derivative

2 0Sm

Ty = — 2 1.
H /_g 59’“’ ( 5)

The LHS of the Einstein equations is usually called Einstein tensor, which is indicated as

1
G“y = R“y — ig'uVR .
Notice that the Einstein-Hilbert action is invariant under a general diffeomorphism acting on the
coordinates. Finally, since one can show that the Einstein tensor is covariantly conserved, in other
words

D,G" =0,

from Einstein equations one gets immediately that also the stress-energy tensor is covariantly conserved
D, T =0, (1.6)

which is the stress-energy tensor conservation in a covariant form. We finally remind that the Ricci
curvature and scalar are defined as follows

RMV — Rp“pl, R = g‘uyR,ul, 5 (17)
where R0 is the Riemann tensor of the spacetime manifold, defined as

R*, . =2(,I" —T0 T7 ). (1.8)

vpo B v]o [ur™ v]o

Since R is a scalar, it is invariant under diffeomorphism: this means that is univocally associated to
a manifold. Indeed, R can be used to measure the curvature of the manifold: if it is 0 the spacetime
is flat, otherwise not.

1.2 Standard hot big bang model

The basis of modern cosmology is the cosmological principle, stating that every comoving observer
sees the Universe at fixed time as homogeneous (invariant under translation) and isotropic (invariant
under rotation), on a suitable large scale (experimentally > 10% Parsec). The main experimental proof
that cosmological principle is plausible guiding principle to describe the Universe at large scale is the
cosmic microwave background (CMB), which is a radiation appearing almost isotropic in the sky,
remnant of the last scattering surface: after its formation, the Universe cooled until its mean energy
was so low that the electrons were not able to leave the atomic nuclei, so the radiation produced in
the whole Universe by Thomson scattering was not produced anymore and its relic still arrives to
us today by means of CMB (the radiation was redshifted in microwave spectrum since the Universe
expanded meanwhile). Its average temperature is Ty = 2.72548 £ 0.00057 K (|7]), with anisotropies of
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Figure 1.1: Full-sky map of CMB temperature anisotropies from the Planck satellite (@) The angular resolution
is almost 5 arcminutes.

order % = 1077, so its temperature is almost the same in the whole sky (see figure .

To relate the cosmological principle to GR, from a geometrical point of view this means to find the
most general metric spatially translationally and rotationally invariant, but no conditions are strictly
required on time coordinates transformations. Indeed it has been showrﬂ that the maximum number
of symmetries that a spacetime can have is 10 (in 3+1 dimensions). There are only 3 spacetimes
having all these symmetries at the same time, called maximally symmetric spacetimes. One of them
is obviously Minkowski spacetime ds? = —dt® + (5ijdxid:cj ; the other two are de Sitter space, which in
Lemaitre coordinates reads

ds? = —dt* + 2115, da’ da?

and anti-de Sitter space. However, in order to find the most general line element respecting the
cosmological principle we have to relax the time translation invariance. As we have said in the
introduction, it has been shown by Friedmann () that assuming the cosmological principle the metric
describing the Universe is Friedmann-Lemaitre-Robertson-Walker, which in spherical coordinates
reads:

m%Ldﬂ+#m<11ﬂﬂﬁ+ﬁ@¥+m#%&0, (1.9)
where a(t), called scale factor, is only function of time and x = 0, +1, which is a discrete parameter
describing if the Universe is flat or not: if k = 0 the Universe is flat, if K = 1 it is closed and if Kk = —1
it is open. The current measurements are in accordance with a small content of curvature x ~ 0 in
energy density, so we will consider x = 0 in the rest of the project.
The time dependent scale factor a describes how the relative distance between the two comoving
observers changes over time and its dynamics is described by solving Einstein equations themselves,
which in this case are called Friedmann equations. However, to solve the problem one has to consider
an explicit expression for the stress-energy tensor: the simplest choice is to consider a Universe filled
with a perfect fluid, whose EMT (in single fluid approximation) reads

T = (p+ P)uyuy, + Py (1.10)
where u,, is the 4-velocity vector field of the fluid

_ dzt

H -
u
dS7

uu, = -1,

3Gee H eq. 5.44 in the case n = 4.



p can be identified with the energy density of the fluid and P is called isotropic pressure. This implies
that in case of a static fluid, such that u* = (1,0),

T3 =—-p, Tj=Pg,. (1.11)

Substituting this stress-energy tensor and the metric in the Einstein equations reduce to

H2=_»~ _ k
A (1.12)
E:_GMI%(p+3P)’

where H = % is called Hubble parameter, which can be considered the expansion rate of the Universe.
From the conservation of the stress-energy tensor one gets the so-called continuity equation

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

The three coupled differential equations and we have got are called Friedmann equations.
There are 3 relevant physical quantities (a, p, P), which are determined by these equations. However,
the three equations are not linearly independent, since one can easily show that can be obtained
as a linear combination of this is expected, since we have seen that conservation of stress-energy
tensor comes directly from the structure of the Einstein tensor. This means that the system is not
closed and we have to introduce another equation. The simplest choice is a barotropic fluid, which is
described by an equation of state of type
P=wp,

where w is a real parameter which descibes the typology of fluid (w = 1/3 radiation; w = 0 non-
relativistic matter; w = —1 vacuum energy or equivalently the cosmological constant). This way, for
k = 0 the system of equation has solutions

fo (1.14)

where ty, ag and pg are the initial conditions to be imposed. Notice that in a radiation or matter
dominated epoch, one easily sees that a is growing with time. Depending on the epoch (i. e. on the
value of a) the energy density p is dominated by a different typology of fluid. More in details, in the
case of radiation (w = 1/3) one gets p oc a=%, which dominates for early times but decays later; in the
case of incompressible matter (w = 0) one gets p o< a~3, which dominates in a intermediate era, but
it still decays for late times; in the case of cosmological constant (w = —1) the solution is not
valid, however solving the system of equation in this particular case one gets p constant, dominating
for late times.

In general instead of working with the metric [1.9]in the standard coordinates, in many situation it is
more useful to put the scale factor a as an overall constant of the metric: this can be done redefining
the time coordinate as

dt = a(1)dr .

7 is called conformal time and it is the time measured in comoving distances. On the contrary, we
will refer to the time coordinate as in FLRW metric [1.9] as cosmic time. This way the line element
(for a FLRW spacetime with x = 0) becomes

ds? = a®(1)(—dr?* + §;jdz"dx?) .

Notice that in this set of coordinates FLRW metric tensor is proportional to the Minkowski one. This
means that FLRW is conformally flat. In the following we will need the relations between the first



and the second derivative with respect to the cosmic time and with respect to the conformal time of
a generic function f, indicated respectively with f and f’. Using the previous equation one gets

(1.15)

f’(T))' _ al <f”(T) a'(T)f’(T)) _ ") _d(@) f(7)

(1) - a*(r)  a(r) a*(r)

a(7) a?()
To fix the notation we will call H = % the Hubble parameter in standard coordinates, while H = %
the Hubble parameter in conformal time. Using the first of they are related by

H
H=—. 1.16
: (1.16)



Chapter 2

Cosmological perturbations

As it is clear from their expression the Einstein equations are second-order non-linear differential
equations which are very difficult to solve exactly. Exact solutions are well known (such as Schwarzschild
solution for a spherical distribution or Kerr-Newman solution for a spherical rotating distribution), but
they are very few. However, we know that FLRW metric is the best analytic solution we have to
describe a Universe compatible with the cosmological principle. This implies that the dynamics of the
gravity field can be obtained perturbatively by splitting the metric tensor in background, respecting
the cosmological principle so it is FLRW, and in a perturbation, an idea firstly introduced in [8]. In
general, however, one can consider perturbations to a general order, even though calculations become
rapidly challenging.

The splitting into a background is well-justified from an observational point of view: we have seen that
the CMB appear to be very isotropic, with very small anisotropies. Moreover, the modern approach
is to consider these anisotropies as the seeds of the generation of the cosmological structures, which
formed through gravitational instability.

In this chapter we will see that the naive splitting g,, = 921/ + 09, is very subtle in general relativity,
since g, is deeply tied to the geometry of the space. This will introduce the possibility of having
different solutions describing the same physics, related by a gauge transformation for the perturbations.
After discussing how this gauge issue arises, we will perturb FLRW, we will derive how the first-order
perturbations change under a gauge transformation and we will introduce some useful gauges for this
work. Then, we will discuss the perturbed Einstein equations around FLRW and we will conclude by
introducing some very important gauge invariant quantities.

The guidelines of this chapter are [8H10], with many adaptation.

2.1 The perturbative approach to Einstein equations and the gauge
issue

Consider the Einstein equations Suppose that we know a source term T SV for which the solution
of the Einstein equations is well-known: an example is the stress-energy tensor which admits
FLRW as solution. The related Einstein equations are
G° — LTO 2.1
nv M]% v ( )
which is called background equation. The idea of the perturbative approach is that, adding in a
consistent manner a perturbation term to the source term, 67, we can split the Einstein equations
the following way . .
70 =
ME A
In order to have sense, we have to require that the perturbations are much smaller with respect
to the background, i. e. given a generic quantity split into a background and a perturbation as

G, +06Gu = 6Ty -
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f=fo+6f+...onehas

of
<

Any equation needs to be satisfied order by order, and using [2.1

1

6GP‘V - ﬁ%éT#V . (22)

This procedure underlines that the metric can be split as g, = ggy—l—d 9uv, Where 921/ isF LRW and
dguw are the perturbations. However, this splitting is more subtle than it appears. In flat space the
perturbative approach does not give any problem, but in GR we know that from the metric one can
calculate the curvature of the space: this implies that perturbing the metric, the spacetime changes
and the definition of the perturbation

5g,uu = Guv — ggy

loses meaning. This is essentially due to the fact that, although GR is invariant under diffeomorphisms,
in other words manifestly coordinate choice independent, splitting the variable as before is not a
covariant procedure.

In order to treat the situation properly ([11]), we assume the existence of family of solutions of the
field equations parametrized by A € R; this way we consider a family of metric tensors denoted by ¢*
depending smoothly on A and satisfying the Einstein equations

@, = 1.

S VP

We also postulate that when A = 0 we get the background solution. Mathematically, this means to
have the space & = M x R, with a foliation M parametrized by A and the tensor fields gﬁ‘y and T:‘V
living in the space F (but in the same way, if one included other fields, for example the scalar inflaton,
one would have ¢*). The space with A = 0 is generally called background space, while an element of
the foliation is called physical space.
The naive definition of the perturbation 67" of a tensor field T is

5Ty =Ty — Tp .

However, as we have seen, this expression is not well-defined since to be subtracted T and Ty must
be evaluated at the same point in spacetime; but they are defined in two different manifolds, M, and
My, so this is not the case. This implies that the definition above must be modified. In this direction,
we define a 1-parameter family of diffeomorphisms ¢y : F — F such that

Al : Mo — My and @ =id .

However, this choice is not unique, but there are infinite equivalent choices: for future convenience,
we indicate another 1-parameter family of diffeomorphisms with /5. The difference between these two
maps stands in the way they connect points: specifically, if p, ¢ € My with p # q and r € My, we have
two distinct points of the background mapped in same one of the “physical” manifold (this definition
does not imply the use of any local charts):

ea(p) =¥alg) =7 . (2.3)

In general a diffeomorphism induces the following differential map between cotangent spaces, called

pull-back]]
S0>§|w(:0) : T;A(p)M/\ — T, Mo .

"We remind that mathematically the pull-back is defined in the following way: given two manifolds X and Y,
a diffeomorphism f from Y to a tensor space and F' : X — Y the pullback is the function F* which associates

f—F*(f)=foF.



After having defined this object, we can define the perturbations of a generic tensor field Ty in a
consistent manner in general relativity:

6Ta(p) :== (p3T) (p) — To(p) , (2.4)

where p € My. Now, if we Taylor expand in A the pulled-back tensor field (¢371'), we get

+oo )\k dk
SO0 =Y 5 e G0 W] -7 +Z aeeno] e
k=0 =0

A=0

AT (p)

Notice that at first-order the term reconstructs the Lie derivative of the tensor Ty (see appendix
eq. [A3):

LT (co = £To(p)
Considering all the orders, one can write the following formal expansion

+00 )\k
(P3T) (p) = D _ 77£eT(p) = > T(p) -
k=0

The proof of this fact can be performed by induction, but since we are interested to stop at linear
order we do not give any detai]ﬂ This construction is called Lie dragging. The 4-vector field & in
this Lie derivative must be intended as the vector field generating the transformation; in other words,
fixing a coordinate system z* a coordinate system on Mg, the solution to the system of ODEs

dxt

Y
is given by a series of curves x#(\), which for local unicity of the solution of the ODEs will never meet:
each point is associated to only one integral line; the point p will always lie on one of these curves and
it is not restrictive to put p at A = 0. The coordinate of the point ¢ (in the same curve) will be zf (\).
This implies that using the expansion we have found, applying it to to the tensor which is simply the
coordinate functon z*, one has at first-order

—¢m

okt =k + A4+ 0 (N) .

Notice that this way choosing a & is like choosing a 1-parameter diffeomorphism.

Now, remembering that there are infinite equivalent choices of the 1-parameter family of diffeomorphisms,
we consider another one which is ¥y, with the attempt to connect Mgy and My ; using one obtains
a map moving the points of the background My — My:

q= 95" (Ya(p)) == Ox(p) .

The map 0, is called gauge transformation. More specifically this approach to gauge transformation
moving points is called active approach, opposed to another approach, we are not going to discuss,
called passive approach, moving the coordinates. These two approaches are equivalent.

At this point we can show how tensor perturbation §7 transforms under the gauge transformation O,
at first-order: considering the pulled-back tensor (¢¥37) (p) and inserting the identity map (go’)‘\)*l o3
one has simply

(W3T) () = (¥4 (207 93T () = 3 (437 (v) -

At this point we are interested in expressions at first-order in A\, so we perform an expansion. The
result at first-order is

O3 (pAT) (p) = O3 (To + AT (p) =
= To(p) + AMT(p) + X (Le (To(p) + AT (p))) + O (X?) =
= To(p) + A (6T (p) + Le (To(p))) + O (A?)

2The interested reader can look at Lemma 1 in [11].



where in the first line we have used ¢5T from the definition while in the second we have used
the expansion [2.5] This implies that the trasformation property of the perturbation §7" under gauge
transformatlon at first-order is finally:

0T (p) = 6T (p) + L¢ (To(p)) - (2.6)
Practically, in dealing with gauge transformations at first-order one simply starts from a generic

4-vector £" depending on the spacetime point, applying this rule.

2.2 Perturbed FLRW metric

Consider FLRW metric in conformal time, in the case x = 0 (which is the interesting case to describe
our Universe, since we have seen that today the curvature is negligible):

ds* = a*(1)(—dr? + §;;dz'dx’) .

We want to write the most general form of this metric considering the perturbations to all orders. A
standard choice is

12T R > ey

! rl

400 w'™ 400 () 400 XE? ’
mer (-2 ) e+ D

7!

Gy = a”(T)

where (r) indicates the order of the perturbation. Here, ®(") and ¥ are scalar perturbations, but

wi(T) and Xg) are not really vector and tensor perturbations, since they must be scalar-vector-tensor

(SVT) decomposed’| as
wi(’") = wfi) + 8iw|(|r)

L(T) L(r)

+ ani (r)

Xg) = D’L]Xl(lr) + dix + XigT >

where ﬁij is the traceless operator bij = 0;0j — géijﬁk(?k. This way, at each order, we have two scalars
more, w) and x|, two vectors, w' and x'*, which are divergence free (O;w** = 0 and 9;x** = 0) and
a tensor x?}, which is transverse and traceless (0; XU = 0 and XlT = 0). This implies that the ij

components have been decomposed into a trace part <1 -2 E+°° \I/TW) d;; and a traceless part (the

one containing the x’s). However, there is a little remark about this decomposition in trace and
traceless part: in literature it can happen that the operator ﬁij is replaced by 0;0;. This simply
means that the term containing the x’s is no more traceless; however, the degrees of freedom are still
the same and the SVT decomposition is still valid. The only difference is that in the convention with
ﬁij one simply reabsorbs the trace part of ]jijxl(lr) into (),

This way we obtain:

(7) )
+oo YL +dfw\|

(1 +23 1% <1><'r>> r=1 il

W™ (r) L(r) L(r) ()

+0w Dijx! +87,X +0jx;  +x
+CO il I § :+00 gl -‘ro() J || iiT
r=1 rl ( -2 ) 513 z rl

Guv = a2(7-)

(2.7)
From now on, since we will deal with first-order perturbations only, the first-order perturbations will
be indicated without the index (1) for shortness.

3We remind that the scalar-vector-tensor decomposition is valid because of Helmholtz’s theorem, which states that
under the differentiability condition a general vector field F:R®> — R® and vanishing at infinity can be split into a
conservative part and a solenoidal part, as

F = ﬁq& +VxA,

where ¢ : R® — R and A : R® — R®, which are unique (modulo an integration constant). This can be also generalised
to a rank 2 tensor as shown in the main text. It is worth to underline that such a decomposition has sense in R® only if
the field F vanishes at infinity: indeed, if this is not the case, the theorem does not strictly hold, since the decomposition
could be not unique.
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We will also need to perturb the RHS of the Einstein equations, i. e. the stress-energy tensor, which
is In the perturbed case we can consider a more general case, adding an anisotropic stress

T = upuy(p+ P) + Pguy + T (2.8)

where in general 7, can be decomposed in scalar, vector and tensor modes as

0 0
e = (0 Dyjmll + (9¢7T]J~‘ + Oyt + 7riTj > ’

The perturbed energy density and pressure are

+oo
8p\) (1,
P:po(T)Jerr(,),
T’)
P=Pyr ZéP T, T)

while the perturbed pressure can be split into adiabatic and non-adiabatic:

oP oP
5P = &p 6P = c2ép+ 6P, 2.9
ap 85 Cs0p+0LNA , ( )
where ¢2 := %];‘ is the speed of sound in the fluid and d Py 4 is the non-adiabatic component of the

S
pressure. Finally the perturbed 4-velocity is
1 = vE (7, 1)

b= —— | 6F _ 2.10
v a(T) ( o Tz:l r! ’ (2.10)

- Iz
since the unperturbed 4-velocity for a fixed observer is u# = %(1, 0) = % (normalized so that in
FLRW in conformal time u*u,, = —1). Also in this case the first-order perturbation can be decomposed

in scalar and vector parts as
0
v
B . . 2.11
v (Ui + aZ’U> 9 ( )

with vl the scalar potential of the velocity.
The above definitions imply that the first-order stress-energy tensor reads

T — —po—0p (PO+P0)(UJ+WJ)
—(pg + f)o)’t)Z (V (P[) + 5P) —+ 7T

We have obviously to SVT decompose v;, w; and 7, the way we have seen, obtaining finally

T“—( ( —po — 6p (po + Po) (90l + 9wl + v + wif) ) _ (2.12)

v\ = (po + Po) (9™l 4+ 1) (5’(P0 +0P) + Dl7r” + 8Z7TJ‘ + 0 7TJ‘Z + 7rTZ
2.3 Gauge transformations

As we have seen in section a generic first-order perturbation of a tensor field 1" transforms under
an infinitesimal diffeomorphism &£, i. e. under a gauge transformation, the following Wayﬁ

0T (x) = 0T (x) + LeTo(x) -

We denote the gauge transformed quantity with a tilde and not with a prime to avoid confunsion with the derivative
with respect to the conformal time.

11



Firstly, notice that since £ is totally arbitrary, the transformation is defined with the minus sign
6T (x) = 6T () — LeTo(z) |

being sufficient to send & — —&. For future convenience we will choose this convention. T is a generic
tensor field which can carry an arbitrary number of upper and lower indices. The explicit expressions
of LT we are going to use are derived in the appendix @ Since we want to have all the scalar, vector
and tensor modes separated, we SVT decompose £ as

(07
&= (di - 8%) ’

which are two scalars (c, 3) and a vector (d°).

Let us start with the metric perturbations. The explicit expression of the Lie derivative gives
09, = G — Leghy, = g — Ongo & — 0498, — 0uE g0 -

We have to consider independently the 00, 07 and ij components, remembering that g80 = —a?(1),
982- =0 and g?j = a? (7)d;; and the expressions of the perturbations at first-order seen at the previous
section.

The 00 component gives (using the fact that the 0i components of the unperturbed metric tensor are
null, as well as its derivatives with respect to space components):

5~900 = 0goo — 8798050 - 28750980 .
Using the explicit expressions, one finds
—2a2® = —2a%® + 9, (a*)a + 2(d-a)a® = —2a°® + 2ad'a + 2a/d?

giving finally

/

@z@—%a—a’z@—%a—a’.
The 0i components give, using a similar procedure
890; = 6900 — 9;€°g0 — 0-&7 g% .
Using the explicit expressions, one finds

(Z)Z‘sz‘—i-aia—aiﬁ/—d;- .

Decomposing wj; in its scalar and vector components as w; = Zw” + wl-l, one gets the transformation
rules
(:}z‘J_ — wij_ _ (dz’)/

The ij components give, in the same way
0gi; = 0gij — g™ — 06 gy — ;€0 gt = 0gij — Orgi€® — 0:EF g — 965 g,

which opening the components reads

/

= - a 2 .
—2\11(52'3' + Xij = —2\1151'3' + Xij — 2g5ija — g(sz]VQﬁ — 2Dijﬁ — ((%dz + 8jd2) .
From the terms proportional to d;; we get

/
—2x1/:—2\1/—25a—§v25—>\1/:\1/+9{a+%v25,
a
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while the other terms give
Xij = Xij — 2Di;8 — 0;d; — 0;d; ,

which we want to decompose in its SVT components as x;; = f)ijxu + @-X]* + ijil + X;fga with the
results

=Xl -28
il =il — g
X4 = Xij

Notice that since £* does not contain any tensor perturbation the tensor part of the metric is gauge
invariant. However, this fact remains true only at first-order.

Now we can switch to the stress-energy tensor perturbations. Since dp is a scalar, its transformation
is trivial:

0p=0p—Lepo = 0p — E0rpo = p — adrpy — £'Gipo = p — apfy . (2.13)
Analogously, since P is a scalar, one has 6P = 6P — aP).

The 4-velocity u* is a 4-vector, so it is less trivial. The transformation rule gives Suk = Sut — Leuly,
which using the definition of the perturbations of u* becomes

1., 1 o w1, d 1
a a a a a

and finally o* = v* + Hadly + 9-£". The u = 0 component gives

=00+ Ha—-d,
while choosing u =1

7=l -9 + (&) .
We can now decompose v’ in scalar and vector components obtaining
7t = ot 4 0ol = o't 4 ol — 878+ (4

from which we get the following transormation rules

ol = ol 4 8

,DiJ_ — ,UiJ_ + (d’L)/

Finally, one can find also how the 7" components transform, but since we will not use this we skip.

2.4 Gauge invariant vs. scalar quantities

It is fundamental to make clear the distinction between gauge invariant and scalar quantities. From
a formal point of view, given an infinitesimal coordinate transformation a’* = x# 4 €*(z), a quantity
f is scalar if

fl@) = f(=) .

Let us see some implications of these definition. In particular we would like to see how a general
quantity transforms under the diffeomorphism z'# = z# + e#(x). Taylor expanding one has

fl@) = f(z) = f'(a" =€) = f(z) = f'(a') = ' Ouf' (") + ... — f(2) =

=flz)—eOuf(x)+...— f(x) = =Lef(z)+... . (2.14)

This procedure can be repeated for every quantity changing non-trivially under a diffeomorphism. For
example, in the case of a 2-covariant tensor one finds in the same way, using the proper transformation

13



rule,

T (@) = T (2) = T, (2" = €) = Ty (2) = T, (2') — €*0aT}, (2') = T (2) =

%
oxP 0x° o oxP Ox°
~ oxe WTW@) —€"0a {W‘&E’VTW(CE)] — Ty (z) =

=T (x) — 0u€’ Ty (x) — 0’ Typ(x) — €20, T () + ... — Ty () =

=L T(z)+...,
having used gj’; = o — g;z, keeping only first-order terms in e. This is expected, since Lie

derivative measures how a quantity (scalar, vector or tensor) changes along the integral curves of
a diffeomorphism, which is exactly what we explain in appendix [A]
Notice that these results can be generalized to a generic tensor field T, which under a diffeomorphism
is mapped to

T (z) =T(z) — LT(z) . (2.15)

This equation reduces to if one expands perturbatively 7= T° + \0T + ... and € = —A{ + ...,
taking the first-order terms.

The idea of gauge invariance is different. In particular, a quantity is gauge invariant if

fix) = f(z) .

Differently to the previous case, a gauge invariant quantity is related to a splitting of a quantity in a
background and a perturbation, as we have seen. This way, suppose to split f into a background and
a first-order term

@)= o) + fO@) +... .

This implies that for a scalar
@) = fl@) — O + FOE) + = o) + D)+
Expanding in Taylor series the LHS around « one has

O+ + FDate)+...= 1)+ fH@) +...
o) + o) + D)+ ... =20 + fD@) + ... .

This implies that to have a scalar quantity featured by first-order gauge invariance we need
f'=o0.

This explains, for example, why perturbations of scalar quantities are usually affected by gauge
transformations: for example, the energy density perturbation dp transforms as [2.13] since the
background pg # 0.

2.5 Gauge fixing and remarkable gauges

In this section we discuss the gauge fixing for the perturbations at first-order. In the previous section
we have seen that the £* 4-vector of the infinitesimal diffeomorphism can be split in 2 scalar and 1
vector: this means that to completely fix a gauge we have to fix fix two scalars and a 3-vector. The
result is a system of three equations having «, 8 and d; as unknown.

However, this is true in case we assume the perturbations and £ vanishing at infinity. If they do not,
we have seen that the Helmholtz theorem is not valid, so it is possible that the SVT decomposition is
not unique, or that the gauge is not totally fixed, that is to have a residual gauge freedom.

In literature, many gauges have been used but here we focus on particular cases which are relevant
for future developments.

14



Poisson and Newtonian gauge
In Poisson gauge one sets to zero the following perturbations.
wy=0, x=0, XizO.

In the case in which one is interested only in scalar perturbations, this gauge is called Newtonian
gauge. This means that tensor and vector perturbations are completely neglected, so to gauge-fix the
perturbations one simply has to choose 2 scalars, which are

wi=0, x=0.

FLRW metric in conformal time reads

—(1+29) 0 ) (2.16)

guv = @*(7) ( 0 (1—2W)6;

and the gauge is generally called conformal Newtonian ([12]). As underlined in 13|, the conformal
Newtonian gauge is a restricted gauge since the metric is applicable only for the scalar mode of the
metric perturbations; the vector and the tensor degrees of freedom are eliminated from the beginning.

Synchronous gauge

Synchronous gauge is a class of gauges which put the 00 perturbation equal to zero, i. e. & = 0. This
implies directly its name, since the line element for a static observer (dz’ = 0) reads

ds? = a*(7)dr? |

which is independent of the perturbation. This means also that in this gauge the proper time of the
observer coincides with unperturbed one. At this point one has to choose another scalar and a vector.
The most useful choice is to kill the 0i elements of the metric, by choosing w!l = 0 and wi' = 0. This
way, the line element reads

ds? = a®(7)(dr* + (8 + hij)da'da?) .
where h;; is the first-order perturbation of the ij elements and it contains both scalars, vectors and
tensors. It can be decomposed in the usual way as

hij = —2Wé;; + DinH +0ixj + 9ixi + Xg; .

Comoving gauge
Comoving gauge is a class of gauges in which the peculiar velocities are set to 0. This implies that
’U” =0 5 ’Ui =0.

There is still a scalar degree of freedom to be fixed: one usually chooses w; =0 or x| = 0.

Uniform density gauge

Uniform density gauge is a class of gauges in which the perturbation of the scalar energy density is
null:
op=0.

One is still free to set another scalar and a vector to 0.

Spatially flat gauge

In appendixwe define the spatial curvature R finding that R = ;—QVQ (\If + %VQXH) (for k = 0).
This implies that choosing
v=0, x'=o0,

one gets a spatially flat spacetime R®) = 0. The remaining degree of freedom to fix is a 3-vector and
one usually chooses X% = 0.
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2.6 Perturbed Einstein equations around FLRW at first-order

In this section we want to give the evolution equations for first-order perturbations of FLRW metric,
arising from the perturbed Einstein equations. As it is clear from the GR formulas, explicit calculations
are very cumbersome and full of indices contractions so we limit ourselves to outline the procedure
and give the references for the full detailed calculations.

To perturb the Einstein equations one has to follow the procedure presented in the first section of
the chapter, in particular one has to perturb the Einstein tensor G,,,. The passages are the following.

1. Consider FLRW perturbed metric which in the case of only scalar perturbation (for simplicity)

reads
—1-2% 8jw|| >

p— 2 b
gw—*1”)< Oy (1=29)0y + Dijx

and invert it at first-order by imposing ¢**ga, = d5/. The result is

—1 + 20 83'(«}” > (2‘17)

_ 2 )
guw = @(7) ( diw  (1—=20)8;; — Dyjx!

From this one reads the background and the perturbation of the metric and of the inverse metric
(at first-order, only for scalars)

0 _ 2 -1 0 _ Y é%wHA
1 -1 0 1 2P o;w
w 77 J HA
90 a?() ( 0 5@) % a?(7) (aﬂd 2@6M'—1%jX”> ' (2.19)

2. Perturb the Christoffel’s symbols at first-order, as

1 1
5F!1/Lp = iégua(avgpa + 8pgau - aogup) + iglm (81/59;)0 + apégau - 8059up)
and using the previous equations compute all the perturbed Christoffel’s symbols.

3. Perturb the Ricci curvature, obtaining

ORy =0,0T%, — 0,6T%, + 0TS, I, + 412,017, — 0TS, 7, —T2,0T%,

oot p ovt po
and compute Rgg, [Ro; and R;; at first-order using the perturbed Christoffel’s symbols.
4. Perturb the Ricci scalar, obtaining
OR = 0g""Ray + g"*6Ray
and compute it at first-order using the perturbed using the perturbed inverse metric and the
Ricci curvature perturbed components.

5. Perturb Einstein tensor as

1 1
5Guy = 6RIU/ — iég“l’R — igMV(SR

and calculate its elements.

To do all these calculations it is useful to remind that for FLRW (unperturbed) metric in conformal
time the Ricci tensor and scalar are given by

1" ! 2
*3% +3 (%) 0 a
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so the Einstein tensor is )
3() 0
" A 2

0 (—26; + (%) > 0ij
For a full detailed list of all the expressionsﬂ of the various I'’s, the R, R and G, to second-order
see [14].
Once the G, elements have been obtained, one uses the perturbed Einstein equations @ to relate it
with the stress-energy tensor Since we are interested in the evolution equations at linear order,
it is not possible to have terms mixing the type of perturbation (scalar, vector or tensor): this means
that the resulting equations can be split into a scalar, a vector and a tensor part and there is no
interference between these sectors.
Another important remark deals with the true evolution equations contained in the Einstein equations.
As we will see discussing ADM formalism in appendix not all the 10 Einstein equations are true
dynamical equations (that is equations containing derivative with respect to time of the perturbations
of the metric): some of them are constraints. This is expected, since it is a well-known fact that
the metric tensor has only 2 physical degrees of freedom, despite having in principle 10 independent

entries in 4 dimensions.
In the same way, one can perturb the stress-energy tensor conservation equation [1.6]

2.6.1 Equations for scalars
The dynamical equation for scalars comes from the 75 components of the Einstein equations and it
reads
1
[0 4 2H W' + H' + (2K + H?) D] 6% + 390 [(Xﬂ —w)) 2K (x| —wy) + P - @} =
1
- 2M32

9 4 .
a? <5P5;- + §V27r”5;~ + 818]-71") .

The Laplacian is V2 = §% 0;0;. This way, one can split this equation into the part proportional to 5;
and the argument of 9%9;:

1
U 4 2HY + HD' + (2H + H?) & =
+ + HP' + (2H' + H?) o

a? <5P + gv%) ,

1
(XTI —wy) + 2%()(“ —w) ¥ -0 = Wa%r” .
P

(2.20)

We underline that the second equation comes from the argument of 8iﬁj, which in Fourier space is a
multiplication by kik:j. This will be useful when we will analyze the limit k& — 0.

On the contrary, from the 00 and the ij components one gets two constraints (called energy and
momentum constraints):

1
2 2
3H (\I// + j‘C(I)) — V[V + }C(Xﬁ — w”)] = BEIVE a“dp ,
L (2.21)
2
Finally, there are two equations coming from the perturbations of the stress-energy tensor:
60/ + 33C(9p + OP) — 3(po + Po)¥' + (po + Po) V2 (v + X)) =0,
(w+wp) + (1-3¢2) H(v+w)) + P+ ! (6P+2V2 ) 0 (222)
_ vl = o,
[ s H 0o + By 3

5These computations can be more easily performed by using Mathematica.
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where ¢, is the adiabatic speed of sound, defined in

In these equations we have not fixed any gauge. It is interesting to understand what happens in
Poisson/Newtonian gauge (where x| = w = 0), where the four equations above are:

1 2_,
572" <5P+3V Trll)

1
U—®=—a’7

U 4+ 2HV + HY' + (2 + H?) @

M2
P (2.23)
3H (V' + H) — VAU = ———a®5p
( 2M%
1
U+ HE = ———a?(po+ Po)vy -
2M2 I

If there is not anisotropic stress 7l = 0, the second equation gives simply ® = 0.

2.6.2 Equations for vectors

Vector perturbations undergo simply a momentum constraint

2 2
VA(xi —wit -

L
i) = —@(P0+PO)(Ui +w;i) -

From the conservation of the stress-energy tensor one gets the following equation
LY 1 L 1
(po + Po)(vi + wj )] + 4H(po + Po)(vi + wi) = =Pk (Oimy + Oy) -

Vector perturbations are often not discussed in many cases, such as many inflationary models. The
reason is that for a wide class of models vector perturbations do not produce sizeable effects since
they have an amplitude decaying very fastly in time. For example, for models where 7} = 0, the
second equation becomes

/
(o0 + Po) (vi + )|+ 43(po + Po) (v + i) = 0

and substituting the momentum constraint (py + Pp)(v; + wit) = 2a2 V2( —wih)

; one gets

VAxi —wi) +3HVA (i —wit) =0,

’L

which implies (the Laplacian is an invertible operator)

(i —wi) +3H(x; —w;i) =0.

This way one has
1 -3

Xf_ —Ww; Xa )
so tensor modes decay as the Universe expands. We will see that in an inflationary model generally
a grows extremely fast so vector perturbations are diluted very quickly, meaning that they can be
safely neglected. Moreover, in this project we are interested in single-field inflation for which vector
perturbations are null, so they are not considered here.

2.6.3 Equation for tensors

The tensor sector undergoes the following evolution equation
2

T T/ 2. T P
Xij +2Hxi; —Voxi; = A2 i (2.24)
P
In this case there are not constraint equations. In cosmic time the previous equation reads
1
T .T 2. T
Xij +3Hxi; — Voxg; = 272 s (2.25)
P
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2.7 Gauge invariant quantities

In this section we want to introduce some particular gauge invariant quantities, which are useful when
dealing with perturbations ([8]). We consider only first-order quantities. At this level they appear to
be a mere linear combination of first-order perturbations, but in section |4.6.2| we will see that they
turn out to be related to the spatial curvatire curvature of a hypersurface, justifying their names.

2.7.1 Curvature perturbation on uniform density hypersurfaces

The curvature perturbation on uniform density hypersurfaces is defined aﬂ

op
7,.

1
R=-0—- Vil _x
6 20

(2.26)

It is very easy to show the gauge invariance, since from the relation we derived in section we get:

/ /

) 1 1 — apl 1
R=- <\1f+ V25+}Ca> SR TV T ol SRS L VLV
3 6 o 6 o

In Newtonian gauge this quantity reads (in cosmic timeﬂ)

fR:—\I’—H(S.—p.

Po

The importance of this quantity resides in the fact that it is constant in the so-called superhorizon
scales limitﬂ k — 0 for single-field inflationary models, as one can show using the perturbed stress-
energy tensor conservation equation (116]). Indeed, working in the uniform density gauge where
6p = 0 and x! = 0, this equation reads (the terms inside the Laplacian disappear in the limit & — 0):

9‘(5P—(p0—|—P0)\If:0

Since in this gauge R = —W¥ and §P = 6 Py 4, we have

H
R =" §Py,.
po+ Py VA

This implies that R is conserved in case of only adiabatic perturbations (0Py4 = 0), which we will
see to be the case for single-field inflationary models (in section [4.6.1).

The fact that R is constant is very important, since it can be used to connect the properties of
the cosmological fluctuations produced during inflation to the properties of fluctuations closer to the
present. In inflationary cosmologies the era of inflation is followed by a period when the energy in
scalar fields was converted into matter and radiation, but the physical process leading to this is still
unknown. Therefore, in relating the cosmological fluctuations produced during inflation with those
observed in the cosmic microwave background or in large-scale cosmic structures, it is essential to
employ this conservation law that is valid at large wavelengths independently of the details of cosmic
evolution. We will introduce in the next chapter a theorem ensuring the existence of such conserved
quantities, avoiding explicitly our ignorance about reheating.

SUsually one defines

"Using and

0 ) )

HP = qm L = goP
o apo £o
1

_ a(t)’
S that is independent of the units chosen for the comoving spatial coordinates ‘. In this sense, the real superhorizon
limit is f — 0. During inflation, we will see that a grows extremely fast, so this limit is obtained by taking a — oo or
k—0.

8 As explained in [15], this limit is due to the fact that k is always accompanied by a factor of because it is only
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2.7.2 Comoving curvature perturbation

We define the comoving curvature as
1
(=-0— EVQX” + Hwll + ol . (2.27)

Also in this case it is very easy to show the gauge invariance from the relation we derived in section

¥

- 1 1 1
(=— (\If + §V25 + fHa) _Evz(XH —28)+H@l +p' 4wl fa—p) = -0 - 6v2X” +HEI o)y =¢.
In cosmic time one had’]
1 1
(=-V-— 6V2XH +Hl +ully=-w - gvzx” + Héu ,
having introduced the quantity éu = v/l + wll. In Newtonian gauge one has du = v) and

(=-U+ Hol =—0U+ Héu .

A final remark is necessary: the definition [2.27] is not the one we are going to use in this project.
Indeed, in section [4.6.2] we will see that recently physicists prefer to define ¢ in a geometrical way,
leading to a slightly different definition from the one given in this section.

2.7.3 Their relation in the limit £ — 0

In the limit £ — 0, the two quantities we have defined before coincide (|15]) in Newtonian gauge. To
see this, consider the first two Einstein equations in Newtonian gauge, when x| = wj = 0:

3H (U 4+ HP) — V2 = ———a®bp ,
20M2
1
v’ + HP = —2M12Da2(/)0 + P(])U” .

Combining the first with the second one gets (since in Newtonian gauge ® = ¥)

CL2

2M3
which using the unperturbed Friedmann equation in conformal time, pf, = —3H(po+ Fo), becomes

V2o =

(60 = 33¢(p0 + RoYol] (2.28)

V2® = 4nGa?(8p + pholl)

This equation in Fourier space reads

— k?® = 4nGa®(6p + pioll) . (2.29)
But now, using the expressions of ( and R in Newtonian gauge (where xIh=wl = 0),
op k> ®
—R=K ()=
‘ (U i pé) AnGpha®

which in the limit £ — 0 vanishes, so R = (.

The outcome of this argument is that since in the limit ¥ — 0 ¢ coincides with R, which we have
shown to be constant in the case of an inflationary model, we expect ¢ to be consant if & — 0, so
to have a crucial role to relate quantities at the beginning of inflation with the ones observed today.
This is an important point we are going to discuss in the next chapter, introducing Weinberg theorem,
which ensures the existence and the constancy of ¢ for k — 0.

I

cosmic

conformal*

Moreover, conventionally vg. . ;. =

9Passing from conformal to cosmic time in one has w = aw

Il
a’vconformal .
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Chapter 3

Construction of adiabatic modes: the
Weinberg theorem

In this section we introduce a very important result by Weinberg, which allows to construct adiabatic
modes in the superhorizon limit ¥ — 0. Firstly, we will show the original argument by Weinberg,
explicitly demonstrating the existence of conserved curvature perturbations in Newtonian gauge in
[15]. After that, we will present and prove the so-called Weinberg theorem in its final version including
tensor modes, as it is shown in [10]. One of the main important points is that these results are
independent of the composition of the Universe.

The construction of adiabatic modes is crucial for the derivation of the consistency relations we are
going to introduce in 5 because it allows us to trade modes with small wavenumbers k& — 0 as a
change of coordinates and in this way to relate the squeezed limit of an (N + 1)-point function to
some variation of the corresponding N-point function, which is a “modern” version of the consistency
relation.

3.1 Adiabatic and isocurvature perturbations

As we have seen in equation a perturbation A of the matter content of the Universe is usually
split into an adiabatic part and a non-adiabatic part, in a “thermodynamical” vision:

0A

04 op +
_= p —_—
S 95|,

0A = —

0A = cgép—k 0ANA .
dp

Let us explain better this idea ([17,|18]). Consider a Universe composed by more than 1 fluid. The
total stress-energy tensor will be T, = > 7 Tl{y, where f is the index for the various fluids. Each
perturbation is adiabatic if each individual energy density is a unique function of p, which is the total
energy density of the Universe:

pr = ps(p) -
This implies that §Ay4 = 0 in the previous equation. This means that adiabatic perturbations are
perturbations in the total energy density of the system and using Finstein equations this implies that
there is a perturbation in the curvature (so they are also called curvature perturbations).
Alternatively, since dp, = po.0t and 0t is the same for all the fluids, one gets the condition

Pa _ 0P
Poa  Pob

Using the Friedmann equation and the equation of state one has po, = —3H (1 4+ wg)poq, giving

the adiabaticity condition
1 5& . 1 (5pb

3(1+wa) poa  3(1+ws) pop
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On the contrary, isocurvature (or entropic) perturbations leave the total energy density unperturbed
by a relative fluctuation between the different components of the system, that is to perturb the matter
components without perturbing the geometry. In this case the variation in the relative particle number
densities between two species can be quantified by the so-called entropy perturbation

1 6pa 1 5pb

Sup = 2 _ o
¢ 14+ wq poa 1+ wp pop

)

Notice that when the Universe is dominated by a single type of fluid the adiabaticity condition is
satisfied only when the pressure P is function only of p. This means that

b op_

Py o

As underlined in [15], one can show that in the limit £ — 0, the quantity ( = —¥+ Hdéu (in Newtonian
gauge) evolves according to the equation

C‘ _ podP — P05P
3(po + Po)?

This means that ( is constant in case of adiabatic modes only, since

) : .o [(OP 6
500 P — Podp = poP < - p) =0.
Py £0
This is the reason why usually perturbations which are solutions to the evolution equation having
constant comoving curvature ¢ are called adiabatic (in the limit £ — 0).

3.2 A first result

Before presenting the Weinberg theorem in a detailed way, in this section we show the first argument
([15]) about the existence in Newtonian gauge of at least two independent solutions, called modes,
such that in the limit £k — O there are:

e one solution with ¢ # 0 but constant (this is the most relevant one; indeed it can be used to
connect observed cosmological fluctuations in this mode with those at very early times);

e one solution with ¢ = 0, also if % = ¢ for any scalar quantity s.

For what we have seen in the previous section these solutions are adiabatic. Moreover, there can be
other non-adiabatic modes.

The Weinberg argument is based on the fact that in the limit £ — 0 in Newtonian gauge there are still
residual gauge modes. To see this, we have to find a general spacetime transformation of purely scalar
perturbations that preserves the condition k = 0, in Newtonian gauge. Consider the diffeomorphism
induced by an infinitesimal translation of the time coordinate and a rescaling of the space coordinate,

(9;) 7 <:ct(J;€—(t;)> : (3.1)

with €(t) an arbitrary function of cosmic time and A an arbitrary infinitesimal constantﬂ Notice that
this diffeomorphism does not vanish at infinity, since it is a residual gauge degree of freedom. The
origin of this functional form will be clear in a while; however, notice that it contains only scalars,
since —A\x! = —%@(xj xj). We know that under the gauge transformation above, the perturbation of
the metric changes as

explicitly

5~g;u/ = 6g,ul/ - Lﬁggu :

n the previous section notation &* = (e(t), —Az?).
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In Newtonian gauge the perturbed metric is but in cosmic time:

_(—(1+20) 0
g“”‘( 0 a? (1—2\11)51-]-) '

The time-time component gives

8900 = 6900 — Ohg D e® — 9,090 — 5,090

which explicitly gives
d=0—¢.

The space-space components give
3 0 0 0
8955 = 0gi; — 0ugy €0 — BiEF gl — 0659

which explicitly gives .
UV=U+He—\. (3.2)

Choosing a rescaling of the spatial components allows us to remain in Newtonian gauge: choosing other
forms for the diffeomorphism would introduce unavoidably terms not proportional to ¢;;, generating
perturbations out of Newtonian gauge. Moreover in Newtonian gauge we have to put w) and x| equal
to 0. But in the limit £ — 0 this is not necessary, since these two perturbations appear in the metric
with a derivative: d;w and lA)Z-jX” in Fourier space are proportional to k, which in the limit & — 0
authomatically vanishes. So there are no other conditions to impose to € and A to preserve Newtonian
gauge. This implies that is a residual gauge freedom in the limit £ — 0.

Under this gauge transformation the stress-energy tensor components transform as we have seen in
section 2.3 3
5p=0p— Lepo=dp—E0npo = dp — epo

and similarly the pressure, since it is a scalar, 6P = P — €.

The previous results imply that there is always a solution in Newtonian gauge to the field equation
for k — 0 such that

d=—¢, W=He—\, 0p=—epy, OP=—ePy, (3.3)

with €(t) arbitrary function of the cosmic time and A arbitrary constantﬂ At this point one would be
tempted to say that this construction allowed us to find a way to set the perturbations ® and ¥ to
zero, so they are purely a gauge mode in £ — 0 limit. However, this is not totally true, since in taking
the limit & — 0 one is reducing two of the Einstein equations for scalars to be trivial. In section [2.23
we have derived the equations : two of them in cosmic time are

\I/+Hq):_ (p0+P())?)||

1
2M?3
) P (3.4)

U—0=—nrl.

2

Mp
These equations arises as arguments of spatial derivatives: this implies that in Fourier space in the
limit k& — 0 they disappear. This means that these equations must be imposed by hand in the limit
k — 0. Imposing these conditions, one obtains solutions having physical relevance, extendable to
the case of non-zero wave number. In other words, this subset of transformations can be thought as
the £ — 0 limit of transformations valid in the case k # 0 and therefore they generate new physical

2The apparent discrepancy in the sign between and the previous transformations is solved thinking that ¢ and A
are arbitrary, so the sign can be reabsorbed by a simple redefinition. This is done to conform with the convention used
in |15].
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solutions; on the contrary, all the other transformations are purely residual gauge transformations
which appear only in the exact £ — 0 limit and they can be safely gauged away, by reabsorbing them
into the background. Imposing the choice 3.3 from the second of 3.4 we get the ODE in e,

1
éo+He= X+ M—I%n” : (3.5)

For what concerns the first equation of we can combine two unperturbed Friedmann equations
12 and [LT3I
2 _ _po
{H = 502
p=—3H(po+ P)

to get a simpler expression for the right hand side. Deriving the first with respect to the cosmic time
and using the second one gets

. 1 1 1
HH = o = —-3H Py)=——HH P
6M12;.p0 6M12:»( )(Po-l— 0) 2M12;. (P0+ 0) R
which implies
H=_—_—_ Fy) . 3.6
oM (po + Fo) (3.6)
Using this in the first of we get ' .
Imposing the choice one finds (since A is a constant)
Huj = i(He—)\)—Hé—He
= dt - )
which imposes
€ = ’U” . (37)

Moreover, in the limit £k — 0, in section we have seen that R = (. But in Newtonian gauge
¢ =—V+ Hy| and we want to impose Using the previous equation one gets ( = —V¥ + He and

using [3.3] finally
(=R=-U+He=—(He—\)+He=\.

This implies that in the limit £ — 0 { and R are equal, constant and different from 0 as long as A # 0.

As pointed out by Weinberg, to ensure that this solution is the limit as £ — 0 of a solution with k # 0
we have to impose a technical but simple condition. In general, any set of linear ODEs can be written
in the form

J=AM)7,

where 77 : R — R™ and A(t) : R — My« (R): this is always possible since it is a well known fact that a
system of ODEs of order higher than one can be always put in a form with all the ODEs of first-order,
introducing some auxiliary variables. The initial condition can be constrained as

chyn(to) =0.

n

If now A and ¢, depends continuosly on an external parameter k in a neighborhood of k£ = 0, any
solution ¢ of the system above will be continuous in this neighborhood, so that it can be extended to
a solution for k # 0 in this neighborhood, simply choosing the solution with k£ # 0.

This is exactly what happens with the couple of equations asking that the coeflicients are
continuous in the neighborhood of k£ = 0, we can extend the solution also for k& # 0. In inflationary
models in general this condition is easily expected to hold.
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In many theories the anisotropic stress coefficient 7/l is expected to be a linear combination of du, dp,
and 6P. But in [3.3] and [3.7] we have seen that these three quantities are proportional to €, so that we
can write 7l = S, with ¥ the proportionality constant. This implies that reads

) 1
6+H6:A+M7}2)26,

which has SolutionE|

1t Ndt!
A ~ g B

)/ a(t)dt' with «a(t) =a(t)e ;

at

e(t) =

where the lower extremum on the integrals is arbitrary. In the special case of vanishing anisotropic
stress we have seen that ® = ¥ and since ¥ = 0 we have «a(t) = a(t), i. e. « is the Robertson-Walker
scale factor; the general solution becomes

A

e(t) = a(t)/ a(t)dt'.

However, in general, there is also a second mode, corresponding to the possibility of having ¢ = 0.
Indeed, in the case ( = A = 0, the equation has the solution

1 o [PE()a

e(t) = ——=epP ,

which is independent of A (and it does not correspond to the previous mode, since it would be trivially
null for A = 0).

This concludes our proof, since we have shown the general existence of a pair of adiabatic solutions
of these field equations in Newtonian gauge in the limit £k — 0: one with { # 0 and constant in the
limit, and the other with ( = 0. We have also seen that not all these solutions are physical, since
we need that they are the limit for £ — 0 of a solution of the field equations for k£ # 0 in at least a
neighborhood of k£ = 0.

The other important consequence of this result, as we have said, is that there are however modes
which are non-adiabatic, so they can be reabsorbed into the background. Equation allows to find
the values of € and A in which the perturbations are null: but, with the same procedure, one can
imagine to start from an unperturbed metric (¥ = ® = 0) and through the dilatation above generate
a perturbed one. This means that we can generate a long-wavelength adiabatic mode starting from an
unperturbed FLRW metric, just performing a gauge transformation. However, we remark that this is
possible only because k£ = 0; when k # 0 this is not true anymore.

In the following section we are going to present the Weinberg theorem in its final version, which is a
generalization of this result including also tensor modes.

3.3 Weinberg theorem: statement

In the superhorizon limit & — 0, whatever the constituents of the Universe, supposing that in this
limit the anisotropic stress vanishes, there are always two independent scalar solutions of the linearized
Einstein equations in the Newtonian gauge for which the quantity ¢(k,t) = —U(k,t) + Héu(k,t) is
time independent and there is one tensor mode for which its amplitude X;Z- is time independent in this
limit. In the case of the constant scalar mode ((k,t) = ((k), the perturbations ® in the Newtonian
gauge has the following functional form:

®(F,t) = ¢(F) [Ij(%) /Tta(t’) dt' — 1] ,

3 As one can prove by explicitly substituting in the equation, remembering that 0; ft FHdt = f(t).
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where 7 is an arbitrary initial time. Called generally s(xz) = so(t) + ds a 4-scalar, its perturbation
turns out to be:

-,

Ss(k,t) = —C(Z)(‘i‘;@)/ a(t)dt .

Instead the second solution for the scalar mode is ¢ (E) = 0, with the following solutions:

(1) = C(R) Zé?, 5s(i.t) = —C(R) Tét)) |

where C(k) is a time independent coefficient (this implies that as a grows ds is decaying).

3.4 Weinberg theorem: proof

In the limit £ — 0 the perturbations have long wavelength, so we expect to apply the cosmological
principle. This implies that we expect to have homogeneity at large scales. This way, we have to
consider a perturbed FLRW line element but still spatially homogeneous. In this case the line element
in Newtonian gauge including tensor modes (all the scalars inside gradients vanish in the limit & — 0
and vectors are neglected) is

ds? = —[1+ 20 (t)]dt* + a*(t)[(1 — 20(t))d;; + x5 (1)] (3.8)

with XZ-Tj traceless by construction: g% XZ'T]‘ = 0, implying at first-order in perturbations XZ = 0. All the
perturbations are spatially homogeneous, so we have ¢ and XZ'T]' depending only on time.
In the previous chapter we have seen that under a general gauge transformation the perturbations

changes as Adg,, = —Leg,(fy), where e = (€, ¢') (we are not decomposing ¢ into its scalar and vector
parts). This rule explicitly gives (paying attention to rising and lowering the indices contracting with
the metric tensor: € =

Adgoo = 2¢° = —2¢

—¢0, € = a"?¢;)

Abgoi = 0;€° — a*é" = —0ie0 — a*O(a”%e;) = —Diep + 2%@ — O€i
Abgi; = —2aae’s;; — a*0je' — a*0;! =
= 2adaegd;j — a2aj(a72ei) — a28i(a726j) = 2aa€pd;; — 0je; — Oiej .
Analogously to what we have seen in the previous chapter, we have also
Adp = —poe® = poeo ASP = —By® = Byeg Adu=€e"=—¢; .

The Einstein equations associated to the metric in [3.8] are necessarily invariant under transformations
preserving the condition of Newtonian gauge and spatial homogeneity. From the variation Adggg =
—2¢€g, in order to have spatial homogeneity for dggp one must have

colz, 1) = e(t) + x(2) , (3.10)

which gives also Adggy = —2¢ = —2AP, so AP = ¢ (and so ¢ depends always on t only). To preserve
the form of the metric in Newtonian gauge we must have that no 0i terms are generated, so we have to
impose that Adgo; = —0;e0 + 2%@ — Ore; = 0. Imposing it is easy to show by a direct substitution
that y

e = —a’ fi(x) — a23ix(9:)/ () (3.11)
is the right choice, where f; is a 3-vector of functions of the space coordinates. This way the remaining
variation we have found becomes

: 2 2 todt 2 2 todt
Adgi; = 2aa(e + x)di; —a“0jfi —a 8¢8jx/ () —a“0ifj —a 8j8ix/ a2(0) =
t dt/
= a0y + 031) + 2aile+ )8y — 20200 [ s
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Similarly to the previous case, we do not want any = dependence in dg;; for homogeneity and the only
possible solution is x constant, so the last term is 0. Moreover a constant x can be simply reabsorbed
in a redefinition of €, so also in the second summand y disappears. From [3.I1] the constancy of x
implies also that ¢; = —a?f;(z) and uppering the index one gets

e =—fi(z) . (3.12)

Flnally, since f depends on the space coordinates, to have dg;; independent of them it must be linear
in 2%, so generically f; = w;ja/ with w;; a constant 3 x 3 matrlxﬂ Finally, Adg;; is restricted to the
form

A(Sgij = —a2 (wij + wji) + 2@&6(5@' .

Since Adg;; = —2a26;; AV + QQAXz;, we can extract the trace and the traceless part of the previous
expression in order to match with the variations AU and Axg;. The result is

1
AV = —w;; — He | Axij} = —wj; —Wwj; +

2
3 *(5Z‘jwkk . (313)

3

Since both dg,,, and dg,,+Adg,, are solutions of the Einstein field equations, also the difference Adg,,,
is a solution of the equations. Using what we have found before, this implies that there is always a
spatially homogeneous solution in the Newtonian gauge with the following scalar perturbations:

U= He—%, O=—¢, Op=—poe, O0P=—Pype, ou=c. (3.14)
In general for a scalar s one has

0s = —5p€ .

There is also a spatially homogeneous solution with a tensor perturbation
2
Xij = wij + wji — g%wkk :

At this point we study the evolution of this perturbations using linearized Einstein equations in Fourier
space in the limit £ — 0. For tensor modes the equations are easier, since there is only the equation
which in Fourier space and in absence of anistropic stess reads

NG+ 3HXG + kX =0,

which is trivially satisfied by XZ;- = wij +wj; — %(ijkk, since it is constant in time and in the limit
k — 0 the last term drops out.
Regarding the scalars, the discussion is more complicated. As we have noticed, equations[3.4]disappears
in the limit k& — 0, but they must be imposed by hand. Without anisotropic stress, the second gives
® = ¥. Substituting gives: »

4

It is worth to underline that this equation has to be imposed only in the exact £ = 0 limit. This
means that there is a residual gauge freedom, which is not present if £ # 0. This does not happen for
the tensor mode Xg;‘ since there are no equations disappearing in the limit k& % 0. The solution to the
previous equation is

() = 32’2’2) / a(t)dt (3.15)

with 7 an arbitrary initial time. The value of { using becomes:

Wu

= -V + Hou
C=—¥+Hou=""

“Be careful that w;; is simply a matrix multiplying the coordinate vector x* and it is not contracted to it by means
of the metric tensor: so one can equally write w*z’ and wjz’.
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which is constant. Putting all together, one gets

V== He— % —H (3(:(15) /Tta(t’)dt’> - % =¢ <ZI(%) /Tta(t’)dt’ - 1) :

Moreover from equation we have

P t
00 PO S0 3a(t) T

On the contrary, in the case w;; = 0, which implies ( = 0, it is easy to show that there is also the
following solution to [3.15] independent of {, with

C
€t) = ——,
(t) o0
where C' is constant. This way we obtain

V=¢o=C =——, Ou=

<
at) 7 po Py o a(t)’ a(t)

Hi) dp_dP_ds__C

Since usually a(t) increases with time, this is a decaying mode, so at late times it is negligible.

Notice that the result Z—g = ‘;—P coincides with the adiabaticity condition we have seen in section
0
so both the modes we have obtained are adiabatic.

This concludes the proof since all the three modes (2 scalars and 1 vector) in the statement have been
explicitly derived.

Let us conclude with a final comment useful for the future. From and the following arguments,
the transformation introduced is € = w27, with w;; a constant 3 x 3 matrix; however, one usually
splits the matrix into a trace and a traceless part as follows

€ =o' +wal | (3.16)
with 6“w;; = 0. Notice that using this convention “i = )\ and the transformation rules become

AV =)\ — He 5 sz; = —Wjj — Wj4 - (317)

Notice also that result of section is recovered (the opposite sign is due to the transformation
which is defined with an opposite sign).
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Chapter 4

Inflation

In this chapter we introduce the inflationary paradigm, which is a postulated period of accelerated
expansion of the Universe able both to explain the shortcomings of the standard ACDM model and to
provide a production mechanism for the cosmological perturbations. This idea was firstly proposed by
Starobinski ([19]) and Guth (]20]) in 1980. More in particular, we will focus on single-field inflation,
in which this expansion is driven only by one scalar field. Inflationary models driven by more than
one field are well known in literature (|21},22]), but in this project we want to discuss only single-
field inflation. We will argue that primordial deviations from homogeneity and isotropy during the
radiation phase can be traced back to the quantum fluctuations of a scalar field (the inflaton) around
its vacuum expectation value (VEV).

From a phenomenological point of view, a crucial role can be ascribed to the inflaton N-point
correlation functions, in particular for the N = 2, 3-point functions defining the famous power spectrum
and bispectrum respectively. Signatures of these objects are in principle detectable, so they are golden
channels in order to study the physics of the Early Universe. Indeed, it is well-known that deviations
from a Gaussian statistics are a direct sign of “phase-correlations”, thus a measurement of a non-trivial
bispectrum could unveil the type of interactions in the inflaton sector constituting a smoking gun to
discriminate different inflationary models. The last part of the chapter will be devoted to discuss the
bispectra of a single-field inflationary model. The main references to this chapter are [523-26].

4.1 Motivations

As anticipated, inflation gives a solution for the shortcomings of the standard Big bang model and at
the same time gives a mechanism to reproduce the observed cosmological perturbations. Let us start
from the shortcomings by defining the concept of the cosmological horizon: we define the comoving

Hubble radius
1 1
T = - = —
=4~ aH’
which represents physically the area around a point which is causally connected over one Hubble time
ty = H~!, in comoving distances (legth divided by a). Using the solutions it is easy to see that

(4.1)

143w
rH o £33+

which implies that for matter rgy o #5 and for radiation TH X #3. Tn both cases, the comoving Hubble
radius grows, which means that the causally connected region grows as time flows. But this also
means that in the past two distant points in the sky must be causally disconnected for sure and this
is in contrast with today observation of the Cosmic Microwave Background (CMB), which is almost
homogeneous and isotropic in temperature (the anisotropies are of order 67/T ~ 1075, but as we are
going to see they are crucial for fully studying inflation). This is called horizon problem, but actually
the standard cosmological model has the following shortcomings.
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e Horizon problem: as we said, we can observe regions that share the same statistical properties
in CMB, without having been in causal connection ever before, since they are separated by
distances that are much larger than the largest distance travelled by light in all the history of
the Universe; in particular, one can estimate the causal connected region for CMB to subtend
an angle of 2°, while all the sky appears isotropic.

e Flatness problem: the first Friedmann equation [1.12| can be rewritten as

K 2
1= 22 KTy
2
where ) := gj\éé’ is called density parameter. The today data impose the boun 0—1] <1073

([127]), but this leads to an unnatural assumption. Indeed we know that in standard cosmological
model ry grows, so to achieve the today value, one has to tremendously fine tune the initial
condition (one can show this fine tuning to be at Planck time | — 1];, < 107%).

e Monopole problem: this problem was the first origin to introduce inflation, but since to be
appreciated it requires a lot of technical details of non-perturbative quantum field theories in
the contest of Early Universe, its treatment is beyond the scope of this project; we limit ourselves
to describe it qualitatively, the interested readers can find details in [5] or [28]. Loosely speaking,
whenever a theory has a spontaneous symmetry breaking (SSB), one can show that there could
exist some solutions to the field equation which are present when the coset group has non-trivial
topologyﬂ7 corresponding to the production of new particles, which are in general very stable.
This is exactly the case of the hypothetical great unification theory (GUT), based for example
on the gauge group SU(5) ([29]), broken at the temperature T' ~ 101> GeV. Since one can show
these relics to have mass of the same order of the scale of energy at which they are produced, this
would determine a huge value for  associated to these particles (in other words, an overclosure
of the Universe), which is in contrast with the observational data (these unwanted relics have
observationally €2 ~ 0).

However, all these problems find a clever solution if one admits that before the standard radiation
dominated epoch the Universe undergoes a phase of accelerated expansion, which means that w < —%.
Focusing on a quasi de-Sitter phase (w ~ —1) and solving the Friedmann equations with this
equation of state one has a o ef!* (notice that this case is not contained in the general solutions m
since for w = —1 the solution is singular). Notice also that in this case H ~ constant. This way, all
the three problems above have a nice solution.

e Horizon problem: since in this case we have H almost constant and a o ef*, this means that
T = % = % x e Mt 5o it decreases with time; this way, the inconsistency is solved since two
points in the sky appearing to be causally disconnected according to standard cosmology at early

times were connected, but they exit the horizon because of inflation (see figure |4.1)).

e Flatness problem: in the same way, in this contest 2 —1 = m"%{ ox e 2Ht states that the deviation

from 1 of the density parameter is pushed towards 0 by inflation itself, so today one can expect
to still measure a negligible deviation.

e Monopole problem: in a simple way, since the density of these relics scales as p oc a2 (the density
is inversely proportional to the volume, proportional to the scale parameter to the cube), one
has p o< e 3H! which is in the same way pushed towards 0 by inflation.

There is another reason why we need physics beyond the standard cosmological model. As we said
previously, the CMB has observationally anisotropies in temperature: inflationary models provide a
way to predict this result, which in standard cosmology would be impossible to describe. In this sense,

"We will consider always k£ = 0 in FLRW metric as usual.
2More clearly, given the gauge group G broken to H, the presence of these relics is possible if

ra(G/H) # 1

where 7,4 is the d dimensional homotopy group, with d dimension of the boundary of the field space.
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inflation not only solves the problems present in standard ACDM, but it provides a mechanism to
predict perturbations generation related to the initial conditions of the Universe.

By now, we have described what an inflationary model must predict, but we have said nothing about
how this mechanism could work. In the following section we will give a simple example of inflationary
model, driven by a single scalar field in slow-roll regime. However, this is only one example over a
wide range of different models, which, for example, can be based over a different number of fields.
Nevertheless, the consistency relation we are going to introduce is valid in single-field inflation, so this
is interesting case to investigate now.

T

ti fang

[ 1 =

Figure 4.1: A schematic representation of the behavior comoving Hubble radius rg as function of time: inflation
starts at ¢, and ends at tepq. During inflation, the comoving Hubble radius decreases with time, so a given
scale of legth A rapidly exits the horizon; however, thanks to the expansion of the Universe during the standard
cosmological period it reenters the horizon and this solves the horizon problem.

4.2 Slow-roll inflation from a single scalar field

At this point the natural problem is to establish which is the mechanism providing such quasi-de
Sitter expansion. The purpose is to have a medium with equation of state P ~ —p, as the case of
cosmological constant: a general way to do this, is to enlarge the Lagrangian of the theory adding a
new sector contributing to the stress-energy tensor (which contains P and p). Since it is necessary to
respect the cosmological principle, the most natural choice one can do is to use a scalar field. Models
using fields transforming differently under Lorentz group are also possible, but they must obey very
stringent observational constraints. The Lagrangian for a scalar field (notice that we are obliged to
consider a non-trivial metric) is

Ly =~ 30" 0ub0,6 —~ V(9)

Notice the minus sign before the kinetic term, due to the mostly plus choice for the metric (which is
usually the opposite convention in the standard QFT books) and also the standard derivative instead
of the covariant derivative (since ¢ is scalar). The field ¢ is called traditionally inflaton. The simplest
form one can imagine for the potential is a mass term V(¢) = %qbQ, which means that the field is
free. However, in the modern perspective one adds also self-interactions. Understanding which is
the correct shape for V' (¢) is one of the most important observational problem of the contemporary
cosmology and, in some way, one of the motivations to produce this work.

In principle one can also add some interaction terms between the scalar field ¢ and the metric, obtaining

a scalar-to-tensor theoryﬂ but here we do not deal with this case. This way, the full action reads

Sror = Seu + S = [ d'ey=3 (*LR- Lo 0000 -V(0)) (42)

3See [30] for a full review of the subject.
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At this point one can compute the stress-energy tensor (from eq. [1.5)):

2 0Sn _ -2 [0/795) _, AgL)

V=gdg =g | g™ * 00ag"

Firstly, notice that there are not derivatives of the metric in the Lagrangian, so all the terms in the
sum in the square brakets are null with the exception of the first, which gives

T =

O(vV—ygL) _9v—yg — 0L /g
89“” - ag/u/ L+ _gagwj - 2 glﬂ/L + \/jga,ud)al/(b )
where we have used the formal identity %\g/‘? = —@guy, coming from the matricial identity

tr[log g,u] = log[det g,,]. Finally, substituting this result in the T}, expression one finds
Tuu = 8u¢au(ls + guuL > (4'3)

which is simply the generalisation for the expression one finds tensor for a scalar field in ﬂatﬁ space,
computing it as a Nother current for the Lorentz symmetry.

Now, to extract some information about the dynamics of the field one should solve the equation of
motion which can be obtained varying the Lagrangian of the inflaton with respect to ¢, but analytical
results are impossible to obtain even in the simplest models. However, because of the cosmological
principle, one easily realizes to expect that the inflaton dynamics will be driven almost totally by
background following FLRW, which will depend only on time due to the rototranslational symmetry
in space components. This way, one decomposes the scalar field as follows:

(b(l‘, t) = ¢0(t) + 5¢(ZL‘, t) )

with ¢g(t) depending only on time, while d¢(x, t) can depend both on time and space. This construction
is natural also because ¢ should be considered a quantum field so dynamics should take into account
quantum field theory effects, which behave effectively as fluctuations (this will be analyzed in the

section .

At this point, one can calculate the stress-energy tensor for the background, so to relate the results
with p, P and w. We now want to upper an index in to match it with getting

Y = 504000 + 8 = 30%00,0+ 0 (390,000 - V(0)) (14)

This way, considering only the background ¢( (dependent only on time), the components are (remembering
that the indices must be uppered and lowered using FLRW metric)

T8 = 3°pododo + (;gpaapéf)oaa% - V(¢o)> = —do¢00o o + <290030¢030¢0 - V(¢0)> =

. 1 . 1,
— &+ (~3(-0E - Vien) ) = —5d - Vi
(4.5)
Tj = 0'600;¢0 + 0 (—;gﬂ”é‘quoamo - V(¢o)> =0+ 4y (—;gooaoqboam - V(¢0)> =

= 25y (3 (08 - Vion) ) =8 (38 - Viow))

Comparing with we have

1. 1
p=-05+V(go), P=

=3 = 5@% - V(o) -

4To be correct, an almost flat space is needed, since in the always-flat case inflation will never end.
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Notice that the energy density is correctly always positive, while the pressure can be also negative.
This way, since we want w ~ —1, i. e. P~ —p, we see that if ¢Z < V(¢) the condition is fulfilled.

At this point one can also compute the equation of motion for the background ¢g. Varying the action
with respect to ¢ the result is the Klein-Gordon equation

ov
Op=—.
¢=73 "
The problem here is that the Laplacian is not trivial, since in curved space it is defined as [0 =
D, (¢"D,), being D,, the covariant derivative However we can use the following property, which

gives the covariant derivative of a 4-current avoiding to compute all the Christoffel symbols:
1
D, " = ——9,(¢""/—gjy) - 4.6
' = =0, ai) (4.6)
In case of FLRW /—g = a® and D, ¢ = 0,¢, since ¢ is scalar, so applying the formula one has

L 00"V 50,9) = =0 a%D0) (A7)

Uo = DM(QMVDVQS) = D“(g“'/&,gb) = \/jgau = p

and the result reads

1 1 174 14 174
06 = —30u(9"a°0y0) = —5(9ua°)g" 0, + (0ug")0u6 + 9" 040,
so opening the indiced’]
|
Op = —3-6 — $+ V2
a a
and the equation of motion simply reads

.. .1 oV
Hp— —Vip=—— . 4.
b 8HG — V=0 (48)
In the case of the background
ov

3¢
which must be coupled with the Friedmann equation (k = 0 as usual)

1 (¢}
H=_r_ = D4 vi(go) ).
3M2 ~ 3M3 (2 + Vi)

$o + 3Hdpy = —

Notice that in the equation of motion for ¢ the term 3H qb behaves like a friction term: since we want
the inflation to occur for a sufficient amount of time, we require to have ¢ < 3H¢. The two conditions

P < V(o)
do < 3H o

are called slow-roll conditions and they are fulfilled in case of a flat V. This way, the two equations of
motion read

o 1
{m ~ g (%) (110)

3H o ~ — 9%

Now we need a way to quantify the slow-roll regime dynamics in order to give predictions of specific
models, to compare to model with others and with observations. This can be done by means of the
two slow-roll parameters € and 7, defined as

e=—4
B (4.11)

=  Hgo

5As before, V2 = 5ij8¢8j,
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The physical meaning of these parameters is the following. Firstly, since

d [a (a)2 da — a? a? da — a?
€E=——| - - — T 5 o — T o5
dt \a ) a2 a2 az

d?
i=(1-o% (4.12)

a

we have

so if € is small, the acceleration of a is positive, so the Universe is inflating. On the contrary, when
€ ~ 1 the accelerated phase ends.

We want to rewrite € in such a way that it depends only on V, since this relation will be useful in
future. Deriving the first equation of motion [£.10] one gets

. 1 - , )
21111 = 3 (dodo + V' (0)dh)

However, we have that gﬂo + 3H <Z§0 = —V’, so this equation can be rewritten as
. 1 .
H=——_¢¢, 4.13
which is still an exact relation. Thus, using the definition of € one gets
. .9 2
H 1 1 ¢
e % _ 1 % (4.14)

H? ~ 2M2 H? ~ 2M2 32
Using the first equation of motion in slow-roll regime one gets

-2
3 ¢o
e~ —1— |
2V
which is only valid in slow-roll regime. Finally, exploiting Héo ~ —V’ and again the first equation of

motion in slow-roll regime [4.10] we can write

M2 \V 2
€~ 713 (V) : (4.15)

This relation allows to link the slow-roll parameter € to the shape of the potential. It also implies that
if e ~ 0 V' is small and the potential is flat: in this sense € quantifies the flatness of the potential.

Similarly to the previous case, when second slow-roll parameter 7 is small it follows by its definition
that QS ~ 0, so the gb ~ constant; but also, since we have seen that € ~ 1‘3—22, this implies that € remains

constant for long. If it is very small, it remains small for long and inflation can take place. This way,
the meaning of n is that it allows inflation to last for a sufficient amount of time.
Usually, instead of 7, one uses another slow-roll parameter called 7y, which is more useful since it
depends only on the shape of the potential V', as ¢, defined as follows:
V/l V//

= ~ Mp— | 4.16
3gz v (4.16)
where the second equality is valid in slow-roll regime. However, it is not a third slow-roll parameter,
since it is dependent on the other two, as we are going to prove. From the second equation of motion
in slow-roll regime one gets ¢g = —g/—H and deriving both members with respect to the time the
result is

nv

V'  HV' . v H V
— ¢0+ —>—¢—9: - . (4.17)
3H  3H2 Héy 3H?> H?3Hg,
But now one can use the definitions of ¢, n and 7y, while the last fraction is —1 because of the second
equation of motion in slow-roll regime, so one has finally

o =

N~y —e
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This implies that the three slow-roll parameters are dependent, so one can freely choose 1 or 7y .

From a phenomenological point of view, inflation is a very robust model since it survived through years
a series of observational tests. However, the mechanism we have described in this section has never
been proved, since actual experiments does not have the sufficient sensibility to disentangle different
inflationary models. In general we will see that different observables are functions of the slow-roll
parameters, but different inflationary models predict a different functional form. These observables
are related to the N-point correlation function of the inflaton. As we will see, this is related to the
primordial non-Gaussianity.

Before proceeding to quantize the inflaton field, we review some basic concepts of quantum field theory,
since they will be useful in future.

4.3 Review of quantum field theory

In this section we present some very basilar concepts of quantum field theories (QFT), in particular
in the operator formalism. The topics presented in this chapter are very basilar in QFT and are
ubiquitous in QFT books (we can cite for example [31-35]).

Consider a system composed by a particle with mass m and coordinate position ¢; the motion is
described the following action (and Lagrangian)

S:/ﬁL:/ﬁ(?fv),

where V is the potential describing the external forces acting on the particle. The classical trajectory

of the particle can be found by looking for stationary points of the action, % = (0, which means to

find the solution to the Euler-Lagrange equations:

oL _doL _
dqg dtoq
Defining the conjugate momentum p = %, one can find the Hamiltonian by Legendre transforming
2
H=pj-L=2——v.
2m

In this case the equation of motions are given by the Hamilton equations

. OH
. aH bl
D= "534

which can be rewritten using the Poisson brackets {f, g} = %g—g — %3—2 as

¢=1{q.H}
p={p. H}
Using the canonical quantization prescription (first quantization) one promotes ¢q and p to the operators

P and Q and substitutes the Poisson bracket with the quantum commutator {} — —i[], so that P
and @ satisfy the Heisenberg evolution equations

{z

Since considering a system with N degrees of freedom, classically one has A{qi,qj} = A{pi,pj} =0
and {¢;,p;} = di; (¢ = 1,1...,N), the canonical quantization gives [X;, X;] = [P;,P;] = 0 and

[
[

= S
I

o> O

]
7HA-]
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Consider now a system composed by a field, i. e. a function of the spacetime point ¢(¢,z) (which
we consider to be real). Since we want to treat this field relativistically, the Lagrangian is no more
the proper object to describe the dynamic of this field, rather the Lagrangian density £ defined by

L= [d3zL, so that one has
S = /dtL: /dtd%ﬁ :

so that the spacetime measure d*z = dtd>z has appeared. The analogous to the previous action is the

following
S = /d4xL / <M¢aﬂ¢—¢2 )

The classical trajectory of the field is obtained by computing % = 0 as before, giving the Euler-
Lagrange equation
oL oL

9 90,6 ="

In this case one can define the Hamiltonian density by H = [ d3xH, giving

: 772 1 m? ,
0L

where m = o4 is the density of conjugate momentum. However, in field theory literature one usually

forgets to indicate the quantity as densities, so one refers to £ simply as Lagrangian, 7 as momentum
and similar. In this case the Hamilton equations are (notice the presence of the Hamiltonian density

rather than the Hamiltonian)

;I OH
{¢_87T
- _ 0K
T=-%

and introducing the Poisson brackets, this time defined as {f,g} = [ d3x ( 55(];) 5:((775) — 67‘:(];) 55(‘73:)),

the Hamilton equations are
¢=1{¢,H}
7={m H}
The canonical quantization prescription (second quantization) follows the previous idea: one promotes

¢ and 7 to the operators 45 and 7 and substitutes the Poisson bracket with the quantum commutator
{} = —i[], so that ¢ and 7 satisfy the Heisenberg evolution equations

(-

In a field theory one has infinite degrees of freedom (since the ¢ index defined before is the continuous
coordinate now) and classically one has {$(Z), #(7)} = {7 (Z), 7(7)} = 0 and {$(Z), 7(7)} = 6@ (Z—7)
(z,y € R3), so the canonical quantization gives

%>
A

:[ 7];:[]

4.18
i+ 2] (4.18)

[6(&), $()] = [7(&), 7] = 0, [$(Z), 7)) = i6®) (7~ 9) . (4.19)

Notice now that this poses an important technical problem: from this last result, quantum fields
must be distributions: in the Lagrangian the fields are multiplied among them, but a product of
distributions is ill-defined. This is substantially the problem of defining a quantum field theory in a
mathematical rigorous manner.
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To construct the Hilbert space describing the system in the non-interacting case V' = 0, one solves the
equation of motion in Fourier space, which is nothing else than the Klein-Gordon equation Od¢+m?¢p =
0, obtaining the modesﬂ

T 1 s RE | ks iRE
o(t,7) = @) /d3k [uk(t)age k + ug(t)aze k ] , (4.20)
with u(k) is called mode and it satisfies the following normalization condition

i ()i () — (P (1) = —i

There is a basis of 2 solutions since the Klein-Gordon equation is a second-order equation of motion.
For example, in the flat space one finds

1 .
t) = wit 421
i) = e (1.21)

where wy, = VkZ + m2. It is trivial to verify that this choice satisfies the normalization condition:

elwkt(_iwk)efzwkt _ efzwktiwkezwkt

up (B (t) — un(t)uy(t) = oo =—i.

At this point one promotes a; and a’. to operators a; and al. Using the canonical quantization
conditions it follows that these operators have to satisfy the following equal-time commutation
relations (in case of a bosonic ﬁeldlZD

[a7 ,a-]=0 [l ,al]=0 [z ,al ] = 6@ (K — k) . (4.22)
k1’ ka2 ko

However, if one considers an interacting theory (i. e. V' # 0), the equation of motion is not solvable
in Fourier modes even in the simplest cases, so this procedure appears to break down. We are going
to deal with this issue in the following subsection.

In the rest of this project, we will omit the hat to indicate the operators for shortness, since it will be
always clear from the contest if an object is an operator or not.

To conclude the section, as we said in the previous one, we will be very interested in computing
correlators. In QFT the correlation function is defined the following way:

C(x1,22,...) = (p(z1)p(22) .. .) = (T P(z1)P(22) - .. [2)

where T is the T-productﬁ and |Q) is the vacuum state of the interacting theory. In particle physics
this quantity is absolutely central since it can be related to the S-matrix elements by the Lehmann-
Symanzyk-Zimmerman formula:

g ng
(fli) = mitns H d*zje=*i% (0; +m?) H dixpe ki (O +m*)C (21, .. Ty, Ty e ,CE;lf) )
j=1 k=1

SIn the rest of this project, we will indicate the momentum vector with l;, while its norm is simply k, as said in the
introduction.

"In case of a fermionic field one must substitute the commutators with anticommutators. However, this is not the
case for the inflaton, which is a scalar field so for the spin-statistics theorem is a boson.

8The T-product, or time ordered product, is defined as

To(x)p(y) = 0(zo — yo)(x)d(y) — 0(yo — x0)d(y)P(x) -

One can also define the anti-time ordered product as

Th(x)p(y) = 0(zo — yo)d(y)p(x) — 0(yo — xo)d(2)(y) -
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where |i) and |f) are the initial and the final state. However, for reasons which will be clear, in
cosmology one is interested in computing Wightman functions, which are defined without the T-

producﬂ
W(zy,x2,...) = (Qp(z1)p(z2) ... |Q) . (4.23)

To conclude this section we want to underline what is the main disadvantage in using the operator
approach to quantize a field theory. Since to obtain the Heisenberg evolution equation one has to
pass through Hamiltonian formalism, this approach is not covariant, since Hamiltonian formalism is
not. But since we are interested in relativistic field theory mainly, this can become a problem, since
in breaking covariance some technical complications can arise.

Interacting field and interaction picture

Since it is almost prohibitive to solve the equations of motion of an interacting theory even in flat
space, the canonical quantization in the operator formalism is impossible to obtain, since one would
have to solve the equation of motion in Fourier space, in order to extract the a and a* coefficients to
promote to operators a and af. This problem can be overcomﬂ by using the perturbative approach
in interaction picture, as we are going to illustrate now.

As done usually, we consider a theory described by a Lagrangian density £ = Ly + Liyz which for
simplicity contains only one field ¢. Since in this project we are thinking ¢ to be the inflaton, we
consider it as a real scalar field (however nothing would change in case of different behavior under the
Lorentz group). The two terms are Ly = %(%d)a“d) + mTQqﬁQ, which is the Lagrangian for the free field
(kinetic and mass term) and Ly is the interaction term. By Legendre transform, the Hamiltonian
density can be similarly written as H = Hg+ Hiye, which implies, integrating in the space coordinates,
that the Hamiltonian is
H = Hy + Hint -

From this, one defines the evolution operator in Schrédinger picture as
Ut tg) = e tH=t0)
and the free evolution operator as ‘
Un(t,tg) = ¢~ Holt=10)

Now we define the interaction picture with respect to the Schrodinger picture in the following way with
respect to states and operators (we denote by I and S the quantities in interaction and Schrédinger
picture respectively)

{|¢<t>>z = UJ(,0)[0(t))s (4.24)

O;(t) = Ul (t,0)05(t)Us(t, 0)

9The 2-point Wightman functions are the building-blocks to compute the quantum propagators. For example, the
scalar propagator for a free field is

d4k e—ik~(7)—y)

D(z — 1) = (¢(x1)d(x2)) = i f

e 2m)% k2 —m2
and depending on the integration path € chosen (with respect to the two poles k = =m) we obtain one of the following
four type of propagators, which are built from 2-point Wightman functions:

e Feynman or time ordered propagator: 6(zo — yo)(0|¢(z)p(y)|0) — 8(yo — x0)(0|d(y)d(z)|0);

e anticipated propagator: —6(yo — 0)(0|¢(z)¢(y)[0) — 6(yo — 0)(0|¢(y)p(x)|0);

e retarded propagator: 8(zo — o) (016(x)6(1)|0) + B(zo — o) (016(y)é(x)0);

e anti-time ordered propagator: —6(yo — z0)(0|(x)p(y)|0) + 6(zo — yo)(0]|P(y)P(x)|0).

%From a technical point of view, this problem is not totally solved since a famous theorem by Haag (|36]) proved that
interaction picture is mathematically not well defined. This pushed mathematical physicists to look for a well-defined
procedure to define correlators, which is called reconstruction, but nonetheless this procedure has sense only in few simple
cases. However, as done by physicists, we skip this technical details since we are interested in the numerical results of
the calculations, which are predictive.
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We remind that in QFT fields are operators so they evolve using the second law. This way, we can
calculate how states evolve in interaction picture:

P o) =i (U CORW)s) = 15 (U5 (10U (.10 [ (1))
= [-Uy (¢,0)HoU (t,t0) + Uy (¢,0)HU (t,to)] | (t0)) g
= Uy (t,0) (H — Ho) U (t,t0) [ (t0)) ¢
= Uy (£,0) HincU (£, t0) ¢ (t0))s = Uy’ (¢,0) Hing|0(1)) s

where we have used the fact that in Schrodinger picture the states evolve as [1(t))s = U (¢, to) [¢ (t0)) g
and the derivative of the exponential operator %em = z‘fiA etd = ieiA%. But then, from the definition
of interaction picture

[0(t)) 1 = Uy (t,0)[1(t))s —= Un(t, 0)[4(t)) 1 = [1h(t))s
from which

L1001 = U (1,0) HinUolt, 0) (1)

Defining H{ (t) = Uy (t,0)HintUo(t,0), which is the interaction Hamiltonian in interaction picture,
one gets the evolution of the states in interaction picture:

d
i [P = Hi (O (1)1 - (4.25)
The same way, one can compute how operators (and so the fields) evolve:
d d
i—O;(t) = i— (U (t,0)05Uo(t,0)) =

O)OSHOUO(ta O)
O)Oon(t, O)Ho
)v HO] )

Uy (t,
—HoUy (t,0)05Uo(t,0) + Uy (¢,
[U(T(LO)OSUO@ 0), ] [OI(

(t,0

—Uq (t,0)HoOsUy(t,0) +
(t,0
), H

where as before we have used the derivative of the exponential operators. This is exactly the Heisenberg
evolution equation, but with the respect to the free Hamiltonian. This fact is crucial, since thanks
to this the fields can be trated as free, so their evolution follows the free one. This implies that they
can be written in Fourier modes, so they can be quantized using the standard procedure in operator
formalism, i. e. promoting to operators a and a*. What becomes non-trivial in interaction picture is
the evolution of the states.

At this point we would like to write the expression of the correlator in interaction picture.
The important point is that we want to compute this correlator as it evolves in time. We start in
Schrodinger picture (the vacuum state |2)g evolves in time while the fields not) and then we go to
interaction picture using [1.24}

(Qt)|sps(t, 21)ds(t, x2) ... [UL))s = (Qto)|sUT(E,to)ps (to, 21) s (to, x2) . .. U(t, o) |Q:(t0))s =
= (Q(to)| U (£, 0) U (£, t0)Uo (¢, 0) s (to, 1)UL (£, 0)Us(t,0) s (to, z2) . .. UL (¢, 0)

= (Q(to) U (t, 00U (£, t0)Un(t, 0) s (to, 1) ds (o, x2) - .. U (£, 0)U (¢, o) Un (£, 0)|(t0)) 1 =
= (Q(to)|1U (¢, to)ds(to, x1)ps(to, x2) - .. Ur(t, t0)|Qto)) 1

where we have defined
Ur(t,to) = U (£, 0)U (¢, t0)Uo(t,0) .

This operator is nothing else than the evolution operator for states in interaction picture, as one can
prove by applying the definitions:

()1 = Ul (t,0)[0(t))s = U (£, 0)U (¢, t0)[1:(0))s = UJ (£, 0)U (¢, to)Un(to, 0) |9 (to) )1 = Ur(t, to) |1 (to))1
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To find an explicit expression for U;(t,tg) we substitute this into equation giving
d
Z@Ul(tato) znt( )Uf(t to)
which is a Schrodinger-like equation, with solution

UI (t’ to) —i ftO 'Lnt t )dt/ ,

where T' is the T-product, present since U is a potential infinite matrix (and in the interesting cases
it is).

4.4 Semiclassical quantization of the inflaton in de Sitter space

In section we have analyzed the background dynamics for ¢g, eq. in this one we want to
consider the fluctuations d¢, depending both on ¢ and Z. Starting from the full equation of motion
for the inflaton we get the equation of motion for the perturbation:

o0*V

5570 (4.26)

. . 1
8¢ +3Hs¢p — ﬁv%(p =—

For future results, notice that the RHS of this equation can be obtained as variation of the following
action

3
Senr = / d'z [“Q&zf - g(ai5¢)2 : (4.27)

which is sometimes called Sasaki-Mukhanov action. Using [1.15 we can rewrite the equation in
conformal time as

2PV

/1 2
6¢" 4+ 2Hb¢ — V25 = — 35

27700

and the Sasaki-Mukhanov action becomes
4 a’ ” 2
Ssy = [ d T [(09)” — (0:09)?] .
In order to simplify the computation, one can perform the following field redefinition

5¢ = a(t)d¢ , (4.28)

giving the following equation of motion

6¢" — CZ&;& — V25 = a ¢2 5¢ , (4.29)

whose RHS can be obtained by varying the following action

Sen = / d%% (5&5’2 — (8;60)% + ‘Za}f) .

As we have said in the previous section, we are assuming that, contrarily to the background, these
fluctuations have a quantum nature. This way, the purpose is to treat d¢ (so also d¢) as a quantum
field: in the operatorial formalism we have seen that this means that we want to write the solutions to
the equation of motion and then promoting a and a* to operators a and a'. It is worth to underline
that this procedure is semiclassical, since we do not have a consistent theory for quantum gravity.
The equation can be seen as a Klein-Gordon equation with effective mass Mgy = %N, so the
solutions in Fourier space are of type [£.20} In Fourier space [£.29] reads

<k2 i —+ 2?;(;) k(1) =0.
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In the following we will consider a massless inflaton, so %’% = m?b = 0. In the case of a de Sitter
expansion, when a(t) o eft the conformal time reads dr o %, which integrated gives 7 —%e*Ht =
_a% and finally a = _%T' This way, we can rewrite the term containing the scale factor in terms of
the independent variable 7
a’ 1\"/ 1\ "' 2
R _ ==, (4.30)
a Hr Hr 72
so the equation reads
2
uy, + <k2 - 2> up(r) =0 (4.31)
T
This equation is a second-order ODE, with two independent solutions
1 +ikT < 1 >
U = e TF— ] . 4.32
Vo ke (452

Notice that in both these solutions on small scales \ %, so for large k, we get that uy ~ ﬁei’”,
which is exactly the solution in the flat space (here the inflaton is massless, so wy = k): this
is not a case, since we want that at small scales the solution behaves like the flat space one, for the
equivalence principle. This is called Bunch-Davis vacuum choice.

Combining the two independent mode solutions we have found, we get a family of solutions of type:

1 (. 1 1 (. 1
Uk(T) = Cl meilkq— <Z+ l{jT) +02E€k (Z— k7'>

for C7 and Cs general complex numbers. In literature this solution can be written in different ways.
For example, using 7 o< — redefining the arbitrary constant one gets

1
aH’

1 ; 1 +1 -
C 7e:tzk7' (Z > - C e:tzk:r ikt +1) = /4
1/22\/E + By 1/22\/EI<;T (F ) 1/2

so the solution is rewritten adll]
aH aH
u(1) = C —
(M =a V2k3 V2k3

Returning back to we would like to examine the behaviour of the solution in the subhorizon (i.
€. Aphysical ~ § < H™!' — k> aH) and superhorizon (k < aH)) limit.

e kT (1 4 ikT) + Ch ek (1 —ikT) . (4.33)

e Subhorizon k > aH: in this case

—ikT

Uk € )

1
NGT:
so the unscaled field (4.28) in Fourier space has amplitude

|| 1
S| = 1l ~
|66 = — T

As one can see from the imaginary exponential, the field oscillates but its amplitude decreases
extremely fast since a oc et

e Superhorizon k < aH:

1 —ikT
U = e ,
M Vokkr
which implies as before
]uk] 1 H
S| = 1 = = , 4.34
1905 a 2k3ar  V2k3 ( )
where we have used the fact that H = —-L.

aTt

"This is equation 2.22 of [24] (the a of difference is due to the fact that in this paper the solution is not rescaled as
4.28)).
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If we want to quantize the field 04 (so §¢), as we said we have to promote aj and az to operators aj

and a% , satisfying the commutation relations |4.22| Finally, if we want to consider a quasi de Sitter
spacetime, we need to recalculate as an expansion in the slow-roll parameters. Firstly, we have

a" S H
. a ( +H2> ,

where we have used to pass to conformal time. Then from one has

2
a:(l—e)%,

So one gets
d dt 1
T = — = —
(1—€)Ha
implying
1
H=———«—7—. .
(1—€)Ta (4.35)

This way one gets the generalizatiorﬂ of equation m
a o, H 2 3
—=d®H* |2+ |~ (14+=
a ¢ ( + H 2) 72 ( + 2€> ’

24 3e
" /{:2— =0
Uk+< 3 >uk

2

so the equation becomes

— % = 2+ 3¢, which gives the equation

v -1
ufl + | K — L up(r)=0.

This still admits explicit solutions in terms of the Hankel functiond®} which in the two limits above
become:

and defining v? = % + 3¢, one gets, at linear order in €, v

e subhorizon k > aH:

Uy = ——

5~
™

as in de Sitter case;

e superhorizon scale

= 3 [(v)

Uk (—k;T)%_Vei(V_%)EQV_i

1
T2k

where T' is the Euler gamma function, so that (using a = %)
Twv) H [k \2" H [ k\2"
s I'(v
Opz| =2""2 — =0(1) x — . 4.36
1904 I'(3) v2K3 (aH> M 243 <aH) (430

Notice also that introducing a mass for the inflaton (potential V' = mTngSQ) means modifying the mass
term, which implies to modify the value of v. Indeed, the equation of motion becomes

2+ 3e
" kz _ 2 2 — O ,
Up, + < 7_2 + m¢a Up

12See 23], eq. 70.
13See [23], section 2.3.
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2

but using a = % and the definition of ny = 3‘/% = 3%’2 one has
2+3—3
ug+(,€2_+6277v>uk:0,
T

which has exactly the same solution as before, imposing v? — % = 24 3¢ — 3y, giving % —V =7y —¢c

However, this is not fully consistent yet, since we have solved the equation perturbatively only in the
inflaton field, but without perturbing the gravity sector. But this is required, since a perturbation in
the inflaton certainly modifies the stress-energy tensor (see the definition , which is the source of
the Einstein equations This implies that also the gravity field, which is the metric g, must be
treated perturbatively. However, differently to the perturbation of a scalar field, the perturbations in
GR are not so easy to treat in a fully consistent way, as we have seen in chapter 2] This is what we
are going to analyze in a future section.

4.5 Power spectrum

A very important concept to introduce is power spectrum. It is a quantity which is used in a wide
range of fields in physics in order to study the statistics of a stochastic process. In the context of
cosmology, it is a very important tool to study the statistics of the CMB fluctuations and so to relate
theory with experimental data ([37]). It is also a very important object useful to understand non-
Gaussianities, as we will see in future, and it is crucial to understand the consistency relation.

Let 6(x) be a generical cosmological perturbation. Usually it is expanded in Fourier series as

1

&) = / PreFES(T) . (4.37)

The ks are always 3-vectors, unless differently indicated. As we have seen, the fact that the integration
is performed over the spatial components of k is due to the cosmological principle. We will always
consider real fields, for which[]

§(Z) = 6*(&) — 6(k) = 0(—Fk) .

The reason why we prefer to work in the momentum space rather than the coordinates space is that
gravitational force usually spoils the independence between two different positions. On the contrary,
it is a much better idea to think of the perturbation as a superposition of plane waves, which have
the advantage that they evolve independently while the fluctuations are still linear. We now introduce
the correlation function, which is by definition

) = @3+ 1) = s [ Phadhac B FFED G (E)5(E) (4.38)

1
(2m)°

This quantity is extremely important in cosmology. As one can see, it is expected that £ depends only
on 7: this is due to rotational invariance (isotropy) of the space, which we assume for the cosmological
principle. From this considerations, we can write

(6(k1)3(Ra)) = (2m)* 6P (k1 + o) P(kn) (4.39)

“Usually also one indicates the perturbation in Fourier space with a tilde (3(k)), but we will omit this for shortness,
since the space of definition of the field will be always clear from the contest.
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where P is called power spectrum and this expression is its definition. Notice that it depends only on
the norm of k. If one inserts this expression in the one of the correlation, the result is

—

§(r) = : /d3k1d3k2€i(gl'f+ 2 (2m)36G) (ky + ko) P(kr) =

(2m)°
1 o 1 s
= 20 / Ak (TR0 Py = (2n)? / d*kye” ™ TP(ky) = (4.40)
1
= Gy / d*k1e™ " P(ky)

which is called Wiener-Kintchine theorem (in last passage we changed the integration variable k— —k
and then we used the symmetry of the domain to invert the integration extrema to compensate the
minus sign coming from the measure). Given that P is function of the norm of k1 only, in cosmology
this expression can be further simplified passing to spherical coordinates. Since we are interested in
the variance we put » = 0 and we find

1 1 2m s 00
2 3 . 2
o =¢(0) = /d k1P (ki) = / dgzﬁ/ d0s1n9/ dk k7P (k1) =

(2m)? (2m)® Jo 0 0 '

1 o0
=— | dkikiP(k1) .
on2 ), dkiki (k1)
This expression can be rewritten introducing the adimensional power spectrum A(k) = %P (k) as

o? = / dlogkA(k) |

—0o0
since dlogkA(k) = %%P(kz) = dk%P(k). To proceed, one has to fix a power spectrum and in order
to do so we have to understand its origin. In the 1970s the form of the spectrum was chosen as the
best to explain structure formation: the simplest assumption is

A(k) = AE™—1 (4.41)

where n; is called spectral indexﬁ This choice has the scaling property A(ak) = a"~!A(k). The
most natural choice for initial fluctuations according to various physical arguments appeared to be
the case ns = 1, suggested independently by Peebles and Yu (|38]) and Harrison ([39]) in 1970 and
Zel’dovich ([40]) in 1972, which is now usually known as the Harrison—Zel’dovich spectrum: in this
case, the power spectrum is scale invariant.

Thanks to what we obtained in section[d.4] we can calculate the power spectrum of quantum perturbations
of the inflaton field (in case of a single-field inflationary model). Working in momentum space, from
the solution of the equation of motion one has (the second mode is obtained by the substitution
of the integration variable k — —Fk)

S(r, F) = 2 (ulr. Kag 4+ u* (. K)a ) = 6% (r. F) + 667 (7.F)

To compute the power spectrum we use the definition .39 taking into account the fact that the
correlator is a quantum correlator. Since the annihilation operator gives 0 when contracted with the
vacuum state, there is only one summand surviving in the contraction once the explicit expression of
d¢ is substituted:

(60(r, k1)3(7, k2)) = (01867, k1)6¢(7, k2)|0) = (0106 (7, k1)3¢ ™ (T, k2)[0) := 6¢(7, k1)do (7, k2)

15Equivalently, one can define

dlog A(k)

s:1
" T " dlogk

(4.42)
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which is explicitly

- - . . 1 . .
3(7,k1)S6 (7, Fa) = (016" (7, F1)30™ (7, k2)[0) = —5 (Olu(r, kr)ar (F)u” (7, ka)a) (F2)|0) =
. “ k)2 (4.43)
= —ulr k)u’(r, k) (0l[ar (ky)af (k2))|0) = (2W)3%5(3)(k1 —k2)
where to pass from the first to the second line we have summed a term a—lzu(k:l)u*(k:g) <O]a}(l§2)a1(l§1) |0),

which is 0 for the action of the creation and annihilation operators. Usingm one easily gets P(k) =
lu(®)? _ H?
2k3

2 where we have used [4.34] since the measurements we made today are on superhorizon
scales. This implies that the adimensional power spectrum is

2
A5¢(k) = (2117_[_)2 ’

so the spectral index is ns = 1, a perfect Harrison-Zel’dovich spectrum. However, this computation
has been done in exact de Sitter space, while inflation is quasi-de Sitter. In this case, we have to
substitute the equation so that

H2 k 3—2v

and the adimensional power spectrum is

Asy(k) = O(1) x <;>2 <£I)3_2V , (4.44)

so that ng = 4 — 2v. Since v = % 4+ € — ny, one has ng = 1 — 2¢ + 20y, so the deviation from
Harrison-Zel’dovich is of the order of the slow-roll parameters, so very small. Indeed, experimentally,
ns = 0.965 £ 0.004 (|27]). However this expression of ng is not totally correct, since we will see that
there is a correction due to the perturbation of gravity sector of the action, while here we have imposed
to be in quasi-de Sitter a priori.

4.6 Perturbations theory of single-field inflationary models

In section [4:4] we have studied the inflaton perturbations assuming a fixed background; however, as
we have remarked, this is not totally correct since the gravity sector of the inflaton action produces
perturbations which are of the same order in slow-roll parameters so both the sectors must be perturbed
together. Here we study a single field inflationary model in a fully consistent perturbative manner,
perturbing both the inflaton and the metric tensor as shown in the previous chapter.

Firstly we perturb the inflaton equation; then we see that inflation naturally produces a stochastic
background of gravitational waves, with power spectrum related in a precise way to the one of
the inflaton perturbations, a useful relation to test inflationary models in future; finally, for future
convenience, we introduce the so-called (-gauge, which we will use in future.

4.6.1 The perturbed stress-energy tensor

Firstly, we have to compute the EMT for the single field inflation at first-order in perturbations (]26]).
We have already computed its backround values in eq. The same computation starting from a
FLRW metric written in conformal time gives

1
Ty = —§¢62 — V(go)a?
T; = 05 (2 6 — V(¢0)02>
TS = T]Q =0,
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giving py = %gf)g + V(go) and Py = %gf)g — V(¢o). To find the corrections which are first-order in
perturbations we perturb the equation giving

1
5T,Lw :6p5¢8u¢0 + au¢081/5¢ - 5g,uu (29a'88a¢)08,3¢0 + V(¢)>

1 ov
— Guv (259a58a¢086¢0 + gaﬁaa5¢8ﬁ¢0 + %6¢ By 5¢)

then we upper the first index by using 67} = 6 (¢"*Twy) = 6g"“Thy + g"*0T,,. Substituting the
expression for the perturbed metric and its inverse (we consider only scalar perturbations in
the metric for simplicity) the result is

ST = 06}~ 86/0h — 865 a”
0T} = —0jw) 65" — 0;00¢)

0Ty = 93¢,
0T = (—@qﬁ@ + 00 ¢ — ¢ 55° )
Comparing this result with from 5T]? one immediately sees that for a single-field inflationary

model the anisotropic stress is null. Moreover, from the comparison of the 6T§ one has, using the
background expressions for pg and P,

8Ty = —(po + Po)d™ll = —gp2otll = 86 e,

implying
1)
ol =% (4.45)
%
Moreover, v = 0 so there are no vector perturbations.

4.6.2 The curvature perturbation as a geometrical quantity

The definition we have given for the comoving curvature is defined choosing a linear combination
ad hoc to be gauge invariant. This is correct, but if one tries to extend this procedure to higher order
perturbations the definitions become rapidly involving. This is the reason why recently physicists
prefer to define it using a geometrical quantity. Introducing ADM formalism (see appendix [B), we
will introduce the curvature Rg induced into a hypersuface defined by the equation S(z) = constant,
where S is a generic scalar. In the case of a perturbed FLRW, splitting S into a homogeneous and
isotropic background and a first-order perturbation S = Sy(t) + S () + ... one has at first-order in
perturbations:

a? S}
This quantity is gauge invariant, since, exactly as [2.13] a first-order perturbation of scalar quantity
transforms as

Rs= 1y (}CS(” + U+ évQX”) : (4.46)

SW =8W — £.8, =50 — a8,

while ¥ and x| transform according to the relations derived in section SO

1 -
SV =

,ﬂU+@+6

S, 6

1 1 H 1
Sﬂﬂ) aﬂg+<w+3V%%+Ha>+6V%Mraﬁy—Sﬁ#”+m+Vﬁw

and gauge invariance is proved.
As we have seen in section one can define the perturbations ¥ and x| in such a way that D;; is
replaced by 0;0;: in that case, it is easy to realize that Rg simplifies to

5
_ 2 (1) 0
Rs an (SOS + > .
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The argument of the Laplacian in the first-order expression of Rg resembles the definition we gave
for the comoving curvature in Indeed, we can use it to define a comoving curvature ¢ in a
geometrical way:

4
Rg=—-—V*.
a

Since Rg is a 3-scalar, ( is a 3-scalar the same way. At first-order, this new definition of ¢ is gauge
invariant, but this is no more true at higher orders. This a natural consequence of what we have
said in section 2.4k as one can see from the value of Rg, eq. which has null background, so at
first-order it is naturally gauge invariant.

From now, on we will choose this approach to define (. In the language of subsection this means
that the comoving curvature is such that

((7) = (@)
and not (x) = ¢(z); this is true only at first-order:
(W) =¢W(a).

In case of a single-field inflationary model, we can choose the hypersurfaces such that ¢ = ¢g+dop+... =
0, which implies at first-order

0
C:—H—?—\I’:HUH—\P,
o
where we have used .45
Finally, notice that choosing the hypersurfaces p = pg + dp + ... = 0 we get exactly
op
C =-H— -V )
P P6

which coincides with the curvature on a uniform density hypersurfaces ¢p = R. These final
considerations justify a posteriori the names given to ¢ and R.

4.6.3 The Sasaki-Mukhanov equation

As we have said, we would like to write the equation of motion for the inflaton perturbations [4.4]
considering also the perturbations of the metric we have introduced in chapter 2. The background
equation of motion is [4.9] which in conformal time becomes

!/
I a ov
1204 =" a?.
¢0 a ¢0 a¢
Following [26], we want to perturb the inflaton equation of motion, which is

ov

O¢ = —

¢ a¢ )
where (see eq.

1
O¢p = — " o,d) .
6= =009 0u9)

In this case perturbing the box operator we have to perturb also the metric. The result of the
perturbation is, considering the metric in conformal time with only scalar perturbations,

1 / !/
60¢ = = —6¢" — 2%&;5’ + V25¢ + 2097 + 4%@;53 + ' + 3B + Vwy by — adg Vi |
while the LHS of the Klein-Gordon equation is

ov o*V
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Now, multiplying both the members of the background equation of motion by 2®, one gets

! ov
200! + 4L D) = 207 a?
¢o + a ¢y = P ¢ ;
which can be used to simplify the perturbation equation of motlorl 60¢ = 5@58 952 finding
5¢" + 23/&5 — V%5 — ¢l — 3W f, — V2w ol + adh V> —5p— a4 a’ — 2@87‘/
a 0 0 1P0 oV X| = p) ¢2 96

At this point one can pass to Fourier space and work in spatially flat gauge, where ¥ = 0 and x| = 0.
Using the constraint equation of motion for the perturbations in this gauge, one can substitute the
values of the metric perturbations, arriving to an equation containing only the inflaton ﬂuctuationﬂ

"

(adp)” + <k2 ~Ly a2M2> adp =0,
a

where M is an effective mass term which in function of the slow-roll parameter is
M2 ~ H% (31 — 6e) .

We define now the Sasaki-Mukhanov variable

5o %
Q=3¢+ 2w

and we notice that that in spatially flat gauge in which ¥ = 0 it coincides with the inflaton perturbation.
This means that in this gauge the previous equation can be rewritten as

(aQ)” + (k2 _a +a W) aQ =0. (4.47)

Repeating the computations done in case of the quasi-de Sitter background, one finds the equation

" 2 ’/2_& _
(aQ) —I—(k - >aQ—O, (4.48)

where this time one has v? — % =9 —3ny =66 —3n,i. e. v~ % + 3¢ — ny. Since in this gauge

Q = ¢, taking into account the metric perturbations has simply modified the value of v at slow-roll
level. This means that we can simply redo all the previous computation, substituing the new value of
v, so we obtain the adimensional power spectrum

o= (2 ()"

and the spectral index is now ng = 1 — 6e 4 2ny.
Finally, notice that in spatially flat gauge one has

This implies (using [4.14])

Ac(k) = ZOZAQ(@ O(1) x (217?;0)2 <£I>32y — 0(1) x % (275413)2 (a’;{)wy . (4.49)

In order to be compared to the statistics of the experimental data, the power spectrum, but also all the
other correlators, must be evaluated at the end of inflation. However, one can evaluate them at horizon

16Cfr. [14], eq. B.2.
17See (23], eq. 208-210.
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crossing, since ¢ and D must be constant on superhorizon scales, thanks to Weinberg theore

Indicating with H, the value of H at horizon crossing, when k = aH, one has Ag =0(1)x % (2 75\*4,3>

and the corresponding power spectrum is

272 H?
Pr(k) = —A¢(k) =0(1 —_— 4.50
((8) = T Aclh) = 0(1) % s (4.50)
4.6.4 Gravitational waves from inflation
The gravitational waves are tensor perturbations of FLRW, which obey equation [2.24]
T\ T/ 2. T _
(Xij) + 29{(X7;j) - Vx;; =0, (4.51)

since for a single field inflationary model TI'Z; = 0 (we have seen in that in single-field inflation
there is no anisotropic stress). Substituting X;TG' — vV 32mGd¢ one gets exactly the evolution equation

for the inflaton perturbations, with no mass (the factor /327G is a convention). This means that we
expect to have exactly the same result for adimensional power spectrum of d¢ eq. [£.44] considering

the extra normalization factor and with v = % + €, so that

sr ot ame () () ot (1) (4)

In this case we define the tensor spectral index as (notice that in this case there is not -1 with respect
to the definition of ny)

dlogAT(k)
nr = ———>5—" >
dlog k

2
giving np = —2e. At horizon-crossing one has k = aH,, so that Ar(k) = O(1) x 4 (27{{]\2}3) and the

power spectrum is

272 2H?
Finally, we define the tensor-to-scalar ratio r := QAA—T where the factor 2 takes into account the two

polarization states of the gravitational waves. At horizon crossing one has

2
H.

4 (27‘(‘Mp)
1 ()
2¢ (27I’Mp>
This relation is called consistency relation for inflation. Unfortunately, this is not the consistency
relation for correlators we have mentioned before as the focus of the project. However, this relation is
an experimentally testable relation, which can reveal if inflation is the correct mechanism describing

the Early Universe (the problem is that GWs from inflation have never been seen, so np cannot be
measured, but its value can only be limited).

= 16e = —8np .

4.6.5 (-gauge

As a final issue, we want to introduce a very important gauge in dealing with perturbations in
inflationary models. This gauge has a wide range of names in literature (uniform inflaton gauge,
comoving gauge), however we choose to call it (-gauge in order to avoid confusion with other gauges.

18 Another way to see this is the following. During inflation H is not strictly constant (although it is approximately),
since the expansion is quasi-de Sitter: however, we can expand it around the instant ¢* of horizon crossing as H =
H.+ H(t—t")+0O((t —t")?) and, noting that H ¢, this means that all the higher orders are subleading in the slow-roll
parameters expansion.
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In this gauge we focus on the ij components of the metric and we kill || and the vector perturbations;
we are also free to fix another scalar and we set the inflaton perturbation to zero. We get finally:

5p=0, x;=0, x,=0.
This implies that the ij component of the metric perturbation becomes
8gi; = a*[(1 — 29)8;; + xF]
where x;f” =0 and 8’5(5 = 0, as we know. Since in this gauge ( = —W¥ we have that
8gij = a*[(1 4 20)ds5 + x3;] -

This gauge is very important since it is the most convenient to use in order to compute primordial
bispectra using the ADM formalism.

4.6.6 Weinberg theorem in (-gauge

Since dealing with primordial non-Gaussianities one usually uses the {-gauge instead of synchronous
gauge, we have to be sure that the results we have derived hold also in (-gauge. The statement of
the theorem proved relies on the Newtonian gauge, as in the original Weinberg’s article. However,
it is easy to realize that an analogous, even more simpler result, holds also in (-gauge. Indeed, the
condition that d¢ = 0 imposes that

8¢ = 6¢ — gpoe = 0 = 6¢

which means that ¢y = 0. On the contrary, the conditions to impose on Agp; and Ag;; remain the
same (with ¢y = 0), implying that the more general transformation respecting the gauge fixing in
k — 0 limit one can write is, as we have seen in equation |3.16)

€=zt + ' + w;xj )
with A constant and w;; constant matrix such that wijéij = 0. An analogous result holds also in
spatially flat gauge.
4.7 Primordial non-Gaussianity

In this section we introduce the concept of non-Gaussianity, firstly reviewing the Gaussian distributions
([41]). The starting point is the following fundamental integral

n ]
1 _ R A (271')” 17T p—17
il—[l/_oo dx;exp <—2xTA:U+b x> = detAeQb AT (4.53)
where ¥ = (r1,...,2,), A is an n X n positive definite matrix, b is a vector of n numbers, &1 AZ =

szzl = x;A;jz; and bl = >y biz;. This result can be proved firstly by changing the variable
Z — T+ A1b and then performing another change of variables which diagonalises the matrix (which
has all the eigenvalues positive by hypothesis), so that we obtain n disentangled Gaussian integrals,

>\i(l}2
for which we can apply the well-known result fR dre "2 = %, with \; eigenvalue of A, in this

case. Then detA is the product of the eigenvalues of the matrix, so one concludes.

To study the statistics of a system one wants to calculate the N-point correlation functions, also called
N-point functions, which is the analogue to the quantum N-point correlation function If the
probability density function (PDF) is p(x1,...,z,), the N-point function is defined as

(g . Tppy) =N d"xzxy, ... Tryp(T1, .. Ty)
Rn
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where the normalisation is simply the 0-point function, i. e. N = [d"zzy, ... xk, p(x1,...,Ty). As
one can easily check, introducing an external source b (which is exactly the vector defined before), the
definition N-point function can be rewritten as

0 0 iT 2
=N—:-- d" o an)et ®
<$k1 ka> 8bk1 8ka R ‘:Up(xlv ,fI,' )6

b=0

In this context, a very important result is (classical) Wick theorem, stating that any even correlation
function for a Gaussian distribution can be written as the sum of products of 2-point functions,
contracted in all the possible ways:

<$k1 .. .JIkN> = Z H <37]37k> )

permutations  (j,k)= a couple from ki...k;

It is crucial to underline that this result is valid only for Gaussian PDF': if this is not the case, for
example, one can have surely a 3-point function different from 0. This means that its measurement
(which will translate into the measurement of the bispectrum, as we will see) is a key channel to unveil
non-Gaussianity.

In a cosmological contest, one is interested in examining the statistics for example of the CMB
temperature anisotropies or of the primordial GWs background, which can contain useful information
in order to understand inflation. A quantum field alone is not observable, so to understand what
fields are involved in the inflationary mechanism we have to construct objects which are classical
functions. We have already seen an example of this, which is the power spectrum, related to the
2-point correlation function. However, for what we have just said, this is not enough to examine the
presence of a primordial non-Gaussianity: it is necessary to look at least at the 3-point function.

In principle, each N-point function potentially contains unique information that is not found in any
of the others. This way, given an inflationary model, it is very important to compute both the
power spectrum and the bispectrum, so to compare it to the experimental data in order to test it.
However, from a phenomenological point of view, increasing the number of fields in an N-point function
translates into a growing uncertainity, which makes the higher-N-correlation functions useless to test
the model. Today experiments have measured quite precisely the power spectrum, but they are very
far to constrain the bispectrum in such a way to disentagle the different inflationary models.

In the next section we are going to introduce a very useful procedure to compute higher-order
correlators in inflationary models, which is called the in-in formalism. Then, we define the analogue
to the power spectrum corresponding to the 3 and 4 point functions in Fourier space: bispectrum and
trispectrum.

4.8 In-in formalism

The in-in formalism was developed firstly by Schwinger ([42]) and then by Keldysh (|43]) in physics
of condensed matter. This formalism was useful, for example, to treat critical phenomena and non-
equilibrium systems. In cosmology, it was firstly applied by Jordan ([44]) and Calzetta and B. L. Hu
([45]). In 2002 this formalism was used by Maldacena to compute all the three-point correlators
expected in the single-field slow-roll model of inflation, in the seminal paper [46] which we will
encounter also in the future. It was finally completely formalized by Weinberg a couple of years
later (]47]). A review of the topic is given by [24].

The in-in formalism provides a method to calculate the N-point functions of cosmological perturbations.
The main purpose of this section is to derive an explicit formula to compute the correlator

Qo). .. o(an)[Q)
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which is nothing else than an N-point Wightman function. This is because, contrarily to the particle
physics case in which we have in states at time ¢t — —oo and out states at time ¢ — co, here we want
to compute the correlation only for states at very early times, so in states only. This explains the
name given. In other words, this formalism is used to calculate expectation values of operators from
only the initial Cauchy data without having to know about the final states of the system. We will
comment on this later.

4.8.1 Background field method

When dealing with perturbations, we have to split the Hamiltonian as follows
H=Hy,+ Hy+ Hint . (454)

The Hamiltonian is split into three parts: Hp made out of the classical background fields; Hy made
out of perturbations without interactions; Hj,s which is the interaction Hamiltonian for perturbations.
This is the analogous of the splitting we made in section[4.4] in which we divided the field into a classical
background and a quantum fluctuation.

Let us be more precise. In the section [£.3] we have seen that quantum fields evolve according to the
Heisenberg equations: in conformal time they read

im' = [r, H|

Here ¢ can be any sort of field (the scalar inflaton, the metric g,,, ...). We want to split these equations
into a classical background and a quantum fluctuation, ¢ = ¢g + d¢ and m = 7y + d7 (in this case
we consider the background dependent also on z, since we are not assuming a priori isotropicity and
homogeneity). For simplicity, we consider a single-field theory. For what concerns the Hamiltonian,
we Taylor expand in functional Sensdﬂ

0F

H[p(Z,7),7(Z,7)] =Hp + / d%mw(f, ) + / 3z

where H;,t contains second-order terms of higheﬂ

0J

m(sﬂ'(ﬂj, T) + Hil’lt s

1 2H . .
25 |:6¢0(.f, T)(ﬂbo(?]’, 7_) 5¢(5U7 7)5¢(y7 T) +
02H . . 02 H
T omo @ NemG,r) T ) 2 S me T

Hint [5(13(:5’ 7—)7 5”(£7 7—); T]

(2, 7)om (7, T):| +....

Substituting this expansion into the Heisenberg equation for ¢ one gets

d oH o0H
i—(po(Z,7) + d0(Z, T :[ o(Z,7) 4+ 00(Z,7), Hy + ———00(¥y, 7) + ————

37 O0(E.7) + 80(2,7)) = | 60(F.7) + 06(2.7), Hy + 2007 7) + s
At this point we impose that the background is classical, so ¢¢ and w9 commute with everything while
the perturbations §¢ and d7 satisfy canonical commutation relation. Since the background commutes,
one is left with

57’(’(37, T) + Hint:|

0H 0H
iy (Z,7) + 69 (&, T :[(5 1), ——00(Y, 7) + ———07 (¥, T —}—Hin] ,
but since [0¢(Z,7),0¢(y,7)] = 0 the first summand in the commutator vanishes. Moreover, since

[66(Z), 6m(7)] = i6B)(Z — 7), using the Hamilton equation for the background one has

0H . OH VP
)57F(Zjv 7)} = ZW =i¢y(7, 1),

[5¢(fa 7)7 W

191n the Taylor expansion, all the 3 are evaluated at the background value of the fields ¢o(t), wo(t).
*'For sake of notation we indicate [ %Jg(f)dg’m — %59(5) and similarly for higher order cases.
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these two terms cancels and one is left with (neglecting higher orders)
04/ (Z,7) = [06(&, ), Hing[0¢(7), 67 (7); 7]] -

Repeating exactly the same computations for the second Heisenberg equation one gets
07! (@, 7) = [0m(Z,7), Hin[06(T), 67 (7); 7]] -

These last two equations are exactly two Heisenberg equations for the perturbations.

This implies that quantum perturbation evolve through Heiseberg equations[d.18 where the Hamiltonian
is given by the interaction Hamiltonian in This means that to compute the correlators between
perturbations we can proceed exactly as we did in section since they behave as quantum fields
with Hamiltonian H;y.

4.8.2 The in-in formula

Let Q(7,#1,...) be an equal-time product of quantum perturbations: in section we have seen that
in interaction picture the correlator becomes

( (/)l/

This implies that the correlator is
=1 4T HL (+"dr' - —i [T HL ()dr’
(Q(r,1,..)) = (Qr) 1T [0 o Q1T | BT fa(r)), (4056)

which is called in-in formula. Notice that the initial time is ¢y but one usually is interested in epochs
when the modes are well inside the horizon, so 9 — —oo. However this formula is still very hard
to apply, for two reasons. Firstly, the evolution equation is difficult to solve exactly, i. e. the
solution is difficult to handle: it contains an infinite series of operators. This problem can be
overcome if one imagines to treat the problem perturbatively, i.e one can truncate the expansion to
a chosen order. This is what we are going to explain in the next section. However, there is a second
problem: in perturbative expansions one deals with creation and annihilation operators acting on the
vacuum state of the free theory, but in the formula there is the vacuum of the interacting theory. So,
before passing to treat the in-in equation perturbatively, we have to find a form of it containing the
vacuum of the free theory |0); insted of the vacuum of the interacting theory |Q2);. The main idea
behind this is to obtain a free theory for 7 — —oo: indeed, the vacuum state of the free theory |0)
evolves in Schrodinger picture thanks to the action of the evolution operator U

0(7))s = Us (7,70) [0(70))s = e =) |0(7p))s .

This can be related to |2)g using a complete set of energy eigenstates of the interacting theory (for
simplicity we consider a discrete set and not a continuos one), giving (from now on for sake of notation
we will omit to indicate 7y in the vacuum states and the S indicating the Schréodinger picture)

e—iH(T—TO)|O> _ ZefEn(T—To)|n> (n|0) = efiEn(T—To)’Q> (€/0) + Z efiEn(T—To)‘m (n|0) ,
n n#Q

where Eq = (Q|H|Q) is the energy of the ground state of the interacting theory. If one Wick rotates
7 by a small angle € in the complex plane

T—=7=1(1-—7ie€) ,

2'Remember also that in interaction picture the S-matrix is defined as

S:= lim U(7,70) .
T—+oo
T9——00

This is the in-out case of particle physics, while here we work only in the limit 70 — —oo.
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in the limit 79 — —oo the ie factor kills the exponential. Then the above equation can be solved as

e*iH(f'fﬂ)) ’0) 1 (2=
- —iEn(T—70)
o @) 2= i (02 -

n#Q

e—iEQ(f'—f'o) |Q> —

At this point we want to go back to interaction picture, so we use and we multiply both sides by
Ug (70,0). Then we take the limit 79 — —oc and € — 0, which implies that the second summand on
the RHS is null, since Eq is the lowest value among all the energy eigenvalues, so the damping effect
is slower for the ground state. The result is

lim U;(r,70)|Q); = lim 7UI(T’TO)‘O>I

T ——00 TO;)_OOO <Q‘O>

Then we can use this result into the in-in formula derived above to get finally

1 = [ &[T BI(+")dr - —i [T HI(+)dr'
(@1, )) = (g 0T [e Jro 1 (1) }Q(T,xl,...)T [e Jro HI () }|0(To)>1. (4.57)

The denominator can be furtherly simplified, since it is equal to one. Indeed, we can equate the two
in-in formulas we have derived and and setting Q(7,x1,...) = 1 one has (the limit 1) — —o0,
€ — 0 is underlined)

) = Q)i T [e"ffo HI(T')C”’} T [e—"ffo H"T’W} 1Q(to)) 7 =

= W(O(TONIT [eiﬁo HI(T’)dT’} T [efif% ]}I(T’)dr’} 0(ro)) s
which implies
(@)l )1 = 7 OO0}

so, assuming that the two vacua (free and interacting one) are normalized

(0(70)[0(70)) 1 = ((70)|2(70))1 =1,

one gets |(0|Q)]? = 1.

Notice finally that the free theory vacuum in interaction picture |0); is the one which is annihilated
by the operator a, the one obtained by solving the equation of motion for the fields d¢; and d7; in
interaction picture, which can be explicitly found since in interaction picture they evolve as free fields.

4.8.3 The in-in perturbative formula

We assume now the perturbative hypothesis, i.e.
Hint < HO )

which can be imposed for example assuming that the interaction constant g o HiInt is such that
g < 1. Now, the explicit expression of Ur contains an exponential of an operator, which is defined as
an infinite Taylor series. Since each power of the Hamiltonian will be negligible with respect to the
following power, we are allowed to stop at a given order. For example, at first-order the T" product is
not necessary and using the fact that Uy is self-adjoint by construction the result is

T

(Q(7,71,...)) = (0(70)| 1 Q(7, fl,--~)|01(70)>+i/ (01 (70)[Hine (1), Q(7, 21, .. )]|0(70)) 7'+ .. .

—oo(1—1¢)
(4.58)
Generally the first term of the series can be null, since usually one has in mind to compute a bispectrum
(see the following section), which means that @) is made of three fields: since the first term is given
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by free fields, from Wick theorem we will see that the odd-point functions are nul]@
Proceeding by induction, one can show that the n-th order term has the following expression)|

" /T an /Tl drs... /Tn_1 dTn<O<TO)‘[Hilnt(Tn)[HiInt(TN—l) e [Hilnt(Tl)7 Q(Ta fl? e )] T ]”0(7—0» :

This expansion can be also expressed using Feynman diagrams to guide calculations; however, since
this is beyond the scope of this project we will not discuss this matter. As we have seen, in the end one
has to take the limit 7p — —o0o, but, in general the integrals appearing in the expansion are ill-defined,
since the integrand is usually oscillatory at infinity. This bad behaviour usually disappears if one uses
—00(1 — i€e) (taking then € — 0) in the lower extremum; alternatively one can keep —oo and after the
computation performing the Wick rotation 7 — —i7 in the integration variable. For example, two
common integrals which can be evaluated using the Wick rotation are the following:

0 ) | 0 dr . 1
N n at __ » n n: T aTt __
/ dT(ZT) (& = 2(—1) W N / —€ = —— . (459)

—oo oo U a

4.8.4 Wick theorem for in-in formalism

In order to compute each term of the perturbative series one generally consider the solution to the
equation of motion in Fourier space, which is given by

5 =\ d3k I k —il;f IT, % k ZEf _
o(r, %) = OOk [CLEU(T, )e +azu (1,k)e } =

3 - -
= [ s [0 R 4 G0 9] = b0 (7. + 80 ()
then one uses the algebra of the creation and annihilation operators and their action on the
vacuum state a|0) = 0 and (0|a’ = 0, in order to simplify the results. Unfortunately, this procedure
can be really long since the interaction Hamiltonian and @ contains at least three fields d¢. However,
there is a standard QFT result, called Wick theorem, which allows to simplify the computations.

In in-out QFT, Wick theorem states that

T((a1)... d@a)] =Nld(a1) ... o)l + 3. Npler)...ow)] + ... +

1 contraction

all contractions

where a contraction is equal to the Feynman propagator ¢(z1)¢(x2) = Dp(x —y) and N is the normal
ordered product.

In in-in case there is no the T product inside the expectation value, since one wants to compute a
Wightman function, so one expects not to have a Feynman propagator (which contains a T' product),
but instead a contraction of type (the a in the denominator is an overall normalization which is
usually not present):

2
5t (1, k)80~ (7, ko) = (2%)3W5(3)(El — ko) .

This is exactly what happens, as one can show, repeating the demonstration of the in-out Wick
theorem, which can be performed by induction (see [35]). One finds that Wick thoerem in this case is
still valid without 7', but using this result for the contractions.

Finally, if in Wick contractions the operators depend on time one usually encounters derivative terms

such as 8¢(k1,7)0-0¢(ka, 7). This gives simply the result

du(T, ka)
dr

22This is true both in classical field theory and in quantum field theory, see the following subsection.
#3See [24], eq. 3.41.

5 (7, k1)0-6¢/ (7, k2) = (27)3u(ky) 5O (ky — ks) .

95



4.9 Bispectrum and trispectrum

In section 4.5 we have introduced the power spectrum, which is related to the 2-point function.
However, this is not sufficient to infer a non-Gaussianity, as we have seen in section [£.7] This way, we
define the bispectrum B from the 3-point function as the analogous to the power spectrum from the

2-point function: L L
(6(k1)0(k2)d(ks)) = (2m)36®) (k1 + k + k3)B(k1, ko, ks) . (4.60)

As before we will omit to indicate that B depends only on the norm of the three vectors. As in the
case of the power spectrum, we have the Dirac delta which implies the momentum conservation (for
homogenity) and B depends only on the norm of the ks for isotropy. In general the bispectrum can
be rewritten as

B(ki, ko, k3) = fnpF(k1, k2, k3) ,

where fnr, is called amplitude. We also define the shape function S as follows
1
Sk, ka, k) = N(klkrgkg)ZB(kl, ko, k3) (4.61)

where N is normalization factor (introduced to reabsorb all the numerical coefficients).

"F——-"_'_——._t!“iﬁ“

Figure 4.2: The three limits in the triangle of the momenta. From left to right: equilateral, squeezed, folded.

Even assuming statistical isotropy, there is still an infinite freedom in the functional form of F.
However, there are shapes which are physically more relevant, since they appear many times in different
reasonable models of inflation. In this sense, inflationary models can be classified by means of the
shape of F they produce. The advantage of the this method is that it provides a direct link between
observations and theory: for reasons regarding the weakness of the CMB signal to measure fy one
has to assume a specific shape. In general, one tries to find some “linear combinations” of shape
functions, which can encompass a large class of possible shapes. This means that in order to compare
theory and data, a set of theoretically motivated ansatzes for the bispectrum form must be provided,
named templates. These templates are tied with a particular configuration of the three k’s in the
momentum space. Indeed, the various k are blocked to sum up to 0 for the presence of the Dirac
delta, so they must form a triangle in momentum space.

Having said this, the principal templates are the following ([24]).

e Equilateral shape:
k2 k
Sequilateral =6 —L +sym | + 6 o +sym | — 12 .
kaks ko

It peaks at ki = ko = ks, so in the case of an equilateral triangle in momentum space. This
shape is typical for inflationary models in which the Lagrangian includes non-canonical kinetic
terms.
e Local or squeezed shape:
]452
S =1 4sym.
local kaS Yy

It peaks in the squeezed limit k1 = 0 and ks = k3. This shape is expected in standard single-field
or multi-field inflationary models.

e Folded shape:

k2 kq
Stolded = 6 | —— —6(— 18 .
folded <k2k3 +Sym> <k2 +Sym> +
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It peaks for k1 = 2ko and ko = k3. This shape is typical of inflationary models with TransPlanckian
theories, i. e. theories where the initial state is not Bunch-Davies but an excited state ([24]).

e Orthogonal shape:

k? k
Sorthogonal =—18 (1 + sym> +18 <kl + sym> —48 .
2

As the equilateral form, this ansatz emerges in models characterized by derivative interactions.
It is worth to stress that these are only four examples of a vast variety of different ansatzes proposed.

Finally, one can also define the trispectrum 7" as expected,

- —

(6(k1)3(k2)d(k3)o(ka)) = (2m)38®) (e + ko + ks + ka)T (kv k2, ks, k)

and all the higher order spectra. However, it is clear that increasing N in the N-point function implies
that calculations become rapidly very long and the final results cumbersome. Moreover, still nowadays
one in interested in the inflationary 3-point functions, since the sensibility of the experiments is not
enough to measure primordial non-Gaussianities.

The focus of this project is not to compute the bispectrum of a specific inflationary model, but to
study a specific relation between power spectra and bispectra, the Maldacena consistency relation,
which we will introduce in the next chapter. This means that we are not going to compute explicitly
different bispectra provided by different models, which can be really complicated. However, in the
following section we are going to show an example of this computation in the simplest case of the
single-field inflation we have introduced, since it was the starting point that lead physicists to the
consistency relation.

4.10 The primordial non-Gaussianity from a single field inflationary
model

In principle one could apply the in-in formula to compute bispectra and trispectra of the inflation
perturbation theory we considered in In this case we would have only pertubations of the inflaton
field so we have the correlators (d¢(x1)d¢p(x2)), giving the power spectrum, (do(z1)dp(x2)dd(xs)),
giving the trispectrum and so on and so forth. However, for a fully consistent computation one has
to consider the perturbations of the metric as we saw in chapter [2 In this type of computations, as
we will see, in general one is interested in Ehe cgrrela_‘gors invglvingi the curvature Eerturb_gtion ¢ _’and
the tensor modes Dj;, in Fourier space: (C(k1)C(k2)C(ks3)), (C(k1)C(k2)Dij(ks)), (C(k1)Dij(k2)Dyi(ks)),
<D¢j(£1)Dkl(E2)Dmn(E3)> (as we have seen, correlators including vector perturbations are generally
neglected, since they have no role in single-field inflation). This is because for Weinberg theorem ¢
and D are constant on superhorizon scales, so they provide a natural link to inflation. This is also the
reason why (-gauge is the privileged one to compute such bispectra.

All these correlators are equal time correlators, evaluated at the end of inflation, in order to compare
theory to data. For this reasons, in the following we will always omit to indicate the instant of time
of evaluation.

This is what we are going to present in this section. The first idea of this computation is contained
in [14], then a complete analysis was performed by Maldacena in [46]. We follow also [48] which is a
pedagogical review of the original computation.

4.10.1 second-order action

Since we would like to apply in-in formalism to compute the bispectrum arising from the action
as we have seen we have to split the fields into a background and a fluctuation, isolate the fluctuation
Lagrangian and then do the Legendre transform to get Hi,. This operation is trivial if one considers
the inflaton in a fixed background (which could be (quasi) de Sitter), but here we want to consider
the perturbations also of the metric, as we have seen in chapter [2| This poses from the beginning a
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problem, since one would like to work in a Hamiltonian formulation of general relativity. A solution
to this is given by the ADM formalism, which is discussed in details in appendix [Bl Here we limit
ourselves to write down the results obtained in the appendix. Moreover, calculations are very lengthy
and since they are not so crucial for the purpose of this project in certain cases we will limit to report
directly the results without doing all the explicit algebraic passages.

The metric in ADM parametrization is

ds®> = — (N? = N;N') dt* + 2N;dz'dt + ~;;da’ da? (4.62)

where N and N; have the role of Lagrange multiplier and they are called lapse and shift. Using this
decomposition, one can show (see the appendix) that the Einstein-Hilbert action is equivalent to (see
the appendix)

Sapn = / dtd>z/yN (R(3> + KYEK;; — KKj) : (4.63)
where R®) is the 3-dimensional Ricci curvature (defined in the appendix) and

Kij = —NTY = %(Df’)Nj + DIN; —45)
with DZ@) spatial covariant derivative, defined in the appendix (we put Mp = 1 for sake of shortness
and we restore it in the end of the computation). Notice that in ADM formalism, since the spacetime
is foliated in costant time hypersurfaces, one usually splits the spacetime element as d*z = dtd®z.
Since one has \/—g = N,/y with v = det;;, the action coupling the inflaton to the metric in
ADM formalism becomes

S :% / dtdz/y (NR<3> + N"YE,EY — E?) + N"Y¢ — N'9;¢)? — Ny ;606 — 2Nv) ,

where we have defined E;; = NK;; and E = v/ E;; (defined this way to be consistent with [46]). As
explained in the appendix, N and N; are Lagrange multipliers, as one can see from the action, having
no time derivatives. Their meaning is that the variation of the action with respect to N and N; gives
four equations which are not dynamical, but they are constraints. This comes from the fact that not
all the ten elements of the Einstein equations are dynamical, but there are 4 constraints: indeed the
real degrees of freedom of the metric this way are 10 — 4 — 4 = 2 (10 since the metric is a symmetric
matrix; first 4 since 4 equations are not dynamical; second 4 since they are 4 constraints), which is
a well known result. The ADM formalism has the advantage to make this fact immediately clear.
These two constraints are the following. The variation with respect to N is trivial and means simply
to calculate g—ﬁ, = 0. The result is

1 ij ) i
RO —2v — = (EJE i _E*($—N ai¢)2) —0. (4.64)

The variation with respect to N; is slightly more difficult since F;; contains Dgg)]\fj into itself and the

result?d is ' ‘
D® (N"Y(Ei - Esl)) =0. (4.65)

At this point the strategy is the following. As deriving [2.23] since GR calculations are cumbersome,
we limit to report the sketch of the calculations.

240ne firstly computes

OFap 1 0 ( (3) (3) .
== D;”N; +D; Ni_')’ij) = 0ja0bi + Opj0ai
OD®'N; 20D N; !
oF w OFE, ’
. =" o = e
DD N; aDP N,

and then using the Euler-Lagrange equation g—fj - D§3)N]~ BE(E;;I])V
i J

= 0 gets the result.
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e We make the computations in (-gauge, defined in section [£.6.5] This way, the spatial part of the
metric is

0gij = a2(7') ((1+ 2()(51‘]‘ + Dz‘j) . (4.66)

From now on, in the rest of this project we call the tensor perturbation D;; = XZ; However, in
this section we will not compute correlators involving tensors, so we neglect D;; by now. This
expression is usually rewritten including an exponential matrix

dgij = aQ(T)eQC‘S"jJFDU .
This can be simple to manipulate doing computation and, despite containing perturbations at

all orders, it must be always truncated at first-order in the end.

e Using the ADM expansion of the metric in this gauge, we compute the relevant quantities in
the metric. For simplicity we consider only scalar modes. The ij component of the metric is
Yij = a262<5ij, so v = a"2e%§% . This way

A5 = 0n(a2e%5;5) = (2aae® + a22¢eX)5;; = 2a2(H + ()X 5,

and similarly 4% = —2a72(H + é)éij . This way one can compute the connection coefficients
which are

1
FE?)k =§7kl (8371 + Oy — Orvig) = 6*(9;Cou + 0iCo5 — DUCoi) -

From this one can compute the spatial curvature

R = 550k (4T + T3 D™ = (k 1)) = =20a72e7% 2V + (910)?)

and the extrinsic curvature

E;; = a262C5ij — 8{1]\7]} + (2N{18]}C — NkakC(Sw)

BV ="y Bya™ = a”te "6 By

so that
FE = hijEij = 3(H + C) —a 2% (Bka + Nk(?kg)

and thus one has

. . 4e—2€C .
BY By — B = — 6(H + () + ~——(H + ) (9:N; + Nidh¢) +
e X 2 2 2

The values obtained for R®) and E% E;; — E? can be substituted in the action.
e We expand the shift and the lapse as

N=NO 4 NO 4 .
Ny =NO +N® 4
where the shift can be SVT expanded as N; = 0;a + ;. Then, since we are considering only the

scalar sector, ; is neglected.

e We solve the constraint equations and at zeroth order in the shift and in the lapse; the
result is

NO =1, N9=0.
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e Using this result, we solve the constraint equations and at first-order in the lapse; the
result is .
¢ ¢

L
N =2 NV =8a, a=-3+ aQ—ﬁ;QV*Zg , (4.67)

where V2 is the inverse of the Laplacian operator V2.

e At this point one has to insert these results in the action in ADM formalism. The result at
second-order is

S :% / dtd*x [aeC (1 + é) (—4v2g —2(0k¢)% — 2v@262<>

2
ST T |

e Finally, integrating by parts, many pieces in the Lagrangian result to be boundary terms,

2
which can be erased. Using the background equation of motion H? = 3]\142 (% + V) and
P
% = —6]\14}2) ((;5(2) - V) = MLIQD — 2H?, one gets the simple result
GZB(Q) @y a 2
Sy = [ dtd*z—-% | =C* — (0 : 4.68
s = [aatogl |58 - Sau0) (468)
The first-order turns out to be a total derivative term|
|2
Remembering that the slow-roll parameter € can be written as € = % (since Mp = 1), we have that

Sy = e/dtdgx [a3¢2 - a((‘)kC)Z} .

This way, the second-order action of the perturbations is suppressed, since proportional to a slow-roll
parameter. Notice that this action is exactly the Sasaki-Mukhanov action (up to the suppression
parameter €).

A second way to derive Sasaki-Mukhanov equation

In this section we are going to show that from the second-order action Sy we can derive the Sasaki-
Mukhanov equation ([48]). This is a consistency check of the result obtained in [4.6.3] However,
to perform this we have to switch to spatially flat gauge, where ¥ = x| = 0 and Xf = 0. This way,
the inflaton and the ij components of the metric become

¢=do+00, gij=a*(T)(1+Dyj) .

We indicate with (;, the comoving curvature in this gauge. We know that {,, = —H j-)—d); we have also
0

to take into account the rescaling 4.28 6¢ = ad¢, so that ¢, = —E%. In appendix A of his paper,
0

a

Maldacena has shown that ¢, and ¢ are related perturbatively by the following relation

. .9
L %0 o 190
1

1

where D;; is the tensor perturbation. Since we want to consider only an action expanded up to
quadratical order in the fields, substituting this into [£.68 we can simply use ( = (,. The derivative
with respect to time of ¢, is

g‘n:H(@M}b(H—‘?O—"”)) :.£<5ZS—H5_¢(1—77—|—6)) ,

L0 G200, (0:,0:C1) +
- 719 1Ug 15nV561
4 H? ’ ’ (4.69)

1 .
V‘Qﬁiﬁj (&aﬁjcn) — EDijaiaan +..,

1 .
G+ £ Cnn =

0a 0@

#5For more information see [49], appendix D.
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where we have the definition of the slow-roll parameters Performing the field redefinition, the
action [4.68 becomes

Sy = / dtd*e [;(5&)2 +SHA1 = 20+ 20(59)° — aH (1 — 4 €)5566 ~ %(6@)2

where we have obviously neglected terms quadratic in the slow-roll parameters. One can showﬁ that
the two summands in the middle can be put into the standard form %H?(2 — 3n + 2¢)(d¢)?, which
behaves like an effective mass term, but time dependent. At this point we pass to conformal time
using the definition dr = adt, giving

Sy = / drd*z B(éqﬁ)’? + %a2H2(2 — 31 4 2¢)(66)* — %(8,@)2

Since from one has H = —%, the effective mass can be expressed as an expansion in the slow-roll
parameter as

1
m? = —a?H?*(2 — 31+ 2¢) = ——(2—3n + 6e) .
T
The equation of motion associated to the action above in Fourier space reads simply

66" + (K2 +m?)dp =0 .

— 2_1
Since 6¢ = adp = a@Q and m? = —%2(2 —3n + 6¢) = —VT—Q“, this is exactly equation [4.48[

The power spectrum

Thanks to the results we have found, we can easily rederive the expression for the power spectrum of (.
As done in section we want to get u9?(k, 7) from the solution to the equation of motion at second-

order, which is Sasaki-Mukhanov. The mode of §¢ are given by |4.33 ui¢(7’) = all =ikt (1 4 jk7);

V2K3
to get the mode of (, it is sufficient to remember that ¢, = —%‘;ﬁ so that using eq. |4.14| one get'
H .
Cn . —ikT
u (1) = 1+ ikT)e . 4.70
The power spectrum scales analogously, so that using (, = —H 2—‘;5 and |4.14{ one gets
0
H? H?
P =—PFPsp = —5—= , 4.71

having restored the Planck mass. This coincides with at first-order in the fields { = (,; H = H*
up to higher order in slow-roll expansion (see footnote ; the different numerical coefficient is simply
a different normalization.

26 .
deed gH2(1 — 20+ 2€)(09) — aH(1 — 0+ €)6pd + %at(aH(l +e—n)(6¢)%) =
L1~ 20+ 26)(58) + JaH(1+ e~ n)(9)* + JaH (1 + e~ n)(59)° =
SHA(1—20+20)(80)° + SH*(L+ € = 1)(59)° = SeH* (L+ € —1)(60)° =
5 H*(2 =30 +20(59)° |

where we have neglected derivative with respect to time of the slow-roll parameters since they are higher order.
*"The minus sign can be reabsorbed in the coefficients 01/2 in W
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4.10.2 Third order action

As we have seen, in order to compute the bispectrum one needs the action expanded at least at third
order in the field perturbations. The procedure is essentially the same we have presented in
but keeping also the third order terms: the algebra is really involving and as we have done before we
limit ourselves to report the result firstly obtained by Maldacena ([46]). In this case it is simpler to
work directly in spatially flat gauge. After having obtained the expansion and having erased all the
boundary terms by integrating by parts, the third order action readﬂ

S = / dtd*ze? |a*GuCE + aCuDiGnin — 20OV 200G

where the missing terms are higher order in slow-roll parameters, so we neglect them. This implies
that the interaction Hamiltonian at third order is

Hos = [ @06 (6,62 + 06,0606~ 20605 2016

To perform the computation we prefer to use cosmic time as time coordinate. This way, using dr = adt
and [4.14] the result is

Hing = — / B2 [aGuC? + aCudCaiCn — 20,0V 2CL0:C] -

Since the bispectrum is defined in Fourier Space we would also like to rewrite this in Fourier space,
using the usual Fourier expansion ¢, (%, 7) = [ 2 (%)3 (K, T)e 7 The result is

6O E + 5+ D) [aGa(R)L DI (@) — alF Dal(R)n (D) @)+
(p q‘)

1
Hy = — | dPkd®pd®
= [ ety *2m)s

—2a G (R) G (P)6n (@)
4.10.3 Scalar bispectrum

At this point we have the cubic action, which is what is required to use the in-in perturbative formula
Notice that in H;yt one could in principle include also a second-order term, but it is null since in
the commutator we would have an odd number of creation and annihilation operators, which is zero
when contracted with the vacua. We use conformal time and we evaluate the correlator at the instant
7 = 0 when inflation ends (this is super-horizon limit). Inserting the third-order Hamiltonian we find
three terms to evaluate separately:

(Cn (k1) G ()G (K3)) = i€? / P rd®pd®qd™ (k + 5+ q) /_ ZO dr'a [A1 (') + Aa (7)) + As(7)]
where

Aa(r) = a (0] [Gu (k1,0) Gu (k2,0) o (3,0) G (B ) €1 (5.7) i (@.7) ]| 0)

Ao(r) = =a(@ ) (0 |[Gn (K1,0) G (83,0) Gu (5,0 .G (.77) o (5:7) u (3.7)] | 0)

a3(r") = ~2a %0 0] [6, (.0) o (£2.0) €0 (K2.0) . ch (B.) ¢4 (7.7) o (07 | )

p?

Notice that in the in-in perturbative formula we have not inserted the ico term in the lower bound
of integration simply because we still have to Wick rotate the result. To evaluate these quantum

2BCfr. [46], eq. 3.8, using ¢, ~ H% and the definition of the slow-roll parameters.
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correlators we use Wick theorem introduced in section the contractions give the results:

A =(2m)% [u(k‘l,O)u(kQ,O)u(kg,O) <j7_u* (kl,r’)) (jTu* (/@,T’)> u* (ks,7') — c.c. ] +
+ sym (k;)

Az = = (2m)%a (K1 - 2 ) [u (kr, 0) w (kz, 0)w (ks 0) ™ (y, 7/) u* (ko 7') w” (ks 7') = cc. ]+
+ sym (k;)

(ki k2) d i
As :(27r)9(—2a)T [u (k1,0) u (k2,0) u (k3,0) <d7_u* (kl,T/)> u* (ko, ') (dTU* (kg,T/)> — C.C.:| +
+sym (k) ,
where c.c. is the complex conjugate and sym (k;) is a sum over all the possibile combinations of k;’s

taking into account all the possibile Wick contractions. Putting all together one finds that the in-in
formula gives

<<n <E1> Cn(E2> Cn <E3)> :(2ﬁ)35(3)(E1 =+ EQ =+ Eg)ezx
Im | — (k:_i . k:_é) I — ZTI;J, — c.c. | +sym(k;) ,
where the I’s are 3 integrals in 7'

B = u(k1,0) u (k2,0) u (1, 0) [ (; dr'a? Kddﬂ (/w/)> (jTu (/@,T')> . (kg,ff)}

Iy = u (k1,0) u (ko,0) u (k3,0) /_(; dr'a® [u* (ki 7') u* (ko, 7') u* (ks, 7')]
I3 = u(ky1,0) u (k, 0) u (k3,0) /io dr'a* |:(CZ_U* (kl,f’)> u* (ko, ') (ddTu* (k;g,f’)ﬂ .

This way, the problem is reduced in computing these integrals. The function u(k, 7) is the solution to
the background equation, which is so that

H . —ikT d H —ikT
’U,k-(’]') = \/@(1 +'Lk7’)€ k s EU]@(T) = \/ﬁ]f2€ k .

Furthermore, in section we saw that a(7) = —% and in footnote |18 H = H,, both at zeroth-order
in slow-roll parameters (remember that H = H, is the value of the Hubble parameter at horizon
crossing). However, in evaluating the integrals one could be worried about the fact that substituting
these expressions the value of H, can be different from mode to mode; however, one can choose a
given time instant, corresponding for example to the time when K= El + Eg + Eg crossed the horizon:
this way, one is sure that all the three modes are superhorizon.

Using these three ingredients, as we said introducing the in-in formula, the resulting integrands have
usually a bad oscillatory behaviour at infinity so one has to give sense to them by performing a Wick
rotation. I; and I can be computed by using the formulas [4.59] which include the Wick rotation.
The results are:

3

1 1 0 Ko 1 1k
41.271.2 . KT cr741.27.2 Il 3

i=1 v i=1

3 0
1 - 1 1k
41.27.2 . iKT cr741.27.2 2
Iy = —H*E2K? (H 46k3> / dr' (1 — ikyr') €K7 = iHAKDH3 (| [ 46k3> ( + 2) .

i=1
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To compute Is we have to compute an integral which is divergent; however, in we need only its
imaginary part, which is convergent. Explicitly:

[ o . dr .
Im/ 21— iKz)e* = Im / o —ZK/ m”}:

I Kz 0 dx .

= Tm |- —i—zK/ x—iK/ LK | =
(- - x
i 0 0

| cos(Kx) sin(Kx) -k

Zz — o T —00

Using this and the result of the integral is:

3

0 /
Iml, = —H} (H 4;3> Im /_Oo CT% (1 —iky7') (1 —ikot’) (1 — ikzr’) K =

3
1 kika + koks + kiks  kikok
174 1h2 2h3 1h3 1h2h3
= <H4ek3> (K_ K K2 )

At this point we have to substitute these results in the expression of the three pomt function [4.72
The scalar products in the expression can be simplified as follows. Using the fact that k:1 +ko+ks=0
(thanks to the Dirac delta), squaring this expression one finds

- - -\ 2 - o - o - o
(k1+k2+k3) — k2 k24 K2+ 2y - Ry + 2y - Ry + 2y k3 =0

which then implies

N 1
kl-k2+k1-k3+k2-k3:—§[k%+k§+k§] :

Moreover, the scalar product El . Eg, can be written as

I 1 - 1 1 1/ -\2 1 1
kq-ko = 5 k%+2/€1'k2+k5] —gk’%—ikgz 5 (k1+k72> _§k%_§k% .
Using the conservation of momentum given by the Dirac delta 1+ ko = —]gg. Thus

- o 1
ki = 5 [k — ki — k3]
and similarly for the others:
A 2 2 A 2 2

The final result, after having symmetrized over all the moments i@

4 3
(CulF1) o (Fa) () =(27)36® (B + oy + kg)fj\}/% (H 4k3) N I 5w
i#] i>j

(4.73)
We restored the Planck mass initially set to 1. However, we want to find the bispectrum for three
(’s and not for (,: the transformation law is Thanks to Weinberg theorem we know that on
superhorizon scales ¢ and D;; are constant in time, while gradients can be neglected, so the result
simplifies to

= QHrlﬂC LI PE

29The explicit symmetrization procedure is in [48], sections V.D-V.E.
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This scaling at leading order in slow-roll expansion sends the correlator in coordinate space to (using
Wick theorem to compute the 4-point functions and [4.39))

(C(Z1)C(22)¢(Z3)) = (Cn(@1)Cn(T2)Cn(F3)) + (=1 + €) [(Gr(Z1) Cn (F2))(Cn (Z1)Cn (T3)) + sym]
Passing to Fourier space one gets
(C(R1)¢ (k)¢ (R3)) =(Cn(R1)Cn(R2)Cn(Rs)) + (—n + €) (2m) 36 (El +Ey + ES) X
[P, (k1) Be,, (k2) + P, (k2) P, (ks) + B, (k1) B, (k3)] -
Using and the final result is:
(Clk1)C ()¢ (ka)) =(2m)26) (y + ka + k3)

H4 1 -1 3 3 2 212
A (k1k2k33462 Zk +f = K +§;kk +— gkk

(4.74)
From its definition, the second line of this result is exactly the bispectrum Bg¢¢, at leading order in
slow-roll approximation. Notice that in this approximation the 3-point function does not depend on
the type of interaction in V: the dependence is encoded in the slow-roll parameters.

4.10.4 Tensor and mixed bispectra

In his paper [46] Maldacena computed also the tensor bispectrum Bppp between three tensor perturbations
and the mixed bispectra B¢pp and B¢¢p. As it is clear from the size of the computation we have
done to derive B¢, reproducing the computations leading to these results is very lengthy, so we limit
ourselves to report the resultslfl:

H} 2
BDDD(kla 81, ka2, s2, ks, 83) M4 k3k3k3 Zszl/ejilell/tljltl ]’l’I
Hy 1 3 2, 9 k3k3
BCDD(kl,kQ,SQ,kg,Sg) M4 mef;ﬁf; *k‘l +2k1(k‘2 +k33) +167 (475)
H} 1

Beep(ki, k2, k3, s3) = ESIRSIST

eMp, eM3 k3k3kz3 €ij
where each s; is the spin associated to the tensor mode, I is the result of an integral over 7 born from
the use of in-in formalism

>is; kikj  kikoks

I=K-—
K K?

and ] )
tij = kL0i; + kbdi + Koy .

Moreover, €. is the spin-2 polarization tensor, such that

) ’L]
Dij=Y_ e;D(k). (4.76)
s=42

Notice that D® depends only on the norm of k. A possible explicit representation of the ¢;; is given
by the £2 polarizations
(e} +ie?) (el +ie?) | (ek —ie2)(e}

1
€ = 5 HES I I8 (4.77)

39Tn the following there are some extra factors in the normalization, due to the fact that in [46] the power spectrum
has a different normalization with respect to our conventions. More specifically, they assume

H2

PT(k)ZM7

which has an extra factor of 2 with respect to
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being e! and e? two vectors constituting the base of the subspace perpendicular to the direction of
the tensor modes k;:
eikiig? =0.

Another representation is given by the plus and cross polarizations:

s _ (11 2 2\ s 102 4 o201Y58
eij = (ejej — eje)oL + (e;€f + eje;)0y

The spin tensor has also the property -
€l e =032 . (4.78)

8117
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Chapter 5

The consistency relation

After having introduced cosmological perturbations and the inflationary mechanism, we can finally
derive and discuss the consistency relation. Loosely speaking, a consistency relation links the bispectrum
with the power spectrum in the limit when one momentum is sent to zero, that is the squeezed limit.
This relation naturally arises from the computations of single-field inflation bispectra as Maldacena
himself pointed out. However, the issue turned out to be very general, since immediately after the
Maldacena work it was shown that this relation is valid in every single-field model without relying
on slow-roll approximation. But this is not the only possibile generalization: the consistency relation
turned out to be strictly related to the structure of the symmetries of de Sitter space; starting from
this, one can prove that there exists an infinite number of consistency relations, each one relating the
N + 1-point function with the N-point function. In this case the Maldacena results appear to be only
the N = 2 case. In this framework, consistency relations including also tensor perturbations have
been proposed, as we are going to discuss.

In this chapter we briefly discuss the Maldacena argument both in the case of the scalar bispectrum
and in the case of bispectra involving tensor perturbations. We will quote the various formal proofs
for the consistency relation, then presenting a very important one, according to which the consistency
relations are Ward identities associated to conformal symmetries. These proofs provide also a way to
generalize the Maldacena result for generic N-point functions. We will conclude by discussing when
this relation is not valid, listing the possible models which are alternatives to the single-field models
of inflation.

5.1 A first hint for the consistency relation

In his seminal paper [46], after having obtained the bispectra, Maldacena pointed also out a very
important fact. He considered the 3-point functions and took the limit k3 — 0 (for symmetry
one could take ks or ks as well). Since the bispectra is multiplied by a Dirac delta, we have
6(3)(E1 + Eg + Eg) — 6(3)(E2 + Eg), so in this limit we have ks — —Eg. Graphically this has a
clear interpretation, since in momentum space the Dirac delta implies that the sum of the momenta
is 0, so three momenta close in a triangle. In the limit k; — 0 this means that the triangle squeezes
and /{2 = /{3.

Consider now the Maldacena result for B¢, eq. We want to take the squeezed limit k; — 0 and
ko — ks (remember that these are the norms of the vectors). This way the second summand between
brackets in [1.74 becomes

g —Zkf+2kﬁ+%2kfkf —>28€Z/<3

i#] 1>]
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This implies that in the squeezed limit the correlator is

-

L 3 H! 1 1 26 n 3
Jim (C(F)C(R2)C(Fs)) = (2m)*0 (Fy + Fa + ’“3>M4 bk i@ 1 2M

Notice that computing the shape function S using[4.61|one gets exactly the local form form Sjocar. From
2

this emerges the point: we have computed the power spectrum in 4.10.1} which is P, = P =
(remember that ( = ¢, at first-order in the fields) and in section [4.6.3[ we have seen that

_HY
4MZek?

ng —1=—6e+2ny = —4e+ 29,
where we have used These imply that, since in this limit >, k3 ~ 2k3,
: N H 1 4e—29
lim (¢ (k1)¢(k2)C(ks)) = (2m)20P) (k1 + ko + & 2k3 =
:-@@W%&+%+mm%—ng@mﬂ@y

So in the squeezed limit the bispectrum is the product of the two power spectra, with a coefficient
which is the deviation of ns from 1. The previous result can be also rewritten ag]|
dlog [k3 P (ks)]

0log ks ’

lim (C(k1)¢(k2)¢(ks)) = —(2m)36®) (ky + ko + k) P (k1) P (o)

2
k1—0 (5 )

using A(k) = %Pg(k‘) and the definition of the spectral index n.

As pointed out by Maldacena himself, this result has a peculiar physical meaning. In the limit k; — 0,
the corresponding mode ¢ (El) has large wavelength: this means that the fluctuation of ¢ (El) is already
frozen by the time the other two momenta, such that ko3 > k1 (so they are short), cross the horizon.
So its only effect is to rescale the other two momenta so that we get a contribution proportional to
the violation in scale invariance of the two point function of the two fluctuations with large momenta.
This is exactly what happens. It is not a proof, but simply a semiqualitative argument. However, this
consistency relation has been explicitly proved and generalized in years, as we are going to see in a
future section.

The phenomenological importance of this consistency relation can be already appreciated. Since it
is valid in single-fields inflationary models, a future measurement of the bispectrum can test this
relation. This means that if a violation was measured, this would immediately rule out all the single-
field inflationary models.

5.2 Consistency relation for tensors

In this section we derive the consistency relations associated to the bispectra involving tensor
perturbations D (]46}50,51]). The most used is the one arising from the correlator ((¢D), squeezing
the momentum of the tensor perturbation. In the mixed bispectra one usually squeezes the momentum
associated to the field in the correlator which appears one time, in this case D. One has

(C(k1)¢(k2)D(ks, s3)) = (2m)°6®) (ky + ko + ks) Beep (k. ko, ks, s3) =
H 1
eM$ 2k3k3k3 €ij
so taking the limit k3 — 0 and k1 — ko one has (since K = > k; — 2ko)

2 >j kik; k?lk‘Qk?:s k2 3
: 2y — —2 ="k
K K2 T g, Tt

= (2m)20®) (ky + ko + ks) eS3kSkIT

I=K-—

To be mathematically consistent, the correct limit to take would be

1 oo -

dim, k) (C(k1)¢(k2)C(Ks3))

and similarly in the other consistency relations presented in this chapter. We have chosen to conform with the original
Maldacena convention.
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so that

lim (¢(F1)C(F) D (R, 53)) = (27360 (B + Fo + Fy) e 0 L g8y
k3H—>n0 ! 2 3,83)) = \&T 1 2 3M2k334M2k3k3 zJ 2 29 2 =
5 YL (5.3)
= (2m)36®) (k1 + ki + k3)§PT(k3)PC(k2)ef]3 13;22 7
2

having used and

Other tensor consistency relations involve the squeezed limit of the other two bispectra in ((DD)
and (DDD). The first one is associated to the bispectrum

(C(k1)D(ka, s9)D(k3, 53)) = (2m)30® (k1 + ks + k3) Bepp (K1, ko, 52, k3, 53) =

HY 1
M4m ”Lj2 Zj3 k3+2k1(k2+k3)+16

= (27)30) (ky + ko + k3) k2k3

In this case we have to squeeze the momentum associated to (. We can use [4.78 and in the limit

ko ~ k3 > k1 one has ) o

K2k
—k} + 2k (K3 4 k2) + 16% — 8ks

so that
- . . . H2 2H? 1
; _ 35(3) Il Sl Ml 3 _
Jim (CR) DRz, 52) D(ka, 52)) = (2m)°6 (Ry + Ko+ Ra)eq s T g asaBh

= (27‘(’)3(5(3)(];;1 + EQ + E3)€P<(k1)PT(]€2)5S2S3 .

Finally, we want to squeeze a momentum in the (DDD) correlator in [4.75}

(D(Ky1,51)D(k2, s2)D(ks3, s3)) = (27)26®) (k1 + kg + k3)Bppp(ki1, ka, ks, s1, s2, 53) =
4

H; 2
= (2m)%6®) (k1 + Ky + kB)MA‘ BT evesneptijitigul -

As before, in the limit ko ~ k3 > k1 one has I = %kQ and
tz‘jl — kééjl + ]{?%5,[ .
Thanks to the transversality condition of € one has efj ki = 0 and using [4.78| the result is

s1 82 $1 1.4 7.4
Gul ]]lﬁll/tz]ltz 1 € Lk k2 (55253 .

In the end, in the squeezed limit one gets the following consistency relation

. 35(3) 2H? 2H? 1 3
klllglo(D(kl, s1)D(ka, s2)D(ks, s3)) = (2m)360) (ky + ko + k:g)M2 VR i3 € Sk 5525351432 =
34(3) 3 kzzk2
= (27‘(’) 1) (]{71 + kQ + k3)PT(]€1)PT(k2) B e )

9 €l k2 5283 -

It is worth to underline that these last two relations, involving more than one tensor mode, are less
interesting from a phenomenological point of view, as we will see in chapter [7}

Up to now, these consistency relations involving tensor perturbations are only a peculiar limit of the
Maldacena results However, as in the case of the correlator ((((), it can be proved rigorously
that they are valid in any single-field model of inflation. Moreover, all these 4 consistency relations
for the 3-point functions of the single-field inflationary models can be generalized in many ways, as
we are going to discuss in the following section.
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5.3 An overview about a proof and generalizations

Historically, the first attempt to get a formal proof the consistency relations was proposed in 2004
by Creminelli and Zaldarriaga ([52]), better presented by [49] and [53]. This proof is based on the
so-called “background wave” method, based on the fact that the long mode can be considered as a
background of the two fast modes (see figure . The assumption is that the inflaton is the only
dynamical field during inflation.

However, this approach turned out to be difficulty justifiable, since the cosmological correlators have
a quantum nature, fact that makes the “background wave” method quite unsatisfactory from the
formal point of view. However, through years many other demonstrations appeared, based on very
different techniques. The original consistency relation can be derived from the Ward identity for
spontaneously broken spatial dilatations: this was already pointed out by Maldacena himself in [46]
and then presented formally by Hui et al. in [54] and [50]. This approach emphasizes the non-
perturbative nature of the consistency relations. Moreover, there is another proof in [55], which uses
standard quantum field theory techniques such as the path integral formalism and the introduction of
the proper vertex functions. Other common QFT techniques used to prove the consistency relations
are the wave functional ([56,57]) and the BRST symmetry ([58,59]). Finally, Maldacena pointed
out also the relation between the consistency relation and the AdS/CFT correspondence, leading to
demonstrations based on holographic arguments ([60,61]).

The importance of these results is that they naturally provide generalizations for the consistency
relation we have proved for the correlator (((¢): they can contain tensor perturbations, as we have
seen in the previous section, but they also involve a generic number of fields in the correlators, or
even include other completely new relations among correlators in the limit £ — 0. This section has
two different purposes: on one hand, to give an idea of a formal demonstration for the consistency
relation, underlining that it is not simply a mere coincidence, but it is strictly related to the structure
of the spacetime in which inflation takes place; on the other hand, to introduce briefly the simplest
possible generalizations (without entering too much in technical details which are beyond the scope
of this project).

Indeed, many of the different demonstrations unveil the strict connection between the consistency
relation and the symmetry breaking pattern of the de Sitter space, which we will discuss. The
consistency relation is also related to the adiabatic modes arising in the limit £ — 0; we will represent
them using the different approach of [50]. Then we will focus on the consistency relations seen as
Ward identity and finally we will comment on possible further generalizations.

Figure 5.1: A shematic representation of the basic idea for the “background wave” argument: the red dashed
line represents a mode with k£ — 0, so its wavelength is long; on the contrary, the blue line represents a short
mode and the red dashed line behaves like a background for this mode. A first idea of this argument was
introduced also by Maldacena in [46], as we have said.

5.3.1 SSB pattern in inflation

In this section we discuss the symmetry breaking pattern in single-field inflation ([50,62,63]). As we
have seen, inflation takes place in a quasi-de Sitter space ([62]), which in Lemaitre coordinates reads

ds? = —dt* 4 2115, da’ da? |
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with H constant. Being a maximally symmetric space, it has 10 symmetries (in (3 + 1) dimensions),
each one associated to a Killing vector. As in Minkowski, we have 3 spatial translations and 3 spatial
rotations. On the contrary, the remaining 4 symmetries are very peculiar. A first symmetry is the
following

t=t+c, z'=ety,

which is exactly a rescaling of the coordinateﬂ The proof that de Sitter space is invariant under this
transformation is almost trivial:

ds”? = —dt”? + th5ijda:'id:E'j = —dt’ + eQH(HC)e_QHCéijdajidxj =ds? .

The remaining 3 symmetries are the conformal dilatations, acting infinitesimally on the coordinates
as
' =t—2Hbx' 2" =a2"— b (—H 2e 2" 1 (27)?) 4 22" (bja?) ,

where b is a 3-vector parametrizing the 3 directions of dilatation. These 4 symmetries (rescaling + 3
conformal dilatations) are the generators of the conformal group, which is the basis of the (A)dS/CFT
correspondence ([64}65]).

However, we are going to show explicitly that considering a perturbation for the inflaton breaks some
of these generators. Since the background is FLRW, we expect that the conformal group generators
are broken, leading to a symmetry breaking pattern:

dS — FLRW
S0O(4,1) — spatial rotations + translations .

This is because the inflaton establishes the end of inflation, so perturbations along the inflaton
trajectory are sensitive to departures from de Sitter space. As we have seen, we can slice de Sitter
spacetime by taking ¢(t) = constant, spontaneously breaking SO(1,4). This implies that inflaton
correlation functions cannot be invariant under the full SO(1,4) symmetries. Notice that we are
making the assumption that the spacetime can be sliced, which is possible in single-field inflation, but
not in multi-field inflation.

To better explain this, consider now an infinitesimal diffeomorphism of parameter &# = (£,¢%). The
metric written in ADM form, which can be read from the full line element transforms according
to 80 9y, (%) = g () — Legpuw(z). From this one finds that the lapse, the shift and the spatial
metric are sent to

ON' = O;N' — 9;6'N7 + 0y (EN') + €' — (N?V + N'N7) 0;¢

SN = &'O;N + 0,(EN) — NN'9;¢ (5.4)

0vij = Di&5 + Dj&i + &3ij + Nid€ + N;oi€
Now, if all the fields and the elements of £ are null at infinity, there are no residual gauge symmetries.
Working in (-gauge, we have seen that the spatial metric is

gij = ij = a*(t)e*e .

2To better see this, one has to change coordinates

t— _logn _Y
H H’

in which the metric becomes L

2 2 i 5

ds® = H2172 (—dn + éijdyzdyj)

and the symmetry

/ —Hec 1% —Hec i

n=e n, Yy =e€ Y,

which is exactly a dilatation with parameter A = e~ ¢,
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Under a diffeomorphism, thanks to the variation of the spatial metric is
) [aQ(t)eQCeD“} = L¢ [aQ(t)eQCeD"J} . (5.5)

We want to find transformations respecting the (-gauge mapping this spatial metric into iteself, so
that they appear to be residual symmetries of the metric. As we have commented in chapter [2] the
only possible residual gauge freedom is given by infinitesimal diffeomorphisms which do not decay at
infinity.

In order to preserve the (-gauge definition, d¢ = 0 always, so we have to choose & = 0. At this point
we want to solve the previous equation order by order as follows

8¢ =06¢0 +5¢M ...
50O (1
0D;; = 6Dij + (5Dij + ...
&= +o6W + .
We limit ourselves to the lowest order in perturbations, being this sufficient to derive the simplest

consistency relations. The discussion for the higher order terms can be found in [50]. At zeroth order,
the expansion of [5.5] gives

2¢O 5, + 6D = 26 04¢o,; + 0,61 + 9,6 . (5.6)
Since Dj; is traceless, taking the trace allows us to solve for ¢ ©)
1 . .
50 = 2o + &M (5.7)
Plugging back this into solving for 5Dg-)) one gets

0 0 0 2 0
5D = 8@5](' )+ 9,6 — gak’f/(g 5y . (5-8)

ij
Taking the divergence of this expression gives an equation for 51-(0),
0 , 14450

Any 550) (possibly time dependent) satisfying this equation preserves (-gauge up to zeroth-order. This
means that this equation describes the residual diffeomorphism. Notice that taking its divergence one
gets

V2 = 0

and assuming fields vanishing at infinity one has only 8’{1.(0) = 0. Substituting this into gives
V2§§0) = 0, which then implies 51-(0) = (0. This implies that fi(o) must be non-zero at infinity, as
expected.
Notice that the (time-dependent) dilatation and the special conformal transformations (SCT) are
solutions to B9k o

gzghlatatlon — )\(L‘)Zlfz

A A 5.10
SZSCT = Qb] (LL)ZL‘J'QJ‘Z‘ — ."L‘]l‘jbi(t) . ( )

These are the generators of conformal transformations on spatial slices, which are exactly the broken
generators: fixing a gauge for fields vanishing at infinity, we are automathically excluding these
generators.

To sum up, this symmetry breaking is associated to having fixed ¢ to a constant. In an analogous
manner to what happens in the usual SSB mechanism of particle physics, we naturally split ¢ = ¢g+d¢:
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¢o can be interpreted as the vacuum expectation value and d¢ becomes the Goldstone bosonlﬂ Since
(without having fixed a gauge) ( ~ d¢, one can interpret ¢ as the Goldstone boson associated to the
symmetry breaking. Under these symmetries it transforms at zeroth-order according to

5dilatation C(O) — )\(1 + SUzazC)
5SCT C(O) = 2b;x; + (Qbil'il’j — l‘zl’zb])ajq .

5.3.2 Adiabatic modes once again

As we have seen, the residual transformations &; have a field-independent part which does not fall off
at spatial infinity. This implies that they map field configurations which fall off at infinity into those
which do not. However, we have seen in section that that a subset of these transformations can
be thought of as the k& — 0 limit of transformations which do fall off at infinity and therefore generate
new physically acceptable solutions. These are called adiabatic modes.

Proving Weinberg theorem, we have seen that a solution which does not fall at infinity can be seen as
the &£ — 0 limit of a physical configuration which is 0 at infinity, only if satisfies the Einstein equations
which become trivial in this limit. In the ADM formalism, they coincide with the Hamiltonian and
momentum constraints, which in single-field models are perturbatively solved by

. ‘o

% , NY=080a, a= 4y a2j—£lV*2N<1> .

(1) _
N H

We then consider a profile which locally looks pure gauge: to linear order we only need the nonlinear

part of the transformation laws [5.4] and
S 1 .
SNi=¢, sN=0, 60 = galgfo) .
To be extendible to a physical field configuration we have to impose the constraints One finds

6¢ | P gy
_sND =5 T 50 £(0)i — A1
0=9 7 3H81.§ — 0;¢ 0 (5.11)
and similarly .
9i0C 5 B o 1) 0,0;¢
_ g% 2o SN = 295
7 +a QHV 0;0 3

The physical solutions to must respect these two constraints and In order to find the
solutions we SVT decompose ¢! as follows

& =onY = (5.12)

£ = g(0)i g&?)i 7
where 0 = 81'.520) and 9°¢Y = 0 as usual. The first constraint gives
8:£@i = ¢ (5.13)

This means that any time-dependent contribution to £ must be divergence-free, so it can be reabsorbed
into a redefinition of &;. Therefore, we can assume ' time-independent. This means that the second
constraint [5.12] gives

:(0)i 1 =0
5\(,) _ _37Haiaj£(0)3 ’

which is solved by
¢ /
@i _ L [7 At o z0) 14
& = 3 H(t,)a,ajg . (5.14)

3 As pointed out in [63], one would expect having 4 Goldstone bosons, since 4 generators are broken. On the contrary,
this is actually false, since it has been proved (|66]) that standard Goldstone theorem is not valid for spacetime symmetries
such as diffeomorphism invariance.
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Moreover, since is respected by the scalar and the vector sector separately, €% must satisfy

_ 1. .
v2e® 4 gaiafé§°’ =0, (5.15)
The physically allowed diffeomorphisms are therefore given by
Loar =(0)i
e = g0 4 ¢f) = <1 g (t’)V2> g0, (5.16)

The second summand can be interpreted as a correction to the transformation which makes a general
diffeomorphism physically allowed. It is interesting to notice that this result completely agrees with the
demonstration of the Weinberg theorem. Indeed, taking a transformation of the type & = Az’ 4w/
with A and w exactly constant, the second term is null, so there is no correction. This implies that
this transformation is associated to an adiabatic mode. Notice on the contrary that the generator of
the special conformal transformation fiSCT does receive a correction, so it is not adiabatic.

Finally, we derive the transformation law for ¢ and D. Substituting the SVT decomposition of (0
in [5.7 one gets
1 /s ; . 1.~ 4
5 = 201 (€0 1) + 60’ = 300 + 60'C (5.17)

Similarly for 6D one finds from

_ 2 _
DY) = 8:e'” 1 9;€ — gakgff)(sij + i) + o) (5.18)

We can rename 5Dg.]) = 82{](.0) + OjEZ.(O) — %8"35—,&0)5@ and using [5.14] and [5.15] as well as |5.13| stating
that 9;6(0) is independent of time, one gets

) _ 0)k 0)k
5D = a/ i) O 9;0,E©) 76 / (20" =
=D +0; 260 1 9 dt/ vl = 5.19
t !/
TN 2 (4 0) Z0) dt
= 6D +v (azgj +0,67) T

5.3.3 Physical symmetries Taylor expansion

At this point one is interested in finding the diffeomorphisms £ satisfying which gives all the
physical diffeomorphisms One can try to solve the equation using a power-series

o0

- 1
67,' = Z 7'Mifo...fnxeo o :L-en )
= (n+1)!

where the M;y,...¢, is constant and symmetric in its last n + 1 indices (any antisimmetric part would
vanish). The equation gives the condition on the M’s:

1
Mieey..0, = —3Muites .0, (n>1).

Moreover, we have to require D;; to be transverse, that is qzéDU = 0: to achieve this, we assume M
to be ¢ dependent. This implies, through - £V is authomatically transverse), that

2

q' (Mieozl...en (@) + Mygiey .0, () — 3

= 0ito Mo, .6, (G )) =0. (5.20)

Each term of the series gives rise to a different diffeomorphism. We are interested in the lowest order
term n = 0; we will see that all the other terms n > 1 would give rise to new consistency relations,
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which we are not going to discuss.

In the case n = 0 the diffeomorphism is & = MMOSU(O. This diffeomorphism is adiabatic, which implies
€' = ¢ so that the transformation rules and become

50 = S0,E0 +§0'C = LMy + Migy 200G

0 =0 =0) 2 10 2
6D = 0,&" + 0,6 — 50"V 0iy = My + Mji — S My -

Passing to Fourier space these become

. 2 >
6D§?)(k) = <Mij + M;j; — 3Mkk5ij> (277)35(3)(]?) .

Moreover, in the n = 0 case, there is only one index £y so there is no constraint due to antisymmetry.
The matrix can be generally decomposed as

Mo = Noygy + Siey + Aiy

where S is symmetric and traceless S; = 0 and A is antisymmetric (naturally traceless). In other
words, we have split M into an antisymmetric and a symmetric part, which can be furtherly divided
into a trace and a traceless part. We have also to impose M;y, to be transverse in Fourier space (for
eq. [5.20), which is authomatically true for \d;,, and A;s, (thanks to their property), but must be
imposed to S

G'Sit,(7) =0 .

Let us analyze how these different terms contribute to the transformations of ¢ and D. In the case of
Mg, = Adig,, which is a dilatation, one gets as before

5¢© = A1 +42'9), oD =0.

The case M;y, = Sig, corresponds to a volume-preserving anisotropic rescaling of coordinates, under
which the fields transfom as

¢ = xa'9;¢, DY) =25 .

Finally, My, = A, is a rotation, under which the fields transfom as

¢ = 4;079°¢ , 6D =0.

Notice that the transformation we have found coincide with the Weinberg transformation with
the exception of the antisymmetric matrix A, which is however irrelevent. Indeed in the limit kK — 0
one can neglect gradientsﬂ so that the result is given by the Weinberg transformation rules with
e = 0, with the identiﬁcationﬂ A — —X and 25;; — w;j + wj;, while A does not contribute.

4We will see in the next chapter that neglecting gradients is dangerous, since it can lead to wrong results. In this
case, however, this procedure leads to the expected results. As we will see, this is because the transformation is an exact
Weinberg transformation, that is A and w are exactly constant.

5This difference in the sign of A is due to the fact that in ¢-gauge ¢ = —U.
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For sake of completeness, we will report the result from [50] at all orders, including the orders we have
not discuss in section The variations in Fourier space are shown to be:

Wiy =" (3@
8¢ () =g Mty - CRREG)

AN ) om kz‘ 8n+1 o
_ &9 M. 0, | 6 + C(k)
n!

Oky, ---Oky,  n+10ky,---0ky,
—\n AN an —
nl Bks, -~ Oky, (5.21)
D) = (Mg o+ My — 26M (i)
ij - nl ijl1...0n Jily.. Ly, 3 g V00 ..., 8kZ1 T 81(3@”
(=2)" 0 " k¢ ot 7
-~ M, otro D;i(k
pl ot Ok, Oy, | n 1 10ky Ok, i(k)
(=4)" b7 o" K7
M, % (k) ————— k o
+ ol bly.. 4y ka( )81%1 . 8]{7[”’7 ( ) +
where
Y pped(i) = ~Suphiedia — ~ucihia — ~Gualiyh
abed —4abcd 8acbd 8adbc

- 1 PN PN 1 PN 1 I
Lapijre(k) = ) (%’ + kikj) <5abkkke - 55akkekb - 2%5’%’%) + 0p1i03{k0¢ya — Oafijy{k0e}b
- 5b{i1%j}5a{k]%£} + 5a{z‘]%j}5b{ki€£} - 5a{k5€}{i]%j}l%b — 5b{k5£}{il;j}]%a + 2(5ab]%{i5j}{kl%€}

with &% = . In the variations we have neglected higher order terms in the fields, of type ~ 72, ~ (v
and similarﬁ
5.3.4 Nother charges and the consistency relation as a Ward identity

At this point, given a symmetry of the action, we can associate a conserved current via Nother theorem
([67]), which is

. 50
G = Lot 4 Z 55 opr

where ¢, are the different fields in the Lagrangian and in this case z# = (0, £*), so that its 0-component
is

0L 0L 1 1
0 _ o= 1€ — (D -
j 5<. oC + 5Dij dD;; 2{7r ,0C}H+ 2{7r”,5D”} ,

with 7¢ = % and 775 = % the conjugate momenta. The anticommutators are irrelevant at classical
ij

level, but necessary at quantum level to have a Hermitian charge operator. The Nother charge is

Q= /d%jo - ;/d%: [{w<,5<}+{7r5,51)ij} .

At quantum level, we remind that the operator @) is the generator of the symmetry, which means that
the fields transform under the symmetry as ¢'(z) = e *?@e @ (o € R), implying that

dp =1i[Q, ] -

The Ward identities are obtained by taking the in-in vacuum expectation value of the action of the
charges on the operator O

(Q[Q, 0]|2) = —i{Q2[60]92) ,

5As we will see, these terms can be seen as the squeezing of more than one field.
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where |Q2) is the in-vacuum of the interacting theory in Heisenberg picture and O denotes an equal-time
product of N scalar and tensor fields:

DA . .\ o B, B,
O (R Fn ) = 06 (R Far) - 08, i (Rt )

. L TIM ¢ D _ 1IN I :
where 0 < M < N, with 0¢ = T[}, ¢ (Fot) and 08, o= TIY gyt Dy (Fost). Notice
that the order of the fields is irrelevant, since being an equal-time product they commute. Moreover,
it is possible that a subset of the tensor indices are contracted among themselves or not.

Using standard QFT techniques, one can show ([50]) that the Ward identity associated to the generic
transformation [5.21] is given by

20,5 (s (PU@O (i o))+ 52 (@0 (R o)) )
1 n

Pp(q) ¢ 3P(q) ¢
N A n 0 < é n+1 o -
= — Mig,..0, {; <5ZZOM - %)5 o+ nli 1 akgoa. = akg) <O (kl’ a "kN) >,c
a=1 1 n
N 1
— . %:-H Féfgbkbgb (lz?b> akgaakg <OC (El’ T EM) Oi[z)ijMﬂa-~-,kb4b,---iNjN (EMJFl’ B EN) >;}
= 1 n
+...,

(5.22)
where / indicates the N-point function in momentum space without the momentum conserving Dirac
delta, C indicates connected correlators and the dots stand for higher order terms in perturbations
(see footnote @ The squeezed momentum g — 0 is usually called soft-momentum.

In the next section we are going to show that this general result reduces to some generalizations of
the standard consistency relations involving a generic N-point function.

5.3.5 The simplest generalizations

The standard consistency relations we have found in sections and arise taking the n = 0
diffeomorphism we have discussed in section

More in particular, taking M;,, = Ay, gives a generalization of the relation for ((((). Indeed, this
way, the first line of is given by the second summand only, given that the first is null being D
traceless; in the second line the first summand is not there, as the entire third and fourth lines. Taking
0= CI% “e C,;N, the final result is

lim (G, -+ G e = =0 TG+ Fy 4+ ) Pe(@) (BN — 1) + D) -G e (5.23)

q—0

where D is the operator D = k¢ 821- (with the convention that repeated indices are summed: the index
a runs over the different &’s so @ = 1,... N, while i runs over the spatial components). We want to see
that this generalization is consistent with the case N = 2 we have treated before, i. e. the squeezed
limit of the 3-point function. In the case N = 2 the connected correlators coincide with the correlators

so we can safely forget about this fact. Then, since (Cg, (k)" = (2m)2P:(k1), using the chain rule one
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had7
. B o,

1

and moreover

Olog(k{P (k1)) _ 3P<( 1)
Pc(kl)Tgkl = 3P (k1) + ok,
so that one gets exactly [5.2}
lim (Czr ) = —0@(G+ k1 + k2) Pe(q) (3 + D){(p G,) =

q—0
0 log(k{ P (k1))
dlog ky

= —(2m)363) (G + Ky + k2) P (q) Pe (k1)

On the contrary, the tensor consistency relation of section comes from the Ward identity for
the n = 0 diffeomorphism M0 = S;p0, with S;0 symmetric and traceless S;; = 0. Indeed, this way
the second summand in the second line is null since M;p is traceless; for the same reason only the
last summand in the second line survives; the last two lines are null. Then the matrix S*° appears in
both members and can be simplified. Finally, projecting both sides into the helicity basis one gets

. s B 3 n
;E%<DITCIZICEN>C_ —5( )(q+k:1+ +kN lekaakl Ckl' CEN>/C
As before, we want to see that this reduces to in the case N = 2:

hm( 5 G) = —0@ G+ k1 + k:2 )€ Z ki 8kl (SRS (5.24)

To see that this constitutes a generalization of the previous result, we proceed as beforeﬁ

= D 9 KK 9
ﬁiz;ka%@lekz)’_( ™) e ki 1o Pe(kr) = (27)°€, K Ok = FPe(kr) - (5.25)

To get back the previous result now we have to use the explicit form for Py (k1), which is finding

kl kl H2 k’L kl
3 s * _ 3_s M1l
zl E k“akl ClekQ ( ) €il ky ( 3) 4€M123k4 - _3(27T) €il k‘% PC(kl) )

so that plugging this back to the result is exactly

; s > 2\ 3 s
lim (D3(: ) = (2m)26) (G + K + k2)§PT(Q)PC(k1)€'

q—0

Finally, notice that the consistency relations [5.23] and [5.24] are more general than [5.1] and [5.3] since
they do not rely on slow-roll approximation.

As it is clear, the two generalizations we have discussed in details are only the simplest among a
wide range of results one can derive from eq. which produces an infinite set of Ward identities.

P Oky VKK 5 B
g Telk) = ki g g, Pelln) = == g Ptk =
K0 Kiki 0
kjkj%&( D= T ok ek -
11

"Indeed:

ki

=kt

Contracting ¢ and ! one gets the result.
8See footnote
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In particular, the most important ones are the so-called conformal consistency relations, which were
introduced in [62]. Indeed, the results presented in the previous sections arise from choosing the n = 0
diffeomorphisms: notice that looking at the conformal group generators the dilatation is an n = 0
diffeomorphism, while the special conformal transformations not. Indeed, in [50] it is shown that they
are exactly a subgroup of the diffeomorphisms in the n = 1 case. In this case there are 3 conformal
consistency relations associated to the 3 generators of the special conformal transformations. We leave
the details to the interested reader, but we limit ourselves to say that these relations have exactly the
same expression of with the exception that the derivative operator D has a different (and more
complicated) form.

All the other relations arising from the Ward identities from n > 1 diffeomorphisms constitute new
results.

Finally, a very recent generalization of these results is contained in [68], where an early-late time
consistency relation is presented, relating correlation functions with an initial time soft insertion (i.
e. a ((q) with ¢ — 0) to the symmetry-trasformed late-time correlators.

5.4 Violating the consistency relation

As we have seen in section the consistency relation can be proved starting from the assumption
that the inflation is driven by a single degree of freedom. However, it is natural to wonder which
inflationary models violate it. This is very important, since the consistency relation is very interesting
from an experimental point of view: in the future we hope that experiments are able to measure the
bispectra, so if the experimental results violate it, physicists are forced to think to alternative models,
such as the ones we are going to discuss now briefly.

To understand how to violate the consistency relation, one can carefully examine which are the
underlined assumptions used in the proof.

e A first strong assumption made is that the spacetime can be sliced in order to write the
metric in the ADM form. As it is well-known in literature, in single-field inflation models the
inflaton behaves like a clock measuring how the time passes in different portion of the Universe.
Technically, this is because one can imagine to slice the spacetime by choosing the slices such
that d¢ = 0 (this is (-gauge; see also appendix . However, if one considers a model with more
than one inflaton, this approach breaks down. In general, multi-field inflationary models (|21]),
involving isocurvature perturbations, violate the Maldacena consistency relation.

e Another important assumption was inflation to be an attractor, so that ¢ quickly converges to
a constant and N and N; to their unperturbed values. There are models with a non-attractor
phase, for example fast-roll ([69]) and ultra-slow-roll inflation ([70L|71]).

e We made also the hypothesis of a stable background. For example, there are models with the
vacuum state which is not Bunch-Davies ([72]) or in which the cosmic fluid has a sound speed
which varies in time ([73]).

e Finally, we assumed space diffeomorphism invariance. Some models are based on the breaking
of this symmetry: probably, the most famous one is solid inflation ([74]). Breaking also time
diffeomorphisms one gets a generalization called supersolid inflation ([|75.(76]).
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Chapter 6

Is the consistency relation physical?

In last ten years, some papers ([77-80]) claimed that the consistency relation and tensor squeezed
correlators can be considered as gauge artifacts, i. e. unphysical. The argument is based on a peculiar
gauge transformation, sending FLRW in conformal time to the so-called conformal Fermi coordinates
(CFC) frame, in which the bispectrum vanishes. This result has been cited and used in other papers
(for example [81,82]).

This discussion has then focused on the effects on large scale structures, in the so-called halo bias
([83-86]), and tensor fossilsE] (172,188H90]). In [78] it is claimed that CFC frame transformations
encodes projection effects of the late time Universe, however as we will see this believing has origins in
an erroneous gradient expansion. Thus, in this chapter we focus only on the Early Universe consistency
relation, which is the one we have discussed in the previous chapter.

Recently, the arguments leading to the cancellation of the consistency relation have been criticized.
The idea that it was observable was already present in [50], deriving the consistency relation as a
conformal Ward identity. A more explicit argument is contained in a very recent paper by Matarrese,
Pilo and Rollo ([91]), which focuses on the case of the bispectrum of curvature perturbation Becc.

In this chapter we are going to discuss briefly the arguments used to cancel the consistency relation.
Then we present the results of [91], showing explicitly that these procedures are not correct, including
not only the bispectrum B¢, but also the ones including tensor modes for the first time in literature.
The latter is the main result of this project.

6.1 The argument used to cancel the bispectrum: Conformal Fermi
coordinates

In this section we present briefly the argument used to cancel the consistency relation, based on arguing
the existence of a gauge transformation which applied to squeezed bispectrum makes it vanish,

lim B(kL,kl,kQ) =0.
k‘L—>O

We have indicated with kj the long wavelength mode (k;, — 0) and with k; and k2 the two modes
remaining short; we remind that for the momentum conservation in the squeezed limit k1 = ko +0O(kpr).

'Many inflationary models introduce new fields that may couple to the inflaton responsible for generating primordial
density perturbations, interacting very weakly, or without interacting at all, at late times. The effects of these fields can
be revealed only by looking at CMB and they might consist in non-Gaussian signatures (for example non-trivial 4-point
correlation functions, i. e. trispectra in Fourier space), since they can produce non-trivial trispectrum. The term tensor
fossil was introduced in [87] to indicate possible signatures in the non-linear power spectrum or the bispectrum of density
perturbation due to a new tensor field.
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The first paper proposing the cancellation was [77] by Tanaka and Urakawa. Their work is the
last of a series of papers ([92H94]) in which they proposed an alternative approach to cosmological
perturbations vanishing at infinity: since the observable Universe is finite, their idea is to consider
boundary conditions at a finite, not at infinity. This modifies the way in which gauge invariant
quantities are defined. We do not go through the details of these papers, since developing this
formalism is very technical but the result is essentially the same of [78], which is widely known in
literature.

Here we are going to sketch the original argument by Pajer, Schmidt and Zaldarriaga (|78]). The
argument was repeated also in [79] and [80], which slightly generalized the results at higher order
in k7, or to non-attractor models. However, we will be the more elementary as possible, being this
sufficient for our purposes.

The frame of reference used to cancel the consistency relation is given by conformal Fermi coordinates
(CFC). The equivalence principle of GR introduced in section imposes local Lorentz invariance:
this implies the possibility to construct a local set of coordinates around an arbitrary point of the
spacetime, where the metric looks like Minkowski in the neighborhood of the point chosen. Moreover,
in some circumstances, it is useful to go into a reference frame where the metric looks like Minkowski
in the neighborhood of an entire worldline. This frame of reference is called Fermi normal coordinates
(FNC). In appendix |C| we formulate the problem in a mathematically precise way and we explicitly
construct the FNC frame.

However, in some cases, the FNC are still not enough, for the following reason. Since equations
describing the transformation from a general frame to the FNC frame are usually impossible to solve
exactly, one relies on a perturbative approach, where the expansion parameter is linked to the distance
from the general point to the central geodesic. This is natural, being interested in describing the
spacetime in the neighborhood of the geodesic itself. However, there are cases where this becomes a
problem and a clear example is the Universe during a quasi de Sitter phase (such as inflation). As
explained in the appendix, taking a starting point from a FLRW Universe, the distance from the
geodesic at which the transformation from FLRW to the FNC frame breaks down is of order rg (the
comoving Hubble radius . This is not a problem during the standard eras of cosmology, but during
inflation is, since the comoving Hubble radius gets smaller and smaller, so the region of validity of
the FNC frame is very tiny, so that the FNC frame is essentially useless to describes physics in a
sufficient large portion of the Universe. Indeed, we have to remember that we want to compute 3-
point functions, so we have to be sure that the patch of coordinates covers these three points.

This problem can be solved by the introduction of the Conformal Fermi Coordinates (CFC). Loosely
speaking, for the FNC frame we required the metric to become of the form ds? = N up to higher
orders; in this case we relax this by requiring that ds?> = a%(T)nw. In other words, we are asking the
metric to become conformally flat. In the appendix [C| we explicitly construct this frame of reference,
giving the transformation rules from a general frame to the CFC one. More specifically, since we
have always used a perturbed FLRW Universe in conformal or cosmic time, we derive the coordinate
transformation from this frame to CFC.

What we have said helps us to explain why CFC have been used to argue that the bispectrum
is cancelled in the squeezed limit. Every observer in the Universe follows its own geodesic in the
spacetime. Going to the FNC adapted to that geodesic, one can understand if the space is flat or not,
indeed the higher order corrections to the metric ds?> = N are related to the intrinsic curvature of
the spacetime. But this construction does not work for inflation so one is forced to use CFC, which
are defined in a patch of spacetime which stays always sufficiently large in order to include the region
we need. However, we have to remark that this is still not enough to relate the primordial bispectra
with the observations, since one has to take into account all the evolution of the Universe until today,
which is a very difficult issue which we are not going to treat.

As we have said, the details about FNC and CFC frames are in appendix[C] Now we want to comment
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on a very important point: the coordinate transformation in a FLRW Universe in cosmic time (or
equivalently in conformal time) into the CFC frame can be seen as a Weinberg transformation
with A and w dependent on the spacetime point.

The coordinate transformation, including both scalar and tensor first-order perturbations, up to third
order in the old coordinates Az, is given by the sum of the contributions of equation [C.6] and [C.7] in
the appendix [C}

+
P

_ 1- ._ .
Azk, =Azk — Azhw| — A A (050, + 670, T — 6;;,0")

P

1- ._ . _
- éAmZAx]Axl(éfﬁlai\If + 08910, ¥ — §,;0,0" )| +
P
L (6.1)
+ ;A" Ax? (0:DF + 0;Df — 0 D;) P+

1 _ .

P

1 - . . _
+ ﬁmzmmxl(alamf + 9,0;DF — 9,0" D;;)

)

P

where Az# = z#(Q) — 2#(P), which is the deviation of the chosen point @ from the point P on the
central geodesics and Az* is its unperturbed value. We have set z#(Q) = z* and x*(P) = p*(7),
which is the central worldline.

If £ = 0, thanks to Weinberg theorem we know that ( and D are constant. In (-gauge, where ( = —W,
this implies that V¥ is constant. This means that in the exact k£ = 0 limit the transformation is simply
given by

_ 1 ., .
Axk = Azk — Axkw + inAa:Z , (6.2)

which can be exactly written as a Weinberg transformation with A = —¥ and wf = DF.

1

All the demonstrations used to gauge away the consistency relations are based on a splitting in
short and long wavelength contributions of the cosmological perturbations. The main example is the
curvature perturbations (|79,[80]), which is split as

¢=Cs+CL -
The two terms must be intended in Fourier space as
1 - 1 o
Gs= oy [ @RI W) . =t [ @k
(2m)3 (2m)3

where W (k) is the filter (k. is the cutoff scale)

W(k) = 0 <kI; k) | (6.3)

Working in (-gauge, one has
9ij = (1+20)0;5 + D .

At this point, one has to see how (7, /g behaves under a gauge transformation induced by the infinitesimal
diffeomorphism obtained from Notice that it does not change the gauge, since in the exact k — 0
limit it becomes a Weinberg transformation, which is a residual gauge freedom of the (-gauge as we
have seen in chapters 3| and [5| Moreover, according to |78|, ¢ is not a scalar, but only {gs. This is due
to the fact that the authors, even without providing a clear definition for ¢ in their paper, have in
mind a definition which is different from the one used in section but the following

a 1 Gii
¢alt) — 6 log det (¥> , (6.4)
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as explicitly explained in the following papers |79,80]. In case of a perturbed FLRW, at first-order in
perturbation one gets (1) = —w 4 %V2XH- Notice that in ¢-gauge ¢ = —¥ = ¢@Y) but this is valid
only in this specific gauge. Moreover, with this definition ¢ (@)

rules found in section 2.3] one has

is not gauge invariant since under the

1

ACEY) — AT 4 5

V2AXH = -Ha 75 0.

Now, their claim is that in CFC all the long part of the perturbations are null; more specifically, CFC
remove all the long part up to second-order derivatives, which are null in the limit & — 0, so that
denoting with a prime the CFC frame one has

¢(2') = 0(9;0;CL) - (6.5)
On the contrary, the CFC transformation leaves the short part untouched, so
Cs(2') = Cs(@) | (6.6)

i. e. it is considered a scalar.

6.1.1 Bispectrum cancellation

We can now briefly review the original argument leading to the bispectrum cancellation in [78].
The idea is to study a general three-point function involving two types of fields: X, which is the
perturbation with squeezed mometum (it can be both a scalar and a tensor, but here it does not
matter), and another perturbation §. In [78] it is shown that the squeezed bispectrum in Fourier space
transforms as follows under a gauge transformation:

squeeze dlog Ps(k k‘lk‘] dPs(k
B)?/(S/(S/ d(k'L,k‘l,kQ,T’) =Pxq(kr)Ps(ks) <3+g5(5)> + T shs s(ks)

dlogkg k:?9 dlogks (6.7)
9 z
+ Pxar(kr) o Fs(ks, 7) + BYgs " (kr. k1 k2, 7) -
The squeezed limit is assumed to be kr, > k1, ko and the short momentum is defined to be ES = @,

so that

d .
Bsqucozc /{L /{1 k‘g T) = lim B kL k‘l k‘Q T) .
X686 ( s V1, M2, ) K —0. k1 ks X(55( y W1, M2, )

P, is the power spectrum coming from the correlator of the two fields x and y in Fourier space
(P, := P,;). The quantities a and aiTj are defined as follows: a;; is the following matrix related to the
space components of the gauge transformation as

Qi = 8 — :
i i o' )
then a and ag; are constructed from a;; as follows

i
Zi
3 )
which means to have decomposed a;; into its trace and traceless part. Finally, A7 is linked to the
time component of the gauge transformation as

T _
Qi5 = Qg —aéz-j y

a = 7

/
Ar=17—-1".

Let us specialize this to the transformation from a FLRW to a CFC frame. In this case a;; can be
read from the inverse of which is trivial at first-order. The result is

1 1
aij = —Woi; + 5 Dij = (sdij + 5 Dij
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where we are assuming to work in (-gauge and in CFC frame { = (g. In this case we are assuming no
time transformationﬂ A1 = 0. The trace and traceless parts of a;; are trivially given by

1
a:CSa a525D1]7

so that the transformation rule becomes for linearity

dlog Ps(ks) > Lip Kk dPs(ks)
o' XDy

Bsqueezed E E E )
dlog ks W2 dloghs Dxes  (Rroki ko)

(6.8)

Bk, ke, ko) = Pxcg (k) Ps(ks) <3 +
Taking now 6 = X = (g, given that P p,, = 0, the bispectrum transformation is

dlog P, (ks) Lo
squeezed o gL¢s\RS squeezed
Bereren (ko ki ko) = FPeg (k) Pes (ks) <3 + dlogkg) + Biocacs (KL, ki, k2) .

However, from equation [5.2 one knows that in the squeezed limit

dlog [k& P (ks)]

Bsqueezedk ki ko) = —P- (kP (k
(kr, k1, ko) <s( 1) Fes( s) dlogkg ’

(sCsCs

which exactly cancels the first term. So, apparently, thanks to equation in the CFC frame the
squeezed bispectrum cancels.

Let us pass to the choice X = D;; = >~ €. D*® and § = (g. In this case gives

s “ij

1 kikl dPe, (kg) Lo
squeezed _+ s vshg (s \ S squeezed
BD,C%C’S (kL787k1>k2) - QPT(kL)Ez] k’% dlog kg +BD<S<S (kkalakQ) :

As before, in the squeezed limit we have found that (combining and [5.25))

Kk 0
ke Okg

squeezes 1
Bk ky ko) = —§PT(/’€L)6 Pes(ks) ,

D(sCs

cancelling exactly the bispectrum in the squeezed limit.

In the next section we are going to present some explicit proofs that such type of arguments are
not correct, but they remain valid only in the exact kK = 0, which is unphysical. The key will be to
analyze the transformation to the CFC frame (eq. [6.1)) at non-linear order. This idea seems to be still
underlined in [50], where however it is not examined in details.

6.2 CFC at non-linear order

As a first step to understand the problem, let us analyze carufelly the transformation for a FLRW
spacetime from conformal to CFC frame, which is given by equation We have the freedom to
choose the value of the coordinates of the central worldline at the initial proper time 7;, so we can set

P =0, pi(r)= / o+, 0)dr |

where v is the velocity of the observer along the geodesic. To obtain a metric of the form ¢ =
N + O(Ax) on the central geodesic it is necessary to consider the full expansion up to third order in

2This is because we are working only with spatial coordinates as in equation In any case, one can rigorously
prove ([78]) that the term with A7 is subleading with respect to the others in the squeezed limit.
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AxF.
Since in single-field inﬂationﬁ vl = éﬂvu, one has

dT’—/ 8k’UH(T/)
P Ti

We call the argument of the gradient V. Since, as we will see, the scalar fields will depend only on |Z,
we expect v to depend only on |Z|. Renaming the argument of the gradient V(|Z|), using the chain
ruldd we find

Pep) = [ ar' |

i

dT/ —6k/ 1}”(7'/)
P T P

i

7k
o'V (1Z)) = = V'(17]) = «MV(|2) | (6.10)

e

where V(|Z]) = V2UZ)  This implies that

]
Azt = 2% —pk(r) = 2% — 9V (|Z]) = =& — 2FV(|Z]) .

From this we see that Az* = 2* (being the background value).
Let us now focus on the first two lines of Since we are neglecting second-order perturbations, we
can set ¥(x) = V(|Az|) and 0;¥|p = 0;¥|x,—o. This way the transformation becomes

A =t~ FV(F) ~ ) - %xixj(a;ﬂaiw 1 650, 0 — 6,00 )

+
0

— éxixjxl(éfalﬁi\ll + 0¥ 0,0, ¥ — §;;0,0" )

0

In order to write this as a deformed dilatationﬂ we have to Taylor expand Y|y around |¥|, at third
order in z', as explained in [91]:

Wlo(a) = W) — DI — S0, (F)e's) — L0, 0l0(Fatadal + ..
We have to substitute this into expanding up to third order terms in x%. The result is ([91])
At = (1= VI(2) - 9la(l) + a1V Ia(2) — Gl Ia(eD) + 5 IaPE (2 + ..
As we have seen, in (-gauge one has ( = —W, so that
A =¥ (1= V(20 + €12 - 51212 + Gl o(20) — "ol ) + ..

This implies that the transformation between spatial CFC and spatial comoving coordinates matches
a spacetime dilatation with

1 / - Lo - L s o
A= =V(IZ]) + ¢(l2]) = 5121 o) + éleIQC lo(1Z1) — ﬁ\ﬂfl?’C lo(I1) - (6.11)

On the contrary, the third and the fourth line of can be rewritten as A¥z?, where the matrix A is
given by:

1 1 . 1 - .-
Ak =5 DF| + ZAxJ((?in +0;DF — 9*D;;) ) + Emmxl(alaipf + 0,0, DF — 9,0"D;;)

0 0
(6.12)
3 . . . .
See section , we are assuming a comoving observer as in [78|.
4One has: . .
o|Z| oV wtx; T x
k =21\ — S er o2y L2 — Nz — L7 )
O 11 = G (a7) = LT (el = 2= (70) = /(7). (69)

where ' denotes a derivative with respect to |Z|.
A standard dilatation is a transformation such that dz* = \z*; we will call deformed dilatation a dilatation in which

the parameter A becomes a function of the space(time) point: dz* = \(z)z’.
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It is very easy to see that A is traceless, Af(s,i = 0. For sake of shortness from now on we call 2 := Ax?.

We would like to write the transformation as
AFyt = oFe + € (6.13)

where (%e{/ = 0, in order to separate explicitly the scalar and the vector part. To do so, we take the
3-divergence of the matrix A and we get

1

k _
e

:L’j VZDZ‘]‘ .
This terms comes from the last summand in [6.121 We can call

1 | _— 1 - .
Blk = §Df + ZAIJ (&Df + a]Df — akDZ]) + EASUJA$Z(8181D§C + 8[8]Df) s
0 0 0

which is transverse and traceless. As such Bf:ci contributes authomatically to e%/, since
On(BFx?) = 0y B2 + BFsi =0 .

The last summand in[6.12]contributes both to the scalar part and to the vector part of the transformation.
Let it be A;k = —%wﬂ xlﬁlakDij, so the variation is given by

. 1 . .
(5.%'k = A;k = —ExfxlxzalakDij . (6.14)
0

Decomposing this result in scalar and vector part is not trivial in coordinate spacel since it would be
required to invert a Laplacian. So we pass to Fourier space, where the decomposition is explicit. At

first-order we can substitute D;;| — D;;(x), so that
0

. 1 .
oxk = Alkgt = —ﬁx]a:lxlﬁlakDij(x) .

This allows to simplify computations in Fourier space, avoiding to use distributions. The matrix A’
in Fourier space reads

1
A;k(k)) = —E <4UD7{c + 5]Ck8k]Dz] + kmakme + kmkkﬁkmaijij> ,

so that from [6.14] one has
7

oz = i0 Al (k) =
T Zk ’L() 12

(108]{in + kaakmakj D;C + kkakiaijij + kkkmﬁkiakjakmDij> .

The first two summands are the vector part since their 3-divergence is null: indeed, in Fourier space a
3-divergence corresponds to multiplying by the vector ik*; using the property of D, which is transverse
and traceless by definition, one gets 0. This way, one has

1

k __
VT

(1oakin n zkmakmakjpkj) .
On the contrary the terms proportional to ik* give the scalar part
1
€= _ﬁ (8k18kJDU + kmakiakjakmDij) .

This expression contains O, Ok; Di; (k), which can be explicitly computed writing the tensor perturbation
as Thus

k,
Or,Dij(k) = 0p, > e;D*(k) = > [6kjeijs(k)+efjka'S(k)} = e D(k) .

s=142 s==42 s==£2
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where we have used the chain rule and then the transversality of €;;(k). This way,

1
12

€ =

(L+ k") > Ok, Oh; ;D% (k) -
s==12

Using the explicit expression for the polarization tensors one can show thatﬂ

_ 1
s=+2
akiakjﬁij = ﬁ ;

so that using once again the chain rule one gets

s=+2 (6.15)

= 3 (D) + ED(R)

s=+2

Finally, concerning the vector part, one can show (see the appendix |D.2)) that a 3 dimensional vector
can be always written in the form

e = MFat

with M a 3 x 3, point dependent, transverse and traceless matrix. This way, summing up all the
results one gets that the tensor part of the CFC transformation can be written as

a* = Azt = BFa' + AFs' = BFa' + MFa' + 0Fe = (BF + M[)a' + 9Fe .
From now on, we call w¥ = BF+MPF, which is transverse and traceless since B and M are. Surprisingly,

the gravitational waves perturbations give a scalar contribution once the CFC frame is considered.
This term can be encompassed by an effective A-deformed dilatation contributing to eq. as

Atot = A+ Ag
where ), is defined such thatm
€'(|7])
A f—
I 7l

generalizing the result presented in [91].

To summarize, the transformation for a FLRW spacetime from conformal to CFC frame can be written
as a Weinberg deformed dilatation of type

2" =zt + \(|Z])2? + wi (@), (6.16)
where A and w are dependent on the spacetime point and w transverse and traceless. In the exact limit

k = 0, in the previous section we have seen that they became exactly constant (thanks to Weinberg
theorem).

5For details see the appendix

"Given that depends only on the norm of k, its Fourier transform depends only on |Z|. In the following section,
we will see that in this case the transformation can be always rewritten as a deformed dilatation (see eq. , with A
given by the expression in the main text.
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6.3 Large wavelength perturbations

In this section we reexamine the gauge transformations we have introduced in section but we
focus in particular on the Weinberg transformation [3.16] which is a long-wavelength perturbation,
in the sense that this £ does not decay at infinity. As we have seen in the previous subsection, the
infinitesimal diffeomorphism from conformal frame to CFC is a peculiar case of this transformation.

First of all, to conform with [91], we consider a perturbed metric around a flat FLRW spacetime of
the following form
ds® = (g0, + by )datdz” = —dt* + a*§;jda’dx? + hyydatda”

and we want to rederive the transformation rules we have found in[2.3|for an infinitesimal diffeomorphism
e”. Notice that in this case the metric is written in cosmic time. The transformation rulesﬂ are exactly

3.9
Ahgy = 2¢°
Ahoz‘ = &»eo - CLQEi (6.17)
Ahij == —2(1@60(51']' - a2(9jei - a28iej .

At this point we parametrize the first-order perturbations similarly to what we have seen in section

hoo = —20

hoi = a(@iw” +wil)

hij = a2 (—quéij + 818]3 + 8301 + BZCJ + Dij) .
Notice that in this case we choose the convention that does not split the ij-components in trace and
traceless part (we did not put the operator ljij = 0,0; — %&j@k@k).
At this point, using these results, we want to find the transformation rules for the split perturbations,
as usual. The paper [91] focuses only on scalar perturbations, while we want to extend it also to
tensor perturbations, so we find all the transformation rules required; moreover, we will see that
vector perturbations in this case do matter, so we find also the transformation rules for them. We
decompose € as usual, so e# = (e, 9% + e@) This way, combining our results, considering only
scalars, one gets the transformation rules for the perturbations. The 00-component gives

—2AD = Ahgy = 260 — AD = —¢0 .

The 0i-components give

. 1 .
a(@zAw” + AwZJ') = Ahgy; = &»eo - CLQBZ'é - GQ&/ — Aw” = 560 — aé , Awil = —aéﬁ/

and the ¢j-components give

a2 (—2\P5ij + &@B + @CI + 820J + Dij) = Ahij = —2&&605“ — 26@0j6&2 — 81'6{/(12 — ajEZ‘A/ag

. 6.18
— AV =H, AB=-2, AC;=-¢,, AD;=0. (6.18)

However, the case of very large-wavelength perturbations needs to be analyzed carefully. We have to
consider an infinitesimal diffeomorphism of type [3.16

€=M\t + ijj . (6.19)

Through the Weinberg argument, we have seen that A and w must be constant in time and space
in the exact £k — 0 limit. Since we are considering transformations only in spatial coordinates, we
set € = 0. However, in this case we want to study also the case in which A and wj; are spacetime

8Having rised the indices of € in produces equalities where the LHS and the RHS have the indices in different
positions: this is the reason why in this section this happens.
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dependent, since we are considering very large wavelength perturbations, but not in the exact £ — 0
limit. Applying to this case the rules one has
Ahgg =0
Ahg; = — azwéxj
Ah;; = — 0;(A\x?)a® — 9;(\x")a® — 0 (wl2F)a® — 9;(wiak)a® =
= — a(20\0y; + wij + wji + 20wl + 2FOjwL + TN+ TN

(6.20)

However, let us start from the case of £ — 0 and see that it is really peculiar. In this exact limit, A
and w;; are pure constants, so that the last equation of reads

Ahij = —a? (2)\5@‘ + wij + wj'i) . (6.21)

Notice that this case is pathological, since trying to SVT decompose the result, the decomposition is
not unique. Indeed, is exactly reproduced also by taking

AV =a), AB=Ma-1)alz; +ywiz'a? | AC; = (8- Dwga®, AD;j = —(8+7)(wij +wji) -

(6.22)
with «, 8, v € R. This means also that there is a 3-parameter degeneracy in the usual SVT
decomposition. Notice that AC; is divergence-free, as a vector must be, since w;; is traceless:
8¢(w,ia:k) = w,iéf = 0. On the contrary, AD;; is a tensor since it is trivially traceless and transverse.
To show Weinberg theorem, however, we used the case « = § = 1 and v = 0, as we have seen in
equation (here € = 0, so there is not the transformation of W¥):

AV = )\ s ADZJ = —Wj; — Wjj -

Notice that if w;; is a constant, it is a tensor since it is transverse J;w"” = 0 and traceless w;;0* = 0.

We pass now to the long-wavelenght perturbations, that is the case in which k is very small but
not exactly 0. In this case the transformation has A\ and w dependent on spacetime point and the
transformation rules are fully We would like to study the decomposition of the transformation
[6.19] into its scalar and vector part. For linearity, we consider separately the two summands.

Let us start with the transformation €’ = Az’. In this case it can be written as a gradient of a scalar, i.
e. € = O;e only if a derivative condition on X is fulfilled. Indeed taking the divergence of the relation
€ = 0;e = A\z’, one gets

0;0i€ = 9;(Ax") = 9;Az" + A}

and antisymmetrizing over ¢ and j the LHS and the second summand on the RHS drop since they are
symmetric, so one gets

TN — 279N =0, (6.23)

which is a condition on A. The case in which A is constant obviously fullfils this condition, even if it is
pathological. Another important case is when A\ depends only on |Z]: indeed, by using the chain rule

6.9 on A(t,|Z|) one has

J Y
LN (¢, |Z]) — aﬂ%xu, #) =0
X

This implies also that in this case we can extract A as follows (assuming that also € depends only on
|Z]):

T UGN, |F]) — 2T O (t, |F]) = 2 7

) 7
A(t, |Z])2" = Oie = 85| = %e' — A\t |2]) =
Xz

6/
i
Notice that this is exactly the case of the deformed dilatation

When A does not respect the condition |6.23] it is not trivial to derive explicitly the SVT decomposition
of €' but we expect to have both a scalar and a vector term, thanks to Helmholtz theorem.
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Let us pass to the term €' = wjz’. In this case we consider wj; is spacetime dependent, transverse

O;w” = 0 and traceless, since in the previous section we have constructed it in such a way that these
conditions are fulfilled. In this case, it is easy to show that the whole transformation is transverse,
thanks to the traceless condition on w":

O’ = Owhal + wis! = 0.

This implies that in case w" is transverse and traceless the transformation is a pure vector.

Before ending the section, let us comment on what happens to the degeneracy, which is present in the
case of A and w exactly constant, when they become spacetime independent. The simplest case we
can consider is the following:

A= X+ A\iz'n; , Wwij = L«J?j + wilja:knk ,

with Ag, A1, wo and wy constant. For sake of shortness, we consider separately the two contributions.
From [6.20] one gets from the first

Ahi; = —a® (2A5ij +2%9;(No + Mxfng) + 279;(No + Alxknk)) = —a?(2\0i; + Miz'nj + Main,)

Notice that this is reproduced by the following transformation of the scalar perturbations

A A
AP =0 s Aw” =0 s AV = 5 5 AB = —51’137%‘ 5 (6.24)

indeed from the definition of the perturbations of the ij components one has
Ahgj = (12(—2A‘I’6ij + 0,0,AB) = —a’® (2)\52-3' + Aniz? + Alnja:i) ,

which coincides exactly with the previous result. Comparing [6.22] with [6.24] one easily sees that that
choosing A = \g + A1z'n; is like choosing A = \g and o = %, which means that the degeneracy is
lifted. However, the gauge transformation has a very different result on the scalar part of the spatial
metric, since, differently to the previous case, the metric is no longer diagonal. Indeed, the scalar part
before was changed to

Ahij = aQ(—2A\I/6Z-j + 8Z'jAB + .. ) = a2(—2a)\0(5,-j + /\o(a — 1)25ij + .. ) X 5ij ,

but now Ah;; = —a? (2)\(5ij + \nz? + Alnjxi), which is not diagonal.
Furthermore, considering the part of the transformation involving w, from [6.20] one gets

Ahj; = —a? (wij + wj; + a:k(‘)i(w?k + wjl»kxlnl) + a:kaj (w?k + wilk:clnl)> =
= —a? (w@-j + wj; + ;Ekwjl-kni + mkw}knj> .
This case in reproduced taking a pure vector transformation
AB=0, AC;=-wgz®, AD;=0.

This is not a case, since we have seen that when w;; is spacetime dependent, it must contribute as a
vector. Comparing with this corresponds to the case & = = 0 and the degeneracy is lifted.
Indeed, in this case

Ahi]’ = q? (ala]AB + @ACZ + 8ZACJ + AD”) = —a® (wij + wji + a:sz-lknj + a:kw]lknl) .

Finally, if one considers more complicated expressions for A and w not only the degeneracy is lifted,
but also it is impossible to reconduct the transformation to the case [6.22] For example, the simplest
generalization for the A considered in the previous case is

X=X+ M\zin; + Mijxi:zj ,
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with M constant symmetric matrix. By a direct computation, in this case one can easily show that
the extra term Ah;; cannot be reproduced by any variation of type

The outcome of this discussion is that the degeneracy is present only for A and w exactly constant,
which is the exact limit k¥ — 0. There are no transformations with A and w almost constant able to
reduce to continuity to the constant case: this is because the limit and the smallness of the gradients
k9% and z'9;\ do not commute, giving rise to different transformation rules. As we will see in the
following section, this implies that these gradients cannot be neglected merely in a gradient expansion.

The transformation rules [6.5| and are saying that any very long wavelength transformation can be
gauged away. Being ( = —WV in (-gauge, the splitting ( = (1, + (g is analogous to say ¥ = U + Ug,
with Wg/;, containg only short/long (high/low frequency) modes. However, under the usual gauge
transformation [3.16] from [6.18] it is easy to see that AW = 0; this variation is different from 0 only
in the pathological case of A and w exactly constant, as one can see from which is the exact
k — 0 limit, or in case A is linear in the coordinates, as one can see from [6.24] If £k = 0 the
transformation preserves also the (-gauge: as we discussed in subsection the residual gauge
transformations preserving the {-gauge in the k — 0 limit are the dilatation and the special conformal
transformations, but not with A\ and w dependent on the spacetime point.

On the contrary, in the case of a deformed dilatation, this is no more valid: since { = -V —H g—‘é’, under

a gauge transformation it is sent to Al = —AV — H %. However, in this case the transformation

rules are having two important consequences. Singe AV = 0 and Ad¢ = 0 (having considered
eo = 0), one cannot gauge away any long wavelength part of (. Moreover, since AB # 0, these rules
imply to exit the (-gauge (indeed a deformed dilatation is not a residual gauge freedom).

The case « = f = 1 and v = 0 was also used in [50] and [63] to prove the consistency relation. However,
here the procedure is different since the scalar variation AB is put to 0 by hand (choosing a = 1 in
, a procedure which is impossible to reproduce by means of a standard gauge transformation.

The conclusion to this argument is that in ¢ cannot transform as[6.5] and [6.6] remaining in (-gauge for
k large but not exactly null.
6.4 Deformed dilatations and gradient expansion
In this section we show that a transformation of type[6.19
o =2’ + ATz’ + wi(z)a’ | (6.25)

which we have already called deformed dilatation, can be always described via standard gauge transformation
rules; the only exception is the case in which A and w are constant as we have seen in the previous
section. As before, for linearity we consider separately the two pieces contributing to the deformed
dilatation and we consider w;; transverse and traceless.

Let us start with the A-piece: the deformed dilatation is #"* = 2 + A(|Z])2®. In order to proceed it is
better to work in Fourier space, where \(|Z|) reads

N 81 ik T
(7)) (%)g/d ke EN(R) | (6.26)

From we see that at first-order in |Z|, the standard expression for A in Fourier space is A\(k) =
W (k)((k), where W (k) is a filter selecting only the long modes of ¢ as in

Wk) =8 Gl(k - k)> , (6.27)
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with k. < H.

Under such a dilatation the metric transforms according to which contains many terms of type
xiaj)\ or ' jw. These off-diagonal terms can be apparently neglected in the limit £ — 0, indeed the
gradients are proportional to k in Fourier space but we want to take the limit & — 0. However, this
is not true, as we are going to show now.

Consider a term of type :L‘iﬁj)\ in Fourier space:

) ) 1 o 1 L e
TN = 2'0; < - / d3keZk'$)\(k)) = / Bkiz'kje™IN(k) =

(2m)? (2r)>2
1 1
— o) /d3k:kj8kie’k'x)\(k) = _(2 E /d%aki(/@jx(k))e’k'x + BT,
T T

where in the last passage we have integrated by parts over k; the boundary term BT generated can
be set to zero using Gauss theorem since the window function W selects only little k. This implies
that in Fourier space the A-part of reads

Ahgj(k) = —a® (2A(k)6ij — Ok, (kiM(k)) — Ok, (k;A(k)))
= —a” (2A(k)6ij — 6ijA(k) — kO, A(k) — 855\ (k) — kO, A(K)) =
= a® (kO A(k) + kO A(K))
If we take W dependent only on k = |l;:|, we have that in coordinate space A depends only on |Z|: the

discussion in the previous section implies that the condition [6.23] is fulfilled, so we expect to have a
pure scalar perturbation. Using the chain rule as before one has

Ahgj(k) = a® (kiOg, Mk) + k;jOp,A(k)) = a® (ki kXN (k) + kO kN (k) =
ki o kik;

kA
— a2 k22N RV — Y
=a <klk)\(k)+k]kk)\(k)> 2a A N(k) .

If we now compare this to the scalar perturbations of the ij component of the metric in Fourier space
Ahw(k) = az(—QA\I/(Sij — kiijB + ’Lk]ACZ + ZszC] + ADij) , (6.28)
we find the following variation under the deformed dilatation

2
AV =0, AB=--N(k), AC;=0, AD;=0.

k
These are exactly the transformation rules with €9 = 0 and
N (k)
k) = .
(k) = =

Let us pass to the w-piece: the deformed dilatation is 2" = x% + w;'- (x)2?, with w¥ traceless and
transverse. In Fourier space we can write

1 L

wij(Z) = 5 /dSk@Zk'Iwij(k) ; (6.29)
(2m)2

where, as before, w(k) is usually a product containing a filter dropping the short modes. Transversality

in Fourier space reads k‘w” = 0. Then, as before, we consider a term of type xk(‘)iwi in Fourier space,

which can be treated the same way:

. 1 o 1 S,

a* ] = 2o - /dgkelk'xwi(k) = - /dgkixkkiem‘xw;(lﬂ) =
(2m)? (2m)?

1

(2m)

1 o,
= dPkk;Opre™ T Wt (k) = —
(2m)2 '
™

. / A3k (ki (F))e ¥ + BT .
2
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As before, we have obtained a boundary term, which drops at infinity. Finally, considering the w-part
of [6.20 one finds

Ahig(k) = —a® (tig () + i (F) — e (i (F)) — By (ke () ) =
= —a? (wig () + wja(F) — wﬂka%’) b () — 0™ (F) — kjOp™ (8)) =
=a? (kiakkwjk(lg) + k‘jakkw‘
Comparing this with one gets that
AU =0, AB=0, AC;=duw*k), AD;=0,
which compared to the transformation rules gives
el (k) = — e (F) .
But for this to be consistent with the SVT decomposition, it must be a vector and indeed it is:
ki (B) = ki () + 0ipw™ (k) = kO™ (K) + O kis™ (K) = Oy <kiwi’“(l§)) ~0,

where at the first passage we have added 8;xw™ which is null and in the last one we have used the
transversality condition. This implies that the deformed dilatation does not modify the tensor sector
of the metric perturbation, but only the vector one.

This discussion implies that despite the filtering procedure dropping the short modes, the transformation
rules are exactly the same we found in the previous section. This means that transformation rules
such as[6.6| and [6.5| used in 78], [79] and [80] are not right.

Another problem which arises from this discussion concerns the definition of ¢ ([79], [80]): we have
said that it does not concide with the gauge invariant quantity defined in a geometrical way in section

[4:6.2] but it is assumed to be [6.4]
¢l — —p 4 v
6

In ¢-gauge (@) = ¢ = —, which is assumed to be always valid in [79] and [80], also after the gauge
transformation. This is because in Fourier space ((#) = —0 4 %VQB , 80 in the k — 0 limit apparently
limy,_,q ¢(at) ( ) = —W. However, as we have seen, we cannot neglect gradients simply because they
are proportional to k, since this procedure leads to wrong results. This is because this definition of ¢
is not gauge invariant, so it is problematic.

6.5 Bispectrum gauge transformation under deformed dilatation

In this section we present a confutation to the bispectrum transformation rule used in [78]: we explicitly
prove that the bispectrum is left unchanged by the gauge transformation that is

AB(:L’l,SCQ,xg,) = B(ml,xg,l’g) — B(x1,$2,$3) =0.

This explicitly contradicts We provide a direct computation of this based on in-in formalism and
we also give an argument which holds in case of a correlator composed only by (’s.

6.5.1 A direct computation

This direct computation is based on in-in formalism we have discussed in section Consider the
action for the single field inflation in the ADM form (see appendix :

S = / dtd*z\/AN <R<3> + K9K;; — KKj + Lm) ,

94



where £, is the inflaton Lagrangian. We can write
S = / dtd’z/78(z) ,
where 8(z) = N (R(3) + KVK;; — Kijj + Lm), which is a 3-scalar. We define its variation under a

gauge transformation )
As = VY(x)8(x) = v/ v(2)8(x) , (6.30)

so that Hing = —Lint = — | d3x\ﬁ8. Let b(t,z) be generic product of three fields (in particular we
have in mind ¢3, (2D, ¢(D? and D3). The in-in formula m (the first summand is null since we are
computing an odd-point function) gives

Afb(t, x)) = (b(t, x)) — (b(t, x)) =

:i/t <[£’ilnt(t,ax),l~7(t,$)]>dt/—i/ <[Hilnt(t/7x),b(t,$)]>dt/:

to
t ~

— i /tq/d% (ﬁs - ﬁs) (t',x), b(t, 2)])dt! = z/ (bt x),/dsxAg(t/,x)})dt’.

to to
(6.31)

At this point we consider the gauge transformation [3.16
o’ =2’ + AT’ + wi ()2

and we have to understand how 8 changes under this infinitesimal diffeomorphism, more specifically
we want Ag. Firstly, we need 8(x). From what we have seen in section defining 2/t — 2! = §z° = €
one gets thanks to equation [2.14]

S(x) = 8(x) — LeS(x) + ... = 8(z) — 6x'0;8(x) + ... .

Since one usually splits the 3-scalar into a background, a first and a second-order perturbation 8§(z) =
So(t) + 8'(x) + 8%(x) + S3(x) + ..., the result is

S(x) = 8o(t) + 8 (z) + 8 (z) + §¥)(z) — 5%, (5(1)(33) +8® @)) o

It is very important to notice that since A and w are referred to the long mode and since in the
consistency relation there is only one mode which is squeezed: terms containing Aw or a higher power
of A or w would imply vertices with two or three squeezed momenta so they are not relevant in the
squeezed limit. For the same reason, since dz’ = ¢ = Az’ + wéa:j , terms containing more than one
0z’ can be neglected. This is exactly what happens in the previous equation, where ... contains an
incresing number of Lie derivatives, each one carrying one dz° inside. Moreover, we stop at third order
in cubic action since in we have a 3-point function.

Next, we have to derive the transformation rule for \/5 = |/det ;;. The expression for v;; in (-gauge,
up to third order in perturbations, is given by

1 1
Vij = aQ(t) (62452']' + DZ']' + §DZkD§C + 6DszlkD§> .

The expansion of its determinant up to third order in perturbations is
3 9.2, 9.3
V(x) =a’(t) 1+3C+§C +§C +...) .

Notice that D;; does not contribute to /7 up to third order. We now want to find the expression for
/7(x), which is non-trivial. We have implemented a Mathematica code to get the result, which turns
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out to be .
\/E(x) =a® +a® [3¢ — 0; (z'\)] + §a3 [9¢% — 6¢0; (27X) — 627 0;(]
1 . .

+ 50 [9¢7 = 9620 (27)) — 18CAa7 9] +

— 3a3mj8i(wij — 18a3C:cj8ijij+

+0 ()\2, Aw, w?, A3, )\Qw,)\w2,w3) .
The first and the second line contain the unperturbed value (a®) and the contribution of the A-piece
up to third order perturbations; the third line is the contribution of the w-piece up to third order
perturbations (notice that it starts at second-order in perturbations); the last line is remnant of the

fact that we have neglected all the terms containing more than one squeezed vertex, as we said.
Finally, from one finds the transformation rules Ag up to third order”|

Aél) =a380; ()\ I‘Z)
(2) = —a3 81 [(8(1) + 3SC) ()\JZZ —l—wij l’j)]
AP = —a*0; |(§8¢2+38W ¢ +8() (Aa'+wiad)] .

This implies that also the variation of the cubic Lagrangian is just a boundary term, so for [6.30] and
[6-31] one has that the gauge variation

<6 (71, ..fN)> (O (71, ...2N)) (6.32)

is identically zero, and not — (O (Z1, ... Zn)). The operator O can be considered a general combination
of ¢ and D fields

O (Z1,...Zn) =C(Z1) ... C(Zp) D (Zpr41) ... D (ZN) -
This approach is very powerful since it is valid whatever is the product of fields b(z): it must be in
particular valid for (¢3) and (¢?D), which are the bispectra cancelled in [78].
6.5.2 An analytical proof

There is another simple proof of the fact that

AB(x1,x9,23) = B(71, %2, 23) — B(71,22,23) =0,
which is valid in the case of a N-point function composed only by (’s:
Gy G

From section we know that ¢ is a scalar ((Z) = ¢(z) and so using the result in section one
has

((x) = ((2) = Lel(x) = ((2) = (Ao’ + wie) O ()
where ¢ is given by For sake of shortness we set
C(z) = () +0¢(x) = () + 01¢ () + 02( () -
At leading order, the variation of the N-point function under the gauge transformation is given by

AlG, - Cp ) =(01Cg, - Cp )+ (0aG, - ) F oot (G 01Ge ) + (G- 82Ge ) - (6.33)

As one can easily realize, terms having more than one variation correspond to taking more than one
squeezed limit, which is not the case considering the consistency relation. The rest of the demonstration
consists in showing that each of these terms can be seen as a boundary term in Fourier space. The

9Also this result can be found using Mathematica.
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expression of A and w in Fourier space are and but we are dealing with quantum correlators,
so ¢, A and w must be seen as operators: as usual

s,k

(g = vkag + UZ(LJL , )‘E = vpWyar + U;;WkaTE ;Wi

— 0y S . x5 T
i = vpe;;Wrap + vpe; WkaE .

J

The variation of the N-point function gives rise to many terms to be summed; fortunately they are
very similar and they can be treated at the same time. We consider them separately.

Let us start with 6;¢ = —A\2'0;¢. For what we have seen before, in Fourier space one has

. d3$ T oo -
(A" 9,0);; :/(%)ge e (/ d’prd’pae™ ”w’az‘(e“’”ﬂﬁl%) :
The contribution to the variation of the N-point function is given by
OG-+ o) = — (A0, -G ) =

Pr iz WPLE i g, (i
—f e [ e a0, ) 0 G, G, ) =

Epidpy [ Er g ops s ipd
:_/ (2rm)F /(271')36 R a0, €T T (N Gy Gy ) =

Epidpy [ P s g i
:/ (2m)6 /(27r)3e ey, (pQ(AﬁlC@CEz”'CEN» -

d3p2 i
:/(%)6% (p2<)‘z;‘1752<ﬁ24;22"-4,g]v>) :

where we have integrated by parts and used the Fourier transform of the Dirac delta. This is a
boundary term, which vanishes for the presence of filters.

The term ¢ = —w*2*9;¢ is very similar to the previous. In Fourier space
ik k d*x —ik-Z 3, 3. _ipi-d k ipa-TN, ik
(w X 8Z<)E = (27’1’)96 d pld Dp2€ x al(e )w1?1<ﬁ2

and repeating the previous computations
ik, .k
(02G, -+ Gy ) = — (W2 0 Q) -+ G ) =
Br 7o~ o L
T / S m/ Ap1d’pae T2t O () (W G, - Gy ) =
d3p2 ik
= [ ot (et pnte42)

which is also a boundary term.

The same results hold for the other terms in this means that all the variations are boundary
terms in Fourier space, which vanish for the presence of the filter W, making the integrand vanishing
at infinity.

One could in principle consider a mixed correlator of type
o ..(- DT ... DM
<<k1 CkNDiui DiMjM> )

This case includes the bispectra B¢¢p, B¢pp and Bppp. In this case one would have to consider the
variation of the tensor perturbation D under the gauge transformation [3.16] To get the result one has
to consider the variation of the spatial metric according to the result in section

Agij = —Legij -
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Starting from (-gauge one has
Agij = —(Ae® + w0, (2¢6i; + Dij) + 0i(Aa® + wia!) (20, + Dij) + 0;(Aa® + wfa!)(2¢o1: + Dii) -

The problem here is that to extract the tensor perturbation one should SVT decompose the RHS,
which in this non-linear case is highly non-trivial. A possible way to proceed is to use a projector on
the tensor sector, for example the one defined in [95], but its highly non-trivial expression makes the
SVT decomposition very cumbersome. This could be an issue to examine in a future work.

6.6 Results

We have explicitly confuted the results presented in [77], [78], [79] and [80]. We summarize here the
arguments.

e In £ — 0 limit, the transformation to a CFC frame [6.1] seems to be a Weinberg transformation
of type [6.2] However, in subsection [6.2] we have seen that at non-linear order it is not, but it
can be written as [6.16] which is a deformed dilatation.

e By a careful analysis of the SVT decomposition in sections [6.3] and we have seen that there
is no shift in ¥ (so also in () under a gauge transformation of type This is explicit in
contrast with the transformation rules and advocated in [78] and following papers. Our
analysis also implies that the limit £k — 0 does not commute with the smallness of the gradients.

e Under a gauge transformation of type the bispectrum is not altered in the squeezed limit,
as shown in section [6.5] This implies that the transformation rule is wrong. Indeed, it is
based on the splitting ¥ = ¥ + g producing the transformation rules and which we
have explicitly shown not to hold for a deformed dilatation.

The cancellation presented in [78] and following papers remains present only in the exact k = 0 limit.
Indeed, in section we have seen that for a transformation of type [3.16] which actually coincides
with where w and A are exactly constant, the SVT decomposition is ambiguous, so that also ¥
and D can shift. This fact was used by Weinberg to show his theorem, but we underline that it is
valid only in the exact k£ = 0 limit. In this case the transformation in Fourier space has no more the
6 filter, but A becomes easily (thanks to

k) = —— / dBre~FE\ = \g®) (k) .
(2m)?

However, k£ = 0 implies an infinitely long wave mode, which is unphysical, given that the observable
Universe is finite.

The result of our arguments is that the squeezed limit of the bispectrum remains observable. We
remind that the consistency relation is fundamental to test the Early Universe, since it is valid only
in single-field models of inflation, which means that measuring the power spectra and the bispectra of
the cosmological perturbations one can test the inflationary model used. The squeezed limit remains
a key channel to test the Early Universe physics. In the next chapter we are going to examine shortly
how this could be possible.
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Chapter 7

Observational prospects

As we have seen through this project, the consistency relation remains a key result to study Early
Universe physics. One of the main experimental goals in the future will be to measure accurately the
primordial non-Gaussianity, in order to test the inflationary model. In this conclusive chapter, we are
going to discuss briefly what the actual results are and the perspectives for the future.

7.1 Planck results

Planck satellite has been the last satellite mission for CMB measurements ([96]) and has provided the
tightest constraints on a variety of cosmological parameters (defining the standard ACDM model, [27]).
The Planck satellite can be regarded essentially as the ultimate experiment in terms of the cosmological
information that can be extracted from temperature data, even though it has also efficiently exploited
CMB polarization data (|97]). Its measurements have also allowed to set the tightest constraints on
the possible deviations from a pure Gaussian distribution of primordial density perturbations, that
we are going to recall now.

As we have seen the statistics of the CMB anisotropies is related to the primordial correlators of ¢,
so one can use these measurements to test the various inflationary models. In section we have
introduced the amplitude parameter fyr, but also the different templates. In general, its definition
is not univocal, but it depends on the templates used.

The amplitude parameter is defined as followd]]

f 5 Bege(k, k, k)
NL = =5 53~
12 P(k)
In the case of single-field models of inflation, from the Maldacena consistency relation [5.1] we expect

that the local contribution to the bispectra is given by

5! 5

local

= ——(ns—1) = — (66— 2ny) .
NL 12(”3 ) 12(65 nv)

local

This relation gives a tool to test single-field inflation, since both f* and n, have been measured by
Planck. We see that since we have ng — 1 very small, we expect fllg’fal very small.

The latest results published in 2018 ([98]) provide the following estimations for the three amplitudes
local — _0.9+5.1(68% CL)
Spuilateral — 96 + 47 (68% CL)
ool — 38 + 24 (68% CL) |

'For a detailed definition the interested reader can lok at [98].
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while for the spectral index the result ([27]) provides
ns = 0.965 £ 0.004 (68% CL) .

We see that the data are well compatible with the consistency relation. Despite the fact that Planck
has set the tightest constraints on primordial non-Gaussianity, there is still a large window before
being able to confirm or discard observationally the validity of the consistency relation (essentially
because the error bar for fll\?fal is still too big).

After Planck, the next generation of satellite devoted to the measurement of the CMB anisotropies
is LiteBIRD ([99-101]), planned for 2028. Another proposed satellite able to map CMB anisotropies
improving the resolution is CORE ([102]): the 1o error bar fi&?! is forecast to be Af{ecdl = 3.6 (while
Planck has provided A figfal = 5.1).

The Planck measurements can only pose bounds on the bispectrum Bec¢; in order to measure the
bispectra involving the tensor perturbation D one should measure the stochastic GWs background
and cross-correlate the results with the Planck data. As we will see in section [7.3] today’s instruments
able to reveal GWs (interferometers) cannot measure any GW from inflation. By now, in absence of
direct detection, the current bound on non-Gaussianities can be only posed in an indirect way, using
CMB data themselves. Some bounds have been obtained in [103]; the amplitude f* is relatedﬂ to the
bispectrum Bppp, while the amplitude f%* is related to the bispectrum Bp¢¢. The results can be
summarized in the following table, where the different rows indicate the estimation from the different
datasets: WMAP temperature data, the Planck temperature data, the Planck E-mode polarization
data and the combination of Planck temperature and E-mode data.

H ttt,equilateral‘ ttt,squeezed ‘ ftss,squeezed
NL NL NL

WMAP T only 600 £+ 1500 | 220 + 170 84 + 49
Planck T only 600 £ 1600 | 290 + 180 —
Planck E only 2900 £ 6700 — —
Planck T+ FE 800 + 1100 — —

fit,eq
NL :

fh‘\',uq i +

NL : : : *

F:s'.e"stl : .
NL :

---------

107 L5 - - 3 2 1
10 10 10 10 10 10

r

Figure 7.1: Figure taken from [103], showing the expected 1o errors for Af5°? (ved lines) and Af&5% (blue
lines) from BBB, and Afyy (green lines) from BTT, as a function of the tensor-to-scalar ratio 7. The two

linestyles discriminate the cleanliness level of the B-mode data: non-delensed and noiseless full-sky one (solid
lines); LiteBIRD-like realistic one (dashed lines).

: o ttt,cquilateral ottt d ¢ d
*We refer the reader to [103] for the technical definitions of fy ca!ateral frihsaueesed qpq frossaueesed,
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7.2 Constraints from large scale structures

A second manner to constrain the primordial non-Gaussianity comes from the large scale structures of
the Universe. In particular, some works ([104,[105]) have shown that the primordial non-Gaussianity
affects the clustering of dark matter halos inducing (in the case of local non-Gaussianity) a relationship
between the spatial distribution of galaxies and the underlying dark matter density field. This effect
goes under the name of non-Gaussian halo bias.

Mapping with high precision the large scale structure one can hopefully extract some information
about the non-Gaussianity parameters (|106]). However, the current measurements are not able to
produce an estimation for fyi, that is competitive with CMB measurements.

The satellite Euclid (), with launch planned in 2022, is expected to improve the sensibility to
the same level of CMB constraints. Another important mission is SPHEREx (|109-112]), with launch
planned for 2024, aiming at measuring fxi, ~ 1 at 20. This is very promising, since in a not-so-far
future it is expected to obtain some contraints competitive with the ones from CMB data.

0.005— : : :

& ngle field glow-roll inflation

& 0.000 Slow-roll inflation

el

£

o -0.005} N .

o MuIt‘ Hield inflation

()

(9}

2 -0.010} _l(e /

_qc', 68% confidence:

: -0.015¢ === Planck allowed

g Euclid PoS

£ o.020 SPHEREX PoS

s SPHEREX BiS

2 == SPHEREX P0S+BiS
-0.025}_, : ‘ : ]

-5 0 5 10 15

Primordial non-Gaussianity, fy,

Figure 7.2: Figure taken from , showing that SPHEREx and Euclid establish powerful constraints on
fnL as compared to Planck data. Ellipses correspond to observational constraints while the shaded regions
identify families of models. SPHEREX is supposed to be able to discriminate between classes of inflationary
models: SPHEREx and Euclid forecasts are centered arbitrarily, while the dimension of the allowed regions is
the expected one.

7.3 Future expectations from interferometers

After the first gravitational event named GW150914, measured by the interferometer LIGO ([114,[115])
on 14 September 2015, many other events have been reported, giving rise to the era of gravitational
waves astronomy. These events are in general due to the mergers of very massive black holes. However,
to relate the correlator invoving gravitational waves to measurable quantities, one needs to measure
the gravitational waves background generated by inflation, which is impossible to do in nowadays
interferometers.

In general, an interferometer has different sensitivities depending on the frequency. To understand
which the range of frequencies are, one usually constructs sensitivity curves ([116]). For example
these curves are shown in figure where the fractional energy density of gravitational waves per
logarithmic wave-number interval is plotted as a function of the frequency f (or equivalently the wave
number k). It is defined as

1 dpaw

pc dlog f '

where pgw is the energy density of GWs and pc = 3M3H? is the critical density of the Universe. The
curves for a specific interferometer correspond to the points in which the signal has a fixed signal-to-
noise ratio (usually greater than 1). This implies that if the curve of a predicted signal lies above the
interferometer curve in some frequency band, then the signal becomes conventionally easily detectable.

Qaw =
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Figure 7.3: Sensitivity curves for 4 future interferometers. The three straight lines correspond to the theory
prediction for different values of the spectral index and the signal-to-noise ratio. As it is possible to see, these
new interferometers will be hopefully able to detect the stochastic background of gravitational waves.

The main interferometers used today are ground based and they are LIGO and VIRGO ([117,|118]).
Other similar ground based interferometers planned for the future are KAGRA ([118}/119]), Einstein
Telescope (]120,/121]) and Cosmic explorer ([122,/123]). All these interferometers (with the exception
of Einstein Telescope) have an L shape, as the Michelson-Morley interferometer, and the frequency
band of sensitivity is 1 — 10* Hz. They can measure GWs from astrophysical events.

As we have said, the interferometers which are operative today are not able to detect any gravitational
wave from inflation. In the next decades, the idea is to build interferometers able to detect signals in
smaller frequency bands. For example, LISA ([124]) will be an interferometer to be located in space:
it will be composed by three satellites placed in an equilater triangle configuration; this way the
length of the arms will be much longer than the Earth-placed interferometers of the Michelson-Morley
type. The frequency to which LISA is planned to be sensitive is in the range 10> — 1 Hz, which are
much smaller than the ones for the ground-based interferometers. The main target is the GWs signal
from massive black hole binaries, but some works have shown that LISA could be in principle able to
measure the stochastic background from the Early Universe, depending on the inflationary model and
on the parameter space ([125,126]).

Other future experiments to be highlighted are DECIGO (]|127]) and BBO ([128]), both satellite
experiments, similar to LISA. The target of the first one, with launch scheduled for 2027, are the
frequencies in the range 0.1 — 10 Hz, between LIGO and LISA. On the contrary, BBO is the successor
of LISA and its launch is still to be decided. Its primary goal will be the measurements of the GWs from
inflation. In figure there are the sensitivity curves for these three future experiments. However, to
test the consistency relation one should find a way to experimentally measure the correlation functions
of GWs using the interferometers and the procedure to do so is still not clear at all nowadays, both
theoretically and experimentally (and in any case this would require an incredible precision in mapping
the stochastic GWs background).
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Chapter 8

Conclusions

In this project we have discussed the inflationary consistency relations, which are valid in single-field
models of inflation, introducing all the tools necessary to understand how they were derived. Inflation
was introduced in order to solve the shortcomings of the standard hot Big Bang model (see chapter (1
and to provide some initial conditions for the evolution of the Universe. The simplest model involves
the introduction of a single scalar field, called inflaton (introduced in chapter [4)): in order to study
the dynamics of such types of models one proceeds perturbatively, splitting the fields in a background
(homogeneous and isotropic for the cosmological principle) and a perturbation, which is treated as
a quantum field. However, in the case of the gravitational field, this procedure is subtle since this
splitting generates a gauge freedom due to the diffeomorphism invariance of general relativity (as
explained in chapter [2). In order to test the different inflationary models one has firstly to find
quantities able to produce observables. The most important quantities are the curvature perturbation
¢, defined through the spatial curvature in Arnowitt-Deser-Misner formalism and related to the CMB
temperature anisotropies map, and the tensor perturbation of the metric, which is related to the
primordial gravitational wave background. These quantities are very important, since under adiabatic
conditions they are constant (see chapter [3]) on superhorizon scales (that is the limit £ — 0), so that
the physics at the end of inflation can be directly connected with the physics at the beginning of
inflation.

Then, to test the different inflationary models one has to find proper quantities to observationally probe
and the most important ones are quantum correlators between these. Indeed, quantum correlators can
be directly linked with the statistics of CMB data (and in future, hopefully, with the statistics of the
primordial GWs background). The most important objects in this context are the power spectrum,
related to the Fourier transform of the 2-point correlation function, and the bispectrum, related to
the Fourier transform of the 3-point correlation function. A non-zero bispectrum can be related to
the presence of a primordial non-Gaussianity due to the interaction of the inflaton with itself (or with
other fields).

From the Maldacena computation of bispectra ([46]) we have seen that taking the squeezed limit
(that is sending one momentum in the correlator to zero) the bispectrum becomes a product of two
power spectra. This result is intimately related to the symmetries of the spacetime during inflation (in
chapter [5)), since the consistency relations can be seen as Ward identities, as shown in [50], associated
to the broken generators of the SSB pattern of inflation. The consistency relation can be generalized
for higher order correlators, obtaining an infinite set of consistency relations linking the N + 1-point
function to the N-point functions.

However, the physical existence and consequently the measurability of the consistency relations has
been recently criticized (as explained in chapter @, since it has been claimed that in the squeezed
limit the bispectrum can be set to zero through an appropriate gauge transformation (|77-80]), which,
more specifically corresponds to the transformation to conformal Fermi coordinates ([81]).

We have explicitly shown that this is not the case, since the transformation rules used to transform
the bispectrum have not been correctly implemented and interpreted. We summarize here the main
reasons we have discussed in chapter [6
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e In the exact k — 0 limit, the transformation to a CFC frame is a Weinberg transformation and
in this case the cancellation can happen; however, in realistic cases k cannot be exactly null (the
observable Universe is finite), so the transformation becomes a deformed dilatation.

e In this case, a careful analysis of the scalar-vector-tensor (SVT) decomposition implies that the
tranaformation rules of (, based on the splitting in long and short part, are not correct.

e Gradients cannot be neglected in the limit & — 0, only because in Fourier space they are
proportional to k’: we have seen that the limit and the gradients do not commute.

e The definition of ¢ used in the papers claiming the cancellation of the bispectra is problematic:
in |78] it is not very clear which definition is used, but it is simply assumed that { is not a
scalar, while we have seen that ( is a scalar; in [79,80], on the contrary, a different definition
is introduced, which is not gauge invariant. Given that a deformed dilatation is not a residual
gauge freedom (it is only if £ = 0 exactly), this quantity changes under a gauge transformation,
so it is not a good observable.

e Finally, we have explicitly computed that under a deformed dilatation the bispectrum is not
altered in the squeezed limit, which is in contrast with the transformation rule derived in [78],
based on the splitting in long and short wavelength modes.

This happens both in the bispectrum involving only the curvature perturbation ¢, which was recently
discussed in [91], but also in mixed bispectra, which involve also the tensor perturbations. The
extension of this result to the tensor sector is the main crucial improvement achieved through this
project. The results presented for the first time are about to appear as preprint in ArXiV in the near
future ([129]), to be submitted to an international journal.

We remark once again the importance of these results. Consider e.g. the inflationary consistency
relation involving the bispectrum of the curvature perturbation (. It is valid only in single-field
inflation, so measuring a violation of this relation would prove that all single-field models are not
enough to explain the inflationary mechanism. On the other hand, testing such a consistency relation
(that we have proved to be physical and in principle observable) would be an incredibly strong evidence
of the single-field inflationary mechanism. Finally we have discussed what are the prospects in the
future to improve the sensitivity to the primordial non-Gaussianity both through CMB or large scale
structure observables or via gravitational wave interferometers (see chapter [7)).

Acknowledgements

The first person I would like to thank is my supervisor is dr. Rocco Rollo. He has patiently introduced
me to this delicate subject. We had very long conversations about the amount of problems to face and
he introduced me to Mathematica. I want also to thank my internal supervisors, prof. Nicola Bartolo
and prof. Sabino Matarrese, for giving me the possibility to work on these subjects and to write my
first scientific paper.

Next, I have absolutely to thank my father, who has given me the opportunity to study Physics during
my life, my mother, who has supported me spiritually as soon as she could, and my sister, for having
found some typos in this work. A particular acknowledgement goes to my beloved girlfriend Gloria,
who has always supported me in whenever I found challenging troubles during this thesis project, but
also during my master degree.

I wish to thank my grandfather Luigi, to which I have dedicated this project, for everything he did
for me and my granmother Fulvia for the continuous support.

I would like also to thank all my other relatives, who always belived in me during this long trip of
study.

104



Appendix A

Lie derivative

In this section we define Lie derivative in a formal way and we derive the formulas we have used to
calculate the transformations of perturbations under a gauge transformation. We use a mathematical
approach ([130]), but we skip very formal details which are unnecessary in this discussion.

Lie derivative is a differential operator measuring how much a generic tensor field changes along the
integral curves of a given vector field. In mathematics, vector fields are seen as derivations, i. e. there
is a bijection between a vector field and the following derivative operator:

VH oV =VH, .

We remind that 0, is defined with lower indices, this means that the sum over the repeated indices
is not contracted with the metric tensor, but it is a simple sum. One also defines the Lie brackets
between the two derivation as the commutator between them, computed using Leibniz rule:

[X,Y] = X'9,(Y"0,) — Y"0,(X"d,) =
= X*0,Y"0, + XPY"0,0, — Y'0,X"0, — Y'X"9,0, =
= X*9,Y"0, — YV0,X" D, = X'9,Y 0, — Y'9, X", = (X', Y" — Y*0,X"), .

In particular we see that thanks to Schwartz theorem the Lie bracket remains a first-order operator.
At this point we define the Lie derivative along X = X*#d,, of a scalar function as

Lxf=X"o,f .

This is natural, since we want to derive f along X.
For what concerns the Lie derivative of a vector field we define

LxY =[X,Y] = (X*0,Y" -YH0,X")0, ,
which implies
LxY" =X"0,Y" = YH9, X" .
This is also natural, since assuming an infinitesimal transformation of the coordinates along the vector
field X* of type z/#* = z* + AV# with X infinitesimal parameter, the vector field Y changes as

Y'H(x) = YH(z) =Y = AX) = YH(x) = Y*(2) = AX0Y ") +... = YF(z) =

ox'* ox'*
— p _Yh(z) =
57 Bur Y (a:)) +...—YH*x)

= (05 + X0, XH") YP(2) = AX 0 Y (z) + ... = YH(x) =
=YH(x) + MO, XY P(x) = AX“0YH(z) + ... — YH(z) =
=M xYHx)+....

YP(z) — AX%0q (
(A.1)
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This means that at first-order the Lie derivative measuresﬂ how much the vector field Y changes along
(the integral lines of) X. From this, one can see that the Lie derivative of a vector field can be defined

as
L Y@ —Y(x)  d o,
LxY = lim 3 = ZleaxY (@) s (A.2)

where ¢ y is the pullback along X. To define the Lie derivative of a covariant vector w (in mathematics
it is a 1-form) we put
Lxw(Y) = X(w(Y)) - w([X,Y]),

where we have put w(Y) = w,Y*, since they couple, being one the dual of the other. Opening the
coordinates one has

w([X,Y]) = w, (X190, Y —Y"0,X")
X(w(Y)) = X"0u(w,Y") = XFOuw, Y + XFw,0,Y" |
so one finds explicitly
Lxw(Y) =X 0w, Y + XFw,0,Y" —w,(X'0,Y" —YH0,X") =
= XFOuw Y +YF 0, X w, = (XFOuwy + 0, X w, )Y,
giving
Lxw, = X"0uw, + 0, X w, .

Finally one can generalize these definitions to get the Lie derivative of a generic tensor field T with p
controvariant indices and ¢ covariant indices as

LxT =Lx(T(YY . ..,Y wi,...,wp))+

~T(X, Y, Y2 Y wy, . wpy) — . = T(YL Y2 X, YY) wr, e wp)
—T(YLY? Y Lxwr,.wp) — . =~ TYE Y2 Y w, . Dxwy)
which can be seen as a generalization of the Leibniz rule. Y, ... Y9, wy,... ,wp are the basis vectors

which in the end have to be put out of the expression, in order to have an expression of the Lie
derivative in the p 4+ ¢ indices of T": these fields have been put to perform a coordinate-independent
calculation. Notice that the all summands on the RHS have already been defined: the first is the
Lie derivative of a scalar, the others contain Lie derivatives of controvariant or covariant vectors.
Repeating the calculations done before, one finds that the Lie derivative of the degree-two tensors are

LxTH = T X* — \XFPTN — O\ XV T
LxTy = 0T X + 0, X T, + 0, X Ty,
LxTF = HhTHX + 8, X T} — 0, XH'T)
which are the formulas we have widely used to understand how a perturbation changes under an

infinitesimal gauge transformation. These formulas can also be easily obtained using the generalization
of definition for a generic tensor field T'

gy D) = TW() _ d
LxT = /1\13}) N\ = J[SDAXT(*%)] o (A.3)

expanding as we did in
As a final comment, notice that in all the formulas above one can replace the partial derivative with
the covariant derivative, since this reduces to sum and subtract terms containing Christoffel’s symbols,

"More formally, one can show (See [130], proposition 3.4.6) that

d(0-x), (Y)-Y
Lxy = tim 0o )
A—0 A

’

where 6 is the local flux of the vector field X and d the differential.
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using the property that Fg,y = Ff;‘ﬁ. In case of a scalar this is trivial, since D,, = 9,. In case of a
controvariant vector, for example, we have D, V" = 9,V" + IV, so one has

LxVH=X"9, V" —VH9,X" = X'9, V¥ + ', X'V - T X'V - V), X" =
= XHOV" + T, V) = VIO X" + T, X%) = X'D, V" = VED, X",
where we have used the symmetry of I' in the lower indices and we have renamed the mute indices
a <> p. This procedure can be repeated also for the Lie derivative of a covariant vector and also of a

generic tensor with an arbitrary number of indices.
This implies that Lorentz indices in Lie derivative transform controvariantly or covariantly.
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Appendix B

ADM formalism

The Arnowitt-Deser-Misner formalism (ADM) is a peculiar decomposition of the metric which allows
a Hamiltonian formulation of general relativity. It was firstly introduced by the authors in [131] and
in other following papers and it has been very influent on a wide class of research topics, such as
quantum gravity or modified theories of gravity. Indeed, in this project we have seen that a way to
quantize a theory knowing its Lagrangian is to compute the conjugate momenta and the Hamiltonian
density and then to impose the canonical commutation relations. This is not trivial at all starting
from the Einstein-Hilbert action, but ADM formalism provides a natural way to proceed. For sake of
simplicity, in this section we put Mp = 1.

The ADM formalism arises naturally using the extrinsic geometry of hypersurfaces ([132]), but since
here we want to remain at an elementary level, we will only comment about this in the end. By now,
we limit ourselves to report the main idea that lead to the formalism, giving an explicit derivation of
the equations we needed in this project, based on [133]. These results are rarely presented in literature
in a such an explicit way.

The starting point is the fact that it is possible to demonstrate that a wide class of spacetime manifold
can be foliated into hypersurfaces ¥ labeled by a time parameter ¢, which can be assumed, for example,
to be the cosmic time. This means that the spatial hypersurfaces of this foliation of the spacetime are
hypersurfaces of “constant time”, i. e. they are the level sets of some time function

Y ={z" : t(z%) =to},

with future-oriented (timelike) normal vector N?. Notice that since the gradient is orthogonal to the
level sets one has N; o 9;t. The spacetime manifold is thus locally omeomorphic to the product R x 3,
where X is an evolving structure in time, called Cauchy surface. In literature the foliation is usually
called slicing, while the choice of the spatial coordinates on X threading. Notice that in general a
gauge transformation changes both slicing and threading.

B.1 The ADM decomposition of the metric

The main idea underlying the ADM formalism is that in Einstein equations not all the 10 equations
are dynamical, but 4 of them are constraints. This is analogous to what happens in electromagnetic
theory, where the equations of motion of the Lagrangian £ = —%FWFW are not all really dynamical:
the field is A* which is a 4-vector, but the true degrees of freedom of the photon are 2, since only 3
equations of motions obtained by varying the Lagrangian are all dynamical (in the sense that they
contain a derivative with respect to time) and 1 is a constraint. In general, one can show this fact to
be strictly related to the presence of a gauge degree of freedom, which is what happens also in Einstein
equations (the gauge symmetry is the invariance under diffeomorphisms).

In order to enforce the slicing, Arnowitt-Deser-Misner introduced the following (3 + 1)-decomposition
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of the metric ' ' o
ds® = — (N2 — NZ»N’) dt? + 2N;dz'dt + Yijdx'dx’
where N and N; are commonly called lapse and shifts respectively. It is important to underline from
the beginning that the spatial indices are raised and lowered by the spatial metric v;;, so we have
N; = 7;jN7, N* = 4% N; and N;N* = NN, with ¥4 = 71-;1. Be careful also that N2 = N - N #
N;N? = N*N’~;,.. The metric components are
goo=—(N*=NiN') , goi=Ni, gij = "ij -

In the following we will need the expression of the inverse metric, which can be found by imposing
g"%ga, = 0f. The result is

goozi%, goi:]]\\;;’ gij:,yz’j]\gi[];fj’
as one can prove by a direct computation:
9" 900 = 6900 + 9" 910 = 175 (N* = Ni") + ]]\\ZNZ- =1=40
9% gvi = 9%90i + 9% g5i = _ﬁNi + %Vij = w =0=20
9" gv0 = 9900 + 9" gjo = —N; (N2 — N;NY) + <7“ —~ AZ:,T) i =
=N +NiN]{[]2Vj + N - NA;JV];N —0=26
9" 9vi = 9" 905 + 9" g = ]]\\ZNj + <’yi’“ - NT) Vej = ]]\\ZNj + 7 — ]\,;Nj =" =05 .

Notice also that the ADM metric tensor can be decomposed in the following matrix product:

. —N2+Nij’}/ij Nj . 1 N; —N2 0 1 0
Q/U/— Nz ’yij o 0 1 0 ’Yij Nj 1 '

Since the first and the third matrices have determinant equal to 1, while the second has determinant
—N?det 7ij, this implies that g := det g, = — N2y (where 7 := det 7ij), so one gets /—g = N /7.
Let us now define the unit normal vector n* = (%, —%), normalized using the ADM metric since

) , o
n*n, = nn’ g = (n°)?goo + 2n"n'go; + n'n’ g;; =

= (VN 2y T =
N;N* N;N* N;N*
=-l+t - —25m t 32 =1
Its covariant couterpart can be found by lowering the indices using the ADM metric:
_ wo_ 0 i 9 g 1 'Ni B
no = gopn' = goon’ + goin' = — (N —NzN)N—NZW__N
g = geun® = gron’ + grn' = Nk% - 'Yki% - % B % =0,

this way n, = (=N, 6) Since these objects are not covariantly constant, one can define the extrinsic
curvatures of the spatial slices t = constant as

Kij := Dinj = 9inj + T, = 0+ Tiiny, = I'%no + Tfne = —NTY; . (B.1)

Notice also that the inverse metric can be written in terms of n* as follows

_ 1 NI 0 0 1 _N 0 0
glw = N]\i]z ij NiviNj = (0 ij) - N]\Qp Nz]]\(f; = <0 z'j) —ntn” (B'2)
oA A o v A v

which is an expression useful in the future.
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B.2 Einstein-Hilbert action in ADM decomposition

In order to proceed we have to compute all the Christoffel’s symbols of the ADM metric, through
equation Focusing on we want to compute F?j:

ng _ %go“(aiguj + 059 — Ougij) = _ﬁ(aigoj + 9jg90i — Oovij) + ;k(aigkj + 0j9ki — Okgij) =
0N 0N — )+ T
_ 2;2 (BN, + O;Ni — ;) ﬁFEﬁN’“ + ﬁFﬁiNk
— 2N2 (O;N; — I‘S}g]\f’“ + O;N; — F§Z,)€NIg — Yij) =
1

where we have defined the spatial Christoffel’s symbol FE; ,)C =Ty = %((%gm + Okgji — 0igjk), which
automathically defines a spatial covariant-derivative DZ( ) N; = O;N; — FZ(?,ZN k. It must be underlined
that in this convention the first index is the one to raise to obtain a Christoffel’s symbol with an upper
and two lower indices. The previous result also implies that the extrinsic curvature is

1
Kij = —NTj = (D[ Nj + DY/ Ni = 45) . (B.3)

Notice that Kj;; is symmmetric in its indices. Using this result, one can compute all the others
Christoffel’s symbols, using We give directly the results, which are

T, = % (N + NN - N'NT K )
Iy = —%Kij
Iy, =T%=— (@-N — N K;)
s :onz_Ni]%N —N(vk J\fj\r]\ﬂ“> KkJJrD( ) i
Ni

, 9
ik = ng)l + o K -

One can also compute the Christoffel’s symbols with all the indices lowered. Some useful expressions
are:

1 :
Loij = 5(0iNj + 95 Ni — %ij)
Tijo = Dioj = —~NK;; + DY N;

Tije = T30

At this point one wants to compute the Ricci scalar of the ADM metric, defined in[I.7} This calculation
is quite involving and we use a trick in order to simplify it, based on the decomposition Indeed,
from the definitions of Ricci tensor and Ricci curvature, using [B.2] we have

R=g"Ru = 6" 9" Ruonp = V" V" Rijis — v"*nP'n” Rip — ¥* 10" Ry — nnn"n’ Rya,p =
= v* 9% Rijrr — 27*ntn” Ry,

(B.4)
where we have also used the symmetry of the Riemann tensor R,,3 = Raus, and the fact that the
term n#n%n” nBRW,,ﬂ is null, since the Riemann tensor, which is antisymmetric in some indices, is
contracted with a completely symmetric tensor. So we need to compute explicitly these two pieces.
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Let us start with R;ji;. Using the definition of the Riemann tensor in terms of the Christoffel’

symbols one finds:

Rijw :gipakzrp' - gipalFZj + Fikprp' - Filprp' =

_gloakr‘l] + glmakrlg + szOFlj + szm
! p@m N7 N L 3)
— Nidg <N > +’Yzmak< + Kﬂ) NK ( NK;, + Dy, N)

m N
+1® <r<3> + NK1J> (ke l) =

— (k)=

N; O N N™ 1
— N’akKjl + N~L2Kjl + 'Yimakrﬁ)m + %’mak <NKjl) + KﬂKik — NKlel(c3)Ni+

‘N
+ T, T ™ + ngzn]\]fv Kij— (k&) =
- Niaksz + Ni%Kjl + 'Yimakrg'?)m + %mak%f(jl + 'Yim%akKjl — vim&g]]\\f[ﬂl{]ﬁ
KKy — ]1[ <8kN r®my; ) + T T F§,§Zn]\;\;n Kij— (k1) =
=- %&CKJJ + Niajl\gfiijjl + ')’imakrﬁ)m + 8’;\][% Kj + %%Kﬂ - %Kﬂ
m

1 1 N
+ KK — 1 KnOuNi + - Kl Ny + T30 TP + T, S Koy = (k1) =
N™
=W + D0 T 4 KK + 20, = Ky — (k5 1) .
Now we can define the spatial Riemann tensor Rl( ) ,)d %mﬁkf‘( m oy kaznf‘( ym — (k < 1); notice also
that the last term is symmetric under the exchange k <+ [, since Ky is symmetrlc, so it cancels out

after the antisymmetrization. We are left with:

Rijr = Rl(j,)d + Ky K — KyKjy, (B.5)

Now we pass to the second term required to compute the Ricci scalar B4 Let us start from the
following quantity:

Rl =noRy + mRij, = ~NRjj +0 = =N (9T}, + T3,I7) + (j ¢ k) =

1 .
= 80, (= i ) = N+ TTh) + G ) =

N 1 1
=0, Ky — af—K,ﬂ» ~N <(ajN ~ N'Ky) (—N> Kii +

J N
1 3) N .
+ (_N> Kjl <Fk’zl + NKkz>> + (] < k) =
(9 N 8 N N! 3) N! .
=0; Ky — N —— K + N —— K — N KKy + T K+ WKleki + (k)=

(3) .

=0 Ky + Ty Ky + (< k)

where we have used n, = (—N 6), the definition of the Riemann tensor and the explicit expression
of the Christoffel’s symbols. Noting that in the result the two summands reconstruct the definition of
the 3-dimensional covariant derivative, so in the end we get

_ p® 3)
Rl = DY Kji — DY K

(B.6)

We compute now the similar quantity:

i
nNRiOJ

nORZOJ + nkRzoj (80F0 + F Ffj) + (0 A j) =

= —N(0oT; + ToLy; + TOLI) + (0 ¢+ 4) .
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Inserting here the exact expressions of the Christoffel’s symbols requires a longer but analogous
calculations, which we skip for shortness. The final result can be nicely rewritten in terms of the
spatial covariant derivatives as:

o
ny,R;

;= Ki; + DY DPN + NKFK; — DY (K3 N*) — Ky DIV N . (B.7)

Combining [B.7] and we get

n*n” Ry = n”nHRfVJ n nuRz()g + nln“Rﬁj =
1/ 3 k 3 k k N 3 (3
-~ (Kj + DU DN + NKF Ky — DE (K N*) - Ky, DN ) ~ (Dl( 'Kj; — D\ )Kli) —
1 /. 1
= <Kij + Dz(B)D]('S)N + NK{“K,W) -5 (D](.?’)(KikN’“) + K DY NF 4 NlDl(:z,)Kﬂ — NZD](,?))KH) ,

but the last term inside brackets can be rewritten as
D (K, N*) + Ky DEN* + N'DP K — N'DP K, =
= DY KN + Ky DI N* + Ky DONF + N'DP K, — N'DP K, =
= KDY N* + Ky DN + N'DP K

Moreover, remembering the expression of Lie derivative in the space coordinates of a rank 2 tensor
along the spatial vector N (that we derived in appendix one has

LKy = N Ky + Ky d;N* + K ;0,N* = N'DP K + Ky DY N* 4 Ky DPNF | (B.8)

since in the previous chapter we have seen that all the partial derivatives in its explicit expression
can be always replaced by covariant derivative (in this case we consider only the spatial coordinates).
This implies that

1 .
W Ry = ~- (Kig + DV DIN + NKFKy - Ly

N
Using this result and in the expression for the Ricci scalar [B.4] one finds
R =%y Riji — 2990 n” Ryyj =
. 1.
= "I (RE), + KK — KaK i) — 205 (K] + DI DYIN + NKFI,; — £ NKW) -

2

) o iy . 2 iy 2 .
= RY + KIK] = KVK;j — 9" Kij = APIN = 2KT Ky + oV LK

®3)

where we have also defined the spatial scalar curvature R := ~ 'leR ikl and the spatial covariant
Laplacian A®) = yile(s)D§3). Using the definition |B.8| one has

g 9
Z]LﬁKij = —fy” (NlDl(?’)KZ] + Klij(g)Nk + Kk]Dz(B)Nk) =

N

9 . »
=~ (VD K] + 27D N;)

N’)’

which gives

o y 92 ... 2 92 . )
R =R 4 KIK] 3K Ki; — 177 Kij = AN + & (NZDI(?’)K} + 2K D Ni) -
i NI 3) i 2 2 ) ” 4 ii (3
= RO + KUKy + 257 DY Kl — AN = Ky — 3KV KG; + NKJD§ IN; .
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Moreover the last two summands can be simplified as follows

2 . g 4 . (3
— 7 Ky~ 3KV K + NK”D§ IN; =

2 iy 2 .. g y 1
= — (O Kiy) + AT K+ KK — AKY (Kij - NDJ(.?’) NZ-> -
2 i g ij (3) (3) Vij | _
= Kl + KK — 4K Kij—2ND NJ—ZND Nitor ) =

2 .. . .
= 2Kl +KVK;j — AK" (K] -

1 3 3 :
N (DN + D )Ni—%j)) =
9 . g -~ 9 . ~
= —fKZ? + K”Kij —4K"Y (Kij — Kij) = —fKil —I-K”Kij ,
N N
where we have used the symmetry of K;; and its value The final result is finally

, 2 NI )
_ pB iy il _ 2 g otV pB) i 2 A(3)
R=RY + KK + K; K] NKi+2NDj K} NA N .

This is not all, since we want to derive the Einstein-Hilbert density /—gR and fully simplify it. We
know that \/—g = N,/7 and we split the result as follows:

. 9L NI .2
V—gR=N7 R+ KiK;; + K'K} — —K!+2—DWKi - ZABN) =
J ] i 7 N

NTETON
=NVA (R+ KKy - KK ) + (B.9)
o 2 .. N .
+N A <2KZK§ - R+ 2ND§3)KZ) —2y74%)

We remind now that boundary terms in the Lagrangian are of type J,j* and they do not contribute
to equations of motion, so they can be ruled out after the spacetime integration. Moreover, using
terms of type \/—gD,j" are boundary terms, since for

. 1 . .
V=gDyj" = v—gﬁﬁu(v—gj“) = 0u(vV—yg3") (B.10)
and for space coordinates only one has similarly
VADPjt = \ﬁﬁai(ﬁ] ) = 0i(\vAJ") - (B.11)

The last summand in is a boundary term for this last case. We now want to show that also the
second summand is a boundary term. Indeed

Ny <2K1KJ - —KZ + 2ND(3>K’> = 27K} + 23N DV K + 2N K[ K] =
= —2AK! + 27N DY K} 4+ 2 ANKINVIK;; =

N(D(3)N + DN —44)

— —2, 7K} +2,AN D K + KNI (2DPIN; — 4,5) =

= 27K — Ky + 2AN DY K 4 2K} DPN; =

= 27K} — 2K}00\/ + 27D (KINY) = —280(yAK}) + 27D\ (KINY)

(
J
= 27K} + 2ANI DK} + 2, /AN Ky
(3)
J
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where we have used and the formula 0p/y = \gfy”%] Using v—9 = N,/v and
n, = (—N,0), one has

—2y/=gD,, (K!n") = —2y/—g \/L L (V—gKin") = —20,(N\/7K.g"'n,) =
= —20,(N\/7K!g"ng) +0 = —200(N /¥ K?goono) —20;(NYK!gng) =
= 20NV 3 (-) = 20, (VAR 3 (-N) ) =
— 200 TKY) + 20, (VIKINY) = —200(AKD) + 2y —=0; (yIKINT) =

val
= —280(yAK}L) + 27D (KINT)

which is exactly the second summand in the Lagrangian, which for is a boundary term. This
way, integrating over the spacetime elements one can rule out all the boundary terms, getting finally
the simple result

Sapy = / dtd*z AN (R®) + KK — KIKD)

which is equation

From this action we see that only the time derivatives of the six elements of 7;; (inside Kj;) appear in
the Lagrangian, so they are dynamical. On the contrary, the lapse N and the shift N; play the role
of Lagrange multipliers. Calculating the equation of motion relative to N and N; one does not find
any dynamical equation, but four constraints corresponding to the diffeomorphism invariance of the
theory. This implies that the total number of physical degrees of freedom is 2, which is a well known
result, usually discussed in gravitational wave physics.

B.3 A general slicing

In the previous construction we have explicitly chosen n, = (=N, 6) This is because we decided to
slice the spacetime along the hypersurfaces at ¢ constant. However, one could in principle choose to
slice the spacetime using the set of hypersurfaces

S(z) = constant ,

where S is a general scalar. In this case the versor orthogonal to the hypersurface is given by
oS

V=92 0,505S

In case S(z) = 2#v, in the reference frame where v, = (—1,0), one gest back the previous results
since S(x) = —t so the slicing is given by ¢ = constant and one has

n, =

ot

ng=—-———=-N, n;=0.

\ *gooaotagt

In the general case the instrinsic curvature is K;; = D;n; and using the differential geometry of the
hypersurfaces one can show that the Ricci scalar can be rewritten adl]

Ry =R=R® + KK;; — KIK] — 2D (n’ Dgn® — n®Dgn”) .

Notice that the last summand is a boundary term in the Einstein-Hilbert action.

'See [132], eq. 3.5.7, where € = —1.
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B.4 Perturbed FLRW

In case of a FLRW metric with x = 0, computing all the Christoffel’s symbols one can showE] that the
spatial curvature is zero, R®) = 0. This is not valid in the case of a perturbed FLRW. The result is

4 1
R®) = V2 <\I/ + v2X> .
a 6

In the case of a general slicing, assuming to split the scalar .S into a background and a first-order

perturbation
S =So(t) + S (z)+...

one can compute that at first-order in perturbations one has

4 2 H 1 1 2
Ry = 5V (%S“+‘I’+6Vx”>.

A little remark is about the case in which the perturbed metric is defined with 8i8jx|| instead ﬁijxn,
as we have commented in section In this case one has simply ([91])

R® = %VQ\II
a

2For example using a computer program such as Mathematica.
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Appendix C

CFC coordinates

In this appendix we introduce the conformal Fermi coordinates discussed in this project, deriving also
the results we have used.

As we have introduced in section the basic principle of GR is the equivalence principle, which
imposes to assume local Lorentz invariance, that is the impossibility to detect gravity doing a local
non-gravitational experiment. This implies to construct a local set of coordinates around an arbitrary
point P, where the metric looks like Minkowski in the neighborhood of the point chosen. This is called
local intertial frame (LIF). As we have seen, mathematically this translates into imposing that at the
point P in this set of coordinates the metric is such that

Guv = N apg;w =0, (C.1)

which implies that its Taylor expansion is 9 () = N + O((x — zp)?). This means that the
space is flat up to higher order corrections in the neighborhood of the point P chosen. If such a frame
existed, it would be always possible to go in this frame, as a consequence of the invariance under
diffeomorphisms of GR, which ensures that physics is invariant, no matter the frame of reference
chosen. However, one can show that this frame always exists: the demonstration reduces in counting
the degrees of freedom in the metric tensor and in a general diffeomorphism ([3]). This system of
coordinates is called Riemann normal coordinates.

Moreover, in some circumstances, it is useful to go into a reference frame where the two conditions
above are respected into an entire worldline. This is for example what happens in all the experiments
where gravitational effects are negligible. This frame of reference is called Fermi normal coordinates
(FNC), which we are going to introduce in the next section and which will be the starting point to
introduce the conformal Fermi coordinates (CFC).

Before going into the discussion, we remind some technicalities about Cartan formalism (or tetrad
formalism), which we are going to use. Basing on what we have just said, it is always possible to find
a set of local coordinates in each point in which the metric is Minkowski. We parametrize the change

as ey, called wvielbein or tetrad, such that g, = eZelb,nab, so the metric is locally flat.

C.1 Fermi normal coordinates

In this section we introduce Fermi normal coordinates ([83]). The starting point is a free falling
observer moving along a timelike geodesic h(y), parametrized by ~ affine parameter: we have seen
that we can introduce the orthonormal set ef; = (efj, ef, €5, €) point by point, with e timelike and e;
spacelike; moreover, we can parallely transport it along h. We impose e to be tangent to the geodesic
at its origin, so parallely transporting it will remain tangent for all values of the affine parameter ~.

The global coordinate frame is the one covering the whole spacetime manifold (or at least a sufficiently
large neighborhood of a given point P): we will indicate it by means of xf; it is not restrictive to

assume xy = 0, that is to say that the tangent to the geodesic coincide everywhere to the coordinate
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axis xOG (however, in this reference frame it is not ensured that the space is flat along the geodesic). We
fix now a point on the geodesics, choosing the affine parameter P = h(vp): let U be a neighborhood
of all the spacetime points around P (not necessarily along the geodesics) and @ an arbitrary point
in U. Our purpose is to describe the spacetime in U: @ can be connected to P with a geodesic g(\)
that is perpendicular to the tangent vector of h in P. This implies that the tangent vector ¥ to g(\)
at P is a linear combination of the e;.

Given this construction we can define the Fermi coordinates xﬁ: the time component is chosen to be
the proper time 7 of the observer moving along h, while the space components are the coefficients of
the linear combination of e;. We can always rescale the coordinates in such a way that ) corresponds
to A = 1 along the geodesic g.

For what we have said, the initial conditions for the geodesic connecting P and () are

dta

= l’iLei (to) y K = 0 .
A=0

dacgv
d\

The point @ € U with Fermi coordinates 2/ is then found by propagating along g(A) until A = 1.

At this point we want to find the mapping between arbitrary coordinates which we assume to be the
“global” ones xé and the Fermi coordinates by explicitly finding the geodesic g(A). This means that
we have to solve the geodesic equation for g(\)

dzx’é L dzg, d:L’G _

d\2 B dX\ d)\
This equation is obviously very difficult to be solved exactly, but we can solve it perturbatively using
a power law as

2t (N) = af + oA+ ah A% + o\ +
However, this expansion has meaning only in a neighborhood of the central geodesic h, where A < 1.
To find explicitly the first values of the various a’s, from the initial conditions one gets trivially the

first two:
Oég - (t()a 0> )
dz¥ .
of =G| gy,

where tg is the coordinate time corresponding to ~y. The coefficients of the second-order term can be
derived directly from the geodesic equation:
2.1 gl
a“:ld Te 1 Md:z:deé
220 d\? 277 d\ dA
where we used the initial conditions. Finally, the third order term follows deriving the geodesic
equation and using the initial conditions exactly in the same way:

1 d3z” oTk,
ag‘:ad/\?)@ = <87’40ﬂ Tof 44Tk a1a2> .

I
2 F’}/l/al al ’

Before passing to the CFC, let us comment the reason why they have been introduced. In the case of
FLRW spacetime with kK =1 o
ds? = —dt* + a*(t)6;jdx'da?

one can showll that the metric in Fermi normal coordinates becomes
ds? = — [1 - (H (tp) + H? (tL)) ] 2 + [1 —H%(t;) } 72

with H = %%‘; the Hubble parameter. However, as we have seen, these coordinates are valid around
the central geodesic; more specifically, they are only valid on scales that are much smaller than the
horizon (ry o H™!, see eq. , since they appear as a perturbative expansion in H :z:ﬁJ when
1:} ~ g ~ H™!, this quantity becomes order one and the perturbative description breaks down. We

will see that this problem disappears using conformal Fermi coordinates.

'See [83], appendix B.
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C.2 Conformal Fermi coordinates

Conformal Fermi coordinates were introduced firstly in [78], then formalized in [81]. As before, we
want to construct a system of coordinates in the vicinity of the central geodesics, but we relax the
hypothesis for the local spacetime to be Minkowski; on the contrary, we require the space to be locally
homogeneous in time, that is we want the metric to be of type

v = G5 (TF) (N + (TP, ) Ty, = O[(2p)?]

This means that we are substituting the condition with the less restricting one that the metric is
Minkowski up to a conformal factor a%(Tp); notice that corrections to the conformally flat part start
at quadratic order in x%, as in FNC.

Then, one can proceed as in the case of FNC, but some subtleties arise. Firstly, the CFC time
7r should be some suitable conformal time rather than the observer’s proper time. There are also
problems in defining correctly the slicing of the spacetime at constant 7. Moreover, a suitable local
scale factor ap(7r) should be defined in a physical way: in particular, if g,, describes an unperturbed
FLRW metric (but given in some unusual coordinates), then for consistency the CFC construction
should yield the metric in the canonical FLRW form.

As before, we indicate as global coordinates the ones valid in the whole region surrounding the geodesic
considered. The geometrical situation is the same of the one considered for the FNC: we have a
geodesic h, which the point P belong to, and another point @ in its neighborhood (see figure .
The starting point to construct CFC is the same tetrad e/ as in the construction of the FNC; by now,
we parametrize the central geodesic with the proper time t;, as before. Introducing a spacetime scalar
ar(x), which we require to be positive at least in a finite region around the central geodesic (playing
the role of the local scale factor), we can define a “conformal proper time” 7p through

drp = ap (P (tp))dtr , (C.2)

where P (tp) is the point along the central geodesic at proper time tr. Integrating this equation in
tp one gets a unique relation 77 (tz) (up to an integration constant which can be reabsorbed into a
redifinition of ar). As we have said, we choose 7p as time coordinate. For sake of shortness, we will
often write ap (77) instead of ap (P (7r)). However, ar and 7r (tp) depend on the specific geodesic
under consideration. Now we need to define the slices of constant 77, but as we have anticipated
this requires some care. Indeed, proceeding as in the FNC construction, one has to trace out spatial
geodesics orthogonal to the central geodesic, but these are not geodesics for a homogeneous flat FLRW
spacetime. On the contrary, they are geodesics with respect to the conformal transformed metric
N = a}Q(m)gW. As a consequence, the hypersurfaces of constant 7 in CFC, which we call ¥p,
should be spanned by space-like conformal geodesics, namely geodesics with respect to the conformal
transformed metric

Guv () = a}Q(x)gW(:E) . (C.3)

From now on, a tilde denotes quantities defined with respect to this conformal transformed metric.
Notice that for a perturbed FLRW metric (in conformal time) g, = a® (nu + hy), in general ap # a

S0 guu 7é Nuv + h,ul/'

To fix ideas, we repeat schematically the procedure to establish the CFC coordinates (TF, xZF)

1. Consider the central geodesic h and find the point P corresponding to the CFC time 7p using
C.2l This point thus has CFC coordinates (TF, 6)

2. We introduce a family of geodesics g (Tp; al )\), geodesics with respect to the conformal metric
Gy defined through passing through P. The affine parameter of this geodesics is A, with
A = 0 corresponding to the point in P. As in the case of FNC, we impose that the tangent
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vector at P is given by a linear combination of e; up to the conformal factor,

m
dxg,

)\ = aF(P)Oéi (el)lll—:’ 3

A=0

with o constants specifying the initial direction of the geodesic and A measures the geodesic
distance with respect to the conformal metric (up to a constant factor). As before the a’s
constitute the spatial CFC: o = z%,.

3. Consider a point @) in the neighborhood of h: let Q be located on the conformal geodesic

g (TF;CLF(P),Bi; )\). Choosing A = \/61-]-93%1‘% and (¢ = x%/\/éijxgmf; ensures that the proper
distance squared from P to @ is a%éijx%:c% at lowest order.

This uniquely specifies the CFC coordinates. As in the case of FNC, this set of coordinates is

guaranteed to be regular in a finite tubelike region around the central geodesic (note that ap > 0
is a necessary condition), bounded by a hypersurface which we call B.

B

Figure C.1: Figure taken from , depicting schematically the CFC construction. ¥ is the spatial hypersurface
having constant conformal time 7 and scale factor a(7), intersecting the observer’s geodesics h at point P;
the same way, the spatial hypersurface ¥, having constant CFC conformal 7 and CFC scale factor ap(7r)
intersects h at P too. However, as we have said in the main text, these two hypersurfaces do not coincide in
general.

As before, to find explicitly the coordinates we have to solve the geodesic equation, but this time we
have to consider the Christoffel’s symbols of the conformal transformed metric:

Poly  u drg dog _
d\2 aBdg\ d\

As a consequence, we have to find an explicit expression for the various I'’s. Christoffel’s symbols are
obtained through the formula where the metric is g = a}2 g. This implies that

~ 1 5 B 5 B
Fﬁp = §gua(al/gpo' + apgm/ - agup) =

1 8 ap 8 ag 8 ag
= 59”0(81/9170 + apgau - aagllp) -g" ( . 9po + £ Yov — Z Gup | =

ap ar ar
=TIy, - (5,’;3,, logar + 680, logar — g"° 9,05 log ap) .
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This is the relation between the Christoffel’s symbols of g,,, and the ones of the conformal transformed
metric g,,,. At this point, as in the case of FNC, we would like to solve the geodesic equation
perturbatively as

zh(\) = Z ab\" .
n=0

This curve connects point P, having CFC 2/n(P) = (TF,G) as we said, with point @ having CFC

2 (Q) = (TF, x%) Since P is chosen as the spatial origin, we have

—

af = aH(P) = (TF,O) .

As in the case of FNC, rescaling A so that it runs from A =0 at P to A = 1 at @, the tangent vector
at A = 0 is specified by x% through

dz” ;
of = G2| = or(P)pat

Furthermore, higher-order coefficients o/, can then be recursively computed using the geodesic equation,
as in case of FNC. The second-order is

_ ld%’é
2 d)\2

1., dag da?,

H — G
s 2 “FdN dr

Q9

1 N o
= —5ab(P) (Thy) ()5 (e))p ke
P

The third order, as before, can be obtained through a derivation:

__1d (g digdag
p 6ax\ P dx d)
P

1 ~ P o
—ab(P) (0,Ths = 200,15, (e (e)p (e0)]

1 dga:’é
6 d\3

B
a3_

Finally, the transformation from the CFC frame to the global coordinates, expanded to third order in
x'%, is then given by

Act =2(Q) = afy(P) = ar(P) (e)p = 5 (Ts) | ah(P) (e) (e)p whor)

(
1 BT a i J i
G (8“/FZ,B — QFgang)P ab(P) (e)% (ej)é (er)p tpatah + O [(xF)ﬂ .

C.3 Perturbed FLRW

In this section we want to apply the results obtained to the case of a perturbed FLRW, with the final
purpose to find the relations used in the project. We have to consider the perturbed FLRW metric
2.7 at first-order, which reads

ds® = a®(7) [~ (1 4 2@)dr? + 2Vida'dr + (1 — 2V0)8;;da’da? + Tjjda‘da’]

where we have set V; = djw) + wi- and Tij = 0;05x) + 8ixj- + 8jx,f- + D;;. Since we work in (-gauge,
we set x| = 0 and XZJ' =0, so that T;; = D;;.

We work at first-order in perturbations, so scalar, vector and tensor perturbations are always decoupled.
This way, to avoid writing cumbersome expressions, we give separately the results firstly including
only scalars and then including only tensors (we are not interested in vectors as usual).
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Including scalars

At this level we are not interested in tensor perturbations so we will neglect D;;. The metric is
reproduced by the following vielbeins (neglecting non-linear order in the perturbations as usual)

O =a(r)(1+®,-V)) , ¢, =a(r)(0,1—-Ws)

as one can prove by a direct verification:
900 = €efetnay = egen(—1) + ehedyy = —a*(7)(1+ @) = —a*(7)(1 + 29)
ok = efepna = eQed(—1) + eheldij = —a®(1)(1+ )(~Vi) = a*(1) Vi
gkt = efeinay = el (—1) + el by = —a* (T)ViVi + a®(7)(1 = ©)?6y = a’(7) (1 — 2¥) -

In the expression one needs the inverse vielbeins e4. Since we know that €% eg = 0y, this implies

to invert (perturbatlvely) the matrix ej. It is trivial to show that the right ch01ce is

1 1 .
P ——(1-9,V; e — (0, (1 +W)5%) .
60 CL(T) ( ’ ]) ) 6@ (Z(T) ( 7( + ) ])
For sake of shortness, we indicate with O(p) terms which are linear in the perturbations, so O(p) :=
O(®, T, V;). We will need also the relation ar(7r) and a(7). It can be showrﬂ that

a F(T F)
a(r)
This is expected since for null perturbations one gets the unperturbed FLRW and CFC are constructed
in such a way FLRW metric is untouched by the transformation (the construction must regive FLRW
itself): if we set to zero the perturbations, we must have ap = a. We will need also f‘, which are the
Christoffel’s symbols of the conformally transformed metric, which in this case is simply (neglecting
tensor perturbations)

d3? = —(1 4+ 2®)dr* + 2Vida'dr + (1 — 2V)8;;dx'da? + Dyjda’da’ .

=14+0(p) .

A direct computation at first-order gives

~ 1 N B B B
FZ- = ggk“(@-gm + ngm- — Gugij) = —(5581\1’ + 55(9]\11 — 6U8k\11) . (05)

Notice that since g;; = d;5, spatial indices can be uppered and lowered freely in dealing with quantities
in the CFC frame. To conform with conventions of [91], we call Az* = z/,(Q) — zf4(P), that is the
deviation from the central wordline, and Axr = xp. At this point we are ready to compute the
various terms appearing [C.4]

SF Azt = Azk + | Azk
P P

ar(P) (e:)p oo = (1 +10)

(flég)Pa%(P) ()% (e;)2 ot =

2 . .
— (0 + 05,00 — 5,0 )| L (57 + O(p) (6} + O(p)) Ap A, =

Pa

Az'p Az,
P

= — (650,90 + 670, ¥ — 6;;0" )

and similarly
(0:Ths —208,15,) a

= (0%, +0m) | °

L(P) ()% (e))p (em)p Tt =
a(P)

p a

(87 +O(p)) (8] + O(p)) (6%, + O(p)) Az At At =

— 0,1

Az AzI Ax™ = —(650,,0;,9 + 670,05V — 6;0,,0 )| AafAxl, Azl .
P P

2See |81, section 4.
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Putting all together in [C:4] one gets

_l’_

1 . .
AzP =Azk + Ak u| + iAx%Ax%(éfai\I/ + 0k, 0 — §,;0M0)
P

P

1 . .
+ éAx}Ax%AxlF(éfal&\I/ + 6890, ¥ — §,;0,0" W)

P

However, we will need x’;; = Am’} as a function of Az¥, so we have to invert the previous expansion
perturbatively. It is easy to realize that the correct choice is

1 ..
Axf =Az" — Ag"U| — A2’ A2l (550, 0 + 670, ¥ — 6;;0"V)| +
p 2 P
1 ..
- éAxZAmJAm’(afala,;qf + 089,00 — 5;;0,0"0) .
This can be shown by composing the two expressions: one must find Axp(Azx) = xp +. .., where dots

are terms which are fourth order in g or second-order in perturbations. Moreover, if we indicate with
Az" the unperturbed value of Az, that is the value Az¥ assumes in the limit of null perturbations,
as in the case of ap and a, we expect that

Azt = AzF +0O(p) .

This implies that in the previous expression we can replace each Az* mutiplied by a perturbations
with Az¥, since corrections to this would be unavoidably of second-order in perturbations. This way,
one gets finally

+

] 1 x
Ach = Ac® — Ra'¥| — 5 Aa'Aa (50,0 + 870;¥ — 6,;0"T)
P (C.6)

P

1- ._ .
- 6Az2mmxl(5falai\p + 08910,V — 5,;0,0" )

)

P

that is the equation we have used in this project.

Including tensors

Including tensor perturbations, the metric turns out to be described by the following vielbeins
O =a(r)(1+8,-V}) , ¢, =a(r) <0, (1-w)si + ;D§> ,
as one can easily see:
gkt = efelna = efel (—1) + eje] 05 =
= —a*(T)ViVi + a*(7) [(1 —0)%5; + ;D,i] [(1 —0)%5) + ;D{] 8ij =
=a?(7)(1 — 206 + Dy .

As before, the inverse vielbeins are

1 1
— . H— — [— |1
(1 @7‘/]) G CL(T) (07(1—"_\1/)5] 2D]> :

Since the new term is linear in the metric, in the Christoffel’s symbols it produces simply a new
summand

- - 1
FZ’ — Fllgij + B} <@-D§? + Gij — 8sz'j) ;
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where T'p is the previous Christoffel’s symbol including only the ¥ perturbation (eq. . The result
is that computing the CFC transformation one gets simply some extra summands, which are precisely

AxF +

1 .
P

1 . .
- ZA:C;A:L«%(@D? +0;DF — 9*D;;)

P

- EAxFAngazﬁm(alaiD;? + 0,0;DF — 9,0"D;;)

tensors

P

As before, we want Az% as a function of Az¥; given tha all is linear, the result is analogous to what
F g g
we found in the case of the scalar part:

+

1 .
Azk = 3 DF Az
P

|

P

1 . .
+ EA:C’AxJAxl(&@Z-Df + 0,0;DF — 9,0"D;;)

P

The same way, we can replace Ax with Ax, since we are interested in a first-order expansion in
perturbations, so that

1 _ 1- .- .
At == DFAZ| + A Aa? (0;D% + 8;DF — 9*Dy;)| +
P P
1 (C.7)
+ Eﬁx’ﬁxjﬁxl(al&ﬂf + 8[6]'1)5 - 8[8sz’j) p
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Appendix D

Two useful results

D.1 Derivatives of the polarization tensor

Consider the polarization tensors in Fourier space:

(e + ie?)(e} + ie?)

el =
1) 2
D.1)
1 _ ;.2\l _ 5.2 (
2 (e; — zei)(ej — zej)
1] 2
el/2 are two versors generating the subspace perpendicula to the direction of the gravitational waves,

which is B
k= (k1, ko, ks3) .

To construct explicitly eilj/ % we have to find explicitly the versors e/2. A possible choice is given by
61 = # (—k‘g, ]{71,0)
VT + k3
9 1

= kiks, koks, —k? — k2) .
VTR R Rl i~ k)

Notice that in this case we are assuming that k; and ko are not null at the same time. This couple

of versors allows to construct explicitly the polarization tensors 62-1j/ 2 through |D.1} Since the explicit
expressions are very cumbersome, we say only that they can be easily derived using a computer
program such as Mathematica.

Using Mathematica one can immediately compute the gradients of the polarization tensors, which are

k3k3+k1k3k3+ikoks(k3+k3)\/k3+k3+k2
(k3 +k3) (kT +k3+k3)
O,ei;(k) = Op,e5;(k) = | hikahd—k3k3tikaks (ki +h3) /i s k3
(kT +h3) (ki +k3+k3)
k

ﬁ+é+@
This result diverges in the limit (k1,k2) — (0,0), which coincides with the case in which our choice

of versors is not well—deﬁnedﬂ However, this singularity is fictitious, since it is linked to the choice of
%/ 2; choosing a different couple, this singularity vanishes. Finally, one gets

1
CET R
This result, differently to the previous, is not divergent in the limit (ki, k2) — (0,0). This is due to
the fact that it is a scalar, so it cannot show any divergence due to the coordinate choice.

the versors e

ak»'i ak'j ezlj (k) = 8’% 8kj Ezzj (k)

!Perpendicular means e/k’g;; = 0. However, in this case we can consider a Euclidean scalar product since we want
to work at zeroth order in perturbations. Indeed, ¢;; is always multiplied by D(k), which is first-order.
2And of course in the limit (ki, k2, k3) — (0,0,0), when the direction of the gravitational wave is not well-defined.
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D.2 Writing a vector transformation in matrix form
We want to show that given a vector e}}, it is always possible to write it as
el = M;xj , (D.2)

where M is a spacetime-dependent 3 x 3 matrix, transverse (9; M J’ = 0) and traceless (55 M ]’ =0), but
not necessarily symmetric. This way M ;CL’J is transverse, as a vector must be.

Let us consider a matrix of type

) 0 B C
Mi=|D 0o F]|,
G H 0

where B, C, D, F', G and H are functions of the spacetime. This matrix is traceless. We have to
impose the 3 conditions

By+Cz=¢€,
Dz + Fz=é, (D.3)
Gr+ Hy = 6%/
and the 3 transversality conditions
0yD +0.G =0
8,B+0,H=0 . (D.4)
0,C+ 0y F =0
Isolating C, D and H in one has
= 2(eyy — By)
= %(6%/ — Fz) , (D.5)
H = %(63 — Gx)

which substituted into gives a system of equations into the parameters B, F' and GG, which can be
rewritten in matricial form as

0 -1 1 y0, B —0ye},
1 0 —1)[20,F|=|-0. ] . (D.6)
-1 1 0 20,G —0Oyeis

The constant matrix is singular, so y0, B, 20, F and x£0,G can be isolated only if the last equation is
a linear combination of the first two. Indeed, combining the first two equations one gets

20, F — y0, B = 0y¢¥ + 0.¢%
which compared to the third equation 20, F — y0,B = —8x6%/ gives
Opels + Oyet, + 0,64 = Diel, =0, (D.7)

which is true. This way, the system can be always solved in terms of y9, B, z0, F and x0,G. Since
there are 2 linear independent equations and 3 variables, we are free to set one of the variables to a
constant, so that the system simplifies. Choosing for example G = constant, the first two equations
give

{zﬁyF = —Gye%/ (D.8)

y0B = —aze%/

This system can be solved very easily in terms of F' and B.

To summarize, the entries of M JZ can be found as follows: G can be set to a constant; then, F' and B
are derived from [D.8} finally [D.5| gives C, D and H.
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