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Resumo

O paradigma cosmolégico predominante é o modelo ACDM com curvatura
espacialmente plana e com condicdes iniciais adiabéticas e gaussianas. A letra
grega “A” designa a constante cosmolégica, enquanto a sigla “CDM” significa
a Matéria Escura Fria e sem pressdo. Até hoje, tal modelo tem sido a descricao
mais econdmica do Universo que é consistente com grande variedades de dados
observacionais. Apesar do seu sucesso, 0 modelo cosmolégico padrao ndo esté
isento de barreiras. O problema do horizonte e a planicidade sdo bem conhecidos
com possiveis solu¢des quando trazemos a cena a teoria da Inflagdo Césmica. Além
disso, os levantamentos cosmolégicos alcancaram uma melhorias significativas
na precisao das suas medidas de sinais, o que nos permitiu impor restri¢des mais
rigorosas aos parametros do modelo ACDM. Quando diferentes conjuntos de
dados sdo combinados, os principais problemas que surgem sdo as chamadas
tensdes Hubble e Sg.

Juntamente com a matéria escura, a energia escura e os neutrinos sdo dois
componentes que merecem atengao especial pelo seu papel importante na fisica
de particulas e na cosmologia. Este trabalho est4 separado em duas partes. Na
primeira parte, forne¢co uma breve introdugao a cosmologia, fornecendo referéncias
para maiores detalhes ao leitor interessado. Inicio com as equagdes de background
e de perturbagdo derivadas da teoria geral da relatividade de Einstein, e termino
com as condi¢des iniciais necessdrias para resolver essas equacdes. Na segunda
parte desta Tese, me concentro mais especificamente nos neutrinos e no seu efeito
na formacéo de estruturas do universo, e na energia escura como campo escalar.
Os dois ultimos capitulos tratam de um artigo publicado e de um trabalho em
progresso iniciado na Universidade de Stony Brook, respectivamente.

Palavras chaves: cosmologia; neutrinos massivos; energia escura primordial;

energy escura em tempos tardios.

Field: fisica; cosmologia.
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Abstract

The prevailing cosmological paradigm is the spatially flat ACDM model with
adiabatic and Gaussian initial conditions. The Greek letter “A” designates the
cosmological constant while the acronym “CDM” means the pressureless Cold
Dark Matter. Until today, this has been the more economical description of the
Universe consistent with an assortment of observational probes. Although its
success, the benchmark cosmological model is not absent of issues. The horizon
and flatness are well-known long-term problems with possible solutions when
we bring the Cosmic Inflation theory. Furthermore, cosmological surveys have
attained significant precision improvement in their signal measurements, which
have enabled us to impose more stringent constraints on the ACDM parameters.
When different probes are combined, the main challenges are the so-called Hubble
and Sg tensions.

Alongside dark matter, dark energy and neutrinos are two components that
deserve special attention for their important role in particle physics and cosmology.
This work is separated into two parts. In the first one, I provide a brief introduction
to cosmology, providing references for further details to the interested reader. This
starts with the background and perturbation equations derived from Einstein’s
general theory of relativity and ends with the initial condition required to solve
those equations. In the second part of this Thesis, I focus more specifically on
neutrinos and their effect on structure formation and dark energy as a scalar field.
The last two chapters are about a published paper and a work in progress started

at Stony Brook University, respectively.

Key words: cosmology; massive neutrinos; early dark energy; late-time dynamical
dark energy.

Field: physics; cosmology.
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Part 1

The Basis of Cosmology



Chapter 1

Background and perturbed universe

1.1 Robertson-Walker metric

Cosmology is the study of the universe as a whole, this means that we should
be able to describe how the universe evolves, predict its expansion rate through
cosmic time, estimate positions and distances, as well as velocities of astrophys-
ical objects (e.g. galaxies) with respect to an observer (e.g. us), etc. This can be
understood as the “kinematics” study of the universe. Naturally, the next step
is to ask who are the agents (e.g. photons, neutrinos, baryons, dark matter, and
dark energy) and forces (e.g. gravity and the repulsive nature of dark energy)
responsible for making the universe evolve as it does. In this case, it is essential
to know the equations that describe the abundances, evolution, and interactions
(that depend on the epochs of the universe) between the various components of
the cosmos. Similarly to the previous kinematic case, this can be seen as the “dy-
namical” study of the universe. This chapter doesn’t intend to exhaust the content
of each mentioned topic. Still, it provides the basic elements for an introduction to
cosmology and further references where details are far beyond the scope of this
thesis. This chapter closely follows the textbook [1] by Daniel Baumann.

We start defining basic quantities used through this text: a coordinate system
is denoted by x* = (x%,x') = (t,x') = (t,x). While Greek indices (1, v, etc)
can assume integer values between 0 and 3, Latin indices (i, j, etc) run over the
values 1, 2, 3. Still about the coordinate system, the first component of x#, i.e. x0,
represents time (there are many ways that we can measure time in cosmology,
some of the most common are: cosmic time denoted by ¢, conformal time T,
scale factor g, redshift z and the cosmic microwave background temperature T.
When necessary, we will see how these quantities relate to each other). The three-
component x' describes the usual three-dimensional space part of the spacetime
coordinate system. An infinitesimal shift in the components of x#, represented by
dx*, can be translated into the invariant line element, ds?, through the (spacetime)
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metric tensor gy,

3
ds?2 = Z Suv(x)dxtdx" = gy (x™)dxtdx", (1.1)
u,v=0

where we assume the signature (—, +, +, +) for the metric and Einstein’s notation
for the sum over repeated indices as indicated in Eq. (1.1). In addition, note that
the metric is, in general, a function of the coordinate system x* = (¢,x).

We assume the Cosmological Principle (CP), i.e. that the space is homogeneous
and isotropic, which means that the three-space is maximally symmetric (the
conversely also is true, i.e., a metric space that is maximally symmetric implies
homogeneity and isotropy). By definition, the space is said homogeneous if there
exist infinitesimal isometries that carry any given point x# into any other point in
its immediate neighborhood. The space is said isotropic about a given point x* if
there exist infinitesimal isometries that do not change the point x* and for which
the first derivative exists (see Weinberg’s textbook for details on this matter [2]).

The previous definition guarantees the existence of maximally symmetric three-
space under homogeneity and isotropic conditions. Ultimately, the CP simplifies
the four-dimensional line element, Eq. (1.1), for

ds? = —dt* + a®(t)dI?, (1.2)
dI> = ’yi]-(xk)dxidxj, (1.3)

where Eq. (1.3) defines the line element of the three-dimensional space and a(t)
is the scale factor that parameterize the expansion or contraction of the universe.
CP also implies in the unigueness of this property, i.e., that exists a coordinate
transformation that carries two maximally symmetric metric spaces into the other
if the two maximally symmetric metrics have the same constant intrinsic curvature k
for the three-dimensional space and the same numbers of eigenvalues of each sign
[2]. We can deplete the possibilities with just three options: zero curvature or flat
space (k = 0, e.g. the 3-dimensional Euclidean space [E3), positive curvature (k =
+1, e.g. the 3-sphere $%), or negative curvature (k = —1, e.g. the 3-hyperboloid
H?). The line element for the spatial part of the metric in Eq. (1.3), dI?, for each
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case of the constant intrinsic curvature k is given by [1]

zero curvature: dl® = dx* = 5,-]-dxidxj, (1.4)
positive curvature: di? = dx* + du?, > +x*>*=R3, udu = —x-dx, (1.5)

negative curvature: di? = dx* —du?, u?—x*>*=R3, udu = +x-dx, (1.6)

where u is an auxiliary coordinate that allows us to embed a three-sphere in a
four-dimensional Euclidean space in the case of Eq. (1.5) with Rj being the radius
of the sphere. Switching the sign in front of u we also switch the geometry for
the case of a three-hyperboloid embedded in a four-dimensional Lorentzian space
represented by Eq. (1.6). We can turn the three Egs. (1.4) - (1.6) into just one at the
price of having explicitly the intrinsic constant curvature k [1]

2 4.2 (X'dx)z _ [ 170
dl* =dx° + k—R% ol 'yi]-dxldx],
X;X;
vii = 6ij + k L k=0,+1-1 (1.7)
J J R% — k(xpxm™)

The observer usually sets a sphere around the Earth when looking into the sky.
Therefore, it is useful to write Eq. (1.7) in terms of the spherical coordinate system.
In this case, we have dx? = dr? + r2d02, x - dx = rdr, x* = r? and the line element
on a unit sphere is d0? = d6? + sin®0d$?. Simplifying the resulting expression,
we obtain

dr?

2 _
ar = 1—k(r/Rp)?

+ r2dO>. (1.8)

The spacetime is not maximally symmetric, but it can be spanned into a family
(i.e. sub-spaces) of maximally symmetric metric spaces. The way to do this is to fo-
liate the spacetime into three-dimensional space of constant time, all sewn together
by the parameterization function called scale factor a(t) defined in Eq. (1.2) [1,2].
This procedure leads to the Robertson-Walker (RW) metric

dr?

ds? = —dt? + a®(t) | —————

—l—rdeZ] . (1.9)
In Eq. (1.9) we have to determine the form of the scale factor (i.e. the why the
universe expands or contracts), whether the three-space is flat (k = 0), positively
(k = +1) or negatively (k = —1) curved and if not flat, we also have to determine
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the intensity of the curvature given by the curvature scale Ry. In other words, we
no longer need to determine the ten components of the symmetric metric tensor
Suv, just a time-dependent function, a(t), and two numbers, k and Ry (if k # 0).

The RW metric in Eq. (1.9) is left invariant under rescaling symmetry: a — Ag,
r —r/A, Rp = Ro/A, ora = a/A, r = Ar, Rp = ARp. A position given by
r = (r,0,¢) is called a comoving coordinate system with comoving distance r and the
combination r,, = a(t)r is called physical coordinate system with physical distance
Tph = a(t)r because under the rescaling (a4 — Aa,r — r/Aora — a/A, v — Ar)
rph is left unchanged. If we take the time derivative of the physical coordinate
we have vy, = fpp = a(t)r + a(t)t = H(t)rpn + Vpec. Where we have defined the
Hubble parameter by

H=-, (1.10)

Il
S

where overdot is the derivative with respect to time ¢. The physical velocity have
the contribution of the Hubble flow, Hr,,, and the peculiar velocity vpec = ar.

We can rewrite the RW metric in Eq. (1.9) in a more economical way by redefin-
ing the metric component g, as follows dx = dr//1 — kr?/R3. To solve this inte-
gral we do the change of variable vk(r/Ry) = sin(z) = vk(dr/Ry) = cos(z)dz,
therefore we have

vk /1 - sin?(z) k vk

Going back to the comoving coordinate » we have

_ RO . -1 < r >

X = Jpsin ﬁ—RO , (1.12)
_ Ro . X

r= _\/E sin <\/E—RO> . (1.13)

We can split Eq. (1.13) into three cases according to the value of k. If k = 41
then r = Rgsin(x/Rg). For k = 0 we have limy_,y[(Ro/Vk) sin(vkx/Ro)] = x.
Finally, for k = —1 we have r = (Ro/i) sin(ix/Ro) where i = /—1. Using that
sin(if) = isinh(f) we can write the negative curvature case as r = Ry sinh(x/Rp).
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In summary:

sin (x/Rp) ifk=+1
Sk(x) =r=Ro x { x/Ryg ifk=0 . (1.14)
sinh (x/Rg) ifk=—1

In this way, the RW metric Eq. (1.9) can compactly be written as follows
ds? = a?(7) [—er + (dxz + s%(x)dm)] , (1.15)

where we have defined the conformal time

dt

1.2 Cosmological distances

Determining how far and faster are objects moving with respect to us is not
an easy task and may lead to some misconceptions [3]. Despite its complexity,
defining and estimating distances it is an important and essential source of cosmo-
logical information. For example, evidence that the universe is not static and could
actually be expanding, came through Hubble’s paper [4] in 1929 that showed a
linear relation between velocity and distance of extra-galactic nebulae (Cepheids).
The confirmation of the accelerated expansion of the universe using type Ia super-
novae led the 2011 Nobel Prize shared by Saul Perlmutter et al. [5], A. D. Riess et
al. [6] and Brian P. Schmidt et al. [7]. In all these works, cosmological distances
played an important role. Due to its importance, in the following, we discuss the

definition of luminosity distance and angular diameter distance.

1.2.1 Luminosity and angular diameter distance

The luminosity distance is defined using the known energy emitted per unit
time or simply luminosity L (hence the name) of an astronomical object. Then we
measure the observed flux F. The relation between L and F is mediated by distance,
however, the flux F has a unit of energy per unit of time per area, therefore we
should be concerned about how these three quantities (area, time, and energy)

change in an expanding universe.
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In a Euclidean space, the comoving distance r is simplified to x, then a sphere
has an area equal to 477x2, however, according to Eq. (1.14) the comoving distance
depends on the spatial curvature of the universe. Therefore we should generalize
to include the possibility of curved space, in this case, we have Ay = 47S2(x).
There are other two corrections that we should be concerned about. In addition,
due to the universe’s expansion and assuming a fixed time interval, photons are
able to travel smaller distances at late times on the comoving coordinate system
than at early times because the associated physical distance at late times is bigger.
Therefore the rate at which photons arrive us (or equivalently the number of
photons crossing a shell) is smaller than at early times (at the emission epoch) by
a factor of 1/(1 + z). Lastly, we should remember that the photon wavelength
is related to its energy by the equation E = /A where h is Planck’s constant. In
an expanding universe the wavelength is stretched out (or redshifted) then the
energy today is smaller than at emitted time by a factor of 1/(1 + z). These two
last effects produce Ay — Ax(1+ z)? then we have the right relation between the
flux and the luminosity

L L
F = = , 1.17
4nS2(x)(1+2z)?  4md? 1.17)
where we define the luminosity distance

Note that d; depends on Si(x), hence is a function of the intrinsic constant spatial
curvature k. The value of k is determined by the total amount of energy density.
Therefore, ultimately the luminosity distance is a function of the cosmological
parameters.

The small angle 6 < 1 subtended by an object of physical size I (thus of
comoving size [ /a = I(1 + z)) where a is the scale factor when the light is emitted
is related to its comoving distance by the following

1(1+z) !
00 = = —, 1.19
Sk(x) — da 19
where we define the angular diameter distance by
i, = SKX) (1.20)
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1.3 Friedmann equations

The Einstein field equation gives the dynamics of the universe. It describes how
the Einstein tensor, G,y responds to the presence of matter and energy distribution
T,

nv

1
G = Ry — ERgW = 8nGTyy, (1.21)

where g, is the metric tensor that translates the coordinates system, x* = (t, xi),

into an invariant line element, ds? (see Eq. (1.9)). Ryy and R are the Ricci tensor
and the Ricci scalar, respectively

Ry = 0T}, — ayrﬁA + rﬁprfw — r}ﬂ T (1.22)

R =R}, = ¢" Ry (1.23)

The relation between the Christoffel symbols and the metric tensor is

1
rgjﬁ — Egzm (0agpr + 98&ur — OA8ap) - (1.24)

Once equipped with the metric tensor, g, it is possible to compute the left-
hand side (Lh.s) of Eq. (1.21) through the set of Egs. (1.22)-(1.24). However, we
still need to specify the right-hand side (r.h.s) of Eq. (1.21), i.e. the stress energy-
momentum tensor T),,. Provided this source term for the Einstein equation, we
ended with a differential equation that (given appropriate initial conditions) can
be solved to describe the dynamics of the universe. Under the assumption of the
CP, it is possible to show [2] that a general expression for the energy-momentum

tensor is highly constrained, reducing to the form of a perfect fluid
Tyv = <P + p)uyuv - ngv/ (1.25)

where p and P are the energy density and the pressure of the fluid, respectively.
U, is the 4-velocity. Now we have all the ingredients to compute the Friedmann
equations, which describes the universe’s dynamics. In order to do this, we start
computing the Lh.s of Eq.(1.21).

Considering a flat universe (k = 0) we can evaluate Eq. (1.24) for the RW metric.
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In this scenario, Eq. (1.9) becomes

Null curvature: ds?> = di* — a%dx?, (1.26)
Cartesian coordinates: dx* = dx-dx = dx* + dy* + dz*. (1.27)

Therefore, the components of the RW metric tensor are
goo =1, gj=—a%%j, g =20, (1.28)

where J;; e 6}, are the Kronecker delta, and g is the inverse of the g,

In total, we have 4 x 4 x 4 = 64 Christoffel symbols. Therefore, it is convenient
to set one of the indices to zero and compute the spatial part for the others. Using
Eq. (1.24), it follows that

1 1 1
Iy = 58“ (9igjr + 9jgin — 918ij) = _EgOAaAgij = —580030 (—a25zj>
= aad;; = a®Héy, (1.29)

where we define the Hubble parameter

lda a4
H=-——=-. L.
adt a (1.30)
Conversely, from Eq. (1.24), we have
i _ 1y 1 i L
Toj =738 (90gjr + 9;80r — 980;) = 58 90gjn = 587908jj

1 1 .. ) 2ai . 4 or

= <—a—2511) 3 <—a (5jj) = =508 = =5 & Hy, (1.31)

Allowing the three indices to be only spatial, we obtain
i _ L L i L o »
k=758 (9j8kr +0kgjn — 0agjk) = —58708jk = —58 dogjk = 0 Vi, j k.
(1.32)

Setting simultaneously « = = 0 we have

1
rgo - 58’” (200801 — 9ag00) = 0V 1. (1.33)
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Analogously

1
Fg/& = Egm (aOgﬁA + 9dpgor — aASOﬁ) =0Vg. (1.34)

Finally, if we switch « — fand p — a and using g.p = gpa, from Eq. (1.24) it
follows that

H _TH
Thy = Th,. (1.35)
Therefore, we have for a flat universe with a RW metric the following Christoffel
symbols
° 1“9]. = aHoj;), (1.36)
6]‘ = H(SJI- , (1.37)
® [T =T =Tgs=0| (1.38)

We illustrate those 64 Christoffel symbols distributed in Egs. (1.36), (1.37), and
(1.38) in Fig. 1.1. As indicated by the figure, most part of the symbols are nulls
(represented by the light gray circles).

lﬂ (Fgo)

® 0
/O g ‘a ® 3 p (FO'B)
1@ & {

2@ ® @
o¢3(1"20)

Figure 1.1: Christoffel symbols visualization for the RW metric and flat universe.

We proceed to compute the Ricci tensor and the Ricci scalar for the RW met-
ric. Firstly, consider the following decomposition for the Ricci tensor Ry, =
{Roo, Rij, Ro; } and lets compute each of these terms separately. Using the Christof-
fel symbols displayed in Egs. (1.36)-(1.38) and the relation between the Ricci tensor
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and the Christoffel symbols by Eq. (1.22) we have

. . . .. ) .0 .. ) )
- a aga g\ da —a ;at g a a-  a
=0 (50) - (Gotget) = - (M)t = 2 (e )

Rop = —3%. (1.39)

The second term in our list is R;j, then by Eq. (1.22) we have
Rij = AT = T}y + TA, %, = T, = 30T + T — (9,7 + T )
. ag . oo a a g .
= 9o (aad;j) + E(sl’aa(sﬁ — <aa5im5(5;” + Eajfaaajk)
= qiid;; + a2 (6; + 016;; — 80" — 6563 ) = aiidy; + a® (8 + 36i; — 6 — O
aa 1]+a z]+ 19 im0; i Ojk aa z]+a (1]+ ij ij 1])
(i 02 5 [E ) 2
= (aa + 24 ) 51']'— <E + 2a—2) a (51']'
R,‘j = — (g —|—2H2> g,']', where H = i/a and gzj = —azé,-]-. (1.4:0)

Finally, from the RW metric we have that go; = 0 and Tp; = 0 fori = 1,2,3.
Therefore, by the Einstein equation we obtain that Ry; is zero, as shown bellow

1
GOi = ROi — ERgOi = ROi = 87TGT01' =0. (141)

We advance to compute the Ricci scalar given by Eq. (1.23)

R =Rl = g"R,, = g"Rop + g/R;j = 1- (—3-) — 50 (aa 4 2a2> 5ij

a
_ 37 §+zf 36U6; = —6 é+f (1.42)
- Ta a a? v a a2 '
R=—6 (g n H2) . (1.43)

Armed with the Ricci tensor (Egs. (1.39)-(1.41)) and the Ricci scalar (Eq. (1.43))
for the RW metric and the energy momentum-tensor for the perfect fluid (Eq. (1.25)),
we are able to compute the time-time component (i.e. 4 = v = 0) of the Einstein
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equation (1.21)
1
Go() = Ro() — ERgoo = 87‘[GT00. (1.44)

Using Eq. (1.39) for Rgo, Eq. (1.43) for R and Topo = p, Eq. (1.44) becomes

i 1 i a2 a2 8nG
= —)y— — — —_ — _— ~1 et _—_ = —
Go() 361 5 [ 6(a+a2>} 87'L'Gp:> az 3 p

which can be rewritten as follows

H? = ?;) . (1.45)

Equation (1.45) is known as the First Friedmann equation for the dynamics of the
universe. It says that an infinitesimal change (e.g. an expansion or contraction)
in the scale factor, da, in an infinitesimal time interval, dt, is proportional to the
square root of the product between the scale factor by the energy density . /ap at
the current time t.

Analogously, we do the same above procedure for the space-space component
(i.e. u = v = i) of the Einstein equation

1
Gii = Rji — ERgii = 87TGT,'Z'. (1.46)
Plugging the RW metric, Eq. (1.9), into the energy-momentum tensor, Eq. (1.25),

we have T;; = —Pg;; = Pa®5;;. In addition, using the Ricci tensor in Eq. (1.40) and
again the Ricci scalar in Eq. (1.43) we have

1 i 0
- v AN 2¢ ) 25
Gi = (aa ny ) bi— 5 [—6 (E n a—zﬂ (—a 511) — 870G (Pa (5,1) . (147)
Simplifying the above expression, we have 2i/a + 4% /a* = —87wGP which is the
Second Friedmann equation
i 4nG

_=—— (0 +3P)} (1.48)
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1.3.1 Equation of state and background evolution

Inspecting the Friedmann (1.45) we should conclude that to find how scale
factor evolves with time, it is necessary to know the energy density p, i.e. the
expansion history of the universe depends on its energetic content. We can find p
as follows: in general relativity, the energy-momentum tensor for a perfect fluid,

expressed by Eq. (1.25), satisfies the covariant conservation equation
A _TA
VuT) =0, T + T}, T) =T}, T} = 0. (1.49)

If we set v = 0 in Eq. (1.49) and use the energy-momentum tensor in Eq. (1.25),
we ended with a differential equation for the energy density known as continuity

equation
p—|—3§(p+P):0(:)p+3gp(1+w)20, (1.50)

where in Eq. (1.50) we have defined an important parameter called equation of state
(EoS)

p
o

w

(1.51)

The main elements of the universe that contribute to the energy momentum-
tensor (thus being important to the universe’s expansion history through the
Friedmann equations) are photons, neutrinos, cold dark matter (CDM), baryons and
dark energy. If the pressure, P, and the energy density, p, are known for some of
these listed components, then it should be possible to access its equation of state,
w, by Eq. (1.51).

In the following, we show an example of how to compute the EoS for photons.
We start with the number density, 1, weighted by the density of states, g /1%, where
g is the internal degree of freedom (e.g. spin) and h = 27t/ is the Planck’s constant

n= gy | £ef0) (1.52)

where f(p) is the Fermi-Dirac or Bose-Einstein distribution function

1

f(Pl T) = eE(p)

T:’:l, (1.53)
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where the +, — signs represent fermions and bosons, respectively. Neglecting the

interaction energy between particles, the relativistic energy of a particle with mass

E(p) = \/p?c% + m2c*. (1.54)

We use the number density to find p and P. While the energy density is weighted
by E(p), the pressure is weighted by p?/(3E(p)) (for further details see [1]), then
we have

m and momentum p is

p= (th)g, /d3f(P)E(P) (1.55)
2
p— (th)3/d3f(p)3g(p) (1.56)

Now we can write the integrals for 7 and p only in terms of the momentum, which

will allow us to solve them

%) 2
38 / dp— P 157
" 224% Jo P \/ p2c2+m2ct ’ (157)

exXp | T +1
LS| [ gy P/EET .
_27T2h3 0 P _\/p262+m2c4_ :|:1. .

exp 5T

P

Before to compute the pressure, it is useful to define new variables

. ﬂ’lC2 . pC
x=p g i=ir (1.59)

Also is convenient to remember the following identity

27(3) if n =2,
/15 if n =3,

(1.60)

) gn | —
/0 dgeé—l Zé(n+1)1“(n+1):n,g(n+1)_{

where ¢ and I are the Zeta and the Gamma functions, respectively.
Now we proceed to compute the EoS for relativistic particles, in particular for

photons. In this case, we set the particle’s mass to zero (m = 0) in the pressure’s
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2 14
T LapeLy B kg 4
30 c5h3

It is possible to show that p = %5 g < h3 T4 which in natural units (kg =c=nh =1)

equation (1.56)

_ 8 P _ 8 Ky
P= (27th)3 /d3pf(p)3E(p) 6712 5h3

reduces to the result of [1]. Then we finally have

0
P==. 1.61
. (161
To estimate the number density and the energy density of photons today we
rewrite the equations for n (Eq. (1.57)) and p (Eq. (1.58)) in terms of the new
variables, x and ¢, defined in Eq. (1.59)

n= 513 <k3) L (x), Ii(x)E/OOdC & . (1e2)
27T he 0 exp [\/m] +1

g kg\~ kg ‘:2 VE+x2
p=5T ( ) — J+(x / d¢ . (1.63)
2712 hic) 2 exp 2 xz} +1

Considering the relativistic limit, x — 0, and using for the photon temperature
Ty = 2.73 K, we have

Ny = %(S)Tg’ x (kg/hc)? ~ 412 photons /cm®, (1.64)

likewise for the energy density

2
D0 = %Tg x (k& /13c%) &~ 4.7 x 1073 g/cm’. (1.65)
Using the critical energy density today

3H3

Por0 = g5 = =1.29 x 107?K2g/cm?, (1.66)

then the density parameter for the CMB is

O, 0h? = P02 ~ 2 46 x 1075, (1.67)

Pcr,0
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Equation (1.61) shows the EoS for photons. However, the universe is made
of elements other than photons. Bellow we just summarize the EoS for these
components: photons (y), cold dark matter (c), and dark energy as cosmological
constant (A) (for further details see [1,2,8])

Wy =, we=0, wpy =—1 (1.68)

The previous equation, (1.68), shows that w is time independent for photons,
CDM and the cosmological constant, but this is not a rule in general. The EoS for

neutrinos and dark energy as a scalar field, for example, varies over time.

0.30r1

Fermion

0.25¢

0.20

Figure 1.2: Equation of state for fermions and bosons. Note that when the particle’s
mass is much smaller than the particle’s temperature, m/T < 1 & x < 1, w
approaches to the value of the equation of state for photons, w — 1/3 ~ 0.333,

Lets look into more details for the case of neutrinos. From the oscillation
experiment, we know that neutrinos have mass, then we can not set to zero the
mass term in Eq. (1.58), however, we still can study the asymptotic behavior for
the EoS for neutrinos (henceforth w,) in the very early/late time regime of the
universe. The neutrino temperature was bigger (the comparison makes sense
in natural units) than its mass, therefore we have theratiom < T < x/¢ < 1.
This regime is known as relativistic where the neutrino mass can be neglected,
and we have w, ~ 1/3. On the opposite side, at later times, neutrinos are non-
relativistic. In the non-relativistic regime, neutrinos behave like CDM, and in this
case, we have w, ~ 0. Indeed, we can verify this statement numerically by solving
the ratio of Eq. (1.56) by Eq. (1.55), the result is shown in figure 1.2. Note that
x = 0= w—1/3, conversely x — co = w — 0.

Once we have the equation of state, we can integrate the continuity equation
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100 ent®t® msEEEER .,

10—1 e S 7 U

— A
c 1024 "t DM

----- baryon
—=—- photon

10734 ——— mu=0eV
— my> =0.05eV
— my3=0.01eV

10—4 — . . .

107° 1077 105 10-3 101

a

Figure 1.3: The evolution of the density parameter for each component: cosmologi-
cal constant (A), cold dark matter (CDM), baryons, photons, and neutrinos, where
for the latter we are assuming one massless neutrino and two massive neutrinos.

(1.50) to obtain the energy density as a function of the scale factor

Po dp/ . pO o ao da/ /
L-?_m?_4%;7ﬂ+mm) (1.69)

If the equation of state is constant, Eq. (1.69) can be integrated analytically

a —3(14w)
PZPO( ) : (1.70)

a9
We can compute Eq. (1.70) for each equation of state in Eq. (1.68)

xa* p.oca3, pp o constant. (1.71)
(0% % %

The energy density for neutrinos, p,, should be computed numerically since its
equation of state changes with time. However, notice by Figure. 1.3 that in the
limit of high redshift, neutrinos behave like radiation with the equation of state
~ 1/3 and in the regime of low redshift, neutrinos behave like dark matter with
the equation of state ~ 0.

To eliminate the proportionality constant in the previous equations (1.71), we
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define the density parameter

0, = £ (1.72)

Using this definition, we have
Q, = 0705741 QO = QmOai?)r Qa = Qa0 Qv = pv/ pero- (1.73)

In figure 1.3 we show the evolution for each component.

1.4 Linear perturbation theory

1.4.1 From smooth to perturbed metric

The cosmological principle stated in section 1.1, says that the universe can be
represented by spatially flat hyper-surfaces, X, of constant time. This translates

into the Robertson-Walker metric
ds? = (1) [drz — 5;dxid | . (1.74)

Therefore, homogeneity and isotropy are implicit in the RW metric. However,
the universe is not perfectly homogeneous and isotropic, for example: galaxies,
voids (regions of space with under-density of matter), clusters, and super-clusters
of galaxies form filaments that spread through space. In addition, the temperature
fluctuations in the cosmic microwave background are of the order 10~°, which is
small but not zero. Therefore, it is important to modify the metric in Eq. (1.74) to
take into account those small fluctuations. We can do this by introducing functions
that represent small perturbations in the metric (1.74). Then, the modified metric

can be written as
ds? = 612(1’) (1 + ZA)dTZ — 2B;dtdx; — ((51] + hlj)dx,dx]] . (1.75)

In this equation, the perturbation functions are: A(t,x), called temporal lapse
function or the potential function, B;(t,x) named metric shift or vector function, and
hij(t,x) that introduce perturbations in the curvature and the metric shear. It is
possible to write B; and h;; into scalar and vector components that satisfy certain
properties. Using the Scalar Vector Tensor (SVT) decomposition [1] we can write



Chapter 1. Background and perturbed universe 19

the perturbation functions as follows

B;i = 9;B+ B; (9'B; =0), (1.76)
hij = 2C&;; + 20,0, E + 20;E;) + 2E;;, (9'E; = 9'E;; = 67E;; = 0), (1.77)

where

1

8<18]>E = (818] - 3

51-]-v2) E, 9.Ej = 5 (%Ej + 9iE;) . (1.78)
In table 1.1 we summarize the scalars, vectors and tensors part of the perturbed

RW metric, and also the requirements that must be satisfied

Scalars | Vectors | Tensor Divergenceless Traceless
A,B,C, E Bl-, Ei EZ] alBi = ain = alEi]' =0 51]E1']' =0

Table 1.1: The SVT decomposition and the requirements that must be satisfied.

1.4.2 Gauge transformations for metric tensor

The RW metric expressed by Eq. (1.75) is implicitly written in terms of a
specific time slice and, consequently a specific three-dimensional space. To allow
the description of these perturbations in other! coordinate system we need to
perform a gauge transformation. To prevent introducing unphysical perturbations
in this process, we can perform the gauge transformation under the requirement
that the spacetime interval, ds?, remains invariant regardless of the adopted gauge.
Such a transformation is performed by the gauge generator function: . Starting at
the gauge G, we can generate a new one, G, by the following

Xt 7= x4 EH (T, a0, (1.79)
2 =T, (1.80)
F=L=0L+1!, (3;L'=0), (1.81)

where in Eq. (1.81) we have used the SVT decomposition of the spatial part of /.

IThe description of these perturbations in other gauges can be more convenient depending on
the problem, e.g., in the CMB analysis it is more practical to choose the synchronous gauge, but
the spatially-flat gauge is more suitable to study inflation. The Newtonian gauge is more adequate
to study the evolution of gravitational potential.
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The requirement that the spacetime interval should be invariant under a gauge

transformation implies
ds? = g (x)dxdx" = Gop(%)dT*dzP. (1.82)

Using the components of the metric given by Eq. (1.75) into Eq. (1.82) it is possible
to show that the perturbations functions transform as

A=A—-T —HT, (1.83)
Bi = B; 4+ 0,T — L;, (1.84)
hij = hij —20;Lj) — 2HTS;;. (1.85)

In terms of the SVT decomposition, these perturbations can be rewritten as follows

e Scalars
A=A-T —HT, (1.86)
B=B+T-1L, (1.87)

. 1

C=C—-—HT - gsz, (1.88)
E=E-L (1.89)

e Vectors
B =B —1 (1.90)
B =F —1, (1.91)

e Tensor
Eij=E; (1.92)

We can combine the Egs. (1.86)-(1.92) in order to eliminate the components of
gauge generator functions ¢¥. This provides us with quantities that are gauge
invariant. For example, the tensor component, Eq. (1.92), already is a gauge
invariant quantity because the gauge generator is absent.

Following this idea, it is possible to show that the following relations are gauge
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invariant
Y=A+H(B—-E)+(B-EY, (1.93)
=-C-H(B-E) +%V2E, (1.94)
R=C-— %V2E+H(B+v), (1.95)
_ lon, H
(=C 5v E E(sp, (1.96)
0'A=dp+ 7 (B+0), (1.97)
13/
OPpaq = 0P — Eép. (1.98)

The first two equations, (1.93) and (1.94), are known as the Bardeen'’s potentials.
Eq. (1.95) is known as comoving curvature perturbation and is useful to study

inflation.

1.4.3 From smooth to perturbed energy-momentum tensor

In the previous section, we modified the RW metric to take into account small
fluctuations in the spacetime, however, the spacetime and the matter-energy
distribution are connected by the Einstein equation (1.21), which means that
perturbations in the RW metric induce and are induced by perturbations in the
matter distribution. Therefore we also need to describe small fluctuations in the

energy-momentum tensor [1]

T) =TV + 0T/, (1.99)
TV = (o + P)*a, — PsY, (1.100)
ST} = (6p +0P)UMU, + (6 + P)(outU, + U'du,) — 6Ps, — 11}, (1.101)

where 6() represents the perturbation. For example, 6T} is a small deviation from
the background energy-momentum tensor T}, and so forth. Equation (1.100) is
the same as Eq. (1.25) except that we have changed the notation and left the upper
bar to denote the unperturbed quantity. Using the perturbed RW metric, Eq. (1.75),
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it is possible to obtain the components for 6T}, these are given by [1]

STY = dp, (1.102)
6Ty = (p+ D)/, (1.103)
5T} = —(p + P)(v; + Bj), (1.104)
ST = —6Ps} — 1T, (1.105)

where v’ = adU'. It is important to note that the perturbations (5o, 5P, etc) have
the contributions of several components (e.g. photons, neutrinos, baryons, dark
matter, dark energy, etc.). This implies that we should sum over all possible
components, i.e. o = ¥_; 6p;, and the same for 6P, v’ and IT9.

In the same way as the gauge transformations for the metric, we can perform
the analogous transformation for the energy-momentum tensor. The coordinate
transformation to avoid unphysical perturbations in the energy-momentum tensor
is
_ oxtoxP .,

T4(%). (1.106)

K
L) = Sz o ¥

Using the Egs. (1.102)-(1.105) into Eq. (1.106) we obtain the relations between the
perturbations in the gauge G and G

op = dp — Tp/, (1.107)
0P =6P - TP, (1.108)
di = qi+ (p+ P)L;, (1.109)
0; =v; + L, (1.110)
IT;; =11, (1.111)

where ¢; is know as momentum density and is defined by g; = (¢ + P)v;.

1.4.4 Perturbed equations of motions in Newtonian gauge

Once we have the perturbed metric and the perturbed energy-momentum
tensor, in principle should be possible to derive the perturbed equations of motions.
We start with perturbations in the Einstein equation, Eq. (1.21), as follows
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In order to present the main ideas, we use the Newtonian gauge and we adopt the
notation of [1] as follows

B=E=0, A=Y, C= . (1.113)

Assuming the Newtonian gauge, we can rewrite the perturbed RW metric in terms
of the new variables, Eq. (1.113), which simplifies the metric to

ds? = a?(7) | (14 2%) de? - 5 (1 - 20) dx'd | (1.114)

Once the gauge and the metric are specified, it is possible to derive all geometric
quantities like the Chistoffel symbols, the Ricci tensor, and the Ricci Scalar.
Perturbed stress-energy conservation

Using the perturbed energy-momentum tensor into the conservation equation?
V,.T) =0 (1.115)

it is possible to derive the perturbed versions of the continuity and Euler equations.
e Continuity equation
The first one is the continuity equation and is obtained considering v = 0. The
result is

5+ (1+ B) (V-v—3d") 4+ 3% <5—P - 5) =0, (1.116)
o op P

where § = 5p/p is the dimensionless fractional overdensity®.
e Euler equation

The Euler equation is obtained considering v = i. The result is

D/
v+ HV — 3H§v = —ﬂ - VY (1.117)
p p+P

Perturbed Einstein equations

o Traceless space-space component

2Note that you will need the perturbed Christoffel symbols.
3Maybe this isn’t a good name, because ¢ represent regions of overdensity but also regions of
lack of density (voids). A more appropriate name in common use is density contrast.
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The trace-free part of the spatial component of the Einstein tensor is given by

9,0, (®—¥) =0, (1.118)
If IT;; = 0, then ® = ¥. (1.119)

where the r.h.s of Eq.(1.118) is zero because we are neglecting the anisotropic
stress. If we consider this term, then the r.h.s of Eq. (1.118) is sourced by the term
—871Ga*1lj;.

e time-time component

Considering the 00 component of the Einstein equation, Gog = 87tGT, we
have at zeroth order

H? = %az‘ (1.120)
and at first order we have
V2@ = 4nGa*pd + 3H (@' + HP) . (1.121)

e time-space component
Considering the 0i component of the Einstein equation, Gy; = 87tGTy;, we are
left with

O+ HD = —47Ga® (5 + P) v. (1.122)
Combing (1.122) and the (1.121) we have
V2® = 41Ga®pA, (1.123)
where pA = 6 — 3H(p + P)o.
e Trace space-space component

Finally, we consider the trace part of the Einstein equation, that is, G| = 87GT!.

The result of these computations is, at zeroth order given by
2H' + H* = —8nGP (1.124)
and at first order, we are left with

D" + 3HD 4+ 2H' + H?)P = 41Ga®SP. (1.125)
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1.4.5 Proof of some equations

In this section, we want to demonstrate the equations (1.84), (1.85) and prove
that the spatial part of the perturbed Christoffel symbol, I')., in equation (1.38) is

not zero. In summary, we want to prove the following equations

B; — Bi =B, + alT — L:, (1126)
hij = hij = hij — 20;Lj) — 2H TS, (1.127)
Iy, = o;Y. (1.128)

Proof 1

We start considering the following coordinate transformation

X Xt = XF + (T, %), (1.129)
Xt - {X0=1,X = x}, (1.130)

O =T, (1.131)
F=L'=9L+1 (1.132)

By requesting the invariance of the spacetime interval we can avoid unphysical
perturbations

ds? = gudX'dX" = §,pdX"dXP. (1.133)

The spacetime interval in the coordinate system without/with “tilde” is given by
ds® = a?(7) [(1 +2A)dt? — 2B;dx'dT — (di; + hij)dxidr} (1.134)

= a2(%) [(1 +2A)dt? — 2Bdxdt — (5, + fz,-]-)dazfdﬂ . (1.135)

For clarity, it is very useful to write explicitly each component of the metric tensor.
First for frame without “tilde”

goo = a*(1)(1+24), (1.136)
Soi = gio = —a*(T)B;, (1.137)
8ij = &ji = —a*(7) (i + hyy). (1.138)
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Analogously for the frame with “tilde”

Soo = a*(T) (1 +24), (1.139)
Goi = §io = —a*(T)B;, (1.140)
gij = gji = —a* () (6 + hij). (1.141)

The relation of metric tensor between this coordinates system is given by

oX*oXP
8 (X) = <557 up(X)- (1.142)

Let us study the components u, v — 0, i. It is useful to decompose them « and S as
follows: a, B — {0,0; 0,4; 7,0; 7,j}.
With Egs. (1.129)-(1.132) and (1.139)-(1.141), the r.h.s of Eq. (1.142) can be sepa-

rated in the following terms

90X 9X0 _

S adoo = (1+ T')(9;T)a*(%) (1 + 24), (1.143)
aa—}?g—);ggj = (1+T')(8; +0;8") (—a*(7)B)), (1.144)
XX g0 = (0nE) AT (D)), (1.145)
%—}fg—igjk = (9:87)(6F +ig") (=™ (F) (G + ), (110

where T’ := 0;T. Now we combining the Egs. (1.165)-(1.146) in the r.h.s of the

(1.142) and eliminating the terms of O? in the perturbations terms, we are left with
goi = a*(%) [0,T — B; — L], (1.147)
where L! := 9L;. The last step is to expand the scale factor a?(%) = [a(T + T)]?

where in this equality we have used the 0 component of Eq. (1.129), then we have

a2(7) = [a(t+ T)]* = {a(r) +a' (T)T + %a”(T)TZ + r

2(1 1‘1//(7) 2 ?
a”( ){1+HT+ZQ,(T)T +]

a®(T) [1+HT)? first approximation

Q

~ a*(1) [l + 2HT] second approximation. (1.148)
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where H = a’/a is the comoving Hubble parameter. Substituting Eq. (1.148) in
rh.s of Eq. (1.147), and using (1.137) in the Lh.s of (1.147) we have

—a*(7)B; = a*(7) [L +2HT] [0;T — B, — L] . (1.149)

Expanding and eliminating terms of the order O? in the previous equation, we are
left with —B; = 9;T — B; — L} which shows that

B =Bi+0,T—L| (1.150)

Proof 2
The demonstration of fti]- is analogous to the demonstration for B;. Following
the same procedure, we start decomposing the r.h.s of Eq. (1.142), but now for

UV —1j
AX09X o
3% xS = (@T)(@;T)(a"(T)(1 +24)), (1.151)
?5(? g_};g(’k = (9;T)(6f + ;L) (—a*(T) By), (1.152)
3—?3—?% = (6 +9iL%) (9;T) (—a*(1) By), (1.153)
gifg_igkl = (6F + ;L") (8] + ;L") (a* (%) (Jt + Fwa))- (1.154)

Combining Eqgs. (1.151)-(1.154) into the r.h.s of Eq. (1.142), and eliminating the
terms that are of second order in perturbation, 02, we are left with

gij = a*(T) [6;j + hij + 9;L; + 9;L;] . (1.155)
Let’s remember the notation for the vector field perturbation:
IilLj = % (9:Lj 4 9;L;) . (1.156)
Using Eqgs. (1.138), (1.148) and (1.156) in Eq. (1.155) we are left with
—a?(1) (8 + hij) = —a*(1) (1 + 2HT) [5,-]- +hij +204L;)| - (1.157)

Expanding the r.h.s of the previous equation and eliminating terms of 0% we get
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hij = fzij + 28(1-L]-) + 2HT¢;;. Finally, we have the desired equation

hij = hij — 20;Lj) — 2HTé;; | (1.158)

Proof 3

The final task is to derive the perturbed connection coefficient (or the perturbed
Christoffel symbol) as shown by Eq.(1.128). The procedure developed here can
be easily applied to obtain the other Christoffel symbols. Let’s start with the
perturbed RW metric tensor

142 0
2
= . 1.159
8w ( 0 —(1— 2c1>)(51-]-> (1.159)
The inverse of gy is

1 (1-2¥ 0
.- . 1.160
g a? ( 0 —(1+ 2@)5”) (1.160)

The relation between the connection coefficients and the metric tensor is

1
Ty = 58" M0ugrp + 9pgav — 01&up)- (1.161)

We want the case 4 = v = 0 and p = i, then the relation (1.161) reduces to
0o 1 oa
Toi = 587 (d0gai + 9igao — 9Agoi)- (1.162)
The above equation is non-zero only for A = 0. Then, Eq. (1.162) becomes
0o 1 o 9
Toi = 58 (9igoo) (1.163)

Finally, using ¢ = (1 —2¥)/a?, goo = a?(1 + 2¥) and eliminating terms second
order in ¥, we obtain the derided expression

Y, = oY | (1.164)
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1.4.6 Evolution of the gravitational potential

In this section, we numerically solve a differential equation to obtain the
evolution for the gravitational potential ®. The complete solution is separated into
three steps: (i) First we need the general ordinary differential equation governing
the evolution of the gravitational potential, (ii) then we need to find the non-
constant coefficients of this differential equation. (iii) Finally we need to rewrite
this equation in order to be easily numerically integrated.

(i) General equation: the gravitational potential: The first-order in perturba-
tion theory for the components 0,0 and i,i in the Einstein equations are, respectively,
given by

V20 = 4Gadp + 3H (D' + HD), (1.165)
Q"+ 3HD' + (2H' + H?*)P = 47nGa’SP. (1.166)

Consider the following: V2 — —k? and Eq.(1.165) x (—%) + Eq.(1.166), then we
have

" + 3H (1 + g) '+ [2%’ +H? + 3%2%} o + ngCD (1.167)
6P P

= 471Ga®s (- — T) ~ 0. (1.168)
P\o0 o

Analogously, we also consider the zeroth order in the Einstein equations of
the components 0,0 and i,i. These correspond to the first and second Friedmann
equations, respectively

87rGa2_

3 1P
2H' + H? = —871Ga?P. (1.170)

H? =

(1.169)

Performing the following operation Eq.(1.169) x (3‘;—5) + Eq.(1.170) we have

om + 12+ 3120 —oa v 2 43128 —gncats (£ - L) ~0. am
op Y o0 P

Substituting Eq. (1.171) back to Eq. (1.168), we have

O (T) +3H (1 4 Wegr) D' () + D + KPweyP(T) =0/ (1.172)




Chapter 1. Background and perturbed universe 30

Equation (1.172) is an ordinary differential equation with non-constant coefficients.
Therefore, to solve this equation we need to find these terms. Firstly, we define the
effective equation of state as

Wett = (1.173)

_(3'.| e

(ii) Early times: radiation + pressureless matter: for this first solution, we
simplify the problem and solve the differential equation (1.172) in the regime of
radiation and cold dark matter (pressureless matter) domination. Therefore, the

energy density and pressure can be written as follows

ﬁzﬁﬂrﬁm:‘%Jr% (1.174)

o 1

P =P + Py =P =wrpr = §Pr (1.175)
Qo= 22 [=rorm. (1.176)

Using Egs. (1.174)-(1.176), the effective equation of state, Eq. (1.173), can be rewrit-
ten as follows

1
Weff = —7——5— (1.177)
3(1+ G22a)
For convenience, we define a new variable y as follows
Qr 0 a
dog= —>—, Y= —. 1.178
U= o’ = eg (1.178)

Using these changes of variable, the effective equation of state can be written as

1

Weff = 311 Tl (1.179)

The final task is to find the form of H as a function of y in these simplified
radiation + CDM universe models. The relation between the conformal Hubble
parameter, H, and Hubble parameter, H, is

H?* = a®H?. (1.180)
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Considering only radiation and pressureless matter, the Hubble parameter is

2 ’ 2 2 T,O 771,0

Using the change of variable is not difficult to show that the conformal Hubble

parameter is given by

H3Q),, Ho/Qmpo /1
942 — HoQmpo Fle}, or | H = Ym0 y“’_ (1.182)
V/feq

Aeq yoy?

Taking the derivative of the conformal Hubble parameter with respect y we have

. Hyy/O
= _2oVimo 2%y | (1.183)
v/ feq 2y2\/1—|—y

(iii) Gravitational potential: change of variable: finally, we need to rewrite
the Eq. (1.172) in terms of the new variable y. The first step is to express d7 in

terms of dy, we have

d adad d d
E EE% Hﬂﬁ = H(yﬂeq)—d(yaeq) , (1184)
then we have
d d
el Hy@ : (1.185)
It is going to be useful for the second derivative of Eq. (1.185)
d? d d a a
d? d d?
12 =Hy [Hydy + ’de + ’Hydyz} ) (1.187)
Just to recap, we are using the following notation
a _ ., d _ -

Applying the Egs. (1.185) and (1.188) into Eq. (1.172), after some algebraic manip-
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ulations, we are left with

b(y) + ,Hiy [y + H (4 + 3weg)] D(y) +

K wWegs
H2y2

(y) =0. (1.189)

Finally, using Egs. (1.179), (1.182) and (1.183) into Eq. (1.189) we have the desired
equation of the potential in terms of the new variable y

8+ 7y
2y(1+y)

dp(y) =0[.  (1.190)

Bily)+ | | (1) +

We use the new notation ®(y) — Py (y) to remember that this equation depends
on the Fourier mode k.

(iv) Numerical results: To compute equation (1.190) numerically, we can use
any programming language that allows us to solve ordinary differential equations
(ODE), for example, Python. ODEs in Python can be solved with the function
called odeint from the package Scipy. The function odeint only solves first-
order ODEs, or a system of coupled ODEs. For this reason, we need to transform
the second order Eq. (1.190) into a system of two coupled ODEs.* To break the
ODE into two other ones, we pay the price of gaining a new variable, here defined
by v, so Eq. (1.190) becomes

O = Ci)k, (1191)
ok(y) = —A(y)o(y) — Be(y) Pr(y). (1.192)

The coefficients are defined by

8+7y
2y(1+y)’

Aegk?
Br(y) = 1

A = = .
) 3HZ0(1 + y)?

(1.193)
We have assumed natural units where the speed of light in a vacuum is 1, but
here we need to reintroduce this constant for a correct numerical computation. By
dimensional analysis we see that [H| = km/s/Mpc and [k] = 1/Mpc, therefore
we need multiply k by ¢, i.e. we re-scale the value of k by k — kc. Python also
return to us the rate of the gravitational potential with respect to the variable y.
The result is shown in figures 1.4 and 1.5.

4Mathematica is more suitable for this task, but here we use an open source software for
illustrative purposes only.
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Figure 1.4: Evolution of perturbed gravitational potential
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Figure 1.5: Evolution of the rate of the perturbed gravitational potential.
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1.5 Cosmic Microwave Background

—300 K 300

Figure 1.6: Figure from Planck image gallery [9]

The light that permeates throughout the universe is known as Cosmic Mi-
crowave Background (CMB) formed 370000 years after the Big Bang temporal-
singularity. This radiation was first discovered by Penzias and Wilson [10] allow-
ing them to share the Physics Nobel Prize in 1978. In Figure 1.6 we show a map
of the CMB temperature anisotropy measured by the Planck satellite [9]. We can
write a general expression for the temperature as a function of the sky direction:

T(n)=Ty[1+0O(n)], (1.194)

where Tj is the average CMB temperature and @(n) = 6T (n) /Ty is the fractional
temperature fluctuation. In this part, we closely follow the [1] notation. As we
will see, it is possible to write a functional form for ®@(n) (thus for T(n) if T
is known), however, observationally we should turn our finds into a statistical

equation known as two-point correlation function:
C(0) = (0(n)O(n")), (1.195)

where 0 is the angular separation in the sky between the unitary vectors n and n’
and defined through cos § = n-n’. This is because a broad variety of theoretical


https://www.cosmos.esa.int/web/planck/picture-gallery
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models of the early universe predicts that ®(n) should satisfy a Gaussian distribu-
tion [11]. If this actually is the case, then we should be able to capture all features
of the CMB temperature anisotropies, 0(n), with a single function of the angular
separation C(6) given by Eq. (1.195).

The same cosmological information in C(6) is contained in the angular power
spectra denoted by C,. To see this, we first expand the CMB fractional temperature

anisotropy in terms of spherical harmonics

00 14
=) 2 Yo (0 (1.196)
1=2 m=

Substituting Eq. (1.196) into Eq. (1.195) we obtain

Cco) =) %47“: 1C4Pg(cos 0) (1.197)

l

where P, are the Legendre polynomials, and we have used the assumption of Gaus-
sian statistics (predicted by early universe models) for the fractional temperature

anisotropy:
Omm 000 Co = (Apmyy), (1.198)

Since the P;’s are known, if we determine C; we automatically find C(0) by means
of Eq. (1.197). In Eq. (1.196) note that m varies in the range £/, thus for a fixed ¢
there are 2/ + 1 possible values for m. Therefore, summing over all possible values

for m, we can obtain an estimator for C,

\ 1 £ >

(1.199)

Note that the estimator is unbiased, (C;) — C, = 0. However, there is an intrinsic
error due to the cosmic variance [2/(2¢ + 1)]1/2C, [12] which is dominated on

larger angular scales.

1.5.1 Primordial spectrum and CMB

What was the mechanism (inflation, topological defects, etc) behind the gen-
eration of the primordial spectrum density perturbation that 13.8 billion years
after the Big Bang led the universe that we see today? In order to use CMB to
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find an answer to this question, we first need a connection between the angular
power spectra, C;’s, and the primordial spectrum of density perturbations, A% (k).
The first step in this direction is to know how the photons (i.e. a property of the
photons: energy E, wavelength A, etc) evolve after decoupling in a perturbed
universe. The geodesic equation governing the free photon propagation is

dpt  _, PP

T = T (1.200)

Using the Christoffel symbols derived in proof 3, section 1.4.5, we can rewrite
Eq. (1.200) for u = 0 (because it is related with the photon’s energy) as follow

Pipi
pO

0 .
ar” _ — (H+Y)P°—20,¥P' — [H— D —2H (P +V¥)] §;

T (1.201)

Given a particle with mass m, physical momentum p = (gijPin )1/2, energy
E = (p* + m?)'/2, the mass-shell constraint is given by (see e.g. [13]) g, P* PV =
(14 2¥)(P%)? + p?> = m?. For the photon, m = 0, thus we obtain

PO: (1_T)/

QM| M

P'==(1+®)p (1.202)

substituting Eq. (1.202) into (1.201) and solving for the energy at first order in
perturbation, we get

dInE
dy

= —H+ D — p'o;¥. (1.203)

The equation (1.203) tells how the photon energy varies in an expanding (due the
Hubble term) and inhomogeneous universe (due the metric perturbations). At
this point, we are interested solely on the effect of metric perturbations, thus we
have to discount the Hubble flow from the right hand side of Eq. (1.203), which
leads

dlne  _, ,  d¥
i =P +Y¥ an (1.204)

where € = aE. The Eq. (1.204) tells us how the photon’s energy (corrected by the
redshifting due to the Hubble flow) is affected by local perturbations of the Hubble
flow (@) which means that some parts of the universe expand slightly faster, or
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lower than others one plus potential wells (the whole term ¥’ — d®/dy = p'o;®)
caused by the intervening matter of the large scale structure.

To obtain how much was the photon’s energy deviated from its initial value
at the decoupling time () to its value seen today (#79) by our telescopes, we
should solve Eq. (1.204) for the energy, a result known as line-of-sight solution [1]
or line-of-sight integral [14]. A proper way to perform this calculation needs to
take into account several physical processes beyond the gravitation redshift, such
as the adiabatic growth of perturbations, baryon velocity-induced fluctuations,
and photon diffusion. Those effects are then combined and solved with the Euler,
Continuity, and Boltzmann equation with the introduction of the visibility function,
which is the probability that a photon last scattered within a time interval of
(7,11 + dn] (see [15] and references therein). For illustrative purposes, we assume
an instantaneous decoupling at 7. (see chapter 7 of [1] or Appendix B for detailed
computation), and the solution for Eq. (1.204) becomes

0T 1+ o® JY
—T*—FT*—‘F()—F " dn (%—i_%) (1.205)

To obtain Eq. (1.205) we have used that after decoupling the photon’s distribution
function have its shape unmodified once they trajectories are along geodesics, and
since the Bose-Einstein distribution is a function of E/ T, then the proportionality
relation holds, E «« T = E « T(1+46T/T). The first term in Eq. (1.205) has the
contribution from two sources: the temperature fluctuation induced by photon
density contrast, d, /4, and a Doppler shift due to the scattering between photons
and electrons at the last scattering surface, which is proportional to the projection
of the baryon velocity onto the line-of-sight direction, —n - v;,, where the minus
sight means that the photon momentum vector has a direction opposite to the
unit vector n. The term ¥, — ¥y in Eq.(1.204) simplifies to Y. because the local
gravitational potential, ¥y, modify the CMB power spectra as a whole, thus this
term is unobserved [16] and can be ignored in the equation. Rearranging the
terms we have 6T/T|, + ¥, — Yo = (6,+/4 + ¥+) — n-v;, where the first term
inside the parenthesis is recognized as the Sachs-Wolfe effect due to Sachs and
Wolfe (1967) [17]. The second term, —n-vy,, is the Doppler shift. Finally, the
integral in Eq.(1.204) is called the integrated Sachs-Wolfe effect that accounts for
temperature fluctuation induced by the intervening distribution of matter through
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the universe [1,16]. In this way, Eq. (1.205) can be written as

) 1
O(n) = = (n) = Z(SW +¥ —n-vy, +

o
T (

@' +¥)dy. (1.206)
s

In general, it is easier to work in Fourier space, where plane waves can be
decomposed in Fourier modes and evolve independently and in the end, we
just need to perform a superposition of these modes. This constitutes the so-
called spatial to angular projection approach [1]. Let us define new functions
Fi(k)Ri(k) = 0y+/4+ ¥+ and Gy (k)R;(k) = |vps| = vp. where R; is the initial
curvature perturbation that takes into account the linear evolution of fluctuations.
Therefore, Eq. (1.206) becomes

3k
O(n) = / %elk.x*@g(kﬂ{i. (1.207)

where we have defined the transfer function ®,(k) = F, — i(k-f)G,. Note that
in this equation we neglected the ISW effect, which is small in comparison with
the other ones, with the exception at ¢ < 10 (see e.g. figure 5.2 in [14]) which is
a little bit larger than the Doppler effect, but that cause no much prejudice for
our example. If we take the Legendre expansion of the exponential, el )k f —
Y i¢(20 +1)jo(kxs) Py (k- 1), and its derivative with respect to the module of its
argument, we can rewrite the equation (1.207) as follows

o) = (20 +1 / (§i§3®g(k)Ri(k)Pg(f<-ﬁ). (1.208)

Finally, substituting Eq.(1.208) into the two-point correlation function (1.195) and
comparing the result with the CMB temperature power spectra in Eq. (1.197) we

have

C,=4n / d(Ink) @2(k)AZ (k)| (1.209)

where the primordial curvature perturbation, A (k), is defined via the two-point
correlation function of the initial curvature perturbation, R;(k), in the following
way: (Ri(n)Ri(n)) = 272 /K A2, (k) (2716 (k + ).

As we have mentioned, the proper way to derive the CMB temperature

anisotropy power spectra is via Boltzmann’s kinetic theory (coupled with the
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Einstein equations) that takes into account deviations of the particle distribu-
tion function from thermal equilibrium due to the universe expansion, particle
scatterings, annihilations and a sharply peaked, but non-instantaneous, photon
decoupling as we have assumed in our derivation of equation (1.209). Although
the purpose here is not to provide all the details on CMB calculations, we provide
a scheme on how real CMB power spectra are estimated (see [14] for details or
appendix B of [1]). In figure 1.7 the horizontal line represents the last scattering
surface and a photon that starts its journey through the space until be captured by
our telescopes today. This photon carries much information about the physical
process on the LSS, and in figure 1.7 we show the essential equations that allow us
to relate the CMB photon with the universe’s characteristics such as mass-energy
distribution and the physics of recombination.

s [Lp-cri] e
L

d®/dny = dIne/dny — I'[Anisotropic Scattering Term]|

J
() = [ T(n")dny’
J
O(k) = [, dn{g(®o +¥) + (gk~20y)" + e~ 7(®' +¥") }jelk (10 — 11:)]
J
Apm = (_i)g f dskyﬂm (I%)®€(k)

J

Ce = (aymay,,)

J

Cyp = 4m [(dInk)®3(k)A% (k)

Figure 1.7: A schematic representation of how we convert the early universe’s
information carried by the CMB photons when it reaches us today.

We can interpret figure 1.7 as follows. Initially, photons were tightly coupled
with baryons, exchanging energy and momentum in a scattering process with a
rate higher than the universe expansion. From the photon’s phase-space point of
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view, this implies in an evolution of the number of photons at a given point (P, xt)
and time + = x". This is characterized by the distribution function f(P,, x) with a
dynamics described by the Boltzmann equation

_df sy 9f [ of dx  of de o elfF
L(f) = i (n,x,€,p) = + ox " i + 3¢ dn + CMB Lensing = C{f; fi}

a1
(1.210)

where the left side in (1.210) is the Liouville operator which simply tells us how
the distribution function varies, with respect to 77, in response to external inter-
actions with other particles given by each distribution function, f;, where i can
be electrons, neutrinos, etc. The “CMB lensing” term describes deviation in the
CMB photon direction and is given by (df/0p)- (9p/9y). This term is second
order in perturbation (which is called “secondary” CMB effect) so we drop off its
contribution.

The distribution function in terms of the fractional temperature fluctuation, ©,

is given by

1

f(n,x,€,p) = (1.211)

_1'

€
p [ﬂT(U)(H@(w,ﬁ))

Combining Eq. (1.211) with (1.210) and taking into account the Isotropic Thompson
Scattering, ITS = © — Oy — p - v, and the Anisotropic Thompson Scattering, ATS
= —3/(167) [dp;©(p,)[(p;- P)* — 1/3], where Oy is the monopole and p; is the
incoming photon’s momentum in the scattering process with the target electron.
This produces the second equation from top to bottom in figure 1.7. The solution
of this differential equation was mentioned before, it is known as the “line-of-sight
solution”, which is obtained by introducing the optical depth, 7(7), that describes
the opacity of the universe; higher the opacity is higher is the probability of photon
be scattered between 7 and 779. The mathematical advantage of this quantity is
that it helps to integrate the Boltzmann equation, which turns on into the fourth
equation shown in figure 1.7.

The fractional temperature fluctuation was defined in equation (1.196) in terms
of spherical harmonics Y/, with weights a,,,. These quantities can be computed
just by inverting Eq. (1.196), in terms of ®,, as shown in the fifth equation, from
top to bottom, of figure 1.7. We take the average of these weights which finally
produce the CMB power spectra in terms of the transfer function, ®,(k), and the
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primordial power spectra.



Chapter 2

Gauge invariant perturbations

2.1 Introduction

In chapter 1.1 we saw expressions that do not change under a gauge transforma-
tion, for example, the Bardeen variables and the comoving curvature perturbation.
How can we obtain these quantities? This chapter explains the procedure and
performs detailed computations to obtain these and other gauge-invariant pertur-
bations.

The universe is described by the RW metric g;,,. This metric is the contribution
of two terms: g, which denotes the metric at background level (or at zeroth order
in perturbation theory) and g, that represents small perturbation in the metric
(or the first order in perturbation theory). Through this chapter we use the notation
of [1]. As we saw in chapter 1.1, the perturbation functions (PF) are A, B;, and hij. In
order to avoid the gauge problem, i.e. the generation of unphysical perturbations,
we need to perform the gauge transformation requesting the invariance of the
spacetime interval, i.e. d3> = ds®. This “jump” from the gauge G to the other
gauge G is performed by the gauge generator functions given by &* (introduced in
chapter 1.1), such that |¢*| < 1 in order to guarantee that the perturbations can be

linearized.

2.2 Setting equations

The perturbed RW metric is given by

[1+2A(T,x)] —B;(T,x)
Suv = az(T) . (2.1)
—Bi(t,x) =0 + hij(T,x)]

42
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Let’s remember the SVT decomposition for the perturbation functions. These are

given by
B; = 9;,B+ B; (0'B; = 0), (2.2)
hij = 2C6;j + 29,0, E 4 20;E;) + 2E; (Ei =9'E; =0'E;j =0), (2.3)
9,0, E = (aia]- — %fzjvz) E, (2.4)
- 1 - -
a(iE]') = 5 (aiE]' + a]'El') . (2.5)

For convenience, we also repeat the gauge generator function

it = xt & (1,x), (2.6)
O =T, (2.7)
F=Li=0L+1L (0'L; = 0). (2.8)

From the invariance of the spacetime interval, ds? = ds?, it possible to show
that the components of the metric in the gauge G, g1, relates with the components

of the metric in the gauge G, g, by the following expression

gW(T,x) = gw("@ x) + angHV(T/ x)¢" + ay(:pg;)V(T/x) + avé‘pgpy(r,x). (2.9)

To demonstrate the Eq. (2.9), we start from the invariance of the line elements
between the gauges, i.e.

ds? = ds* = gy (x)dxt'dx" = gop(%)dx"dzP. (2.10)
The coordinate transformation is given by di* = (d%*/dx#)dx* and dzP =
(0P /9x")dx" we have
oxtoxP
8w (%) = 5055 8ap (%) 2.11)

Using the gauge transformation given by Eq. (2.6) into Eq. (2.11) we have

gur(x) = (83 +3,8%) (o +0,8° ) 2up(). (2.12)

Expand Eq. (2.12) and neglect quadratic terms in the gauge generator ¢*. In addi-

tion, it is useful to consider the expansion of the §,5(%) around the neighborhood
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of x, this is given by

Sup(X) = Zup(2") = Zap(x! + 1) = Gup(x") + 0y &up(x¥) " (x¥), or  (213)
Sup(X) = Zup(x) +9u&up(x)¢" (x) (2.14)

Substituting Eq. (2.14) into Eq. (2.12) and expanding the expression up to first
order in perturbation, we are left with

gu(x) = (83 +3,8%) (08 +9,8) (Zup + 90upl”)
= (0300 + 530,8P + 809,8% ) (Zup + 02ep”)
= 330030 + 5300 (908up) & + 53 (018P) up + O (9,8") Zup
= G (x) + 9o Gu (x)67 + 98" Gva(x) + avgﬁgy/%(x)r (2.15)
where Eq. (2.15) is the same as Eq. (2.9), what was to be shown. Applying Eq. (2.9)
to each metric component, we obtain the relations satisfied the gauge generator

between the gauges G and G. However, this computation was already performed
in section (1.4.5) for B; and h;;, the result is

A=A—T —HT, (2.16)
Bi=B+9o,T - L, (2.17)
hij = hij — 29;L;) — 2HTé;;. (2.18)

2.3 Building gauge invariant perturbations

In terms of the SVT decomposition, we can separate the perturbations contri-
butions, Egs. (2.16)-(2.18), into scalars, vectors, and tensors part. Let’s concentrate

on the scalar perturbation part. Then we have

A=A—-T —HT, (2.19)
B=B+T-L, (2.20)
C=C—-HT- %VZL, (2.21)
E=E—L. (2.22)

In the same sense, we can decompose the components of the energy-momentum
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tensor (again, taking just the scalar part)

bp=0p—p'T, (2.23)
6P =P —DP'T, (2.24)
v=v+1L, (2.25)
g=q+(@+P)L. (2.26)

Now we have everything that we need in order to describe the general method
to find gauge invariant combinations. Firstly, note that the Egs. (2.19)-(2.26) can
be expressed in a most general way as follows A= A(A, T,L), B = §(B, T,L),
.. § = 4(gq,T,L). Generically, this can be written as Q= @(Q, T,L). These
quantities are dependent of the gauge generator function T and L, this means that
the perturbed quantity, Q, also is gauge dependent. Then, the conclusion is:

If we combine the equations from (2.19) to (2.26) in order to eliminate the gauge generator

functions, T and L, then the result is a gauge invariant quantity.

24 Applying the method

We proceed to apply the previous statement in order to find useful combina-
tions that are gauge-independent.

2.4.1 Bardeen’s potentials
The first gauge invariant quantity widely used in cosmology is the Bardeen’s
potentials (or variables), which we define below.
First Bardeen’s potential
Consider the following equations
A=A—T —HT, (2.27)

B=B+T-1L, (2.28)
E=E—L. (2.29)
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In order to eliminate the gauge generator functions T and L (as well T" and L'),
we perform the following manipulations

—Eq.(229) = —E' = —E' 4+ L, (2.30)
I
Eq. (228) +Eq. 230) = B—E =B—E +T. (2.31)

Consider now the following manipulations with Eq. (2.31)

H x Eq. (2.31) = H(B — E') = H(B — E') + HT, (2.32)
Eq. (231 = (B—E) = (B—E) +T. (2.33)

Finally, if we do: Eq. (2.27)+Eq. (2.32)+Eq. (2.33), then we obtain the following

A+HB-E)+B-E)=A-F -HT+HB—E)+HT+(B—E) +7
A+HB-E)+(B-E)Y=A+HB-E)+(B-E)". (2.34)

The Lh.s of Eq. (2.34) is expressed in the gauge G, and the r.h.s is expressed in the
gauge G, however, how both sides of Eq. (2.34) are equal, then we conclude that
the quantity defined by

Y=A+H(B—-E)+(B-EY (2.35)

is a gauge invariant quantity. The Eq. (2.35) is known as the first Bardeen'’s potential.

Second Bardeen'’s potential

Consider the following equations
B=B+T-L, (2.36)

C=C—HT- %sz, (2.37)
E=E-L. (2.38)
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Performing the following manipulations

—Eq.(237) = —C = —C+HT + %VZL, (2.39)
1o 1oz 1o, 1
;V?Eq. (2.38) = SVPE = SV2E - 2 V7L, (2.40)
I

Eq. (2.39) 4+ Eq. (2.40) = —C + %VZE =—C+ %sz + HT. (2.41)

In addition, consider the following computations

—Eq.(2.38) = —E' = —E'+ L, (2.42)
Eq. 2.36) + Eq. 242) = B—E =B—E +T, (2.43)
Y

—H xEq.(243) = ~H(B—E) = —H(B—E') —HT (2.44)
Finally, summing the equations Eq. (2.41)+Eq. (2.44), we have

~ 1 _,~ ~ = 1
—C+ 5VZE —H(B—-E)=-C+ §VZE +HT — H(B — E') — HT,
—C-H(B-E) +%VZE: —~C—H(B-E) +%V2E. (2.45)
In the same way of Eq. (2.34), we conclude from the Eq. (2.45) that the quantity

defined by

=-C—-—H(B-—E)+ %VZE (2.46)

is a gauge invariant perturbation. The Eq. (2.46) is known as the second Bardeen'’s
potential.
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2.4.2 Comoving curvature perturbation
Consider the following equations
B=B+T-1L, (2.47)
~ 1
C=C—HT - gsz, (2.48)
E=E-1L, (2.49)
v=0v+L (2.50)
Performing the following manipulations
Too Loy loo Too
—~V?°Eq. 249) = —-V°E= —_-V°E+ _V-L, (2.51)
3 3 3 3
U
Eq. (2.48) + Eq. (2.51) = C — %sz =C-— %VZE — HT. (2.52)
In addition, consider the following computation
H x [Eq. (2.47) + Eq. (2.50)] = H(B +9) = H(B +v) + HT. (2.53)
Finally, doing Eq. (2.52)+Eq. (2.53) we are left with
~ 1_,~ ~ 1,
C—EV E+H(B+v):C—§V E+H(B+v). (2.54)
From equation Eq. (2.54), we conclude that the quantity defined by
1
R = C—§V2E+H(B+v) (2.55)

is a gauge invariant perturbation. Eq. (2.55) is known as the comoving curvature

perturbation.
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2.4.3 Lukash variable
Let’s consider the following equations
~ 1,
C=C—-HT - gv L, (2.56)
E=E-1L, (2.57)
6p=06p—p'T. (2.58)
Performs the following manipulations
o2 loow loor, 1o
—~V“Eq. (257) = —-V°E = —-V“E+ -V~L, (2.59)
3 3 3 3
4
~ 1o~ 1
Eq. (2.56) + Eq. (2.59) = C — §V2E =C-— gVZE —HT. (2.60)
In addition, consider the following computation
H H - H
o x Eq. (2.58) = _E(SP = —Eép + HT. (2.61)
Finally, combining Eq. (2.60)+-Eq. (2.61) we are left with
~ 1_~ H~ 1 H
C—zV?’E——6ép=C—-V*E— —p. 2.62
3V B 5iop 3V B 5P (2.62)
Therefore, the quantity defined by
1, H
=C—--V°E——$ 2.
(=C—3ViE=Z00 (2.63)
is a gauge invariant perturbation known as Lukash variable.
2.4.4 Non-adiabatic pressure perturbation
Consider the following equations
5p =60 —p'T, (2.64)
5P = 6P — P'T. (2.65)
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Performing the following manipulation

P’ P~ P _
—EEq. (2.64) = —F(Sp = —Eép + P'T. (2.66)

Finally, consider the following manipulation: Eq. (2.65)+Eq. (2.66), then we are
left with

P 5/
5P — %5;) = 6P — gap. (2.67)

Finally, the quantity defined by

/
OPq = OP — %(5() (2.68)

is a gauge invariant perturbation known as non-adiabatic pressure perturbation.

2.4.5 Comoving gauge density perturbation

This chapter ends with the comoving gauge density perturbation. Consider
the following equations

B=B+T-L, (2.69)
v=0v+1L, (2.70)
6p=0p—p'T. (2.71)

Performs the following manipulations

Eq. (2.69) + Eq. 2.70) = B+9=B+0v+T, (2.72)
Y
¢ xEq. (2.72) = ¢/ (B+79) = (B+v) +9'T. (2.73)

Finally, consider the following operation: Eq. (2.71)4-Eq. (2.73), then we are left
with

6p+p'(B+7) =6ép+p'(B+0). (2.74)
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Therefore, the quantity defined by

p'A=dp+p' (B+0) (2.75)

is a gauge invariant quantity known as comoving gauge density perturbation. We
summarize all the gauge-invariant perturbations obtained in this chapter

Y=A+H(B—-E)+(B-EY| (2.76)
®=-C-H(B-E)+ %VZE (2.77)
R=C- %V2E+’H(B+v), (2.78)
_c_lgp M
{=C-VE p/5p, (2.79)
oA=6p+p' (B+0)| (2.80)
P/
6P g = 0P — Eép . (2.81)




Chapter 3

Initial conditions

3.1 Introduction

In this chapter we describe the initial conditions required to solve the perturbed
system of coupled Einstein-Boltzmann equations that describe the evolution of the
metric components and for the evolution of the energy density for the components
of the universe as photons, cold dark matter, neutrinos, etc. Initial conditions are
important and a required step to study the evolution of the perturbed equations
of general relativity.

We start with the equations of motion for all components in the synchronous
gauge according to [18] and then we perform a change of variable to switch to
the notation of [19]. This is useful because [19] build an Ordinary Differential
Equation system with all variables of interest to derive the initial conditions - here
we follow the same steps as in this reference.

dd—T, = % (3.1)

x =kt (3.2)
5= 6i/x (3.3)
=t;/x* = 6;/(kx?) (3.4)
o= (3.5)
o, =0,/x=0,/x (3.6)
F3 = F3/x*. (3.7)

In the following subsections the equation on the left-hand side of the arrow “="
is in the notation of [18]. Conversely, the equation in the right-hand side of the

arrow “=" is the same notation as in the reference [19].

52



Chapter 3. Initial conditions

53

3.1.1 Cold Dark Matter

Since [19] does not set to zero the cold dark matter velocity £, in the syn-

chronous gauge, for consistency we also kept the term 6, in the notation of [18],

then we obtain

- h ds. < 1
b = _?C_E: dlnx __5_C_x fe= 30,
b = — 20, = . = —2F, — 2 F,.
a ka
3.1.2 Neutrinos
The neutrino equations of motion are
.4 2. ds, - 4, , 2
=3 TN = g = T T3 39
: 1 dt T
61/ - k2 (151/ - ®v) — dlr:x = —2t1/ + 151/ — 0Oy,
o, — 4 3kFs 2h 44 do, _ 4x2f,,_3xzﬁ,/3+@
Y15 107 150 5 dlnx " 15 10 15
13k 6k dFs - 60y
fo=75he =70 = g, = et 7

3.1.3 Photons and baryons

The density contrast for photons and baryons is given respectively by

4. 2. ds, L 4., 2
=30 73" = gy = 3 39
5b——9b—§h:>d1nx——5b—xtb—§®.

(3.8)

(3.9)

(3.10)

(3.11)

/

4y

?/
(3.12)

(3.13)

(3.14)

(3.15)

Note that the reference [19] uses the tight-coupling approximation once it defines a

common value for the divergence of the fluid velocity £, instead of two separated

values, f, and f; as in Egs. (3.14) and (3.15), respectively. The equations for 6'7 and
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0p are given by

. ] 40
By = — 20, + k%0 + 2L angor (6, — 0y), (3.17)
a 30p

where ®, = 0, is the photon anisotropic stress, 7, is the electron density, or is
the Thomson scattering cross-section and p,, and g, are the unperturbed energy
densities for photons and baryons. To obtain a single equation for the plasma
photon-baryon, we should linearly combine the equations (3.16) and (3.17) in order
to eliminate the Thomson scattering cross section and then we set the common

value 6, = 0, = 0.;. This algebra produces the following result

4.\ . K26,p, a
4 _ oy 1
(1 . b)ew 3o gt (3.18)

and performing the change of variables according to Egs. (3.1) - (3.7) we have

dr . ) i .
v ik cvwrs
b 0
@) ()
In the tight-coupling regime, we neglect the photon anisotropic stress ©,,
3.1.4 The Einstein-Field equations
According to [18] the Einstein equations in the synchronous gauge are
2 Lla; 2570
k°y — EEh = 47Ga“dT; (syn) (3.20)
k*n = 4nGa® (p; + P;) 6" (syn) (3.21)
i+ 2%111 — 2K = —87Ga?5T! (syn) (3.22)
i+ 6if + 22 (i + 617) — 2k%y = —247Ga® (p + P) ©(syn) (3.23)
We will show the details of the notation transformation below
. 2 ]
2, Llakdh 3 (SNG” Ptot) opi (3.24)
2akdt 2 3 i—ym.cb Ptot
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using the Friedmann equation and expanding the summation over all fluid com-
ponents, we have

ey k (g) (@) _ 3 (z’)z Prad {m 0y +5ﬁp_v]
2 \a dx 2 \a Ptot | Py Prad Ov Prad

| Pmat {@P_ . %ﬂ} } 325
Ptot | Pc Pmat ©Op Pmat

where now we use the definition for the density contrast §; = p;/p;, and the
definitions for the fractions according to [19]: Ry = 04/praa = Qy/haq, and
similarly for the other components R,, R, and R;. Therefore, Eq. (3.25) can be

written as

k2T +1 3(2T+1) 1
yp—=2op = -2 6,R, + 6,R
T 2 (22 4 1)? (zr+1)2[7 v ok

2
% [0cRc + 6pRp] } (3.26)

Switching from 7 to x/k = 7, using i’ = © and simplifying the ks, we finally have

2x/k+1 3

T 2 (x/k+1) 2

X2 (x/k+1)*  kx(x/k+1)

(3.27)

Following an analogous procedure for Eq. (3.21) we have

3 (87Ga%010t\ 1 | praa [ P Y
kz.:_(—o)_ i[i 14+w,)60, + 2= (14w, 91,}
T 2 3 Ptot | Ptot | Prad ( 7) i Prad ( )

@lﬂ (1+wp) O + L€ (1+wc)9c}} (3.28)
Ptot | Pmat Omat

and performing the change of variables from 7 to x we have

= + . 3.29
T x2 (x/k+1) kx (x/k+1) (3.29)
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Following a similar approach we can rewrite the Eq. (3.22) as

(3.30)

L 2x/k+1) o =3(Ryby + Rid)
© x/k+1 ©-27= x2(x/k+1) 7

and Eq. (3.23) as

2(2x/k+1) 12 (Ryoy + Ryoy) 36 (Ryoyp + Reoe)

Q" + 61" @/—|—6” oy = — "y _ v

O k) O ) A e ey kx (x/k+1)
(3.31)

3.2 Early-times and super-horizon initial conditions

The evolution in time for the perturbed components can be obtained once we
provide initial perturbations. The formalism adopted here for the procedure of
obtaining these initial conditions (IC) is close to [19,20]. Firstly, we organize the

variables to be integrated into a unified vector notation as follows
T_[5 5 5 5 7. 7% 5 ¢
u = 57/ 51// 5C/ 5b/ t’)/b/ ty, te, Oy, F]/ 7 ®/7] 7 (332)

where “T” means transpose. These functions can be simplified if we Taylor-expand
all coefficients around x/k = T = 0. By “coefficient” we mean any quantity that
multiply 57, Sy, o, n in Eq. (3.32). These procedures allow us to separate terms
proportional to x° (constant), x, x2, and so forth. In summary, we ended with an
ODE system that can be written in the matrix form, as shown by the following
equation

du

JE—— 2
T = Ao+ Arx + Agx +] u, (3.33)

where Ag, A1, Ay, ... are matrices that contain coefficients of terms of different
orders in x [19]. We numerically computed these matrices up to the fourth order
and the results are shown in Eqgs. (3.34) - (3.38)
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(3.34)
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3Ry (3R —R 18R

0 0 0 o0 FESE 00 0 0o Bk o
0 0 0 0 0 00 0 0o -Bx 0
0 0 0 0 0 00 0 0 B 0
0 0 0 0 0 0 0 0 0 Bk 0

3Ry (3Rp—2R 24(Rp—R 6R;,—4R

T -5 0 0 - b(kZ;%% 200 G oo T
A= 0 -t 0 o0 0 00 Zyid o o iR,
0 0 -1 0 0 0L -¥& o 6k,
0 0 0 0 0 00 0 0 0 0
0 0 0 0 0 0 0 -3 0 0 0
0 0 0 0 0 0 0 0 0 % 0
0 0 0 © 0 0 0 0 0 0 0
(3.36)
2 —_

0000 Lﬁ,ﬁ}{;’“) 0 0 0 0 2k 0
0000 0 0 0 0 0 Z 0
0000 0 0 0 0 0 —B% 0
0000 0 0 0 0 0 -1k 0

2 _ _ —

. 000 0 _27Rbk(31<1% R,) 0 0 8(3R§k34R7) 0 0 _6(Rbk2R7)
A3=10000 0 0 0 -2’ o o ok |,
0000 0 0 -5 % 0 0 —
0000 0 0 0 0 0 0 0
0000 0 0 o0 0 0 0 0
0000 0 0 0 0 0 -5 0
0000 0 0 0 0 0 0 0

(3.37)
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9R?(—9RyR,+IR2+R2) —30R,

0000 i) 0 0 0 0 —& 0
0000 0 0 0 0 0 =Xk 0
0000 0 0 0 0 0 B 0
0000 0 00 0 0 B 0
000 0 9R? (—12R,R,+9RZ+2R? ) 0 0 =SBR=5R) 0 6R,—8R,

AT _ ) 5kT 1

4= o000 0 0 0 i 0 0 —oR:
1 —24R, 6R.

0000 0 0 % 2 0 0 -
0000 0 0 0 0 0 0 0
0000 0 0 0 0 0 0 0
0000 0 0 0 0 0 & 0
0000 0 0 0 0 0 0 0

(3.38)

An approximate solution can be obtained considering the lowest order in the
Taylor-expansion (i.e. neglecting all terms except Ag) for the system Eq. (3.33). In
this case, we have

up(x) = Zch)‘uéA) (3.39)
A

where c, are weights that indicate the contribution of each normal mode, while u,
are eigenvectors with eigenvalues A for the matrix A. Let’s show that Eq. (3.39) is
a solution for Eq. (3.33) at lowest order. Taking the derivative of Eq. (3.39) with
respect to In x we have

du
dlnox _ ;AchAugA). (3.40)

Applying Ap to Eq. (3.39) we have
Aoug = Ay <Z c/\x)‘u(()A)> = ZchAAOu(()A) = ZchAAu(()A) (3.41)
A A A
where we can identify the right hand side of Eq. (3.41) as being the rhs of Eq. (3.40)

which proves that Eq. (3.39) is the lowest order solution for the equation (3.33).
Using Eq. (3.34) we can find the eigenvectors and eigenvalues for Ag. The results
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are shown in the equations (3.42) and (3.43), respectively

0 0 0 0 0 0 1 0 0 00

0 0 0 0 0 0 0 0 100

0 0 0 0 &y 1 0 0 0 00

4R, Ry

Reogo0 0 Ryo1 0 0 0 00

0 0 0 1 0 0 0 0 0 00

0 0 1 0 0 0 0 0 o 00 |

0 0 0 0 0 0 0 0 0 01

0 0 0 0 0 7 JWAEERE) g

0 0 0 0 0 7 g AR g

-1 -1 -1 -1 -1 —(4R,+23) 0 2 4 1 0

3 3 4 4 36 144R,+540 12R,+45 84R,+315

1 — _
5 03 11 o om0 0 0 10
(3.42)
—\/1-%* -3 \/5,/5-3R, - 15

~3,-2,-2,-1,—1,-1,0, > [VF v 31|, (3.43)

2 10

3.2.1 Zeroth order and higher order correction

M)
1
correction. At zeroth order the second subscript is i = 0, at first order isi = 1, and

The solution here is written as u;"” where A is the eigenvalue and i is the order

so forth for higher order corrections.
Adiabatic mode (AD) A =1

o [ZL 212111 —(B44R) 2 L
O 7| 373" 4 4736"36(15+4R,)" "3(15+4R,)" 21(15+4R,)" " |
(3.44)
Baryon isocurvature (BI) mode: A = —1
ud! =[0,0,0,1,0,0,0,0,0,0,0] . (3.45)
Cold dark matter isocurvature (CI) mode: A = —1

ugl - [OI O/ 1/ O/ O/ 0/ O/ O/ OI O’ O] . (346)
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Neutrino density isocurvature (NDI) mode: A = —1
4R Ry
aND!I — v
4, :
u {Rv—l OORV_1100000} (3.47)
Neutrino velocity isocurvature (NVI) mode: A = —2
uh™v = {ooooR_lmoooo} (3.48)

We can use each previous normal mode (i.e. with fixed A) to extend the solution to
high-order corrections

uM) = (u((JA) + ug}\)x1 + u‘g_/\)x2 + > XA, (3.49)

and we obtain the following hierarchy

[(A+1)T — AgJul™ = AyuY, (3.50)
(A +2)T — AgJul™ = Ayl + AyulY, (3.51)
(A +3)T — AglulV = Ajul™ + AulY + AzulY, (3.52)
(A +4)T — AglalY = Ayl + AyulV + AulY + AV, (3.53)

where 7 denotes the 11 x 11 dimensional identity matrix. Let’s show Eq. (3.50) and
the others follow a similar approach. The solution and the matrix up to first-order

correction are

uM = (u(()A) + xug)‘)> XN (3.54)
A= Ag+ xA; (3.55)
Taking the derivative of Eq. (3.54) with respect to In x we have

du
dinx

= [Auf” + (A + DxuV] 2 (3.56)

Operating Eq. (3.55) into Eq. (3.54) and neglecting terms higher than first order in

x, we have

AuM) = [/\ué)‘) + onugA) + xAlué)‘)] X, (3.57)
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We must have the equality

— Aul, (3.58)

dlnx
then from then rhs of Eq. (3.56) and Eq. (3.57) we have

Au(g)‘) + (A + 1)xu9) = /\u(())‘) + onuY‘) + xAlu(())‘)
x(A+1—Ap) ug)\) = xAlu(()A)
[(A+1)T — AgJulY = AulV, (3.59)

where Eq. (3.59) is exactly Eq. (3.50), which proves the relation. A similar proce-
dure can be applied to obtain the other hierarchy relations in Egs. (3.51), (3.52) and
(3.53).

Applying the Eq. (3.50) for A corresponding to the adiabatic mode, 1, -1, -1, —1
and —2 we obtain:

3.2.2 First order correction
Adiabatic mode (A = 1):

AD_ | 4 4 1 1 5R,—R,+1 B8R} +50R, +275
I~ |15k’ 15k’ 5k’ 5k’ 60k — 60kR, 60k (8RZ + 90R,, + 225) '

2 (4R, — 5) 4R, —5 —6 —(5+4R,)
3k (BRZ + 90R, + 225)" 7k (8R2 + 90R,, + 225)" 5k " 12(15 + 4R,)
(3.60)
Baryon isocurvature mode (A = —1):
—8R, —8R, —2R, —2R, —R, —R 4R
Bl _ b b b b b b akp
1 _[ 3k 3k k k3 3k 00 ’O} (3.61)

CDM isocurvature mode (A = —1).

. [—SRC ~8R. —2R. —2R. —R. —R. ‘&,0] (3.62)

R R B R A N e
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ull\mI = Neutrino isocurvature density mode (A = —1):

[O, 0,0,0, %, 0,0,0,0,0, 0} (3.63)
ul"! = Neutrino isocurvature velocity mode (A = —2):

[O, 0,0,0, %, 0,0,0,0,0, 0} (3.64)

3.2.3 Adiabatic initial conditions

From the previous sections, we can combine the zeroth and first order correc-

tions to obtain the adiabatic mode for the initial conditions

by =0y = ey O(1?)

3
oe = 0y = —}Lkzrz +0O(7%)

_ 1.3 4
O'yb_ 36kT +O(T)

_ (BZ44Ry) 4 3 4
b =~z ar, < ¢ T OT)
oy = ;kzerrO(Tg‘)

3(15 + 4R,)

G __ 4 53 4
B =i raryc © TO)
O@=HW=kt=>h= %k2r2+(9(r3)

_ 4 5H4Ry 5 3
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(3.67)
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(3.69)
(3.70)

(3.71)

(3.72)

(3.73)

Note that the results from Eq. (3.65) to Eq. (3.73) agree with results in [21,22]. To

recover the results in [19] we must perform a transformation from the synchronous

gauge (used in this chapter) to the Newtonian gauge.
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Chapter 4

Mass Varying Neutrinos and the Hub-
ble tension

The idea of neutrino-assisted early dark energy (vEDE), where a coupling
between neutrinos and the scalar field that models early dark energy (EDE) is
considered, was introduced with the aim of reducing some of the fine-tuning and
coincidence problems that appear in usual EDE models. In order to be relevant in
ameliorating the Hy tension, the contribution of EDE to the total energy density
(fepg) should be around 10% near the redshift of matter-radiation equality. We
verify under which conditions vEDE models can fulfill these requirements for a
model with a quartic self-coupling of the EDE field and an exponential coupling
to neutrinos. We find that in the situation where the EDE field is frozen initially,
the contribution to fgpg can be significant but it is not sensitive to the neutrino-
EDE coupling and does not address the EDE coincidence problem. On the other
hand, if the EDE field starts already dynamically at the minimum of the effective
potential, it tracks this time-dependent minimum that presents a feature triggered
by the neutrino transition from relativistic to nonrelativistic particles. This feature
generates fgpg in a natural way around this transition epoch, which roughly
coincides with the matter-radiation equality redshift. For the set of parameters
that we considered we did not find values that satisfy the requirements on the
background cosmological evolution to mitigate the Hubble tension in a natural

way in this particular vEDE model.

41 Introduction

Despite its great success in being able to describe a vast amount of observables
from different epochs of the evolution of the Universe, the standard spatially flat
ACDM model has recently been under stress mainly from the so-called Hubble

tension arising from measurements of the Hubble constant from the cosmic mi-
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crowave background (CMB) data in comparison to local measurements (for recent
reviews, see [23-25]). One of the most promising solutions to the Hubble tension
is a class of models called Early Dark Energy (EDE) [26-31]. The current status
of EDE models proposed to resolve the Hubble tension was recently reviewed
in [32].

A non-negligible amount of a new dark energy component that becomes
dynamic around the matter-radiation equality era and quickly dissipates afterward
would decrease the sound horizon that enters the indirect measurement of the
Hubble constant from the CMB data, leading to an increase in the estimated value
of the Hubble parameter today; hence EDE can ameliorate the Hubble tension [33].
In fact, the existence of EDE has already been proposed in the context of late
quintessence models with global attractor solutions, and its effect on the CMB
and structure formation was studied in [34] and [35]. In the more recent versions
of EDE motivated by the Hubble tension, a scalar field with an axion-like or
a pure ¢* potential was proposed to model the EDE component [27,28,36]. It
has been shown that if EDE contributes with a fraction fgpg ~ 10% of the total
energy density of the Universe in an epoch with redshift around log;,(z) ~ 3.5, its
presence is expected to decrease the statistical significance of the Hubble tension
(see, e.g., [29]).

However, in the standard EDE scenario, some level of fine-tuning is necessary
in order to solve the Hubble tension: the scalar field mass and its initial conditions
need to have specific values in order for the EDE model to contribute the required
amount of energy density at around the matter-radiation equality epoch. This is
sometimes referred to as the EDE coincidence problem.

Some models were proposed to address the EDE coincidence problem by
introducing a coupling of the EDE field to matter fields. For instance, a coupling
of EDE to dark matter as a trigger for its dynamics was recently studied in [37,38].

Another similar mechanism was proposed in [39,40], where a coupling of the
EDE field to neutrinos was introduced. There are two distinct consequences of
introducing such a coupling: (i) a modification in the original EDE field potential
leading to a new effective potential and (ii) a dynamical effect of a “kick” to the
EDE field. This kick is associated with the transition of neutrinos from being
relativistic to nonrelativistic particles when the temperature of the universe falls
below T = O(m,), which causes a jump in the trace of the neutrino energy-
momentum tensor. This jump can displace the value of the EDE field and then
start its oscillations and dissipation. This mechanism can naturally trigger the
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EDE field at around the matter-radiation equality since the temperature at this
epoch is approximately at the scale of neutrino masses.

In this work, we explore this neutrino-assisted EDE model (vEDE) in more
detail. In order to do this, we developed an implementation of the YEDE model in
caMB! at the background level to analyze the evolution of the EDE scalar field in
the time-dependent effective potential given some initial conditions and model
parameters and the computations are consistently performed in the Einstein frame.
We study two cases for the initial conditions: the field starting either at some
arbitrary value or starting at the the minimum of the effective potential (see, e.g.,
Brax et al. [41]). In the first case, we consider the field initially frozen at an arbitrary
value by Hubble friction (|V/i;/ H?| < 1). In the second case, we chose parameters
of the model such that the field has already relaxed to the minimum of the effective
potential.

We show that in the first case, the model can result in a cosmologically signif-
icant amount of fgpg at the redshift required to ameliorate the Hubble tension.
However, using the approach proposed in [38], we point out that this result is not
due to the neutrino-EDE coupling, and it does not address the EDE coincidence
problem. In the second case, the model provides a natural value for the initial con-
dition of the EDE field given by the minimum of the effective potential [39,40,42].
Nevertheless, the contribution to fgpg is too small to address the Hubble tension.

An important feature of the vEDE model is the neutrino kick [39,40] which
may occur by a similar mechanism previously studied in [41,43-45]. The latter
are chameleon models addressing the late dark energy with a different class of
self-interaction potentials. In the model studied here we do not see the effects of
the neutrino kick on the EDE field with a displacement from the minimum of the
effective potential by solving its field evolution equation. Rather, we show that the
jump in the trace of the neutrino energy-momentum tensor is reflected in a change
in the minimum of the effective potential that the EDE is following adiabatically.
It is this change that leads to an increase in fgpg.

This work is organized as follows. In Section 4.2, we present a summary
of the model and proceed to Section 4.3 for a description of the methods used
in the background analysis. Our results are presented in Section 4.4 where we
differentiate the discussion in the two regimes described above: in Section 4.4.1
the field is initially frozen by Hubble drag while in Section 4.4.2 the field is initially
dynamical. In both scenarios we compute the fraction of EDE and assess the

Thttps:/ /github.com/cmbant/CAMB
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importance of the neutrino-EDE coupling. We present our conclusions in Section
4.7.

4.2 Neutrino-assisted EDE

The idea of neutrinos coupled to a dark energy field was introduced in the
so-called “Mass-Variable Neutrinos" (MaVaN) models, since this coupling induces
a variation of the neutrino mass due to the cosmic evolution of the background
dark energy (also known as quintessence) field [46,47]. The effects of mass-varying
neutrinos on the CMB anisotropies and large-scale structures (LSS), both at the
background and perturbative levels, were studied in [48-50]. The issue of fine-
tuning was discussed in the context of quintessence models in [51] and more
recently in MaVaN models in [52]. We now present a brief summary of the model.

Consider a general action of the following form:

1 1
S = /d4x\ /—g [EMf,lR —5VupVie —V(9)
+ Sam[Fam: an'] + So[¥p, S0
+ S, [¥, Gl + Sul¥v, ), (4.1)

where Y, ¥}, ¥4 and ¥, are the dark matter, baryons, photon, and neutrino

~1/2 is the reduced Planck mass and g is the

fields, respectively, Mp; = (87G)
determinant of the metric g, in the Einstein-frame. The Jordan-frame metric, $;v,
for each species are related with g, by g;’w = A?(¢)guv where i represents all the
components cited above. It is interesting to note that in the case Ay, = Ay =
Ay = A, =1and V(¢) = p*[1 — cos(¢/ f)]", where f is the energy scale where a
shift symmetry is spontaneously broken and y is a small explicit shift symmetry-
breaking breaking energy scale that generates an axion-like potential, one obtains
the canonical uncoupled axion-like EDE model [26,27]. When A, = A, = A, =
1, Agm = A = exp(Bp/M,;) and V(¢) = Ap* we obtain the chameleon EDE
model, recently studied in [37]. Finally, when A;,, = A, = A, =1, A, = A =
exp(Bp/ M) and V(¢) = A¢*/4 we obtain the neutrino-assisted EDE (vEDE)
model studied in [39,40]. This is the model considered in the following. Notice that
VEDE has the same framework and is described by the same equations as for the
MaVaNs model, the main difference being that for the latter case, the quintessence

potential is V(¢) = Vyexp(—o¢) which is required to achieve the late time cosmic
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acceleration.

The coupling function that changes the metric between the Einstein and Jordan
frames can be related to the time-varying neutrino mass as m,(¢) = m,0A(¢p)
where m, is the neutrino mass today. The average neutrino energy density (o)
and pressure (p,) are given in terms of an integral over the comoving momentum
(9) of the usual unperturbed Fermi-Dirac distribution fy(g):

1
po(¢$) = / q*dqdQefo(q), (4.2)
1 2
pv(¢) =33 / qqudﬂ%fo(q), (4.3)
_8v 1
folq) = %m, 4.4)
€2 = g> + a*m>(¢), (4.5)

where gy, Tyo, hp, kg are the number of spin degrees of freedom, the neutrino
temperature today, the Planck and Boltzmann constant, respectively. In equation
(4.4) we have assumed that neutrinos decoupled from the primordial plasma when
they are still relativistic, so the phase-space distribution preserves the Fermi-Dirac
form with a dependence only on the comoving momentum.

Taking the time derivative of Eq. (4.2) and using that the energy conservation
is determined by the coupled system of neutrinos and the scalar field, we obtain

the modified Klein-Gordon equation

dv(e)  dlnmy(¢)
dp —  dp

where the dot is the derivative with respect to time. The self-interaction EDE

¢ +3Hep + (pv — 3pv), (4.6)

potential assumed in this work is
V(p) = A¢p*/4. (4.7)

This is the potential used in the so-called “rock 'n’ roll" models of EDE [53].
A useful quantity that we will use is the neutrino trace. This can be obtained
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combining Eq. (4.2) with Eq. (4.3) as follow

2
pu(9) = 3pu(9) = o [ Paadelolfoln) -~ 35 [ Pandn o) @

= ¢ [ Paadqr (@)~ -5 ) fola) 49)
a ) e(2)
_ :_4 / ¢2dgdQ) (%) 2(q), using Bq. 4.5)  (4.10)

24 2,2 2
= :—4 / q*dqdQ) (q +Z(Z;; 1 ) fo(q), simplifying  (4.11)
2,2 1
ou(9) = 3py(¢) = - ";Z((P) / qqudﬂ@fo(q)- (4.12)
Now let’s take the derivative of Eq. (4.2) with respect to the scalar field
dp;(;(l)) :al /qzd dQ) ( )fO( ), using Eq. (4.5) (4.13)
= %/qqudﬁ{ (7% + a®m2) =V 22a%m dmdv(l(fb) fo(g), simplifying
(4.14)
— 2 dmy (¢) 1 2 1 my (¢)
= a’my(p) 39 a—4/q dﬂidQ@fo(Q)/ 1 ()
(4.15)
1 dmy(@)@mi(P) [ o, 1
T m(p) dp  ab / 9 dqdﬂe(@fo(q). (4.16)

We note that the product of the last two terms on the right-hand side of Eq. (4.16)
is exactly the neutrino trace given by Eq. (4.12). Finally, using the identity
(1/y)(dy/dx) = d(Iny)/dx we can rewrite Eq. (4.16) in the compact form:

dpu(9) _ dInmy(9)

dg d¢

For definiteness, we are going to adopt a coupling of the form:

pv(P) —3pu(¢)). (4.17)

A(P) = exp(Bp/Mp1), (4.18)

where B is a dimensionless constant factor giving the coupling strength between
neutrinos and the EDE field. The fact that in EDE models the energy density must
dissipate quickly after recombination ensures that m, (¢) — m,o today. With this
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choice of interaction, the Klein-Gordon equation takes the familiar form:

. . dV(¢) B
H = — , 4.19
G+ 3Hp+ =0 =~y e (419)
where O, = —p, + 3py is the trace of the energy-momentum tensor for the neutri-

nos. Therefore, one can define an effective potential where

et = V' (¢) — Mipl@v- (4.20)

and using equation (4.17) we write the redshift-dependent effective potential as

Veit () = V() + pv (¢, 2). (4.21)

An important quantity throughout this work is the redshift-dependent mini-
mum of the effective potential given by [40]*:

o ,5(91/ 1/3
$Pmin = — (Wpl) , (4.22)

The free parameters of the model are the scalar field self-coupling constant A, a
parameter S that characterizes the scalar field coupling to neutrinos, and the initial
conditions for the field ¢; and ¢;. In the following we will adopt three degenerate
neutrinos with }_ m, o = 0.3 eV which is below the upper bound found in [54] with
Planck data only.

4.3 A background analysis of the neutrino-assisted
EDE

As previously stated, the free parameters of the model are A, B, and ¢; (we
will assume ¢; = 0, i.e. the field is frozen initially). In order to gain some
intuition on the parameter A, notice that in the axion-like EDE potential with
V(¢) = p*[1 — cos(¢/f)]", an expansion around the minimum for n = 1 gives
the axion mass m, = u?/f and the quartic coupling A = m?2/ f2. In scalar field
models, it is well-known that the field becomes dynamical (i.e. it “thaws") when

2Notice that since we are working in the Einstein frame there is an implicit dependence of ®,
on the field and the coupling constant 8. This dependence can be neglected only if |f¢/ Mp;| < 1.
We take this dependence into account in our numerical code.
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its mass is of the order of the Hubble parameter. Therefore, if we want the EDE
field to become dynamical before recombination (H ~ (1 eV)?/Mp; ~ O(10~27)
eV) and assuming a typical symmetry breaking scale of f = 10'® GeV one expects
very small values of the self-coupling of A = O(107'%). Even in anharmonic
potentials with n > 1, this behavior is present [27], and in our case the value of A
controls the epoch when EDE becomes dynamical, with a redshift usually denoted
by z.. More generally, the field becomes dynamical when [41]

V//
I;gf = 0(1). (4.23)

Another important quantity in EDE models is the maximum contribution of

the EDE component to the total energy budget of the universe at z;, denoted by
feDE:

fepE(2c) = %’ (4.24)

and it is determined by the model parameters. In fact, in an EDE model, there is a
simple relation between A, ¢;, and z:

Ty

~—0 (142z)4 (4.25)
IME, 7 ‘

where T is the CMB temperature today.
The solution to the Hubble tension in EDE models should fulfill the basic
requirements [31,38]

fepe ~ 0.1 and log;,zc ~ 3.5 (4.26)

and that the EDE field is dynamic just prior to matter-radiation equality. How-
ever, usual EDE models suffer from a coincidence problem due to the arbitrary
initial conditions. Extensions of EDE models including interactions with other
components such as dark matter [37] or neutrinos [39,40] may address the EDE
coincidence problem via some triggering mechanism [38]. In order to investigate
the impact of the new coupling B on the fraction of EDE produced in the extended
model we introduce the quantity

A= % (4.27)
EDE
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which is defined by the ratio between the fraction of EDE for the coupled (B # 0)
and uncoupled (8 = 0) scenarios. In the limit that A — 1 the fgpg is mainly
sourced by the bare potential [38].

In the top panel of Fig. 4.1 we show an example of the background evolution
for cold dark matter (CDM), photons (), neutrinos v and the EDE scalar field plus
a cosmological constant (¢ + A) where the conditions in Eq. (4.26) are satisfied. In
the bottom panel, one can see that in this case, the quantity A is close to 1 at the
EDE peak (z ~ 2 x 103), indicating that the coupling to neutrinos is not relevant to

generating fgpg. We will show below cases with the opposite situation.

0.8 1
0.6 -

C 0.4

10° 10! 102 10° 104 10° 10°® 107
1+~

Figure 4.1: The background evolution for cold dark matter (CDM), photons (7),
neutrinos v, and the scalar field plus a cosmological constant (¢ + A). The param-
eters used are § = 10, ¢; = —0.6 Mp; and log,, A = —109. The surge of EDE is
around at z ~ 2 x 10%. The bottom panel shows the quantity defined in Eq. (4.27)
which is the ratio between the coupled and uncoupled cases.

4.4 Initial value of the EDE field

Previously we assumed an arbitrary initial value for the EDE field. We now
want to address this issue in more detail. We identify two situations: a) the field
is still frozen initially and starts to follow the minimum of the effective potential
after its thawing and b) the field is already dynamical initially and therefore it
follows the minimum of the effective potential. This separation is somewhat
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arbitrary since at large enough redshifts the field is frozen. However, in practical
terms, we need to choose an initial redshift from which we start evolving the field
numerically. The separation between these two regimes at a given redshift z; can

be estimated by the condition

" ) 2/3
Vett(Pmin) _ 531/352/3 (&) — 0(1). (4.28)

H2 H3Mp,

i

In Fig. 4.2 we show the contours in the parameter space (A, ) where the field
is already dynamic at some given redshifts. The figure provides estimates of the

values of these coupling separating the two cases.
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—-102 1 \
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Figure 4.2: Values of A and B for which ]Ve’;f/H2 —1] = 0.1 for z; = 10%,10* and
10°. For regions above the curves, the field is dynamical at the corresponding
redshift.

The motivation for studying these two cases separately below is that in the
first case, one could argue that the initial value of the frozen field does not have a
natural value whereas in the second case the value of the field is naturally close
to the minimum of the effective potential. Indeed we find different dynamical

behaviours in these two cases.

4.4.1 Field initially frozen

In Figure 4.3 we plot the effective potential given in Eq. (4.21) as a function
of the field for different values of the redshift starting at z; = 10° for 8 = 10 and
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A = 10719, where p, (¢, z) is given by Eq. (4.2). At high redshifts, the neutrino
contribution dominates and it is a smooth function of ¢. At lower redshifts, the
contribution from V(¢) to the effective potential starts to become more relevant.
For these parameters, we plot the evolution of the field for three different values
of ¢;: one starting at the minimum of the effective potential and the other two are
chosen arbitrarily for comparison. We also show the minimum of the effective
potential given by Eq. (4.22) that, due to the coupling, evolves with redshift.

In all the cases the field is frozen at z;, corresponding to the first line in the plot.
We find numerically that for the initial values of the field that we chose it remains
frozen until approximately the redshift that satisfies Eq. (4.25) is reached.

Notice that as the neutrino contribution becomes small at lower redshifts, the
minimum of the effective potential approaches the minimum of the bare potential
V(¢)at¢ = 0.

After thawing the field starts to roll in the effective potential tracking and
oscillates around its minimum. This behavior of the field is shown both by the
inset zoom in Figure 4.3 and at the top panel of Figure 4.4, where one can see the
tield relaxing to ¢ = 0, dissipating the energy density contained in it.

In the bottom panel of Figure 4.4 we show the contribution to fgpg in this
example. One can see that there could be a significant contribution depending on
the initial value of the field. However, the coupling to neutrinos does not seem to
play a large role in this case. We investigate this issue by computing the evolution
of the field with the same initial conditions but without coupling to neutrinos
(B = 0). This is shown as the dashed lines in the bottom panel of Figure 4.4, where
one can see that although the coupling introduces changes in the behavior of the
tield the modification to the maximum of fgpg is negligible. In the case of the
largest contribution, we find | fgpg/ fggg — 1| = 5 x 10~*. Therefore, in this case,
one needs the usual fine-tuning of initial conditions found in regular EDE models
in order to have a significant contribution to fgpg.

4.4.2 Field initially dynamical

In this subsection, we are interested in studying the case where the field is
already dynamical at the initial redshift considered. The motivation is that in
this case, the field is already tracking the minimum of effective potential and
hence its value is not arbitrary. We will show below that in order for the field to
become dynamic at an early redshift, a larger value of the self-coupling constant is



Chapter 4. Mass Varying Neutrinos and the Hubble tension 76

10731 4 - o
o [ 4
H H
10731 H H
H H
-35 H 4
— 1073 4 s e
S * 3
o
& 10737 1 . H
— [ J
10739 - Yy
10_41 i * ¢min ‘
e ¢;=-0.6 ‘*
10-43] e ¢;=-024 bl
e ¢;=0 i}
10745 1 ; . . : ;
-1.00 -0.75 —0.50 —=0.25 0.00 0.25

¢ [Mpl]

Figure 4.3: The orange lines are snapshots for the effective potential for decreasing
values of redshift (the first line from top to bottom starts at z; = 10° and the
redshift interval between two subsequent lines is log,,(z:/z,+1) ~ 0.41). The
black stars indicate the minimum of the effective potential and the blue, purple,
and red dots are the scalar field evolution starting at different initial conditions as
indicated in the label. Notice that in the case represented by the purple dots, the
tield starts at the minimum of the effective potential but does not follow it until
thawing. Also, a zoom of the region where the field is dynamical and oscillates
around the minimum of the effective potential. In this figure we used p = 10 and
A=10"1%,
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Figure 4.4: The scalar field evolution and the fraction of energy density for the
same three initial conditions as in Fig. 4.3: ¢;/ Mp; = —0.6, —0.24, 0 for the blue,
purple and red lines, respectively. The dashed lines in the bottom panel show the
uncoupled case with all other parameters kept fixed at the same values.
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necessary but this leads to a small fraction of EDE.

We begin by showing some examples of this behavior in Figure 4.5. We choose
parameters in such a way that the field becomes dynamical and starts to oscillate
around the minimum of the effective potential at some z = O(10°). More specifi-
cally, we start the field evolution at a high redshift z = 107 at ¢;/ Mp; = —107%,
where it is still frozen and show how it approaches the minimum of the effective
potential at z = O(10°) for different values of f and A. We also show that the
difference is minimal when compared to the evolution starting at z = 10° with the

field at the minimum of the effective potential.

1071 4 BA e
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Figure 4.5: The full colored lines are the field evolution for ¢; = —10"*Mp; at

z; = 107 and considering different values of the parameters f and A as indicated
in the label. Each field track its minimum as described by Eq. (4.22) and it is
indicated by the different stylized black lines. The dotted colored lines are the
field evolution starting at z; = 10° in their respective minimum for the same set of
parameters 8 and A.

We now turn to the contribution of the EDE field ¢ to the energy density of the
Universe, showing in Figure 4.6 the behavior of fgpg for the cases described above.
We compare the numerical computation with the analytical estimate obtained by
assuming that the EDE field is at the minimum of the effective potential (Eq. (4.22))
and that the dominant contribution comes from the bare potential V' (¢) [40]:

4/3

fEDE = e B ( v(9) > (4.29)

1/3 5/2 ’ ’
127173 \ 13203

computed assuming that B¢/ Mp; < 1 in order to use the approximate expression
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Eq. (4.22). However, in the equation above we use the value of ¢ from CAMB. One
can see that the analytical estimate is a reasonable approximation of the average of
the oscillations in fgpg. We also notice that even for large values of the coupling
(B = 1000) a cosmologically significant level of fgpg is not obtained®. The same
behavior is also seen if one decreases the field self-coupling A, as expected from
Eq. (4.29) shown in the bottom panel of Fig. 4.6: an increase in fgpg is obtained
for smaller values of A at the cost of a decrease in the relevant redshift z.. A
more thorough investigation including a comparison with data using a Bayesian
analysis is necessary to reach a more definitive conclusion of whether this case can

help to ease the Hy tension.
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Figure 4.6: Fraction of EDE for the same set of parameters as in Fig. 4.5. The
different stylized black lines are the analytic prediction for the fgpg according to
Eq. (4.29).

3In principle it is possible to obtain a significant amount of EDE for still larger values of B.
Indeed, we find that B > O(10°) could in principle lead to fgpg = O(10%) but these large values
of B can not be considered natural.
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A prominent feature of vEDE models is the kick in the EDE field provided
by the coupling with neutrinos that occurs when neutrinos transition from the
relativistic to the nonrelativistic regimes. An intriguing possibility is that this
mechanism could explain the EDE coincidence problem since the neutrino mass
energy scale roughly coincides with the matter-radiation equality epoch. We now
want to assess the impact of the neutrino coupling in the contribution of the EDE
tield to the total energy density.

In order to evaluate the impact of the coupling to neutrinos we will use the
criteria in Eq. (4.27) and compare the two cases, with and without coupling. In
both cases, we start the field evolution at the minimum of the effective potential at
z = 10° in the situation where the field is already dynamic but in the first case, we
study the full model whereas in the second case, we set the neutrino coupling  to
zero, keeping all other parameters equal. In Figure 4.7 we show a comparison in
fepE for both cases, and one can see that the effect of the neutrino-EDE coupling is
prominent. Although the contribution is the same initially, in the uncoupled case
the field tends to zero (the minimum of the bare potential) while the coupled case
follows Eq. (4.22) which for larger B can significantly differ from zero. This results
in a large difference between the two cases, which impacts fgpg by several orders

of magnitude.

—— B=103 A=10"10
1079 4 B =0,A= 10-100
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1+~Zz

Figure 4.7: A comparison of fgpg between the coupled and uncoupled (B = 0)
scenarios with the field starting at the minimum of the effective potential at z = 10°
while keeping fixed all the other cosmological and model parameters. The purple
line is the case with the largest fgpg shown in the bottom of Fig. 4.6.
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4.5 Field displacement

In this section, we derive an analytical estimate for the EDE field displacement
induced by the neutrino kick. We begin with the Klein-Gordon equation of the
EDE field coupled to neutrinos given by Eq. (4.19), assuming that the EDE field is

close to the minimum of the bare potential V(¢):

¢+3H¢p = A_/I_Z(Pv —3py). (4.30)

Following [48,49] we introduce the ¢-independent quantities

oy = pve’ﬁ"b/MPl; Py = pve’5¢/MP’ (4.31)
such that
d d B
2 (0, — — L (G, —35.)ePP/ Mpr | — _F (5
g (pv —3pv) ¢ [(Pv 3fv)e } M, (ov — 3pv). (4.32)

Therefore, Eq. (4.30) becomes

$+3H¢$ = Mil@)(”)eﬁ"’/ My, (4.33)
p

where O, = —pv + 3p,. This function is given by

- T#

0, = _gzvnzv T(my/T,), (4.34)
(9] /12 — 2

T(x) = x2/ du:;—_i_lx, (4.35)
X

where x = m,, /T,. Assuming that the kick occurs within the radiation-dominated
epoch,

. . 45 (4\*? BSv .2
~N —— | — ﬁ(P/M I
¢ +3H¢ - (11) 2(T) H"M,T(x)e v, (4.36)

where ¢, (T) is the effective number of relativistic species at temperature T.

In the case of an instantaneous transition (see e.g. [41]) and using ¢, = 4 and

g« = 3.38 one obtains the approximate equation:

Ap/ My ~ —0.03BePA? My, (4.37)
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the solution of which can be written as:
Wo(0.0382)
‘B V4

where W) is the principal branch of the Lambert function.

AP/ My = — (4.38)

Eq. (4.37) can be written in the form

yel = x, (4.39)
y= _:BA(P/Mpl/
x = 0.03°.

The solution of Eq. (4.39), i.e., y(x), is given by the principal branch of the Lambert
W-function. Then we finally recover Eq. (4.38).

4.6 Minimum of the effective potential

The derivative of the effective potential is given by Eq. (4.20)

Veir(9) = V' (¢) — Mim(@yeﬁ"’/ M, (4.40)

where in the last term was used the transformation (4.31). The minimum of the
effective potential is the solution of

/\gbf’nin = i@ve‘&bmin/MPl, (441)
Mpy
which is given by
~ 1/3
3 p*o,
min = — 5 W Mp;. 4.42
Note that an expansion of Eq. (4.42) reduces to the solution
= 1/3
(PO
$Pmin = ()\MPI ’ (4.43)

assuming |B¢|/ Mp; < 1 [40]. We compare the two solutions for the minimum
evolution in Fig. 4.8.
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Figure 4.8: In the top panel, the full blue and purple lines show the field evolution
for the parameters B = 10,1000 and the same A = 1071 and ¢; = —10~*Mp,.
The dashed and dotted lines are the minimum evolution given by Eq. (4.42) and
Eq. (4.43), respectively. For a small value of 8 the two solutions are more close to
each other, this is why is difficult to see the dotted blue line in the top panel. In
the bottom panel is shown the difference between the two analytic solutions.
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4,7 Conclusion

Neutrino-assisted early dark energy models were introduced with the aim of
reducing some of the fine-tuning required in usual EDE models with respect to the
parameters characterizing the scalar field self-coupling and its initial displacement.

The idea that a “neutrino kick" occurring around the matter-radiation equality
epoch could trigger the EDE field is interesting for addressing the EDE coincidence
problem.

In this Chapter, we show results from an implementation of the YEDE model
in CAMB at the background level to study fgpg and A (which are background
quantities), quantifying the EDE scalar field contribution to the total energy density
and the impact of the neutrino-EDE coupling, respectively.

We have performed this analysis considering two cases depending on whether
or not the EDE field is frozen at the initial redshift of its evolution. We find that
if the field is initially frozen, its value can be arbitrary and the model can help
in ameliorating the Hubble tension. However, since A ~ 1 the neutrino-EDE
coupling is not relevant in this case and the EDE coincidence problem is not
addressed.

In contrast, as pointed out in [40,42], the opposite scenario is attractive since
there is a natural initial value for the field: the minimum of the effective potential,
¢min, Which is time-dependent. We show that the field follows ¢, without
experiencing a significant dynamical kick from its evolution equation, ie without
a displacement from the minimum. However, ¢y, is affected by the change in the
trace of the neutrino energy-momentum tensor, which generates a bump in fgpg
since the field follows the minimum.

We find that on average fgpg is well reproduced by the analytical prediction in
Eq. (4.29). Furthermore, from Fig. 4.7 one can see that in this regime the neutrino-
EDE coupling plays a non-negligible role, leading to large modifications in fgpg.
However, the attained value of fgpg does not satisfy the criteria in Eq. (4.26) for
easing the Hubble tension. One might think that decreasing the value of the
self-coupling A would increase the value of fgpg, as follows from Eq. (4.29). This
is correct but one should notice that this would also imply in a field that is frozen
until later times (since it results in a smaller V" (¢)), which changes this model to
the first case discussed above. In addition, we verified that couplings as large as
B = 1000 do not produce a significant amount of EDE.

We conclude that vEDE models, with a self-interaction potential and a coupling
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of the type V(¢) « ¢* and A(¢) = exp(B¢p/Mp;), respectively, do not seem to
naturally provide a significant amount of early dark energy which is one of the cri-
teria usually required for the model to ease the Hubble tension. However, a more
thorough investigation is certainly needed. Different potentials and couplings
should be analyzed, such as the ones proposed in Ref. [38] where a model with
EDE interacting with dark matter is studied using a monodromy-type potential
and a ¢? coupling. Additionally, a successful model must not only be able to
alleviate the Hubble tension at the background level but also produce perturba-
tions that agree with the current CMB and LSS data. Hence, a comparison with
data using Bayesian statistics at the perturbative level (as implemented in [48-50]
for neutrinos coupled to a quintessence field) is necessary in order to reach a
more definitive conclusion of whether this class of models is capable of alleviating
the Hy tension and possibly the Sg tension as well. In particular, the integrated
contribution of vEDE in addition to its peak value contribution should be carefully
analyzed.

Once the perturbations equations for the vEDE model are implemented in
a Boltzmann solver, it may be interesting to obtain constraints on these model
parameters (8 and A) using data from large scale structure, cosmic microwave

background, baryon acoustic oscillation, and supernovae.



Chapter 5

Late-Time Dark Energy and Massive
Neutrinos with DESI Y1 BAO data

The prevailing cosmological paradigm is the spatially flat ACDM model with
adiabatic and Gaussian initial conditions. The Greek letter “A” designates the
cosmological constant while the acronym “CDM” means the pressureless Cold
Dark Matter. Until today this has been the more economical description of the
Universe that is consistent with an assortment of observational probes [5,6,55-62].
Although its success, the benchmark cosmological model is not absent of issues.
The horizon and flatness are well-known long-term problems [2, 63, 64] with
possible solutions when we bring to the scene the Cosmic Inflation theory [65].
On the other hand, over the past few decades, cosmological surveys have attained
significant improvement in precision in their signal measurements, thus allowing
tighter constraints for the ACDM model. When different probes are combined for
the parameter estimation, the main challenges that arise are the so-called Hubble
(or Hp) and Sg (or o0g) tensions.

The Hubble constant, Hj, quantifies the expansion rate of the universe at the
present time. The Hubble tension arises from the disagreement between two
types of measurements of Hy, classified as (i) “early” (and model dependent),
which yields a lower value for Hy compared to (ii)“late” (and model-independent)
measurements of Hy. Typical probes of type (i) are Cosmic Microwave Background
(CMB), from Planck, ACT and SPT-3G [9,55, 66], and combination between Baryon
Acoustic Oscillation (BAO) from BOSS and eBOSS DR12 with prior on the baryon
density from Big Bang Nucleosynthesis (BBN) [56,67-70]. Conversely, assessments
of the Hubble constant by means of probes of kind (ii), are the ones based on the
distance-redshift relation employed in observations of Cepheid variable and Type
Ia Supernovae (SNla) [71-77] (see [78,79] for an extended list of estimation of
Hp). To pose the Hubble tension in numbers, we chose one representative value

for each group, i and ii. Using high multipole (small angular scales) temperature

86
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and polarization TT, TE, and EE with large-scale polarization (lowE), the Planck
Collaboration [55] report an estimation of Hy = 67.27 = 0.60 [km/s/Mpc] at 68%
CL, which is 5¢ smaller than direct measurements, e.g. from SHOES collaboration
[80] using Cepheid-SNIa sample yielding a baseline result of Hy = 73.04 £ 1.04 at
the same confidence level.

A second cosmological tension arises with measurements of matter fluctuations
amplitude (or the standard deviation og = (0%)%)
to R = 8h~'Mpc, denoted by o or usually as Sg = 0g(Qm /0.3)"° where Oy, is the

total amount of non-relativistic matter today. The Sg (or 03) tension. Conversely to

within a sphere of radius equal

what happens with the Hubble tension, in this case, are CMB primary anisotropies
estimates that constraints the Sg parameter in a higher value compared to low-
redshift probes such as weak gravitational lensing (WL) and galaxy clustering
[62,81-92]. Using the same dataset to report the Hubble tension, the Planck
collaboration reports Sg = 0.834 £ 0.016 at 68% confidence level [55] while the DES-
Y3 cosmic shear measurements from [86,87] presents Sg = 0.759J_r8:8§g and joint
cosmological analysis of multi-probe WL and spectroscopic galaxy clustering [89]
finds Sg = 0.7664_’8:8%2. A complementary list and discussion on Sg tension can be

found in [79] and references therein.

5.0.1 Constraining EDE with late DE marginalization

We investigate the Hubble and Sg tensions in the paper [93]!, where we applied
the piecewise (see section 5.1.2 for more details) equation of state to model the
late-time dark energy and performing a marginalization over this late-time ex-
pansion, it is obtained constraints on the early dark energy parameters. The main
driving question of this work was whether the addition of a late-time smooth dark
energy component could improve the fraction of early dark energy back when
adding large-scale structure data to, e.g., cosmic microwave background, type Ila
supernovae, and baryon acoustic oscillation.

In this work [93], we considered the equation of state for late dark energy
as being constant in 3, 5, or 10 redshift bins, whilst the EDE is modeled by an
effective fluid description [27]. Although one could use a microphysics-inspired
description for EDE, such as axion-like scalar field mostly used in this kind of
analysis [26,94-97], this goes into numerical issues arising from the code attempts

to integrate the fast field oscillation when its approaches the minimum of the

ICheck the public available code CAMB-MultiFluid.


https://github.com/SBU-COSMOLIKE/CAMB-MultiFluid
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potential. The parametrization via the effective fluid description allows us to
overcome this numerical difficulty.

To analyze this early plus late dark energy phenomenology, we considered in
[93] different data set combinations that we shorten for “DCi” and i=1-5 as shown
in table 5.1. In this table, the CMB means ACT DR4 [98] CMB TT (¢ € [600,4500]),
TE and EE (¢ € [350,4500]) supplemented with Planck 2018 data for ¢ < 650.
Type Ia supernovae from Pantheon [99], and BAO from three different sources;
6dFGS [100], SDSS DR7 [101], and SDSS BOSS DR12 [102]. CMBL stands for
CMB lensing from Planck 2018, and finally, strong lensing from HOLiCOW [103] is
shortened by SL.

DCi Dataset Combination

DC1 CMB + BAO + SNe + CMBL
DC2 CMB + BAO + SNe

DC3 | CMB + BAO + SNe + CMBL + SL
DC4 CMB + SNe + CMBL

DC5 CMB + SNe + SL

Table 5.1: Different dataset combination considered in the analysis of [93].

On top of, e.g., DC1, are added LSS measurements from Dark Energy Survey
(DES) [104] from 3 x 2pt but also only with cosmic shear since the most constraining
power on Sg and (), comes from this probe. For example, Fig. 1 of [93] displays
2D and 1D constraints on Hy, OO, Sg and fgpg and in Eq. 4.2 of [93] it is shown the
constraint on the fraction of EDE with late-time expansion marginalization fppg =
0.08712%:%?55 for DC1 and adding LSS measurements, it is found fgpg = 0.0671“8:8%2
and fgpg = 0.063f8:8§2 for DES-Y3 cosmic shear and DES-Y3 3 x 2pt, respectively.
From these results, we conclude that DES data decreases the value of fgpg, which
worsens the Hubble tension. This work is important because it shows that in order
to solve simultaneously the Hubble and Sg tensions, one needs to go beyond a
smooth late dark energy.

As previously stated, the work [93] uses a piecewise constant equation of
state for late-time expansion. The following sections describe this and other
parameterizations for w(z) that are being investigated in light of DESI Y1 data.
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5.1 General polynomial dark energy equation of state

Let’s consider a general polynomial function for the dark energy equation of
state at the ith redshift bin

. . N
w(z+1) thbin _ w(zi <z < Zi+1) = Z wan,i(z - zl-)”, (5.1)
n=0

where w; = Wy, Wy = Wa1j, Wani = Wani, Waani = We3; and so forth. These
parameters have to be determined by imposing some condition, e.g., continuity
and smoothness for w(z) at the transition between redshift bins, i.e., the derivative
must exist. The energy density is obtained from the continuity equation, and using
w = P/p, we have

. . ; ;
0 +3g(p+P) =0 = p= —3%,0(1 +w(a)) = FP - —37”(1 +w(a))

o d/ a d/
/0#:—3/04‘,(1+w(a’)), a0 <ay=1, (5.2)
p P a 4

or in terms of redshift we have 1 +z = 1/a = dz = da/a = —dz/ (1 + z) therefore

de/_ z dZ / _

From Eq. (5.1), we obtain Eq. (5.3)

P dp' 2 dz al 2 dz
/p p—e =3 142 +3 Zowan’i 5 —1 o (Z/ _ zi)”, (5.4)
1 1 n= 1

where N is the maximum degree of the polynomial. Using the binomial theorem,

we can rewrite the polynomial expression (z’ — z;)" as follows:

(2 —z)" = i (Z) (—zi)”*kz’k. (5.5)
k=0
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Substituting Eq (5.5) into Eq (5.4) we have

pdp/ z dZ/ N z
/A 7:3 i 1+z’+32wa"’l

S[E ) "’“"]

1+z’

n
=3 .
[z pemB()er [ 6o
Let’s consider the indefinite integral:
dz_ j _ dz k=1 _ k—1 dz_ 1
1322 = 1+Z(z—|—1 1)z —/dzz T+ 22
Sk k1 k2 - . s
_?_k—l—’_k—z_/dzz -1—/1_'_2(2-1—1—1)2 = .. (6.7)
if we continue the process as indicated in Eq (5.7), we can show that
d
1jzzk =In(1+z),fork=0
dz_ x (D"
= In(1 2 fork=1,2, .
T+ 27 (=1)*In(1+z +Z’k 17 ork = 3,. (5.8)
which can be shown as having a hypergeometric form
“LOR(Lk+ 1Lk +2;—
4z k=Z 2 1(Lk+1k+2—2) + constant, (5.9)

14z k+1

where > F;(a, b; ¢; z) is the hypergeometric function. Indeed, we can test this solu-
tion by means of computing the Eq. (5.9) for a few values of k. This is shown in
the following table

Solution
In (1+z)
z—1In(1+2z2)
22 — 2z 4+ 2In(1 +2)]/2
[22% — 322 4+ 6z — 6In(1 +2)]/6

W N =R O

We can easily check that the Eq. (5.8) recovers the results in the table 5.1. Finally,
the dark energy density is given by substituting either Eq. (5.8) or Eq. (5.9) into
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Eq. (5.6). We opted to use the closed form of the latter one, then we have

n

B 14z 3 N n (—Zi)”_kzk+1 . .
p—p,(1+2i) exp{3n§wm1k§)(k)T[za(l,kﬂ,kJrz,—z)

LR (Lk+ k42 —zi)} }
(5.10)

Once we have a general expression for the dark energy equation of state and

energy density, we proceed to a showcase

5.1.1 Constant w(z)

If the EoS is merely a constant, then we can easily integrate the expression
Eq. (5.2) as shown in the following

0 / a / —3(1+w)
/0@:_3(1+w)/0d_a/:> P = pPo (i> if w = const.  (5.11)
p P a 4 ag

5.1.2 Constant w(z) in bins of redshift

Using Eq. (5.2) we can compute the energy density for each bin of redshift (or
scale factor) as we do in the following

a —3(1+w0)
Istbin: p(a; < a < ag) = po <a_) , (5.12)
0
a —3(1-1—101)
2nd bin: p(ax <a < a;) =p; (a_) , (5.13)
1
a —3(14wy)
3rd bin: p(a3 < a < ap) = p2 <a_) , (5.14)
2

To guarantee the uniqueness of the solution we must request the continuity of the
integral at the bins limit. Let us first request the match between the boundaries of
the 1st and 2nd bins, and then between the 2nd and 3rd bins.

Match: 2nd - 1st bins Assuming ap=1 we have

lim p@ndbin) — Jim p(stbin) o | p2ndbin _ poa;3(w0fw1)a—3(1+wl) (5.15)
a—m{r a—a;
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Match: 3rd - 2nd bins

lim o®rdbin) _ 1y o@ndbin) _ 3nd bin _ a—3(wo—w1) a—3(wl—w2) g 3(1+w) |
a—m;p a—a, P P pofy 2
(5.16)
Generalizing the match: (n+1)th - nth bins
The energy density at the (n+1)th redshift bin is
a =3(1+wy41)
plaps1 < a < ap)=pn <a_) , (5.17)
n
and assuming ap = 1, and a; = (1 + z;)~! we obtain
n
plani1 <a<ay)=po [H(l +Zi)3(wi—1—wi)] g~ 3(1+wn) (5.18)
i=1

5.1.3 Linear w(z) in bins of redshift

In this case, we allow the EoS to be a linear function of redshift, then for a given
redshift bin, w(z) takes the form:

(i+1) thbin

=w(z; <z < ziy1) = Wi +w, (2 — z;) = W; + W, Az, (5.19)
_Aw wi —w;

_ , 5.20

w(i+1)thbin(z) = w; + (M) (Z _Zi) Y z € [Zirzi+1]l i=0,1,2..

Zit1 — Zi
(5.21)
Once we have the EoS, we can obtain the energy density using Eq. (5.3):
Y dp/ . z dZ/ (iJrl) ’
/;7i7_3/z,-1+2’(1+w (). (5.22)

Inserting Eq. (5.21) into the Eq. (5.22) and solving the integral, the energy density
at the ith bin is:

eWai(z=2) | (5.23)

i in 14z
P( +1) thb (Z) = 0, (

3[14w;—w, i (1+z;)]
1+ Zi>
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V z € [zj,zi+1], i = 0,1,2,... and w,; given by Eq. (5.20). The last step is to
determine p; in terms of pg. For this purposes simply note that p(*1)(z; 1) =

0U*2)(z;,1) because pi*2)(z) is defined in [z;1, zi;2]. If we force this equality, we

obtain:

. 3[1+w;—w,,;(1+zi11)]
M) o l ¢3Wa,i(Zit1—2i)

Pi+1 :Pi( 17z

5.1.4 Quadratic w(z) in bins of redshift

We start writing the equation of the state

(i) thbin W(z; <z < Zi41) = Wi + W, iAZ; + Way i AZ?

= Wi + Wg,i(z — 2i) + Wagi(z — 2;)?

(5.24)

(5.25)

Once we have the equation of state, we can obtain the energy density using the

Eq. (5.3) which can be generalized to

o do’ z d7 ;
/p. pi A +Z - (14w (2)) Using Eq (5.25)

z d7 / ' 2
:3/ 7 [1—|—wi+wali(z —Zi) + Wae (2 — z;) }
Zj

z d7
Y S T P
zj

z 47
= 3(1 + W — Wz + waaliz?) / —1 i + 3(’60,1,1' — 2waa,izi)
zZi

z 47

z 1+2

z dz
z/ + 3wau’l‘ /Zi mzl
For simplicity, let’s define the constant terms in Eq (5.26) as follows:

Ao = 3(1+ w; — Wy + WaeiZ7),
Al,i = 3(wa,i - zwtm,izi)/

A2,i = 3wuu,i/

(5.26)

(5.27)
(5.28)
(5.29)
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with the above definition of Ay, A; and A, we can continue the manipulation of
Eq (5.26):

b . 4 Al A, =
o 0,i zi1+2/+ 1, z,-1+z’z+ 2,i . 112

/P dp’ _ 4 z d7 z d7 z d7! 12

zZ

— Ao LA -/Z 4z (z’+1—1)+A ‘/Z 2oy
— 0 2 1+2 Li 2 1+2 20 147 z

dz
z 47 z
= AO,i 1 + N + Al,i {/ dZ/ — ]

+A21{ 1+'z+ +/1+'

z d7 ,
5 ,+A1,l[/ a2 HZ}

11 . /
{/ dz'z +/ dz' +/211+Z, Z/Zidz}

zZ dZ ya ya
= (Ap; — A1+ Azy) + (A1 — Ay) / dz' + Ay, / dz'z'
Zj Zj
1

2(z' + 1)(—1)}

Z; 1+Z/

14z
ln‘[% = (Ag;— A+ Ay;)In (1 - z,-) + (A — Ax)(z—z) + 5AZ,i(z2 — 27
(5.30)

Taking the exponential of the Eq (5.30) we can finally obtain p as function of
redshift and the constants Ay, A1 and A»:

Apgi—A ,,‘JrA i
p(i—l—l) th bin(z) — . ( 1+z ) 0, 1 2 e(Al,i—AZi)(Z_Zi)+A2fi(22_zlz)/2 ] (5.31)

1+Zi

Quadratic w(z): boundary conditions for 2 bins

Assuming two bins (by constructions, we actually have 3 (2+1) bins because
we must specify what happens with w(z) after the 2nd bin):

w (z) = wo + wao(z — 20) + Wago(z — 20)%, z € [z0 =0,21], Istbin  (5.32)
w? (2) = w1 4+ Wa1(z — 21) + Waa1 (z — 21)%, 2 € [21,22], 2nd bin  (5.33)
w® (z) = wy + Wap(z — 23) + Wan2(z — 22)%, 2 € [20,23 = ), 3rd bin (5.34)

In principle, we have 6 unknowns variables: w0, Waa0, W41, Waa1, Wa2 and Wya
but in practice we have just 4 unknowns variables because we assume that the

third bin is a straight, (no curvature: w,,> = 0), and horizontal, (no slope: w,» = 0)
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line passing by wy = —1 in order to recover the cosmological constant from the
standard ACDM model. Assuming the continuity of the function, w(Zinternal knot ),
and its derivative, dw(Zinternal knot ) / 42, at each the internal knot (which guarantees

a smooth handoff from one bin to another) we construct the following table:

function continuity Ist & 2nd bins | wV(z;) = w@(z1) = wy
derivative continuity 1st & 2nd bins %w(l) (z1) = %w(z) (z1) = wn
function continuity 2nd & 3rd bins | w(?) (z5) = wO) () = wp = —1
derivative continuity 2nd & 3rd bins | L) (zy) = L) (z) = wp
no slope - horizontal line 3rd bin wp =0

no curvature - straight line | 3rd bin War =0

Table 5.2: This table shows that we have (in principle) 6 equations for 6 variables,
which already is fine because the set is closed and thus is solvable. But note that
the third bin is always known in order to recover the cosmological constant. So the
last two conditions are said to be trivial, and in practice, we just have 4 remaining
variables to be found.

Applying the boundaries conditions displayed in table 5.2 to the three equa-
tions (5.32), (5.33) and (5.34) we have:

wWo + Wao(z1 — 20) + Wago(z1 — 20)2 = w1 <= WwyAz1 + waaoAz% = Aw; (5.35)
Wa0 + 2Wa00(21 — 20) = Wa1 <= W0 + 2Waa0Az1 — wap =0 (5.36)
w1 + wa1(z0 — 21) + W1 (22 — 21)2 = -1 <= wAzp + waalAz% = Aw, (5.37)

Wa1 + 2Waa1 (20 — 21) = 0 <= wWy1 + 2W401020 = 0 (5.38)
where in Eq (5.35) I have defined

Az1 =21 —2z0=21—0 and Aw; = wy — wy,

Azp =zp —z1 and Awpr =wr —wi; = —1 — w;. (5.39)
Lets firstly operate with the Eqgs (5.37) and (5.38):

— Eq (56.38) x Azy + Eq (5.37)
— (—walAzz — 2wa,ﬂAZ%> + (walAzz + waalAz%> = Aw,

AZUZ

. 2 _ _
R wmlAZZ = AZUz — | Wga1 = 5
Az;

(5.40)
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Substituting Eq (5.40) into Eq (5.38) we have

Awy Awoy
Wy +2| —F | Az =0 = =2——| 541
al ( , Z% ) vy Wa1 A Z ( )

Finally lets operate with the two remaining equations (5.35) and (5.36):

—2Eq(5.35) + Eq(5.36) x Az

— (—2wa0Azl — ZwMOAZ%) + (waoAzl + ZwMOAz;f — w,ﬂAzl>
= —2Aw1 + 0 X Azq

A
WAz — W Azy = —20W = Wao = 2A—ZZ"1 — w1 From Eq (5.41)
1
Aw,  Aw;
: =2 —=—]| :
| Wao ( Az Am ) (5.42)
Substituting Eq (5.42) into Eq (5.35) we have
. Aw1 sz
Waa0 = AZ% Az1Azy - (543)
5.1.5 Cubic w(z) in bins of redshift
w(i—l—l) thbin _ ZU(ZI' <z< Zi—l—l)
=w; + wa,iAZi + waa,iAZiz + wuaa,iAZ?
= w; + wa,i(z —z;) + waa,i(z - Zi)z + waaa,i(z - Zi)3 (5.44)

Once we have the equation of state, we can obtain the energy density using the
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Eq. (5.3) which can be generalized to
e do’ z d7 :
=3 1+ w1 (2')) Using Eq (5.44
[ =3) 15+l ) Using Bq (.44
z d7 / ! 2 / 3
23/‘2‘ o7 [1+wi+wa,i(z —2j) + Waa,i (2 — 2i)" + Waaa,i(Z — zi) }
z d7 / ) 2 /
— 3/24 T+ 7 1+ w;+w, (2" —z;) + Wy i (2 + 27 —22'z))
+ Waga i(2% — 3222 4+ 32'27 — 23)]
z d7
= 3(1 +w; — wyz; + waa,izl2 — waaa,iz?) e
2 z dZ /
+3(wa,i - Zwaa,izi + Swaaa,izi) 21 —i—Z’Z
z d7
3 3 . 2
+ (wllll,l wllllll,lzl) % 1+Z’Z
z d7
3 . 13
+ 3Wggaa,i - —1—{—2/2
z d7 z d7 z d7
— Aq- Aq / A 12 An 3
0i f. —1+z’+ L f. 1127 + Ay . 1527 + Az g T4 2%
(5.45)

where now we have the updated version of the Eqs (5.27), (5.28), (5.29) and a new

variable, A3 ; that support just the term proportional to the third derivative term:

_ 2 3
AO,i = 3(1 +w; — Wy iZi + Wya,iZi — Waga,iZ; )/
_ 2
Al,i = 3(wa,i - 2waa,izi + 3wuaa,izi )/
AZ,z' = 3(waa,i - 3waaa,izi)rr

A3,i = 3waaa,i .

(5.46)
(5.47)
(5.48)
(5.49)

We don’t need to perform the integral of all terms in Eq (5.45) because the Eq (5.30)

already provides the results up till the term proportional to A; ;. The remaining
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integral is the following:

e [ e [ v
1—|—z’ 1—|—z’ z 1+72

—/1 2 (2 +1)(Z — 1) +1]

_2dd ;o 2 d
= [ 137+ 1)+/1 (Z+1-1)
/2 _
—/ dz'( +/ dz’ / T2
1+z
_ .3 2_ 2 _
3(z z7) — 2(2 z7)+ (z—z;) — 1<1+Zi). (5.50)

Finally, with Eq (5.50) we can write the updated version of Eq (5.30) as follow:

1Y 1+z
In==(Ag; — A1;+Ar; — Az;)1
nPi ( 0,i 1,i T Ap, 3,1) n (1 +Zi>

1 1
+(A1,i—Az,i+A3,z')(Z—Zi)+§(Azz Azp) (22 —22) + S As(20 — 7).

3
(5.51)

Taking the exponential of Eq (5.51) we finally have the “updated” version of Eq
(5.31):

Agi—Ayi+Ayi—Az;
(i+1) thbin ) _ . <1+z) 0i—A1itAzi—As,
1 + Zj
s p(A1i=AgitA3;)(z-2)+(Agi—As) (22 ~2]) 24+ A3, (22 ~27) /3. (5.52)

p

Cubic w(z): boundary conditions for 2 bins

Assuming two bins (by constructions, we actually have 3 (2+1) bins since we
need to specify what happens with w(z) after the 2nd bin)

w(z) = wo + wao(z — 20) + Waa0(z — 20)? + Waaao (z — 20)°, (5.53)
w® (z) = w1 + Wa1(z — 21) + Waa1 (2 — 21)? + Waaat (2 — 21)°, (5.54)
w3 (2) = s + Wi (z — 22) + Wan2 (2 — 22)* + Waa2 (z — 22)°,  (5.55)

In principle, we have 9 unknowns variables: wu0, Waa0, Waga0, Wal, Waal, Waaal,
Wg2, Wag2 and wyae but in practice we have just 6 unknowns variables because
we assume that the third bin is a straight line (no curvature: w,;; = 0) a hori-
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zontal line (no slope: w,;, = 0) passing by w, = —1 and also has no wy>, i.e.,
Waaa2 = 0. Those requirements for the last bin guarantee that we recover the cos-
mological constant from the standard ACDM model. Assuming the continuity of
the function, w(Zinternal knot ), its first and second derivatives, dw(Zinternal knot) / 42,
d*W(Zinternal knot) /427, at each the internal knot (which guarantees a smooth hand-

off from one bin to another) we came up with the following table:

function continuity Ist & 2nd bins | w(z;) = wy

first derivative continuity 1st & 2nd bins %2 wM(z1) = wy
second derivative continuity 1st & 2nd bins ;?w(l) (21) = Wam
function continuity 2nd & 3rd bins | w?(zy) = wy = —1
tirst derivative continuity 2nd & 3rd bins d%z w @ (z5) = wyy
second derivative continuity 2nd & 3rd bins dd?w(z) (22) = Wano
no slope - horizontal line 3rd bin Wpo =0

no curvature - straight line 3rd bin War =0

no jerk 3rd bin Waaar = 0

Table 5.3: This table shows that we have (in principle) 9 equations for 9 variables,
which already is fine because the set is closed and thus is solvable. But note that
the third bin is always known in order to recover the cosmological constant. So the
last three conditions are said to be trivial, and in practice, we just have 6 remaining
variables to be found.

Firstly let’s define the following notations:

Z0 = 0

wy = — 1, Wep = Wag2 = Waae2 =0,
Az1 =21 — 290 = 71
Aw = w1 — wy,
AZZ =272 — %1,

Awy =wy —wy = —1—wi. (5.56)

Applying the boundaries conditions displayed in table 5.3 to the three equations
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(5.53), (5.54) and (5.55) we obtain:

Wa0AZ1 + Waa0AZF + WaaaoAZ3 = Awy
2
Wa0 + 2W3ea0021 + 3Waaa0AZ] = Wy

Waa0 + 3Waaa0AZ1 = Waa1

w10z + waalAz% + waaalAzg =Awy = —-1—w;
ZwaalAZZ + 3wllll(11AZ% = — W
3wuaa1AZZ = —Waa1 (5-57)

The notation of the system in Eq (5.57) is overloaded, and in order to manually
solve this 6 x 6 equation, we first need a clean notation to avoid making mistakes,

so let’s consider the following change of notation:

X0 = Wa0, Y0 = Waa0, U0 = Waaa0,

X1 = Wal, Y1 = Waal, U1 = Wagal,

AO = AZl, BO = Awl,

A1 = Azp, B1 = Aws. (5.58)

The system in Eq (5.57) expressed in terms of the new notation (5.58) becomes

more readable:

x0 Ao + YoA3 + ugA3 = By (5.59)
X + 2yoAg + 3ugA3 = x (5.60)
Yo + 3upAg = 11 (5.61)
x1A1 +y1A2 + w1 A3 = By (5.62)
X1 +2y1A; +3u1A2 =0 (5.63)
y1+3u1A; = 0. (5.64)

Let’s solve the system backward. Doing Eq (5.62) —A; xEq (5.63) we have

(x1A1 + y1A2 + 1 A3) — (x1 A1 +2y1 AT 4+ 3u3A3) = B; — 0
ylA% + ulA‘;’ — 2y1A% — 3M1A% = B1
—y1A? —2u1 A = By. (5.65)
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Doing A% x Eq (5.64) + Eq (5.65) we have:

(ylA% -+ 31/[114‘;’) + (—ylA% — 2M1A%) =B = ulA% = B

u 51 = |\ =w Aws
. 1— 3 1= Waaal — - 73
A} (Azp)°

, (5.66)

where in Eq (5.66)  have used the change of variables in Eq (5.58) to go back to the
original notation. Substituting the result given by Eq (5.66) into Eq (5.64) we have:

Y1 = —3u1A; = -3 (AA—ZZ"S?) Azy = |y1 = Waa1 = —3(22”22)2 L (G6Y)
Inserting Eqs (5.66)-(5.67) into Eq (5.62) we have:
xX1A1 + ylA% + ulA? =B
WAz = — (—3AA—Z;%2> Az% — (i—%) Azg + Awy
Wwa1Azy = 3Awy — Awy + Aw,
WwnlAzy =3 Awy, — |x1 = w, = BAA—ZZ . (5.68)

Now we have just three equations to solve. Doing Eq (5.59) — Apx Eq (5.60)

(x0Ag + Yo A3 + ugAd) — Ag(xo + 2y0Ag + 3upA3) = By — x1Ag
VoA + ug A3 — 2yg A3 — 3ug A3 = By — x1Ag
—1yo A3 — 2ugA3 = By — x1 Ao. (5.69)

Doing Eq A3 x Eq (5.61) + Eq (5.69) we obtain

AG(yo + 3uoAg) + (—yoA§ — 2ugA3) = y1A§ + (By — x140)
31/10A8 - Zqug = ylA% + By — x1Ap = qug = —x1Ap + ylA% + Bo

1 1 1
R T S (5.70)
0 YAz T, "A3
Awq Aw, 1 1
_ _ 5 . 5.71
Uuo Waaa0 AZ% AZ1AZZ (AZl + AZ2) ( )
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Inserting Eq (5.71) into Eq (5.61) we have:

Yo + 3upAo = y1 = yo = y1 — 3upAo (5.72)
Yo = _3AAZ::%2 - AAZ):% - 3A§112222 (A121 - AlZZ) A
to= 358 35 4952 (v )

Substituting the Egs (5.71) and (5.73) into the Eq (5.59) and solving for xy we have:

A A A
W1 _ 300 (2+ﬂ) L (5.74)

x0Ap + Yo Ay + upAp 0 = | X0 = Wy 3Az1 3A22 Az,

5.2 CAMB for Late Dark Energy:

The previous sections present many parametrizations for the dark energy
equation of state. If we want to go further and probe these parameters, namely wy,
w1, Wy, ..., Wy for a given redshift window, with real data, then in practice we have
to implement these equations in a Boltzmann code, say CAMB? or CLASS® and use
a code for parameter exploration such as Cobaya* or CosmoS1s°, and then a tool
for statistical analysis, as for example Getdist®.

All these previous parametrizations, and some others, such as the hyperbolic
tangent, given by equation (21) in the paper [105], and the user-defined number
of redshift bins for the constant binned w(z), are implemented in our modified
version of CAMB that we call CAMBLateDE. This code is publicly available at
https:/ /github.com/SBU-COSMOLIKE/CAMBLateDE. A Jupyter Notebook il-
lustrating these parametrizations can be found at LateDE_demo.ipynb”.

Table xxx show all the current parametrizations implemented in CAMBLateDE

at the writing of this Thesis

2ht’cps: / /camb.readthedocs.io/en/latest/#

3https:/ /lesgourg.github.io/class_public/class.html

4https:/ /cobaya.readthedocs.io/en/latest/index.html

Shttps:/ /cosmosis.readthedocs.io/en/latest/#

bhttps:/ /getdist.readthedocs.io/en/latest /#

7If the reader wants to test this CAMBLateDE and faces any problem (installation, compilation,
etc), please don’t hesitate to contact me at diogo.henrique@unesp.br or open an issue on GitHub.


https://github.com/SBU-COSMOLIKE/CAMBLateDE
https://github.com/SBU-COSMOLIKE/CAMBLateDE/blob/main/docs/LateDE_demo.ipynb
https://camb.readthedocs.io/en/latest/
https://lesgourg.github.io/class_public/class.html
https://cobaya.readthedocs.io/en/latest/index.html
https://cosmosis.readthedocs.io/en/latest/
https://getdist.readthedocs.io/en/latest/

Chapter 5. Dark energy parametrizations 103

DEmodel Description CAMB parameter
1 w(z) constant w0
2 Wo-Wy wO,wl
3 Constant bin w(z) with 2 bins wO,wl, z1,z2
4 Constant bin w(z) with 3 bins wO,wl,w2,z1,22,23
5 Constant bin w(z) with 5 bins w0, --,w4,z1, -+,z5
6 Constant bin w(z) with 10 bins w0, -+,w9,z1,--,210
7 Linear bin w(z) with 2 bins w0,wl, z1,22
8 Linear bin w(z) with 3 bins wo,wl,w2,21,22,23
9 Linear bin w(z) with 5 bins w0, --,wd,z1, -+,2z5
10 Linear bin w(z) with 10 bins w0, --,w9,z1, -+,2z10
11 Quadratic bin w(z) with 2 bins wO,wl, z1,z2
12 Quadratic bin w(z) with 3 bins wO,wl,w2,z1,22,23
13 Quadratic bin w(z) with 5 bins w0, -+ ,w4, z1,--,2z5
14 Cubic bin w(z) with 2 bins wO,wl, z1,z2
15 Cubic bin w(z) with 3 bins wO,wl,w2,z1,22,23
16 Cubic bin w(z) with 5 bins w0, - -,wd,z1, -+,z5
17 Hyperbolic tangent wO,wl, z1, sigma
18 Constant bin w(z) max_num_of_bins,w_knot, z_knot

Table 5.4: All the parametrizations implemented so far in CAMBLateDE.

In table 5.4 the dark energy model is selected in CAMBLateDE via the param-
eter DEmodel which is an integer between 1 and 18 that corresponds to a given
equation of state parameterization. The parameters w0 --- w9, z1 --- z10 and
sigma are all flots. Figure 5.1 displays the equation of state and energy density
for dark energy. It is assumed two redshift bins [0,1.5] and [1.5,3], and beyond the
second redshift bin, we recover the usual scenario of the cosmological constant,
i.e. w = —1. Note the continuity of the functions at each bin’s transition.

The DEmode=18 is a generalization for the models 3 - 6. The user should pro-
vide to CAMBLateDE the number of bins with the parameter max_num_of_bins
= Nbins, and the corresponding equation of state and redshift bins up til Nbins.
This is passed via the list w_knot=[wl, - - ,wNbins]and z_knot=[z1,---,zNbins].

One of the simplest single parameter extensions beyond the ACDM model can
be obtained by allowing ) m, to vary. Constraints for this model are frequently
done by many survey collaborations. For example, using the likelihood for the
power spectra of temperature (TT), temperature-polarization (TE), polarization-
polarization (EE) and its associated low-¢ polarization (lowE) together with CMB
lensing and BAO, the Planck collaboration [55] found an upper bond of ) m, < 0.12
eV at 95% CL. The same result was obtained using the gravitational lensing mass



Chapter 5. Dark energy parametrizations 104

1.00 s i Constant le—7
7 \, | .
0.75 | Linear
/ ‘\\ : Quadratic 1.50
0.50 // ‘\\ : iubic . . 1.25
/ N s nalytic 1st bin
0.25 g \ : ;
/ . N Analytic 2nd bin 1.00
& o000 {7 Ny T E=ls w
P/ Ny 20.75
—0.251 /
0.50
—-0.50
—0.75 0.25
~1.00 0.00
0.0 00 2

Figure 5.1: Dark energy equation of state on the left and the corresponding energy
density on the right. Colored lines are outputs of CAMBLateDE, and the black
dashed and dotted lines are the respective analytic solutions. We adopted two
redshift bins from [0, 1.5] and [1.5, 3]. The vertical dashed-dotted line is the redshift

boundary between these two bins.
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Figure 5.2: Dark energy equation of state on the left and the corresponding energy
density on the right. Comparison between DEmode1=5 with fixed 5 bins and
DEmode1=18 that allows the user to provide the desired amount of bins, in this

case, 20 redshift bins between 0 and 10.
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map of the Atacama Cosmology Telescope (ACT) DR6 combined with BAO data
and the Planck CMB anisotropies (c.f. Eq. 10 in [106]).

The South Pole Telescope third-generation (SPT-3G) 2018 EE and TT power
spectra, combined with Planck and BAO, reports an upper bond in the neutrino
mass as ) m, < 0.13 eV at 95% CL [66]. However, this constraint by SPT-3G
considered a prior on T (so it is a 5+1 parameter extension) whilst the Planck and
ACT analysis kept T as a free parameter. Using the three two-point correlation
function (3x2pt) from Dark Energy Survey (DES) in combination with data of
Redshift Space Distortion (RSD), BAO, SNlIa, Planck CMB and CMB lensing, the
DES Y3 reports a constraint in the neutrino mass as being ) m, < 0.13 eV at
95% CL [62]. The use of this large external dataset on top of DES data is argued
in [62] (see also [61]) due to the weaker power of the 3x2pt analysis in providing
enough constraining resolution on neutrino masses, so its marginalized posterior
can accommodate large ) m, which is highly limited by its prior. Last but not least
survey we highlight the reported bounds on neutrino masses from the recent BAO,
quasar, and Lyman-« forest measurements from the Dark Energy Spectroscopic
Instrument (DESI) Y1 [107]. DESI BAO with Planck CMB provides stringent
constraint; ) m, < 0.072 eV at 95% CL. These upper bond values for ) m, are
very close to the minimum limit of the IH, which is consistent with the mildly
preferred NH results from neutrino oscillation experiments such as T2K and
NOvA [108,109].

I implemented all the parameterizations in table 5.4 in a modified version of
the Boltzmann solver CAMB. We then analyzed some of these models (in particular,
the constant binned w(z) for five and ten redshift bins and the hyperbolic equation
of state) with BAO data combined with CMB, CMB lensing, and supernovae. In
the following section, I show the results of the paper [110].

5.2.1 Late-Time Dark Energy and Massive Neutrinos with DESI
2024 BAO data

Dark energy models under analysis

The BAO dataset from the first year of the Dark Energy Survey Spectroscopic
Instrument (DESI) [107] combined with the Type Ia supernovae data from the fifth
year of the Dark Energy Survey (DESY5) [111] and CMB anisotropies from Planck
[55] provides a hint for deviation from the flat ACDM with a preference of 3.9¢ for

wow,CDM. This same analysis was performed using supernovae from two other
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different surveys. Using supernovae from Union3 [112] and Pantheon+ [113], it is
found a 3.5¢ and 2.5¢ preference for wow,CDM over the ACDM, respectively. The
DESI Collaboration used the wyw, parametrization for the dark energy equation
of state, where w(a) = wg + w,(1 — a). The reconstruction of the w(z) from the
DESI analysis shows that the dark energy equation of state possesses a pantheon
behavior (w < —1) for redshifts z > 0.5 and a thawing behavior (w > —1)
nowadays.

In the work [110], we analyze the dark energy models DEmodel =5, 6, and 17
as shown in table 5.4. The DEmodels =5 and 6 are the constant w(z) in five and
ten redshift bins. This parametrization was discussed in section 5.1.2. To perform
the analysis of these two models, we decided to use the binned strategy

For five bins: [0.3,0.6,0.9,1.2,1.5]
For ten bins: [0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0]

We turn to the hyperbolic model (DEmode 1=17), which we named by “transi-
tion model” in [110] with equation of state given by

w(z) = wy + (w1 ; wo) {1 + tanh (Z ;Zc)] : (5.75)

This model represents a smooth transition from the equation of state at early times

(represented by w;) to the dark energy equation of state at late times (represented
by wp). These asymptotic regimes are reached for z — z. > ¢ (representing the
high redshift limit) and |z — z.| > ¢ with z < z. (representing the low redshift
limit). z. represents the redshift at which w(z.) = (wo + w1) /2. ¢ is the parameter
that controls the redshift width of the transition. The energy density of this model

214 w(Z
PDE = ODEPcr €XP (3/0 ?;)dzl) , (5.76)

is given by

and it is solved numerically by CAMBLateDE.

Dataset, dataset combination and analysis methodology

To analyze the different dark energy models, we used data from DESI Y1
BAO. Planck 2018 CMB, and ACT DR4 CMB, both temperature and polarization
anisotropies. CMB lensing from ACT DRé. Finally, the Type Ia Supernovae from
DESY5, Union3, Pantheon+ or Pantheon. The different dataset combinations are
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displayed below:
e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + Pantheon (Pan);

e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + Pantheon + (Pan+);
e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + Union-3 (Uni3);

e Planck 2018 (P18) + DESI-Y1 BAO (DESI) + DES-Y5 (DESY5).

Constraints on the neutrino mass sum are assessed by changing the the CMB
dataset from Planck to ACT+Planck (¢ < 650):

o ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + Pan;
¢ ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + Pan+;
¢ ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + Uni3;

o ACT DR4 (ACT) + Planck 2018 ¢ < 650 (P650) + DESI + DESY5.

Finally, constraints on the neutrino mass sum also is obtained with the CMB
lensing (probe of large scale structure) from ACT DRé:

¢ ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + Pan;
¢ ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + Pan+;
e ACT + P650 + ACT DR6 Lensing (ACTL) + DESI + Uni3;

¢ ACT +P650 + ACT DR6 Lensing (ACTL) + DESI + DESY5.

The analysis of these dark energy models and constraints on neutrino mass sum
with these dataset combinations is performed with the Markov Chain Monte Carlo
(MCMC), where we obtain the posterior distribution of the model parameters. The
priors used are displayed in Table 1 of [110].

Results for the Transition model

Figure 5.3 displays the 2D region preference for the parameters of the transition
model (with fixed ¢ = 0.05) in addition to the matter energy density parameter
Q. Except for the Pantheon, the {wy, w; } plane for the Pantheon+, Union3, and
DESYS5 is contained (at 95% confidence level) in the quadrant where w; < —1 and
wo > —1 which suggests a transition from a phantom limit to a non-phantom
regime. The transition redshift z. is weakly constrained at around the value of
ze =~ 0.6.
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Figure 5.3: Two-dimensional contours region (68% and 95%) for the transition
model parameters and the matter energy density parameter.

Results for the binned w(z) model

We analyzed the constant binned w(z) for 5 and 10 redshift bins. In opposition
to the wow, and the transition models, the binned w(z) intends to be the most
general as possible as we increase the number of bins. Figure 5.4 shows the
reconstruction for these two cases. For both scenarios within 10 or 2¢, the model-
agnostic is consistent with the cosmological constant, w = —1, and/or with the
best-fit of the wyw, parametrization. It is challenging to conclude much from this
result because this model-agnostic approach has many parameters®, and the error

bars among the bins are correlated.

8In the case studied in our work [110] it has 5 and 10 free parameters, but notice that
CAMBLateDE allows an arbitrary number of parameters for the DEmode1=18. Of course, one
can add as many bins as possible with this feature, but this may come at the cost of computational
expenses and low performance.
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Figure 5.4: Reconstruction of the dark energy equation of state for 5 redshift bins
(left) and 10 redshift bins (right), assuming CMB + DESI for the different types
of supernovae datasets from Pantheon (Pan), Pantheon+ (Pan+), Union3 (Uni3),
and DES year 5 (DESY5). The blue horizontal line is the mean value of w in each
redshift bin with its 68% and 95% error bars. For comparison, the red dotted line
is the best-fit of wow, parametrization.

The Principal Component Analysis (PCA) method allows us to overcome this
difficulty [114-118]. This method consists of extracting the covariance matrix
of the w; parameters. This forms a real and asymmetric matrix, which can be
diagonalized, and we can obtain the eigenfunctions, ¢;(z), and the eigenvalues, «;,
where the correlation, assuming the new PC basis, between «; and « j fori #j,is
zero. Therefore, we can expand the dark energy equation of state into this new
PCA basis as follows:

Npins

w(z) = =1+ ) waei(z), (5.77)
i=1
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where the sum term accounts for possible deviation from the cosmological constant
—1 corresponding to a = (0, ...,0). Figure 5.5 shows principal components for the
cases of constant w in 5 and 10 redshift bins for DESI + Planck 2018 + Pantheon+
dataset.

5 bins 10 bins
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Figure 5.5: Principal components e;(z) for the constant binned w(z) assuming 5
redshift bins (left panel), and 10 redshift bins (middle and right panels) for the
dataset combination DESI + Planck 2018 + Pantheon-+.

Figure 5.6 displays the 1-D marginalized amplitude, «;, of the principal com-
ponent, ¢;(z), for each dataset combination of DESI + Planck 2018 + Supernovae.
The top row shows the case of Ny, = 5, and the middle and bottom rows display
the case of Nyis = 10. For the 5 bins, a; (except for Pantheon) and a3 are the
amplitudes that exhibit a mild deviation from 0 compared to the remaining other
amplitudes a;— 4 5.

Figure 5.7 shows the “filtered” w(z) which is defined through the Eq. (5.77) for
the Principal Component e;(z) with smaller error bars on the Principal Compo-
nents amplitude «;, that deviates from zero. In the case of 5 bins, this corresponds
to &y and a3, and in the case of 10 bins this corresponds to a1, a4 and «as.

For the case of 5 redshift bins, the Figure 5.7 shows that the binned w(z)gjtered
have a different behavior not captured by the wyw, parametrization: w(z)gjtered
at high redshift (1.2 < z < 1.5) start at a value w < —1, goes to lower values in
0.6 < z < 1.2 (except for P18+DESI+DESY5 which is consistent with —1 at 20),
then it crosses the phantom barrier (w = —1) with w > —1 for 0.3 < z < 0.6
and finally have a thanwing behavior nowadays (0 < z < 0.3) with wy > —1.

This result is consistent with previous analysis from the literature using the wow,
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Figure 5.6: The 1-dimensional marginalized constraint on the PC amplitude, «;,

for the constant w in 5 redshift bins (top row), and 10 redshift bins (middle and

bottom rows). The cosmological constant corresponds to «; = 0 as indicated by
the vertical gray line at each panel.

[107,111,112] that shows a thawing behavior for the dark energy EoS today.

Constraints on )_m,

The previous analysis has assumed two massless neutrinos and one massive
neutrino with Y} m, = 0.06 eV, i.e. the minimal value for the sum mass in the
normal hierarchy scenario. In this Section, we consider the neutrino mass sum
Y_my as a free parameter, assuming three massive neutrinos and a degenerate
hierarchy with a uniform prior in the neutrino mass sum in the range [0.01, 0.6].
The upper limit on ) m, at 2¢ is shown in table 5.5 for different dark energy
models. Notice that a factor of 1.5 - 1.9 enlarges the constraints obtained with the
ACT+P1650 dataset compared to P18. However, including ACT DR6 lensing data

brings back the constraints on the same level as P18.
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Figure 5.7: Filtered (see the text) reconstruction of the dark energy equation of
state for 5 redshift bins (left) and 10 redshift bins (right). The blue line is the mean
and gray-shaded regions are 68% and 95% confidence interval. For comparison,
the reconstruction for wow, is also displayed in the red dashed line.

The 1D marginalized constraints on ) m, for different dark energy models and
dataset combination is shown in Figure 5.8. The wyw, parameterization relaxes the
constraint on ), m, by a factor 1.8 - 2.2 compared to ACDM model. The binned w(z)
with 5 redshift bins possesses a similar behavior for datasets with Pantheon and
Pantheon+. For Union3 and DESY5 with ACT+P650 and ACT+P650+ACTL, the
binned w(z) with 10 redshift bins have tighter constraints than wyw,; one would
not expect that since the former model has a more significant number of parameters
compared to wow,. However, previous work has shown that constraints on ) m,
prefer negative values under the ACDM model [119]. This effect is enhanced
by the “lensing anomaly” seen in the Planck 2018 temperature and polarization
power spectra [55]. Therefore, if negative values of ) m, are preferred, we have
tighter constraints in the Bayesian analysis once we assume physical priors that
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Upper limit (95% C. L.) on ) m, (eV)
P18 + DESI + | Pan | Pan+ | Uni3 | DESY5
ACDM 0.10 | 0.11 | 0.1 | 0.12
WoW, 0.18 | 0.17 | 0.21 | 0.19
5 — bin w(z) 0.19 {019 |0.19 |0.18
10 — bin w(z) 0.16 | 0.16 | 0.16 | 0.15
ACT+P650 + DESI + | Pan | Pan+ | Uni3 | DESY5
ACDM 0.16 | 0.18 | 0.18 | 0.20
WoW, 031028 |034 | 032
5 — bin w(z) 0321033 |0.32 |0.31
10 — bin w(z) 026 | 0.26 | 0.26 | 0.24
ACT+P650 + ACTL + DESI + | Pan | Pan+ | Uni3 | DESY5
ACDM 0.10 | 0.11 | 0.11 | 0.12
WoW, 022021 024 |0.23
5 — bin w(z) 023 1023 |0.23 |0.22
10 — bin w(z) 0.17 | 018 | 0.17 | 0.17

Table 5.5: Upper limit on the sum of the neutrino mass at 2¢ for different dataset
combinations and dark energy models.

exclude negative values of neutrino masses. This may be the case of the constant
w(z) in 5 and 10 redshift bins, as seen by the figure 5.8, but we can not confirm
this hypothesis with our current analysis. This is reserved for future work.
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Conclusion

This Thesis is divided into two parts. The first part presents the basics of
cosmology. Chapter 1 presents the background equations, the Robertson-Walker
metric, the angular and luminosity distances, the Friedmann equations that de-
scribe a homogeneous and isotropic universe at a large scale, and the energy
density evolution for each fluid component. Chapter 2 explains the gauge invari-
ant method and how to build gauge-invariant perturbations. In the following, a
detailed description and steps are provided for obtaining those gauge-invariant
perturbation quantities. Chapter 3 discusses the initial conditions in the early
universe required to solve the Boltzmann-Einstein equations for each component:
cold dark matter, neutrinos, and the coupled photons-baryons fluid. An approx-
imate solution is also provided within the early-times and super-horizon initial
conditions scenario.

The second part of this Thesis has two chapters, 4 and 5, that summarize the
research developed during the PhD. Chapter 4 is the result of the implementation
at the background level in a Boltzmann-Einstein solver of the neutrino-assisted
early dark energy model. This allows us to access the fraction of early-dark energy
since it is a background quantity, and a comparison from the literature shows that
the numeric implementation and the theoretical prediction agree with each other
on average. However, it is challenging to find parameters (coupling strength and
self-interaction potential) that push the fraction of early-dark energy close to 10%.
Despite these results, we state that a more detailed analysis, which includes the
perturbation equations and performs a Bayesian analysis, is required.

Finally, Chapter 5 explains in detail the implementation in the Boltzmann-
Einstein solver several extensions for A, the cosmological constant, and beyond
the wow, parametrization. Starting from the most straightforward constant equa-
tion of state in bins of redshift to more complex parametrization such as linear,
quadratic, and cubic. Despite these multiple implementations, we ended with a
work that performs the Bayesian inference for the constant dark energy equation-
of-state in five and ten redshift bins. The paper goes beyond and includes a more
recent implementation of the transition model, given by a hyperbolic tangent
function and the monodromic K-essence model. For this analysis, we use a dataset
combination that includes BAO from DESI, CMB from Planck 2018, ACT DR4,

115



Chapter 5. Dark energy parametrizations 116

CMB lensing from ACT DR6, and supernovae from Pantheon, Pantheon+, Union3
or DES Y5. We also reassess the constraints on the sum of the neutrino masses for
the constant binned dark energy equation of state and compare with the ACDM
model and the wow, parametrization.

The results of this work are consistent with those using the wyw, parametriza-
tion that presents hints for dynamical dark energy with thawing behavior. How-
ever, we highlight that it may be essential to use parametrizations other than the
wow, to explore further possible complex behavior of the dark energy. We also
underline the importance of reassessing the neutrino mass sum, given that these
two components have a degenerate effect on the structure formation.

Both results presented in the second part of this thesis contribute to actual (at
the moment of this written) discussions in the literature of interesting problems
such as the early-dark energy models, dynamical dark energy models, and massive
neutrinos. In all cases, it is essential to reappraise these analyses in light of
synergies of datasets from multi-probe surveys coming in the following decades,
such as the LSST, Euclid, and the Roman Space Telescope—precise measurements
of BAO, 3x2pt, supernova, and weak gravitation lensing require outstanding
control of systematic errors. In parallel, other statistical methods beyond the
Bayesian analysis, such as profile likelihood, are being used and improved. All
these efforts, in combination, have the potential to shed light on the nature of dark

energy.
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