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Introduction

The knowledge of the Universe surrounding us, nevertheless the big steps
forward of the last decade, presents a lot of obscure or not well understood
parts, that are usually indicated with the adjective dark. These parts touch
every component of the Universe: we have well known radiation in form of
photons, and its dark counterpart in form of neutrinos, dark matter beside
the ordinary (baryonic) matter and also an obscure form of energy whose
nature is completely unknown.

In this context the big challenge of the next generation cosmology is to
determine the intrinsic properties of these exotic components by working
on available observables and by determining new ways to look at our Uni-
verse. Astrophysicists and Cosmologists developed during the years different
techniques to observe the sky, some of which focus on the static properties
of the Universe (distances and topology, actual composition), while others
point towards a description of its dynamics (evolution of the components’
perturbations, expansion of the background and so on).

Nowadays measuring distances and in this way the geometry of the Uni-
verse represents quite a trivial task, given the years of observations and data
analysis in this field. It is worth noticing, indeed, that a major complica-
tion of the cosmological research is to reliably reduce the data obtained by
the observations and robustly analyse them in a statistical prospective. We
cannot reproduce the Universe itself, so it is important to determine optimal
ways to collect data and analyse them, keeping in account the fact that we
are not working in laboratory, well-controlled experiments, but that different
effects can merge in different observations and in a certain sense obscure or
bias the properties or characteristics that we are looking for.

Another milestone of the cosmological research is the study of the Cosmic
Microwave Background (CMB). This particular observable contains indeed
both statical and dynamical information on the Universe as a whole and on
its particular components and, maybe much surprising, can tell us about Uni-
verse’s primordial epoch, when everything was in form of plasma, and about
present time, when each component developed its own story and evolution.
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The efforts on observing at best the CMB have been one of the crucial point
of last years of cosmological research, culminated recently with the results
obtained from the Planck experiment, capable of measuring this radiation
at a precision mostly limited by statistical arguments than by experimental
limits.

As we will see in detail in this thesis, the general relativity that rules
the Universe evolution works in such a way to link statical and dynamical
behaviour. This feature gives the Cosmologists the possibility to infer dy-
namical properties starting from simple geometrical measurements, and this,
in last analysis, leads to development of new techniques to study directly also
the evolutionary part of the Cosmo. We already have some measurements of
this kind, but the best is to come with recently developed experiments that
started in the last couple of years or that should start soon. This kind of
observations will concentrate on precise and complete dynamical data that
hopefully will lead us to comprehend also the darkest part of our knowledge:
the dark energy.

My Ph.D. work has been principally focused on the study of the properties
of the dark sector of the Universe using all probes actually available. In the
first Chapter, after a brief introduction on general cosmology, I will present
the state of art of the research, namely the standard ACDM model, with its
lights and shadows, and the observables I have used for my research.

In the second Chapter I will focus on the dark sector itself, presenting
each component and its impact on the overall behaviour of the Universe.

Chapter three will be dedicated to the analysis methods used, introduc-
ing Bayesian inference, Monte-Carlo Markov Chains (MCMC) methods and
Principal Component Analysis (PCA).

The fourth Chapter will present my research about dark radiation: I will
expose results on its general and specific properties, obtained using differ-
ent aspect of its behaviour, namely its interaction in the primordial plasma
imprinted in the CMB and strongly related with other CMB features, and
its fundamental role in the formation of the light chemical elements of our
Universe, in a process known as Big Bang Nucleosynthesis (BBN).

Chapter five will instead be focused on my research on dark energy, in
particular on its possible time evolution, right now the best way to make
assumption on its nature. I used the PCA to decorrelate information on the
equation of state of dark energy at different epochs, in order to understand
how likely are a constant or an evolutionary behaviour.

Finally the sixth Chapter will be dedicated to my research on possible
interaction between dark energy and dark matter, a promising model that
in principle can explain some awkward aspects of our Universe (coincidence
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problem), and can give reason of some inconsistencies among late and recent
time observations. Beside an introductory work on some theoretical models,
I performed a parametric analysis that led to the identification of a best fit
model, on which several consistency tests were applied. Finally I will drop
my conclusions and expectations for the future.

As last word of this introduction I would like to state that a lot of my
work has been devoted also for the Planck experiment. As part of the Low
Frequency Instrument (LFI) Core Team and of the Cosmological Parameter
Group, I worked actively on the likelihood validation and testing and the
data analysis. Unfortunately, I cannot disclose any of these results before
the official Planck release.



Chapter 1

A brief overview

L Af T told you that I knew about the sun and the moon,
1’d be untrue,

The only thing I know for sure

Is what I wanna do...’

Queens of the Stone Age - Make it wit chu

1.1 Cosmology

Standard cosmology is founded on a fundamental principle, the cosmological
principle indeed: the Universe is homogeneous and isotropic at large scales
(> 100Mpc). This simple sentence can reduce the complexity of the study
of the Universe at high degree. Working in a homogeneous and isotropic
environment, at least for what concerns the large scales, makes indeed the
calculations straightforward and simplifies extremely also the interpretation
and comprehension of the theory. This clearly does not mean that the princi-
ple was chosen ad hoc to make things easy. The observable Universe, and in
particular the CMB, agrees with this principle, showing us a picture in which
peculiarity are meaningful only at small scales. One of the most important
implications of this principle is the that we can consider different areas of the
sky that we observe as different statistical realizations of the Universe itself,
giving us the fundamental possibility to use a statistical approach at large
scales.

1.1.1 The Big Bang Theory

The theory of the Big Bang is right now quite overall accepted [I]. The
presence of the CMB itself, the expansion the Universe is undergoing, and
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the precise predictions of the BBN about the primordial abundance of the
light elements, all concur to indicate the Big Bang as the starting point
of our Universe. The idea is that everything starts from a singularity, a
dimensionless point in which all the content of the Universe was condensed.
At the beginning of time (and space) this singularity starts to expand, giving
rise after billions of years to the Universe that we know. All that concerns the
Big Bang and the very early times of the Universe is unknown. It regards such
small spatial scales and such high energy scales that quantum and relativistic
effects are bound together, and still we do not have a comprehensive theory
to study this kind of physics.

The Universe was born in a very small, dense and hot state in which the
very fundamental particles (quarks and leptons as far as we know) interact
with each other at high rate. As the expansion goes on, and as the temper-
ature lowers, high-energy interactions among particles begin to disappear.
In this way strong interactions fade and quarks remain bound in baryonﬂ
In this plasma made on of baryons and leptons (and their antimatter coun-
terparts), the photons generated by their interactions are strongly scattered,
so that they cannot stream away. The result is that they cannot reach us
and carry information on what is going on there, making that primordial
age of the Universe for us is simply not observable. The Universe is said
to be optically thick. When all the baryons annihilate the anti-baryons and
the relic of matter starts to form atomic nuclei we are in the middle of the
BBN process. Finally, when the temperature lower further, the nuclei and
the electrons merge to form neutral atoms, making finally possible for the
photons to stream freely and reach us. This epoch is called recombination,
the Universe is now optically thin and its picture of this epoch is exactly the
image that we see observing the CMB.

1.1.2 The Friedmann equations

The Universe obeys the laws of general relativity, and to study its evolution
we need to define a metric that represents a four-dimensional expanding
space-time, homogeneous and isotropic. This kind of metric was proposed
by Friedmann, Lemaitre, Robertson and Walker (FLRW) and its line element
can be written:

ds® = g datdz” = —dt* + a(t)*do? (1.1)

n equilibrium conditions, the conservation of the CP symmetry (Charge conjugation
Parity symmetry) requires that particles and antiparticles are created together, and an-
nihilate each other. The reason why the annihilation gave rise to a matter relic is one of
the most important question of modern cosmology, known as the baryonic asymmetry, cfr.

2.
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where a(t) is the scale parameter that encodes the expansion and

dr?
1— Kr2

is the standard expression for a three-dimensional metric characterized by a
curvature K, which values 0,41, —1 indicates respectively a flat, closed or
open space.

This metric is used to solve the Einstein equations in this particular
framework. The Ricci tensor is given by:

do® = v da’dr! = + 72(d6* + sin*0d¢?) (1.2)

Ry, =T%,,—T%, , +T0T0, —TeT7, . (1.3)

Qo po,v

where the I'’, are the Christoffel symbols obtained from the FLRW metric.
From the Ricci tensor one obtains the Einstein tensor in this way:

1
G[,LV = R,ul/ - §9WR (14)

where R is the scalar curvature. At this point you can solve the Einstein
equationP}
Gl =8rGT) . (1.5)

The components of the equation are [3]:

Go = —3(H + 5)

a2
G =GH=0
T 2 7
Gy = —3(H*+ 2 + —)3;
where I introduced the Hubble parameter H representing the ratio between

the temporal derivative of the scale factor and the scale factor itself.
The energy-momentum tensor of the matter is that of a perfect fluid

T = (p+ P)uu, + Pk (1.6)

where u* = (—1,0,0,0) is the fluid four-velocity in co-moving coordinates
and the tensor components are Tg) = —p and T} = PJ}.

Using the temporal component of the Einstein equation we obtain the [
Friedmann equation:

g2 <@>2:87TG _ K (1.7)

*The gravitational constant is G = 1/m?; where my; = 1.2211-10"GeV is the Planck
mass.




CHAPTER 1. A BRIEF OVERVIEW 7

while using the others we find the II Friedmann equation:

a e

-—=—— 3P) . 1.8

© = - (p+3P) (1)
Starting from these two relations we can obtain the continuity equation for
a perfect fluid:

p+3H(p+P)=0. (1.9)

1.1.3 Hubble law and red-shift

It is time to define one of the fundamental quantity for cosmology: the red-
shift. Looking at emission and absorption lines of known chemical elements
present in the light spectra of distant objects one can see an interesting fact.
The central wavelength of these lines seems to be shifted towards the red
part of the spectrum with respect to its position as observed in laboratory,
and much important, this shift is proportional to the distance of the object
observed.

This is a direct consequence of the relativistic expansion of the Universe.
We can see it in this way: as light travels, the space-time expands and the
wavelength of the radiation is kind of stretched. This in turn means that
radiation loses part of its energy travelling in an expanding space-time. This
is also the reason why we see the photons of the CMB today at a temperature
of about ~ 2.7 K nevertheless they come from an epoch of the Universe in
which the mean temperature was about ~ 3000 K.

The red-shift is expressed by this formula:

_/\0—/\_a0—a

= (1.10)

z

and if we are dealing with velocities (between us and the source) much lower
than the speed of light ¢ (2 < 1) we can use the Doppler effect approximation,
obtaining:

A0~(1+%))\ N zrv%.

Parametrizing distances with a co-moving, constant distance multiplied
by the scale factor (7" = a(t)Z) and time deriving, we get a line of sight velocity
that is sum of two terms: one refers to the whole Universe expansion, and
the other to the peculiar velocity of the object.

Uy o T
v=Hr+ -2 .
r
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In the limit of small and negligible peculiar velocities one obtains the Hubble
law:

v = Hyr (1.11)

where Hy is the Hubble constant, the present value of the Hubble parameter
H(t) introduced in previous sectionrf]. The Hubble constant is another fun-
damental number of cosmology; starting from its value one can determine
approximate estimates of age, observable radius and mean density of the
Universe.

1.1.4 Evolution of the components

To study the fundamental properties of the components of the Universe we
need to familiarize with the concept of Equation of State (EOS). To well
parametrize the behaviour of a perfect fluid one can use the EOS, namely
the ratio among pressure and density of the fluid:

Wy . (1.12)
Our universe underwent different dynamical epochs, in each of which its
evolution was principally dominated by the evolution of a particular compo-
nent, the predominant one. The evolution of each component with respect
to the scale factor can be determined using the continuity equation [I.9] sub-
stituting its density as the total one p(a) in the first Friedmann equation
L7
pe oc a 30Fws) (1.13)

This leads us to determine also the evolution of the scale factor with respect
to time: .
a o< t30Fwa) (1.14)

where w, is the EOS of the dominant component of the Universe in the
specific epoch. This means that the expansion of the Universe changes in time
accordingly to the behaviour of the dominating component. The composition
of the Universe, so, drives its evolution, as Einstein equation implicitly states.

From the prospective of the EOS we can distinguish between 3 Universal
components: relativistic particles (photons and neutrinos), non relativistic
particles (ordinary and dark matter) and dark energy. The relativistic part
(radiation) is characterized by an EOS of w, = 1/3, it dominated the first
epoch of the Universe (radiation era) and now represents a negligible part
of the total. The non relativistic part (matter) is instead described by an

3This only holds for z < 1.
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EOS of w,, ~ 0, that leads to a matter domination of the Universe (matter
era) after the radiation one. The present value of the matter density is of
the same order of the dominant component of our time: the dark energy.
Characterized by an unknown EOS, that should be not too distant from
w, = —1 at least recently, the dark energy is the most important and less
known component of the present day Universe.

1.2 The ACDM model

The standard model of modern cosmology is the so-called ACDM model.
Starting from different measurements of different observables research has
pointed to a concordance model that can more or less reproduce all cosmo-
logical data available until now. Before going into detail we should however
recall some conventions.

Densities in cosmology are usually expressed with an dimensionless pa-
rameter (), that represents the ratio between the density of the species p,
and the so-called critical density p.o, namely the density needed to have a
flat Universe:

3172

Peo = 3G 1.88h% - 107 g em ™ .

We will distinguish among the general density parameter of a species €2, (a),
that is function of the scale factor, and its present value that will be indi-
cated as €2, 0, as in the case for the Hubble parameter H (a) and the Hubble
constant Hy. In ACDM model, the Universe is well represented by a set of 6
cosmological parameters:

Q.0 the density parameter of the cold dark matter present in the Universe;
(0 the density parameter of the baryons;

Hj the value of the Hubble constant;

Zre the red-shift at which global re-ionization of the Universe started;

ns the spectral index of the primordial perturbation spectrum;

Ay the normalization of the primordial perturbation spectrum.

These parameters carry some implicit assumptions: dark matter is cold, re-
ionization can be thought as instantaneous, the primordial spectrum of the
fluctuations is a power law. As we can see densities are expressed only for
matter (ordinary and dark). This comes from the fact that the ACDM is a
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flat model. €240 is indeed the ratio between the total density and the critical
density today, so for a flat Universe €}, o = 1. Given that radiation density
is negligible at present, the only other component is dark energy, whose value
is equal to 1 — €2,,,. The fact that dark energy is identified by its sole density
implies another fact: dark energy is a cosmological constant, characterized
by an EOS always equal to —1. The cosmological constant is identified with
the letter A, and from here the name of the model.

What about the values of these parameters? For the densities we find that
a 5% of the total in form of ordinary matter, a 25% in form of dark matter
and finally a 70% in form of cosmological constant. In practise the 95%
of our Universe is unobserved: its existence has never been proved directly,
but inferred from other evidences. Figll.T] sketches the values measured for
these densities by WMAP and Planck, the two fundamental dataset of CMB
spectrum.

Dark Matter Dark Matter

Dark Energy Dark Energy

Before Planck After Planck

source: ESA, Planck collaboration

Figure 1.1: The plot shows the values of the densities of baryons, dark matter
and dark energy in our Universe. On the left results from WMAP 9 years [4]
are reported, on the right values from Planck [5].

For what concerns the value of the other parameters the Hubble constant
is something around 70 krn/s/Mchl, the re-ionization red-shift should be
around z = 10, and the primordial spectrum spectral index is about ns, =
0.96, a little lower than the unity value that makes it scale-independent.

4Hy is one of the more debated parameters in that its value is much higher if measured
by local observations with respect to the one derived from CMB analysis.
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In general the ACDM offers a simple model that fit well with the ob-
servations. With present datasets, however, the Bayesian approach cannot
completely rule out some extensions of this model (dark energy models dif-
ferent from the cosmological constant and modified gravity theories, non-
standard neutrino scenario, higher-order scale dependence of the primordial
power spectrum, tensor modes, iso-curvature modes for different species, non
standard dark matter behaviour and so on [6]). ACDM model is the preferred
in that is the simpler, as Bayesian analysis states.

Recently, with the precision of the observations getting better and better,
some inconsistencies came into light, in particular the discrepancy between
clustering measurements from local Universe and clustering prediction de-
rived from the CMB following the standard ACDM evolution [7, @, 8]. We
will look at some of this weaknesses in the last three sections of this thesis.

1.3 Observables

After this brief review of the most important laws and properties of cosmology
I list the observables that will be used in this work.

1.3.1 Distance measurements

The word distance in cosmology has not a trivial meaning. We can indeed
define different types of distance measures, that directly relate to different
types of observables. I start by defining the line element of the 3D space
with curvature K as the variable y:

do® = dx* + (fr(x))*(d0® + sin*0dp?) (1.15)
that relates to the r of equation [I.2]in this way:

siny K =+1
r= x K=0
stnhy K = -1

and fr(x) is:

Filx) = \/i_Ksmh(\/jx) . (1.16)

Using this parametrization we can easily define the following distances.

e Co-moving distance
Is referred to a light ray that travels along x and satisfies the geodetic
equation:
ds® = —c2dt* + a(t)*dx* =0 .
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If the light is emitted at t = t; and xy = x; and received at t =ty and
x = 0, integrating on dy we obtain d.:

X1 t edt
dC = = d = —/ .
=gy X to a(t)

Recalling the red-shift definition of one ends up with:

o z dz
N aoHO 0 E(Z’) ’

de (1.17)

The function E(z) encloses the importance of distance measurements
for cosmological research. Its form is:

B (=) = HY(:)/H} =

fz 3(1+wpE) dz

0 T TF + (1 + 2)?

= [ Qo1+ 2)" + Qno(1+2)> + Qppo e
(1.18)

As we can see, it contains the density parameters of all the components
of the Universe: radiation, matter, dark energy and curvature (for
which we can define an effective density). Tracking how the distance
depends on the red-shift we are able to make predictions about the
composition of our Universe.

e Luminosity distance
This distance comes from the relation between the absolute luminosity
L of a source and the flux ® received at a distance dj:

L L

= = (i) (1.19)

d2
L LO

because the flux received is related to the observed luminosity Ly in
this way:
S (1.20)
S dm(aofr(X))?
with S the area of the sphere centred in z = 0. Given that the energy
AF; is emitted in the time interval At;, it follows that the emitted lu-
minosity is L = AF;/At;. Similarly the observed luminosity is defined
as Ly = AEy/Aty. The red-shift lets us calculate the energy loss of a
photon emitted at z = z; and received at z = O:

AEl /\0

— 01y,
N
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Imposing the conservation of the speed of light c:

A1 Ao
C=— = —
Aty Aty
and putting all together we find:
L AFAt
= =0 (14 2)?

that lets us define the luminosity distance:
drp = aofr(x)(1+ 2) . (1.21)
substituting fi(x) from [1.16] we find:

c(1+z) . ( = d >
d, = ———=sinh| /<) / —_— 1.22
L HO\/% k,0 0 E(Z/) ( )
In flat space the formula simplifies in:

c(l+z) = d2
dp = . 1.2
L Hy Jo E(?) (1.23)

e Angular diameter distance
This distance is related to the observation of extended objects, whose
dimension is measurable. We define the real dimension of the object
Ax, and Af the angle that it subtends. Identifying x as the radius of
the sphere centred on the observer, with the object on its surface, we
can compute the distance in this way:

Ax
dy = — . 1.24
AT NG (1.24)
The effective dimension at the time of emission #; is:

Az = a(ty) fr(x) A0 . (1.25)

It is easy now to compute d4 and its relation with d:

dr,

dy = a(t = ) 1.26
A CL( l)fk(X) (1 —|—Z)2 ( )

For low red-shifts the two distances d; and d4 coincide.

The distances we just defined are useful to be used with objects known as
standard candles and standard rulers.
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Supernovae Ia Supernovae Ia (SN) are the most used standard candles.
SN events are explosive disruptions of very massive stars. Starting from
different mechanisms of accretion and collapse these events can be classified
in several categories [10] (11, 12]. The one of great importance for cosmology
is the Ia subclass, because all the SN of this category have the same absolute
luminosity at their peak’} The high luminosity of these events, then, makes
it possible to see them at very high distances, allowing to measure distances
up to z ~ 1.4.

With this information, remembering the form of the function E(z) in[1.1§]
we can try to determine what composes the Universe and in which amount.
In Figll.2] we report the typical evolution of the luminosity distances in our
Universe as mapped by the SN of the Union2 compilation [I5]. Left panel
of Figll.3] shows the expected behaviour for the luminosity distance in the
standard model of the Universe (with a 70% of the total composition made
up of dark energy) in comparison with the one expected for a Universe with
no dark energy at all and 100% of matter.

Baryonic Acoustic Oscillations The Baryonic Acoustic Oscillations (BAO)
are a fundamental feature of the matter spectrum of the Universe. With a
method analogous to the one used to compute the CMB power spectrum
(well explained in next section), we can determine the correlation function
of the matter density field of the Universe [16, [I7]. Poorly speaking, one
can map the positions of galaxies and clusters in the Universe and ask at
which separation is more likely to find formed structures. These preferred
separations are peaks in the correlation function of the Large Scale Struc-
tures (LSS), and the oscillatory shape of these peaks recalls the oscillations
of the primordial plasma in past epochs (CMB). The change of this peaks at
different red-shifts traces the change in separation at different times, and so
is a direct way to measure the angular diameter distance evolution. Fig[l.4]
reports the BAO as measured from the WiggleZ survey [I8], while Fig[1.3]
reports the change in angular diameter distance evolution for a standard
ACDM Universe and a flat Universe fulfilled with sole matter.

Datasets used in my works Here I report some information about datasets
of distance measurements used in the following works. The SN data come
from different compilations and are usually reported in terms of distance

5This is not as easy as it seems. In real world SN Ia present some differences in their
peak luminosities, in their light-curve evolutions and in their colors, but the important
fact is that is possible to reliably calibrate them in order to obtain a shared absolute
luminosity [13], [14].
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Figure 1.2: The plot shows the mapping of the luminosity distance up to
z ~ 1.4 as measured by the Union2 compilation in terms of the distance
modulus p, refer to equation [1.27]
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Figure 1.3: The plot shows the behaviours expected in a ACDM Universe
(red line) and in a flat Universe with no dark energy (green line) for the
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Figure 1.4: Left panel shows the matter power spectrum as measured by the
WiggleZ survey in units of inverse scale length k [I8]; right panel shows the
wiggles obtained by subtracting a constant reference spectrum to the one
measured.

where m(z) and M are relative and absolute magnitude of the object.

e Super Novae Legacy Survey
The SNLS [19] contains 427 SN data from different surveys. It goes
from z ~ 0.01 to z ~ 1.4. Light-curves are fitted using both SALT2
and SIFTO [20, 21];

e Unionl
Made up of 307 SN from 13 different surveys [22], covering a red-shift
range of 0.003 < z < 1.4. Light-curve fitter is SALT [23];

e Union2
Contains 557 SN from different surveys [15]. It covers a red-shift range
from z ~ 0.01 to z ~ 1.4, and uses as light-curve fitter SALT2;

e Union2.1
A compilation that add to Union2 25 SN [24]. They reach z = 1.415,
and were analysed with SALT?2.

For what concerns BAO measurements, data are usually reported in terms
of different quantities. Beside the angular diameter distance d(z) one can
use the ratio ds(z) = 75(zq4)/dy(2z) where r4(z4) is the radius of the sound
horizon at decoupling and:

, oz 1/3

H(z)

dy(2) = [(1 4 2)?Da(2) (1.28)



CHAPTER 1. A BRIEF OVERVIEW 17

Some others use the acoustic parameter Ag(z) defined as:

_ Dv(Z)

Ay(2) O H(2)? . (1.29)
o 6AFGRS

This is a measurement at z = 0.01 [25], in form d4(2);

e SDSS-DR7

Two measurements at z = 0.20 and at z = 0.35 [26], in form d4(2);

e SDSS-DR9
One measurement at z = 0.57 [27], in form d(z);

o WiggleZ
Three measurements at z = 0.40,0.66,0.73 [1§], in form A(z).

o WiggleZ2
Three measurements at z = 0.40,0.66,0.73 [28], in form d,(z).

1.3.2 Cosmic Microwave Background

As previously stated, during recombination, the photons finally became free
to stream away from the primordial plasma and reach us. Nevertheless the
temperature during recombination was something between 4000 and 3000 K,
the red-shift is so high that we see it now at 2.72 K. The spectrum of this
radiation is in practice the most precise black-body spectrum ever seen.

The mean temperature of this radiation is important to determine the
red-shift at which recombination took place (z ~ 1100), but the crucial fact
for cosmological research are the small anisotropies that it presents. This
radiation, visible all over the sky, is indeed highly homogeneous: differences
in temperature are always below 10 K. Moving to resolutions below this
limit it is possible to see the small fluctuations in temperature, as the Planck
map in Fig[l.5 shows. These temperature fluctuations map the small over
and under densities present in the primordial Universe, from which all the
LSS that we see today had birth. Performing a statistical study of these
anisotropies allows us to understand the dynamics of the primordial plasma,
and then to make precise predictions about the content of the primordial
Universe.

The CMB power spectrum An efficient way to compute the CMB cor-
relation function is to move in Fourier Space and work in terms of power
spectra. As the Wiener—Khinchin theorem demonstrates power spectra are
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source: ESA, Planck
collaboration

Figure 1.5: The image reports a map of the CMB as measured by Planck
experiment [5].

the Fourier transform of correlation functions. Following [29] we define a
dimensionless quantity that encodes fluctuations of the temperature field:

T(n)—<T>

On) = <T >

Dealing with a 2D representation of a sphere it is useful to work in terms
of spherical harmonics Yy,,, where ¢ is the multipole, and represents a given
angular scale in the sky, a ~ 7/¢. We can expand our field in this way:

f=00 m=¥

O) = 3= X aumon(® (1.30)

/=0 m=—

We can define now the power spectrum of the temperature field fluctuations
as the variance of these harmonic coefficients, mediate over different realiza-
tions:

< agmazm, >= 5ggl(smm/Cg . (1.31)

We cannot reproduce the Universe, so there is an inner limitation of the m-
modes for each multipole that we can measure that is (2¢+ 1). Knowing this
we can express the power spectrum as:

— g a m 1 . 2

m=—/

Cy
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and this leads to an unavoidable uncertainty AC, known as cosmic variance.
The cosmic variance comes from the actual difference between the expecta-
tion value of the observed spectrum C, and its theoretical value Cl:

2

e
<(Ce= G >= 5

Ci. (1.33)

An image of the CMB power spectrum as measured by Planck is reported in

Fig[T.6]
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Figure 1.6: CMB power spectrum as measured by Planck experiment [5].

Meaning of anisotropies Following Tegmark [30] one can identify three
levels of anisotropies in the CMB: primary, coming from plasma physics;
secondary, coming from the interaction between CMB photons and structures
in the Universe; tertiary, better known as foregrounds.

e Primary
These are due to plasma physics. Oscillations of plasma are caused by
gravity, Doppler effect and density field. In formulas, the three effects
give:

O(n) =¢(n)—n-v(n)+ ;5(n) (1.34)
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where the first term on the right is the red-shift due to the potential
well ¢, the second is the Doppler red-shift due to the peculiar velocity
of the matter scattering the photon and the last is the intrinsic higher
temperature of the over-dense regions. In this category fall also effects
that damp the acoustic oscillations in the high-¢ part of the spectrum,
like the free streaming of relativistic particles, that tends to smear out
oscillations at small scales.

e Secondary
Secondary anisotropies are due to the interactions the photon under-
goes while streaming towards us. The most important are reported in
left panel of Fig The Integrated Sachs-Wolf effect (ISW) describes

O SPT150GHz —— tSZ

o ACT 148 GHz CIB Poisson
—— ISZ x CIB (abs.} Radio Poisson
— ksz Lensed CMB _
CIB Clustenng —— Total ]

lensing

1), [ 2 (uKP)

l Multipole Moment ¢

Figure 1.7: The left panel of the plot shows most important secondary
anisotropies (ISW, RS, lensing) of the CMB [31], the right panel depicts
typical foregrounds, besides CMB damping tail data from ACT and SPT
experiments [32].

the fact that modifications of the gravitational potential imprint tem-
perature anisotropies, following that, for a photon:

O(h) = / Sn(t), )dt . (1.35)

The ISW contains the Early ISW (due to transition from radiation to
matter era), the Late ISW (due to transition to dark energy era) and
the Rees-Sciama effect (RS, due to local non-linearities of structures).
The ISW effect enhances the power at very high scales.

The weak lensing of the CMB makes photons change path due to LSS
encountered during their travelling. This causes a damping of the high-
¢ tail of the spectrum: the total power is conserved but is redistributed
from peaks to troughs.
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The Sunyaev-Zel’dovich effect depends on local big structures like clus-
ters. Photons of the CMB passing through clusters are Thomson scat-
tered by the gas and this causes a distortion in the shape of the CMB
power spectrum. The effect is called kinematic if it comes from a
Doppler shift due to the peculiar velocity of the cluster, and thermal if
due to the scattering with the energetic electrons forming the hot gas.

The global re-ionization of the Universe at red-shift z ~ 10 causes a
loss of power at small scales due to the probability of the photons to
be scattered by electrons, loss that is proportional to the optical depth
of the Universe.

e Tertiary
Tertiary anisotropies are identified as foregrounds. At large scales we
have point sources that emit in radio or IR, at galactic scales there
are dust, free-free and synchrotron emissions, and finally we have local
effects like noise or atmosphere interactions that can be removed us-
ing space missions. Point sources are usually mapped and eliminated
from the analysis (the masking of the sky), like also the strong galactic
emissions of our and nearby galaxies. Relic contamination is usually
fitted out using empirical power laws. The process of masking implies
that we do not use the entire sky to analyse the CMB. This reduces
the accuracy of the predictions. The fraction of the sky used in the
analysis is typically indicated as fsxy, and is included in the likelihoods

used to determine cosmological parameters. An explicative image is
reported in right panel of Figl1.7]

Other CMB spectra Beside the temperature spectrum we can determine
other spectra from the CMB. Other two-point correlation functions that we
can compute are the polarization spectra. We can also compute higher-order
statistics moving to three-point correlation function (bi-spectrum, useful for
checks on the Gaussianity of the CMB) or four-point correlation function
(tri-spectrum, linked to the lensing of the CMB).

Polarization of the CMB comes from scattering phenomena only [33].
Photons scattered by electrons acquire a polarization. To produce polariza-
tion a quadrupole anisotropy is needed, and this can be generated by scalar
perturbation of density, vector perturbations due to vorticity or tensor per-
turbations due to gravitational waves. The polarization spectra of the CMB
are particularly indicated to study the re-ionization history (scalar pertur-
bations) and inflationary scenarios (tensor perturbations). The polarization
is usually decomposed in two components:
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EE component
gradient-like mode, due to scalar and tensor perturbations;

BB component
curl-like mode, due to vector and tensor perturbations.

In this way one can compute other three spectra: CFF C7F and CPP, be-
cause, due to parity reasons, C7Z and CPP vanish. In particular the E
spectrum can give important information on re-ionization and the B spec-
trum contains the contribution of possible inflationary gravitational waves
and weak lensing effects. All the polarization spectra are contaminated by
foregrounds that polarize radiation at small scales. In Fig|l.8| are reported
polarization data.
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Figure 1.8: This plot shows polarization data from several experiments [34].

The CMB observed spectrum is lensed, in the sense that the photons we
see have been deflected by the LSS during their travelling. This deflection is
indicated as:

T,(R) = T(&') = T(4 + a) (1.36)
a=Vo (1.37)
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where T, is the observed lensed temperature, 7" is the unlensed and ¢ is the
CMB lensing potential. The effect is small, so we can work at first order:

T,(h) = T(h) + Z Vip(n)V,T,(n) . (1.38)

The effect of lensing is to correlate the lensed temperature to the gradient of
the unlensed temperature. When averaging over realizations of lensing po-
tential and CMB unlensed spectra, the lensing introduces a non-Gaussianity
in the CMB that is visible in the connected part of the CMB tri-spectrum.
From this feature one can measure the lensing spectrum C¢? [35]. The Planck
measured lensing of the CMB is reported in FiglT.9|
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Figure 1.9: The lensing spectrum of the CMB as measured by Planck exper-
iment.

Datasets used in this thesis The base dataset of the last years for CMB
research was WMARP. This experiment measured at very high precision the
first 1200 multipoles of the CMB power spectrum. To include also measure-
ments of the damping tail, other datasets like ACT or SPT measurements
could be combined with it. In March 2013 Planck space mission released its
first dataset, replacing WMAP as the standard for CMB temperature power
spectrum.

e WMAP
Space mission that observed the sky in 5 bands. T used the 7 years [30]
and the 9 years releases [4]. WMAP measured CMB power spectra
at high precision in temperature up to £ = 1200, and in polarization
(E/B) up to £ = 1024.
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e SPT
Ground based experiment, a 10 mt telescope located at South Pole. Ob-
served sky in 5 frequency bands, obtaining anisotropies measurements
up to ¢ < 10000 [38].

o ACT
Ground based experiment, a 6 mt telescope located in northern Chile.
Observed sky in 3 frequency bands, obtaining anisotropies measure-
ments up to ¢ < 10000 [37].

e Planck
Space mission based on 9 channels observations. Planck measured the
CMB temperature power spectrum at exquisitely high precision up to
multipole ¢ = 2500. It is used in combination with WMAP polarization
spectra, because the Planck polarization measurements are up to come
with next release. Beside the T'T power spectrum Planck released also
the lensing power spectrum, up to ¢ = 2000.

1.3.3 Clustering measurements

This kind of measurements intends to constraint the clustering power of the
LSS. These are considerably young observables, and can be of different type.
In our interacting dark energy work we used one type of them: the Red-shift
Space Distortions (RSD). Because we are living in an isotropic Universe, if
we make a map of the structures of the Universe we should recover angular
invariance. This is not the case. Indeed, the peculiar velocities of the objects
themselves distort this kind of mapping, because to recreate a 3D map the
distance of objects is inferred from the red-shift (remember Hubble law [1.11]
and the red-shift-distance relation). Red-shift however does not contain only
the Hubble flow contribution, but also the intrinsic velocity of the source.
The idea behind RSD is to use this anisotropy between line-of-sight and
perpendicular velocities of objects to determine their motion. This motion is
due to the gravitational clustering of matter, so the RSD measurements can
give a statistical prediction of the clustering of structures at different epochs.
In FiglI.10] I report an example of this anisotropy between line of sight and
perpendicular directions. The clustering power is usually defined with fog:

. 60'8
N 81na08

fos

(1.39)

where og is a quantity that represents the amplitude of the matter power
spectrum in terms of density variance inside spheres of 8 Mpc. RSD data,
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Figure 1.10: This plot shows the typical anisotropy of LSS mapping, repre-
sented as a smashing of the two-point correlation function [39]

anyway, are usually reduced to this quantity assuming a ACDM background
evolution. In situations in which the background evolution of the Universe is
not ACDM is necessary to check the values of other quantities like Dy,
and the Alcock-Paczynskif| variable F:

F:1+z

Da(2)H(2) . (1.40)

The dataset used for my analysis is a compilation of different fo8 mea-
surements as shown in Tab[I.I} The full analysis with the whole set fo8 —
F — Dy was performed using data from Tab[I.2]

1.3.4 Hubble parameter measurements

In some analysis [ also make use of some Hubble constant Hy and Hubble
parameter H(z) measurements.

The Hubble constant measurement used is the one of [44], obtained using
a Hubble space telescope (HST) camera to observe SN and Cepheidsﬂ and
determine distances from which to infer the value of H,. The Hubble flow

6The Alcock-Paczynski effect is a distortion in the LSS mapping due to different back-
ground evolutions that lead to different translations of red-shifts in distances.

"Cepheids are also standard candles. They are variable stars, and the period of their
pulsation is proportional to their absolute magnitude [10].
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Survey z fos ref
6dFGRS 0.067 | 0.42 +0.06 || [25]
2dFGRS 0.17 | 0.51 £ 0.06 || [40]
WiggleZ 0.22 | 0.42£0.07 || [A]
SDSS LRG 0.25 | 0.39 £ 0.05 || [39]
SDSS LRG 0.37 | 0.434+0.04 || [39]
WiggleZ 0.41 | 0.45+0.04 || [4T]
BOSS CMASS || 0.57 | 0.4340.03 || [42]
WiggleZ 0.60 | 0.43 £ 0.04 || [AT]
WiggleZ 0.78 | 0.38 £0.04 || [A1]
VIPERS 0.80 | 0.47 £0.08 || [43]

Table 1.1: RSD measurements used in fog-only and corresponding references.

Survey z fos ref
WiggleZ 0.44 | 0.45 £ 0.04 || 28]
BOSS CMASS || 0.57 | 0.43 +0.03 || [42]
WiggleZ 0.60 | 0.43+£0.04 || [2§]
WiggleZ 0.73 | 0.38 +0.04 || 28]

Table 1.2: RSD measurements used in this analysis and corresponding refer-
ences.

dataset used, instead, is a compilation of 18 measurements at different red-
shifts made by Moresco at al. [45] using the technique of the cosmic clocks.
Using the difference in age (spectroscopically determined) At of two passive
evolving galaxies, formed at the same time but slightly separated in red-shift
Az, it is possible to compute the derivative dz/dt and so the Hubble flow at
that epoch [46].



Chapter 2

The dark sector

"...Matter of fact it’s all dark.’

Pink Floyd - Eclipse

In this chapter we will review the properties of the various components of
the Universe, with a particular focus on the dark sector. As stated before,
the behaviour of a species is determined by its EOS [I.13] namely the ratio
between its pressure and its density.

Recall of statistical mechanics To understand why each species has its
specific EOS we should make some use of statistical mechanics. A particle
with a mass m and momentum p has an energy:

E=\/p>+m?.

If it is in equilibrium at a temperature 7" then the following function repre-
sents the occupation of the phase space:
1

e

that does not depend on the location, given the homogeneity of the Universe.
The plus sign is for fermions while the minus applies for bosons. Finally u is
the chemical potential. From here we can compute density and pressure of a
species:

(2.1)

p=0 [ PO = o [TaE S e e2)

d*p pu d’p p’ g e (B*—m?)i
P= / (27h)3 3 (p) = / (27h)3 3E (p) = 672 Jm dEewp[@] +1
T
(2.3)
where g counts the internal degrees of freedom and v is the particles’ velocity.

27
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Perturbation equations in synchronous gauge The idea behind every-
thing is that small quantum fluctuations in primordial Universe were inflated
to wavelengths beyond the size of horizon during the inflationary era. These
fluctuations eventually enters the horizon as time goes by and horizon grows.
These anisotropies grew thanks to self gravity, arriving to form the LSS that
we see today. However, for what concerns primordial era, their amplitude
is small, and one can use perturbation theory to evolve them. A general
relativistic treatment is required for perturbations on scale larger than the
horizon size. This leads to the choice of a gauge. The two typical gauges
used for this calculations are the synchronous and the conformal Newtonian
one. The Newtonian gauge evolves scalar perturbations only, and that is the
reason why the numerical code generally used for this integration, camb [47],
works in the synchronous gauge. [ will present here the two gauges and
the general results for the linear theory of scalar iso-entropic gravitational
perturbations in the synchronous gauge. This linear theory is obtained by
coupling and linearising the Einstein, Boltzmann and fluid equations for the
metric and the density perturbations [48]. Then, in each section, I will report
the specific equations for the different components.

Consider a flat background space-time. In synchronous gauge the line
perturbed element is:

ds* = a®(7)[—dr* + (8;j + hij)dx'da?] (2.4)

where 7 is the conformal timd[| and, by gauge definition, the goo and go;
components of the metric tensor are unperturbed. The perturbation h;; can
be decomposed in a trace part h = h;; and a traceless part consisting of three
pieces, hyj, hfj and h;fg-, the first having a longitudinal and the latter two a
transverse divergence. The scalar modes of the perturbations arise from A
and hyj, the vector modes from hfj and the tensor modes from hz; We will
work with scalar perturbations only here. We can express the scalar mode
of h;; as the Fourier integral:

e .1 .
his(Z,7) = / ke kil (R, 7) + (kik; = 30,)6n(F, 7)) (25)

where k is the versor of k, h still represents the trace of hi; and n(/;, T) is
another field.

In conformal gauge, perturbations are represented by two scalar potentials
¢ and v, with ¢ being the gravitational potential in the Newtonian limit. The
line element reads:

ds®> = a®(7)[— (1 + 2¢)d7* + (1 — 2¢)dz’dax’] . (2.6)

!Conformal time is related to the proper time as dz° = dr = dt/a(7).
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Getting back to the synchronous gauge, the linearised Einstein equation
is composed by:

la;

k*1) = 4nGa®*(p + P)0 (2.8)
b+ 2%}) — 2% = —87Ga*ST] (2.9)
b+ 63 + 2%(71 +61) — 2k% = —247Ga*(5 + P)o (2.10)

where (p+ P)f = ik70T] is related to the divergence of the fluid velocity and
(p+ P)o = —(l%,-l%j — 30i;) (T} — 6iT}/3) is related to its anisotropic stress.

Remembering the form of the energy-momentum tensor in [1.6] we can
derive its perturbation to linear order:

Ty = —(p+dp) (2.11)
)= (p+ P =-T; (2.12)
T = (P+6P)8; + (T} — 0'T} /3) (2.13)

where v = dz'/dr is the velocity of the fluid, that can be treated as a
perturbation of the same order as dp, 0 P and the metric perturbations.

The non-relativistic fluid approximation can be used for CDM and baryons.
The conservation of energy-momentum gives:

T = 0,T, + 4T + T3, =0 (2.14)

which in k-space becomes:

: h a,0P
' ) . p
b= 00— gwyg— g PP e (2.16)
a 1+w 1+w

with 0 = dp/p. These equations need to be modified if components interact
with each other, as for baryons which couple with photons via Thomson
scattering.

Radiation components, on the other side, must be described using the full
distribution functions in phase-space. The phase-space distribution function
gives the number of particles in the phase volume d*zd®P, where x is the
spatial coordinate and P is the conjugate momentum, simply the spatial
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part of the four-momentum with lower indices P, = mu;, with m the mass
of the particle:

f(@', Py, 7)d*xd*P = dN . (2.17)
The zero-order distribution function is the Fermi-Dirac or Bose-Einstein 2.1]

for fermions and bosons respectively. The energy-momentum tensor then

reads: PP
T = [ dP(=g) 220 (0, Py, 7). (2.18)

Now it is useful to express P; = ag; and ¢; = gn;, and use this new coordi-
nates to write the distribution function as the zero-order one plus a perturbed
piece:

f(xZ,Pj,T) :fO(Q>[1+\II(x17Q7nj7T)] (2'19)

so that, at linear order, one has:

19 =~ [ PdgdQyfa? + m2afo(q)(1 + V) (2.20)
T =0 [ ¢*dadSanifo(a) ¥ (2.21)

q2nmj
VT mia @+ Y) (2.22)

where df) is the solid angle associated with direction n; and /¢ + m?a? =
€(q, 7) is the co-moving energy. The phase-space distribution evolves follow-
ing the Boltzmann equation:

D 0 dz' 0 dq 0 dn® O 0
D _0f  de'os  dadr o5 _ 0y

dr 0t dr 0x* dr dq  dr On’ or’/c
where last term is due to collisions. At first order in k-space the Boltzmann
equation is:

T; = a’4/q2dqd§2

(2.23)

q .7 .
I O AN
or +26( v+ dlng g

dlnfor. h+6p,. .57 1 ,0f
- 5 (k- }_%(E)c' (2.24)
The following equations will be used to compute the evolution of the per-
turbations of the dark sector of the Universe in the following sections. We
will always consider purely adiabatic initial conditions. For the photons and

baryons perturbations refers to Appendix A.

2.1 Dark radiation

Radiation is the Universe’s component that dominated the first age of its
history. With the term radiation one indicates the relativistic species, like
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photons or neutrinos. Recalling and we can compute the EOS of
radiation, knowing that m — 0 and assuming 7" > u:

P { bosons — g—égT‘1

fermions —  LisgT*
p="
3

Obtaining w, = 1/3. Using now the density evolution equation |1.13} we
have:

poca_4.

When radiation dominates, the scale factor of the Universe grows as (recall
1.14):

aot?
The number of photons is determinable from the CMB, while for neutrinos
one can determine it imposing the conservation of entropy at the time at
which ete™ annihilates (E ~ 1Mev) [49]. The total value for radiation today
(assuming a standard number of neutrinos) is:

Qo= Pr0FPv0 g 051 . 1077 |
pc,O

Neutrinos are a big puzzle in modern cosmology and particle physics, that
are working side by side to determine their properties. Light neutrinos (the
relativistic ones) come in 3 flavours, following the standard mode]ﬂ. These
three flavours are associated with electron, muon and tau particle interac-
tions. Neutrinos, however, are only weakly interacting particles, and this is
the reason why they are so elusive. They are known to perform oscillations,
in the sense that they are created from interactions as flavour eigenstates,
but these eigenstates do not coincide with their mass eigenstates. While
travelling, then, a neutrino changes its flavour accordingly to a determined
probability, given by a mixing angle. This theory has been proved indirectly
by solar and atmospheric neutrino observations (solar neutrinos are produced
in nuclear reactions of our star, while atmospheric neutrinos are produced
in nuclear showers due to cosmic rays interacting with atmospheric parti-
cles [50]). The two mixing angles measured leave an uncertainty on how
these three different masses are sorted with respect to flavours. There are
two possibility: a normal hierarchy and an inverse one. Cosmology comes
in to play here, because observations are capable of determining the sum of

2The value of 3 is indeed confirmed by BBN predictions and by high-energy experi-
ments.



CHAPTER 2. THE DARK SECTOR 32

the masses of the neutrinos: this sum can finally determine the right hierar-
chy [51].

Another big question is whether neutrinos are Dirac or Majorana parti-
cles. The first are particles that differ from their antiparticles while the latter
are particles that coincide with their antiparticle. The way to prove the Majo-
rana nature of neutrinos should be the observation of the neutrino-less double
beta decay, still not observed, given also that its time-scale is huge [52]. If
neutrinos were a Majorana particle, moreover, a see-saw mechanism could
have created a massive sterile neutrino whose existence is determinable by
cosmological observations.

Perturbation theory For massless neutrinos we have p, = 3P, = —T =
T!. To reduce the number of variables one usually integrates out the ¢ de-
pendence and expands the angular dependence in a series of Legendre poly-
nomials:

J ddaafo¥ _ S (=i @+ DELF Pk 7)  (225)

[@dgafe &

where the F,,; are spherical Bessel functions. Evolving the Boltzmann equa-
tion [2.24] in this way and using the results in [2.20| one ends up with the
following perturbation equations:

F,(k,n,7) =

. 4 2.

o, =—=0,—=h 2.26
1

6, k:Q(—(FV ~0,) (2.27)

. 8 3 4, 8
E, =26, = —0, — ~kF, h+ 27 2.28
O T G TR (2.28)

: k

Fu=gry 1Fya-1) = (1= 1) Fysn)] (2.29)

Last equation must be truncated at some l,,4;.
For massive neutrinos the procedure is to expand directly the perturba-
tion ¥ in Legendre series:

Uk =S (=)'2 + 1)U (k, g, 7) Bi(k - 1) (2.30)
=0

and then numerically compute the integrals of ¥ on dg in to obtain the
density, pressure, velocity and shear perturbations.
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2.2 Dark matter

Non-relativist matter is the second component to dominate the Universe
evolution, soon after the radiation era. With the term matter density we
indicate both baryons and CDM. From the EOS point of view, it holds that

m > T, giving:
3
mT' 2 (m — p)
=gm|—| exp| — ——
pP=9 o P T

3
mT 2 (m — p) T
P=gT|— — | =P
o1(5) <ol - e
showing that the EOS is w,, ~ 0. With this value the evolution of the matter
density is:

pO(CL_3

and during its domination the scale factor evolves as (recall [1.14)):
1
aoCt? .

Baryons are the ordinary matter we see and we are made of. However,
different estimations of its density, from BBN predictions to observation of
Universal LSS, agree on a density parameter value that is much smaller
than the one needed for non-relativistic matter to build the Universe we are
living in. Indeed while the present matter amount in the Universe accounts
for about the 30% of the total density, the baryons alone cannot be more
than the 5% of the total. This discrepancy leads to the introduction of non
interacting (and so non observable) matter particles in the overall picture.
Dark matter is also supported by a number of other observations: rotational
velocities of galaxies, hot gas inside big clusters and lensing effects [53], [54].
Properties for dark matter can be different, and it is usual to divide it in 3
classes: cold dark matter (CDM), warm dark matter (WDM) and hot dark
matter (HDM). The term cold dark matter indicates particles that became
non relativistic when also baryons did. A part of the CDM can be identified
with single massive and obscure objects made up of baryons (star remnants
and so on, called MACHOS) but this kind of objects cannot account for the
whole quantity of dark matter needed and cannot provide important features
that CDM does for structure formation and equilibrium. Besides MACHOS
other particles are proposed to play the role of dark matter, like axions or
other types of weakly interacting massive particles (WIMPs), but until now
none of these has been proved to be the right answer. Hot dark matter, like
neutrinos, is instead made of particles with a mass much smaller than CDM
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and that thus exited the relativistic regime much later. Finally, warm dark
matter is an in-between solution, well represented by sterile neutrinos. The
reason why the standard model of the Universe is based on CDM must be
found in the evolution of perturbations.

Looking at the formed structures of the Universe today, one can deter-
mine which have reached dynamical equilibrium (virialized) and which not.
The case is that small structures are in equilibrium (galaxies, star clusters
and so on) while the big clusters of galaxies are not. This is a consequence of
the fact that small structures in the Universe formed first, followed by bigger
and bigger ones as the time went by. This kind of hierarchical evolution is
possible only if dark matter in the Universe is cold. Baryons, indeed, because
of their coupling to the photons due to Thomson scattering, start to grav-
itationally collapse well after their transition to the non relativistic regime.
If the Universe is fulfilled with CDM, that is not coupled with photons, it
can start to form structures soon after the non relativistic transition. In this
way, when the baryons finally decouple from photons, they just fall into the
gravitational wells formed by CDM and give rise to the hierarchical cluster-
ing that we see in the sky. Different numerical simulations of the non-linear
clustering of structures in presence of CDM, WDM and HDM confirm the
need for a cold form of dark matter [55].

CDM has never been detected directly right now, although many experi-
ments on earth and in atmosphere are devoted to this search [50].

Perturbation theory Perturbation equations for dark matter are simple
because we can treat it as non-relativistic and collision-less. Moreover CDM
can be used to define the synchronous coordinates and so has zero peculiar
velocity in this gauge. Setting # = ¢ = 0 and w = w = 0 in equations [2.15
one ends up with the sole equation:

) 1.
b= —5h (2.31)

for the density perturbations, that are directly related to the traceless part
of the metric perturbations.

2.3 Dark energy

Discovering the nature of dark energy is probably the biggest challenge of
modern Cosmology. Today dark energy is the dominant component of the
Universe, representing the 70% of the total density, and its properties are
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driving the space-time accelerated expansion that we observe [57]. Dark en-
ergy must have an EOS w < —1/3 in order to the allow for acceleration
in the expansion of the Universe. This implies a negative pressure for this
component. In the standard model it is identified with a cosmological con-
stant A, whose EOS is w = —1, keeping its density constant in time. It is
intended as the energy generated by vacuum fluctuations, a natural way to
infer an energy density that stays constant nevertheless the expansion of the
space-time itself. The problem with this model is that the vacuum energy
measured today is about 122 orders of magnitude lower than the vacuum
energy expected by theoretical calculations. Besides, there is a conceptual
issue known as coincidence problem. We happen to live in an epoch in which
matter and vacuum densities are of the same order, and this is why we can
actually see the accelerated expansion of the Universe. If we lived a little bit
earlier or later, we would never have seen the effects that make us call for
the presence of dark energy. Given the age of the Universe, the fact that we
live in this small window of time in which we can sense the presence of dark
energy seems at best a bit suspicious. The cosmological constant model does
not involve a physical mechanism that can make sense of this coincidence.

Beside A, other models have been developed [58]; some of these identify
dark energy with an exotic scalar field slow rolling on its potential (simi-
larly to inflation) [59], while other explain the accelerated expansion of the
Universe as the result of a modification of the law of gravity at very high
scales [60]. In a particularly known class of these models, modifications arise
from a different form of the Einstein-Hilbert action of gravity, that does not
depend solely on the scalar curvature R, but also on functions of it (f(R)
theories).

In general, whatever is our favoured model to explain dark energy, we
can parametrise it as an effective energy density with an effective EOS, time-
dependent or not. Recent measurements show that today the value of w
must be close to —1, leaving feasible any possible theory that allows for this
behaviour.

Perturbation theory In the case of a cosmological constant there are
no perturbation equations, because, for construction, a cosmological con-
stant does not evolve in time nor shows anisotropies. When dealing with
quintessence model with an EOS w > —1 one can simply use equations
with the correct value of w. However, for phantom models, which EOS is
w < —1, synchronous gauge introduces coordinates singularities that do not
allow the evolution of these models’ perturbations. These models must be
studied in the Parametrised Post-Friedmann framework (PPF) developed by
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Hu [611 [62].
In PPF framework, density and momentum are substituted by a unique
dynamical variable:

and the conservation laws are expressed as two closure relations. The first
makes the anisotropic stress vanish for linear field perturbations. The sec-
ond relates momentum perturbations of dark energy and dark matter and
defines a transition scale under which dark energy actually becomes relatively
smooth.

2.4 APPENDIX A - Perturbation equations
for photons and baryons

For sake of completeness I report here the perturbation equations for photons
and baryons. This two species are coupled until recombination. In Thomson
scattering the energy of the photon hAv is much less than the electron rest
mass m,. ~ 0.511Mev. The classical differential cross section is:

where 6 is the scattering angle and o7 = 0.6652 X10~2*¢m?. The number of
free electrons n.(z) is derived following the re-ionization history.

The evolution of the photon perturbations can be treated as the massless
neutrino case, with a major difference: the collisional terms in the Boltz-
mann equation are now present and they depend on polarization. Photons
travelling along n are linearly polarised in the plane perpendicular to n. One
has to compute both the sum (intensity) and the difference (Stokes param-
eter Q) of the phase densities in the two polarization states. The former
will be F,(k, 7, 7) as for neutrinos, while the latter will be G (k, 7, 7). The
linearised collision operators for Thomson scattering are:

(381*;7) = ancor| — Fy + Fyo + 4 - 0, — ;(F72 + Gao + Go) P
oG,
( or

Starting from here one expands the F), and G in Legendre series and obtains
the perturbation equations:

1
) = aneaT{ - G,y + i(F'YQ + ny() + G»yQ)(l - PQ)] .

) 4 9.
5,)/:—507—5]’1/
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For baryons we obtain equations of this kind:
) 1.
0p = —0p — ih

: ' 4p
Hb = —QQ(, -+ C§k2(5b + éaneaT<07 - 05) :
a 304

The sound speed comes from:
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S

where kp is the Boltzmann constant, p is the molecular weight and the
temperature of baryons evolves accordingly to:
8 pp
T, = —2— Tb + f——aneaT(T Ty) .
3 Me Py
When Thomson drag terms become too large, equations can be simplified
using the tight-coupling approximation [4§].



Chapter 3

Bayesian analysis

"...Evidence... got a taste of evidence...’

Faith No More - Evidence

The classical frequentist definition of probability reads [63]:

the probability is the number of times an event occurs over the
total number of trials, in the limit of an infinite series of
equiprobable repetitions.

It is clear that this kind of probability cannot be used in cosmological re-
search, given that we cannot replicate the Universe to obtain a number of
trials! Fortunately Bayesian statistics introduces a different concept of prob-
ability, namely:

the probability is a measure of the degree of belief about a propo-
sition.

To deal with these degrees of belief one has to refer to the Bayes’ theorem,
that T will show in next section. Bayesian approach can recover frequentist
results on the long run, but can also be applied to situations that have no
meaning in frequentist context, like a major part of the cosmological research.
Other good points of Bayesian statistics are the natural inclusion of concepts
like nuisance parameters, marginalisation and prior knowledge.

3.1 Bayes theorem

We define p(A|l) the probability of the event A to occur, given a relevant
information I about it. The joint probability of the events A and B is given
by:

p(A, B|I) = p(A|B, I)p(B|I) (3.1)

38
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in practice equal to the probability of A to occur given the occurrence of B,
multiplied by the probability of B to occur. We define then the marginalised
probability of the event B as:

p(BII) = _p(A, B|I) (3-2)

where the sum counts all possible outcomes of A. From this starting point
we can state the Bayes’ theorem:

p(A|B, I)p(B|I)
p(A[T)

TWe now identify A with the observed data d, and B with the hypothesis to
verify H:

p(B|AI) = (3.3)

p(d[H, I)p(H|I)
p(d[I)

On the left side of we see the posterior probability of the hypothesis we

are studying, given the data we have observed; on the right side we have the

likelihood to observe those data given the hypothesis p(d|H, I'), multiplied by

the prior probability of the hypothesis p(H|I) and divided for the marginal

likelihood or Bayes evidence:

pld|I) =>_p(d|H, I)p(H|I) (3.5)

p(H|d, [) = (34)

where the sum is over all possible hypothesis H. The meaning of this theorem
is that when we infer something we include the prior knowledge that we have
about it (assumptions) and we determine how likely is to observe the data
that we have, given a determinate hypothesis. Even starting from different
prior assumptions, when the likelihood is more informative than the prior,
we should get to the same result. The key, then, is to have a great number
of data points in order to make the likelihood override the prior.

When looking for the value of a parameter 6, in the choice of the prior,
usually one looks for ignorance priors, that give the same probability to every
possible hypothesis. The usual choice is the flat prior, that is a constant prior
on an interval of parameter values:

p(0) = !

ema:p - emm

A flat prior on 6, however, does not translate into a flat prior of a non-linear
function of it, ¥(6), indeed the two priors are related by:

de

p(y) = p(@@
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so that the flat prior on # can result in a strongly informative prior on .
Finally, when dealing with quantities whose scale is not defined, one should
use a Jeffreys’ prior, a prior that is flat in In 6.

3.2 Parameter estimation

Bayes’ theorem shows its strength when we have to deal with a model M
described by several parameters é: whose value we want to infer starting from
observed data d. In this vector of parameters we include physically interest-
ing parameters gg and nuisance parameters 1; (in cosmology the physically
interesting parameters can be the six parameters representing the ACDM
model, while the uninteresting nuisance parameters can be calibration val-
ues of the observations or fitting parameters of foregrounds’ contamination).
The posterior distribution of the whole set of parameters will be:

- _p(dfg, M)p(IM) = p(0]M)

p(0|d, M) = () _c(e)p(d‘M)_

(3.6)

For parameter inference the normalization p(d|M) is irrelevant, so we can
simply ignore it. To obtain the probability distributions of the interesting
parameters only, regardless of the nuisance ones, we can marginalise on the
latter:

p(dld, M) = [ £(8, D)p(@, dIM)do (3.7

To obtain, now, the mean value of one of the (E parameters or to study degen-
eracy of two or more of them we can simply marginalise over the others. This
whole procedure can be carried out analytically only in few cases; usually the
likelihood is computed sampling the parameter space with numerical tech-
niques, like Monte-Carlo Markov Chains (MCMC), as we will see in detail in
next section.

3.3 MCMC methods

An MCMC algorithm constructs a sequence of points in parameter space (a
chain), whose density is proportional to the posterior probability distribution
function. In practice a chain is a sequence of random points in parameter
space, the probability of which depends only on the probability of the pre-
vious, that converges to a stationary state where successive elements of the
chains are samples of the target distribution, in our case the posterior distri-
bution p(g\d, M). Several algorithms can be used to construct these chains;
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we will see in detail the classical Metropolis-Hastings algorithm, the one used
in the CosmoMC code [64] employed in this work, and its modified fast-slow
dragging version [65].

Metropolis-Hastings algorithm A chain starts from a point 0, in the
parameter space and moves to another point 9; with a transition probability

(9:, 6}) This transition probability matrix 7" is chosen so that the station-
ary state of the Markov Chain is the probability distribution p(6) = p(6]d, M)
from Wthh we wish to sample, the posterior. This is done using a proposal
density q(@l, 0,+1) to propose a new point 91+1 when in 9 This new point is
accepted with probability:

a(0;,0:41) = mm{l, (3.8)

so that T(H:-, (9_;-+1) (5 §Z+1) (Hi, 9:“) and the detailed balance hold

—

P(0541)T (Ors1, 0:) = p(0)T (05, 0i1) - (3.9)

!

If the proposal density is symmetrical (when it does not depend on the po-
sition, as for cosmological applications) it simply cancels out when the ac-
ceptance is computed, meaning that a depends only on the ratio of the
posteriors. The choice of the proposal is important for the efficiency of the
computation: the best choice is to take a proposal density similar in shape
to the posterior, if one has an idea about what the posterior should look like.
When we start a chain from a random point, it will take some time for the
chain to reach equilibrium and start to sample from the posterior distribu-
tion. This time is called burn in, and points from this first stage are generally
excluded from the analysis. Moreover, the chain is a correlated sample of the
posterior distribution, in the sense that near points are correlated. To avoid
this, the chains are usually thinned, namely, only occasional chain positions
are retained, so to give time to the chain to move to an uncorrelated position
in the parameter space.

Fast-slow dragging In cosmological application MCMC techniques are
usually employed to analyse CMB spectral data. One can indeed calculate
the likelihood of the observed C} with respect to some values of the model
parameters by computing theoretical Cy (refer to using a Boltzmann

IThe detailed balance ensures that the probability to move forward in the chain is the
same as to move backward. This implies the reversibility of the chain.
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code like camb and comparing the two. In this case the distinction between
fast and slow parameters becomes important. The change of a fast param-
eter affects the likelihood function only marginally, so that the rescaling of
the likelihood function is fast (think of spectral parameters or calibration un-
certainties for what concerns the ACDM model), while the change of a slow
parameter requires the full re-computation of the likelihood function (think
to parameters of the model that affects the evolution of perturbations like
densities).

Say we want to compute a likelihood L£(Z,7) that depends on fast ¢ and
slow ¥ parameters. Ideally one would like to use the Metropolis-Hastings
algorithm on #, using some proposal density ¢(Z;.1, ;) and accepting or
rejecting the point #; 1 based on the marginal distribution p(Z). However this
distribution is not known in practise. The idea behind the dragging method
proposed by [65] is to make changes in Z in conjunction with changes in ¢
obtained by dragging ¥ using intermediate fast re-computation of L(Z,7).
This works better than just changing ¥ while keeping i/ fixed. This latter
method indeed works only if the old ¥ is suitable for the new z*, and this
is usually true only for small changes in Z. The new method drags ¥ to a
new y* that, in the limit of a good transition probability 7', should be more
suitable for the new #*. This allows to make bigger steps in Z while keeping
the acceptance probability high enough.

Convergence diagnostic To understand if the chains have converged to
the posterior distributions one has to use diagnostic methods. The one used
in this work is the Gelman and Rubin algorithm [66]. This relies on a number
of chains greater than one. Say one has m chains of n points. The quantities
to compute for each parameter 6 are the between-chains variance:

L
B = 6, —0)? 3.10
e PIUEL (3.10)
and the within-chain variance:
:ii[ 1 z":(g.._g.)z} (3.11)
mi=tn— 13 M .

With these one can compute an overestimation of the marginal posterior

variance of 0:
n—1 1

Var(0) = W+ EB (3.12)

n
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and because W is an underestimation of the within-chain variance, the Gelman-
Rubin statistics monitors the convergence with the ratio:

_m—=1 m+1B  df
\/ﬁ—\/( — W)df—z (3.13)

where df are the degrees of freedom of the problem. The chains are considered
converged if R —1 < 0.02.

3.4 Model comparison

Bayes theorem can go further the estimation of parameters for a model. It
can be used to compare models, and decide which one is more likely. It
contains indeed a natural implementation of the Occam razor: the simpler,
the better. It is clear that adding parameters to a model help to obtain a
better fit to the data (think to the order of a polynomial fit). The question,
then, is whether the improvement of the fit quality justifies the introduction
of the extra parameters. Is the additional complexity needed by the data?
To answer this question one must refer to the Bayesian evidence:

—

pldIM) = [ p(dld. Ap(dlan)d (3.14)

that is the average of the likelihood under the prior for a specific model
choice. To determine the model’s posterior probability we use again Bayes’
theorem:

_ p(M)p(d|M)

p(d)

The probability of data p(d) is taken equal to unity, so we can simply drop
it. The prior on the model p(M) is taken to be 1/Ny, if one considers N
different models. In comparing two models one needs to know the ratio of
the posterior probabilities:

p(Mold) _ pld|Mo) p(My) _ g p(Mo)
p(Mi|d)  p(d|My) p(M;) p(M;)
where By, is known as Bayes factor. A value By; > 1 represents an increase

of the support in favour of model 0 versus model 1. The Bayes factor is
usually interpreted on the basis of the Jeffreys’ scale (Tab[3.1)).

p(M|d) (3.15)

(3.16)
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|In Bo;| || strength of evidence
< 1.0 Inconclusive

1.0 Weak evidence
2.5 Moderate evidence
5.0 Strong evidence

Table 3.1: Jeffreys’ scale of evidence of model 0 with respect to model 1,
based on values of the Bayes factor By.

Savage-Dikey density ratio Computing the evidence, however, is usually
difficult, because an integration over the entire parameter space is needed.
Some methods can simplify the task (nested sampling, Laplace approxima-
tion) but for our intents we can refer to the Savage-Dickey density ratio
(SDDR) [67]. This approximation is to be used with nested model compari-
son, those cases in which one of the two models to compare is a one-parameter
extension of the other, and reduces to the latter for a particular value of the
extra parameter. Suppose that we have a model with parameters g that is
our 0 model, and an extension that adds to g the parameter ¢ that is our
model 1. Suppose also that the model 0 is recovered if ¢» = 0. Under the
assumption of separable prior spaces:

p(0, 9| My) = p(y| M:)p(6] My)

and the Bayes factor reduces to:

(3.17)

BOl _ [PWM Ml)‘| ]
=0

p(|My)

In this case to compare two models one has to know the marginal posterior
under the more complex model evaluated at the simpler model’s parameter
value, and the prior density of the more complex model at the same value. For
a flat prior on the parameter ¢ the latter is simply p(¢|M1)|yp=0 = 1/ (¥maz —

Information criteria In more complex cases one can use approximations
of the evidence known as information criteria [68]. These criteria comes under
the assumption of a near-Gaussian posterior distribution, and so should be
used with care.

Akaike Information Criterion (AIC)
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This is derived from an approximate minimization of the Kullback—Leibler
entropy, which quantifies the deviation between the true data distribu-
tion and the model distribution, and reads:

AIC = —21n Lonas + 2k (3.18)

where L,,,, is the maximum likelihood value and k is the number of

free parameters in the model. The best model is the one that minimises
the AIC.

Bayesian Information Criterion (BIC)

This is an approximation of the Bayes factor itself, valid under the
assumption of independent and identically distributed data-points (not
the case for CMB) and is written:

BIC = —2In Ly + kIn N (3.19)

where N is the number of data-points used, and again, the best model
is the one that minimises the BIC.

Deviance Information Criterion (DIC)

This is based on the definition of an effective number of parameters
pp, that is the number of parameters actually constrained by data,
also known as Bayesian complerity. We can compute the complexity
as:

= =

pp = —2m L(0) + 2In £(D) (3.20)
and the DIC:

= =

DIC = —2L(0) + 2pp = —4In L(0) + 2In £(@)  (3.21)

where the averages are over the posterior distribution. This criterion
does not penalise models for the unintended inclusion of unconstrained
parameters as AIC and BIC do.

3.5 Decorrelation methods

We end this section with a topic that is not directly related to Bayesian
analysis but that regards part of the following analysis. In cosmology we
are usually interested in testing time variation of interesting quantities. This
can be done slicing the space in red-shift bins, and determining the values
of these parameters in each of them. In doing this we must keep in mind
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that we work with observables that are integrated along the line of sight,
meaning that a photon coming form a particular red-shift bin travelled along
other bins to reach us. This translates in an intrinsic correlation between
parameter estimates.

To solve this issue a decorrelation technique named Principal Component
Analysis (PCA) is often used [69]. The PCA method starts with the set of
correlated estimates of the parameter, 6; (value of the parameter 6(z) in the
i-th red-shift bin), and a correlation matrix between them. From here we
can generally move in different directions.

One can use the PCA to restrict a parameter space. Assume that we
binned our red-shift range in small slices, in each of which we compute the
value of our quantity of interest #(z). We end up with n correlated values
0;. What we want here is to identify few decorrelated parameters that well
represent the behaviour of our quantity. In this case the procedure is simple.
The first step is to invert the covariance matrix C (nXn) to obtain the Fisher
information matrix F. This Fisher matrix has now to be diagonalized:

F = WTAW (3.22)

where the transformation matrix W contains in its rows the eigenvectors,
while the eigenvalues are inside the A diagonal matrix. Keeping now only
the eigenvectors w;(z) associated with the few (m << n) highest eigenvalues
«; one can reconstruct to great accuracy the behaviour of (z) using just a
number m of values. The function 6(z) will be reconstructed as a linear
combination of the eigenvectors multiplied by their eigenvalues as weights:

0(z) = Zajwj(z) : (3.23)

Clearly the bigger m, the more accurate the reconstruction. To understand
why this procedure works just notice that, being the F matrix the inverse
of the covariance, highest eigenvalues for F translates in lower variance. We
are in practise keeping those modes that retain the most of the signal and
discarding the noisy ones.

One can use PCA also in a ’localised’ sense, and that is how I will use it
in my work. Assume that we divide our space in few red-shift bins, because
what we want is an estimate of the value of our quantity 6(z) precisely on
those slices. As previously stated, the values we can obtain from our analysis
will be correlated, with this correlation described by a correlation matrix. To
obtain uncorrelated estimates of #(z) in our bins we can follow the procedure
developed by Huterer and Cooray [70], that diagonalizes the F matrix in
such a way to obtain uncorrelated estimates of the #; that are, under certain
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assumptionsEL still well localised inside the bins that we constructed. To do
this we must diagonalize the F matrix with a different transformation matrix
O:

F=070 (3.24)

where in practice O = FY2. The rows of this new matrix O will be our
weight functions. We normalise these rows to unity and combine them with
the starting values 6; to compute uncorrelated estimations ¢; of 6; in this
way:

¢i =y 00, . (3.25)
J

This method will give us a set of parameters ¢; that represent uncorrelated
estimations of 6; and that retain their localisation. This is given by the fact
that the normalised i-th row of O, that acts as weight function for ¢;, is
principally peaked in the i-th bin (and this clearly holds for a Fisher matrix
that is nearly diagonal).

2For this procedure to work well, the Fisher matrix must be mostly positive and lo-
calised itself (nearly diagonal) [71].
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Neutrinos

...Just let the light touch you

And let the words spill through

And let them pass right through
Bringing out our hope and reason...’

Tool - Reflection

In this chapter I will focus on my research work about neutrino fundamental
properties. Following the standard model one expects a number of neutrino
equal to three, representing the three flavour eigenstates, characterised by
small masses. Cosmology has two major tools to determine the number of
the relativistic species beside the photons. The first is the nuclei formation
process of the nucleosynthesis, strongly dependent on this value as we will
see in next sections, that leads to verifiable predictions on the primordial
abundances of light elements (2H 3He,*He,” Li). The second is the damping
tail of the CMB, highly influenced by the presence of relativistic degrees
of freedom in the primordial plasma. For what concerns the masses of the
neutrinos, cosmology cannot resolve their value singularly, but it can place
limits on the total sum of their masses, that acts on the CMB physics and,
consequently, on the matter power spectrum of LSS.

To be more precise, the value that ones expects in cosmology for the
number of neutrinos is equal to N.s; = 3.046, where the extra 0.046 comes
from the fact that the decoupling of neutrinos from the primordial plasma was
not an instantaneous process [72]. I will refer to this value as the standard.

Moreover, the fact that neutrinos act as standard radiation, that is rep-
resented by a sound speed and a viscosity parameter both equal to 1/3, is a
mere assumption. Cosmology can help also in this case, because the plasma
physics of the CMB is clearly affected by the clustering and viscosity prop-
erties of neutrinos.

48
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4.1 Species and masses

WMAP satellite has been a milestone for CMB research. Its measurements
of the anisotropies in the primordial plasma reached an astonishing precision
and allowed the first highly accurate cosmological predictions from the CMB.
WMAP was targeted to observe the first 1200 multipoles of the CMB power
spectrum, that contain the first three peaks. From these it is possible to
derive strong constraints on the relative amount of matter densities (baryons
and CDM) and determine the geometry of the Universe, that appears to be
flat. No information, however, comes from WMAP for what concerns the
physics of the damping tail of the spectrum, the part that is at a major
degree affected by neutrino properties.

Things changed with the measurements collected by two ground base
experiments: ACT and SPT. Both these two telescopes indeed scrutinized
the sky looking for the CMB signal at very small angular scales. At these
small scales, however, the CMB signal must be cleaned from a number of
foregrounds. Both ACT and SPT likelihoods marginalize over foreground
parameters that aim to represent the behaviour of these spurious form of
signal.

ACT uses in its likelihood multipoles 500 < ¢ < 10000 for the 148 GHz
channel and 1500 < ¢ < 10000 for the 218 GHz. The foreground parameters
marginalized over are amplitudes for kinetic and thermal Sunyaev-Zel’dovich
effect, arsz and a,s57, the power of clustered and Poisson Cosmic Infrared
Background (CIB), a. and a, with emissivity /., the power of radio sources
as, the residual Galaxy dust in southern and equatorial survey areas a,, and
age and finally a correlation coefficient between tSZ and CIB sources &.

SPT likelihood is based on its observations in the 150 GHz channel and
covers bandpowers 650 < ¢ < 3000. The foregrounds are modelled with four
additional parameters: an amplitude for the Poisson CIB sources D4, one
for the clustered DSk, and finally, for the SZ effect, the total power D3%,, and
a spectral index f7%. In FigI report measurements of the CMB power
spectrum from WMAP 9 year, ACT and SPT up to £ = 3000. It clearly shows
the differences in the measurements obtained by the two high-¢ experiments.
The effect of this discrepancies is particularly visible in the results obtained
for 3 cosmological parameters: N.s, the number of relativistic species, >-m,
the sum of the neutrino masses and A; the amplitude of the lensing effect
on the CMB. The number of relativistic species is defined starting from the
total radiation density:

Prad =

T (4\3
1+3 (11> Neff] Py (4.1)
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Figure 4.1: CMB power spectrum as measured by WMAP 9 years (black
points), ACT (orange points) and SPT (blue points) up to multipole 3000 [4].
The discrepancies between ACT and SPT measurements is clearly visible.

where the relation between photons and other relativistic degrees of free-
dom comes imposing entropy conservation at the time at which the latter
decouples. The sum of the masses of the neutrinos, expressed in eV, can be
computed starting from the value of their density in this way:

> my
Oh* = 4.2
93eV (42)
Finally, the lensing parameter is defined in [73] in this way:
CP? — ALCY? (4.3)

being in practise a rescaling of the lensing power spectrum. The expected
value, if the general relativistic treatment of the lensing of the CMB is cor-
rect, should be Ap = 1. The values the two experiments obtained for these
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parameters are reported in the first two columns of Tab[4.1] They refer to
results obtained in ACDM one-parameter extensions, so varying the standard
6 parameters of the base model plus the single extra parameter under study.
Looking at the numerical values, one can say that ACT experiment recovers
a standard neutrino number, with a mass value compatible with zero, while
the value of the lensing amplitude parameter is extremely higher with re-
spect to the standard expectation of unity. SPT, on the other hand, shows
a slightly preference for a higher number of neutrino species, an indication
for a non-null value of their sum of masses (the lower limit at 68% c.l. is
> m, = 0.41 [3§]) and a lensing amplitude parameter compatible with one
within one ¢. The inclusion of Hy and BAO measurements in the likelihood
raises the number of neutrino species in both cases, with no particular effect
on the lensing amplitude.

Parameters | WMAP7+ACT | WMAP7+SPT | Planck+WP
Nos; 2.79 £ 0.56 3.68 £ 0.48 3.51£0.39
Sm, < 0.70 (95%c.1.) | < 1.60 (95%c.l.) | < 0.933 (95%c.1.)
A 1.70 £ 0.38 0.861015 1.227911

Table 4.1: Debated parameters values from ACT and SPT experiments com-
bined with WMAP 7 years low-¢ data and from Planck temperature mea-
surements combined with WMAP9 polarization data. Confidence limits are
at 68% for two-tailed distributions, at 95% for one-tailed distributions. The
tension between the different experiments is strong.

One can study the results of this two experiments trying multi-parameter
extensions of the ACDM base model, combining together these debated pa-
rameters, that, given their mutual effects on the damping tail of the CMB,
show important degeneracy among each other. I used the MCMC code
CosmoMC in combination with the Boltzmann code camb to solve the per-
turbation equations for a ACDM+N.;¢+A;, model and study the change in
the likelihood function in response to a variation of the parameters. Be-
side calibration and foreground parameters I let free to vary the following 8
cosmological parameters:

Ouh? the physical density for baryons, imposing a flat prior on it in the
range [0.005;0.1];

Q.h? the physical density for CDM, imposing a flat prior on it in the range
[0.001;0.99] ;

0 the ratio of the sound horizon to the angular diameter distance, a pa-
rameter that encodes the Hy dependence in a faster way for the chains
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convergence. I used a flat prior on it [0.5; 10.0];

7 the re-ionization optical depth, defined as:

Zre dt
T:/O dzJTne(z)c%

where z,. is the re-ionization red-shift, o is the Thomson scattering
cross section and n.(z) is the number of free electrons. I imposed a flat
prior on it inside [0.01;0.8];

ns the spectral index of the primordial spectrum, with a flat prior on it
inside [0.9;1.1];

log(10'°A,) the amplitude of the primordial spectrum referred to k = 0.002
Mpc ~' (WMAP) or k& = 0.05 Mpc™! (Planck), with a flat prior on it
inside [2.7;4.0];

Negy the number of relativistic species defined in [4.1} imposing a flat prior
in the range [0.047;10.0];

Ay the lensing amplitude parameter introduced in (1.3, with a flat prior
inside [0;4].

The results obtained with this analysis are reported in [74]. T combined
ACT and SPT data with WMAP 9 years measurements (in perfect agree-
ment with the WMAP 7 years measurements) and tried to simultaneously
vary the number of relativistic species N.;; and the lensing amplitude Aj.
I add also HST Hy measurement and BAO data from 6dFGRS, SDSS-DRY7,
SDSS-Dr9, WiggleZ (refer to Section 1.3.1 for references). Results are re-
ported in Figll.2] left panel being the CMB-only case and right panel the
CMB-+HST+BAO case. The plots show clearly the discrepancy between
the two experiments results, discrepancy that is even higher with the inclu-
sion of the low-red-shift data. The inclusion of the HST and BAO mea-
surements increases the tension in that it reduces the confidence limits. I
found that for WMAP9+SPT+BAO+HST at 95% A; < 1.07 while for
WMAP9+ACT+HST+BAO at 95% A; > 1.13, showing clearly the dis-
crepancies in the results of the two experiments. Numerical values for cos-
mological parameters are also reported, refer to table Tabf4.2l From here
one can see that also values of other parameters are not in agreement, even
if at a minor level. As an example I report the degeneracy among €,h% and
ns and that among Q.h? and Hy in Fig..

I continued the analysis including the variation of the neutrino masses.
[ used ACT and SPT in combination with WMAP+BAO+HST and try
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Figure 4.2: The plot reports the 2D contours of the posterior distributions
for N.ss and Ay, (ACT in blue and SPT in red). Left panel shows results for
CMB-only analysis while right panel shows results when also Hy prior from
HST and BAO information are added. The two experiments give results that
are in tension for both the parameters. The inclusion of low-z data enhances
this tension lowering the confidence intervals.
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Figure 4.3: The plot reports the 2D contours of the posterior distributions for
Qph? and n, (left panel) and for Q.h? and Hy (right panel). ACT contours are
blue and SPT are red, and refer to results from CMB+HST+BAO analysis.
Discrepancies in these parameters values are at a minor level.

two different approach: varying only number and masses of the neutrinos,
fixing the lensing amplitude to its nominal value of one, or varying the three
parameters together. To vary the mass of the neutrinos I added Y- m,, (refer
to to the parameter set, imposing a prior on it in the range [0.0;5.0].
The indication for a non-null sum of the masses from SPT disappears if the
lensing amplitude is left free to vary. Fixing Ay, to unity indeed drags the sum
of the neutrino masses to higher values, to decrease the effect of lensing, that
SPT measures smaller than one. This is visible in Figl4.4] where I report the
posterior distributions for the sum of the neutrino masses obtained fixing
and varying the lensing amplitude. The simultaneous variation of Y m,
for SPT lift a bit the value of the number of species too. ACT stays in
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Parameters SPT ACT SPT ACT
+WMAP9 +WMAP9 +WMAP9+HST+BAO | +WMAP9+HST+BAO

O, h? 0.02264 £ 0.00051 | 0.02283 £ 0.00052 0.02250 =+ 0.00034 0.02301 = 0.00036
O.h? 0.1232 £ 0.0080 0.110 £ 0.010 0.1308 £ 0.0067 0.1250 £ 0.0078
10060 1.0415 £+ 0.0012 1.0412 £ 0.0025 1.0409 £ 0.0010 1.0388 & 0.0021
T 0.088 +0.014 0.090 £ 0.014 0.084 £0.013 0.087 £0.013
T 0.982 4 0.018 0.969 & 0.019 0.978 £0.011 0.983 £ 0.012
10{;(101“/1‘;) 3.169 & 0.048 3.174 4 0.045 3.198 £ 0.032 3.115 £ 0.034
Nesy 3.72£0.46 2.85 £ 0.56 3.718 £0.33 3.54£0.41
Ap 0.85+0.13 1.64 +0.36 0.79 £ 0.11 1.64 +0.32
Hylkm/s/Mpc] 746 £3.7 69.9 £3.7 2.7+£1.7 T1.7T£1.9
Qp 0.736 4 0.023 0.728 4 0.025 0.710 £ 0.010 0.712 £ 0.011
(O 0.264 4 0.023 0.272 4+ 0.025 0.290 + 0.010 0.288 £ 0.011
Age/Gyr 13.14 +0.43 13.90 + 0.55 13.10 +£0.27 13.34+0.34

Table 4.2: Cosmological parameters values and 68 % confidence level er-
rors. The SPT and ACT datasets produce different values for some of the
parameters, most notably N.sr and Ap.

agreement with a standard number of species and with a null mass, but the
value of the lensing amplitude in this case is even higher than before, reaching
Ap = 1.78 £ 0.38, more than two standard deviations from the standard
scenario. Numerical values for this analysis are in Tab[.3| while Figld.5
reports the degeneracy between > m, and Ay for both the experiments.
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Figure 4.4: Posterior distributions for the sum of the neutrino masses, ob-
tained varying only N,y (red line) and fixing A;, = 1 or varying both param-
eters (blue line). Left panel shows results for WMAP9+ACT+HST+BAO,
right panel for WMAP9+SPT+HST+BAO. It is clear how the inclusion of
a variable lensing amplitude makes the evidence for a neutrino mass claimed
by SPT disappear.

After SPT and ACT results, Planck space mission released its first data
of the TT power spectrum of the CMB. Planck likelihood is a hybrid likeli-
hood [5] that uses a component separation technique on the 91% of the sky
for the multipoles 1 < ¢ < 50 and cross spectra from 100 (fs, = 58%), 143
and 217 GHz (fsk, = 37%) for the remaining multipoles up to ¢ = 2500.
In this high-¢ likelihood several foreground parameters are included and
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WMAP9+SPT+BAO+HST
WMAP9+ACT+BAO+HST

Figure 4.5: This is the plot of the degeneracy among the sum of the neutrino
masses and the lensing parameter, for the cases WMAP9+SPT+HST+BAO
(red) and WMAP9+ACT+HST+BAO (blue). A higher value of the lensing

parameter allows for a higher neutrino mass.

Parameters SPT SPT ACT ACT
+WMAP9+HST+BAO | $+WMAP9+HST+BAO | +WMAP9+HST+BAO | + WMAP9+HST+BAO
Qh? 0.02279 4 0.00036 0.02271 4 0.00039 0.02305 = 0.00038 0.02317 4 0.00038
Q.h? 0.1325 £ 0.0074 0.1323 £ 0.0074 0.1224 + 0.0076 0.1248 £ 0.0077
1006 1.0410 £ 0.0011 1.0410 £ 0.0011 1.0393 + 0.0021 1.0393 £ 0.0021
T 0.088 +0.013 0.089 £ 0.014 0.094 £ 0.015 0.091 +0.014
s 0.989 +0.012 0.987 £0.013 0.985 £ 0.012 0.988 +0.013
log(101°4;) 3.157 +0.034 3.168 £ 0.037 3.117 £+ 0.038 3.115+0.034
Negy 3.94+0.37 3.92+0.37 3.40+£0.39 3.56 + 0.40
> myleV] < 0.76 (95%c.l.) <0.74(95%c.l.) < 0.41(95%c.l.) < 0.53(95%c.l.)
Ap 1.00 0.90 4 0.14 1.00 1.82 £0.38
Hylkm/s/Mpc| 722419 722419 70.5+1.9 71.1+18
Qp 0.702 +0.012 0.702 £0.012 0.708 £ 0.011 0.707 +0.011
Qp, 0.298 £ 0.012 0.298 £ 0.012 0.292 £0.011 0.293 £ 0.011
Age/Gyr 13.124+0.29 13.09 + 0.31 13.47+£0.33 13.36 + 0.33

Table 4.3: Cosmological parameters values and 68 % confidence level errors
for the analysis that consider massive neutrinos.

marginalised over, TabJ4.4] reports all of them.

Instead of showing agreement with one of the two discording experiments,
Planck obtains results for these three parameters that are in between the pre-
vious, almost for what concerns N.ss and Az. The sum of neutrino masses
indicated by Planck is indeed compatible with zero, enforcing our idea that
the indication for a non-null mass in SPT comes from fixing the lensing am-
plitude to a higher value than the measured one. Column three of Tab/4.]|
reports the values obtained for the three parameter using Planck TT spec-
trum data in combination with WMAP 9 years polarization data (WP). From
these values we can see how Planck seems to agree with SPT with respect
to the number of relativistic species, while being similar to ACT indicating
a value for the lensing amplitude higher than one, as one can clearly see
from the posteriors of the two extra parameters for the three experiments
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ARS Poisson point-source power for 100 GHz channel

Afﬁ; Poisson point-source power for 143 GHz channel

ABS Poisson point-source power for 217 GHz channel
S Poisson source correlation coefficient for 143 and 217 GHz channel
AGEB CIB power for 217 GHz channel

AGEE CIB power for 217 GHz channel

riB, . CIB correlation coefficient for 143 and 217 GHz channel
+C1B spectral index of the CIB power spectrum

AtSZ thermal SZ contribution (143 GHz)

ARSZ kinetic SZ contribution

£i54=CIB correlation coefficient between tSZ and CIB

€100 calibration between 100 and 143 GHz channels power spectra
Co17 calibration between 217 and 143 GHz channels power spectra
Bi beam parameter

Table 4.4: Foreground and calibration parameters for Planck high-¢ likeli-
hood.
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Figure 4.6: Here I present posteriors for N.sr and Ay, for the three different
experiments (ACT in blue, SPT in red and Planck in black) in one-parameter
extensions of the ACDM analysis. We can see clearly the agreement on the
number of relativistic species between Planck and SPT and the in-between
value of the lensing amplitude measured by Planck.

(SPT+WMAPY9, ACT+WMAPY, Planck+WP) reported in Fig[4.6]

I then performed a similar analysis using Planck dataset to constrain
parameters for a ACDM+N,fs+A; model, as discussed in [75]. A plot of
the 2-dimensional posteriors for the different datasets is reported in Fig4.8
and shows the good agreement with SPT and the strong discrepancy with
ACT results in terms of number of relativistic species. That plot comes
from CMB data only. Adding HST prior on H, confirms the indication for
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Figure 4.7: This plot shows 2D contours for N.¢; and Ay for the three
different experiments (ACT in green, SPT in red and Planck in blue) in our
two-parameter extension of the ACDM analysis. The agreement with SPT
number of relativistic species is evident.
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Figure 4.8: Left panel reports the 2D contours in the plane N — Ay for
Planck+WP alone (red) and for Planck+WP+BAO (blue). On the right we
have contours for Planck+WP-+HST (red) and for Planck+WP+HST+BAO
(blue). BAO inclusion pushes values closer to standard expectations.
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Figure 4.9: Here I present posteriors for N.sy (upper row) and A; (lower
row) obtained letting the two parameters vary together. On the left we
have results from Planck+WP (black line) and Planck+WP+BAO (red
line), on the right results from Planck+WP+HST (black line) and from
Planck+WP+HST+BAO (red line). For both the parameters the BAO data
indicate a value closer to the standard.

a number of relativistic species higher than the standard, while BAO data
(only SDSS-DR7, SDSS-DR9 and WiggleZ) push the posterior to lower and
standard values (see Fig.. Also for the lensing amplitude parameter the
HST prior confirms the higher value, while the BAO information tend to
move the posterior to lower values closer to the standard unity. Numerical
values are in Tab[4.5

In general, however, the addition of both BAO and HST measurements to
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Parameters Planck+WP Planck+WP+HST | Planck+WP+BAO | Planck+WP+BAO+HST
O, h* 0.02306 =+ 0.00051 | 0.022953 £ 0.00035 | 0.02246 = 0.00031 0.02262 + 0.00028
Q.h? 0.1239 £ 0.0054 0.1234 £ 0.0050 0.1232 £ 0.0053 0.1260 £ 0.0049
10060 1.04124 £ 0.00077 | 1.04123 £0.00077 | 1.04112 +0.00078 1.04085 £ 0.00075
T 0.095 £ 0.015 0.094 £+ 0.014 0.087 £0.013 0.089 £ 0.013
N 0.996 £+ 0.018 0.992 £+ 0.011 0.974 £0.011 0.9815 £ 0.0088
1og(1(lm:’la) 3.111 £ 0.034 3.108 £+ 0.030 3.093 £+ 0.030 3.103 £0.029
Ness 3.71+0.40 3.63 £0.27 3.35£0.31 3.56 4+ 0.27
AL 1.25+0.13 1.24 +0.12 1.16 +£ 0.10 1.17+£0.10
Holkm/s/Mpc] TA9E37 740 £ 2.0 T04£1.9 71816

N 0.736 £ 0.022 0.733 £ 0.014 0.706 £ 0.011 0.7119 £ 0.0094
Qm 0.264 £+ 0.022 0.267 4+ 0.014 0.294 £ 0.011 0.2881 £ 0.0094
Age/Gyr 13.08 +0.38 13.154+0.23 13.47+0.28 13.27+0.23

29

Table 4.5: Constraints at 68 % confidence level on cosmological param-
eters from the analysis using Planck+WP-+HST, Planck+WP+BAO and
Planck+WP+BAO-+HST.

the Planck dataset hints for a number of relativistic species higher than the
expected and for a lensing amplitude also higher. The result on N, is found
also using SPT data, that, on the contrary, indicate a lensing amplitude
value lower than the expected. So, while the first result can really be a
hint for new physics to take in account, the second seems more to be a
systematic effect. Three CMB experiments obtain three different values for
the same parameter, none of which is the expected one. Moreover, playing
with other CMB damping tail parameters like Ns¢ or > m, in anyway a
standard value for A; cannot be properly recovered. Another indication for
this strange value of Ay, to be caused by a systematic is the fact that the same
parameter computed on the tri-spectrum instead of the spectrum results in
A%? =0.99 4 0.05.

4.2 Clustering parameters

Another way the neutrinos can affect the damping of the CMB acoustic os-
cillations is via their clustering properties. Is indeed assumed that neutrinos
behave like radiation also in clustering, but this is far from being proved.
The clustering properties of a fluid are defined with the help of two param-
eters: the rest-frame sound speed c%; and the viscosity parameter ¢Z,. The
former represents the ratio among pressure and density perturbations of the
fluid, while the latter is given by its anisotropic stress. Both these quanti-
ties should be equal to 1/3 to reproduce clustering properties typical of a
radiation fluid.

To study these features we can describe neutrinos as generalised dark

matter, as proposed by Hu in [76]. This leads to a change in the neutrino
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perturbation equations of [2.26] that in this case read [77]:

5, = Z (1-3c%) ((L + 331) —k <qy + ;kh) (4.4)

G, = kg (51, + SZq];) — Zq,, — gkm, (4.5)

=3 (iq 4 1850> - ;’kFy,g (4.6)

2521 = =—(+1)F 1>3. (4.7)

The effective sound speed enters the equations of density and momentum
perturbations, while the viscosity parameter acts on the anisotropic stress.

To perform this analysis I modified camb to include the new parameters,
on which I imposed a flat prior inside the range [0;1]. Differently from the
analysis of the previous section, the Y m,, is kept fixed to 0.06 rather than
to zero. I used as datasets Planck+WP alone, Planck+ WP+BAO-+HST
and Planck+WP+lensing. The BAO data-points included in this analysis
are those from 6dFGRS, SDSS-DR7 and SDSS-DR9. Results are published
in [78] and reported in first column of Tab[d.6] for Planck+WP, first col-
umn of for Planck+WP+BAO+HST and in first column of Tab[4.§] for
Planck+WP-+lensing. In general we see a trend for ¢Z; (0.304 & 0.013 in
the Planck+WP case) to be a bit lower than the expectation, and for c2
to be higher (0.60 £ 0.18 in the Planck+WP case). In between two stan-
dard deviations, however, the standard values are recovered. The inclusion
of low-z measurements or of Planck lensing likelihood drags the values closer
to standard assumptions.

Parameters +c + g +c2p + AL +c2 + AL +c2p + A+ AL
Oh? 0.02118 £ 0.047 | 0.02219 £ 0.045 | 0.02236 4 0.053 | 0.02162 £ 0.095
Q.h? 0.1157 4 0.0038 | 0.1177 % 0.0032 | 0.1170 + 0.0034 | 0.1159 + 0.0036
1006 1.0412 £ 0.0014 | 1.0428 £ 0.0012 | 1.0421 £ 0.0019 | 1.0420 % 0.0020
log(10194,) 317340052 | 3.086+£0.028 | 308005 | 3.14140.078
T 0.089£0.013 | 0.088+0.013 | 0.087+0.013 | 0.089+0.014
e 0.998+0.018 | 0.9732+£0.0099 | 0.970£0.014 | 0.989 +0.023
Ap 1 1.16 £0.13 1.20£0.12 1.08 £0.18
e 0.60 £ 0.18 0.33 0.35+0.12 0.51 +0.22
cy 0.304 +£0.013 0.321 +£0.014 0.33 0.311 +0.019
Hylkm/s/Mpc] 68.0+13 68.7+15 689415 68.6 + 1.7
Table 4.6: Results for different combinations of extra parameters for

Planck+WP dataset at 68% c.l..

I decided to add as free parameter also the lensing amplitude Ay, and try
different combinations of extra parameters, in order to determine whether
the degeneracy among these three can some way correct the huge value of
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Parameters +c + Ay +c + AL +ck + AL +c2p + 2+ AL
Q,h? 0.02142 £ 0.048 | 0.02228 £ 0.037 | 0.02258  0.043 | 0.02209 £ 0.091
O h? 0.1160 £ 0.0025 | 0.1171 £ 0.0018 | 0.1173 4+ 0.0023 | 0.1167 £ 0.0024
1006 1.0417 £ 0.0016 | 1.0427 £ 0.0011 | 1.0429 £ 0.0018 | 1.0426 4 0.0018
log(10'°A) 3.158 +0.050 3.084 +0.028 3.065 + 0.043 3.104 +£0.075
T 0.091 +0.013 0.088 +0.013 0.087 +0.013 0.088 +0.013
Ng 0.993 +£0.016 | 0.9737 £ 0.0080 | 0.967 £ 0.012 0.978 +0.023
Ay 1 1.18£0.12 1.23+£0.11 1.15+£0.17
i 0.53 £ 0.16 0.33 0.302 £ 0.097 0.40 £0.19
[ 0.306 + 0.013 0.322 +0.013 0.33 0.319 + 0.019
Hofkm/s/Mpc] | 6820074 | 68934080 | 69.16+087 | 68.8840.99

Table 4.7: Results for different combinations of extra parameters for
Planck+WP+BAO+HST dataset at 68% c.l..

Parameters +c + Ay +2 + Ap +c2 + A +2q + 2+ AL
Qh? 2.155 +0.049 2.214 +£0.038 2.217 + 0.046 2.166 £+ 0.063
Q.h? 0.1151 £0.0034 | 0.1171 £ 0.0030 | 0.1159 4+ 0.0034 | 0.1151 £ 0.0037
1006 1.0414 £ 0.0015 | 1.0426 £+ 0.0012 | 1.0415 4+ 0.0018 | 1.0415 4 0.0017
log(101°A,) 3.146 + 0.054 3.084 +0.027 3.094 +0.051 3.137 £ 0.064
T 0.090 £ 0.013 0.088 +0.013 0.088 +0.013 0.088 +0.013
ng 0.990 £ 0.019 | 0.9726 4+ 0.0098 | 0.974 £+ 0.015 0.989 + 0.021
Arp 1 1.042 £ 0.072 1.057 £ 0.070 1.025 £+ 0.076
i 0.524+0.18 0.33 0.39+0.14 0.50 £0.19
o 0.312 +£0.013 0.322 +£0.012 0.33 0.314 + 0.015
Holkm/s/Mpc] || 68.5+ 1.1 68.8+ 1.4 68.9+ 1.4 68.8+ 1.5

Table 4.8: Results for different combinations of extra parameters for
Planck+WP+lensing dataset at 68% c.l..

the lensing amplitude obtained in the ACDM scenario by Planck. Plots4.10
and report the parameter posteriors in the various cases (different
combinations of parameters and datasets).

For what concerns the sound speed it is worth to notice that the si-
multaneous variation of the lensing parameter pushes the results towards
the standard value. Datasets combinations give very similar results, the in-
clusion of lensing enlarges the posterior enhancing the agreement with the
standard value 1/3. The viscosity parameter seems to be higher than 1/3,
but again, including the lensing amplitude as a free parameter can reconcile
its value with the expectations. Planck lensing dataset in this case slightly
tighten the posterior and drag it closer to the standard. A unitary value
for Ay, instead, can be recovered only when both the clustering parameters
for neutrinos are free to vary, or including the lensing information. Sum-
marising, the simultaneous variation of the three parameters can recover
standard results for all, even including only CMB spectrum information,
giving % = 0.319 £ 0.019, ¢, = 0.51 +0.22 and Ay = 1.08 + 0.18. The
inclusion of the lensing likelihood maintains this agreement while tighten-
ing the constraints, giving % = 0.0.314 £ 0.015, 2, = 0.50 & 0.19 and

vis
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A =1.025 £ 0.076.
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Figure 4.10: Here I present posteriors for ¢Z; in the analysis of Planck+WP
(left), Planck+WP+BAO+HST (center) and Planck+WP+lensing (right).
In each plot different lines refer to different parameters combinations. For
each dataset choice varying the c¢%; and Ay, together recovers agreement with
standard expectations. The variation of the three parameters all together
enlarges the posteriors obtaining the same result.
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Figure 4.11: Here I present posteriors for ¢ in the analysis of Planck+WP
(left), Planck+WP+BAO+HST (center) and Planck+WP+lensing (right).
In each plot different lines refer to different parameters combinations. The
simultaneous variation of the parameters gives results closer to the standard.

It is worth noticing how the clustering parameters act also on the spec-
tral parameters, given the strong degeneracy among them. This correlation
is reported in Figld.13| for the sound speed and in Fig[d.14] for the viscosity
parameter. The former shows a negative degeneracy with the inflationary pa-
rameters, while the latter presents a positive correlation. The degeneracy of
the sound speed is partially removed if the lensing amplitude parameter is let
free to vary. Finally, correlations between A; and the clustering parameters
are shown in Fig.15]



CHAPTER 4. NEUTRINOS 63

-
=)
T
Iy
=)
T
Iy
=)
T
1

o
©
T
o
©
e
©
T

Probability
o
=
Probability
o
o
Probability
o
o

I
IS
T
o
>
T
o
IS
T

o
N
T
o
N
T

o
N

. I . . . B
0. ol // 1 L \\."'* 0. i Z 1 L N 0 =7 | -

050 075 100 125 150 175 850 075 100 125 150 175 875 o0s0 105 120 L35
Ay Ay

Figure 4.12: Here I present posteriors for Ay in the analysis of Planck+WP
(left), Planck+WP+BAO+HST (center) and Planck+WP+lensing (right).
In each plot different lines refer to different parameters combinations. A
unitary value for A is recovered when all the three parameters are let free

to vary.
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Figure 4.13: 2D contours for ¢Z; and the spectral parameters n, (left) and
A (right) in the Planck+WP case. Grey contours are for the simultaneous
variation of all parameters, red for the variation of the clustering parameters
only, and blue for the variation of c%; and Ay. The anti-correlation of the
sound speed with the inflationary parameters is partially removed when the
lensing amplitude is allowed to vary.

4.3 Nucleosynthesis

To conclude this chapter I report the interesting correlation of neutrino prop-
erties with primordial abundances I worked on recently. The results of this
analysis have been submitted to Physical Review D. The Big Bang Nucle-
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Figure 4.14: 2D contours for ¢, and the spectral parameters n, (left) and
A (right) in the Planck+WP case. Grey contours are for the simultaneous
variation of all parameters, red for the variation of the clustering parameters
only, and blue for the variation of ¢%, and Ay. The correlation between

viscosity and inflationary parameters is evident.
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Figure 4.15: 2D contours for the lensing and the clustering parameters (c;
on the left and ¢ on the right) in the case when all the three are free to vary.
Different colors refer to different datasets, namely, grey for Planck+WP, red
for Planck+BAO+HST and blue for Planck+lensing. The correlations of the

clustering parameters with the lensing amplitude are opposite.

osynthesis (BBN) is the standard scenario of the formation of the light nu-



CHAPTER 4. NEUTRINOS 65

clei in the Big Bang scenario. The abundances of the light elements depend
strongly on two factors: the baryon to photon ratio n = n,/n, ~ 1072 and
the number of relativistic species [79]. The baryon to photon ratio is funda-
mental for the following reasons. When the Universal temperature dropped
below the binding energy F, of light nuclei, in theory an abundance of this
element should start to form. In practise, because of the very low baryon to
photon ratio, encounters between baryons that creates nuclei are much less
probable than encounters between baryons and photons from the high-energy
tail of the spectrum (with hv > Ej) that disrupt them, and this makes the
temperature T;, at which nuclei start actually to form, lower than the bind-
ing energy by a factor nA=1, where A is the atomic number of the species.
The cosmological parameter €2, then is fundamental to determine precisely
at which temperature the nucleosynthesis starts.

The number of neutrinos enters the calculation in that while neutrinos
are coupled with the primordial plasma, they interact with ete™ pairs main-
taining an equilibrium among the number of neutrons and protons given by
their mass difference X,,/X,, = exp(—Am/T). When the temperature goes
below T; ~ 1 MeV (~ m,), however, there is no more enough energy to
recreate ete™ pairs, and the neutron to proton ratio, starting from the last
value X,/ X, (T,) at equilibrium, begins to drop because of the neutron decay.
The time spent between Ty and T, is determinant for the number of neutrons
available to form nuclei, and is directly linked to the *He abundance. The
assumption of the BBN is indeed that all the neutrons end up in *He nuclei,
and this * He formation leads to the depletion of other lighter elements like
2H and 2He. The heavier element to form in the nucleosynthesis process is
the "Li, in extremely small amounts.

CMB observations, measuring the number of neutrinos and the baryon
abundance, can tell us about primordial abundances of light nuclei. These
quantities, however, can also be directly observed in areas of the sky par-
ticularly free from stellar formation and evolution. Stellar processes alter
the element abundances with their nuclear reactions. In particular, 2H is
never produced in stellar reactions, but only consumed, and in this way 2H
observations can help to pose a lower limit on the baryon density. These ob-
servations are made on neutral Hydrogen clouds invested by the light emitted
from far QSO (Lyman-«a forests).

A numerical code PArthENoPE [80] is available to compute BBN results
starting from parameters as €2, N.ss and the neutron mean lifetime. I used
it to derive fitting formulas to compute * He abundance, usually expressed as
Y, = *He/H, and ?H abundance D = 2H/H, and add these two parameters
as derived ones to the chains obtained with the Planck+WP dataset. This
analysis aimed to compare Planck predictions for 2H with the value mea-
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sured by Pettini and Cooke [81]. They analysed the light from a metal poor
damped Lyman alpha system (DLA), namely the QSO SDSS J1419+-0892,
obtaining a highly accurate estimate of D = 0.2535 & 0.0050 - 1074, that
translates in a baryon density of Q,h? = 0.0223 & 0.0009 for a standard
number of neutrinos. The value for the baryonic abundance measured by
Planck is Q,h% = 0.02205 4 0.00028. There is a tension between these two
measurements at a level of 1-2 standard deviations.

In this analysis I derived values for the D parameter in different extensions
of the ACDM model and compute the deviance from the Pettini and Cooke
measurement as shown in Tabl£.9 The different models allow for: a non
standard lensing amplitude Ay, iso-curvature perturbations «;, non standard
mass or number of neutrinos ) m, and Ny, tilt of the spectral index n,,
spatial curvature €2, non standard EOS for dark energy w, non-null tensor
to scalar ratio of the perturbations r» and combinations of them. We could
drop the following conclusions for the one-parameter extensions:

e in models where w, r, n,, a; are free to vary there is no variation (or
at least a very small variation) in values of Deuterium with respect to
the standard model. We can infer that there is no correlation between
these parameters and the abundances of light nuclei;

e in models with Ay, () as free parameters we saw a strong variation with
respect to the standard model and I obtained values of Deuterium in
good agreement, even within 10, with the value of Pettini and Cooke;

e in the two models in which >~ m, and N.¢ are free to vary the new Deu-
terium distributions are even farther from the one obtained by Pettini
and Cooke with respect to the standard model.

I then retained those combinations for which the two values were more in
agreement and used the importance sampling technique to weight the chains
imposing a Gaussian prior on D based on the Pettini and Cooke value. In
this way are including this data-point in the analysis. The numerical results
are reported from Tab[4.10] to Tab4.14]

When Pettini and Cooke prior is added to the extensions considered we
have several shifts in the extra parameters: Ay and {2, tend to stay away from
the standard value, see Fig[4.16l When in combination with 3 m,, A}, again
shows the same behaviour, as shown in Figll.17] Finally, for what concerns
the inflationary parameters n, and r, the former remains close to its standard
value, while the latter shows a non-null value, as reported in Fig/f.18) When
these parameters are combined also with curvature €2, the agreement with
Pettini and Cooke result is perfect, due to an enhanced curvature balanced
by a higher tensor to scalar ratio, see Figld.19
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Model

ACDM
+Ap

+ay
+2my
+Nesy

+n,

+Q,

+w

+r

+>my, Ar
+Z my, Qk

+>my, Negs

+n7‘7 T
Ny 1, Qg

Qph? (D/H)-107° | -2 -2
OCMB

0.02207 £ 0.00027 | 2.661 £ 0.055 2.3
0.02244 £ 0.00036 | 2.585 + 0.067 0.75
0.02216 4 0.00029 | 2.638 + 0.057 1.8
0.02190 £ 0.00032 | 2.692 + 0.065 2.4
0.02238 & 0.00041 | 2.753 4 0.094 2.3
0.02218 £ 0.00029 | 2.636 + 0.057 1.8
0.02231 £ 0.00030 | 2.611 +0.059 1.3
0.02206 4 0.00028 | 2.658 + 0.055 2.2

0.022071000055 | 2.656 = 0.055 2.2
0.02228 4 0.00038 | 2.617 + 0.074 1.1
0.02211 £ 0.00035 | 2.650 =+ 0.068 1.7
0.02220 £ 0.00045 | 2.763 + 0.092 2.5
0.02232 +0.00032 | 2.611 + 0.061 1.3
0.02276 & 0.00044 | 2.528 +0.079 0.089

Table 4.9: Values of Qyh? and 2H abundance for the ACDM model and for
all the extensions considered. In the last column is reported the squared
difference with the Pettini and Cooke value divided by the uncertainty on

the CMB estimation.

Parameters PLANCK+WP PLANCK+WP+D
A 12275012 1.25 £0.11

Quh? (0.2244 4 0.0036) - 10" | (0.2262 + 0,0022) - 10~
Q.h? 0.1168 4 0.0030 0.1158 4 0.0025

ng 0.9689 4 0.0084 0.9718 4 0.0070
1006 1.04181 =+ 0.00068 1.04201 =+ 0.00061

T 0.86710 005 - 1071 0.87710005 - 1071
log(10™0 A,) 3.077 +£0.025 3.077 +0.025

Table 4.10: Parameters mean values and 68% c.l. for the case ACDM+A;.
Left column shows results of the CMB-only analysis, while in the right panel
are reported the values obtained after imposing the D prior.

Parameters

PLANCK+WP

PLANCK+WP+D

o
Qph?
Q.2
N
10046
-

log(1010A4,)

—0.37705 - 1071
(0.2231 4 0.0031) - 107!
0.1183+0:90%7
0.964610:997
1.041595:000%
0.86970.05 - 1071
3.081 +0.025

—0.44 £0.23-107"
0.2254199930 - 107!
0.1171 + 0.0024
0.968075-00%8
1.0418 + 0.0060
0.89210:07 - 1071
3.083 £ 0.025

Table 4.11: Parameters mean values and 68% c.l. for the case ACDM-+;.
Left column shows results of the CMB-only analysis, while in the right panel
are reported the values obtained after imposing the D prior.
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Parameters PLANCK+WP PLANCK+WP+D
> my[eV] <0.71 < 0.56
Ap 1.30 £0.13 1.34 £0.13
Oph? (0.2228 £ 0.0038) - 107! | (0.2257 £ 0.0022) - 107!
Q.h? 0.117755:00% 0.116070:0033
Ny 0.9644 + 0.0095 0.969975- 005
1006 1.0414475 0005 1.04178 + 0.00062
T 0.86570:058 . 10~ 0.88119.9% - 10~
log(10™A,) 3.077 +0.025 3.077 £ 0.026
Table 4.12: Parameters mean values and 68% c.l. for the case

ACDM+>"m,+A. Left column shows results of the CMB-only analysis,
while in the right panel are reported the values obtained after imposing the

D prior.

Parameters PLANCK+WP PLANCK+WP+D
n, (=0.21 £0.11) - 1077 (—0.24 £0.11) - 1077
r <0.126 < 0.150

Qph? (0.2232 £ 0.0032) - 107" | (0.2255 +0.0021) - 10~
Q.h? 0.1198 £ 0.0028 0.118810952°

Ny 0.9583 + 0.0080 0.9610 % 0.0075
1006 1.04140%5- 00052 1.04161 4 0.00058

- 0.1002:0-0066 0.1050™0-00%
log(10™A,) 3.115 +0.031 3.123 +0.031

Table 4.13: Parameters mean values and 68% c.1. for the case ACDM+n,+r.
Left column shows results of the CMB-only analysis, while in the right panel
are reported the values obtained after imposing the D prior.

Parameters PLANCK+WP PLANCK+WP+D

n, (=022 £0.13)- 107" [ (=0.213 £0.12)- 10"

r <0.253 <0.234

o —0.571034 . 107! (—0.52 £0.29) - 10~

Qh? (0.2276 +0.0044) - 1071 | 0.2272739923 . 10~

Q.h? 0.1164 = 0.0034 0.1166 = 0.0027

N 0.970 4 0.010 0.968710: 0055

1006 1.0419670 0007 1.04191 + 0.00062

T 0.950199%% . 101 0.94970:051 - 1071

log(10™A,) 3.097 + —0.030 3.098 + 0.030
Table 4.14: Parameters mean values and 68% c.l. for the case
ACDM+n,+7r+8;. Left column shows results of the CMB-only analysis,

while in the right panel are reported the values obtained after imposing the

D prior.
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Figure 4.16: 1 report here the posteriors for ACDM+Ap (left) and
ACDM+€, (right) where the black line refers to the CMB-only case, while
the red to the case with the add of the D prior. In both cases including
the Deuterium prior pushes the results a little farther from the standard

expectations.
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Figure 4.17: 1 report here the posteriors for ACDM+>" m,+A;, where the
black lines refer to the CMB-only case, while the red to the case with the D
prior. With the inclusion of the Deuterium prior the sum of the masses of
neutrinos is more consistent with zero while the lensing amplitude shows an

even higher value.
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Figure 4.18: I report here the posteriors for ACDM+n,+r, where the black
lines refer to the CMB-only case, while the red to the case with the D prior.
The inflationary parameters are slightly effected by the inclusion of the Deu-
terium prior, moving toward non-standard values.
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Figure 4.19: I report here the posteriors for ACDM+4n,.+r+€);, where the
black lines refer to the CMB-only case, while the red to the case with the D
prior. Adding D has a small effect on these posteriors, given the fact that
this combination recovers well the Pettini and Cooke D value using only
CMB data.
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Chapter 5

Dark energy

"...I thought maybe

I thought this would go away
But it continues

The only constant

Every day

Stronger...’

Nine Inch Nails - Demon Seed

In this chapter I will discuss my work on dark energy evolution. If the dark
energy is a cosmological constant, indeed, the value of its EOS should be
always equal to —1. A strong way, then, to determine the viability of a
cosmological constant solution is to study the time evolution of this EOS,
looking for possible deviations from the actual value w ~ —1. Each other
theory developed to explain the accelerated expansion of the Universe (scalar
field theories and modified gravity scenarios) can indeed be represented by an
effective energy density that evolves in time following an effective EOS [82].
The only requisite for this EOS is to be < —1/3, in order to allow for an
acceleration of the space-time expansion (refer to .

5.1 Time evolution

In general dark energy is expressed by an energy density p, and its EOS w,,
and its evolution can be studied using perturbation equations [2.15 As we
yet mentioned, this approach is valid only in the limit w, > —1, because
for values of the EOS equal or below —1 (phantom models) the synchronous
gauge presents coordinate divergences due to infinite sound speed. In this
case one must follow the approach of Hu and work in the PPF framework,
in which density and momentum are treated as a unique perturbed variable,

72
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whose sound speed is finite and well-behaved. In order to use this framework
to evolve the perturbations I modified camb and CosmoMC. I sampled on the
baryon and cold dark matter densities €2, and €., the Hubble constant Hy,
the re-ionization optical depth 7, the scalar spectral index ng, and the overall
normalization of the spectrum A;.

Instead of the single value w, for the dark energy EOS, I introduced 6
parameters w;(z) (i = 1,2,..6), each representing the value of w, in a partic-
ular red-shift bin z; € [0.0,0.25,0.50,0.85,1.25,2.0] equally spaced in In(a).
Including more than six bins does not significantly improve the constraints.
The In(a) spacing makes possible to have a statistical significant number of
low-red-shift observables in each bin. In order to have w,(z) as a smooth and
continuous function, I interpolated between these values with a hyperbolic
tangent function defined as:

w,(2) = w; z =z
Wy (2) = wi + 0y + Gy tanh(‘szs—_z) z € [z, Ziv1]
w,(z) = —1 z > zg

where A; is an amplitude factor, §, is the half value of (2,11 — z;), 0, is the
half value of (w;+1 —w;) and s is a smoothing parameter. The position of the
bins was chosen in order to be sensitive to the presence of SN and BAO, that
can constrain effectively the value of w,(z), rather than the CMB, that can
give only very wide constraints on it (the only part of the CMB spectrum that
is highly sensitive to the presence of dark energy is the low-¢ part, affected by
the ISW effect, that however is strongly limited in accuracy, due to cosmic
variance . The datasets I used in this work are reported below.

I used the CMB observations coming from WMAP 7 years. As non-CMB
data, for the SN I separately used the Unionl compilation, Union2 and SNLS.
I considered then different datasets for BAO combined in the following way:

e runl
SDSS-dr7 at z=0.20, 0.35 in form of dy(z), WiggleZ at z=0.44, 0.60,
0.73 in form of A4(2) ;

e Tun2
6dFGRS at z=0.1, WiggleZ at z=0.44, 0.60, 0.73 all in form ds(z);

e run3
WiggleZ at z=0.44, 0.60, 0.73 all in form d4(2);

e run4
6dFGRS at z=0.1, SDSS-dr7 at z=0.20, 0.35, WiggleZ at z=0.44, 0.60,
0.73 all in form d,(2).
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I chose a preferred combination of BAO and SN and I added the measure-
ments for Hy from the Hubble Space Telescope and the H(z) dataset from
Moresco et al..

As noticed in last section of Chapter 3, the estimations that we can
determine for the w;(z) will be correlated. I used the PCA procedure of Serra
and Cooray introduced in Section 3.5 to decorrelate them. In other words
I used CosmoMC with the w;(z) to obtain their mean values and covariance
matrix. After that, using PCA, I derived ¢;(z), the decorrelated values,
and then run again the statistics to evaluate their marginalized values and
errors. In left panel of Figl5.1] I show typical weights to obtain q from a
linear combination of w while in right panel I show the likelihoods of the
six principal components ¢; for a typical run. It can be noticed how, as
expected, the lower red-shift components are better constrained than the
higher red-shift ones.

12q2
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04

weights g1 —
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weights g3 - - 02
weightsg4 - - - - :
-0.4 jweights g5
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Figure 5.1: On the left typical weights used to obtain the principal compo-
nents ¢;(z) starting from the values of the w;(z). The weights plotted are
those obtained by PCA decorrelation for run2 of TabJ5.3] Notice the local-
isation of these weight functions. On the right typical likelihoods for the
principal components ¢;(z). Clearly the low-red-shift ones are much better
constrained than the high-red-shift ones.

The results obtained by combining CMB+SN are reported in TabJ5.1]and
in left panel of Fig[5.2] There is a general agreement with a cosmological con-
stant, for all the ¢;(z) and all the datasets. However, if we look at the value
of ¢3, around z ~ 0.5, the SNLS survey results appears closer to the ACDM
behaviour than the Unionl and Union2 ones that indeed show slightly larger
values of g3. The constraints on Hy (refer to Tab., then, are slightly
different from dataset to dataset: the SNLS survey indicates larger values,
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Parameters WMAPT7T WMAPT7 WMAPT
+Unionl +Union2 +SNLS
Quh? 0.0222 + 0.0011 | 0.0222 £ 0.0011 | 0.0222 £ 0.0011
Qch? 0.11340.011 | 0.1134+0.011 | 0.113+0.010
Hy[km/s/Mpc] 682+ 6.1 7044 6.1 72.6 + 7.0
ns 0.963 £0.028 | 0.963+0.026 | 0.962+0.027
log(10'04,) 3.209+0.091 | 3.212+0.085 | 3.213+0.084
g6(z = 2.00) > —3.0 —1.6113 ~1.5+1.3
gs(z = 1.25) —1.34 —1.3£1.0 —1.4710
q(z = 0.85) —0.9210:38 —1.115527 —1.3170%0
gs(z = 0.50) —0.8470:30 —0.8975:3% —1.0675:3%
@(z = 0.25) —1.0279% —1.08915 —1.024911
q1(z = 0.00) —0.937032 —1.02792 —1.0340.21
0 1.0380 & 0.0054 | 1.0380 & 0.0052 | 1.0382 % 0.0052
O 0.708 £ 0.061 | 0.725+0.059 | 0.742+0.057
O 0.292+£0.061 | 0.275+0.059 | 0.258 +0.057
Age/Gyr 13.84 4 0.32 13.79 4 0.31 13.72 4 0.32
% 7776.58 7999.48 7536.84

Table 5.1: Constraints at 95% confidence level for a WMAP 7 years analysis
considering different SN datasets. The SNLS survey provides constraints
that are more consistent with the ACDM case.

with Hy ~ 72.5 km/s/Mpc, while the Union2 and Unionl catalogues prefer
smaller values with Hy ~ 70.4 km/s/Mpc and Hy ~ 68.2 km/s/Mpc respec-
tively. All these values of Hy are however in mutual agreement in between
two standard deviations.

When combining on the contrary CMB+4+BAO datasets the evidence goes
towards ¢; > —1, even remaining in agreement with the cosmological constant
scenario. Particular attention must be paid to the H, values. These indeed
are in the range 58 — 64 km/s/Mpc, in strong tension with the HST result
of Hy = 73.8 £ 2.4 km/s/Mpc. All the results for this case are reported in
TabJ5.2) and represented in right panel of Fig[5.2

I then added together info from SNLS (the dataset that appears to lower
the error bars at low red-shift and to give less scattered results) for SN and
the different BAO combinations examined to choose a preferred dataset to
which add further measurements. Results are shown in left panel of Fig[5.3
In this case we found a slight indication for w < —1 around the second bin
¢2 at z ~ 0.25. This deviation was already noticed in [83]. The values of
q3 at z ~ 0.50 are on the contrary larger than —1 at about one standard
deviation. The agreement with a cosmological constant is worse with respect
to the WMAP+SNLS case. It seems as the BAO data are hiking up the
value of the ¢; everywhere but in the second bin, where the weight of the SN
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Figure 5.2: On the left are reported constraints at 95% c.l. on ¢;(z) from
WMAP 7 years data combined with different SN catalogues: Unionl, Union2
and SNLS. As we can see all the datasets provide constraints on ¢;(z) that
are consistent with the predictions of a cosmological constant in between
two standard deviations. On the right are plotted the constraints on the
dark energy EOS from a combined analysis with different BAO datasets
as described in the text. There is a broad agreement with a cosmological
constant for all the datasets and none of them reduces significantly the error
bars with respect to the others.

is much higher and dominates the results. Looking at numerical results in
Tab/5.3] one can see that adding BAO data lowers significantly the preferred
value for the Hubble constant with respect to the WMAP+SNLS case, as
expected from the results of the WMAP+BAO analysis.

I chose as default combination the CMB+SNLS+BAO-run2, given its
tight constraints and less scattered results with respect to the other datasets
combinations. To this combination I added singularly and together the HST
prior on Hj (even if in strong tension with BAO predictions) and the H(z)
dataset of Moresco et al.. Both the HST prior and the H(z) dataset render
the value of g3 more compatible with predictions of a cosmological constant
(w = —1). In general, with the exception of the value of ¢, at z ~ 0.25, that
prefers w < —1, there is a general agreement with a cosmological constant.
¢i(z) results are showed in right panel of Fig, while the numerical mean
values for the cosmological parameters are reported in TabJ5.4]

These results can be used to make a qualitative comparison with some
models of dark energy. I chose to make this comparison with some modified
gravity proposed models. As final dataset I used the WMAP+SNLS+BAO+ H(z),
not including HST prior because of its strong tension with BAO predictions.
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Parameters WMAPT7 WMAPT WMAPT7 WMAPT7
BAO-runl BAO-run2 BAO-run3 BAO-run4
Q,h2 0.0221 + 0.0011 | 0.0222 + 0.0012 | 0.0223 + 0.0012 | 0.0221 + 0.0012
Q.h? 0.11840.011 | 0.11540.012 | 0.1154+0.012 | 0.116 +0.012
Hy[km/s/Mpc] 63.7+£6.9 60.4 + 6.4 57.95 + 8.3 61.9+5.7
N, 0.959 £0.029 | 0.963+0.030 | 0.965+0.030 | 0.961 +0.031
log(10'04,) 3.23840.099 | 3.212 +0.093 3.23+0.10 3.22+0.10
g6(z = 2.00) —1.159 —1.1749 > —2.4 —0.991959
gs(z = 1.25) —0.9270-10 —0.909-7% —0.9719 —0.871011
qa(z = 0.85) —0.70%0:78 —0.66%0:5 —0.6510% —0.74%0:68
gs(z = 0.50) —0.7210:32 —0.7113:3 —0.57104 —0.7213:3¢
¢z = 0.25) —0.97555% —0.7075:%3 —0.507589 —0.8975:33
q1(z = 0.00) —0.9275:34 —0.8075:33 —0.77+9:5¢ —0.7675:135
1006 1.0375 + 0.0054 | 1.0377 + 0.0055 | 1.0380 & 0.0055 | 1.0373 % 0.0056
Oa 0.652 4 0.072 | 0.587 +0.075 0.67 +£0.11 0.639 & 0.060
O 0.348 £0.072 | 0.380 +0.075 0.41 +0.11 0.361 =+ 0.060
Age/Gyr 14.03 £ 0.29 14.04 +0.30 14.07 4 0.30 14.05 4 0.33
% 7476.05 7A74.62 747373 7478.43

Table 5.2: Constraints at 95% confidence level for a WMAP 7 years analysis
considering different combinations of BAO datasets (see text). BAO data

clearly prefer a lower Hubble constant around Hy ~ 61 km/s/Mpc.

Parameters WMAP7+SNLS | WMAP7+SNLS | WMAP7+SNLS | WMAP7+SNLS
BAO-runl BAO-run2 BAO-run3 BAO-run4
Q12 0.0220 + 0.0011 0.0221 % 0.0011 0.0221 =+ 0.0011 0.0222 + 0.0012
Q.h? 0.119 + 0.012 0.118 4 0.011 0.117 4 0.012 0.117 + 0.012
Ho[km/s/Mpc] 64.3+3.5 64.6 + 3.8 64.44+4.2 63.6 & 3.0
n, 0.957 + 0.029 0.959 + 0.030 0.960 + 0.029 0.962 + 0.031
log(101°A,) 3.245 4 0.098 3.236 + 0.093 3.229 4 0.095 3.22 4 0.10
g6(z = 2.00) > —2.7 —1.1}2 —0.9779-92 —0.7979-7%
gs(z = 1.25) —0.75+9-92 —0.7179-% —0.67953 —0.5975-47
qa(z = 0.85) —0.52+0:40 —0.561037 —0.47103 —0.451031
g3(z = 0.50) —0.8410% —0.821027 ~0.8519% —0.73+026
¢@(z = 0.25) —1.217313 —1.1473143 —1.147345 —1.1780:38
q1(z = 0.00) ~1.067021 —1.11%0% —1.080% ~1.06%07
1006 1.0370 £ 0.0052 1.0372 £ 0.0054 1.0373 = 0.0054 1.0374 £ 0.0055
Qn 0.659 + 0.035 0.657 + 0.042 0.665 4 0.048 0.656 + 0.035
O 0.341 + 0.035 0.343 + 0.042 0.335 4 0.048 0.344 + 0.035
Age/Gyr 14.1+0.28 14.10 £ 0.28 14.08 £ 0.30 14.11 +£0.28
Y 7595.08 7594.50 7593.98 7597.02

Table 5.3: Constraints at 95% confidence level for a WMAP+SNLS analysis
considering different combinations of BAO datasets (see text). I can see
the hint for a lower value of ¢; < —1 in the red-shift bin around z = 0.25,
where SN has the most of their high precision measurements, while there is
a preference for w > —1 in higher red-shift bins where BAO dominate.
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Figure 5.3: On the left: constraints on the dark energy EOS from a com-
bined analysis of the WMAP+SNLS dataset with different BAO datasets
as described in the text. There is general agreement with a cosmological
constant, however values at red-shift z ~ 0.25 are in better agreement with
w < —1 while values at z ~ 0.5 prefer aw > —1. On the right: constraints on
the dark energy EOS from a combined analysis of the WMAP+SNLS+BAO-
run2 dataset with the HST prior on the Hubble constant and the determi-
nation of H(z) in Moresco et al.. There is an improved agreement with a
cosmological constant with respect to the WMAP+SNLS+BAO case for ¢3
at z ~ 0.50.

In Fig5.4I show how the results on ¢; are in tension with the typical w(z)
behaviour of models such as the Hu-Sawicki f(R) model (HS) [84], the co-
variant Galileon model [85] and two different tracking models [86, 87]. For
both tracking and HS models this is given by the fact that all of these predict
w(z) > —1 at low red-shifts that clearly disagrees with the hint for a lower
value than —1 as found in this analysis. The covariant galileon model instead
does give w < —1, however it is in tension with values in the higher red-shift
bins.

It is important to stress that this kind of models do not affect only the back-
ground expansion of the Universe, but they also produce effects on structure
growth and therefore on CMB, and this leads to degrade constraints on g;,
in particular at high red-shifts where the LSS clustering is important [88].
The error bars obtained with this analysis can be considered appropriate for
quantitative comparison with models that change the Universal evolution
only at a background level, through the different w(z) function.
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Parameters WMAP7+SNLS+BAO | WMAP7+SNLS+BAO | WMAP7+SNLS+BAO
+HST +H(z) +H(z)+HST

Q,h2 0.0222 £ 0.0011 0.0219 £ 0.0011 0.0221 £ 0.0011
Q.h? 0.121 4 0.012 0.1248 =+ 0.0096 0.1250 = 0.0093
Hy[km/s/Mpc] 67.2+3.4 66.4 + 3.0 68.1+2.7
N, 0.959 + 0.029 0.950 + 0.027 0.953 + 0.026
log(10'94,) 3.248 + 0.097 3.284 +0.081 3.277 £ 0.077
g6(z = 2.00 > 29 —1.2711 —1.27H

—1.021992
—0.70t‘é;§§
—1.19%05

—1.2159%
Logg
1 qge0it

. —0.18

— L1009
—1.05793%
—1.18 £0.17

q1(z=0.00 —1.14752 —1.12+92 —1.16792
1000 1.0380 = 0.0052 1.0368 = 0.0054 1.0376 £ 0.0052
Qu 0.683 4 0.036 0.667 4 0.037 0.682 + 0.033
O 0.317 + 0.036 0.333 4 0.037 0.318 + 0.033
Age/Gyr 13.92 4 0.24 13.96 + 0.24 13.86 4 0.22
\’ 7608.70 7611.00 7619.64

Table 5.4: Constraints at 95% confidence level for a WMAP+SNLS+BAO-
run2 analysis considering the HST prior on the Hubble constant and the
determination of H(z) from Moresco et al..

5.2 CMB shift parameters

Following [89] one can derive from CMB data simple distance indicators, that
can be used to add CMB constraints to the low-z distance measurements. In
this way results on w(z) can be used in a safe way to constrain the parameters
of the different modified gravity models, in that the perturbation evolution
remains out of the analysis. An optimal set of distance measurements, known
as shift parameters, are R and {,, that combined with Q,h? and n, can furnish
this alternative way to include CMB information in the analysis. These shift
parameters are defined as follows:

U Hdy

R = e (5.1)
o 7Tdd
l, = o (5.2)

where d; is the co-moving distance to the decoupling surface and ry is the
co-moving sound horizon at decoupling epoch. Using Planck release I com-
puted these values for a combination of Planck+WP and the Planck lensing
likelihood obtaining the values reported in Tab for the set R,(,, Qyh? and

Ng.
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Figure 5.4: Comparison of the constraints on the dark energy EOS derived
from a WMAP+SNLS+BAO-+H (z) dataset with several dark energy models
as covariant Galileon, Hu-Sawicki, tracking SUGRA and tracking power-law.
Most of these models are in tension with the data mostly because of the
low red-shift values of ¢; and ¢, that point to a cosmological constant or
to w(z ~ 0.25) < —1. The tracking power law model reproduces the low
red-shift behaviour but is in disagreement with the constraints at higher
red-shifts.

With these values one can make a full analysis including CMB, SN, BAO
and H(z) measurements to derive estimations for the uncorrelated values
q(z) that do not include perturbation information and so can be easily used
to be compared with different dark energy models predictions. The MCMC
sampled on 10 parameters: the 6 values w;, Qh?, Q.h?, Hy and n,. Beside
Planck+WP+lensing I added as SN the Union2.1 compilation, and BAO
data-points the ones from 6dFGRS, SDSS-DR7, SDSS-DR9 and WiggleZ.
As usual H(z) measurements are from HST for z = 0 and Moresco et al. for
z # 0. Results are shown in Fig/5.5] and reported in Tab5.6]

From the results shown we can see that with Planck CMB spectrum and
lensing information and the new SN compilation Union2.1 the constraints on
w(z) are broadly consistent with a ACDM model, nevertheless at small red-
shift, in particular at z = 0.25 there is still a hint for a smaller value than w =
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Parameters || Planck+WP+lensing
Quh? 0.02228 £ 0.00021
R 1.7407 4 0.0047

Ly 301.57 £0.15

ng 0.9662 £ 0.0042

81

Table 5.5: Constraints at 68 % confidence level for a Planck+WP-+lensing
analysis to compute shift parameters R and ¢, for the CMB.

Parameters || Planck+WP+lensing | Planck+WP+lensing | Planck+WP+-lensing
+SN +SN+BAO +SN4+BAO+H
Qh? 0.02226 = 0.00059 0.02221 =+ 0.00057 0.02209 =+ 0.00058
Q.h? 0.1188 + 0.0055 0.1196 + 0.0053 0.1216 + 0.0053
H, 69.6 £5.9 67.4+3.5 68.8 £ 2.7
ng 0.966 & 0.015 0.964 & 0.014 0.960 & 0.015
g6(z = 2.00) —1.5719 —1.0719-7 —1.101954
gs(z = 1.25) —14+1.2 —0.891947 —1.21%9%4
qu(z = 0.85) —1.23%967 —0.8019% —0.9975-4¢
q3(z = 0.50) —0.9375:3) —0.98 +0.24 —1.0240.22
¢2(z = 0.25) —1.04£0.17 —1.06441 £ 0.17 —1.111913
¢1(z = 0.00) —0.98 +0.28 —1.0175:39 —1.08%5%
10060 1.0417 £ 0.0012 1.0416 £ 0.0012 1.0414 £ 0.0012
Qa 0.707 4 0.054 0.687 & 0.032 0.696 & 0.025
O 0.293 4 0.054 0.313 & 0.032 0.304 & 0.025
Age/Gyr 13.68 £ 0.25 13.81 +£0.11 13.767 & 0.096

Table 5.6: Table shows results from this CMB shift parameters analysis, in
combination with SN, SN+BAO, and SN+BAO+H. Confidence intervals are
at 95 %.
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Figure 5.5: Results for the uncorrelated parameter ¢;(z) in this CMB shift
parameters analysis. These limits can be safely used to constrain parameter
space of different dark energy and modified gravity models, in that they do
not include any perturbation evolution information.

—1. These constraints should be included in a future work about effective
field theory parametrisation of different dark energy models, as explained
in [90].



CHAPTER 5. DARK ENERGY 83

My reference papers

10.1103/PhysRevD.88.043515 N. Said, C. Baccigalupi, M. Martinelli,
A. Melchiorri and A. Silvestri, “New Constraints On The Dark Energy
Equation of State”, Phys. Rev. D 88, 043515 (2013) [arXiv:1303.4353
[astro-ph.CO]].

Submitted and waiting for publication N. Said -’Dark energy equation
of state: a PCA approach’ - Proceedings of the Enrico Fermi School,
Varenna.



Chapter 6

Interacting dark sector

"There’s a gap in between
There’s a gap where we meet
Where I end and you begin...’

Radiohead - Where I End And You Begin

This last chapter is devoted to my research work about interacting dark
sector scenarios, which aim to describe the present Universe accelerated ex-
pansion as the result of interactions within dark matter and dark energy.
This solution can give observable features quite identical to the one deriving
from a ACDM framework. This is a good point in that it can well repro-
duce the Universe we live in, but at some level it can result not discernible
from ACDM. Some classes of these models are however viable for verification,
because of the production of observable features in CMB and matter spectra.

6.1 Unified models and interacting vacuum

Unified dark matter (UDM) models identify dark matter and dark energy as
a unique fluid with a particular EOS that can represent both the behaviours,
the gravitational attraction of matter and the repulsive effect of dark energy.
These models do not answer the coincidence problem, but in some way they
make it weaker from a theoretical point of view. In general they predict a non-
negligible Jeans length scale that produces huge effects on small structures
and ISW. This makes them compatible with observations only for values of
their parameters that do not allow the distinction with a ACDM model. A
small value for the Jeans length can be however recovered in the limit of a
fast transition between an Einstein - De sitter CDM-like epoch and a ACDM-
like one [91]. Starting from the metric perturbation in conformal gauge, as

84
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in equation [2.6] one can define the plane wave perturbation:

2¢
NI
with ¢ the gravitational potential and p and p density and pressure of the

fluid, respectively. For the evolution of this perturbation u one obtains the
second order differential equation [92]:

(6.1)

u =

1"

1" @
K cPu— — =0 6.2
u +kciu 5 (6.2)

where derivatives are with respect to conformal time, ¢? is the fluid effective
sound speed and © is defined as:

_ [ B
0 =\[555,0+9) (6.3)

For an adiabatic fluid one has ¢* = p//p’. From here one can define the
squared Jeans wave number as:

1 d°©
20 dez?|’

2

7=

(6.4)

In practise all viable UDM models must satisfy k% > k?, where k is any scale
of cosmological interest. The full expression for k2 is the following:

3 (1+w)‘1 9 B dc?  3(c2 —w)? —2(c? — w)

]{52 2 2 - o s
J 2p(l 02 2(Cs UJ) pd,O 6(1+'UJ)+%

S

(6.5)

showing that one can obtain large k% in two limits: when ¢? — 0 and when
¢? changes rapidly.

These UDM models are mappable into interacting vacuum (IV) mod-
els [93]. Starting from matter and vacuum energy-momentum tensors:

Ti = Pl + (p+ P)utu, (6.6)

TV = —Vg" (6.7)

where hatted quantities refer to vacuum, one can see that the vacuum four-

velocity is undefined, because p = —P = V. In presence of interactions

between the two components, the conservation of energy and momentum is
given by:

V. T'=-Q, (6.8)

VI =-V,V=Q,.
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A general parametrisation for the interaction ) can be the one of [94]. If
one identifies the matter component as CDM, then p = p. and P = 0, and
it follows that, at a background level:

pe+3Hp. = —Q (6.11)

V=0Q, (6.12)

where the interaction is given by:
Q o< Hlgo + gcpe + qvV] (6.13)

where qq, ¢, qv are dimensionless constant parameters. Solving the continuity
equations [6.11] and one obtains the background evolution.

6.1.1 Linear Perturbation Theory

Considering as line element the one of a flat FLRW metric:
ds® = a*{—(1+4 2¢)dr* — 2B;dx'dr + [ (1 — 2¢)6;; + 2E;;] da'dx’}  (6.14)
the four-velocity of the matter reads:
u =1 —¢,a 0] w, =[-1-¢,00) (6.15)

where 0'v = a(92"/0t) and § = a(v+ B). One can now define Q, = Qu,+ f,,
with f,u* = 0 so to rewrite the conservation equations for the fluids as:

8pe + 3Hbp. — 3peth + ch;(e +a*E —aB) = 0Q + Q¢ (6.16)
oV = —6Q — Q¢ (6.17)
and
pd —3EHpb + ped = [ — 2Q0 (6.18)
—6V =—f—Q0 . (6.19)

One can eliminate () and f from previous equations, ending up with one
conservation equation for the total energy and one for the total momentum.
Assuming a geodesic flow, ), = Quy:
. . V2 ) .
8pe +3Hbp, — 3par) + pcﬁ(H +a*E —aB) =0V (6.20)
0+¢=0. (6.21)
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The co-moving synchronous gauge is the most natural choice since there is
only one four-velocity (the matter one) defined in this scenario, and in this
case ¢ = 0 and § = 0. This leads to standard perturbation equations for
the CDM component (refer to and no perturbations for the vacuum
(valid only in this particular gauge choice). The change in the evolution
of the anisotropies, then, comes solely from the change in the background
evolution.

6.1.2 Mapping of UDM in IV

As an example here I map a particular UDM model into an interacting vac-
uum one, in order to obtain a model with an identical background evolution,
but different perturbation equations and in particular a null value of the
sound speed at every time. In this way one can avoid instabilities in the
clustering of the matter that eventually lead to strong features in the mat-
ter power spectrum. I start with a functional form for the total density, as
defined in [92]:

p=p42)3+m{1—(2)1A@H—a) (6.22)

where p; is the value of the total energy density at the transition, p, is the
asymptotic value of the density (when p. — 0) and A(a; — a) is the function
representing the transition, namely

Alay —a) = ; + iarctan[ﬁ(at —a) (6.23)

with a; the scale factor at the transition time and [ a steepness parameter.

The first step is to determine which part of this total energy acts as an
interacting vacuum, and which other evolves as a cold dark matter compo-
nent. In order to make this identification I use the two Friedmann equations
and [I.8] and the continuity equation for the total density By deriving
equation [6.22| with respect to the cosmic time, one obtains:

p=—3Hp—3HprA — prAll = (ar/a)’] (6.24)
and comparing to (1.9 one can state:

paA[L = (ai/a)’]
3H '

P=—pyA— (6.25)
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Because what I want is an interaction between two fluids that behave as cold
dark matter and vacuum, I will impose that:

p=pe+V P=P,——V (6.26)

where, in order to respect the conservation of the momentum we must have
Q. = —Qv. Identifying P as —V one can determine also p,:

pAA[l - (at/a)3]

V= pAA + 3H (628)
a3 A1 = (a/a)?
pe = (pt — pAA)(E) L [ 3[5 [ ] (6.29)

Deriving now this two equations with respect to cosmic time one ends up
with the form of the interaction:

V=prA+B=Qy (6.30)
pe = —3Hp. — ppA — B =—3Hp. + Q. (6.31)
where the term B is:

prAll — (a/a)’] — paAH[L — (ar/a)’]
3H 3H?

B = ppAA[l — (a/a)®] + (6.32)

so that the interaction is simply:

prAlL = (a/a)’]  paAH[1 = (ar/a)’
3H 3H?

Qv = —Qc = paA[2 — (ar/a)’] +

(6.33)

I determine now an equivalent form of the interaction, in particular ex-

pressing the derivatives of the transition function A in terms of typical vari-

ables. This is straightforward for the first and the third term of the total
interaction @)y . Indeed, noting that:

paA[1 = (ar/a)*] = BH(V = ppA) (6.34)

it follows:

) RS -

The second term can be rewritten as:

prA[l ;H('at/a)g} _ j(v — paA) (6.36)

Qv = 3H(V—pAA)<

=
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so that computing the derivatives of A leads to:

28%a(a; — a)
1+ B2%(a — ay)

j(v—pAA): [HJrH(l—

a )| -ma e

obtaining for the interaction, finally:

6 — 3(as/a)? 1+ B%(a? — a2)>
1—(a;/a)® 14 p%(a— a;)?

Qv =H(V - PAA)< (6.38)

6.2 Late time interaction

Now that I defined the framework I can introduce my work on interacting
vacuum that led to the determination of a best fit model that can assure
agreement between low and high red-shift measurements: the late time in-
teraction. The initial point of this work was to study the evolution with the
red-shift of a possible interaction between vacuum and matter. In [94] au-
thors performed a background analysis with SN data, showing that a model
with go = 0 and ¢. = 0 is preferred. Following their work I chose an interac-
tion of the form:

Q=—qvHV (6.39)

where gy is a time-varying quantity gy = ¢y (z). Integrating the continuity
equations and one obtains for the background evolution (see [95]):

V = Voa~ (6.40)
pe = pepa > + %_;:‘iqv(a_g —a ) (6.41)

and for the sum of the coupled fluid densities:

Voa™ @ . (6.42)

3—qv

pc+V: [pc,ﬁ_‘/() v ]CL3+
3—qv

I considered ¢y < 0 so that both the energy densities in and are
always positive defined. If ¢, = 0 the (6.42)) reduces properly to the standard
ACDM case.

I used the following combination of cosmological probes: CMB data from
Planck+WP, SN from the compilation Union2.1 and RSD measurements
reported in Section 1.3.3. The tension in the og determination between CMB
and RSD data that arises in a ACDM scenario is solved in this interacting
model, named iVCDM, making possible to combine the two datasets. I tested
that the inclusion of BAO data and other standard candles measurements



CHAPTER 6. INTERACTING DARK SECTOR 90

reaching higher red-shifts (Radio Galaxies calibrated with SN, see [96]) do
not alter the constraints of SN alone.

To study the temporal evolution of g (2) I subdivided the red-shift range
from last scattering until today in four bins as reported in Fig. and
illustrated below:

e bin 1 from z = 2.5 to zop B, to account for CMB data;

bin 2 from z = 0.9 until z = 2.5, that includes the farther SN measure-
ments;

bin 3 from z = 0.3 to z = 0.9, mostly sensitive to RSD data;
e bin 4 from z = 0 to z = 0.3, mostly sensitive to SN measurements.

I assumed a constant ¢y inside each bin and I used a tanh function to in-
terpolate between different bins, to ensure continuity. I assumed a negative

0.2

0.1 |

-0.2
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-0.3

04 |

051 a4 a3 9 a1

-0.6

0 0.3 0.9 2.5 10 100 1000

z

Figure 6.1: Sketch of the interaction strength ¢y (z) subdivided in red-shift
bins in iVCDM model. In the i-th bin the interaction parameter ¢y (z) takes
the constant value g;.

qv everywhere, to ensure that the matter density remains non-negative in
the past, adopting a linear prior on the interaction parameters ¢; = [—10, 0].
I have verified that the magnitude of gy is of order one and that the same
results are obtained when considering a wider logarithmic prior, see Fig{6.11
Beside the four values of ¢; I sampled over the standard 6 cosmological pa-
rameters: Qh%, Q.h%, 0, 7, ng and A, with usual priors on them.
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The interest in exploring a time-varying strength of the interaction comes
because a q = const along the full evolution of the Universe is not preferred
by data, as shown in Figl6.2] There is no evidence of interaction; moreover
the strong tension between the CMB and the RSD estimate of og implies
that the strong limits given by the combination of these two datasets are
not reliable. A constant interaction in the dark sector is statistically highly
disfavoured compared to a simple ACDM model, as demonstrated by the fact
that the best fit x? value for the interacting model is higher than the value
for ACDM despite the interacting model has one more parameter.

In the 4-bin analysis the situation changes, as shown in Fig[6.3] and
Figl6.4, There is a preference for a non-zero value of ¢; in the high red-
shift bins that is clearly driven by the full degeneracy between the strength
of the interaction and Q.h%. In the fourth bin, indeed, where the degeneracy
is weaker, a null value is preferred. Combining CMB and RSD measurements
together imposes a lower limit on the amount of cold dark matter, exclud-
ing the zero value for Q.h2. This fact implies a reduction of the degeneracy
between Q.h? and the interaction parameters, as clearly shown in Fig
and a shift in the posterior distributions. Numerical results are reported in
Tabl6.1l This leads to exclude at 99% c.l a zero interaction in the third bin
and at 95% c.l a zero interaction in the fourth bin, suggesting that a late-
time interaction, at z < 1, is in very good agreement with measurements,
see also Tabl6.2l It should be noticed that the tension in the og value as
measured from CMB and from RSD is solved in this case, making reliable
the combination of this two datasets.

I performed a PCA as previously made for a time-varying dark energy
EOS w(z). However a PCA approach, both with the Serra and Cooray
method and the standard one, is not helping in this case, as we can clearly
see in Figl6.5] Applying the Serra and Cooray method to this case one obtains
very large weights, meaning that the assumption of the mild correlation is
false and the use of this method does not maintain the red-shift localization.

On the other side, following the standard approach one can only notice
that a mode where the interaction is favoured exists, however its red-shift
behaviour is unknown.

Since a late time interaction is preferred from data and the issues with
PCA are mainly due to the large and very poorly constrained 1st bin [71]
next step was considering a late time interaction in the bin 2, 3 and 4. The
interaction value in the first bin has been fixed to zero, in practice allowing
an interaction only at red-shifts lower than 2.5. The assumption of no inter-
action at early time breaks the degeneracy between Q.h? and the late-time
interaction parameters (see Fig and this pushes the probability distri-
butions of the interaction parameters towards null values when considering
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Figure 6.2: Posterior distributions of cosmological parameters when consid-

ering an interacting vacuum model with interaction ()
constant in time. In black line the results from CMB,
sults from the combination CMB+RSD. The tension in

or without RSD measurements inclusion is evident.
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Figure 6.4: Degeneracies between cosmological parameters when considering
an interacting vacuum model with interaction () = qyHV where qy is a
binned function of red-shift. In black solid line the results from CMB, in red
dashed line the results from the combination CMB+RSD.
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Parameters Planck Planck+SN Planck+RSD
Qph? 0.02203 = 0.00029 | 0.02203 =+ 0.00029 | 0.02217 + 0.00028
Qch? < 0.060 0.04975:018 0.091810:026
1006 1.0463700053 1.0460700058 1.0430210 90793
T 0.08710:012 0.08670:912 0.08610 013
N 0.9597 4 0.0078 | 0.9599 + 0.0078 0.96380907%
log(10'0A,) 3.08410:024 3.08210:021 3.078 4+ 0.024
¢ —0.6210-3% —0.6115-2 > —0.29

%@ —0.7019-2 —0.6919-2¢ —0.291+3:2%
s —0.7610% —0.8010-3¢ —0.4919-%
@ > —2.12 —1.587530 —0.92+0:48

Table 6.1: Constraints at 68% c.l. on cosmological parameters in the iVCDM
model when ¢y is allowed to vary in four red-shift bins. Results are from
CMB only, CMB+SN and CMB-+RSD. The impact of RSD measurements

on this analysis is evident.
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Figure 6.5: Decorrelation weights from PCA. The top row reports results
from CMB, the bottom row results from CMB+RSD. On the left the results
from Serra and Cooray PCA method, on the right results from the standard
PCA decomposition.
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CMB and CMB+SN as shown in Figl6.6, On the contrary, when CMB is
combined with RSD data, an evidence for an interaction arises at 99% c.l.
in the third bin and at 68% c.l. in the fourth bin (see Tabl6.2).

Applying the decorrelation method of Serra and Coray to this case one
obtains good results (see Fig., and the evidence of interaction in bin 3 is
maintained at 95% c.l., as shown in TabJ6.3] and Fig[6.9)

4bin CMB-+RSD 3bin CMB+RSD
Parameters || Best it  95% limit | Best fit 95% limit
1 -0.24 > —0.56 0 [0,0]
G2 -0.29 > —0.64 -0.081 > —0.18
q3 -0.49  [-0.96,-0.09] | -0.211 [-0.370,-0.061]
G4 -0.91 [-1.7, -0.15] -0.53 > —1.02
X2in/2 4905.765 4905.221

Table 6.2: Interaction parameters for the combination CMB+RSD when con-
sidering an interaction along all the cosmic evolution (¢; # 0, first column)
and when considering instead a late-time interaction (¢; = 0, second col-
umn). The latter case is slightly statistically favoured, having one parameter
less.

72 q3 qa
Best fit 95% limit | Best fit 95% limit Best fit  95% limit
-0.0349 > —0.156 | -0.219 [-0.410,-0.026] | -0.84 > —1.68

Table 6.3: Decorrelated interaction parameters for the combination
CMB+RSD when considering a late time interaction. Note that the ¢; pa-
rameters are linear combination of the ¢; parameters.

The whole previous analysis shows that a model with a “delta-like” in-
teraction in recent epochs, in particular in the red-shift range of the third
bin, is the one that better represents the data. It is important at this point
to quantify how much this model is preferred compared to other kinds of
interacting-models and one-parameter extensions of the ACDM scenario.

From Tabl6.4l one sees that a model with an interaction limited to the
third bin is favoured compared to models with delta-interactions at differ-
ent times. The best model, however, is the one that considers a constant
interaction in the third and fourth bin (i.e. ¢ = g2 = 0 and ¢35 = ¢4 # 0), la-
belled ¢34. I compared this results also with a ACDM+3" m, model, another
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Figure 6.6: Probability distributions of cosmological parameters when as-
suming a late-time interaction (at z < 2.5). In black the results from CMB,
in red those from CMB+RSD and in blue those from CMB+SN.
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Figure 6.7: Degeneracies between cosmological parameters for a late-time
interaction (for z < 2.5). In black the results from CMB, in red those from
CMB+RSD, and in blue those from CMB+SN. In this case there is a weak
degeneracy between 2.h? and the ¢ parameters. Notice that the degeneracies
of og and Hy with ¢o and ¢3 have changed shape compared to the general
case.
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Figure 6.8: Decorrelation weights from PCA with the Serra and Cooray
method when assuming a late-time interaction. From top left to bottom:
CMB, CMB+SN, CMB+RSD. We can observe that in this case the local-
isation is well retained since weight factors are small and each bin weakly
depends on others. When considering CMB and CMB+SN there is basically
no correlation between bins but they are also the less interesting cases, since
there is no evidence of interaction anywhere.
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Figure 6.9: Probability distributions for the interaction parameters before
(black) and after (red) the PCA decorrelation when a late time interaction
is assumed (¢ is fixed to zero).
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one-parameter extension that seems to solve the tension between low and
high red-shift measurements [8]. Also in this case indeed the og the tension
between CMB and RSD is alleviated (see Fig{6.10]). The interacting model
with a late-time interaction starting at z = 0.9, however, results preferred
also compared to the ACDM+>" m, extension.

To coherently compare the models together, keeping in account the differ-
ent number of parameters used, I performed some tests using the information
criteria introduced in Section 3.4, namely the AIC and the DIC tests. Results
are shown in TabJ6.5 and again point toward a strong preference for the g4
model.

gzonly qsonly qeonly | gzqonly || ACDM | ACDM+>"m,
X2 | 9818.74 | 9813.016 | 9817.252 | 9810.7 || 9818.12 9813.014

Table 6.4: In the first 4 columns are reported the best-fit y? values when
the vacuum interaction is allowed in one bin at a time. In the fifth column
is shown the best-fit x? value when bin 3 and 4 are merged together and
a constant g3 = ¢4, dubbed ¢34, is considered as the free extra parameter.
For comparison in the sixth and seventh columns I have reported the best
fit x? values for ACDM and ACDM+>_m,. The comparison with ACDM
must take in account that the standard model has one parameter less than
the others reported in the table. Results are all from CMB+RSD.

0.400 T T T T 0.400 T T T T 0.50 T T T T
I Planck N Planck Bl Planck

0.375| B Planck+RSD 0.375L B Planck+RSD|| 045l ) - P\anck+RSD7
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0.76 0.80 0.84 0.88 0.76 0.80 0.84 0.88 0.60 0.66 0.72 0.78 0.84 0.90

Figure 6.10: Qm—xag contours at 68% and 95% c.l. from Planck experiment
(black) and Planck+RSD (purple) for three theoretical models. The tension
between the Planck and RSD datasets that arises in the ACDM model (left)
is resolved in the ¢34 interacting vacuum model (middle). Also in the ACDM
model with massive neutrinos (right) this tension with RSD is alleviated.
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model || AAIC | ADIC
ACDM 0 0
g2 only || 2.62 2.40
gs only || —3.10 | —4.40
g4 only 1.13 0.34
434 —5.42 | —=5.78
>omy —3.11 | —4.56

Table 6.5: The table shows results from AIC and DIC tests for the different
one-parameter extensions of the ACDM analysed. They refer to results of
CMB+RSD analysis. The preference for the ¢34 model is evident.

6.2.1 Analysis on the late-time interaction ¢,
Results for the best-fit model ¢34 are reported in Figl6.11] and in Tabl6.6]

Parameters || Best-fit Mean

Quh? 0.02225 | 0.02216 + 0.00027
Q.h? 0.1170 | 0.1183 + 0.0023
100 Oy 1.04150 | 1.04142 + 0.00061
T 0.094 0.08715013

T 0.9702 0.9633190%3
log(10°A4,) || 3.094 3.080 + 0.024
G —0.128 —0.15619958

Table 6.6: Constraints at 68% c.l. on fundamental cosmological parameters
for the iVCDM model with ¢y = g34.

To test the strength of these results one can quantify easily the evidence
of this late-interaction model with respect to the ACDM using the Savage-
Dickey density ratio formula However the Bayes evidence is highly
dependent on the prior choice (see , and given the fact that in this
case no theoretical reasoning can help to determine a supported prior, this
comparison is not straightforward. However I computed the evidence for
different ranges of the prior, measured in ¢ from the mean value and used this
approach also on the other preferred model just shown, the ACDM+Y" m,,.
The conclusion is that a late time interaction is always preferred compared to
a model with massive neutrinos, showing that an interaction mechanism can
solve low and high red-shift measurements discrepancies better than massive

neutrinos, see Figl6.12
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Figure 6.11: Posterior distributions for the ¢34 model for the cosmological
parameters of interest. The confidence on an interaction reaches the 99%
level.
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Figure 6.12: Bayesian evidence with respect to a ACDM model as a function
of the prior width, expressed in terms of standard deviations from the mean
value of the nested parameter. In purple (solid line) the ¢34 model (z;,=0.9)
and same model with different choices of z;,. In grey (dashed line) the
ACDM+3" m,, model. On the right we report the empirical Jeffreys’ scale.

To determine the favoured red-shifts for the interaction to start and ter-
minate, a further analysis was performed, adding two more parameters to
the MCMC chains: zé” and z[{ in namely the starting and ending points of an
interaction of strength ¢y,. This analysis showed that an ending point for the
interaction is not detectable from present observations, meaning either that
we have not enough sensibility, or that the interaction is not ended yet. Dis-
carding for this reason z({ n from the parameter set the result for the starting
point is z;" = 1.1+ 0.7, with a best-fit value of 2" ~ 0.9, perfectly matching
the one chosen arbitrarily in the previous analysis. Beside this lucky guess,
however, the analysis shows a very large upper limit for 2{" (/" < 2.5 at 95%
c.l.). The two-dimensional plot for the posteriors of ¢, and zé" is shown in
left panel of Figl6.13]

The posterior of ¢y for this case is reported in right panel of Figl6.13
beside the posterior obtained in the ¢34 case (in which z;" = 0.9) and the one
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obtained using a logarithmic prior, inside [—10% —1073] on the interaction
strength, in order to test if the assumption of the range [—10; 0] was leaving
something important out of the analysis. The agreement between the results
with logarithmic and flat priors shows that this was not the case.
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7,=0.9
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25 /AU 000 [ e Zinmargindigd
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Figure 6.13: Left: 2D contour plot for a model with interaction ¢y starting
at zé". The contours correspond to 68% and 95% c.l. As we can expect there
is a large degeneracy between parameters, however the interaction is mostly
favoured when zé” is around 0.9. Right: posterior distribution for ¢y in a
model with zé” = 0.9 with flat (black line) and logarithmic prior (grey line),
and in the model with zé” allowed to vary with flat prior on gy (purple line).
All models agree; the one with the extra parameter z;" results clearly in a
wider posterior for ¢y .

As previously stated in Section 1.3.3, to use RSD data with models that
assume a non-ACDM background evolution, is necessary to take in account
the distortions due to the Alcock-Pacinsky effect. The angular corrections
are taken in account with the quantity Dy (z) (1.28]), while the line-of-sight
corrections depend on the offset of Hy, computed using the AP parameter
F(z) (1.40).

A complete analysis, thus, must implement a comprehensive likelihood of
these three quantities. The full set of three measurements and their covari-
ance matrices, however, are available only for the few red-shifts of Tab[I.2]
I performed an analysis including only these red-shifts and another combin-
ing them with the other fog-only measurements of TabJT.1] The results are
shown in Figl6.14] and Figl6.15] for both the 4-bin and the ¢34 cases. Clearly
the addiction of Dy and F' data that are in perfect agreement with ACDM
lowers the evidence of an interaction. However if one plots directly the AP
observable F' the deviations from the ACDM behaviour are negligible, as
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shown in Figl6.16] justifying the absence of geometrical corrections in the
overall analysis.

Correlations with other parameters In the overall analysis of the in-
teracting scenario the lensing amplitude parameter Aj is held fixed to the
standard value 1. Given its strange value measured by Planck, and given
the strong relation among lensing and LSS clustering I studied whether the
previous result may be affected by the lensing amplitude marginalization. I
added thus as free parameter also Ay in the 3-bin model. Figl6.17 shows
that there is a degeneracy between the A; parameter and the strength of the
interaction in the bins where we get an evidence for the latter.

Moreover, to balance the higher value of Ay, the ¢3 and g4 posteriors are
shifted a little towards zero, making the exclusion of a null interaction weaker
but still largely favoured.

Finally, since both the vacuum interaction and the massive neutrinos
shift the growth rate in the same direction, a degeneracy between those two
parameters is expected. Considering a ¢34 model with massive neutrinos we
obtain a clear degeneracy between them, as shown in Figl6.18|

In summary, this interacting model is capable of solving the tension be-
tween high and low red-shift measurements introducing an extra parameter
that encodes the strength of this coupling between dark energy and dark
matter. The strong evidence for this model comes out when combining CMB
and RSD measurements, combination made possible thanks to the better
agreement among CMB and RSD og predictions in this interacting scenario.
The best-fit model is the one that allows for an interaction in the dark sector
starting around z = 0.9; its preference with respect to the standard ACDM
model and its favoured extension ACDM+3" m,, is evident. As expected the
interaction parameters are degenerate with the lensing amplitude A, and
Y>> m,. The matching of this best-fit model with the low-red-shift observa-
tion is well depicted in Fig)6.19,
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Figure 6.14: Posterior distributions for the 4-bin case obtained when using
complete fog+F+Dy data only (RSD full, black line) and these same data
combined with fog-only measurements (RSD mixed, red line). As clearly
shown, the evidence for an interaction is weaker, given the strong agreement
of the ACDM model with the geometric data included.
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Figure 6.15: Posterior distributions for the late interaction case obtained
when using complete fog+F+ Dy data only (RSD full, black line) and these
same data combined with fog-only measurements (RSD mixed, red line).
Also in this case the evidence for an interaction is lowered.



CHAPTER 6. INTERACTING DARK SECTOR

108

Figure 6.16: red-shift dependence of the AP parameter F' for the 4-bin case
(left) and the gs4 case (right). In each plot I report the results for the g4
best fit model (red line), for the same model with the interaction set to zero
(blue line) and for the ACDM Planck best fit (green line). In pink are also
shown the data-points of Tab[I.2] Deviations from a ACDM scenario are not

significant.
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Figure 6.17: 2D contour plot for a model where I consider a late-time interac-
tion with gy varying in 3 bins and a varying lensing amplitude Ay. In red lines
the results from Planck only, in black lines the results from Planck+RSD.
We can observe the degeneracy among Aj and ¢3 and g4 when considering
Planck+RSD combination.



CHAPTER 6. INTERACTING DARK SECTOR 109

0.250.500.751.00
Ym, [eV]

Figure 6.18: Degeneracy between the strength of the vacuum interaction and
the mass of neutrinos in the iVCDM+>_ m, model.
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Figure 6.19: RSD measurements plotted against the theoretical predictions
from the best-fit iVCDM model with ¢34 = —0.128 (blue) and a ACDM model
(¢34 = 0) with the same values of cosmological parameters (black).
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Conclusions

To summarize, my Ph.D. work have been devoted to the study of the dark
sector of the Universe, following the hints coming from the recently released
measurements of different observables. Fundamental components of the Uni-
verse are in practise unknown, and it is in their properties that one has to
look for answers to the discrepancies of the ACDM model predictions and
the actual observations.

ACDM model has been indeed a satisfactory answer until we reached
the present levels of accuracy. At this point the standard model seems no
more capable of giving an overall agreement. Systematic effects in measure-
ments and data analysis can indeed be responsible for these discrepancies,
but the correctness of the a priori assumptions made on the dark compo-
nents of the Universe must be doubted and demonstrated. The nature of
these properties can be studied only in an indirect way, and thanks to the re-
cent developments of Astrophysical observations we can rely now on different
and powerful methods.

Bayesian statistics has been proved to be a great tool for Cosmological
research, allowing robust parameter estimation of a selected model and the
selection itself among different models. Monte-Carlo Markov Chains meth-
ods can implement the Bayesian analysis in a fast and reliable way, making
possible to test the ACDM assumptions using several datasets combination.

My research faced the discrepancies in recent measurements, asking whether
and which deviations from the standard model could resolve the tensions.

In Chapter 4 I reported all my research on neutrino properties, triggered
by the inconsistencies in the CMB damping tail measurements of three dif-
ferent experiments (ACT, SPT and Planck). I have shown how the claim
of SPT for a neutrino sum of the masses different from zero was most likely
due to a wrong value of the lensing amplitude parameter, and how this pa-
rameter affects also the determination of the number of neutrino species in
all the three experiments. I studied the clustering properties of the dark
radiation, in terms of sound speed and viscosity, showing that non standard
values are preferred if the lensing amplitude parameter is kept fixed to the
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expected value of one. All of this seems to suggest that systematic effects
are responsible for the disagreement among different experiments predictions
of this amplitude, and that solving this issues can recover a good agreement
between the standard model and the small scales measurements of the CMB.
However, neutrino non standard properties can also cure the discrepancy be-
tween Deuterium abundance measurements from Astrophysical observations
and the CMB predictions, as also non standard inflationary scenarios do.

In Chapter 5 I focus on my research on the temporal evolution of the
dark energy EOS, that would be the best way to test the correctness of the
cosmological constant solution. Using different probes that indicates different
behaviours (BAO, SN, Hubble flow) I determined the values of this EOS in
different red-shift bins, I applied the decorrelation method of the PCA and
found a hint for a value lower than the standard at low red-shifts, where
the precision of the measurements is higher. These results can be used to
compare the actual value of the EOS with the one predicted from different
dark energy and modified gravity models, in order to rule out classes of
models or determine viable parameter ranges.

Finally, in Chapter 6 I exposed my conclusions about coupled dark sec-
tor scenarios, to solve the disagreement between CMB-predicted growth of
structures and the actual value measured observing the clustering of the LSS.
Following the results of a red-shift bin analysis, I determined a best-fit model
characterised by an interaction among dark energy and dark matter starting
below z = 1. I verified the robustness of this result in several ways and quan-
tified the preference of this model over the ACDM and its massive neutrino
extension (that also solves the tension between CMB and RSD data) using
the Bayesian evidence.

At the end of it all the dark sector remains dark, but hopefully the final
Planck release of CMB measurements and the forthcoming LSS observations
will shed light on this shadowed part of our Universe.
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