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Chapter 1

Introduction

Since its first formulation in 1915, general relativity has given a theoretical description of
gravity that is astonishingly compatible with experiments and observations. Amongst its
many observational successes, we remember the gravitational redshift ([I]), the gravitational
time dilation (]2]), the Shapiro delay ([3]), the deflection of light ([4]) and the gravitational
waves ([5]).

Fixing a small set of six parameters through observations, the cosmological model founded on
general relativity (usually known as ACDM model) provide us with other confirmed predic-
tions, such as the abundance of chemical elements formed during the primordial nucleosyn-
thesis (6]), the large-scale structure of the universe (|7]) and the existence and properties of
the cosmic microwave background (CMB) radiation ([§]).

As it is well known, the ACDM model needs the existence of two dark components in the uni-
verse in order to be consistent with the observations: dark matter and dark energy. Since these
two components have never been observed and they also present some theoretical problems([9]
[10] [I1]), it has become a common research current to try to explain the phenomena that they
give origin to by modifying the law of gravitation, without introducing new energy sources
(21 [13]).

Amongst these modified gravity theories, the so-called mimetic scenario has lately attracted
much attention. The first formulation of mimetic gravity (|[14]) performs a conformal trans-
formation on the Einstein-Hilbert action of general relativity, using an auxiliary metric and a
scalar field. The outcome of this conformal transformation is to switch on a new scalar degree
of freedom of gravity, which behaves exactly as a pressureless perfect fluid, thus mimicking
a cold dark matter component. In this model, the observed cold dark matter energy den-
sity would, in general, be the sum of two unknown amounts of energy density contributions,
one coming from hypothetical dark matter particles and the other from the "mimetic" dark
matter which is only a gravitational effect. In a subsequent article ([I5]) it is shown that,
introducing a potential for the scalar field and considering the cosmological solutions, it is
possible to reproduce almost any background expansion history for the universe.

The initial mimetic dark matter model is generalized in [16], considering a very general scalar-
tensor theory of gravity instead of general relativity: in particular, the results contained in
[16] are valid for Horndeski gravity, which is the most general healthy second-order scalar-
tensor theory of gravity. The authors also consider generic disformal transformations instead
of simple conformal ones: it is shown that Horndeski gravity is invariant under invertible
disformal transformations, but when the transformation is non-invertible the resulting theory
is a generalization of the original mimetic dark matter model, with new equations of motion.
This new theory has been defined mimetic Horndeski gravity. Finally they show that there



Figure 1.1: A spectacular observational confirmation of general relativity: the mass of a
luminous red galaxy gravitationally distorts the light from a much more distant blue galaxy,
forming a nearly complete ring. The image was taken by Hubble Space Telescope.

are mimetic Horndeski models that present interesting cosmological features, being able to
reproduce a perfect fluid or a ACDM background expansion history. The issue of cosmolog-
ical perturbations in mimetic Horndeski gravity is studied in [I7], where the time evolution
equations for the scalar perturbations are obtained.

Since mimetic Horndeski gravity has proved to be compatible with the observed background
expansion history of the universe, we need other predictions that can be compared with obser-
vations in order to decide whether this theory could be a valid alternative to general relativity.
The goal of this thesis is to perform an analytical calculation of the late-time integrated Sachs-
Wolfe (ISW) effect predicted by mimetic Horndeski gravity, and then to compare it with the
one predicted by general relativity.

The ISW effect is one of the sources of the anisotropies observed in the CMB radiation (|[1§]).
It is generated by the fact that a photon of the CMB experience a redshift or a blueshift
if, during its travel, it falls into a time-varying gravitational potential well: in particular we
expect that, at late times, the acceleration in the expansion of the universe causes a decay of
the gravitational potential, creating the so-called late-time ISW effect. This effect is largely
dependent on the time evolution of the gravitational potential, that is different from a theory
of gravity to another: different theories of gravity could predict different equations of motion
for the metric perturbations, and therefore they could predict different ISW effects.

The thesis is organized as follows.

In Chapter [2] we present a review of the standard ACDM model of cosmology, discussing also
the hot Big Bang model that predicts the existence of the CMB radiation.

In Chapter [3] we discuss the issue of cosmological perturbations in a general metric theory of
gravity, presenting the gauge problem and the different ways to deal with it.

In Chapter [4| we obtain the Boltzmann equation for photons, that describes the evolution of
their distribution function in a perturbed universe.

In Chapter [5| we study the perturbations of the temperature field and how they change during
the free streaming of the photons from the last scattering surface to us. Here we introduce

6



the integrated Sachs-Wolfe effect.

In Chapter [] we review the first formulation of mimetic gravity, considering a conformal
transformation of the Einstein-Hilbert action of general relativity.

In Chapter [7] we generalize the mimetic framework to a very general scalar-tensor theory of
gravity, considering also more general disformal transformations: here we present mimetic
Horndeski gravity.

In Chapter [§] we obtain the equations for the time evolution of the scalar metric perturbations
in general relativity and mimetic Horndeski gravity. In the case of mimetic Horndeski we im-
pose a ACDM or a perfect fluid dark energy background expansion history, investigating how
these constraints change the evolution of perturbations. We also solve the equations in the
particular and simpler case of mimetic cubic Horndeski.

In Chapter [0 we perform the analytical calculation of the late-time ISW effect in general
relativity and mimetic Horndeski gravity.

In Chapter [10| we present the conclusions of the thesis.

We use a (—, +, +, +) metric signature and we set ¢ = 1. Other notation conventions will be
defined when needed in the following.






Chapter 2

Standard model of cosmology

2.1 Cosmological principle

Cosmology in its modern formulation is based upon the cosmological principle, which states
that every comoving observer sees the universe around himself as homogeneous in space and
isotropic on large scales ([19]|20]). When we use the expression "comoving observer", we
mean an observer that is still with respect to the source of the geometry of the universe: this
also implies that we accept a metric theory of gravity, that is a theory in which gravity is a
manifestation of the geometrical properties of spacetime.

In a metric theory of gravity the spacetime can be described as a Lorentzian manifold, and
the cosmological principle forces the line element to assume a very symmetric form (the
Friedmann-Robertson-Walker or FRW metric):

dr?

1 — kr2

ds® = —dt® + a*(t) + r?(d6* + sin® 0d¢?) (2.1)
where t is the cosmic time (operatively, it is the time that would be measured by a comoving
clock), a(t) is the scale factor (that is function of the cosmic time only), (7,68, ¢) are polar
comoving coordinates (such that a comoving observer has r, 6 and ¢ fixed) and k is the spatial
curvature constant, whose value can be +1, 0 or —1 corresponding to a closed, flat, or open
universe respectively.

It is sometimes useful to define the conformal time as dn = %: using this conformal time,

equation (2.1]) becomes

2

.
1 — kr2

ds®> = a®(n) |—dn® + + 72(d6?* + sin® 0dp?) (2.2)

2.2 General relativity and ACDM model

General relativity was the first metric theory of gravity and it was published in its final form
in 1915 by Albert Einstein. The model gives us a very simple and elegant law that explains
how spacetime is curved by sources of mass or energy: Einstein equations in their most general
form are

Gy = 87GT,, — Mgy (2.3)

where G\, = Ry — %ng, is the Einstein tensor, Iz, is the Ricci tensor, R is the Ricci scalar,
g is the metric tensor, G' is Newton’s gravitational constant, 7}, is the stress-energy tensor
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of the mass-energy in the universe and A is the cosmological constant. This cosmological
constant can be seen as a form of energy that fills the space in a perfectly homogeneous way,
so it can be included in T}, as a particular energy source.

If we now assume the cosmological principle (so a metric in the form of equation )
and we assume also that the matter component in the universe is represented by a perfect
fluid of energy density p(t) and isotropic pressure p(t) (they are both function of time only
because of homogeneity of space), then equation gives us the Friedmann equations:

L\ 2
a 8 k
a 4

where we defined the Hubble parameter H(t) = % Here and in the following we use the
dot to indicate the derivative with respect to the cosmic time ¢, while the ’ will indicate the
derivative with respect to the conformal time 7.

Using the Bianchi identity V,G*” = 0 (that can be shown starting from the definition of
Einstein tensor), we also obtain the continuity equation

p=-3H(p+p) (2.6)

2
Defining the critical density p.(t) = 3grg), equation ([2.4)) can be put in the form

pt) 4 _ k

pe(t) a?(t) H?(t)
This means that the mass-energy density of the cosmic fluid determines the global geometry
of the universe: if p(t) > p.(t) then k = 1 and the universe must be closed, if p(t) < p.(t)
then k& = —1 and the universe must be open and finally if p(t) = p.(t) then kK = 0 and the
universe must be flat.

The latest results of the Planck satellite ([21I]) constrain the current value of p to be very close
t(ﬂ pe(to) = 1.87847(23) x 1072?h2 g - cm ™3 (where to represent today’s cosmic time), so the
universe can be considered flat. But a problem arises when we try to determine what kind of
energy sources contributes to such a value of the present energy density p(to).

Q) —-1=

(2.7)

First of all let’s start with matter: from [2I] we know that Q,,(t9) = pp’:((tts)) = 0.316(14),
so matter represents little more than the 30% of the total energy budget of the universe. But
we know also that baryonic matter (the usual form of matter that we are familiar with) can
account for no more than the 5% of p(to) ([21]): this implies that there is an unknown form of
matter, called dark matter, that is responsible for the 25% of the total energy of the universe.
This dark matter, in order to be compatible with observations, must be neutral, collisionless,
non relativistic and stable: it must be also cold in the sense that it experienced decoupling
from all the other forms of matter when it was already non relativistic.

What about the remaining 70% of the total energy budget? We know that photons cannot
represent more than the 0.01% of p(tg), so this 70% must be covered by an unknown form of
energy, called dark energy. The nature of this dark energy is still a mystery: many models

Since the experimental determination of the present value of the Hubble parameter is really complicated,

it is common to parametrize the value of H(to) with h: H(to) = h X 101(\)/[1(;2/5
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have been proposed, but the most common approach is to consider it as a small cosmological
constant A that, as we said before, fills the space with a constant value of energy density.
It is thought that dark energy is responsible for the currently observed acceleration in the
expansion of the universe.

In summary, the cosmological solutions of general relativity’s equations need two unknown
(and still experimentally undetected) dark components in order to satisfy observational con-
straints: dark matter and dark energy. Considering that the best results in fitting data are
given by cold dark matter (CDM) and cosmological constant (A) respectively, the ACDM
model is now called the standard model of cosmology.

2.3 Modified gravity

The two dark components that are the basis of ACDM model pose a number of problems:
as we said in the previous Section by now no experimental detection of dark matter or dark
energy has been performed, but this is not the only challenge.

There are also theoretical problems: for example this model seems to have a "small-scale prob-
lem" (]9]), predicting too many dwarf galaxies and too much dark matter in the innermost
regions of the galaxies. Moreover the nature of the cosmological constant is still unknown: the
modern interpretation of A is based on the vacuum energy of quantum field theory, but there
is a discrepancy between theoretical predictions and observations of 120 orders of magnitude

(1)

The presence of these unknown energy components has motivated many studies that try
to explain the phenomena that they give origin to by modifying the law of gravitation, with-
out introducing new energy sources: for this reason these theories can be grouped under the
label modified gravity.

Among these theories, in this thesis we will focus on mimetic Horndeski gravity, which is a
particular modification of a scalar-tensor theory of gravity.

2.4 Friedmann Models

Now we try to solve the system of equations ([2.4)-(12.6):

-\ 2

<Z> = gﬂ'G,O — % (2.8)

a 4

o= —gﬁG(p + 3p) (2.9)
p=—3H(p+p) (2.10)

It can be shown ([24]) that can be obtained from and (2.10)), so we have only two
independent equations for the three unknown quantities a(t), p(t) and p(¢). This means that
we need a third equation in order to find a solution for the system: if we assume the cosmic
fluid to be barotropic, then the third equation could be taken to be the equation of state of
the fluid

p=wp (2.11)
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where we assumed a simple linear law with w constant in time.

If we restrict the discussion to a flat FRW metric (k = 0) we find the solutions ([24])

at) o 5T p(t) oc a~3(1HW) (2.12)
For example if we have non relativistic matter (w = 0) we obtain
alt) ct3  pt)xa  p(t)=0 (2.13)
while if we have radiation (w = 1/3) we obtain
at) it p)ocat p(t)= o) (2.14)
If we have only a cosmological constant (w = —1) the solution is in the form
a(t) oc et p(t) = const p(t) = —p(t) (2.15)

with H = \/§ constant in time.

If we consider the ACDM model, at late times (after radiation has become negligible) the
universe experiences a transition from the matter domination to the cosmological constant
domination, and the scale factor assumes the form

a(t) = a; sinh3 (Ct) (2.16)
where C' = %. In fact if Ct < 1, we can approximate sinh(C't) ~ Ct so
a(t) ~ a;C3t3 (2.17)

that is exactly the time dependence of a cold dark matter dominated universe. Instead if
Ct > 1, we can approximate sinh(Ct) ~ % exp(Ct) so

a(t) ~ ;273 exp (\/?f) (2.18)

that is the time dependence of a cosmological constant dominated universe.

It is easy to show (|24]) that the Friedmann models with —% < w < 1 have the property
that they present a time in the past where a vanishes and the energy density diverges. This
instant is called Big Bang singularity and can be taken to be the origin of time (¢t = 0). It is

worth noting that the existence of this singularity is a direct consequence of four conditions:

e the validity of cosmological principle
e the validity of general relativity and then of Friedmann equations
e the present (observed) expansion of the universeﬂ

e the correctness of the equation of state in the form p = wp with —% <w < 1.

If these four conditions are assumed to be true, then the existence of the Big Bang is inevitable,
establishing the foundations for the hot Big Bang model: the very early universe was in
a hot and dense phase and subsequently it expanded, decreasing in density and falling in
temperature.

2The expansion of the universe was firstly proposed in 1929 by Hubble, who measured the receding velocity
of distant galaxies finding a proportionality relation between this velocity and the distance: v = H (¢o)d

12



2.5

The hot Big Bang model

It is useful to review the most important stages of the chronology of the universe as predicted
by the hot Big Bang model.

Singularity (¢ = 0). As we said above the Big Bang singularity appears when we
extrapolate the results of general relativity in a situation where this theory is no longer
valid: it seems likely that in a complete quantum theory of gravity there would be no
singularity.

Planck epoch (¢ < 107*3s). It is conjectured that in this epoch a quantum theory of
gravity could unify all the four known fundamental interaction (gravitational, nuclear
strong, nuclear weak and electromagnetic).

Grand unification epoch (t < 1073%s). It is conjectured that in this epoch gravity
becomes distinct from the other three interactions, which are now described by a grand
unification theory (GUT).

Electroweak epoch (¢ = 1073%s). The electroweak interaction becomes distinct from the
strong interaction.

Inflation (¢ = 107335 — 10732s). The universe experiences an exponential expansion by
a factor bigger than 1026,

Quarks epoch (t = 107125 — 107%). The electromagnetic interaction becomes distinct
from the nuclear weak interaction, allowing the elementary particles to acquire mass
through Higgs mechanism. Matter is now in the form of a quark-gluon plasma.

Hadron epoch (t = 107%s — 1s). The temperature is now sufficiently low to allow quarks
to bind, forming hadrons: the first protons and neutrons appear.

Lepton epoch (¢t = 1s—10s). Hadrons and antihadrons annihilate each other, producing
leptons and antileptons. Neutrinos decouple from matter, originating a cosmic neutrino
background.

Photon epoch (t = 10s — 7 x 10*y). Most of the leptons and antileptons annihilate each
other, causing the universe to be dominated by radiation. In this epoch photons are
continuously scattered by charged particles (mostly by electrons), so the universe can
be considered a super-hot glowing fog. Between ¢ = 3m and ¢t = 20m the primordial nu-
cleosyntesis arises: helium, deuterium and lithium nuclei are produced through nuclear
fusion reactions, starting from protons and neutrons.

Beginning of matter-dominated era (t+ = 7 x 10%y). The energy density of matter
dominates radiation and dark energy: the universe’s expansion decelerates.

Recombination (¢ = 3.8 x 10%y). Temperature is low enough to allow electrons to
combine with protons and nuclei in order to form neutral atoms: photons are no more
in thermal equilibrium with matter (since photons’ scattering with charged particles
becomes rare) and the universe becomes transparent for radiation, allowing photons to
propagate freely. This photons constitute the cosmic microwave background (CMB)
radiation: the spatial surface from which they start propagating is known as surface of
last scattering.

13



Dark Energy
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Afterglow Light
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375,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Figure 2.1: Synthetic diagram of the evolution of the observable universe

Dark ages (t = 3.8 x 10y — 1.5 x 10%y). No stars are already formed and the only light
produced is from spin-flip transition in excited hydrogen atoms.

Galaxy formation (t = 10% — 10'%y). Galaxy clusters and superclusters begin to form.

Beginning of dark energy-dominated era (t = 10'%). The matter density falls below
dark energy density, causing the universe’s expansion to re-accelerate.

Present time (¢ = 1.38 x 10%%).

14



Chapter 3

Cosmological perturbations

The cosmological principle constrains the universe to be homogeneous and isotropic on large
scales, but we know that on small scales this cannot be true. We observe that matter is
clustered in planets and stars, and that these planets and stars form galaxies and clusters
of galaxies, between which very large void regions exist: on small scales the universe is not
homogeneous. Furthermore we know that the cosmic microwave background radiation is not
perfectly isotropic: if we look at different directions in the sky we measure small fluctuation
in the temperature of the CMB, of order AT /T = 1075,

The standard model explains very well many characteristics of the observed universe (like its
expansion and cooling or the existence of the CMB), but the examples above indicate that
we have to go beyond the cosmological principle in order to study small scale phenomena. To
do this we introduce the cosmological perturbation theory.

3.1 The gauge problem

Let’s consider a generic tensor T: it could be for example the metric tensor g,, or a scalar
field ¢. We can define the perturbation of this tensor as AT = T — Ty, where T is the value
assumed by the tensor in the physical (pertubed) spacetime (denoted as M) and Tj is the
value assumed by the tensor in the background (unperturbed) spacetime (denoted as M).
But we know that two tensors can be compared only if they are calculated in the same point
of the spacetime: since T and Ty live on different spacetimes, in order to define perturbations
we must also define a one-to-one correspondence between the points of M and the points
of My. To choose a particular correspondence means to choose a gauge and to change the
correspondence means to make a gauge transformation.

So we can define, for example, two different gauges 1 and ¢ in such a way that, if P is a point
on My, we have (P) = O € M and ¢(P) = O’ € M (see Figure [3.1). It is now clear that
we have two different tensors on M corresponding to Ty calculated in P € Mj: the tensor
calculated in O (named T) if we choose the gauge 1 and the tensor calculated in O’ (named
T) if we choose the gauge ¢. This means that we obtain two different perturbation depending
on the gauge: AT =T — Ty for ¢ and AT = T — T} for ¢.

3.2 Gauge transformations: active and passive approach

When dealing with gauge transformations, two approaches are possible: the active one or the
passive one.

15



/\/ ! /\/
P.\\ > e O
d) I o’
Mo M

Figure 3.1: The gauge problem

Figure 3.2: Active approach

A change in the choice of the gauge has the direct consequence that the point O € M will have
a different corresponding point on My: before the transformation 1(P) = O so P = ¢~1(0),
while after the gauge transformation from v to ¢ we will have ¢(Q) = O so Q = ¢~ 1(O) (see
Figure [3.2). This means that we can write Q = ¢~1(0) = ¢~ (¥(P)): we have just built a
one-to-one correspondence between points on Mgy, that can be defined as

B : P(e Mo) = Q(e Mo) = 6~ ((P) (3.1)

If a coordinate system z* has been defined on My, then the coordinates of () are given as a
function of the coordinates of P by the law z#(Q) = ®#(x(P)): in this way a gauge transfor-
mation can be regarded as an active coordinate transformation.

This active approach allows us to define a practical method to build a gauge transforma-
tion ®:

1. We fix a coordinate system x* on M
2. We define a vector field &(x) on My

3. Introducing a parameter \ we define a congruence of curves xz#(\) such that %x“()\) =
e
4. Considering for example a point P such that x#(P) = x#(\ = 0), the coordinates z*(Q)
of a point ) that is at an infinitesimal distance A\ from the point P along the curve
() are
Q) = xH(P) + A& (x(P)) (3.2)

16



We can see immediately that equation (3.2) is a infinitesimal coordinate transformation, de-
fined by the vector field £#(x).

We can look at equation (3.2)) in a different way. The passive view of the gauge transfor-
mation considers it an ordinary coordinate transformation:

2 (P) = a"(Q) — A (x(P)) = 2"(Q) — A" (z(Q)) + o(€?) (3.3)
Now we can introduce a new coordinate system y*, such that at first order we get

y"(Q) = «"(P) = 2M(Q) — A& (x(Q)) (3.4)

As we anticipated, equation (3.4) represents an ordinary infinitesimal coordinate transforma-
tion.

3.3 Gauge transformations: tensors

We are now able to find how a generic tensor transforms under a gauge transformation.
Let’s take for example a vector field Z with components Z* in the coordinates z*: under a
gauge transformation Z* goes in

Z"(x(P)) = Z"(y(Q)) (3:5)

where Z'™(y(Q)) = g;{: ) Z¥(2(Q)) is the usual transformation of a vector field Z under a
change of coordinates x — y(x).

Taking an infinitesimal coordinate transformation y* = z# — A\&H we get

oyt o&H
orv 5_A8xV (3:6)
so equation becomes
A% —_ g _ o .,
ZM(a(P)) = ZM(2(Q) = A5 2 (+(Q)) (3.7)
Using now equation we get
> oz oEH
Z4(a(P)) = Z4(a(P) 4 AT €~ OS2 (a(P) + o(€?) = 58)

= ZM(x(P)) + Le 2"

taking A = 1 and £ infinitesimal and defining the Lie derivative of the tensor Z along the
vector field £ as L¢Z. We notice that (3.8]) is the equation of Lie dragging.

Repeating this procedure for the other kinds of tensor it can be shown that for a generic
tensor T the transformation law under a gauge transformation is

T=T+LT (3.9)

This means that now we can also find how perturbations transform. We know that AT =
T — Ty in the first gauge and AT = T — Ty in the second gauge, so T = Ty + AT and
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T =Ty + AT.
Using now equation ([3.9) we get

T=T+LT =To+ AT + LT (3.10)

and so AT = AT + L¢T. But the Lie derivative contains terms of first order in &, so at first
order in £ we can write:

AT = AT + LTy (3.11)

3.4 Cosmological perturbations

As we said in the introduction of this Chapter, we need to consider a physical spacetime
with small perturbations with respect to the perfectly homogeneous and isotropic universe
described by the cosmological principle. Using the notation of the previous Sections, My will
be a flat FRW spacetime

ds? = —dt® + a*(t)[de?® + dy® + d2?]) = o*(n)[—dn? + da* + dy? + d2?] (3.12)

while M will be the physical universe in which there are small inhomogeneities. The metric
tensor g, of this perturbed spacetime can be written, using conformal time, as:

. —1 0, .
goo(n, @) = —a*(n) 1+2ZT,¢’()("7,95)] (3.13)
r=1
. . —1 o, .
90i(n, %) = gio(n.7) = a*(n) Y ~eof" (. %) (3.14)
r=1 "

9:5(n, &) = a*(n) { [1 -2)° %‘I’(” (n, %)
r=1""

1 0,
%+ZM@%m} (3.15)
r=1 "

where 7 is the order of the perturbation.

We note that in g;; we have separated the diagonal part (proportional to d;;) from the off-
diagonal part, taking the tensor XZ-) (n,Z) to be traceless (X(T);(n, Z) = 0). We note also that

spatial indexes are raised and lowered using the Kronecker delta d;;.
Using the fact that spatial indexes are now "flat indexes", the perturbations of the metric can
be decomposed in scalar, vector and tensor components:

e & and U() are scalar perturbations.

(r)

e w,; ’ can be decomposed, using Helmholtz’s theorem, in this way ([22]):

wlm = &;wﬁr) + wl@L (3.16)
wﬁr) is a scalar perturbation and wi(r)J‘ is a vector perturbation such that 5iw£T)J' =0
(all vector perturbations are defined to be solenoidal).

. Xg‘) can be decomposed in this way ([22]):
r r r)L r)L r)T
ng) = D,-jxﬁ ) 4 8i><§- L 8j><§ oy X§j) (3.17)
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X|(|T) is a scalar perturbation, Xgr)l

(r)L

i

(r)T

is a vector perturbation (so 9%y =0) and x

(]
is a tensor perturbation such that Oixg)T =0 and X(T)Z.TZ = 0 (all tensor perturbations

are defined to be solenoidal and traceless). We have also defined D;; = 0;0; — %&jVQ,

in order to keep D;; X‘(‘r) traceless.

This decomposition turns out to be useful because, at first order (r = 1) both in general
relativity and in its extensions, scalar, vector and tensor perturbations evolve separately: in
the time evolution equations there is no coupling between perturbations of different kinds.

We need also to perturb the stress-energy tensor 1), because, as we said in the previous
Sections, the energy density of the universe is not perfectly homogeneous in space. If we
consider a perfect fluid, the stress-energy tensor can be written as

Ty = puyty + phyy (3.18)

where u,, is the 4-velocity of the fluid element, h,, = g, +u,u, is a projector on hypersurfaces
orthogonal to u, (huu” = 0), pis the energy density of the fluid and p is the isotropic pressure.
For a perturbed fluid the quantities in equation (3.18)) can be written as

. — 1 =
p(n, 7) = po(n) +D_ —8p" (0, ) (3.19)
r=1""
, SN -
p(, @) = po(n) + D _ —p" (0, ) (3.20)
r=1 "

ut(n, T) = 1) (5(‘; + Z :!véjn)(n,f)> (3.21)

Some comments are needed here.

First of all, we know that for every fluid there is an equation of state. Its most general form
is p = p(p,s) where s is the entropy density, so the pressure perturbation can always be
decomposed as follows (omitting the arguments of the functions involved):

i) = 2 Bl 550 = 2o 4 ol (3:22)

5p™) +

s=const

p=const

and the non adiabatic
s=const

where we have defined the adiabatic speed of sound cs = 4/ 2—7;

pressure perturbation 5p,(f,21, = % 5s(r),

p=const
Considering now the expression for u#, we note that the first term is the background 4-velocity
of a comoving fluid element (remember that in curved spacetime the constraint u#u, = —1
makes the 4-velocity of an unmoving observer to be u# = \/%56‘ ). Furthermore it can be
shown that the constraint u#u, = —1 makes it possible, for every order r, to express v?r) as
a function of the metric perturbations only: for example it is easy to show that Uol = —oM),

This implies that we can take the only three independent components of the 4-velocity to be
the spatial ones er): as we did for the metric perturbations we can now decompose these
spatial components as
i _ gl Li
U(,r,) = 8 v ) + U(T) (323)

(r
where vyr) is a scalar perturbation and ’U(J;Z) is a vector perturbation such that 814)(% =0.
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3.5 Gauge fixing at first order

As we made clear in Section [3.2] a gauge transformation is completely defined by a vector field
&(x), so at first order (r = 1) it can be identified by the four components 5?1) = (5?1),521)).
We can define f?l) = « and decompose 5%1) = 0'f + d': o and B are scalar quantities, while
d’ is a vector quantity (9;d’ = 0).

We are now able to see how first order perturbations change under a gauge transformation
defined by «, 3 and d’. Using the general law , indicating with a tilde the perturbations
in the new gauge and omitting the superscript (1), we can find for the metric:

!/

b=d+d+La (3.24)
a

Gi=wi— 0o+ 88 +d, = dl=dl-a4+p | GF=w}+d (3.25)
~ 1 a

U=0-_Vp-— 3.26

SViB-—a (3.26)

Xij = Xij + 2Dij6 + 8idj + 6jdi = )2” = X” + 28 )Nd- = Xﬁ_ +d; , )2;—’; — XZ;’ (3_27)
where ' = % and D;; = 0;0; — %&jvz.
For the quantities in the stress-energy tensor we get:

op = 0p+ pha (3.28)
!/
P =0~ La (3.29)
a
qji — ’Ui _ azﬁl _ di/ - ’l~)|| — ’U” _ /8/ and ,ﬁLi — vLi _ di/ (330)

In order to fix a gauge we must fix the four components of the vector field £: as we said at the
beginning of this Section, £ is completely determined by two scalars (o and ) and a vector
(d"), so the gauge is fixed when we fix a value for any two scalar and one vector perturbations.
In fact for example if we fix x| = 0, then using this condition forces us to choose a
gauge transformation with g = f%XH: in a similar way if we fix another scalar and a tensor
also « and d' are constrained, completely defining the gauge transformation.

Here are some examples of gauge choices:

e Poisson gauge: w!l =0, xI = 0 and Xi = 0. It is a particular case of the longitudinal
gauge (w” =0 and xI = 0), also called conformal newtonian because in this gauge
the evolution equations in general relativity have direct correspondents in newtonian
gravity. It is called also orthogonal zero-shear gauge.

e Synchronous gauge: ® = 0. If we add the conditions wl = 0 and wﬁ_ = 0 we get the
synchronous and time-orthogonal gauge: in this gauge all the comoving observers have
the same proper time. It can be shown that the synchronous and time-orthogonal gauge
has a residual gauge freedom, so another constraint is needed to completely fix the gauge
(usually initial conditions are used).

e Comoving gauge: vl = 0 and vﬂ_ = 0. Usually the third condition is taken to be wll = 0,
because Ti0 o vl + wl = 0 and so the energy flux is null in this gauge.

e Spatially flat gauge: ¥ = 0, y/l = 0 and Xﬁ_ = (0. Hypersurfaces at n = const are left
unperturbed in this gauge.

e Uniform energy density gauge: dp = 0.
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3.6 Gauge-invariant perturbations

There are two ways in which the gauge problem can be kept under control.

The first one consists in choosing a gauge and then making all calculations consistently in that
gauge: observable quantities should always be gauge invariant, so it doesn’t matter the gauge
chosen to calculate them. This first approach usually presents simpler calculations, but one
should always be careful with any residual gauge invariance that could generate unphysical
solutions.

The second approach is to use gauge-invariant perturbations. In fact it is possible to build,
starting from the perturbations of the metric and stress-energy tensors, some quantities that
remain unchanged under a gauge transformation, avoiding the gauge choice issue.

Looking at the transformation laws — we can define scalar, vector and tensor gauge-

invariant perturbations.

Scalar perturbations
We can build two purely geometric gauge-invariant quantities starting from scalar perturba-
tions ([23],[25]):

/ /
20 4 = 20 + 20l + Q%wH - <x”” + ZX”’> (3.31)

Loo )o@ 1 d

We note that in the Poisson gauge we get &4 = ® and ¢y = — V.
If we use also perturbations of the stress-energy tensor we have three more gauge-invariant
quantities:

20, = 20l 4 IV (3.33)
that is the scalar shear amplitude associated to the velocity field of matter,
€m = 0p + pf)(UH —I—w“) (3.34)
that is the energy density perturbation in the comoving gauge,
eg = 0p+ pp(2wl — xI) (3.35)

that is the energy density perturbation in the zero-shear gauge.

Vector perturbations
We can build only one purely geometric gauge-invariant quantity starting from vector pertur-
bations:

Uy = wi — x;' (3.36)

that corresponds to the geometric vector shear amplitude.
Using also stress-energy perturbations we get:

vl = vl + X7 (3.37)
that is the shear amplitude built starting from v,

vl = v 4wl (3.38)
that is the vorticity tensor amplitude.
Tensor perturbations

From equation (3.27) we know that >2¢Tj = Xiij so tensor perturbations are automatically
gauge-invariant at linear order.

21



22



Chapter 4

The Boltzmann equation for photons

The final goal of this thesis is to study a particular source of anisotropy for the CMB in the
framework of a theory of modified gravity. However anisotropies in the cosmic distribution
of photons are complicated to calculate. The photons’ propagation is affected by gravity
and by Compton scattering with electrons. The electrons are tightly coupled to protons and
they are both affected by gravity. The metric itself is influenced by photons, electrons and
protons, plus neutrinos and dark matter. This means that if we want to obtain the photons’
distribution, we need to solve also for the other components.

The tool that is going to help us in this quest is Boltzmann equation. As it is known,
Boltzmann equation describes the evolution of the distribution function f of a particular
species in the universd'}

d

S 50) = CUI @ 1) (1)

where in the right hand side we have the collisional operator that takes into account all
possible collision terms. Instead, it can be shown (see [19]) that the total derivative in the
left hand side of equation (sometimes called Liouville operator and indicated as L[f]) in
curved spacetime becomes

d o Of o of
%f(m“,p“) =p or Fﬁypﬁpvapﬁ (4.2)

where I'g represent the Christoffel symbols of the metric.

4.1 Metric perturbations and gauge choice

It is easy to show that in a FRW universe the perfect isotropy and homogeneity of space
constrain the distribution function f to be function of z° =t and p® = E (or |p]) only, and
that the Liouville operator becomes

of at), ., 0f
Lif(t,B)]) = F— — —=|p|"== 4.3
. B)) = B~ 2 5L (1.3
But we should not forget what we said above: photons’ propagation is influenced by the
curvature of spacetime and the curvature of spacetime is a consequence of all kinds of energy

!The distribution function f(&,5,t) of a particle species is defined in such a way that dN =
ﬁf(a’c‘, 7, t)dgxd3p is the number of the particles in the infinitesimal volume d®zd®p of the phase space,
where Z indicates the particle’s position and p indicates the particle’s momentum
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sources, including photons. So we need to consider a metric perturbed by the presence of
radiation and matter, and equation (4.3)) cannot be used.

Using equations ([3.13)-(3.15)), the most general perturbed metric can be written at first order
in this way:

ds® = — (14 2®(t, Z))dt* + 2a(t)w;(t, ©)dx'dt+

2 B s i (4.4)
+a”(t)[(1 —2¥(t, )65 + xi5(t, T)]da' da

Remembering now the decomposition of perturbations into scalar, vector and tensor parts,
we can rewrite equation (4.4) as

ds® = — (1 +2®)dt? + 2a(t) (O + wi)da'dt+

o (4.5)
+ () [(1 — 2065 + Dyl + dixs + 9 + xiTj] dzida?

where @, wl, ¥ and XH are scalar perturbations, wZ»J- and Xf- are vector perturbations and Xg;'
is a tensor perturbation.

We can now choose a particular gauge in order to simplify our calculations, using the gauge
invariance of metric theories of gravity discussed in Chapter [3} we will use Poisson gauge, so
we take wl =0, xI =0 and XiL =0.

Furthermore, in the following we will consider only scalar perturbations. This choice is moti-
vated by the fact that the scalar perturbations in the metric are the most important between
those that couple to radiation perturbations: in fact vector perturbations usually have ampli-
tudes that decrease rapidly in time, while tensor perturbations describe gravitational waves,
which have a small influence on photons (see [20]).

Considering both these things, in what follows we will work with a metric in the form

ds® = —(1+ 2®)dt* + a®(t)(1 — Q\P)éijdmidxj (4.6)

4.2 Liouville operator for photons

As we have already made clear, the distribution function f will be function of the spacetime
point z* and the particle’s momentum, that can be defined as P* = ‘{f—; using an affine

parameter A. Since we are considering photons, we should remember that
PYPYg, =0 (4.7)

because we are dealing with massless particles. Defining now p?> = P'PJ gij, equation (4.7))
together with equation (4.6]) gives us at first order

PY = Niewr i 55 ~ p(l — ) (4.8)

that allows us to eliminate P° from the equations in favour of p, since they are not independent
quantities.

Therefore, defining the unit vector p° such that P° = pp’, we can now express the total
derivative in the Liouville operator as

G _0f | of dit 9fdp  of di

dt ot Ozt dt  Opdt Op dt (4.9)
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Let’s now analyze the different terms in the right hand side of equation (4.9)).
It is easy to show that the last term vanishes at first order. In fact at zeroth order f is simply

the Bose-Einstein distribution, that depends only on p and not on the direction p’: so i is
a first order term. Also % is a first order term, since the direction of the photons changes
only in the presence of & and ¥. This means that ggi % is a second order term and can be
neglected.
Using similar arguments it can be shown (see [20]) that the second term in equation (4.9)
reads at first order g :,{z %, so we get
d 0 0] ofd
af _of (0" of  Ofdp (4.10)
dt Ot a0x* Opdt
In order to calculate ‘Zl—f we use the geodesic equation
dpPH
_ 7K
= —Ih, P PP (4.11)

If we now explicit the Christoffel symbols for the perturbed metric and we use equation (4.8)),
at first order we get (see [20])
ldp ov  ptod

pdt ot a ozt

(4.12)

Equation describes the change in the momentum as a photon moves through a perturbed
FRW universe. The first term accounts for the loss of momentum due to the Hubble expansion.
Observing that, with our sign conventions, an overdense region has ¥ < 0 and ® < 0, the
second term tells us that a photon in a deepening gravitational well (%—‘f < 0) loses energy:
it is understandable, as the deepening well makes it more difficult for the photon to emerge,
thereby increasing the magnitude of the redshift. Finally, the last term in equation (4.12))
describes how a photon traveling into a well (p° 33 < 0) gets blueshifted because it is being
pulled towards the center.

We are now in position to rewrite equation (4.10):

d _of pOf  Of [, 0% _ #'0P
dt Ot aOxi pap ot a Ort

(4.13)

To go further we have to expand the photon distribution function f about the zero-order
form, that is Bose-Einstein distribution

1
(0) - -
f (p7t) - ep/T(t) _ 1 (414)

where T'(t) is the temperature, function of ¢ only because of homogeneity and isotropy. We
do that by writing

s = (oo [ o] 1} 1

where the function O(Z, p,t) = %T takes into account the inhomogeneities and the anisotropies

in the photon distribution function. We are assuming that this temperature perturbation does
not depend on the momentum magnitude p: the reason for this assumption comes from the
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fact that, at first order, all the interactions we are going to consider leave the magnitude of
the photons’” momentum unchanged.
Expanding now the right hand side of equation (4.15) at first order in ©, we get

L OFfO) (p ¢
1.2.0.8) = 1000 - p D@ .0 (1.16)
where f(O)(p,t) is the zeroth order Bose-Einstein distribution defined in equation (£.14) and
we used Tag—(T) = —pag(o).
P

If we now look only at zeroth order terms, the full Boltzmann equation becomes

afO(p,t) 2! ©)(p, 1)

= 4.1
ot Op 0 (4.17)

where we have set the collision term in the right hand side of equation to zero. In fact
we will see that there is no zeroth order collision term: this is reasonable, since the collision
terms will create inhomogeneities and anisotropies that are first order perturbations.

If we now rewrite the time derivative in as

ofO(p,t)  ofOdr 1dT af<0>

— o = 4.18
ot oT dt Tat? dp ( )
we get
1dT  1da] 9f
= =0 4.19
[ Tdt a dt] Op (4.19)
Since 85—;0) = 0, we have
dr d 1

We note that equation (4.20]) describes the familiar result of how the photon’s wavelenght is
stretched as the universe expands.

To find a first order equation for © we substitute equation (4.16) into equation (4.13)), ob-

taining

4 0 |of© 90 o o [a7©
deZ - a[f _af)mig +Hp®87 g Pl
first order % D D (421>
_fO v i ow
P dp ot  a Oxt
Rewriting the time derivative as a temperature derivative and using again Taf S _pag;m
we finally get
df of0 roe  poe AV P od
At = T T a g T ar T A 4.22
dt first order b ap ot a Ox* ot + a Ox* ( )

The first two terms in the right hand side of equation (4.22)) account for free streaming, while
the last two terms account for the effects of gravity.
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4.3 Collisional operator for photons

In this Section we analyze the right hand side of the Boltzmann equation (4.1) in the case
of photons. Since Compton scattering is the most significant interaction that can alter the
photon distribution function, we consider only this process:

e (@) + ) = e (@) + )

The collisional term for this scattering is (see [20])

1 d3q d3q d3p’ 209,04
i@l =, | <2w>32Ee<q>/ <2w>32Ee<q>/ @nan() M
_p
)

x 8+ 7~ — §)S(Ep) + Eelq) — E(9') — Ee(d))x (4.23)

< [feld) f () — fe(@) f (D]

where we have neglected Pauli suppression and Bose enhancement factors (at first order it
is a valid assumption). We have defined the momentum magnitude ¢ = |¢] as before, the
energy of the electron E.(q), the energy of the photon E(p), the amplitude for the process M
and the distribution function for the electrons f.(¢). The delta functions enforce energy and
momentum conservation.

In order to go further we have to make some assumptions. First of all we take the electrons
to be non relativistic, so we can consider

q2

2Mme

E.(q) ~me + (4.24)
while for photons F(p) = p. Moreover, in the epochs we are interested in, the kinetic energy
of the electrons is much smaller than the rest mass me, so in the denominators of equation
we can substitute E, with me,.

Furthermore, non relativistic Compton scattering is nearly elastic, so at zeroth order p’ ~ p
and ¢’? ~ ¢ and we can expand p’ and ¢’ around p and g respectively.

We now need to calculate the amplitude for Compton scattering and we will take it to be
constant

|IM|? = 8ropm? (4.25)

with o7 being the well-known Thomson cross-section. Equation (4.25) neglects two depen-
dencies:

e Angular dependence. The amplitude squared has an angular dependence proportional
to the factor 1 + cos?(p - p'), but it can be ignored if we accept a 1% inaccuracy.

e Polarization dependence. The amplitude squared has a polarization dependence pro-
portional to the factor |é - €|?, where é and ¢ are the polarizations of the incoming
and outgoing photons. This means that the CMB will be polarized due to Compton
scattering: even if we are not concerned in polarization, the temperature anisotropies
are coupled with polarization fields so a small effect will be present, but we will ignore
it.

Remembering that electrons are tightly coupled to baryons through Coulomb scattering, we
can also consider the bulk velocity of electrons to be nearly equal to the baryonic velocity, so
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we can take ﬁzj’z V-
Finally, defining the monopole part of the temperature perturbation

Oolt, ) = % / 00t 7., ) (4.26)
we find af(O) A o
Clf(p)] = _prneUT[@O —O(p) +p - vy (4.27)

where ne = [ d3q {2&7@, is the electron number density and we have written explicitly only the

functions’ arguments that depend on the direction of the photon.

4.4 Boltzmann equation for photons

In order to obtain Boltzmann equation for photons we have to equal the Liouville operator
and the collisional operator: from equations (4.22) and (4.27]) we get

90 H 00 oV P od

—_—t—— ———+ —— = Oy —O+p- v 4.28
ot * a dr* Ot + a 0xt neor(o + - 0] ( )
It is convenient to use conformal time dn = %, so we get
.00 00
/ ~ / N o A o
0 +p B o'+ p Bl neoral@g — © + p - ) (4.29)

where the ’ represents as usual the derivative with respect to conformal time.

Since equation (4.29) is a partial differential linear equation, it is useful to use Fourier trans-
forms because the different Fourier modes will evolve independently. Our convention for
Fourier transforms will be 5
d’k e~ -
0F) = | mze™TO(k 4.30
@ = [ e (430
We define now the cosine of the angle between the wavevector k and the photon direction p
to be

P
||
We define also the optical depthE| to be
70
T(n) = / di'neora (4.32)
n
in such a way that
7'(n) = —neora (4.33)
Considering these definitions, equation (4.29)) in Fourier space becomes
O +ikpud — V' + ikud = —1' [éo — 6+ m?b] (4.34)

2Tt can be considered as a measure of how "difficult" is for a photon to propagate from n to ng: if 7 is large,
then a photon will experience many Compton scattering before it can be detected by an observer at present
time no.
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For completeness, if we don’t neglect the angular dependence in the amplitude squared of
Compton scattering, we get

- . - - 1 -
O +ikp® — V' +ikpud = —1' [@0 — O+ vy — 5732(;0@2 (4.35)

where Pa(p) = $(3u% — 1) is the second Legendre polynomial and

0, = / p (100 (4.36)
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Chapter 5

Free streaming

The perturbations of the photon distribution function evolve in two completely different ways
before and after the epoch of recombination (¢ =~ 3.8 x 10%y). Before recombination the pho-
tons are tightly coupled to electrons and protons: all together they can be described as a
single "baryon-photon" fluid. After recombination photons free-stream from the surface of
last scattering to us today: in this Chapter we are going to see how perturbations change
during this free-streaming, modifying the anisotropies in the CMB that we observe.

First of all, we define the multipole moments of the temperature perturbation ©

1 (td
0= = [ GPwel) (5.1

that generalize equations (4.26) and (4.36]). If we take two photons separated by a comoving
distance k!, we see them coming from an angular separation

k‘_l
0 ~
Mo — 7*

(5.2)

because 19 — n* is the comoving distance between us and the surface of last scattering, if
we define n* to be the conformal time of recombination. If we decompose the temperature
field into multipole moments, then an angular scale 6 will roughly correspond to 1/I. So,
remembering that n% < 79, inhomogeneities on scales k~! will become anisotropies on angular
scales [ ~ knyg.

In this argument we have implicitly assumed that, between the surface of last scattering and
the observer, nothing happens to the photons: this is true for a matter-dominated universe,
because the gravitational potentials ® and ¥ that the photons encounter during the journey
remain constant in time. But we must take into account that recombination occurs not too
much later than the matter-radiation equivalence, and the non-negligible radiation energy
density causes the potential to significantly change in time. Moreover, at late times, the
acceleration in the expansion of the universe leads to the decay of the gravitational potentials.
The first effect is known as early-time integrated Sachs- Wolfe effect and it is usually lumped
in with the primordial CMB, since the energy density fluctuations that cause it are in practice
undetectable. The second effect is known as late-time integrated Sachs- Wolfe effect and will
be studied in the framework of mimetic Horndeski gravity in the last Chapter of this thesis.
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5.1 Free streaming

In this Section we want to obtain an expression for the multipole moments ©;(ng) at present
time in terms of the perturbations of the temperature at the time of recombination 7+ and in
terms of the perturbations of the metric.

We start from the Boltzmann equation for photons , removing the tilde to indicate
Fourier transforms: rearranging both sides we get

O + (ikp — 70 = ¥ — iku® — 7[00 + pvy) (5.3)

Defining the right hand side to be the source function S = ¥ — iku® — 7/[0¢ + uvp] and
manipulating the left hand side, we obtain
d

—ikun+r % ikun—71 _ & 4
e a [Oe |=S (5.4)

Multiplying now by e**#1~7 and integrating over n from the initial time 7; to 79, we have

. "o ~ .
O(ng) = O(ng;)ehrm =) =7(m) / dnG(n)ein=mo)=r(n) (5.5)

i

having used the fact that 7(n9) = 0, which follows from the definition of the optical depth
(14.32).

If we take the initial time 7; early enough, the optical depth 7(n;) will be extremely large
(because Compton scattering will be very frequent): so we can set the first term in the right
hand side of equation to zero and set the lower limit in the integral to 0, because any
contribution to the integrand from 7 < 7; will be negligible, being suppressed by a factor
e~7(M . Therefore we get, writing explicitly all the arguments,

o

O(k, pt,m0) = ; dnS(k, 1, m)etkrn=mo)=r(n) (5.6)

If S did not depend on p we could multiply both sides of equation (5.6) by the Legendre
polynomial P;(x) and then integrate over u. Using the identity

b du %
iku(n—mo) —
/1 5 Pi(p)e

oyl = m) 657

where the j; are the spherical Bessel functions, we would get

(—i)' Ok, ) = (f)l /0 " dnS(k, me Tyl — o)) (5.8)

SO
n

01k, m0) = (1) /0 dnS(k, m)e i k(- 1) (5.9)

The p dependence in S can be treated noting that in equation (5.6 the source function is
multiplied by the exponential ekn(=m0); thus everywhere we encounter a factor y in the
explicit expression of S we can replace it with

1 d

-2 5.10
ik dn ( )

7
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In order to show that this method works, we take the —iku® term in S:

— ik /770 dnudetFrn=mo)=r(n) — _ /no dnq)eff(n)ieiku(nfno) (5.11)

0 0 dn

and if we integrate by parts we get
—ik /nO dnpde*rn=mo)=r(n) — _ [q)e—T(n) eiku(n—no)] " +

0 " 0 (5.12)

; d

+ / dn etFnn=mo) — [@;T(ﬁ)}
0 dn

The surface terms can be neglected: at n = 0 there is a e”(®) damping, while at 7 = 7o there
is no angular dependence, so it is an alteration in the monopole that we cannot detect. So if
we now define a new source function

S(k,n) = e " [U —1'0g] + CZ7 [e_T <<I> - iv27/>] (5.13)

and we use the property of the spherical Bessel functions j;(z) = (—1)%j;(—2), we obtain

O1(k, o) = /0 " dnS(km)ilk(no — )] (5.14)

At this point we can define the wvisibility function

gn)=-1e”” (5.15)

that can be thought as the probability density that a photon last scattered at time n. This
function is sharply peaked at n = m*: before recombination 7 is large, so ¢ is small, while
after recombination —7’ (the scattering rate) is small, so again g is suppressed. Using the
visibility function, the source function in equation becomes

S(k,n) =g9(n)[Oo(k,n) + @(k,n)]+

+CZ7 (z’vb(lﬁ,g)g(n))Jr (5.16)

+e7 7 [@'(k,n) + V' (K, n)]
In this way equation (5.14]) becomes

01k, m0) = /0 " dng(m) ok, m) + @ (k. ) ulk (o — )]+

+ [" g (D) gkt - )+ (517)

+ / " dn e [® (k) + V()] ulk o — )
0

If we approximate the g(n) function with a delta function peaked at n#, and then we use
integration by parts in the second term of the right hand side of equation (5.17)), we have

Ou(k,m0) =[O0 (k, %) + P (k, %) ]ji[k (10 — m%)]+

ivp(nx) d .
- bk %ﬂl [k(no —n)] - + (5.18)

T / " e [@/ (k. m) + (k. )] ulk o — )]
0
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Finally, using the relation
d -1

%jl(l‘) = ji—1(z) — 7.7'1(1?) (5.19)

we get the well-known formula

O1(k,m0) =[O0 (k, %) + @(k, m*)]1[k(n0 — n*)]+

+ vy (%) (jm[k(no — %)) — Mﬁ[/ﬂ(m - ?7*)]) + (5.20)

T / " dn e [& (k.n) + W (k, )] ulk o — )]
0

Let’s now analyze the three terms in the right hand side of equation (5.20]).

e The first term accounts for the Sachs- Wolfe effect. It gives a mathematical justification
for the statement we made at the beginning of this Chapter, saying that inhomogeneities
on scales k~! become anisotropies on angular scales [ ~ kng. The presence of the
potential ® can be explained with the fact that the photons we see today had to travel
out of the potentials they were in at the time of recombination: as they emerged from
these potential perturbations, their waveleghts were changed (redshifted or blueshifted)
and also was changed their energy. Thus the temperature we observe today is ©g + ®
calculated at nx.

e The second term accounts for Doppler effect.

e The third term accounts for the integrated Sachs-Wolfe effect (ISW effect). As we said
before, this term consider the fact that potentials could change in time as the photons
travel from the surface of last scattering to us. If the potentials remain constant in time
a photon will gain some energy when it enters a potential well, but it will lose the same
amount of energy when it leaves the well. Instead if the potentials change in time, the
depth of the well could change while the photon is still inside of it: this means that
the photon will lose a different amount of energy leaving the well, if compared to the
amount of energy it gained falling into the well.

5.2 The C) coefficients

In the previous Section we have found a way to calculate the multipole moments ©;(k, 1), but
they are rather abstract: we need to relate these quantities to something we use in practice
to characterize the anisotropy pattern of the CMB.

First of all we recall that in equation we wrote the temperature field in the universe as

T(@,p,n) =TI + (7, p,n)] (5.21)

Considering that we observe this temperature only on the Earth (#y) and now (7), the
only dependence that we can describe is the one on the direction of the incoming photons
p: observers make maps of the sky, reporting the temperature measured in the different
directions. The resolution of the experiments constrains the resolution of the maps: the
smaller is the angular resolution of the telescope, the more accurate will be the map (see

Figure and .
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Figure 5.1: The full sky map of the CMB anisotropies, realized using data from the COBE
satellite (1992)

Figure 5.2: The full sky map of the CMB anisotropies, realized using data from the Planck
satellite (2013)
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We start by expanding the temperature perturbation in terms of spherical harmonics Y},,:

00 l
@(fvﬁv 77) = Z Z alm(f7 n)}/lm(ﬁ) (522)

=0 m=—1

where we use the p dependence, but the classical 8, ¢ dependence in the spherical harmonics
can be recovered considering that p is a unit vector, so

Pz =sinfcos¢ p, =sinfsing p, = cosb (5.23)

In order to explain the relation between the expansion and the resolution of the sky
maps obtained using satellites, we can start with an example: let’s consider an experiment
that maps the full sky (47 radians? ~ 41, 000 degrees?) with an angular resolution of 7°. Each
"pixel" has an area of (7°)? so we need 840 pixels to cover the full sky: such an experiment
has 840 independent pieces of information.

If we want to describe the temperature perturbations in terms of the a;,, coefficients, there
is some [,,4z above which we have no information. In fact the total number of recoverable
coefficients will be 840 so, remembering that for a fixed [ there are 2l + 1 different ay,,
coefficients, this [,,,, satisfies

lma:c

840 = > (21 + 1) = (lmax +1)° (5.24)
=0

from which we obtain I, = 28. So an experiment with angular resolution of 7°allows us to
write a decomposition of the temperature field, like the one in ((5.22)), up to I = 28.

Now we want to relate the observable a;, coefficients to the abstract multipole moments
©;. Using the orthogonality of spherical harmonics (df? is the solid angle spanned by p)

/ Y i ()Yt (B) = S (5.25)
we can multiply equation (5.22) by Y}’ ,(p) and then integrate over the full solid angle, getting
(@) = [ 25, (5)OE.5.1) (5.26)

Since in the previous Section we have obtained solutions for the Fourier transforms ©;(k,n),

we rewrite equation (|5.26)) as

3 P —
) = [ ™ [ DOEp) (5.27)

A point must be made clear now. As we said above, with an experiment we can determine the
apm coefficient up to a maximum value of [, but these coefficients characterize temperature
perturbations that are originated by quantum fluctuations during inflation, so they must
be regarded as random variables described by a probability distribution. Therefore their
particular values have no significance, but they can give us information about the distribution
from which they are drawn.

These distributions have a null mean value, but they have a non-zero variance: we can define
the C} coefficients in such a way that

<alma7’m’> = 5ll’5mm’ @] (5.28)
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We note that, for a fixed [, each a;,, has the same variance: for example for [ = 100 all 201
a19om are drawn from the same distribution with variance Cigg. So if we measure, with an
experiment, the 201 values of the aj1g0m, we obtain a very good sampling of the distribution
for I = 100, getting a good handle on the value of Cjgg. On the other hand if we measure the
5 values of the agy,, we don’t get very much information about Cy. This means that there is
a fundamental uncertainty in the knowledge of the Cj coefficients, called cosmic variance:

A 2
(Cl> Y (5.29)
Cl cosmic variance 20+1

We are now going to write the Cj coefficients as functions of the ©;. Using equation ([5.27))

we have
* d3k ik EOON
Cl = <almalm> _/ (271')36 F /dQ lm(p)x

3 / T =
X/(C; k)ge—lk x/dﬂlmm(ﬁ,)x (530)
i

< (O(k.pO"(F. 7))

The average <@(E, ﬁ)@*(l_c” P )> is complicated to evaluate, since it depends both on the

initial perturbations (generated randomly during inflation) and on their evolution to become
anisotropies. In order to overcome this problem we can use the matter perturbations

5@#7) =—

- (5.31)

and write the temperature perturbations as ©® = § x % the ratio ©/6 does not depend on
the initial amplitude (J20]) so it can be removed from the averaging over the distribution
7oA PN n 7 ®(E7ﬁ) @*(E/’ﬁ,)
o(k,p)o* k:’,p’>:<5k5* k:’> il - 5.32
(0(.pO"(F.#)) = (8(k)s (k) S5 o) (5.32)

Remembering the definition of the matter power spectrum P(k)

<5(/€)5*(/§')> = (21)383(E — k') P(k) (5.33)

and using the fact that the ratio © /¢ depends only on the magnitude of k and the dot product
k- p (see [20]), we can write

&k Ok, kD) [ s (o O (ks k- )
= (D) —— Q'Y (P : 34
Cr= [ P ) [ a2 [ aorvi, ) s (534)
Now we can invert equation , obtaining
Ok, k- p) = > (=)' (2l + D)Pi(k - p)Ou(k) (5.35)
=0

Substituting this into equation ([5.34) we get

C :/ Z Z l” 2l,+1)(21//+1)@l( )@l’z’(k)x
— = |6(k)] (5.36)

x / APy (k- p)Y;, () / APy (k- ') Vi (9')
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Using the relations (see [20])

and

we have

[Pl 5)Yi(5) = 5 Vi (R
/dQPl/(]Af ﬁ)YEmQa) = ;j:lYlm(if)&zf
_ [ &k Ouk)|*_(4m)? |
Cl_/(27r)3P(k)(2l+1)2 st | arg o Yim )
3 2 .
- anp? | (;Z ’§3P(k) ?(Sf)) Vi (B)]? =
2 o [€u) [ 2
_77/0 dkk P(k:)‘ 0 /dQIYim(k)

and remembering the normalization of the spherical harmonics

we finally obtain

/ 4 Vi () = 1

2
C=-
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Chapter 6
Mimetic gravity

In this Chapter we are going to discuss the first appearance of the mimetic framework into
the field of modified gravity. As it is explained in [14], Chamseddine and Mukhanov started
from the action of general relativity: they made a simple conformal transformation on the
metric g,,,, using an auxiliary metric [,,, and a scalar field ¢, and they found an extra degree
of freedom that can mimic cold dark matter. In a subsequent work ([I5]) Chamseddine,
Mukhanov and Vikman proposed a small generalization of the first model, adding a potential
for the scalar field ¢ to the action: they showed that by accurately choosing this potential,
one can mimic many cosmological models (Friedmann models, quintessence, inflation...). In
the following Chapters we will set 87G = 1.

6.1 Mimetic dark matter

First of all, let’s consider a physical metric g,, that can be rewritten, through a conformal
transformation, in terms of an auxiliary metric [, and a scalar field ¢

Juv = —(laﬁaa‘Paﬁ‘P)l/w (6.1)

Remembering the Einstein-Hilbert action of general relativity
1
5= /d4xs/7—g [2}3 + cm] (6.2)

we know that if we perform the variation of this action with respect to the physical metric

Juv, We obtain the usual Einstein equations with T}, = —ﬁ% and L, being the
lagrangian density of the matter fields:
1
68 = / d*x 525 8Gas = 3 / dra/=g(GY — T%)5gap (6.3)
op
S0
05 =0 Yigop <= G =1 (6.4)

that is equivalent to equation if we set 87G = 1 and consider the cosmological constant
as a particular source of energy already encapsulated in the stress-energy tensor.

But if we now consider equation , we can express the variation of the physical metric
0gap in terms of the variations of the auxiliary metric dl,s and the scalar field d¢p:

0gap = — (1" 0 pOrp)0lap — lapd (1" Dupdrp) =
= —(I" 0 002¢)0lap — lap (=151 81,1, 0, pOrip + 21", 5pdrp) = (6.5)
= — (1" 0p0r) Sl (405 + Gapg™ g™ OrpOrp) — 20apg"™ Db pOrp
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where we used the relations

1

SIM = —1HoBSl s g = T R0 P

1°7 = —(I" 0, 0050) 9" (6.6)
This means that the variation of the action can be written as

58 = —;/d‘*mﬁ—g(mﬁ 7o)

(6.7)
< [(1" 00 ) 0y (8105 + Gapg™ g™ OrpOr @) + 29apg™ 06 0Np]
If we take the variation with respect to the auxiliary metric [, we obtain
G =TH — (G — T)g“o‘g”ﬁaacp(‘?ﬂgo (6.8)

where G' = ¢, G*" and T = g, 7", while if we take the variation with respect to the scalar
field ¢ we get

Oa(vV=9(G — T)g*Pd50) = 0 (6.9)

s

Furthermore, since

1
W= 6.10
the scalar field satisfies the constraint equation
g"" 0,00, = —1 (6.11)

Thus the gravitational field, in addition to two transverse degrees of freedom describing gravi-
tons, acquires an extra longitudinal degree of freedom shared by the scalar field ¢ and a
conformal factor of the physical metric. To understand what this extra degree of freedom
describes we can rewrite equation as

GHY = TH 4 TH (6.12)

where 3
T = —(G — T)g"*g"’ Dapdse (6.13)

Comparing this expression with the stress-energy tensor of a perfect fluid (equation )
T = (p + p)uru” + pg"” (6.14)
if we set p = 0 and we make the identifications
p=—(G-1T) ut = g"*0np (6.15)

the stress-energy tensor in equation becomes equivalent to T in equation .
Noticing that the constraint equation is equivalent to the normalization condition on
the four-velocity g"”u,u, = —1, we conclude that the extra degree of freedom imitates pres-
sureless dust with energy density —(G — T') (mimetic dark matter), with the scalar field ¢
playing the role of the velocity potential.

In order to find how the Einstein equations are modified by the presence of the term THv , We
have to solve equation finding G —T'. Since we are interested in cosmological solutions,
we take a flat FRW metric

ds? = —dt?® + a*(t)d;dx" dx? (6.16)
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Moreover we could take the hypersurfaces of constant time to be the same as the hypersurfaces
of constant ¢ (see [14]), so

p(zh) =t (6.17)
in such a way that equation (6.11)) is satisfied. Now equation becomes
d 3
—a’(G-=T)]=0 6.18
(G~ 1) (6.19)
and so we get
C(z%)
—(G-T)= p (6.19)

where C'(z") is a constant of integration depending only on spatial coordinates. Remembering
that —(G — T') represented the energy density of mimetic dark matter, we have recovered
the a=3 dependence of the energy density of pressureless dust in an expanding universe: we
have found a mimetic dark matter that behaves exactly as dark matter, whose amount is
determined by the constant of integration C(z?).

6.2 Lagrange multiplier

There is an alternative path that can be used to obtain the equations of motion and
without performing a conformal transformation on the physical metric.

As it is explained in [I5] and [26], we can take Einstein-Hilbert action of general relativity
(equation ) and then add a non-dynamical scalar field ¢ with the constraint

g'mja,u@au‘;o =-1 (620)

implemented by the Lagrange multiplier A:

S = /d4$\/—g BR + Lo + Mg" 0ppOup + 1) (6.21)

Taking the variation of this action with respect to the metric g,, and using the constraint
(16.20) we get
G =Ty — 220,90, ¢ (6.22)

while taking the variation with respect to the Lagrange multiplier A we obtain the constraint

equation ([6.20)).
Taking the trace of equation ([6.22)) we have

1
G=T+2\ = )\ZQ(G—T) (6.23)
and so equation (6.22)) becomes
G =T — (G —T)0,90,¢ (6.24)

that is equivalent to equation . Finally if we take the variation with respect to the scalar
field ¢ we find
05 =0 Yip <= 0a(2¢/—9gAg*Pdpp) =0 (6.25)

. . 1 . .
and if we multiply for e and we use equation (6.23]) we obtain

1
—— 80 (vV/=9(G = T)g*?d3¢) = 0 6.26
that is equivalent to equation .
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6.3 Cosmology with mimetic matter

One year after the first article (JI4]), Chamseddine, Mukhanov and Vikman ([I5]) proposed
a small modification of the original model, adding a potential for the scalar field ¢ in the
action:

1
S = /d4x\/—g [2R + Lo + AMg" 00 + 1) — V(p) (6.27)

Taking the variation of this action with respect to the Lagrange multiplier we obtain the

constraint
g"" 0,00, = —1 (6.28)

while taking the variation of this action with respect to the metric g,,, and using the con-
straint, we get

Gy = T — 220,00, + 9,V (9) (6.29)
Taking the trace of equation (6.29) we have

1
G=T+2X+4V = )\:§(G—T—4V) (6.30)
and so equation (6.29)) becomes
Guy =T — (G =T = 4V(9))0up0ue + gV () (6.31)

Finally if we take the variation with respect to the scalar field, using equation ((6.30)) we obtain

1 ov

——0a(v/=g(G =T — 4V)g*Pdp) = —— 6.32
= 0u(v/=l )9 05¢) = ~ 5 (6:32)
We note that equation (6.31) can be rewritten as

G;U/ = T;U/ + T;U/ (633)
with T;w being the stress-energy tensor of a fluid of energy density p = —(G — T — 3V),

pressure p = V and velocity potential ¢.

In order to find cosmological solutions we take a flat FRW metric
ds? = —dt* + a*(t);dx'da? (6.34)

and we take
p(zh) = —t (6.35)

in a similar way to what we did above. In this way equation (6.32)) becomes

]. d 3 .
Spld =V =V (6.36)
that can be integrated to give
1 )
p=-V+ a:s/dt a®V (6.37)

Integrating by parts and changing the variable of integration we get

p= —;/da a®V (6.38)
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Taking now the 00 component of equation (6.31) and assuming the absence of any kind of

matter (7}, = 0), we have
-\ 2
a 1 1 9

and differentiating it with respect to time we obtain

2H 4+ 3H? = —V (1) (6.40)
Defining a new variable
y = a’/? (6.41)
equation (|6.40) becomes
.3
i+ V(=0 (6.42)

Choosing in the appropriate way the potential V' (¢) we can get nearly every possible solution
y(t), and so nearly every possible expansion history a(t) for the universe.

6.3.1 Cosmological solutions

First, we take the potential

Vip)=——=—= 6.43
) =-%=-3 (6.43)

with @ > —1/3 being a constant. The general solution of the equation

3o
j— —y=20 6.44
V= 2y (6.44)
is

y(t) _ Clt%(1+\/1+3a) + C2t%(1—\/1+3a) (6.45)

where C and Cy are constants of integration. Since in a flat universe the scale factor a(t) is
defined up to an overall normalization constant, assuming C7 # 0 we have the general solution
for the scale factor

2/3
a(t) = ¢50+VIF3) (1 + At_\/1+3a) / (6.46)

with A = Cy/C} being a constant of integration.
Remembering now equation ((6.39), we can find the energy density

a\? 1 |- AV
and considering that
«@
we obtain an equation of state for the mimetic matter
» 1 Ap—ViT3a\ 2

This equation of state is clearly dependent on time, but for small and large ¢ it approaches a
constant:
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If o = —1/3 we get p = p (ultra-hard matter) and a(t) oc t'/3.

If @ = —1/4 we get p = 1p (ultra-relativistic matter) if t — oo and p = 3p if t — 0.
o If & ~ 0 we get p~ 0 (pressureless dust).
o If &> 1 we get p = —p (cosmological constant).

If we take a more general power law potential
V(p) = —ap” = —at™ (6.50)
the solution of equation (6.42)) is given in terms of the modified Bessel functions of the first

kind
v _3atnT+2
n-+ 2

y(t) oc tY21 4 ( (6.51)

n+2

If n < —2, for large t we get y(t) o t and therefore a(t) o t*/3, so the behavior of a dust
dominated universe. If n > —2, for large ¢t we get

*/_Tat"?z) (6.52)

) oc ¢4 +i
y(t) o exp(zn+2

In this case the sign of a plays a crucial role: if « is negative, equation (6.52)) describes
an oscillating universe with singularities, while if « is positive, it describes a universe that
undergoes an accelerated expansion.
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Chapter 7

Mimetic Horndeski gravity

In this Chapter we are going to extend the mimetic model introduced above. As we have
explained, mimetic dark matter first appeared performing a conformal transformation on the
physical metric and then taking the variation of the Einstein-Hilbert action of general rela-
tivity.
The generalization that we propose follows two directions. First, instead of conformal trans-
formations of the physical metric, we consider more general disformal transformations of the
type

G = Al w)lw + Blp, w)0updup (7.1)

where
w = 1"0,00,p (7.2)

and A(p,w) and B(g,w) are generic functions of their two arguments.
Second, instead of general relativity we consider a very general scalar-tensor theory of gravity,
so the Einstein-Hilbert action is substituted by

S = /d4$\/—g[,[gw,,8klgw,,...,8)\1...8)\109“”,@,8)\1(,0,...,E)Al..ﬁ)\qgo] +/d4x\/—gﬁm (7.3)

with p,q > 2.

7.1 Horndeski gravity

The idea of using a scalar-tensor theory to describe gravity is one of the most simple gen-
eralizations of general relativity. As we said above, general relativity is a metric theory:
gravitation is completely described using just the metric g,,,, and so Einstein’s model can be
considered a tensor theory of gravity.

Remembering the cosmological problems we have spoken of at the beginning, physicists have
always tried to find alternative theories that could explain the same phenomena without intro-
ducing dark components in the universe: one class of these alternative theories is represented
by scalar-tensor models. This models are founded on the idea that gravity cannot be described
only by the metric tensor g,,,, but we also need a scalar field ¢ that is non-minimally coupled
to the metric.

Therefore, in general, we can assume that gravity is described by the action

S = /d4x\/—g£[gw,6hgw,,...,8>\1...8)\pgw,,<p,8,\l<p,...,6,\1...8,\q<p] +/d4x\/—g£m (7.4)
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with p, ¢ > 2 and supposing that the matter lagrangian is function only of the metric and the
matter fields: L, = Lon[guv, Om)-

In order to obtain the equations of motion, we calculate the variation of the action with
respect to ¢, g, and ¢p,:

1
59 — 2/d4$ /Zg(E* — TH")5 g, + /d4x9¢5<p—|— /d4$Qm5¢m (7.5)
where we defined

0, = SWIE) W90 SN d _d__ol/=aL) o)

S 0Oy dz? " daAn (0, ...0N, @)

h=1

w_ 2 098 _ 2 [0(=9L) N~ qp 4 d  9/gL)
E V=9 9w \/Tg< O -I-;( 1) dl"\lmdx/\h8(6)\1...6%9“,,)) (7.7)
v 2 6(V=9Ln)
=TT (7:8)
_ 0(vV=9Lm)
= =5 — (7.9)

Now it is clear that the equations of motion are

EM = THv (7.10)
Q, =0 (7.11)
Q=0 (7.12)

General relativity can be considered as a particular scalar-tensor theory: in fact, if we take
L= %R we obtain E* = GM and equation (|7.10) becomes the usual Einstein equation
GH =TH,

In 1974 Horndeski ([27]) found the lagrangian for the most general 4-D local covariant scalar-
tensor theory that can be derived from an action and that has second-order equations of
motion for both the metric and the scalar field: this last property in particular guarantees
that Horndeski theory is free from higher-derivative ghosts. Horndeski action can be written
as

3
Sy = /d4x\/jg£H = /d‘*:w?gZ[,n (7.13)
n=0
where
Lo=K(X,¢) (7.14)
L1 =-G3(X,9)0¢p (7.15)
Ly = Gax(X,0) [(Op)* = (VuV.re)®] + RG4(X, ) (7.16)
Ls= —éGs,xof, #) [(09)? = 300(V,Vip)® +2(V,uVip)?] + G VIV 0G5(X, ) (7.17)
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and

1 14
X = *59“ VeV
(VuVop)? = V.V, ViV ¢ (7.18)
(VuVop)® = ViV, o VIV VY

while K(X, ), G3(X,¢), Ga(X,¢) and G5(X, ) are free functions of their two arguments
and define a particular theory in the Horndeski class. The subscript x denotes derivative
with respect to X.

We note that general relativity is a particular theory inside the Horndeski class: taking
1
K=G3=G5=0 G4=§ (7.19)

we get
1
S = 3 /d4x\/—gR (7.20)
that is exactly Einstein-Hilbert action if matter is absent (£,, = 0).

In 2015 Gleyzes, Langlois, Piazza and Vernizzi ([28] [29]) introduced an extension of Horndeski
theory, adding the terms

Fy(X, 0)e? P17V oV 0oV, V 5oV , V0 (7.21)

and
F5(X, )e"P? P10V oV 0oV, V 50V V10V, Vs (7.22)

where e#"P? is the totally antisymmetric Levi-Civita symbol.

This model (called G theory) possesses third-order equations of motion for the metric, but
the true propagating degrees of freedom obey well-behaved second-order equations and are
thus free from higher-derivative ghosts ([28]). However, in the following Chapters we will
consider only Horndeski theory and not this healthy extension.

7.2 Disformal transformations

As we anticipated at the beginning of this Chapter we will go beyond the simple conformal
transformations, considering the more general disformal transformations of the metric. A
disformal transformation can be written as

9w = A, W)l + B(p,w)0,00,¢ (7.23)

where w is defined as
w = 1"0,00,p (7.24)

A(p,w) and B(p,w) are generic functions of their two arguments, g,, is the physical metric,
lw is the auxiliary new metric and ¢ is the scalar field present also in the action of the
scalar-tensor theory.
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7.2.1 Non-invertibility of a disformal transformation

Now we want to find out when a generic disformal transformation is not invertible.
The issue of the non-invertibility of a conformal transformation was first discussed in [30], but
here we will consider a more general disformal transformation.

The inverse of the physical metric g, can be found to be ([16])

1 B(p, w)
o i 12 g8 Doipd 7.25
T A w) Bl w)gr 8,000 — 17 9 C0F0Y (7:25)
with the condition that B(y, w)g’? 0,005 — 1 # 0.
Defining now
X = ¢" 0upoup (7.26)

if we multiply equation (7.25|) for 0,00, ¢ we get

B(o, 2
w_ (o, w)x

X = 7.27
Alp,w)  Blp,w)x —1 (7.27)
and isolating w we obtain
__Alpw)x  _ Alp, w)g" 0up0, e (7.28)
1= B(p,w)x 1= Blp,w)g" dupdyp
Defining
w(l — B(p, w)g"" 9,00, )
G(p,w) = 7.29
) Alp.w) (72
equation ([7.28) can be written as
G(p,w) = g" Oupdyp (7.30)
For a fixed given ¢, the inverse function theorem shows that, if %‘ # 0, then the

inverse function G~! exists in the neighborhood of w*. In that case one can write w as a
function of g, only as w = G_l(g“’jaugpal,go) and then use equation to write [, as a
function of only g,,, obtaining the inverse transformation log(g,.,) we were looking for.

On the other hand, the non-existence of G~! implies that

dG(p,w) B
that can be solved as ]
Glp,w) = — 7.32
(.0) = 5 (7:32)

If we are in the case of equation (7.32), then the disformal transformation cannot be inverted
and, using equation ([7.30)), we have
1

blp) = ——F— 7.33
() PR (7.33)
that can be used with equation (7.28]) to find
Ao, w
Blo.w) = A8 4y (7.34)

In summary, we have found that a disformal transformation of the type given in equation
(7.23) is non-invertible if the two free functions A(y, w) and B(p, w) satisfy the relation given
by equation (7.34), with b(¢) being a free "potential" function.
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7.2.2 Disformal transformation method

If we perform a disformal transformation of the type ([7.23)), the variation of the metric becomes
Ogu = Adlyy + 1,0 A + 6B0,p0,p + BO,(09)0,p + BOupd, (0p) (7.35)

Taking into account that

SA(p,w = lo‘ﬁﬁagoagcp) = %5¢ + —w5w =

0A 0A

= 280+ —[81%P9,, 20°P9,(6)0,
9 0+ E)w[ ©Opp + (6) 0]

and that, using the fact that [,,,{* = d],

(7.36)

5198 = —1P21o8 51, (7.37)
the variation written in equation ([7.35)) becomes

0A 0B
(Sgwj :A(Sluy — (luya,w + 8#8081/@%) [lpalaﬂélpa'aa(paﬁ(p - 2laﬂaa(5¢)8,3gp]+

0A 0B

+ (lwa@ + 8Mso8yso(990> 8 + B[00, (0¢) + 0,(d¢) 0, ¢

(7.38)

Inserting equation ([7.38) into equation (7.5, we can take the variation of the action of a
generic scalar-tensor theory with respect to the auxiliary metric [,,,, obtaining the equation
of motion

AB" —T") = (an o+ a26w> (1108, (1" Dy p) (7.39)

while taking the variation with respect to the scalar field ¢ we have

e
V=9

9p \ V=90, | B(EP” —T"7) + 041%4-04282 I {2 =
ow ow

where we have defined
ap = (EP7 =Tl pe as = (EP7 —=T"7)0,00,¢ (7.41)
The equation of motion for matter is again
Qmn =0 (7.42)

If we now contract equation ((7.39) with [, and with 0,¢0,¢, we find respectively

0A oB 50A 2 0B\
aq (A — w8w> — agwa—w =0 o w E 9 <A —w 3w> =0 (7.43)

This two equations form a linear system of algebraic equations for oy and a9, that can be
written as

_wlA  _,0B
M( o ) =0  where M= < A 2 of” —A}FUB%—B ) (7.44)
a2 W™ 5w W™ Bw
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and the determinant of the system is

det(M) = <A—w8‘4) (_A+w28B> 432498 _

ow ow v ow ow
0B 0A
_ _ 2¥= il
—A[ A+w 8w+w8w} (7.45)
= u;2Ai (B + A)
ow w

The solutions of the system are different depending on whether its determinant is zero or not.
If det(M) # 0, then the only solution is @; = as = 0 and the equations of motion (7.39)) and

(7.40) reduce to
o (7.46)

Q, =0 (7.47)

that, in addition to €, = 0, are the same equations of the original theory before doing any
disformal transformation. This shows that, if det(M) # 0, a generic scalar-tensor theory is
invariant under disformal transformations: this result should not be surprising, since we are
just doing a well-behaved invertible change of coordinates.

On the other hand, the determinant of the system is zero if

ai; <B + i) =0 (7.48)

that is satisfied if the free function B(p,w) is in the form

Ap,w)

w

B(p,w) = — + b(p) (7.49)

with b(¢) being an integration constant. Substituting this equation into the system ((7.44) we
obtain

ag = way (7.50)
and the equations of motion ([7.39) and ([7.40)) become
B =T %(zwapgp)(zwaggo) (7.51)
1 Q 1 db
——0,(v/—gba1 P70y p) — —2= = —aw— 7.52
Veria W000) = 5 T Mg, (7.52)

Using now the identities I#0,p = bwg'’0,p and o = %, where E —T = g, (E* —T"),
we find ([16])

b()g"" Oupdup = 1 (7.53)
and the equations of motion ([7.51)) and ([7.52)) simplify to
B = T 4 (E — T)bd"pd" ¢ (7.54)
1 Q, 1 1db

ﬁap(@(E —T)bg"" Dyp) —

~(E-T)

==3 (7.55)

bdy
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Adding also the matter equation, the full system of equations of motion of this new mimetic
theory of gravity is

b((p)g“”@lugpay(p =1 (7'56)
EM =TH 4+ (E — T)bo"pd” ¢ (7.57)

1 9] 1 1db
——0,(V=g(E —T)bg*° 0yp) — —2= = —(E - T)=-— 7.58
Qm =0 (7.59)

in contrast with the equations of motion ([7.10))-(7.12)) of the original scalar-tensor theory.

We note that condition is the same we found in the previous Subsection for a dis-
formal transformation to be non-invertible. This means that if we perform a non-invertible
disformal transformation on a general scalar-tensor theory with equations of motion —
(7.12)), we obtain a different theory with different equations of motion —: this new
theory is called mimetic gravity.

7.3 Mimetic gravity from a Lagrange multiplier

As we have shown in the previous Chapter for the conformal mimetic modification of general
relativity, we can obtain the mimetic modification of a general scalar-tensor theory (with ac-
tion given by equation ) without performing any disformal transformation or introducing
an auxiliary metric.
In order to do that, we simply impose the kinematical constraint b(¢)g"" 0,0, = 1 on the
scalar field ¢, introducing a Lagrange multiplier A in the action:
S :/d4$\/79£[gw,,8>\19m,, ceey Ony O\, Gpurs 5 ON @5 oy Oy .00, 0] +
(7.60)
+ [dav=gtn+ [ dev=oMbelg o000 - 1)

with b(¢) being a known potential function that defines the theory.
Taking the variation of this action with respect to A, g,., ¢ and ¢, we get respectively ([16])

b()g" Oupdp = 1 (7.61)
EM =TH 4+ 2\bo*pd” ¢ (7.62)
2 Q A db
———0,(v/=gA\bg*7 Opp) — —2= = = — 7.63
venkd )T e (703
Qn=0 (7.64)
If we now take the trace of equation ([7.62)), using also equation ([7.61)) we get
E-T

and substituting this into equations ([7.62))-(7.64) we have the full system of equations of
motion
b(@)g"" Oppduip = 1 (7.66)

BN =T 4+ (E — T)bd"pd"” ¢ (7.67)
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1 Q 1 1db
——0,(vV/=9(E = T)bg" 0pp) — ——2= = ~(E - T)+~—

\/jg p( ( ) g ) \/jg 2( )b ds@

Q=0 (7.69)

These equations are the same as equations ([7.56))-(7.59)), so we have just shown that mimetic

gravity can be obtained from the original theory simply by adding the kinematical constraint
b(¢)g" 00, = 1 in the action with a Lagrange multiplier.

(7.68)

7.4 Independent equations of motion

Not all the equations ([7.66))-(7.69)) are independent. First of all we show that equation ((7.68|)
can be derived from the other equations of motion: remembering that V,j# = \/%798“(,/— gjt)

if j* is a vector quantity ([31]), equation ([7.68|) can be written as

V(B = T)bdte] — f_ig _ %(E _ T)i;l:; (7.70)

Taking now the covariant derivative of equation (7.67]) we obtain
VuER =V, T + V,[(E = T)b(p)0"]0"¢ + (E — T)b(9) 0" ¢V (8" ¢) (7.71)

Since we have assumed that S, can be written as a functional of the matter fields and the
metric g,,, using the equation of motion (7.69)) together with the Horndeski identity ([27]

[16])
\/jgv,uElw = ngVV‘P (7.72)

it can be shown that the stress-energy tensor T#” obeys a continuity equation V,T*" = 0.
Furthermore, taking the covariant derivative of equation ([7.66)) we have

V[b(p)0"pdup] = 0 (7.73)
and, since VVb(p) = 0"b(p) and VY = 0,
9"b() 00, + 2b(p) V' VHV 0 =0 (7.74)

Using now 0"b(p) = %8”@ and the fact that covariant derivatives commute on scalars, we
get

db
%8”908"@3#90 = —2b(p)V*V oV, (7.75)
and finally
) 1db _,
b(p)0" eV (0" p) = —5%8 0" pOup (7.76)
Using these results, equation (7.71) becomes
1 1 db(p)
V,EY =00 |V, (E -T)b(p)typ| — =—~—>(E =T 7.77
" @ |Vaull )b(p) 0" ] 35(%) dgo( ) (7.77)

and taking into account again the Horndeski identity (7.72), together with the fact that
0" # 0 at least for one index v, we finally find
Qyp 1 1 db

=—(F-T)-— 7.78
L~ BT (7.78)
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that is exactly the same equation as (7.70). So we have just shown that equation ((7.68) can
be derived from the other equations of motion.

Now we show that the 00 component of equation ([7.67) can be derived from the other com-
ponents, together with equation ([7.66|): this constraint equation can be written as

b(10)g” (Dop)” + 2b(0)g" Dopip + b(i0) g DispDsip = 1 (7.79)
Multiplying both sides by £ —T = g"(E,, — T},,) we have

(E —T)b()g™(00p)? + 2(E — T)b(10)g" dodip + (E — T)b(p) g 9,000 =
= " (Eoo — Too) + 29" (Eoi — Toi) + 9" (Eij — Tyy)

(7.80)
The 0¢ and ij components of equation are
E% —T% = (E —T)b(p)°0d'¢  EY —T% = (E —T)b(¢)d'0d ¢ (7.81)
and substituting them in equation (7.80) we get
(E —T)b(¢)g™(0p)? = 9 (Eoo — Too) (7.82)
Since g% # 0 we finally find
Eoo — Too = (E — T)b()(d0)? (7.83)
that is exactly the 00 component of equation .

These results allow us to conclude that a full list of independent equations of motion for
mimetic gravity can be written as

b()g" Oppdyip = 1 (7.84)
EF = TH 4 (E —T)bd pd'p (7.85)
Q=0 (7.86)

7.5 Cosmology in mimetic Horndeski gravity
In this Section we are going to consider two particular mimetic Horndeski models, fixing the
functions K (X, ), G3(X, ¢), Ga(X, ¢) and G5(X, ), and we will investigate their cosmolog-
ical solutions assuming a flat FRW metric

ds? = —dt® + a*(t)d;dx" dx? (7.87)

and considering the absence of matter (S, = 0).
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7.5.1 Mimetic canonical scalar field

We first consider the mimetic theory of a scalar field with canonical kinetic term and no
potential:

K(X,0) =X  G(X,0)=0 Gu(X,9)=1/2  G5(X,9)=0 (7.88)
so the gravitational lagrangian of the theory becomes
1 Y 1
L= —5629“ Oupdu + iR (7.89)

We can now calculate the tensor £,

E Eié(iv—gﬁ):
=g e
2 4 1 2 5 (1
_ af _
(L i) = (bFn) -
\/—959“”< gV TIRg ¥ W) Vgagw \2V 7 (7.90)
1 B
= —— — aﬁ =
\/jgcﬁwaﬁwégw(\/ 99°") + G
1
= 7029/11/90['88&308,390 - 028;1%081180 + G,Lw

2

where in the last passage we used

0 0/ —g 5P 1
By — B — B B
sgrr (V99) = S5 T Vs = oV 09w + V00 (7.91)
In a flat FRW universe, and considering also the scalar field ¢ to be function of time only
because of homogeneity of space, we have g*? DatpOsp = —* and so
L -2 L 2
Ey = 502@ — 9 + Goo = —562(,0 +3H (7.92)
Eoyi=FEjp=0 (7.93)

1 .
Eij = —§Cza25ijs02 +Gij =

1 . a 1
= —§c2a25ij<p2 — 242 L + 2H2] dij = (7.94)

. 1
= —a2(5ij <2H + 3H2 + 202¢2>

E = Eug" = Eog®™ + Eijg7 = —12H? — 6H — ca¢* (7.95)

where we have used the expression of G, for a flat FRW universe given in [23].
The independent equations of motion ([7.84) and ([7.85|) for this simple model reduce to

b(p)p® +1=0 (7.96)
AH 4 6H? + c3¢® =0 (7.97)
and it easy to check (JI6]) that they admit the solution

2 t C
alt) = t300  p(t) =+, |-~ log bly) = 242 = Zy2etV/-F¢ (7.98)
C2

t; Qa Qa
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where t; is an integration constant, w is a constant parameter and o = —3(1{17‘”1”)2. This shows

that this simple mimetic model can mimic the background expansion history of a universe
dominated by a perfect fluid with constant equation of state w.

By accordingly adjusting the function b(¢), one can obtain almost any background expansion
history: this is similar to what we had in the previous Chapter, adding a potential to the
original mimetic dark matter model.

7.5.2 Mimetic cubic Galileon

The mimetic cubic Galileon model takes

KX, ) =X  G(X¢)=20X CGi(Xe)=1/2 Gi(X¢)=0 (7.9)

and in the following we will set the cutoff scale to be A = 1. The gravitational part of the
lagrangian becomes

1 1
L= _5629#1/8“081/90 + ¢39" 0,00,00¢ + 5R (7.100)

and the tensor E,,, is

1
By :§nguugaﬁ Oappp — 20400 p + Guvt

2 2
+ ——30,00, 09" (0a/—9)0p¢) + c3(9*° 0a0050) (0,7/—9) Dv o+
V=g " V=g g (7.101)

1
- \/f—g(g”"apsoaaw)gaﬁ 0pp0e(V=99u) — ¢3(9" 0005 0)(9*° 0ap) G+
+ 2038M<p8ug0(g°‘5853a<p) + 2¢30,0,0(9"° 000 )

In a flat FRW universe, and considering again the scalar field ¢ to be function of time only,
the independent equations of motion for this model become (|16])

b(p)p? +1=0 (7.102)
AH +6H? + ¢*(co — 4e3p) = 0 (7.103)

We now want to reproduce the expansion history of a universe filled with dark matter and a
positive cosmological constant A, that is

a(t) = a; sinh? (Ct) (7.104)
where C' = /3A/4. Integrating once equation (7.103)), with a(t) given by equation (7.104)),

we get
48 | Cpan (24325 ) £ /32| 4 (7.105)
o 8C2” 8027 '

and inverting it, we can use equation to find b(p): this can be done numerically
(see Figure . Choosing the model parameters as C' = ¢a = ¢3 = a; = 1, the matter-
dominated era ends around ¢ ~ 1 and after that, the universe becomes dominated by the
cosmological constant. The previous equations can be solved in the limits of small and large

time: for Ct < 1 we have ¢ o< t1/3 and b(p) o< —p~'/2, while for Ct > 1 we have ¢ o t and

b(p) ox —p 1.

This means that, by choosing a function b(p) with these suitable asymptotic limits, we can
approximately reproduce the expansion history of a ACDM universe.
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Figure 7.1: Plot of a(t) (solid line), ¢ (dashed line) and —b(t) (dotted line) as function of ¢.
The parameters are chosen to be C' = ¢3 = ¢3 = a; = 1. The picture is taken from [I6].

o6



Chapter 8

Time evolution of cosmological
perturbations

In this Chapter we are going to investigate the evolution in time of the first order cosmological
perturbations that we introduced in Chapter [3] This evolution in time is different depending
on the theory of gravity chosen: we will start discussing the evolution of perturbations in
general relativity, then we will move to Horndeski gravity and mimetic Horndeski gravity.

We consider only scalar perturbations and we choose the Poisson gauge, so we deal with
a metric

ds? = a®(n)[—(1 + 2®)dn* + (1 — 2W)6;;dx'da’] (8.1)
while in the presence of matter we consider a perfect fluid with no anisotropic stress:
1

p=po(n)+6p p=po(n)+dp u= m(&? + k) (8.2)

8.1 Cosmological perturbations in general relativity

In order to find the time evolution of cosmological perturbations in general relativity, we have
to perturb the Einstein equation G, = T}, considering the perturbations given in equations
(8.1) and (8.2). After some calculations we obtain four independent equations ([32])

— 3H(H® + V') + V20U = éa%p (8.3)
L ||
HO + U = ia(po + po)v (8.4)
QH +H*)® + HY + V" + 2HV + %VQ(cb —0) = %aQ(Sp (8.5)
d=0 (8.6)

where H = % Substituting equation into (8.3)-(8.5) we get

1

V20 — 3HD' — 3H?D = §a25p (8.7)
r_ 1y I

(a®) = 5% (po + po)v (8.8)
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1
" 4+ 3HP + 2H + HHD = 5a25p (8.9)
We know that dp = c25p + dpy.q., so using equation (8.7) we get

1 1 1
—a?6p = §a2c§5p + §a2(5pn.a. =

2 . (8.10)
= AV20 — 3HAD — 3H2 D + 5a2<5pn.a_
and substituting this into equation we obtain
1
" +3H(1 + AP — AV2D 4 2H + (1 + 3¢ H? D = §a25pn.a_ (8.11)

In the following we will consider only adiabatic perturbations, so the gravitational potential
® obeys the second-order differential equation given by

" +3H(1+ AP — AV + 2H + (1 +32)H?| @ =0 (8.12)

In order to solve this equation we need to perform a change of variable, defining

3 / 9 } 1
u=exp |- [(14+c)Hdn| P = — 8.13
|5 [+ man|e - ——— (5.9
and
gL L2 HA]T (8.14)
~a \ po+ po a3 H?2 .
where we have used c2 = pj)/pj, and the background (Friedmann) equations
1 1
po = —3H(po + po) H? = gCZQPo H—H = §a2(P0 + po) (8.15)
In this new variables equation ({8.12)) becomes ([33])
9//
u’ — AV — Tu= 0 (8.16)
and using Fourier transforms
0//
u" + AkPu — 7= 0 (8.17)

Equation (8.17) can be analytically solved only in the small scale and large scale limits. In
the large scale limit (|cs|kn < 1) it becomes

/!

u" — 7u= 0 (8.18)

and it has a trivial solution in u; = Af, with A being a constant. The second solution uy can
be found with the d’Alembert method: assuming that it can be written as uo = vu; = Avf
we have

uh = Av'0 + Avl’ ufy = Av"0 + 2A0'0" + Avd” (8.19)

and substituting in equation (8.18]) we get

1/ /

V"0 + 20'0" + 08" — %09 =0="+ 2%1}' =0 (8.20)
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Defining now z = v/, equation ({8.20) becomes

!/ 0/
Z; =25 (8.21)

that can be easily solved, finding z = v/ = 9% and sov = [ g—;?. Therefore the second mode is
uy =09 =90 % and the general solution for equation (8.18)) is
dn dn
u=c0+ 029/ 2= cob » (8.22)
ni i

where ¢; and ¢y are integration constants and in the second passage we have changed the
lower limit of integration in order to absorb the ¢; mode.
Using now the definition of § given in terms of a and H in equation (8.14)), we obtain

dn _ 2 2 '_2/2/21/_
02—3/d77a <1 7—[2>_3[ dna® + | dna 2 =

(8.23)
2 a? 1 2 [a?
=2 | [ dna® + — —2 [ dnad — :—/d 2
3[/17@4-% /naaH] 3[7{ na
where in the third passage we integrated by parts, and the potential ® is
d
® = (po +po)"*u = (po +po)'/* - 20 0*727 =
1/2 2
1 2 a
_ 2 .- Po Y ana?| = 8.24
ot )2t M 2 [ane] (5.29)

2
:A% [j{—/dmﬁ] :A[l—;/dnaﬂ

where we used the definition of # given in equation (8.14]), together with the background
equation H? = %ano that implies p(l)/ 2
the arguments of the functions we have

o % A is again constant in time, and reintroducing

B(k,n) = A(k) [1 _ Z;((Z)) / ! dﬁaQ(ﬁ)] (8.25)
un

In the small scale limit (|cs|kn < 1) equation becomes
u”’ + AEk*u =0 (8.26)
If ¢4 is constant in time, equation has the solution
u = e 4 coe e (8.27)

SO
(k,n) = py*(n) [cle““s" + cze*i’“cs’?} (8.28)

while if ¢, is real and varies in time more slowly than u, the WKB method gives us

\/1@ cos <k /n | csdn> (8.29)

®(k,n) = A(k) (W) v cos (k /nn cs(ﬁ)dﬁ> (8.30)

u=A

SO
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8.1.1 The case of dark energy

If we consider a universe dominated by a dark energy fluid with a constant equation of state
w < 0, the evolution of the cosmological perturbations that we have just investigated presents
some problems. In fact, in this case we have ¢2 = w < 0, so ¢, is pure imaginary. Therefore

2 =
the small scale solution (8.28]) becomes
(k. m) = py/*(n) |creklel + 026_’“'65‘”] (8.31)

where the exponentially growing mode is completely incompatible with the observations.
In order to solve this problem, we have to consider a more general expression for the pressure
perturbation

0p = c26p + (2 — c2)po! (8.32)

2
a

/
where ¢2 = Z—? is the real adiabatic speed of sound (and if w is constant we have c
0

while the speed of sound ¢ is now a free parameter (see [40]). For ordinary fluids without
non-adiabatic perturbations we can take ¢, = ¢4, obtaining the evolution equation , but
for dark energy this cannot be done if we want to avoid a diverging gravitational potential.

The problem for dark energy is solved if we impose a null speed of sound and the absence of

non-adiabatic perturbations, getting dp = 0 and so an evolution equation for ®

" + 3HD + (2H + H>)D =0 (8.33)
that allows the solution for all scales
H T g,
(k) = A |1 - 0 [ o) (5.34)
a*(n) Jy,

8.2 Cosmological perturbations in Horndeski gravity

In this Section we present some results for linear scalar perturbations in Horndeski gravity,
since they will be useful also when we consider the mimetic extension. We assume that matter
is absent, so S;, = 0: we expect this to be a good approximation during the time when the
effective energy density of the scalar field is much larger than the other usual components,
like radiation or cold dark matter.

The metric is the one in equation and the scalar field is expanded as

©(n, %) = ¢o(n) + dp(n, T) (8.35)

where g denotes the background value of the scalar field and ¢ indicates the perturbation.

The independent equations of motion for Horndeski gravity, if matter is absent, are simply
E,=0 (8.36)

because Horndeski identity (7.72)), together with equation (8.36)), implies €, = 0.
At the background level they reduce to El(f,],) = 0, where the superscript (0) denotes a back-

ground quantity: the explicit expression of E,S?,) for a flat FRW background can be found in

the Appendix A of [17].
At first order (denoted by the superscript (1)) the tensor E,,, can be written as

E) = 11V + f2d + f3® + fadip+ [sVU + f6V5p (8.37)
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EY = 0i(fis + fr00¢ + faodp + f1®) (8.38)
B =0,0;(frV + fsdp + fo®) + 8ij(— [V — fsV20p — foV2D+
+ f10¥0” + f1100" + froV + f130¢" + f14®" + f15V + figdp + f17P)

where the f; are linear functions of K, (G, G4, G5 and their derivatives evaluated on the
background, so they are functions of time only. Their explicit expression, and some useful
relations between them, can be found in the Appendix B of [17].

(8.39)

The equations of motion for the first order perturbations are EE,) =0:

AV + 200" + f3® + fibp + sV + f6V26p =0 (8.40)

fisW' + f1909" + faodp + fo1® =0 (8.41)

J7¥ + fsdp + fo® =0 (8.42)

J100" + f1160" + f12V + f130¢" + f14®" + f159 + fie0p + f17P =0 (8.43)

but equation ({8.43) can be derived from equations (8.41)) and (8.42) (see [17]), using some of
the identities in the Appendix B of [I7]. So we have three independent equations for the three
perturbations ¥, & and Jy

F1U + f200" + f3® + fidp + fs VAU + f6V25p =0 (8.44)
f18V' + f196¢" + foodp + fo1® =0 (8.45)
U+ fsdp + fob =0 (8.46)

There are two physical implications of equation (8.46)). First, the anisotropic stress is in
general not zero (¥ # ®) even if matter is absent. Second, at least one of the perturbations
is not a new dynamical degree of freedom, since one of them can be isolated to be a linear
function of the other two.

8.3 Cosmological perturbations in mimetic Horndeski gravity

As we have found in the previous Chapter, the independent equations of motion for mimetic
Horndeski gravity (if matter is absent) are equations ([7.84]) and ((7.85)):

()" Ouplup =1 Eyi = Eb(¢)0up0ip (8.47)

At the background level they reduce to
_ gbo%)Q =1 (8.48)

EY ~0 (8.49)

where by = b(¢p) and the explicit expressions for ESZ]-)

and can be found in Appendix B of [17].
At first order the equations of motion are

are the same of the previous Section

2bp0¢" + b0 — 2bypy® = 0 (8.50)
) = EObyghdiop (8.51)
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(M _
By =0 (8.52)

where E© is the zeroth-order trace of the tensor E,,,, the subscript , ¢ denotes the derivative
with respect to the scalar field ¢ and b, = b, (¢0).

Using the expressions (8.37)-(8.39)), equation (8.52)) gives us

J7¥ + fsdp + fo® =0 (8.53)
f10U” + f1160" + f12V' + f136¢0" + f14®" + f15V + f1600 + f17® =0 (8.54)
while, using also the background constraint (8.48]), equation (8.51)) implies
, , azE(O)
J18W' + f196¢" + | fao + % 0+ fa1® =0 (8.55)
0

In a similar way to what we did for the simple Horndeski model, it is possible to show that
equation (8.54) can be derived by equations (8.50)), (8.53]) and (8.55) (see [I7]). This means
that a system of independent equations of motion for first order perturbations is

2bp0¢" + b0 — 2bppy® = 0 (8.56)
Jr¥ + f80p + fo® =0 (8.57)
, , a2E(O)
189" + f190¢" + | f20 + ” dp+ f212 =0 (8.58)
0

We note that equation is the same as in Horndeski gravity: this means that also in the
mimetic modification there could be anisotropic stress (¥ # ®) even if matter is absent, and
that one of the three perturbations is not a new dynamical degree of freedom.
We note also that in the system of equations — there are no spatial derivatives,
so we can anticipate that the sound speed for the dynamical scalar degree of freedom will be
exactly zero.
Finally, it is important to note that one can set b(¢) = —1 without loss of generality. In that
case we would have b , = 0 and equation would become
/ / 5’
2bo(5g0 — 2[)0(,00(1) =0 = ¢ = — (859)
%0
This is possible because Horndeski theory is form-invariant under a field redefinition of the
type dp = \/|b(¢)|de. Applying this transformation to a mimetic Horndeski model fixed by
the functions K (X, ), G;(X, ) and b(p), we obtain an equivalent mimetic model (again in

the Horndeski class) with b(¢) = —1 and new Horndeski functions K (X, ) and G;(X, ).

Combining equations (8.56)-(8.58)) one can find a second order differential equation for the
potential ® (see [17]):

By B3\’ 0 By By ( B2\’  Bs ©“
4| == log — 0 e | =2y — [ = — -0 o = .
+ [Bg + <0g B1> + @6 + B3<,00 + Bs \ By + Bs H 906 0 (8 60)

where the B; functions are defined as

/ 1" " (0)
Bl—fgo—i-fmcj]c?-i-fn(—?'l—l—(p?)—m|:fé+f8<—7'l+go?>]+a2 , (8.61)
f7 ®o f7 %o %o



fofof7 + folfs + fsep)

By = f1a + 12 + fi1en 7, (8.62)
_of%
By =27 (8.63)

In equation (8.60)) there is no spatial Laplacian term, so the sound speed of the perturbations
is exactly zero as we anticipated.

8.4 Imposing a ACDM background expansion history

Equations — and equation ([8.60) are valid in general for a FRW metric. In this
Subsection we want to impose a ACDM background expansion history for the universe, given
by

a(t) = a; sinhg(Ct) (8.64)

In fact a very large set of observations coming from different probes (supernovae, clusters of
galaxies, baryonic acoustic oscillations and weak gravitational lensing are four examples, see
[34]) indicates that the background expansion history of the universe, when radiation becomes
negligible, can be described by equation , even if the correct theory of gravity may not
be general relativity. In that case there is no cosmological constant, so the parameter C' is
not related to A and it is fixed directly from observations.

We start by taking b(¢) = —1, so, using equation ({8.64]), the first background equation
of motion (§8.48]) becomes
(eh)?=d®> = @) ==+a=+a;sinh®3(Ct) (8.65)

and other useful quantities are

!/
H=" = %Cai sinh~/3(Ct) cosh(Ct) (8.66)

a
H = —%Cza? sinh~%/3(Ct) cosh?(Ct) + §C2a? sinh*/3(Ct) (8.67)
on = :t;Ca% sinh!/3(Ct) cosh(Ct) (8.68)

Taking now the explicit expression of EZ.(]Q) given in Appendix A of [I7], and substituting the

quantities (8.65))-(8.68)), the second background equation of motion (8.49) becomes
a?sinh*3(Ct) K — a? sinh*/3(Ct)Gs , + %Cza? sinh?/3(Ct) G+
— gCQa? sinh?(Ct)Gy x + g()’ag sinh!/3(Ct) cosh(Ct) Gy, + 202 sinh®3(Ct) Gy oo+
8 4
F gC’a? sinh'/3(C't) cosh(Ct)Gya xyp + 502(@ sinh4/3(Ct)G5,<P+
+ 2%03@3 sinh~%/3(Ct) cosh®(Ct) — %C%? sinh/3(Ct)| Gs.x+

- %C'Za? sinh~%/3(Ct) cosh?(Ct)Gs xyp £ gCa? sinh/3(Ct) cosh(Ct)Gs,pp =0
(8.69)
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where the Horndeski functions K, G; and their derivatives are evaluated on the the back-
ground quantities ¢y and Xy. This means that a mimetic Horndeski model allows a ACDM
background expansion history only if the Horndeski functions obey the zeroth order constraint

8 8 8
K(Xo,p0) =G5, — g02G4 + g(JQGM T gCsmh—l(Ct) cosh(Ct)Gy o+

4
— 2G4 = 20 sinh~1(Ct) cosh(Ct)Gyxp — 502G57¢+ -

F %C’?’ [sinh*:)’(C’t) cosh®(Ct) — 3sinh™*(Ct) cosh(Ct)] Gs x+

4 4
+ §C2 sinh~?(Ct) cosh?(Ct)G5 x F gC sinh ™ (C?) cosh(Ct) G5,
where again the arguments g and X of the functions G; are implicit.

Considering now the evolution of perturbations, it is described by the system of equations
(18.57))-(8.59))

Jr¥ + f80p + fo® =0 (8.71)
, , a2E0)
J18¥" + f1909" + | foo + " 6+ fa1® =0 (8.72)
0
/
¢ = 5—? (8.73)
%o

where equations (8.64) and (8.70)) give us

J1==2G4+ G5 (8.74)

4
fs =2G4, F gCsinh—l(c*t) cosh(Ct)Gy x — 2G4 xp+
+ gC’ sinh ™! (Ct) cosh(Ct)G5,, + %CQ sinh™2(Ct) cosh?(C't) — §C2 Gs x+ (8.75)

F %C sinh ™ (Ct) cosh(Ct) G5 xp + G5 0
2
fo=2G4—2G4x + G5, F g(Jsmh—l(ct) cosh(Ct)G5 x (8.76)
f10 = flg = —4G4 + 4G47X — 2G57<p + %C sinh_l(C’t) COSh(Ct)Gg),X (877)

fir=fio=—G3x +2G4, F 20 sinh ™1 (Ct) cosh(Ct)Ga x + 2G4 x o+

F gc sinh ™! (Ct) cosh(Ct)Gy xx + gC sinh ™! (Ct) cosh(Ct) G5+ -
— 202 sinh~?(Ct) cosh?(Ct)G5 x + nginh_l(Ct) cosh(Ct) G5 x o+ '
- ng sinh™2(C't) cosh?(Ct)Gs x x
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foo+ ——== %C%i sinh™/3(Ct) cosh?(Ct) — gc%i sinh2/3(0t)} G4+
+ —gc%i sinh~/3(Ct) cosh?(Ct) + gc%i sinh2/3(0t)] Gyx+

+ §C2ai sinh~*/3(Ct) cosh?(Ct) — gCQCLZ‘ sinhz/g(Ct)} G5+

+ —SC?’ai sinh~7/3(Ct) cosh®(Ct) + SCSai sinh~1/3(Ct) cosh(Ct)} Gs.x
' (8.79)

fia = fo1 = £ a;sinh?3(Ct)G3 x — gCai sinh™'/3(Ct) cosh(Ct) G4+
+ ?Cai Sinh_l/g(Ct) cosh(Ct)Gy,x F 2a; sinhz/S(Ct)Gzl,@—i—
T 2a; sinh2/3(C’t)G47X¢ + 20@1' sinh_1/3(0t) cosh(Ct)Gy xx+
— 4Ca; sinh™Y/3(Ct) cosh(Ct)Gs., + %Oc%i sinh™/3(Ct) cosh?(Ct)Gs x +

- gCai sinh™Y/3(Ct) cosh(Ct) G5 x, + %C%i sinh™/3(Ct) cosh?(Ct) G5 x x
(8.80)

Using equations (8.65)), (8.66) and (8.68) we get H —%}/ = 0, so the second order differential
0
equation for the potential ® (8.60)) becomes

By B3\’ By By (B2’
" D2 D3 / D1y D1 [ b2 _
) +[BS+<logBl>]<I>+[BSLpO+BS <31> ®=0 (8.81)
where
EO  fiofsfr fiofi
B1 = fao + a? + T _ 2008 8.82
I = A (8.82)
!/ l+ /
By — fut f10f29f7 b gl — J'ﬁo(]"l;f7 fs0) (8.83)
7
2
Bs = f—i (8.84)
and
f4 = F2a; sinh?3(C1) Gy, + a; sinh?3(C) G5 (8.85)
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fi== fgc%i sinh?/3(Ct) + %c%i sinh~/3(Ct) coshQ(Ct)] Gax+
— gCai sinh ™13 (Ct) cosh(Ct) Gy x, & 2a;sinh??(Ct) Gy oy F 2a; sinh?3(C1) Gy x pp+
+ §C2ai sinh?/3(Ct) — ngai sinh~4/3(Ct) cosh2(Ct)} G50+

[4 4
+ §C3ai sinh™Y/3(Ct) cosh(Ct) — §Cgai sinh~7/3(Ct) coshS(Ct)] Gsx+

+ —%C%i sinh?/3(Ct) + SC’Qai sinh~/3(Ct) cosh2(C’t)] Gs.x ot

+ %Cai sinh1/3(Ct) cosh(Ct) G5y — %Cai sinh™1/3(Ct) cosh(Ct) G5 x o+

+ a; sinh2/3(Ct)G5,¢¢¢
(8.86)

1o =+ 2a; sinhQ/S(Ct)GZW T 2a; sinh2/3(C’t)G4,X@—|—

+ —§C2ai sinh?3(Ct) + §C2ai sinh™/3(Ct) cosh?(Ct) | Gs.x+ (8.87)
+ a; sinh2/3(Ct)G5,W — gai sinh2/3(Ct)G5,X¢,

8.4.1 Mimetic cubic Horndeski gravity

Now we investigate the case when G4(X, ¢) = 1/2 and G5(X, ¢) = 0, while the other Horn-
deski functions K (X, ¢) and G3(X, ¢) are kept general. These particular models are grouped
under the name of mimetic cubic Horndeski, and they include also the models described in
Section that we showed to have an interesting cosmological behavior: in particular, the
mimetic cubic Galileon was able to reproduce a ACDM background expansion history.
In this particular case, the zeroth order constraint on the Horndeski functions becomes

4
K(Xo,0) = G3,,(Xo,v0) — 302 (8.88)

while the f; functions (8.74)-(8.80) become

fr=—1 (8.89)
fs=0 (8.90)
Jo=1 (8.91)
fio = fis = -2 (8.92)
fi1 = fio = —G3.x (8.93)
2(0)
fa0 + a(]j; = i% 202% sinh~%/3(Ct) cosh?(Ct) — gCZai sinh?/3(Ct) (8.94)
0
fia = fo1 = +a;sinh?3(CH G5 x — gCai sinh~/3(Ct) cosh(Ct) (8.95)

We note that, using equations (8.89)-(8.91), the first equation of motion for the perturbations

(8.71) becomes
=0 (8.96)
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so in mimetic cubic Horndeski, if we impose a ACDM background, there is no effective
anisotropic stress if matter is absent. Actually, it is easy to show that equations —
hold in general for every background expansion history, so the absence of a gravitational slip
is a general feature of mimetic cubic Horndeski gravity.

Using instead the full set (8.89)-(8.95), the B; functions (8.82)-(8.84) become

B = j:%CQai [sinh_4/3(0t) cosh?(Ct) — sinh2/3(Ct)} (8.97)
By = —gCai sinh~'/3(Ct) cosh(Ct) (8.98)
By= 2 (8.99)

and the second order differential equation for the potential ® (8.81)) becomes
4
®" + 2Ca; sinh™Y/3(Ct) cosh(Ct)®' + §C2a$ sinh?3(Ct)® = 0 (8.100)
that can be rewritten as
" +3HP + (H +H) =0 (8.101)

In Section we solved the second order differential equation for the potential ® with
a change of variable and using the background equations of the theory, to obtain a solution
that contained only geometrical quantities. In the case of mimetic Horndeski gravity, the
absence of the sound speed in the equation allows us to perform a change of variable that

where N = loga and the subscript , N denotes the derivative with respect to N. Defining

H

0= - (8.103)
—aH7N
equation (8.101)) can be written as ([17])
S}
QNN — ’gNQ:O (8.104)

A trivial solution for this equation is Q1 = AO, with A being a constant. The second solution
@2 can be found with the d’Alembert method exactly as we did in Section for equation
(8.18), and the general solution can be written as

dN H aH N
= - = R N _ ’ —
Q 02@/ o7 = @ faHﬁN/d < = >
H d 1 H a da 1
—ept faNa S ()= (L [ane ) = .
co = /d Ao <H> co TR <H /d dNH) (8.105)

a 1 H [ da
= C _—— PR — -
N\ T Hy a ] H
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where in the fourth passage we integrated by parts. Finally, redefining A the multiplication
constant, the potential ® is

H7N N H da .
oo (1-4 %)

1 da a H 2
A( a? dt /dada/dt> A( a2/dna>

that is exactly what we found in equation (8.24) for large scales in general relativity. The
difference is that, in this case, solution (8.106)) for ® is valid for perturbations on all scales:
reintroducing the arguments of the functions it becomes

(8.106)

a?(n)

i

&(k,n) = A(k) [1 0 / ! dﬁaQ(ﬁ)] (8.107)
n

8.5 Imposing a perfect fluid dark energy background expansion
history

As we have explained in Section [2.4] the cosmological constant can be interpreted as a ho-
mogeneous perfect fluid with equation of state w = —1. If we substitute the cosmological
constant with a perfect fluid dark energy (PFDE) with a constant generic equation of state
wpg, when this dark energy becomes dominant over matter, general relativity predicts a
background expansion history given by

2
a(t) = a;t3 0 wDm) (8.108)

If we take wpg to be close enough to the cosmological constant value —1, equation
describes a background expansion history that is indistinguishable from the ACDM solution
when A is dominant. Therefore a perfect fluid dark energy with wpgp ~ —1 can be used
in general relativity as an alternative option instead of a cosmological constant, in order to
explain the observed background expansion history.

Considering this, it is interesting to study cosmological perturbations in mimetic Horndeski
gravity imposing a background expansion history given by the domination of a perfect fluid
with constant generic equation of state w # —1:

2
a(t) = a;t30+e) (8.109)
Again we take b(p) = —1, so the first background equation of motion (8.48)) gives us
2
(p0)? =d® = ) =Fa=Fa;t30 (8.110)

and the other useful quantities are

a’ 2ai 143w

= — = 7t73(1+w) 81].1
7t a 3(1+w) ( )
2(1 + 3w)a? _ 2+6uw_
! w
H = — o0 —|—w)21 t 30Fw) (8.112)
2@2 1-3w
M= 4"t 4304w 8.113
0730+ w) (8.113)
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Following the same procedure used in the previous Section, the second background equation
of motion (8.49) becomes

9 4 9 4 Swa2 246w _ 8wa2 246w _
“$3(1+w) K — gt3(1+w) G _ 7t 3(1+w) G 7t 3(1+w) G
@i i 59 7 3(1 + w)? T3 w) LX+
L8 S @G, e 8a; tsld e
_— +w < +w I +w
4wa? 8(1+ 3w)a? _ 5+ 4a? .
7t 3(1+w)G :|: 7115 3(1+w)G 775 3(1+w)G
3(1 4 w)? 27(1 + w)3 X T 91+ w)? 5.XpF
4@2 1-3w
+ —L 30+ G =0
3(1 4 w) i

where the Horndeski functions K, G; and their derivatives are evaluated on the background
quantities g and Xgy. Therefore a mimetic Horndeski model allows a perfect fluid background
expansion history only if the Horndeski functions obey the zeroth order constraint

Sw Sw
K(Xo,00) =Gao+ 472G, — — Y 2G, v F -t 1Gy — 2G
(Xo,00) =G + gt G173 qwp! CaX F gyt Gie — 200t
s oo 8(1+3w) s

SR RS Ve R T Al Sl Ll e e
31 +w) TR T 30w TP T arirwpy o
I T _ g

Ty we’ X T3a )t v

(8.115)

where again the arguments g and Xg of the functions G; are implicit.
As a consequence, if we want to reproduce a universe that is dominated by cold dark matter

with EOS w = 0 at early times and that, afterward, becomes dominated by a perfect fluid
dark energy with EOS wpp, the Horndeski functions have to obey the zeroth order constraint

8 8 8
K(Xo, ¢o) GS,@:F “t71Gyp — 2G4 £ t1G4X¢3F t3Gs x+

: . 27’ (8.116)
+ §t_2G5,Xg0 F gt_ 'G5 00
for small ¢, and
8wpp _9 8wppg —9 8 ~1
K(Xo,90) =Gsp+ om 5t Ga— g7 5t G 30 twpm). Chet
(Xo,p0) =G 3(1 + wpp)? 1T 31 +wpp)? 4xF 3(1+wpr) e
8 _ dwppg —2
— 2 pp+ st 'Guxp— st G
97 31+ wpp) 431+ wpr)? et
8(1+ 3wpk) ,_4 4 -2 =
S TIOR3y - {7*G —t G
2 twpp)?® YT 00t wpe)? N T 3T fwpp)
(8.117)

for large t.
Considering now the evolution of perturbations, it is described also in this case by the system
of equation (§:57)-(8.59)

Jr¥ + f80p + fo® =0 (8.118)
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, , a2E©)
J18¥" + f190¢ + | fao + - 0 + fo1® =0 (8.119)
0
5 /
o =27 (8.120)
%o
where equations (8.109) and (8.115)) give us
fr=-2G4+ G5, (8.121)
4 B 4 _ 2(1 4 3w)
=2G — t Gy x — 2G +— '@ 2t e
s 40 F 30+ w) 4,X 1Xe £ 300 5.0+ 91+ w)? 5,x+
) (8.122)
—— '@ G
+ 3(1 + w) 5, Xy + 5,0
2
= 2G4 —2G G —— '@ 8.123
fo 4 ax +Gs54 F 50+ w) 5,X ( )
4
= fis = 4G4+ 4Gy x — 2G5, + ———1t G 8.124
fi0 = fis 4+4Gy x e 3w 5,X ( )
fi1 = fio=—Gs x +2G _8 g +2G 8 g +
11 = J19 = 3,X 4,0 F 301 1 w) 4.X 4.Xp T 301 1 w) 4,XX
8 —1 -2 4 -1
+— 7G5, ———t GsxEt———-t G .
301w P T BIwE X T 3Atw) ot (8.125)
4 -2
— t G
91+ w)2 X
2(0) . w w
fao + ¢ E, ==+ Sai f%@x T 87t Stivu Gy x+
P B o fe Sa e |
3(1 + w) P 9(1 + w)? .
Ty 8a; 1+3w 16a; ,_ 1isw
— =+ q,130+w) G — T 4TI ' $7TE0+w G
f1a = far a; 3,X 301+ w) 4+ 50+ w) 4,x+
_ 2 2 8a; 143w
F zaitd(1+w) G4’S0 F 2ait3(1+w) G4,X<p + mt 3(14w) G4 xx+
4a; 20a; _ A46w_ 4a; 143w
t 3(1+w) G 4+ ¢ 3(+w) G _ 7t 3(1+w) G
T 14w 591 + w)? T30 Fw X
4a;
:|: 71; 3(1+w)G
(8.127)
Using equations (8.110)), (8.111) and ( we get H —=0 = 0 again, so the second order
differential equation for the potential ® - becomes
Bs Bs\’ By , B (B
o lo '+ D= = d=0 8.128
+[33+( Bl)] [ng ot B, <B1 (8.128)
where
/
:f20+a : f1of8f7 ~ Swofs (8.129)

%o f7 f7
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/ Iy /
By = fia + fm]f;gf7 + fuipo — f1o(fgf ) (8.130)
7 7
f2
Bs = 279 (8.131)
7
and ) )
f% = F2a,;t30+w) G47<p + a;t30+w) G57<p<p (8.132)
da; 446w 4 143w
fé ==+ 3(173-10)75 30+w) Gy x — 3(173_“})75 3(1+“’) Gyxp T 2a1t3(1+w) Gappt
2 4a; 446w 4(1 4 3w)a; ,— 1+
2 .t3(1+w) G 7t 3(1+w) (3 715 3(1+w) G
T 2a4 4,X<p<p¥3(1+w) 5,0 — 91 + w)? 5X+
(2 + 3UJ)CLZ 4+ 4(1 143w 2a 143w
715 3(1+w)G 715 3(1+w)G 7t 3(1+w)G
9(1 + w)? 2Xe T 311 w) 2T 3(1+w) 5Xee
2
£ a;t305) Gs o
(8.133)
__2 2 2 446w
fé =+ 2q,;t30+w) G474p F 2a,t30+w) G4,X<p + Wt 3(1+w) G5 x+
w
(8.134)

2a 1+3w

_2
+ ait3<1+“’> G5’(p(p _ t 3(1+w) G5 X

314 w)

8.5.1 Mimetic cubic Horndeski gravity

Since equation (8.128|) is still too complicated to be solved analytically, we investigate the
mimetic cubic Horndeski case as we did in the previous Section, taking G4 = 1/2 and G5 = 0.
The zeroth order constraint on the Horndeski functions (8.115]) becomes

4w _
K(Xo,¢0) = G3,4(Xo, ¢0) + mt 2 (8.135)
while the f; functions m become
fr=—1 (8.136)
fs=0 (8.137)
fo=1 (8.138)
fio = fis = -2 (8.139)
fin = fi9 = —-Gs x (8.140)
2 17(0) .
a*FE 4a; _ _A46w_

+ =+ t 30+w) 8.141

2 4@ 143w
— = 4qt30t0) Gy — —— ¢~ 30Fw) 8.142
fia = far a; T ( )

Taking equations (8.136 m ) the first equation of motion for the perturbations (8.118|)
becomes

®=1 (8.143)
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so, as we anticipated in the previous Section, in mimetic cubic Horndeski there is no effective
anisotropic stress if matter is absent, even imposing a perfect fluid background.

In this particular case the B; functions ([8.129))-(8.131)) become

4a; 4+6w

By — + + 30+w) 8.144

T30+ w) (8.144)
4ai _ 143w

By — — ¢~ 30Fw) 8.145

T T 3(1+w) (8.145)

By = —2 (8.146)

and the second order differential equation for the potential ® (8.128) becomes

" —se
D" + 2q;t 3+ P =0 (8.147)

Using the definition of conformal time dn = %, we get

3(1 + w) 143w
= 7 304w 8.148
g a;(1+ 3w) ( )

so equation (§8.147)) in terms of conformal time becomes

6(1 1
o+ SEW Ly (8.149)
1+3w n

Equation (8.149) has the solution

54+3w

D(n) = c1 +con THEw (8.150)

but it is easy to show that this solution can be rewritten (defining new constants A(k) and
n; instead of ¢; and ¢3) in the more familiar form

O(k,n) = A(k) [1 - ZEZ)) /77 dﬁaQ(ﬁ)] (8.151)

where this time the integral in equation (8.151f) can be calculated to give equation (8.150)).

i
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Chapter 9

Analytical calculations of the
integrated Sachs-Wolfe effect

In this Chapter we perform the analytical calculation of the late-time integrated Sachs-Wolfe
effect introduced in Chapter [5] considering the time evolution of the potentials in the frame-
work of general relativity and mimetic Horndeski gravity that we discussed in the previous
Chapter.

The final goal of the Chapter is to evaluate the contribution of the late-time ISW effect
to the Cy coefficient given by equation (5.41]):

92 2

C = / dkzk2P(k)‘

™ Jo

O,(k)
50k)

(9.1)

If we consider the power spectrum of the matter fluctuations P(k) to be generated by quantum
fluctuations during inflation, it is a well-known result that P(k) = [6(k)|? (see [19], [35] and
[36]). This means that equation (9.1)) becomes

2 oo
C = / dkk?|©;(k)[? (9.2)
T Jo

The contribution of the late-time ISW effect to ©;(k) is given by the last line of equation
(15-20):
70
0" (k) = / dn e [®' (k1) + V' (k,n)] jilk(n0 — )] (9.3)
0

We know that before recombination (n*) Compton scattering is very frequent, so the optical
depth 7 is extremely large, while after recombination Compton scattering becomes ineffective
and the optical depth is nearly zero. Therefore we can approximate the function e™” to be 0
for n < nx and 1 for n > nx, so equation (9.3) becomes

of () = [ " [& k. m) + ¥ (k)] (0 — )] (9.4)

*

In what follows we will take the time evolution (after recombination) of the potentials ® and
U that we discussed in the previous Chapter and we will use it in equations and ,
in order to determine the contribution to the CMB’s anisotropies of the late-time ISW effect,
considering the different theories of gravity that we presented.
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9.1 ISW effect in general relativity

9.1.1 ACDM background

If we consider the ACDM model, we have the domination of the cosmological constant A over
matter after the time 7y when pa(na) = pm(na). We know that pa is constant in time, while

a(mo)
a(na)

3
pm decays in time as a2, 50 pm(na) = pm(10) ( ) . Therefore the time 7, is determined

through the scale factor:
1/3 1/3
atm) = atm) (22) 7 — auo) (‘g™ ) (9.5)

The time np gives a temporal scale for the variation of the potentials ® and ¥, so we can
distinguish two different cases depending on the scale k of the perturbation.

o [fhk ULA (large scales), then k(ny — n) is small for nx < n < 1 and in equation ((9.4)
we can approximate ji[k(no —n)] =~ 7i[k(no — na)], obtaining

O/ W (k) ~ jilk(no — na)] /no dn [®'(k,n) + V' (k,n)] = 06)
n* .

= gilk(no — na)l(A®(k) + AV(k))
where AP (k) = ®(k,no) — ®(k,n*) and AV(k) = U(k,no) — V(k,n*).

The physical interpretation of this result is the following. Since the wavelength is much
bigger than the time scale of the variation of the potentials (% o A > ny), the change
in the potentials is so rapid that the photon is influenced only by the difference between
the initial and the final values: it receives a kick, given by an instantaneous decay of
the potentials.

o If k> L (small scales), then k(ny —n) can be really large. Therefore we must consider
that jj[k(no — n)] oscillates rapidly in this regime, but it has a sharp peak at 7, =
no — £ (I+ 1) (see [37] and [38]). So we can approximate the Bessel function as a
non-normalized delta function, obtaining

O W (k) ~ [®' (k,m) + V' (k, )] /770 dnjilk(no —n)] =
T’*
0

1., , ' N

= = [ &' (ky ) + W (K, i) /k(non*) dz ji(z) =~ o
= % (@' (ky i) + ' (k)] /0 dx ji(z) =
1

k

where in the second passage we performed the change of variables x = k(9 — ), in
the third passage we substituted k(ny — n*) with oo in the integral limit because we are
dealing with large k, and in the fourth passage we have defined the integral

_ [ VA1)
Il:/o d$]l($)—7m (9.8)

[‘I)/(k,nk) + ‘lll(ka"?k)] Il

Physically, the photon traverses many wavelengths during the potentials’ decay, suffering
alternating redshifts and blueshifts: the result is a cancellation of the contributions.
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Taking into account this distinction, we can write

™

1/na o0
W = 2/ dkk? |OfSW (k)| + 2/ dkk? OV (k)" =
0 ™ 1/mA (99)

= O (kna < 1)+ GV (kna > 1)

in such a way that in order to calculate CZI SW(kna < 1) we will use the k < 77%\ approxima-
tion, so equation , while in order to calculate CZISW(knA > 1) we will use the k > %A
approximation, so equation .

Now we must consider the time evolution of the potentials. First of all, since we are consid-
ering matter with no anisotropic stress, we have W(n) = ®(n) for every time 7. Second, since
we are considering only the late-time contribution to ISW effect, we are dealing with matter
and cosmological constant domination: this means that we can take the sound speed of the
perturbations to be exactly zero, because ¢ = 0 for both matter and cosmological constant
as we have explained in the previous Chapter. Therefore we can take the potential ® to obey
equation and so we have a time evolution

B(kn) = A |1 B [ (9.10)

We immediately note that A(k) = ®(k,n;), so taking 7, = n* and using the well-known
(see [32] and [39]) relation ®(k,nx) = -5®(k,0) (where ®(k,0) is the power spectrum of
perturbations generated during inflation), we get

®(k,n) = %@(k,o) {1 -~ ;((:77)) /n az(ﬁ)dﬁ} (9.11)
77*

for all scales k.

For k <« 77%\’ equation , together with the fact that ¥ = @, gives us

O/ (k) = 2ji[k(no — 1) A®(k) (9-12)
where 0 Him) ™
Tlo 2/~ 7~
AD(k) = d(k — ok =——®(k,0 d 9.13
()= 0k, m0) — 0k, = o000 [ty 019
Therefore
9 [1/ma
CISW (kpy < 1) = / dkk? |Of5Y (k)|
T Jo
] [l/ma 9 H(no) [ 2 (9.14)
= — dkk? i [k(no — —®(k,0 / *(77)dij
2 st — ) g 0) s [ e
and taking a generic power-law primordial spectrum k3|®(k,0)|> = Bk"~! (with B and n
constant), we obtain
8 [/ dk o
1SW n—1 .
k 1)=-B —k k(no — 1
G < )= 28 [ etk - | s [ et 019
For k& > 77%\’ equation (9.7)), together with the fact that ¥ = &, gives us
O (k) = -/ (kmi) (9.16)

k
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where

/ 9 77 K
' (k,me) = 752k, 0) a* =
“0) S ="k (9.17)
9
= —&(k,0)®
having defined <I>(17) =1- 2{2((:’7)) a®(77)dn.
Since np =1y — (l + %) is very close to ng if k is large, we can expand <I>/(l<: nk) around 7o
&' () = &' (o) + " (o) (nk — 10) =
- 1 9.18
=®'(ng) — k<l+ )@”( 0) ( )
SO
7/ 2 / "
| = | o) 7 (145 ) #0)8" o)+

(9.19)

~ 2
¥ (mo)|

1 12
+o (15

Moreover we can assume that the potentlals start to change in time for n > na, when the
cosmological constant becomes important. Therefore, for the modes k > - we can impose
Nk > na and, remembering the definition of 7, we can substitute the lower limit of the integral
CISW (kna > 1) with the quantity k = lth/?i (see [39]).

So we have

2 oo
CISW (kpy > 1) = / dkk? |OFSW (k) |* =
k
9\? o0 - 2
(55) 7 [ e oR @] -
9\2 0o . 9 (9.20)
=2 () 7 [ aclewmop |[#m)] +
10 i
2 1\ - - 1 1\2. 2
_ = l - q)/ @// l (I)” ‘
k( +2) (110) 2" (10) + 73 ( + ) (10) ]
and taking a generic power-law primordial spectrum k3|®(k, 0)|? = Bk"~! we obtain

8 /9 2 o0 - 2
CISY (k> 1) = <1o> PB Uk ik | (o) |+

1\ [ - -
-2 (z + 2) / dkk™ 5 (19) " (no)+
k
1\? [ - 2
+ <l+> / dkk™0 @"(no)‘ ] _
2 i
2 1 To — A i
1B
3—n \l+1/2
_9 l_i_l 1 o — NA 4_ni),(’l7 )i)llo7 )+
2)4—n\1+1/2 0% A0
1 2 1 Tlo — TIA o = 2
+<l+2> 5—n<l+1/2 @(m)(
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(9.21)

()| +




where the integrals converge if n < 3. Using the fact that for [ > 1

2
2= % <)]> x % (9.22)

and considering a Harrison-Zeldovich primordial power spectrum (n = 1), we find that for
large scales (and so [ > 1)

—
—

1IN
—

ﬁ
+ |+
\[_Q/I—l

1
CHSW 3 (9.23)

9.1.2 CDM and PFDE background

If we consider a universe that at the time of recombination is dominated by cold dark matter
and that at late times becomes dominated by a perfect fluid dark energy with EOS wpg, the
temporal scale for the variation of the potentials ® and V¥ is given by the conformal time 7,
at which the effective equation of state of the universe becomes w = —1/2: it is easy to show
(see [39] and [38]) that in the case of a cosmological constant (wpg = —1) we have 7 /5 = na.
Therefore, assuming also that CDM and the PFDE are free from anisotropic stress, so ¥ = &,
we get the same two cases of the previous Section

. . 1
oW (k) = 2jilk(no — mp)AR(K)  if k< - (9.24)
1/2
1SW 2, . 1
@l (kj) =-0 (k‘, nk)ll if k> — (9.25)
k my2

and so

T s

/M2 o0
CISW 2/ dkk? |OFSY (k)[” + 2/ dkk? |0f5W (k)|* =
0 1/m1/2 (9.26)

= O W (kny o < 1)+ W (kmyjp > 1)

Since we are dealing with cold dark matter and dark energy, we can take again the speed of
sound to be ¢2 = 0, so the time evolution of the potential is given again by equation (8.34)
for all scales k:

(k) = A |1 50 [y (9.27)

a?(n) Jy,

This means that the time evolution of the potential ® is completely determined by the back-
ground expansion history, in the same identical way for every CDM-PFDE universe, also if
the PFDE is represented by a cosmological constant. Now we must remember that we have
strong observational constraints upon the background expansion history of the universe, and
the time evolution of the potential ® will be the same if this observed expansion history is
caused by the domination of a cosmological constant or a generic perfect fluid dark energy with
wpg # —1. Therefore the ACDM and CDM-PFDE models predict the same time evolution
for ® as long as the observations cannot distinguish which one describes the right background
expansion history, and consequently they predict the same late-time ISW effect.
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9.2 ISW effect in mimetic cubic Horndeski gravity

In this Section we consider mimetic cubic Horndeski gravity, since in the particular case when
G4 = 1/2 and G5 = 0 we have found the fully analytical solution for the time evolution of
the potential ® to be, for both ACDM and CDM-PFDE backgrounds,

n
®(k, ) = A(k) [1 - 72(”) / aQ(ﬁ)dﬁ] (9.28)
a*(n) Jy,

Independently on the exact explanation for the origin of it (ACDM or CDM-PFDE), if we
impose that our theory should reproduce the observed background expansion history, then the
time evolution of ® will be exactly the same in the two cases and it will be identical to what
we saw in the previous Section for general relativity. Moreover, the existence of the temporal
scale 11 /5 is a direct consequence of the background expansion history, so it is granted also in
mimetic cubic Horndeski gravity if we impose ACDM or CDM-PFDE background as we did
in the previous Chapter.

Remembering also that in mimetic cubic Horndeski we have ¥ = & if matter is absent, we
can repeat the same identical procedure of the previous Section to find that mimetic cubic
Horndeski predicts the same late-time ISW effect of general relativity.

9.3 ISW in generic mimetic Horndeski gravity

If we consider a generic mimetic Horndeski theory (without fixing G4 = 1/2 and G5 = 0), we
know that the time evolution of the potential ® is described by equation (8.60))

B Bs\’ “ B By (By\' B i
o'+ [2 + (log 33) +H - 309] o'+ [Blcpg + 2L (;) + 5 (H - 90?)] B =0 (9.29)
1 3 1 3

Bg ®o B3 %o
and if we impose a ACDM or CDM-PFDE background expansion history it becomes
Bg B3 ! Bl Bl BQ '
o+ | == log—=" ) |®' + |=pp+—=— =] |®2=0 9.30
+[Bg+<0g31>] +[33¢O+B3 B (9.30)

where the explicit expression of the functions B; depends on the particular background chosen,
as we have shown in Sections and BA

Equation cannot be solved analytically, so the only option in order to find the time
evolution of the potential is to use numerical calculations. It seems legit to suppose that this
time evolution could present a temporal scale 7 /5 given by the background expansion history,
like in the mimetic cubic Horndeski case, but this hypothesis should be confirmed finding a
numerical solution of equation ((9.30)): if it proves to be correct, it would be possible to use
equation also in this case, allowing us to perform different calculations for large and
small scales k.

Besides of the fact that the time evolution of the potential ® could be significantly different
from general relativity, there is another reason that makes us suppose that mimetic Horndeski
gravity could predict a different late-time ISW effect from Einstein’s theory: in fact we should
remember that, in mimetic Horndeski, first-order perturbations obey equation

J1¥ + fsdp + fo® =0 (9.31)

that, in general, implies the existence of a gravitational slip such that ¥(n) # ®(n).
Therefore we expect that only a numerical solution of the full system of equations —
could give us the time evolution of the potentials ® and W, and finally allow us to calculate
the late-time ISW effect in the most general mimetic Horndeski theory.
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Chapter 10

Conclusions

In this Thesis we considered the modification of general relativity given by mimetic Horndeski
gravity: in fact, we know that the cosmological solutions of Einstein’s theory need, in order
to be consistent with observations, the existence of dark matter and dark energy. Since these
two dark components have never been observed so far, and considering that they present also
theoretical problems (such as the cosmological constant problem or the small-scale problem),
many alternative theories have been proposed, trying to explain the same phenomena without
introducing new energy sources: mimetic Horndeski gravity is one of these theories.

Mimetic Horndeski gravity is a modification of Horndeski model, which is the most general
4-D local covariant scalar-tensor theory that can be derived from an action and that has
second-order equations of motion for both the metric and the scalar field: the mimetic modi-
fication can be obtained simply by imposing the constraint b(y)g"”0,¢0,¢ = 1 on the scalar
field o, with b(¢) being a free potential function.

We showed that mimetic Horndeski gravity can easily reproduce the observed background
expansion history of the late-time universe, compatible with the ACDM or CDM-PFDE mod-
els of general relativity: it is sufficient to impose a zero-order constraint on the functions
K(Xo, po) and G;(Xo, ¢o) that define the particular theory inside the Horndeski class. Given
this, it makes sense to investigate other predictions of mimetic Horndeski gravity, and we
focused on the late-time integrated Sachs-Wolfe effect.

The late-time ISW effect is a particular source of spectral distortion in the CMB radiation:
the photons propagating from the last scattering surface to us encounter time-varying metric
perturbations (the potentials ® and V), and therefore get blue-shifted or red-shifted. Since
different theories of gravity predict different time evolution of the potentials, they also predict
different late-time ISW effects.

We considered two cases, imposing first a ACDM and then a CDM-PFDE background expan-
sion history. Since the equations for the time evolution of the potentials were too complicated
to be solved analytically, we restricted the discussion to the case of mimetic cubic Horndeski
gravity: what we found is that in this particular case the time evolution of the potentials is
the same as in general relativity, since it is determined in the same way by the background
expansion history. This means that mimetic cubic Horndeski gravity predicts the same late-
time ISW effect of general relativity.

The most general case of mimetic Horndeski gravity could be studied with a numerical solu-
tion of the time evolution equations for the potentials. We expect this more general model to
predict a late-time ISW effect that is different from general relativity, because it is present a
gravitational slip (¥ # ®) and because the equations for the time evolution of the potentials
are different from the ones in Einstein’s theory.
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