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Abstract

This work investigates the potential for testing models of gravity with intensity mapping experiments
observing the cosmic Dark Ages. Fluctuations in the brightness temperature of the 21 cm line of
neutral hydrogen allow to reconstruct the HI distribution and trace the growth of structures across
a wide range of scales and redshifts, for the most part yet to be explored. Observations at high
redshifts z ∼ 30 − 200, however challenging, present numerous advantages and are in principle a
high precision cosmological probe. Indeed, the growth of overdensities is still well described by linear
perturbation theory and neutral hydrogen can be considered as an unbiased tracer of the underlying
matter distribution, furthermore the signal is free of complications due to hard-to-model astrophysical
processes. All of this makes it possible to give an analytical description of the signal and isolate the
cosmological information.
This thesis aims to generalize existing works on intensity mapping forecasts and develop a formalism
and code to compute the angular power spectrum of 21 cm fluctuations during the Dark Ages and
constrain the growth of structure. We produce forecasts for the ability of future ground-based radio
interferometers, as well as predictions for the proposed radio array on the far side of the Moon, to
constrain models of gravity.
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Chapter 1

Introduction to cosmology

Research in cosmology, so far, has led to the formulation of a standard cosmological model, denomi-
nated ΛCDM, which provides us with a good understanding of the geometry, components and evolution
of the background universe. This concordance model is based on the cosmological principle, which
states that the universe is homogeneous and isotropic on large scales (> 100 Mpc). Isotropy implies
that there is no preferred direction and it’s verifiable with observations. Homogeneity, instead, needs
to be assumed since we are able to make observations only from the Solar System, but it makes logical
sense that we are not a privileged observer.

The universe is currently undergoing a phase of accelerated expansion, as confirmed by many differ-
ent probes. All observational data is consistent with acceleration being provided by a cosmological
constant Λ, or equivalently by an exotic fluid of negative pressure denominated dark energy (DE).

In cosmology, standard particle fields are classified as either radiation or matter, to indicate whether
they are relativistic or non-relativistic. According to observations matter constitutes 31% of the total
energy density of the present day universe, however, standard baryonic matter can account for only
5% and the radiation fraction is negligible. The remaining components are not part of the Standard
Model of particle physics and a lot of ongoing research is focused on understanding their nature. These
are non-baryonic cold dark matter (CDM) and the cosmological constant Λ, from which the ΛCDM
model takes its name. They constitute 26% and 69% of the total energy density, respectively.

In the last few decades, cosmology has entered a precision era with observations of the Cosmic mi-
crowave background (CMB) [1] and the study of the large scale structures (LSS) of the Universe, mainly
with galaxy surveys [2, 3]. Thanks to these probes, we achieved measurements of the free parameters
of the ΛCDM model around the 1% precision level or better and provided stringent constraints on
possible deviations from it.

Despite having passed all observational tests so far, the ΛCDM model still lacks to provide a physical
explanation for its main components (dark matter and dark energy) and there is growing tension
between early and late measurements of some of its parameters. These fundamental questions remain
open and motivate the study of new physics beyond the Standard Model or beyond Einstein’s theory
of gravity.

In this chapter we give a description of the standard cosmological model and introduce some useful
concepts regularly employed in cosmology. Finally, we elaborate further on cosmic acceleration and
its origin. We use natural units (c, ℏ = 1).

1.1 Geometry and evolution of the background universe

According to the theory of General Relativity (GR), the geometry of spacetime is describes by the
metric tensor gµν . Distances are defined by the metric trough the line element

ds2 = gµν(x) dx
µ dxν (1.1)

1



1.1. THE BACKGROUND UNIVERSE CHAPTER 1. INTRODUCTION TO COSMOLOGY

which is invariant under arbitrary transformations of the coordinates xµ. The equations of motion
describing the evolution of the metric are derived from the action

S =
1

2κ2

∫
d4x

√
−g R +

∫
d4x Lm (1.2)

which is the sum of the Einstein-Hillbert action, describing the gravitational sector, and the action
for the matter content of the universe. Here g stands for the determinant of the metric and κ2 is a
positive constant.

The variation of the action above with respect to the metric leads to 10 independent equations of
motion: the Einstein equations

Gµν = κ2 Tµν (1.3)

The Einstein tensor Gµν = Rµν − 1
2Rgµν , containing second derivatives of the metric, encodes the

evolution of the geometry, while the energy-momentum tensor Tµν describes the matter source and it
is defined from the variation of the matter Lagrangian density as

Tµν = − 2√
−g

δLm

δgµν
(1.4)

From the requirement that Newtonian gravity is recovered in the non relativistic and weak field limit,
we find the expression for the constant factor κ2 = 8πG

c4
, where G is Newton’s constant of gravitation.

1.1.1 The Friedmann equations

A spacially homogeneous and isotropic spacetime is described by the Friedmann–Lemâıtre–Robertson–Walker
metric

ds2 = −dt2 + a(t)2
(

dr2

1− k r2
+ r2dθ2 + r2sin2θ dϕ2

)
(1.5)

where we used the signature (−,+,+,+) for the Minkowski metric. The t coordinate is the proper
time of the comoving observer, referred to cosmic time, while (r, θ, ϕ) are the spherical comoving
coordinates. The scale factor a(t) describes the volume expansion in time and determines the relation
between physical and comoving spacial distances rphys = a(t)r. Comoving distances, meaning the
separation between two fixed comoving coordinates, remain constant by definition, while physical
distances increase with the expansion. In this work we adopt the normalization a0 = 1 for the scale
factor at present time. The sign of the curvature parameter k determines the curvature of spacial
hypersurfaces, which are hyperbolic for negative k, euclidean for k = 0 and spherical for positive k.
These equivalence classes correspond to an open, flat or closed universe respectively.

The energy-momentum tensor in the homogeneous and isotropic FLRW universe takes the following
form in the comoving frame

Tµ
ν = diag(−ρ, P, P, P ) (1.6)

where ρ and P are the energy density and pressure to which the various constituents of the universe
contribute. This is the energy-momentum tensor for a perfect fluid in the reference frame comoving
with it, where the 4-velocity is uµ = δµ0 . A more general expression, valid for an arbitrary reference
frame, is

Tµν = (ρ+ P )uµuν + P gµν (1.7)

The Einstein equations for an isotropic and homogeneous universe, described by the FLRW metric,
reduce to the Friedmann equations

H2 =
8πG

3
ρ− k

a2
(1.8)

ä

a
= −4πG

3
(ρ+ 3P ) (1.9)

2



CHAPTER 1. INTRODUCTION TO COSMOLOGY 1.1. THE BACKGROUND UNIVERSE

The dot indicates a partial derivative with respect to cosmic time. The Hubble parameter H = ȧ
a

describes the volume expansion rate of the universe.

In a FLRW universe the energy-momentum conservation law ∇ν T
µν = 0 leads to the continuity

equation
ρ̇+ 3H (ρ+ P ) = 0 (1.10)

However, this equation is not independent from (1.8) and (1.9), since it can also be derived from a
combination of the two. In order to solve the system for a, ρ and P we need to employ the equation
of state of the fluid

P = wρ (1.11)

which provides a third independent equation. The equation of state is Pr = 1/3 ρr for radiation and
Pm ≃ 0 for matter, which has negligible pressure. The cosmological constant is equivalent to a fluid
component with negative pressure P = −ρ.

It is useful to define a critical density corresponding to the total energy density in a flat universe
(k = 0)

ρcrit =
3H2

8πG
(1.12)

Expressing the energy density of each component in units of ρcrit with the density parameter Ω = ρ/ρcrit,
equation (1.8) becomes

Ω + Ωk = 1 (1.13)

where Ωk ≡ − k
a2H2 is the curvature energy density and Ω =

∑
iΩi is the sum of the energy density

contribution from each fluid component. The most stringent constraints on the density parameters
come from the CMB and Baryon Acoustic Oscillations (BAO) data combined [1]:

Ωm,0 = 0.3111± 0.0056
ΩΛ = 0.6889± 0.0056
Ωk,0 = 0.0007± 0.0019

The radiation density today is of the order of Ωr,0 ∼ 10−5, so it is negligible. From these results we
deduce that our universe has negligible spacial curvature but we are unable to determine whether it
is open or closed. The ΛCDM model assumes a spacially flat universe, which is a good approximation
given that we measured |Ωk,0| < 0.0019, even if this configuration has zero probability. We set k = 0
from now on.

The solution to the continuity equation (1.10) for a generic time-dependent equation of state parameter
w(a) is

ρ(t) = ρ0 exp

(
3

∫ 1

a

da′

a′
[1 + w(a′)]

)
(1.14)

If we assume w to be constant the solution becomes

ρ(t) ∝ a−3(1+w) (1.15)

and substituting this expression in (1.8), we find the time evolution of the scale factor

a ∝ t
2

3(1+w) for w ̸= −1

a ∝ eH t , H = const for w = −1
(1.16)

The different constituents of the universe are classified based on their equation of state parameter.
Below is a summary of the evolution of the energy density of each fluid component and the evolution
of the scale factor when such component dominates the energy budget

3



1.2. REDSHIFT AND DISTANCES CHAPTER 1. INTRODUCTION TO COSMOLOGY

Matter w = 0 ρm ∝ a−3 a ∝ t2/3

Radiation w = 1/3 ρr ∝ a−3 a ∝ t1/2

Λ w = −1 ρΛ = const a ∝ eH t

The energy density of each fluid component evolves differently with the scale factor, therefore they
dominate the total energy budget at different epochs. The universe initially went trough a radiation-
dominated phase, followed by a matter dominated epoch. The transition between the two, defined
from the matter-radiation equality condition ρm = ρrad, happens at zeq ≃ 3400. The dark energy
component became dominant only recently at z ≃ 0.03, defined from ρΛ = ρm.

Equation (1.8) can be expressed in terms of the density parameters at present time

E(a) 2 = Ωr,0 a−4 +Ωm,0 a−3 +Ωk,0 a−2 +ΩΛ,0 (1.17)

where E ≡ H/H0 is the dimensionless expansion rate. The Hubble rate evaluated today is usually
written as H0 = 100 h km s−1 Mpc−1, in function of the reduced Hubble constant h.

Another useful relation can be found from (1.12) and (1.15)

ρi(a) = Ωi,0 ρcrit,0 a
−3(1+wi) (1.18)

from which we see that the measure of the contribution to the energy density budget of the single
components constraints the parameter combination ωi,0 ≡ Ωi,0 h

2. The expression for the matter
density contrast then becomes

Ωm(a) ≡ ρm
ρcrit

=
8πGρm
3H2

=
Ωm(0) a

−3

E2(a)
(1.19)

where in the last passage we used ρm ∝ a−3 and ρcrit ∝ H2

1.2 Redshift and distances

Apart from the recent developments in gravitational wave astronomy, our knowledge of the universe
is based on the observation of light emitted from distant sources. While light travels, its wavelength
is stretched with the expansion as λ ∝ a. This is consistent with the result E ∝ a−1, coming from the
geodesic motion of massless particles in a FLRW metric, once we consider the relation E = p = h/λ.

The redshift is defined as the as the fractional wavelength shift between the observed and emitted
photons

z =
λobs − λem

λem
=

a0
a

− 1 =⇒ 1 + z =
a0
a

(1.20)

In cosmology the redshift and the scale factor can be used as time variables instead of t.

The comoving radial distance between some source of light and us is

χ(t) =

∫ 0

r
dr′ =

∫ t0

t

c dt′

a(t′)
=

∫ 1

a

c da′

a′2H(a′)
=

∫ z

0

c dz′

H(z′)
(1.21)

where we have used the fact that, for a radial null path in the FRLW universe, we have
ds2 = 0 −→ cdt = adr. At small redshifts, the comoving distance is well approximated by χ = z/H0,
which is the Hubble law, verified in the local universe.

A relevant distance in cosmology is the comoving horizon

dH =

∫ t

0

cdt′

a(t′)
= η (1.22)

4



CHAPTER 1. INTRODUCTION TO COSMOLOGY 1.3. INHOMOGENEOUS UNIVERSE

which is the maximum distance that light could have travelled since the beginning of the standard
FRLW universe, set at t = 0. Regions separated by a larger distance haven’t been causally connected
since t = 0. This is also the expression for the conformal time η, defined from cdt = a dη, in which
the FRLW line element takes the form ds2 = a2(t) [−dη2 + dr2 + r2dΩ2 ].

Distances cannot be measured directly in cosmology, but need to be deduced by the observed light
signals. There are several definitions of distance, depending on the chosen observables.

Angular diameter distance
defined from the angle θ subtended by an object of known physical lengthD (standard ruler), assuming
zero curvature and that the angle is small

dA =
D

θ
= aχ

Angular luminosity distance
defined from the measured luminosity flux of a source of known absolute luminosity L (standard
candle)

F =
L

4πd2L
=

La2

4πχ2
−→ dL =

χ

a

For the second passage we considered that the energy per unit time passing through a sphere of
comoving radius χ decreases by a factor a2 because both the energy and the rate of arrival of the
photons decrease by a factor a in an expanding universe.

The relation between the two is dL = (1 + z)2dA, so these definitions coincide in the local universe
but diverge with increasing redshift.

1.3 Inhomogeneous universe

The Friedmann equations describe the evolution of the smooth background, however, locally the
universe has highly inhomogeneous and anisotropic structure. The large-scale structures that we
observe today evolved through gravitational instability from primordial density fluctuations generated
by inflation, which at the time of last scattering were of order 10−4.

Given that fluctuations are small in the early universe we can describe their evolution with linear
perturbation theory. On large enough scales, perturbations are still in the linear regime today, while
on small scales fractional fluctuations grew above order one at some point in cosmic history and the
perturbative regime ceased to be valid.

The metric perturbed at first order around the flat FLRW background, in the Newtonian gauge1, is

ds2 = −[ 1 + 2Ψ(x⃗, t) ] dt2 + a2(t)[ 1− 2Φ(x⃗, t) ] δij dx
idxj (1.23)

With this gauge choice, the scalar metric perturbations Ψ and Φ coincide with the Bardeen potentials,
which are gauge invariant quantities.

Perturbations in the energy-momentum tensor traduce into fractional energy density fluctuations and
pressure fluctuations, defined from

ρ(x⃗, t) = ρ(t) [ 1 + δ(x⃗, t) ] P (x⃗, t) = P (t) + δP (x⃗, t) (1.24)

and peculiar velocities v⃗(x⃗, t), defined as the difference between the local fluid velocity with respect
to the background. We use a bar to indicate the background quantities. In this work we neglect
anisotropic stress and consider adiabatic pressure.

1The Newtonian or longitudinal gauge corresponds to the choice of vanishing off-diagonal metric perturbations

5



1.3. INHOMOGENEOUS UNIVERSE CHAPTER 1. INTRODUCTION TO COSMOLOGY

The evolution of cosmological perturbations is derived from the linearized Boltzmann equations for
each component (CDM, baryons, photons, neutrinos) and two independent Einstein equations for
the Bardeen potentials. For the scope of this work we are interested in the sub-horizon evolution of
matter fluctuations well into the matter-dominated epoch. At this time baryons are decoupled from
the photons and follow the dark matter evolution closely, so we can consider the total matter density
contrast

δm(x⃗, t) =
δρm
ρm

=
δρcdm + δρb
ρcdm + ρb

In this regime matter density fluctuations satisfy the Poisson equation and the continuity and Euler
equation for a pressureless Newtonian fluid

δ̇m + 1
a∇⃗ · v⃗ = 0

˙⃗v +Hv⃗ = 0

1
a2
∇2Φ = 4πGρm δm

(1.25)

Here gradients are in comoving coordinates and derivatives are taken with respect to cosmic time. In
Fourier space, this system of equations translates into

δ̇mk⃗
+ ikv

k⃗
= 0

v̇
k⃗
+Hv

k⃗
= 0

k2Φ
k⃗
= −4πGa2 ρm δmk⃗

(1.26)

where we have used the fact that the velocity field is irrotational in cosmology so in Fourier space we
have v⃗

k⃗
= v

k⃗
k̂. This follows from the fact that peculiar velocities decay with the expansion as a−1

and there are no sources of turbulence on cosmological scales to sustain the vortical component of the
velocity field. Only the peculiar velocity component tangent to the field lines of the gravitational field
sourced by matter remains. The Fourier transform of the previously defined quantities are indicated
with a k⃗ subscript.

By substituting the three equations in the system (1.26) into the time derivative of the continuity
equation, we find the equation equation for the evolution of matter density fluctuations

δ̇mk⃗
+ 2Hδ̇mk⃗

− 4πGa2ρ δmk⃗
= 0 (1.27)

In order to describe the growth of matter perturbations it is useful to define the linear growth rate

f ≡ d ln δ

d ln a
=

δ̇

Hδ
(1.28)

Substituting this definition in the continuity equation we find an expression connecting the peculiar
velocity gradient to the matter density field, which we report also in Fourier space

∇⃗ · v⃗ = −aHfδm =⇒ v
k⃗
=

ifaHδmk⃗

k
(1.29)

1.3.1 Statistics

Correlations functions are an important tool in cosmology because it’s only possible to predict the
average statistical properties of the universe from any given theory. The average needs to be taken
over the ensemble of all possible realizations of the underlying cosmological model, however, this is
not possible in practice since we have only one universe to observe. This problem is circumvented with
the fair sample hypothesis, which states that well separated areas of the universe can be considered
as independent realizations of the same physical process. Following this reasoning we can replace the
ensemble average with a spatial average.

6



CHAPTER 1. INTRODUCTION TO COSMOLOGY 1.3. INHOMOGENEOUS UNIVERSE

The limit in the number of patches over which the average is performed introduces an uncertainty,
called cosmic variance, that cannot be removed by improving the sensitivity of the experiment and
increases when considering larger scales.

The 2-point correlation function for a generic fluctuation field δ(x⃗, t) is the ensemble average of the
product between the field evaluated at two different points in space x⃗1 and x⃗2 and at the same time

ξ(x⃗1, x⃗2, t) = ⟨δ(x⃗1, t) δ∗(x⃗2, t)⟩ (1.30)

For a gaussian random field, the full statistical information is encoded in the 2-point function and
all higher orders correlations are set to zero. If the field is isotropic, the 2-point correlation function
depends only on the modulus of the distance between the two points r⃗ ≡ x⃗1−x⃗2, so we have ξ = ξ(r, t).
We express the time-dependence with redshift from now on.

It can be useful to carry out analyses in Fourier space, where the 2-point statistical information is
encoded in the power spectrum P (k, z), defined from the relation

⟨δ∗(k⃗1, z) δ(k⃗2, z)⟩ = (2π)3δD(k⃗1 − k⃗2)P (k, z) (1.31)

δ(k⃗, z) is the Fourier transform of the field and δK is the Dirac delta function. In the isotropic case
the power spectrum depends only on the modulus of the wavevector |⃗k|. It’s immediate to see that
the power spectrum is the Fourier transform of the 2-point correlation function

ξ(r, z) =

∫
d3k

(2π)3
eik⃗·r⃗P (k, z) (1.32)

The dimensionless power spectrum ∆(k) = k3

2π2 P (k) is also often used in the literature.

When considering a thin redshift slice centered in z, observables need to be projected on a sphere.
In order to do so we expand the field δ(x⃗, z) in spherical harmonics with coefficients δℓm(z) and use
the relation ⟨δ∗ℓmδℓ′m′⟩ = δKℓℓ′ δ

K
mm′ Cℓ coming from the statistical isotropy requirement, where δK is the

Kronecker delta. After these passages(1.30) becomes

ξ(n̂1, n̂2, z) = ⟨δ∗(n̂1, z)δ(n̂2, z)⟩ =
∞∑
ℓ=0

2ℓ+ 1

4π
Pℓ(n̂1 · n̂2)Cℓ(z) (1.33)

where Pℓ is the Legendre polynomial of order ℓ and n̂ is the line of sight direction. As a consequence of
isotropy, the correlation function depends only on the angular separation between the two directions.
The angular power spectrum is

Cℓ(z) = ⟨δ∗ℓm(z) δℓm(z)⟩ = 2

π

∫
dk k2 P (k, z) j2ℓ (k χ) (1.34)

where jℓ is the spherical Bessel function of order ℓ and χ is the distance along the line of sight. This
is derived starting from the expression for the spherical harmonics coefficients, combined with the
Fourier transform of the density field

δℓm(z) =

∫
dΩY ∗

ℓm(n̂)

∫
d3k

(2π)3
eix⃗·⃗k δ(k⃗, z) (1.35)

For realistic experiments, the finite frequency resolution needs to be taken into account with a window
function

δ(n̂, z) =

∫ ∞

0
dχWz(χ) δ(n̂, χ) (1.36)

The window function Wz(χ) is typically taken as a top-hat or a gaussian centered at redshift z with
width corresponding to the resolution of the experiment.

7



1.3. INHOMOGENEOUS UNIVERSE CHAPTER 1. INTRODUCTION TO COSMOLOGY

Introducing anisotropy

Relation (1.34) changes in presence of line of sight effects that introduce anisotropy in the power
spectrum. Angular dependence in the power spectrum can be traduced into derivatives of the spherical
Bessel functions following the prescription

µpeik⃗x⃗ −→ (−i)(p)jpℓ (k χ) (1.37)

where µ ≡ x̂ · k̂ is the cosine of the angle between the line of sight and the wave vector of the Fourier
mode. For numerical applications it’s useful to rewrite the spherical Bessel functions’ derivatives
following the recurrence relation

j′ℓ(x) =
ℓ

2ℓ+ 1
jℓ−1(x)−

ℓ+ 1

2ℓ+ 1
jℓ+1(x) (1.38)

Another possibility is to translate the angular dependence into derivatives of the window function, as
detailed in [4], with the prescription

µWz(χ) −→ −i

k

∂Wz(χ)

∂χ

1.3.2 The matter power spectrum

Statistical information about the distribution of matter and its evolution is contained in the power
spectrum of linear matter density fluctuations P (k, z), defined from

⟨δ∗m(k⃗, z)δm(k⃗′, z)⟩ = (2π)3δK(k⃗ − k⃗′)P (k⃗, z) (1.39)

where δm(k⃗, z) is the Fourier transform of the total matter density contrast. The matter power
spectrum at some redshift z is related to the primordial power spectrum P(k) generated during inflation
through the linear growth factor D(z) and the transfer function T (k, z)

P (k, z) = D(z)2 T (k, z)2 k4 P(k) (1.40)

The power spectrum of primordial scalar fluctuations can be written as a power law

P(k) =
2π2

k3
As

(
k

k∗

)ns−1

(1.41)

As is its amplitude at an arbitrary pivot scale k∗, chosen as k∗ = 0.05 Mpc−1 by convention, and ns is
the primordial scalar spectral index. The scale-dependence of the primordial power spectrum is close
to k−3, since ns = 0.9649± 0.0044 (from the Planck TT,TE,EE+lowE data [1].

The linear growth factor is defined as

δm(z) = D(z) δm(0) (1.42)

and accounts for the the scale-independent evolution of matter perturbations. The transfer function
contains the scale dependent evolution and it is defined as T (k) = Φ(k, z)/Φ(0, z) with z well-into
the matter dominated epoch, when the evolution becomes scale-independent The k4 dependence in
(1.40) comes from relating matter density fluctuations to the gravitational potential with the Poisson
equation.

The exact solution for the transfer function has to be found numerically by solving the system of
Boltzmann and Einstein equations which describes the evolution of cosmological perturbations at
linear order. This can be done with publicly available codes like CLASS 2 [5]. An analytical fitting
formula, reproducing the numerical results with precision below 5%, is provided in [6].

The matter power spectrum has been constrained by numerous independent probes (see Figure 1.1) and
measurements of increasing precision on large scales are expected to come with the next generation of
galaxy surveys. In the following sections we identify two regimes in the scale-dependence and describe
its main features.

2http://www.class-code.net
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Figure 1.1: Constraints on the linear matter power spectrum at z = 0 from different probes and prediction
from the ΛCDM model (solid black line). Plot taken from [7]. The dotted gray line is obtained by taking into
account non linear evolution on small scales.

Growth of CDM fluctuations

In adiabatic conditions, perturbations stay constant super-horizon, where the power spectrum scales
as the primordial one P ∝ kns−4 ≃ k−3. On sub-horizon scales, matter perturbations grow differently
depending on the dominant component in the energy budget. CDM perturbations grow logarithmically
with the scale factor (∝ ln a) during the radiation dominated epoch and linearly (∝ a) after matter-
radiation equality. The growth slows down again at late times due to the accelerated expansion. In
absence of baryons and anisotropic stress, the scale dependence in the growth arises from different
modes entering the horizon at different times:

• Modes entering the horizon well before matter-radiation equality (k ≫ keq) grow in a scale-
independent way during the matter dominated epoch and the power spectrum keeps the scale-
dependence gained from the evolution during the radiation epoch P (k) ∝ kns−4(ln k)2.

• Modes entering the horizon well into the matter era (kΛ ≪ k ≪ keq) grow by a quantity
δm(a)/δm(ahc) ≃ a/ahc = (η/ηhc)

2 ∼ ηk2 . In the last two passages we used the fact that the
conformal time at horizon crossing is ηhc = 1/k ad η ∝ a1/2 during matter domination. The
power spectrum gains the dependence P (k) ∝ kns over these scales.

When the cosmological constant becomes the dominant component, the growth slows down while
remaining scale-independent, so the shape of the power spectrum on scales already inside the horizon
is not affected.

Baryons Acoustic Oscillations

The presence of baryons brings observable changes in the matter power spectrum, even if they con-
stitute only a small fraction of the total matter energy density. Prior to recombination, photons and
baryons are coupled by very efficient Compton scattering and behave like a single fluid. Acoustic waves
propagate in the baryon-photon fluid with speed cs = 1√

3(1+R)
, where R = 3ρb/4ργ , until baryons

decouple from the photons at tdec. Before decoupling, the sound waves can travel for a comoving

9
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distance

rs(tdec) =

∫ tdec

0
dt
cs(t)

a(t)

referred to as the sound horizon. This scale remains imprinted in the matter distribution as a
peak at r ∼ 100h−1 Mpc in the 2-point correlation function, which traduces into oscillations at
k ≳ 0.01h Mpc−1 in the matter power spectrum, known as baryon acoustic oscillations (BAO). Acous-
tic waves propagating in the baryon-photon fluid also leave a series of peaks in the angular power
spectrum of the CMB (acoustic peaks).

After decoupling from the photons, baryons fall into the gravitational potential wells created by CDM
fluctuations, which were free to grow in the meantime, and soon catch up with the CDM evolution.
Therefore we can use the same transfer function for both and consider the evolution of the total matter
density. Since baryon fluctuations don’t grow before decoupling, the presence of a baryon fraction in
the total matter energy density determines a step-like suppression of the power spectrum on scales
below the sound horizon, with respect to its amplitude in a cold dark matter only scenario.

The BAO scale provides a standard ruler and, if measured at different redshifts, can be used to
reconstruct the expansion history of the background universe. The BAO feature has already been
detected with high significance in the galaxy distribution [3].

1.4 Cosmic acceleration

Cosmic acceleration was discovered in 1998 [8], when a negative value for the deceleration param-
eter q0 ≡ −ä/aH2

t0 was measured from a sample of 10 type Ia supernovae in the redshift range
0.16 < z < 0.62. This result was later confirmed by a variety of independent probes, including the
CMB, the BAO feature in the matter power spectrum and other measures with standard candles.

The mechanism behind the observed cosmic acceleration is still under discussion and understanding
its nature represents one of the main challenges of modern cosmology. Possible explanations currently
under research are the presence of an additional matter field (usually a scalar) in the context of
GR, deviations from General Relativity on cosmological scales or interaction in the dark sector. No
observational signature of any of these theories has been detected so far.

1.4.1 The cosmological constant

The observed accelerated expansion is consistent with a constant term −2Λ added to the Einstein-
Hillbert lagrangian, which is not prohibited by its symmetries.

S =
1

2κ2

∫
dx4

√
−g (R− 2Λ) +

∫
dx4 Lm (1.43)

This results in an extra term in the Einstein equations

Gµν + Λ gµν = κ2 Tµν (1.44)

which can also be interpreted as part of the energy-momentum tensor

Gµν = κ2 (Tµν + T (Λ)
µν ) with T (Λ)

µν = − 1

κ2
Λ gµν (1.45)

For a homogeneous and isotropic universe, this traduces into an extra term Λ
3 added to both Friedmann

equations, which corresponds to an additional effective fluid component (dark energy) with energy
density ρΛ = Λ

8πG and equation of state parameter wΛ = −1 constant at all redshifts.

Distinctive observational features of the cosmological constant are a smooth DE fluid with constant
energy density. Measuring a time-varying dark energy equation of state or a signature of dark energy
perturbations would exclude this scenario.

10
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Problems with the cosmological constant

Despite being the simplest model to justify the accelerated expansion and being consistent with all
observations, the cosmological constant is affected by several issues that cannot be overlooked.

One of the main problems is that there is no theoretical motivation for the small value of Λ that we
observe. A possible physical explanation would be that Λ is the vacuum energy contribution from all
particle fields, however, the value of Λ predicted from quantum field theory is larger that the measured
value by 120 orders of magnitude [9]. This result could either mean that there are some unaccounted-
for effects in the calculation, for example a missing prescription for the correct computation of the
vacuum contribution or a new component canceling out the vacuum energy very precisely, or that the
cosmic acceleration has different origin.

Another issue, generally referred to as the cosmic coincidence problem [10, 11], is that at present
time we observe an energy density associated with the cosmological constant of the same order of
magnitude of the matter energy density, despite their different evolution with the expansion. This
requires their ratio in the early universe to be tuned to a specific very small value.

Furthermore, it is to be noted that a cosmological constant cannot be responsible for inflation since
the phase of accelerated expansion needs to end for the standard radiation-dominated phase to begin.
However, once Λ becomes the dominant component in the energy budget of the universe, it gives rise
to a phase of exponential expansion with no end.

1.4.2 Dynamical dark energy

If we exclude the cosmological constant because of the aforementioned problems and assume that
General Relativity is correct, the accelerated expansion could be explained by an additional dynamical
degree of freedom (d.o.f.), which corresponds to a perfect fluid with a time-varying equation of state
parameter wDE(a). At late time this needs to be nearly constant around −1 in order to reproduce
observations.

The simplest class of models with these characteristics is quintessence, where the additional d.o.f. is a
canonical scalar field minimally coupled to gravity with a potential flat enough to undergo a slow-roll
phase, in analogy with the well-studied single field inflation models.

An advantage of quintessence is that both inflation and the late time acceleration can be explained
within the same model. It is also possible to explain cosmic coincidence with the tracking behavior
of the dynamical field, without the need to fine-tune initial conditions [11]. However, quintessence
models are still plagued by fine-tuning problems and can be difficult to motivate from a particle physics
standpoint because of the very low mass scale that they introduce. In fact, the scalar field needs to
have mass mϕ ≲ H0 ∼ 10−33eV [12] in order to realize the observed accelerated expansion.

1.4.3 Modified gravity

Another possibility to explain the accelerated expansion is that General Relativity is not a good
description for gravity on cosmological scales. While GR has been tested to high precision in the Solar
System, it’s still not very well constrained on large scales, where the possibility of deviations from it
is still open.

Modified gravity theory introduce at least one new degree of freedom in the gravitational sector. This
traduces into an additional interaction, commonly referred to as the fifth force, which should have long
range on the background in order to reproduce the cosmic acceleration. The presence of a fifth force
implies violation of the strong equivalence principle, while the weak equivalence principle could still
be satisfied, provided that the coupling to standard matter fields is universal. Since the presence of
an additional interaction is strictly constrained by local gravity experiments, viable modified gravity
theories should include some type of screening mechanism for the fifth force acting in high density
environments in order to recover GR to high precision in the Solar System.

11
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It is to be noted that the distinction between modified gravity and dark energy models is not straight
forward because any modification to the gravitational sector can be interpreted in the equation of
motion as an additional component to the energy momentum tensor, in analogy with (1.45), and
therefore as a modification of the matter source. Models in which the extra d.o.f affect the other fields
only by interacting with them gravitationally according to GR, are generally referred to as standard
dark energy scenarios. The strong equivalence principle is not violated in this case. Instead, models
that introduce a fifth force and therefore violate the strong equivalence principle are referred to as
modified gravity. This includes interacting dark energy.

12



Chapter 2

21 cm Line Intensity Mapping

To this day, only a small portion of the history of the universe is accessible with direct observations.
The CMB lets us observe a small redshift window in the early universe, at z ∼ 1100. Most galaxy
surveys, on the other hand, are confined to the range 0 < z ≲ 1 because they target discrete objects and
a high threshold on the signal-to-noise ratio is needed in order to distinguish the candidate sources from
noise fluctuations. Consequently, galaxy surveys rapidly lose effectiveness with increasing redshift, as
sources become more faint.

Line Intensity Mapping (LIM) [13] is an emerging technique in observational cosmology that could
give access to higher redshifts and larger scales compared to other probes and therefore allow to test
the ΛCDM model with high precision over unexplored epochs. It consists in measuring the integrated
emission of atomic or molecular spectral lines originating from individually unresolved galaxies and
the diffuse intergalactic medium (IGM). LIM is therefore sensitive to all the sources that emit in the
chosen line, giving access to sources that are too faint to be detected individually and thus enabling
to probe higher redshifts than galaxy surveys.

Another advantage of using spectral lines is that the frequency at which the line is observed today can
be used to deduce the redshift information with high precision, which corresponds to a high resolution
on the distance along the line of sight. Precise redshift information combined with the possibility to
gather data on a wide range of redshifts allow to perform tomographic analysis with thin redshift bins
and reconstruct the evolution of the LIM signal for extended epochs in the history of the universe.

LIM also requires lower resolution, since the single sources don’t need to be detected individually.
This allows for instruments with a wider instantaneous field of view that can scan large portions of
the sky in a short time. As a consequence, LIM surveys are cheaper than current galaxy surveys
and able to cover larger volumes. Because of these characteristics, LIM is an optimal technique to
track the growth of density perturbations across cosmic time and gives the possibility to improve
the constraints on the ΛCDM model parameters and possibly detect deviations from it implying new
physics, as discussed in [14] [15].

A number of different spectral lines are relevant in cosmology, among which CO rotational lines, CII
fine structure lines [16] and the Lyα and 21 cm line of the hydrogen atom. In this work we consider
the 21 cm line (or HI line) emission of neutral hydrogen from the Dark Ages, before the formation of
the first stars. During this epoch the baryonic matter content of the universe is constituted mainly of
neutral hydrogen and the 21 cm emission is the only tracer of cosmic structure.

Observations at such high redshifts are challenging but they present numerous advantages: during
the Dark Ages neutral hydrogen can be considered as an unbiased tracer of the underlying matter
distribution and density fluctuations are small enough to be described by perturbation theory on all
scales [17], making it possible to give an analytical description of the signal in function of cosmolog-
ical parameters. Furthermore, while CMB fluctuations are erased by Silk damping below the scale
ksilk ∼ 0.15 Mpc−1, fluctuations in the hydrogen distribution can develop down to the Jeans scale
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kJ ∼ 300 Mpc−1 after last scattering, allowing to probe smaller scales with respect to the CMB. At
last, during the Dark Ages the 21 cm signal has no astrophysical dependence, which is a great ad-
vantage since it is often difficult to model astrophysical processes with enough precision to isolate the
cosmological information, as discussed in [15].

In this chapter we introduce some concepts about the 21 cm line of neutral hydrogen and we model
the 21 cm signal from the Dark Ages, following mainly the references [18], [19] and [20].

2.1 Physics of the 21 cm line

The 21 cm line is the spectral line corresponding to the hyperfine splitting of the 1S ground state of
neutral hydrogen into a singlet and triplet state. The transition between the two is known as spin-flip
transition. The energy difference between the two states is E21 = 5.9× 10−6eV and corresponds to a
wavelength of 21 cm and to a frequency of 1420 MHz. These are well known and precisely measured
quantities in physics.

2.1.1 The spin temperature

The signal from 21 cm line transitions can be described in terms of its excitation temperature, which
is known as the spin temperature and is defined as follows

n1

n0
=

g1
g0

e−T∗ / Ts (2.1)

The spin temperature Ts quantifies the relative number density of hydrogen atoms in the two hyperfine
levels of the ground state, which here are labeled by the subscript 0 for the 1S singlet state and 1
for the 1S triplet state. g0 = 1 and g1 = 3 are the statistical degeneracy factors of the singlet and
triplet state and T∗ ≡ ∆E21/kB = 68 mK is the temperature corresponding to the energy splitting
between the two levels. It is important to note that the approximation T∗ ≪ Ts holds for all cases of
astrophysical interest.

The spin temperature is determined by the balance of all the processes causing transitions between
the two hyperfine levels. Its expression is derived here following reference [20].

The spontaneous decay rate of the triplet state is given by the Einstein coefficientA10 = 2.85× 10−15s−1,
which translates into a lifetime lifetime of τ = 11Myr. Radiative and collisional transitions due to
interactions of the hydrogen atoms with the environment happen on a much smaller timescale and
hence drive the evolution of the spin temperature, making this quantity sensitive to the density and
thermal state of the intergalactic medium. A brief description of these processes follows:

• Absorption and induced emission of 21 cm photons
The excitation and de-excitation rates due to 21 cm photon absorption and emission can be
written as [21]

P01 = A10 +B10Iν P10 = B10Iν (2.2)

where Iν is the specific intensity of the 21 cm radiation and

B10 =
c3

2hν3
A10 B01 =

g1
g0

B10 (2.3)

are the appropriate Einstein coefficients.

Their ratio can be expressed in terms of the brightness temperature of the 21 cm radiation TR

P01

P10
=

A10 +B10Iν
B10Iν

≃ 3

(
1− T∗

TR

)
(2.4)

The primary source of 21 cm photons during the Dark Ages is the CMB, so for the rest of this
work TR will be identified with the CMB temperature Tγ . The relations between the Einstein
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coefficients and the Rayleigh-Jeans law1, together with the T∗ ≪ TR approximation, were used
in the second step.

• Collisions with H atoms, free electrons and free protons:
The ratio between the collisional excitation and de-excitation rates can be derived from detailed
balance:

C01

C10
=

n1

n0
= 3e−T∗/ Tk ≃ 3

(
1− T∗

Tk

)
(2.5)

where Tk is the kinetic temperature of the neutral hydrogen gas and the T∗ ≪ Tk approximation
was taken at the end.

• Scattering of Lyα photons
Also called Wouthuysen-Field effect, the scattering with UV light can cause a spin-flip transition
with an intermediate excited state. The effective color temperature Tα of the UV radiation field
is defined as

PLyα
01

PLyα
10

≡ 3

(
1 +

T∗
Tα

)
(2.6)

In most situations of interest Tc = Tk is a good approximation, as proved in [20].

The processes mentioned above happen on a timescale smaller than the Hubble time by several or-
ders of magnitude so the steady-state approximation applies to the evolution of the hyperfine states
populations [22]

n0 (B01 Iν + C01 + PLyα
01 ) = n1 (A10 +B10 Iν + C10 + PLyα

10 ) (2.7)

Finally, the spin temperature can be expressed as a weighted average of Tγ , Tk and Tα by combining
equations (2.1) and (2.7)

Ts =
T∗ + Tγ + ykTk + yαTα

1 + yk + yα
(2.8)

where yk and yc are efficiency coefficients

yk =
T∗
Tk

C10

A10
, yα =

T∗
Tc

PL
10

A10
(2.9)

The collisional de-excitation rate is given by the sum of the contributions from collisions with free
electrons, protons and other neutral hydrogen atoms: C10 = CH + Ce + Cp with

CH = κxHI nH Ce = γe (1− xHI)nH Cp = 3.2κ (1− xHI)nH (2.10)

Fitting formulas for the effective coefficients κ and γe in function of the gas temperature, valid in the
range 10 < Tk < 104, are given in [23]

κ = 3.1× 10−11 Tk
0.357 exp(−32/Tk) cm

3 s−1 (2.11)

log10(γe/cm
3s−1) = −9.607 + 0.5 log10(Tk) exp[−(log10 Tk)

4.5/1800] (2.12)

The Lyα coefficient can be set to zero during the Dark Ages since there are no sources of UV light
before the ignition of the first stars. The ionization fraction is close to zero, so Ce and Cp are negligible
with respect to CH .

1The 21 cm photons belong to the low-energy tail of the CMB spectrum, where the hν21 ≪ kBTγ limit holds and the

black body spectrum is described by the Rayleigh-Jeans law Iν(T ) =
2 ν2kB

c2
T
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2.1.2 21 cm brightness temperature

The spin temperature is not directly observable. What can be measured is the brightness temperature
of the neutral hydrogen cloud in contrast with a background radio source, in this case the CMB. This
corresponds to the net emission or absorption of 21 cm CMB photons from the neutral hydrogen cloud,
described by the equation for radiative transfer along the line of sight [21], which can be written in
terms of the brightness temperature T using the Rayleigh-Jeans law

dIν
dτν

= −Iν + Sν =⇒ dT

dτν
= −T + Ts (2.13)

Here τν is the optical depth of the hydrogen cloud, Sν is the source function,given by the ratio of the
emission and absorption coefficients, and Ts is the excitation temperature of the medium, in this case
the spin temperature.

For a cloud of uniform spin temperature, the emerging brightness temperature is

T = T0 e−τν + Ts(1− e−τν ) (2.14)

with T0 = Tγ since the background source of 21 cm radiation is the CMB. The 21 cm brightness
temperature in contrast with the CMB is then given by

T21 ≡ T − Tγ = (Ts − Tγ)(1− e−τν ) ≃ (Ts − Tγ) τν (2.15)

The optically thin medium limit τν ≪ 1 was taken in the last step.

The optical depth of the H cloud is written as in [19]

τν =

∫ s

0
αν ds =

3c3A10

32πν321

T∗
Ts

xHI nH

(1 + z)∇∥u∥
(2.16)

where xHI is the fraction of neutral hydrogen and ∇∥ u∥ is the comoving gradient of the proper
velocity of the gas along the line of sight, including both the Hubble expansion and peculiar velocity
contribution. It can also be written as

(1 + z)∇∥ u∥ = H(z)

[
1 +

(1 + z)

H(z)
∇∥v

pec
∥

]
(2.17)

Because of cosmological redshift, we observe the 21 cm line at a frequency νobs = ν21/(1 + z) and the
observed 21 cm brightness temperature is

T obs
21 =

T21

1 + z
=

Ts − Tγ

1 + z
τν =

3hc3A10

32πBν221

xHI nH

(1 + z)∇∥u∥

(
1− Tγ

Ts

)
(2.18)

2.2 Evolution of the global signal

The 21 cm temperature is sensitive to the density and thermal state of the medium, so its global
evolution, described in [18] and shown in Figure 2.1, can provide information about astrophysical
processes taking place at different redshifts. In particular, it has the potential to track the formation
of the first stars and galaxies and give some unprecedented insight into the physics of reionization [24].

From (2.8) and (2.18) it is clear how radiative processes tend to drive Ts towards the CMB temperature,
bringing the 21 cm signal to zero. Instead collisional processes and the Wouthuysen-Field effect couple
Ts with the kinetic temperature of the gas Tk. The 21 cm signal is then observed in absorption (T21 < 0)
if the gas is colder than the CMB and in emission (T21 > 0) if the opposite is true. Based on these
characteristics, it is possible to identify different regimes for the global 21 cm signal, for which a
qualitative description is given below.
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Figure 2.1: Evolution of the average 21 cm global brightness temperature, taken from [18]. Color represents
the amplitude of the T21 signal in absorption (blue) or emission (red)

• In the early universe the collisional couplings are very effective due to the high gas density
and drive the spin temperature towards the kinetic temperature of the gas Ts ≃ Tk. After
recombination and baryon decoupling, the interactions between the residual free electrons and
CMB photons maintain the gas thermally coupled to the CMB (Tk = Tγ). In this regime we
have Ts ≃ Tk = Tγ and the 21 cm signal remains close to zero, even if the medium is constituted
mainly of neutral hydrogen.

• The 21 cm signal first arises during the cosmic Dark Ages around z ∼ 200 [25], after baryons
thermally decouple from the photons and undergo adiabatic cooling with the expansion. We now
have Ts ≃ Tk < Tγ and the 21 cm signal is observed in absorption. As the gas density decreases
with the expansion, collisional couplings become progressively less effective and the 21 cm signal
decreases in amplitude until it goes to zero towards the end of the Dark Ages (z ∼ 30), when
the radiative coupling with the CMB prevails and Ts ≃ Tγ .

• With the ignition of the first luminous sources (Cosmic Dawn), around z = 20, the emitted UV
light couples the spin temperature to the cold gas via the Wouthuysen-Field effect. We expect
a strong 21 cm signal in absorption, with spacial fluctuations depending on the local Lyα flux.

• As star formation progresses, the X-ray emission from the new light sources heats the IGM
above the CMB temperature and the 21 cm signal transitions from absorption to emission, with
fluctuations mainly depending on the local gas temperature and ionization fraction. Heating
progresses and we reach the regime Ts ≃ Tk ≫ Tγ , where the dependence on Ts in equation
(2.20) can be neglected.

• Sometime between z ≃ 15− 6 the light sources ionize the surrounding regions, where the 21 cm
signal goes to zero because they don’t contain any neutral hydrogen. As the ionization bubbles
grow, the global 21 cm signal decreases, until it becomes zero when all the IGM becomes ionized.

• After reionization the 21 cm signal originates only from residual neutral hydrogen clouds that
remain in the denser regions of the IGM.

2.3 21 cm fluctuations

Fluctuations in the 21 cm brightness temperature during the Dark Ages trace the underlying cosmic
structure with no bias and no dependence on astrophysics. At this time density fluctuations are small
and their evolution is still described by linear theory. Thanks to all of these factors, observations of
the 21 cm signal from the Dark Ages have the potential to constrain cosmological parameters with
high precision.
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In this section we derive the expression for the linear fluctuations in the 21 cm brightness temperature
from the Dark Ages and their angular power spectrum. From now on T obs

21 will be referred to as T21

for the simplicity of notation. All relativistic effects are neglected in this work. Their contribution
is shown to be subdominant in [26], where the 21 cm angular power spectrum is derived from the
relativistic Boltzmann equation.

The expression for the observed 21 cm brightness temperature (2.18), expanded at linear order in all
possible sources of spacial fluctuations, takes the form [27]

T21 ≃ T 21(1 + δv) + fb δb + fT δT (2.19)

where T 21(z) is the global 21 cm brightness temperature, defined by setting all perturbations to zero
in (2.18) and depending only on the redshift. It is given by

T 21 =
3hc3A10

32πkBν221

xHI nH

(1 + z)H(z)

(
1− Tγ

T s

)
(2.20)

δb and δT are the relative fluctuations in the baryon density and gas temperature, respectively. During
the Dark Ages we can take δb = δH , up to negligible corrections. The perturbation in the expansion
rate is defined from (2.17) as

δv ≡ − (1 + z)

H(z)
∇∥v

pec
∥ (2.21)

Fluctuations in the CMB temperature and ionization fraction are negligible, since δTγ ∼ 10−5 and
xe ∼ 10−4 during the Dark Ages. The expansion coefficients for the different sources of fluctuations
are function of the redshift only. Analytic expressions for fb(z) and fT (z) can be found in Appendix
B of [28].

The evolution of the gas temperature, indicated now with T instead of Tk, can be derived from the
first law of thermodynamics as in [17]

Ṫ − 2

3

ṅH

nH
T =

2

3
q̇c (2.22)

Here q̇c is the Compton heating rate per particle q̇c =
3
2Γc(Tγ − T ) and Γc is the Compton scattering

rate, which is proportional to xe T
4
γ . The hydrogen number density changes in time because of recom-

bination and photo-ionization and because of the the expansion. The first order perturbed equation
for the evolution of temperature fluctuations is then

δ̇T − 2

3
δ̇b + Γc

Tγ

T
δT = 0 (2.23)

where fluctuations in xe and Tγ are being neglected as before.

The solution can be written as

δT (x⃗, z) = C(z) δb(x⃗, z) (2.24)

with the coefficient C(z) obtained by integrating (2.23) with δT = 0 at z = 1000 as initial conditions
and assuming δb ∝ a, which implies the approximation that baryons behave like CDM as soon as they
decouple from the photons at the drag epoch.

It is known that baryons fall into the gravitational potential wells created by CDM and give rise to a
coherent velocity flow on large scales and advection on small scales. This results in a suppression of the
matter power spectrum on small scales and may affect large scales as well, however, these are second
order effects and can be neglected in linear theory. The impact of baryon-CDM relative velocity on
structure formation is studied in [29].

The coefficient C(z) is plotted in function of redshift in Figure 2.2.
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Figure 2.2: Evolution of the linear expansion coefficient C(z). At high redshift C(z) → 0, while at low redshift
Compton scattering becomes ineffective and, from equation (2.24) with the last term set to zero, we find
C(z) → 2/3.

From equations (2.19) and (2.24), the 21 cm temperature fluctuation δT21 ≡ T21−T 21 can be written
as

δT21(x⃗, z) = α(z) δb(x⃗, z) + T 21(z) δv(x⃗, z) (2.25)

The coefficient α(z) ≡ fb(z) + C(z) fT (z) expresses the variation of T21 with respect to the baryon
density fluctuation.

The velocity fluctuation (2.21) in Fourier space becomes

δv(k⃗) = − i k v(k⃗)µ2

aH
= fµ2δb(k⃗) (2.26)

where µ = k̂ ·n̂ and n̂ is the line of sight direction. We used the fact that the velocity field is irrotational
in cosmology and substituted equation (1.29) in the second passage.

Expression (2.25) in Fourier space then becomes

δT21(k⃗, z) =
[
α(z) + µ2 f(z) T 21(z)

]
δb(k⃗, z) (2.27)

The second term in the expression above accounts for redshift space distortions (RDS). We expand
on the origin and meaning of this term in section 3.3.1.

From equation (2.27) we can find the angular power spectrum of 21 cm temperature fluctuations at
redshift z in function of the matter power spectrum

C21
ℓ (z) =

2

π

∫
dk k2 Tℓ(k, z)

2 P (k, z) (2.28)

The transfer function is

Tℓ(k, z) =

∫
dχ Wz(χ)

[
α(z) jℓ(kχ) + f(z) T 21(z) Jℓ(kχ)

]
(2.29)

The integration is performed along the comoving radial coordinate χ andWz(χ) is the window function
selecting the frequency band centered in ν = ν21/(1+z) and of width ∆ν, depending on the resolution
of the experiment. It is normalized to one

∫∞
0 dχWz(χ) = 1. Following the prescription (1.37), the

angular dependence in (2.27) traduces into

Jℓ ≡ −∂2jℓ(kχ)

∂(kχ)2
= − ℓ(ℓ− 1)

(2ℓ− 1)(2ℓ+ 1)
jℓ−2(kχ) +

2ℓ2 + 2ℓ− 1

(2ℓ− 1)(2ℓ+ 3)
jℓ(kχ)−

(ℓ+ 1)(ℓ+ 2)

(2ℓ+ 1)(2ℓ+ 3)
jℓ+2(kχ)

(2.30)
The second order derivative of the Bessel function is expressed in terms of Bessel functions of different
order using relation (1.38) as in Appendix G of [30].
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Chapter 3

GR tests with the growth history

In order to detect deviations from GR it is necessary to measure the growth history of matter density
perturbations together with the expansion. In fact, while some models may be ruled out based on the
expansion history alone, there is usually enough freedom to tune different theories to reproduce the
desired expansion history, consistent with observational constraints. Changing the theory of gravity,
however, affects the growth of perturbations and leaves signatures on the matter power spectrum and
on the CMB that are in principle detectable.

Information about the growth history is contained in a variety of observables, among which the growth
factor D(z), the ISW effect in the CMB or in the matter power spectrum and the growth rate of matter
perturbations f(z). In this work we focus on the growth rate since the ISW is a large scale effect,
difficult to constraint because of cosmic variance, and the growth factor presents more degeneracies
with other cosmological parameters.

3.1 Linear growth of matter density fluctuations

For a generic modified gravity model, the dynamical equation for the growth of matter density at
linear order in the perturbations, in the sub-horizon regime and quasi-static approximation, is [31]

δ̈ + 2Hδ̇ = 4πGeffρmδ (3.1)

where δ is the gauge-invariant density contrast, which is defined as δ = δm + 3aHv/k and, in the
limit in which we are working, takes the usual expression δ = δm = δρm

ρm
. The effective gravitational

coupling Geff depends on the chosen theory of gravity and it is, in general, a function of both time
and scale. In the framework of GR it is given by the Newtonian gravitational constant G, as seen in
(1.27). Using the definition (1.19), equation (3.1) can be written in the form

δ̈m + 2Hδ̇m − 3

2
µ(k, z) H2Ωm δm = 0 (3.2)

where the parametrization µ(k, z) = Geff (k, z)/G encodes time and scale-dependent deviations from
GR, where µ = 1 and the evolution of δm is driven by the expansion and is scale-independent after
matter-radiation equality. The same equation is valid for the linear growth factor D(z), following its
definition (3.5).

Using definition (1.28) in (3.2) we find the equation for the evolution of the growth rate

d f

d ln a
+ f2 +

(
Ḣ

H2
+ 2

)
f =

3

2
µ(k, z) Ωm δm (3.3)

During the matter-dominated epoch we can set Ωm = 1 and H = 2/3t in (3.2). With the ansatz
δm(t) ∝ tα we can easily find that the solution for the growing mode scales as δm ∝ a, which implies
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f = 1. With the beginning of the accelerated expansion phase, the Hubble friction term in (3.3)
increases and the growth is suppressed so we have f < 1 and decreasing. Deviations from this
behaviour could be a signature of modified gravity.

From equation (3.3) we see how, if GR is the correct description of gravity (µ = 1), the growth
rate depends only on time and it is completely determined by the expansion history. In this case
(3.3) represents a consistency relation between the two. Instead, if we consider a modified gravity
theory with a generic µ(t, k), the growth history contains some independent information and f could
gain scale-dependence and have a different evolution in time. Therefore a discrepancy between the
measured growth and its prediction from the expansion history hints at the presence of deviations
from GR and allows to distinguish modified gravity models from theories that explain the cosmic
acceleration while keeping GR as the valid theory of gravity on all scales.

3.2 The growth index parametrization

Instead of testing predictions of specific modified gravity theories it is more convenient to parameterize
the possible deviations from GR in a model-independent way.

For the purpose of detecting deviations from ΛCDM+GR in the growth of perturbations, it is con-
venient to parameterize the growth as a functional of Ωm(a), which completely characterizes the
expansion history. The simple and model-independent parametrization

f = Ωm(a)γ (3.4)

reproduces the growth history with good precision for a wide range of models [32].

The parameter γ, referred to as growth index, characterizes the growth of density perturbations in the
linear regime, apart from the effects of the expansion. Since since 0 < Ωm < 1, a lower value of γ
implies faster growth.

The growth factor becomes

D(Ωm(a)) = exp

(∫ a

1

da′

a′
Ωm(a′)γ

)
(3.5)

If we consider GR to be the correct description of gravity on all scales, equation (3.4) reproduces the
growth history found numerically from (3.3) with Geff = G for [33]

γ = 0.55 + 0.05(1 + w1) for wDE ≥ −1 (3.6)

γ = 0.55 + 0.02(1 + w1) for wDE < −1 (3.7)

where w1 is the DE equation of state parameter at z = 1. This solution has accuracy below 0.2% for
0.22 ≲ Ωm ≤ 1, encompassing the entire growth history up to this day.

In ΛCDM, where wDE(z) = wΛ = −1, we have γ = 0.55 and constant. We still expect γ to be
about constant and close to this value for dynamical DE models with a time-varying equation of
state, provided that GR is the right theory of gravity. In fact γ only has a weak dependence on w1,
which should not deviate a lot from −1 according to observational constraints on wDE(z) [34]. On
the contrary, for modified gravity models, the growth index departs significantly from the GR value
γ = 0.55 and acquires time and scale dependence, even when they reproduce the same expansion
history as ΛCDM [35]. Such distinct behaviour makes the parameter γ optimal to test GR on large
scales.

3.3 Measuring the growth history

3.3.1 Cosmological probes

The linear growth rate is measured mainly through probes of the peculiar velocity field, since v ∝ f
at linear order on sub-horizon scales. This follows from the fact that the velocity field is irrotational,
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so we can write it in terms of a velocity field potential defined by v⃗ ≡ −∇⃗Φv, where the gradient is in
physical coordinates. Using this in (1.29), we find ∇2Φv = Hfδm, which substituted in the Poisson
equation gives

∇2Φ = 4πGρmδ =
3

2
ΩmH2δm =

3

2

HΩm

f
∇2Φv

If the growth rate f has no scale dependence, this translates into an expression for the peculiar velocity
in function of the gravitational potential sourced by the matter field

v⃗ = −2

3

f

ΩmH
∇⃗Φ

This shows also how, in the linear regime, peculiar velocities are directly proportional to gravitational
acceleration g⃗ = −∇⃗Φ so matter moves along the gravitational field lines. Therefore peculiar velocities
are sensitive to the gravitational field sourced by the matter distribution and trace matter with no
bias. A very small bias could still be present because we measure peculiar velocities of biased tracers,
but it’s expected to be negligible.

Peculiar velocity surveys

Peculiar velocities can be measured directly for some tracers with peculiar velocity surveys, combining
the redshift information with redshift-independent distance measures as shown in [36]. Widely used
distance indicators are Cepheid variables, which do not require calibration but are only accessible at
small distances (up to ∼ 20 Mpc), Type Ia supernovae (SNeIa), the Tully-Fisher (TF) relation for
spiral galaxies and the Fundamental Plane (FP) relation for elliptical galaxies. The last three are
accessible at larger distance but need to be calibrated.

The downside of direct measures of the peculiar velocity is that the error comes mainly from the
precision on the distance measures and increases linearly with it, hence peculiar velocity surveys
rapidly lose effectiveness with increasing redshift.

Redshift space distortions

Peculiar velocity statistics are also sensitive to the growth rate of structure. In fact it is possible to
obtain information about the statistical properties of the peculiar velocity field through redshift space
distortions (RSD) in the 2-point correlation function of some tracer of the matter distribution. This is
an observational effect originating from the fact that we deduce distances from redshift assuming that
it is caused only by the expansion of the universe while an unknown contribution from the peculiar
velocity of the emitters is also present.

On linear scales, the coherent inflow of matter into over-dense regions and the outflows from under-
dense regions will produce an additional red or blue-shift on top of the cosmological redshift. Emitters
on the far side, with respect to the observer, of a high-density region will have an additional blue-
shift and thus appear closer than they really are when the radial position is reconstructed from the
redshift, while emitters on the near side will appear farther away. The consequence is an enhancement
of clustering along the line of sight, which breaks rotational invariance and introduces anisotropy in
the reconstructed matter distribution.

The observed power spectrum for a tracer X is going to be

P s
X(k, µ) = ( bX + fµ2 )2 P r

X(k) (3.8)

where P r(k) is the power spectrum of the real matter distribution and f is the growth rate. This ex-
pression was first derived by Kaiser [37] in 1987 and assumes the distant approximation, which restricts
its validity to relatively small scales. For larger separations, wide-angle effects become important. A
derivation of wide angle corrections is provided in [38].

On smaller non-linear scales, where we have random motion, the resulting effect is a stretching of the
matter distribution along the line of sight, often referred to as Fingers of God (FoG), which causes
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a suppression of the clustering on small scales. We will not concern ourselves with this effect in this
work since we are dealing only with linear scales during the Dark Ages.

3.3.2 Available constraints

It is not possible to measure the growth rate directly with RSD or peculiar velocity surveys, which
can only constrain the following parameter combinations:

• the velocity scale parameter β = f/b, where b is the bias of the chosen tracer.

• the normalized growth rate fσ8, where σ8 is the clustering amplitude at the scale of 8h−1Mpc.
For LIM surveys we have T21fσ8, since the power spectrum is proportional to the 21 cm tem-
perature.

Some independent measures or a model for the degenerate parameters are needed in order to obtain
constraints on f alone. The most stringent constraints on the growth rate so far were provided by
RSD, reaching up to redshift z ∼ 2.

An up-to date recap of f and fσ8 measurements can be found in Table 1 and 2 of [39]. They report
11 direct1 measurements for f and 20 measurements for fσ8, obtained from a variety of cosmological
tracers and containing only uncorrelated data. The data points are shown here in Figure 3.1. The
reconstruction of the functions f(z) and fσ8(z), performed with Gaussian Processes Regression, is
compatible with ΛCDM.

Figure 3.1: Reconstruction of the functions f(z) and fσ8(z) from the data points (red dot-dashed line) compared
to the ΛCDM prediction (solid black line). The red areas show the 1σ and 2σ confidence level regions. Taken
from [39]

Measurements of the growth factor can be translated in into constrains on the growth index. From
(3.4) it follows that the growth index can be found from measures of the growth rate and matter
density parameter at the same redshift.

γ(z) =
ln f(z)

ln Ωm(z)
(3.9)

An alternative is to express the growth index as a function of the combination fσ8 [39]

γ(z) =

ln

(
fσ8(a)∫ a

0
da′
a′ fσ8(a′)

)
ln

(
afσ8(a)2

3
∫ a
0 da′fσ8(a′)

∫ a′
0

da′′
a′′ fσ8(a′′)

) (3.10)

which is convenient because there is no need to break the degeneracy between f and σ8 and the
expansion history data is not needed. Another advantage is that the dependence on the bias of f

1Obtained without the assumption of a cosmological model to eliminate the σ8 dependence.
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and σ8 cancels out in their combination, making fσ8 a bias-independent quantity. A compilation of
constraints on γ derived form fσ8 is reported in Table 1 of [40].

In [39] the growth index, considered to be a free time-dependent function, is constrained with both
methods from the growth data presented above. The result is shown in figure 3.2. In this case the
function Ωm(z) was reconstructed from the Pantheon SNIa compilation [41]. No statistically significant
deviations from the GR behaviour were observed in either case. The only difference between the two
is that fσ8 data show an excess of growth with respect to ΛCDM+GR (γ < 0.55) for z ≳ 0.5, while
f data shows the opposite.

Figure 3.2: Reconstruction of the function γ(z) from f(z) and fσ8(z) data (red dot-dashed line), on the left
and right panel respectively. The red areas show the 1σ and 2σ confidence intervals and the solid black line
marks the GR constant value. Taken from [39].
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Chapter 4

Status of 21 cm observations

In this chapter we give an overview of the main achievements of 21 cm intensity mapping so far,
focusing on the 21 cm line as a probe of large scale structures, and we discuss what we may expect
from future 21 cm observations when it comes to cosmology and fundamental physics. We start by
describing the main factors hindering the detection of the 21 cm signal.

4.1 Observational challenges

The 21 cm emission from neutral hydrogen is the only cosmological probe available for the Dark
Ages and is also very promising to study Cosmic Dawn and the EoR. However, the detection of the
redshifted 21 cm signal becomes increasingly challenging going towards lower frequencies because of
the high foreground contamination and the signal from the Dark Ages is completely cut off due to the
presence of the atmosphere.

4.1.1 Atmospheric cut-off

Low frequency radio observations from Earth are limited mainly by the presence of the ionosphere,
which is completely opaque to frequencies below ∼ 10 MHz [42]. Ground-based observations below
∼ 30 MHz are still extremely challenging because the ionosphere causes amplitude fluctuations in
electromagnetic signals with increasing power towards lower frequencies, at which the signal is also
more affected by interference from man-made radio signals.

The 21 cm signal from the Dark Ages is expected in the redshift range 30 < z < 200, which corresponds
to the observed frequency range 7 MHz ≲ ν ≲ 46 MHz. Because of the limitations just described,
ground-based 21 cm observations will be restricted to redshifts below z ∼ 30, so only the very end of
the Dark Ages will be visible from Earth.

4.1.2 Foreground contamination

Foreground contamination represents a great challenge when it comes to intensity maps. The fore-
ground is expected to be four to five orders of magnitude larger than the cosmological signal over all
frequencies relevant for the redshift 21 cm line [43]. It follows that understanding the properties of
the foreground with great precision is of fundamental importance in order to be able to isolate the
cosmological information from intensity maps.

When dealing with low frequency radio observations, the foreground is dominated by the galactic
synchrotron emission. Other relevant contribution are galactic free-free emission, extragalactic syn-
chrotron emission and terrestrial radio frequency interference (RFI), created by man-made sources
and atmospheric events.

The observed synchrotron spectrum at low frequencies follows a decaying power law Tsky ∝ ν−β [42],
where the value of the spectral index β changes with the observed frequency band. Hence, the
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foreground increases at lower frequencies, making it more difficult to probe higher redshifts. The
power-law spectrum of the synchrotron emission implies that the foreground changes smoothly with
frequency, which allows to distinguish it from the cosmological signal and separate it. Foreground
removal techniques mainly rely on this characteristic. The effect of foreground residuals on the cos-
mological information can be further reduced by cross-correlation with galaxy surveys or with other
emission lines.

Another issue in intensity mapping is contamination from different lines redshifted to the same fre-
quency band (interloper lines). Fortunately, there is no strong emission from other lines that is
redshifted to the frequency range of interest for the 21 cm line, so this effect is minimal for 21 cm
observations [44].

4.2 Historical overview

The 21 cm line emission from neutral hydrogen in the interstellar medium was predicted for the first
time by H. C. Van de Hulst in 1945 and detected not long after by different research groups in 1951.
21 cm observations were first employed successfully to study the spiral structure of our galaxy and
the rotational curve of M13. There were also a number of attempts to detect neutral hydrogen in
the nearby IGM through the 21 cm line in absorption or emission against bright extra-galactic radio
sources, which failed because the IGM is highly ionized up to at least redshift z ∼ 6. Howaver, this
fact was only later discovered with Lyα observations.

The idea to use 21 cm emission to detect the neutral hydrogen distribution and probe cosmic structure
formation at high redshift, when the universe was not ionized, gained attention towards the end of
the 90s, following the CMB measurements by the Cosmic Background Explorer (COBE) and the first
predictions for the 21 cm signal based on the ΛCDM model.

The first detection of cosmic structure with 21 cm intensity mapping was accomplished in 2008 [45],
using the 21 cm data from the HIPASS survey in cross-correlation with an overlapping sample from
the 6dFGS galaxy catalogue. They found significant positive correlation up to 3h−1 Mpc of relative
distance, with a peak at zero separation due to the galactic HI emission. This study was limited
by the fact that the HIPASS survey was designed to detect galaxies and not optimized for intensity
mapping. An improvement was obtained in 2010 [46] with a dedicated 21 cm survey from the Green
Bank radio telescope (GBT) in the redshift range 0.53 < z < 1.12 analyzed in cross-correlation with
the DEEP2 galaxy survey. They found significant positive correlation out to a relative displacement
of 10h−1 Mpc, with amplitude (157± 42) µK at zero separation at redshift z ∼ 0.8.

The measured correlation of the 21 cm field with galaxies, which are known tracers of the cold dark
matter distribution, confirmed the validity of 21 cm intensity mapping as a probe of cosmic struc-
ture and sparked the interest that followed in developing the adequate instruments and theoretical
framework to improve our understanding of the universe with this new probe.

4.3 Latest results

In this section we go over the achievements of 21 cm intensity mapping observations up to this day.

4.3.1 Detection in cross correlation with galaxy surveys

The 21 cm signal has been detected in cross-correlation with galaxy surveys out to redshift z = 1.30
[47], where it’s still possible to resolve the emission from single galaxies and have overlap between
intensity maps and galaxy catalogues. Above z ∼ 2 the signal from individual galaxies is too faint
to be observed with a sufficient signal-to-noise ratio to make a detection. The advantage of cross-
correlating intensity maps with galaxy catalogues is the possibility to better filter out the foreground
that plagues LIM observations. This is what has enabled the detection of the 21 cm signal so far.
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Measurements of the cross-power spectrum can be used to constrain the parameter combination
ΩHI bHI r, where ΩHI is the neutral hydrogen energy density as a fraction of the present day crit-
ical density, bHI is the HI linear bias and r is a phenomenological cross-correlation coefficient that
absorbs uncertainties in the modelling. The amplitude of 21 cm temperature fluctuations is propor-
tional to the abundance of neutral hydrogen, which is connected to the matter distribution through
δHI = bHIδm. Therefore, the precision with which these quantities are known determines how well
cosmological parameters can be constrained from the detection of the 21 cm power spectrum.

The degeneracy between parameters in the combination constrained by cross-correlations is usually
broken by assuming some theoretical model for the bHI and r or by deriving their value from simula-
tions, as in [47, 48], since they are poorly constrained by observations.

Other than with 21 cm intensity maps, the HI density parameter ΩHI has been constrained with galaxy
surveys at redshifts lower than z ≃ 0.25 and with Damped Lyα Absorption (DLA) measurements at
higher redshifts, out to z ∼ 5. The highest-redshift LIM measurement of ΩHI was recently achieved
by the CHIME1 collaboration at z = 1.3 [47], from the CHIME telescope 21 cm intensity maps in
cross-correlation with eBOSS galaxy and quasar catalogues. A compilation of ΩHI and bHI constrains
obtained with the different techniques just described and updated to 2014 can be found in [49]. Up-
to-date plots of the constraints are reported in [48, 47]

4.3.2 Upper limits on the 21 cm power spectrum

The detection of the 21 cm signal in cross-correlation with galaxy surveys is limited by the fact
that it only allows to cover volumes dictated by the capabilities of galaxy surveys, when LIM has
the potential to reach much higher redshifts and probe larger scales. Hence, the main goal of LIM
surveys is to detect the 21 cm signal in auto-correlation. The first generation of low-frequency radio
interferometers (LOFAR, GMRT, MWA, PAPER, LWA) didn’t achieve this goal but managed to
establish upper limits across a wide redshift range, encompassing the Epoch of Reionization and
Cosmic Dawn, with improving precision over the years. The second generation of such instruments
(SKA, HERA, NenuFAR) is expected to have enough sensitivity to measure the 21 cm power spectrum
from the EoR at least.

A compilation of the most recent 95% (2σ) confidence level upper limits on the 21 cm power spectrum
from the Epoch of Reionization (EoR) and Cosmic Dawn is reported in figure 4.1. The 2σ upper limit
at highest redshift so far, not shown in the plot, was obtained by LOFAR [50] in 2019. They found
∆21 < 2.12× 108 mK2 at k ∼ 0.038 h Mpc−1 in the redshift range 19.8 < z < 25.2. The redshift
evolution of the fiducial 21 cm power spectrum (computed in [51]) is plotted for three different values
of k, representative of the range 0.03 < k < 0.4 Mpc−1 over which the upper limits are distributed. The
cosmological signal remains over 2 orders of magnitude below the sensitivity of the currently operating
low-frequency radio interferometers, but its detection may come in the next few years. The predicted
noise curve for SKA 2 lays below the 21 cm power spectrum for most of the EoR and Cosmic Dawn,
as shown in the figure 4.1, and the first results from HERA3 have already set the lowest upper limit
on the 21 cm power spectrum from the EoR. The HERA collaboration found ∆21 < 9.46 × 102mK2

at k ∼ 0.192 h Mpc−1 and z = 7.9 [52], improving on the previous limits at similar redshifts by over
one order of magnitude.

A recent measurement of the global 21 cm temperature at high redshift from EDGES 4 suggests that
the amplitude of the 21 cm power spectrum from the EoR and Cosmic Dawn could be larger than
expected [54]. They detected an absorption profile in the 21 cm global signal (shown in Figure 4.2)
spanning the redshift range 20 ≲ z ≲ 15 and centered in z ∼ 17 with an amplitude of T 21 ∼ 0.53 K,
which is more than twice what is predicted by the ΛCDM model. In fact, even though astrophysics is
not well constrained at these redshift due to the lack of direct observations, this detection is difficult

1http://chime-experiment.ca/
2https://www.skatelescope.org
3https://reionization.org/
4Experiment to Detect the Global Epoch of Reionization Signature
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Figure 4.1: 95% upper limits on the 21 cm power spectrum over the redshift range 6 < z < 20, compared with
the predictions for the 21 cm power for k = 0.03, 0.1, 0.4Mpc−1 (in black) and 95% SKA sensitivity curves for
different foreground removal techniques (in blue). Taken from [53].

to explain with astrophysical effects alone. In [55] the 21 cm temperature evolution with redshift is
studied for 193 different astrophysical models, varying the optical depth, star formation and X-ray
heating parameters. The largest amplitude of the absorption signal remains below 0.25 K, as seen in
Figure 4.3.

Some non standard scenarios were proposed to explain the extra cooling of the IGM implied by the
EDGES detection, including early dark energy and interaction between baryons and dark matter.
Finally, it is still to be considered that this detection has yet to be confirmed by independent experi-
ments.

Figure 4.2: Best fit for the absorption profile measured
with different hardware configurations. The solid black
line corresponds to the setup with the highest signal-
to-noise ratio. Taken from [54]

Figure 4.3: 21 cm temperature as a function of redshift
for 193 different astrophysical model. Taken from [55].
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4.4 Future prospects

Intensity mapping is a relatively new observational technique, with not many datasets available and
a lot of room for improvement in instrumental sensitivity and data analysis methods. IM has a lot
more potential compared to its present-day status and recent years have seen a great effort to fully
explore it, with the development of more advanced instruments, optimization of foreground-removal
techniques and improved theoretical models of the LIM signal from different epochs.

The new generation of ground-based LIM experiments will become operational in the next few years
and, thanks to improvements in resolution and sensitivity, will allow for the detection of the 21 cm
signal over a wide range of scales and redshifts, potentially reaching the end of the Dark Ages at
z ∼ 30. They will achieve cosmological constraints competitive with the CMB and future large galaxy
surveys (Euclid, LSST, DESI) or surpassing them in precision in some cases.

In this section we provide an overview of the constrains on cosmology and fundamental physics that
may come with future LIM surveys.

Expansion history

LIM has great potential to constrain the expansion history on a wide range of redshifts through mea-
surements of the BAO feature in the matter power spectrum. Available constraints on the expansion
reach z ∼ 2.4 because of the current limitations of measurements with standard candles, galaxy sur-
veys and the Lyα forest. Most data points are still below z ∼ 1 and their error is dominated by spacial
variance. IM offers the possibility to map larger volumes, thus improving the precision on the current
BAO measurements and extending their redshift range. Future galaxy surveys, like DESI and Euclid,
will also probe larger scales but they will be limited to redshifts z ≲ 2. The next generation of LIM
experiments is expected to measure the BAO scale out to z ∼ 9, with precision below 2 − 3% in the
redshift range 3 < z < 7 [56]. The LIM survey with SKA will be able to constrain the Hubble rate
H(z) in the redshift range 2 ≲ z ≲ 6 with sub-percent level precision [57].

This is particularly relevant because of the tension between direct measurements of the the Hubble
parameter at low redshifts and its value inferred from the CMB , which has surpassed 4σ with recent
measurements [58]. Obtaining precise measurements of the BAO scale beyond z ∼ 2 is also impor-
tant to constrain dynamical dark energy, since this is where most models exhibit deviations from a
cosmological constant behaviour w = −1, as shown in [59].

Growth history

As shown in the previous chapter, the growth rate has been constrained with with 5− 30% precision
up to redshift z ∼ 2 and constraints in the range 1 ≲ z ≲ 2 don’t go below the 20% level. Future LIM
surveys with SKA will bring an improvement of one order of magnitude for growth rate constraints
below z ∼ 2, reaching the 0.5− 3% precision level. Even though these constraints are not competitive
with future galaxy surveys, that are expected to reach ∼ 0.4% precision over this redshift range, they
will still provide an independent measure of the growth. The unique contribution from LIM surveys
will be to extend the redshift range for fσ8 measurements. SKA-Low will achieve ∼ 10% constraints
on fσ8 over the redshift range 2 < z < 6, which is beyond the capabilities of any other survey.

Exotic energy injection

The 21 cm signal during the Dark Ages is sensitive to the thermal state of the IGM, which makes it a
good probe for exotic energy injection and therefore can be used to constrain models of decaying and
annihilating dark matter and DM-baryons interactions, as explored in [60] and [61].

Large scale effects

IM surveys will give access to extremely large volumes, beyond the reach of other observational
techniques, thus offering a unique opportunity to measure ultra-large scales effects. Among these,
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primordial non-gaussianity and GR corrections to the matter transfer function, which can be used to
constrain inflationary models and test gravity on large scales. On such large scales, a multi-tracer
analysis is needed to reduce cosmic variance and enable the detection of these effects. SKA intensity
maps in combination with overlapping Euclid or LSST surveys are expected to constrain fNL with an
error σ(fNL) < 1 [43], improving on the current best bound from Planck fNL = 0.8±5.0 and allowing
to differentiate between single field and multi-field models of inflation. SKA is also expected to detect
relativistic corrections for the first time.

ISW effect

The ISW effect, arising from the variation in time of the effective gravitational potential Φeff = (Φ +Ψ)/2,
has already been detected from the CMB alone and in cross correlation with galaxy number counts.
The presence of an ISW contribution from the matter-dominated epoch is a distinctive signature of
modified gravity. In fact, according to ΛCDM+GR, Φeff is constant during during the matter era
and the ISW effect arises only at late times when the cosmological constant starts to dominate and
the potential decays with cosmic acceleration. In modified gravity models, instead, the potential could
start to evolve already during the matter era.

The 21 cm photons from high redshifts are affected by the evolution of the effective potential similarly
to the CMB, hence the ISW effect could also be measured from the cross-correlation of the high-
redshift 21 cm signal with galaxy surveys, as described in [62]. Another possibility to measure the
ISW effect is through cross-correlation between the CMB and 21 cm intensity maps from low redshift,
used to trace LSS instead of galaxy catalogues.

EoR physics

Multi-line intensity mapping is a powerful probe of the epoch of reionization, which is currently poorly
constrained. The 21 cm signal sourced by neutral regions of the IGM can be used in combination
with other lines emitted from ionized regions (like CO, CII, Lyα) to trace the evolution of reionization
bubbles and gain statistical information on their size and on the ionization fraction in function of
redshift [13]. The cross-correlation between the two will allow for a better understanding of the
physics of reionization and of its sources. The expected anti-correlation of the 21 cm emission with
ionized regions will also be useful to confirm whether the measured 21 cm signal from the EoR has
cosmological origin.

Photometric redshift calibration

Thanks to their high redshift resolution, intensity maps can be used to calibrate the redshift dis-
tribution of other tracers of large scale structure characterized by high redshift uncertainties, like
photometric surveys and radio continuum surveys, and consequently improve their capability to con-
strain cosmological parameters, as detailed in [63]. This can be done with the clustering based redshift
(CBR) method, which is based on the fact that overlapping surveys trace the same underlying structure
and are expected to be spacially correlated. The amplitude of the angular cross-correlation between
the sample of unknown redshift and consecutive narrow redshift bins of the high redshift resolution
sample depends on the redshift distribution of the former and can be used to infer it.

It was shown in [64] that, with a similar calibration using spectroscopic surveys, it’s possible to
achieve a substantial improvement in cosmological constraints from photometric and radio continuum
surveys. Despite allowing for very precise redshift measurements, spectroscopic surveys are quite
time consuming and expensive and lose effectiveness for z ≳ 2. The use of intensity maps for CBR
calibration would extend the redshift range over which this technique is applicable, provided that the
current difficulties with foreground contamination will have been overcome.
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4.5 Space-based observations

The next generation of ground-based low-frequency radio interferometers will bring substantial im-
provements in sensitivity and is predicted to achieve the detection of the 21 cm signal from the EoR
and Cosmic Dawn. However, issues connected to the presence of the ionosphere and to RFI will be
impossible to circumvent with observations from Earth, leaving the most of the Dark Ages beyond
the capability of ground-based instruments.

Observations from space have the great advantage of eliminating both problems and would give access
to radio frequencies down to 100 kHz, allowing to observe the 21 cm emission from the entire duration
of the Dark Ages. Space is also a very stable environment in comparison to the Earth’s surface, not
subjected to rapid temperature variations and atmospheric phenomena, which allows for better instru-
ment calibration. Galactic and extra-galactic foreground remains a problem and extremely accurate
foreground modeling and removal techniques will be needed in order to isolate the cosmological sig-
nal, especially at the lower frequencies observable from space where the synchrotron emission further
increases in power.

Possible locations for space-based instruments are the far-side of the Moon, the lunar orbit and the
second Sun-Earth Lagrangian point (L2), where they would be shielded from the interference from both
the Sun and the Earth. There are currently various proposals for space-based instruments to observe
the 21 cm fluctuations and global signal from the Dark Ages, for which a list and brief description is
given in [65].

A study for a mission to place a low-frequency interferometer (FARSIDE) on the far side of the Moon,
founded by NASA, was completed in 20195. The concept is very promising and still under development
[66]. A proposal on how to deploy the array with technology already existing or currently under
development was recently advanced in [67].

5Final report available at https://sservi.nasa.gov/articles/farside-final-report/
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Chapter 5

Methodology and results

In this chapter we present our results, after introducing the main tools and methods used to obtain
them.

5.1 Tomography

The tomographic approach consists in studying the angular correlation of the chosen tracer on spherical
shells obtained by dividing the observed volume in bins along the radial direction. Tomography has
some advantages over the use of the 3D power spectrum when the aim is to estimate cosmological
parameters [68, 69]. In fact, in order to reconstruct the 3D power spectrum we need to assume a
fiducial cosmological model to transform redshifts into radial distances. This passage is not needed for
tomographic analysis, which can be carried out in a model-independent way. For the 3D analysis, if
the assumed cosmology differs from the true one, radial and transverse distances are scaled differently,
which introduces anisotropy in the power spectrum. This is known as the Alcock–Paczynski (AP)
effect [70] and is partially degenerate with the anisotropy introduced by RSD. The AP effect can be
used to constrain the expansion history, however it could represent a problem in our case, given that
we focus on the growth of matter fluctuations.

With a tomographic approach the evolution of the background quantities with redshift is naturally
accounted for, while it’s neglected within the same wide redshift bin when working in 3D. This is
particularly relevant for HI intensity mapping because of the wide redshift range that it can potentially
probe. Finally, the tomographic formalism is suitable to perform cross-correlations between different
redshift bins and with other LSS tracers. Differently from 3D statistics, some of the radial information
is lost when projecting into tomographic redshift bins but this can be limited by a good binning
strategy.
In this case it is convenient to choose bins not too large with respect to the resolution of the survey,
which needs to be high not to lose radial information. Redshift-dependent functions are also assumed
to be constant in the same bin.

5.2 Forecast

We use Bayesian statistics and the Fisher information matrix to determine the precision with which
future surveys will be able to measure parameters of interest, before conducting the experiment.

Our universe is one of the possible realizations of an underlying theory, which is described by a set of
parameters θα, with α = 1, 2, ...n. The probability that an observed data set corresponds to one of the
realizations of a given theory is expressed by the likelihood function L( θ⃗ ). The Fisher information
matrix is defined as [71]

Fαβ = −

〈
∂2 lnL(θ⃗)

∂θα∂θβ

〉
(5.1)
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and, under the assumption that the likelihood surface is well approximated by a multi-variate Gaus-
sian close to its maximum, it contains information about the errors and covariance of the theory’s
parameters. This is true in most cases of interest, thanks to the central limit theorem. The angle
brackets indicate the ensemble average over different realizations of the underlying model. This is
performed over the observational data following the fair sample hypothesis, according to which we
can consider well separated patches of the universe as independent realizations. The derivatives are
evaluated at the fiducial value of the model parameters.

When working with the angular power spectrum and under the assumption that the data is Gaussian-
distributed, the Fisher matrix can be written as

Fαβ =
∑
z, ℓ

∂Cℓ

∂θα

∂Cℓ

∂θβ

1

σ2
Cℓ

(5.2)

where with Cℓ we indicate the observed angular power spectrum, given by the sum of signal and
instrumental noise, and σCℓ

is its error. This is valid under the assumption that different multipoles
are uncorrelated so that the covariance matrix is diagonal, which is the case on linear scales and for
full sky coverage (fsky = 1) [72]. In realistic surveys, partial sky coverage introduces correlations
between different modes, which we neglect in this work. According to the laws of probability, when
dealing with independent data sets, the total likelihood is the product of their individual likelihoods,
so the Fisher matrix becomes their sum. Therefore, when considering independent redshift bins, we
can sum over the Fisher matrix at each redshift for the tomographic analysis.

The covariance matrix is C = F−1, therefore the error on the parameter θα is given by the correspond-
ing diagonal component of the inverted Fisher matrix

σθα ≥
√
(F−1)αα (5.3)

The diagonal elements contain the information about correlation between different parameters. With
the Fisher analysis, the uncertainties and correlations with all the other parameters that are measured
at the same time are also taken into account in the estimate of the marginalized error on a single
parameter. The errors will be smaller if the elements of the Fisher matrix are larger, which corresponds
to a higher sensitivity of the data, in this case the Cℓs, to the variation of the parameters and to a
smaller error on the measured data. The constraining power of the survey increases if the observable
is measured with greater precision and it is more sensitive to the variation of the parameters of the
model.

Because of the various approximations taken, the Fisher forecast is indicative and it serves as a lower
limit on the precision that could be reached by the real experiment. The measured error will be larger
or, at best, equal to the one predicted with the Fisher analysis. This technique still offers the great
advantage of being a lot faster and cheaper than all of the alternatives, like numerical simulations,
and therefore plays an important role in experimental design.

5.3 Experimental setup

The angular power spectrum of the instrumental noise for a radio interferometer with uniformly
distributed antennas at the observed frequency ν is [73]

CN
ℓ =

(2π)3

∆ν tobs

(
Tsys(ν)

fcover ℓcover(ν)

)2

(5.4)

where ∆ν is the bandwidth, tobs is the observation time and fcover is the fraction of the interferometer’s
area covered with antennas. For a non-uniform distribution of the antennas, which is the case for
realistic arrays, the coverage in Fourier space can change with ℓ so the parameter fcover needs to be
substituted by a function f(ℓ) describing the geometry of the array along with the coverage. For the
scope of this work it’s enough to consider the idealized case of uniformly distributed antennas.
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ℓcover is the maximum observable multipole, given by

ℓcover ≡
2πDbase

λobs
=

2πDbase

λ21(1 + z)
(5.5)

where λobs is the wavelength of the observed radiation and Dbase is the largest baseline of the inter-
ferometer, roughly given approximately by its size. ℓcover corresponds to the smallest observable scale
so it gives a measure of the resolution of the interferometer, which decreases with the redshift and
increases with Dbase.

At low radio frequencies, the main contribution to the system temperature is given by the sky tem-
perature, which is dominated by galactic synchrotron radiation so we can take the approximation
[19]

Tsys(ν) ≈ Tsky = 180
( ν

180MHz

)β
K (5.6)

In this work we use β = −2.62, derived from measurements of the sky brightness temperature in
function of frequency made by EDGES [74].

The uncertainty on the observed 21 cm angular power spectrum at a given multipole ℓ is

σCℓ
=

√
2(C21

ℓ + CN
ℓ )2

(2ℓ+ 1)fsky
(5.7)

where fsky is the fraction of sky covered by the survey and C21
ℓ is the signal, modeled in section 2.3.

This expression accounts for detector noise and cosmic variance.

5.4 Methods and settings

5.4.1 Survey parameters

We consider 5 different experimental configurations for forthcoming surveys: two for the ground-
based radio interferometer Square Kilometer Array (SKA) and three for a futuristic telescope on the
far side of the moon, the Lunar Radio Array (LRA). The first SKA configuration is for the instrument
currently under construction and expected to become operational around 2030, while the second one
is for an advanced version that represents the limit to what can be achieved with 21 cm observations
from earth.

In each case we consider all sky surveys (fsky = 0.75 ∼ 30000 deg2) with a bandwidth of ∆ν = 1MHz.
The specifics of each survey are reported in Table 5.1.

Experiment Dbase[km] fcover tobs[yr] ℓcover(z = 30)

SKA 6 0.02 5 5791

aSKA 100 0.2 10 96516

LRA1 30 0.1 5 28955

LRA2 100 0.5 5 96516

LRA3 300 0.75 5 289548

Table 5.1: Instrument specifications for different configurations of SKA and LRA

5.4.2 Binning strategy

We study the angular power spectrum on a single redshift slice at z = 30 for all experimental configu-
rations. In the case of LRA we also perform a tomographic study with 40 independent redshift bins of
width ∆ν = 1, set by the bandwidth, in the range 30 < z < 200, given that from the Moon it’s possible
to observe the 21 cm signal redshifted to these frequencies. In [27] it is shown that neglecting the
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correlation between redshift bins defined in this way is a safe assumption. They define the correlation
length as the radial separation between redshift slices at which the cross-correlation angular power
spectrum becomes less than 1/2 the auto correlation Cℓs and find that it corresponds to a frequency
interval lower than 0.5 MHz for all ℓs.

5.4.3 Fiducial model

We consider the following set of free parameters for the Fisher analysis

P = [ θs, ωcdm, ωb, ln(10
10As), ns, γ ]

The fiducial values for the ΛCDM parameters, reported in Table 5.2, are taken from the Planck 2018
TT,TE,EE + low-E results [1]. We adopt the GR value for the growth index γ = 0.55 as fiducial, as
discussed in section 3.2.

parameter fiducial value description

100θs 1.04109 θs is the angular size of the sound horizon

ωcdm 0.1202 cold dark matter abundance (ωcdm = Ωcdmh
2)

ωb 0.02236 baryonic matter abundance (ωb = Ωbh
2)

ln(1010As) 3.045 As is the amplitude of the primordial power spectrum

ns 0.9649 spectral index of the primordial power spectrum

Table 5.2: ΛCDM fiducial parameters

We use a prior on As from the TT,TE,EE + low-E Planck 2018 results [1] because of the high de-
generacy with γ. This is due to the fact that a change in the growth index mainly affects the matter
power spectrum from the Dark Ages through a variation of the growth factor D(z), which determines
its amplitude together with As.

5.4.4 C21
ℓ computation

We compute the angular power spectrum of the 21 cm fluctuations with an internal code that takes
the transfer function for the matter power spectrum at z = 0 in input from CLASS [5], along with a few
other quantities needed to find the global 21 cm brightness temperature, like the kinetic temperature
and the ionization fraction. The coefficients fb(z) and fT (z), needed to compute the factor α(z), are
found numerically as the derivative of T 21(z) with respect to nH(z) and Tk(z), in that order.

In order to save computational time, we use the flat sky approximation for ℓ ≥ 1000 as described in
as in [27]. In this approximation (2.28) and (2.29) simplify to

C21
ℓ (z) =

2

χ2

∫ ∞

0

dk∥

(2π)2
|W̃ (k∥)|2

[
α(z) +

(
k∥

k

)2

f(z)T 21(z)

]2
P

(
k∥,

ℓ

χ

)
(5.8)

where χ is the comoving distance corresponding to the redshift bin center, k∥ is the wave-vector

component along the line of sight and the orthogonal component is k⊥ = ℓ/χ. W̃ (k∥) is the Fourier
transform of the window function.

5.5 Results

The amplitude of the 21 cm temperature angular power spectrum during the Dark Ages reaches a
maximum around z = 50 and decreases again going towards z = 30 because of the decrease in absolute
value of T 21. This is shown in Figure 5.1, where we plot the fiducial C21

ℓ at different redshifts in the
range 30 < z < 200.
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Figure 5.1: Angular power spectrum of 21 cm temperature fluctuations at different redshifts during the Dark
Ages.

In Figure 5.2 we shown the evolution with redshift of the signal-to-noise ratio, calculated as

S/N =
√∑

ℓ

(
C21
ℓ /CN

ℓ

)2
for each redshift bin. Even tough the amplitude of C21

ℓ peaks at z ∼ 50, the
signal-to-noise ratio during the Dark Ages is maximum at z = 30 and decreases with redshift for all
LRA configurations. This behaviour follows from the fact that that CN

ℓ increases with redshift more
rapidly than C21

ℓ in the range 30 < z < 50.

According to the S/N plot we expect SKA to have no constraining power over the Dark Ages. aSKA
is expected to perform better than LRA1 and to be comparable with LRA2 for observations at z = 30
only. LRA3 should provide the best constraints among all instruments taken in exam in this work.
The above considerations are confirmed by the analysis that follows.

Figure 5.2: Evolution with redshift of the signal-to-noise ratio (S/N) for the different configurations of SKA
and LRA. The solid black line marks S/N= 1.
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We forecast the marginalized constraints on the growth index γ and on the growth rate f(z) from the
angular power spectrum of 21 cm temperature fluctuations observed at z = 30, for each experimental
configuration described in Table 5.1. In the case of LRA we also derive constraints on γ performing
a tomographic analysis over the redshift range 30 < z < 200 and constraints on f(z) for each redshift
bin, modeling it as a redshift-dependent step function. The results are reported in Table 5.3.

Experiment z σγ/γ σf/f

SKA z = 30 3.98× 103 6.17× 102

aSKA z = 30 1.68× 10−1 4.60× 10−2

LRA1 z = 30 6.52 1.04

30 < z < 200 1.39 -

LRA2 z = 30 1.03× 10−1 3.40× 10−2

30 < z < 200 4.42× 10−2 -

LRA3 z = 30 6.16× 10−2 2.22× 10−2

30 < z < 200 3.10× 10−2 -

Table 5.3: Marginalized 68% C.L. relative errors on the growth index and growth rate, forecasted for each
configuration of SKA and LRA.

According to our forecast, SKA will not be able to constrain the growth of structure during the Dark
Ages. This is consistent with the fact that the signal-to-noise on the 21 cm angular power spectrum
measured by SKA is well below unity at z = 30. Instead, a more sensitive instrument like aSKA
could achieve constraints on the growth index competitive with the best low-redshift measurements
available today (∼ 10% accuracy). Because of its large baseline aSKA performs better than LRA1,
even when using tomography, and achieves similar precision as observations at z = 30 with LRA2,
which only improves on the aSKA constraints by a factor ∼ 1.6. Constraints on the growth rate at
z = 30 have a similar behaviour.

It will be possible to constraint γ below the 5% precision level only with tomographic analysis, which
brings an improvement with respect to the aSKA relative errors of a factor ∼ 3.8 for LRA2 and ∼ 5.4
for LRA3. Observations at z = 30 won’t achieve this goal, even if performed with a much more
sensitive instrument like LRA3.

The forecasted constraints for the growth rate at z = 30 have higher accuracy than those on γ for
all instruments and achieve a precision level below 5% for aSKA, LRA2 and LRA3. In Figure 5.3 we
compare the evolution with redshift of the constraints obtained on f(z) for the three configurations
of LRA taken in exam. From the plot it’s evident how LRA1 won’t be able to constrain the evolution
of the growth rate during the Dark Ages. An instrument like LRA2 can achieve constraints of the
growth rate below 10% precision over the redshift range 30 < z ≲ 55. LRA3 extends this range
to z ∼ 80, with improvement of a factor ∼ 1.6 on the forecasted errors. Above the aforementioned
redshifts the error on the growth rate increases rapidly, spanning a few orders of magnitude before
we reach z = 200 and leaving f(z) unconstrained for z ≳ 100, even for observations from the surface
Moon with an advanced instrument like LRA3.

For the three configurations of LRA we forecast 68% C.L. marginalized constraints on f(z) considering
larger redshift intervals around the center values reported in Table 5.4. We stop at z = 80, when this
type of analysis is no longer possible because the redshift bins become too large to have enough to
combine over the chosen intervals. The error bars on f(z) for each interval are shown in Figure 5.4
for LRA2 and LRA3.

The combination of multiple redshift bins allows to improve on the constraints on f(z), especially at
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Figure 5.3: 68% confidence level constraints on f(z) for each redshift bin over the redshift range 30 < z < 200,
for different configurations of LRA. The blue line marks the value of f(z).

lower redshifts where the bin centers are more closely spaced. LRA3 will achieve sub-percent precision
level on growth rate measures for the two lower redshift intervals, centered at z = 32.5, 40. In the
case of LRA2 we find constraints below 10% out to z = 60, extending the range over which f(z) is
constrained with respect to the single redshift bin analysis. We also see an improvement on growth
rate constraints from LRA1, however they are still not competitive with those from a ground-based
instrument like aSKA.

z LRA1 LRA2 LRA3

32.5 4.38×10−1 1.31×10−2 8.27×10−3

40 6.74×10−1 1.29×10−2 7.27×10−3

50 2.84 2.46×10−2 1.03×10−2

60 10.74×10−1 5.70×10−2 1.41×10−2

70 56.65×10−1 2.30×10−1 2.69×10−2

80 2.79×102 1.03 7.42×10−2

Table 5.4: Marginalized 68% C.L. relative errors on the growth rate forecasted at different redshifts for each
configuration of LRA.

In Figure 5.5 we show the 68% confidence regions around the fiducial parameters forecasted for LRA2.
We compare observations at a single redshift bin at z = 30 with the tomographic analysis over the
redshift range 30 < z < 200. The confidence regions obtained for the other configurations of LRA, not
shown here, have similar characteristics. We found that the correlation between parameters doesn’t
change appreciably when considering observations from different instruments at z = 30. This is true for
all parameter combinations, except ln(1010As)− γ, for which the negative correlation increases as the
error on γ decreases. We interpret this as the effect of setting a prior on ln(1010As). The degeneracy
between parameters is reduced when using tomography. This effect is most evident for the parameters
γ and ωb, which have high anti-correlation for observations at z = 30 with all instruments. The
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Figure 5.4: 68% confidence level constraints on f(z) for LRA2 (left) and LRA3 (right), obtained from the
combination of multiple redshift bins.

Figure 5.5: Two-dimensional 68% ( 1σ ) confidence regions around the fiducial parameters forecasted for LRA2
measuring on a single redshift bin at z = 30 or in tomography in the range 30 < z < 200.
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correlation coefficient between the two, defined as in [75], decreases from ρ = −0.92 to ρ = −0.52 for
LRA2 and from ρ = −0.78 to ρ = −0.50 for LRA3 when using tomography. There is no improvement
in the case of LRA1, for which the correlation coefficients remains fixed at ρ = −0.99. The degeneracy
between the parameters γ − ωcdm and ωcdm − ωb, even if smaller to begin with, is also reduced with
tomography for LRA2 and LRA3. An exception to this behavior is constituted by the parameter
combination ns and ωcdm, which are highly anti-correlated (|ρ| > 0.9) for all the analyzed cases.

Most modified gravity models predict a time-varying growth index. In order to determine how well
LIM experiments targeting the 21 cm signal from the Dark Ages will be able to detect the time
variation of the growth index, we use the parametrization

γ(z) = γ0 + γ1
z

1 + z
(5.9)

where γ0 and γ1 are constant. As in the previous case, we adopt the ΛCDM+GR values, γ0 = 0.55
and γ1 = 0, as fiducial. The marginalized constraints forecasted on these two parameters for all cases
analyzed previously for constant γ are reported in Table 5.3.

Once we account for the possible time-variation of the growth index, the constraints on it become
weaker by 1 - 3 orders of magnitude with respect to the case with constant γ. The absolute error
found on γ0 and γ1 is similar for all cases.

We find that a time-varying growth index cannot be constrained with observations from Earth, even
with a large instrument like aSKA. Precision constraints on γ0 and γ1 can be achieved only through
tomographic analysis with LRA2 and LRA3. Using tomography improves the constraints on γ0 and γ1
by about 2 orders of magnitude for all configurations of LRA. Differently from the case with constant
γ, LRA1 preforms better than aSKA when using tomography, with an improvement on the constraints
by a factor ∼ 2 for both parameters. Tomography with LRA2 and LRA3 will bring an improvement
of 2-3 orders of magnitude on the aSKA constraints.

We conclude that, in this case, the determining factor on the precision of the constraints is the ability
to perform tomography with a sufficient number of redshift bins for which the signal-to-noise is above
one.

Experiment z σγ0/γ0 σγ1

SKA z = 30 1.45× 106 8.26× 105

aSKA z = 30 58.5 33.3

LRA1 z = 30 2.39× 103 1.36× 103

30 < z < 200 26.0 15.7

LRA2 z = 30 28.6 26.2

30 < z < 200 2.67× 10−1 1.55× 10−1

LRA3 z = 30 7.21 4.05

30 < z < 200 1.01× 10−1 4.20× 10−2

Table 5.5: Marginalized 68% C.L. constraints on the growth index amplitude and time variation, forecasted for
each configuration of SKA and LRA. We report the relative error for γ0 and the absolute error for γ1.

As expected, γ0 and γ1 are completely degenerate for observations at a single redshift bin. In figure
5.6 (left) we report the 68% confidence region for the two parameters for observations with LRA2 at
z = 30 and for tomographic analysis over the redshift range 30 < z < 200. From the result it is clear
that the degeneracy is reduced substantially when using tomography. We find similar results for the
other configurations of LRA, not shown here.
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The anti-correlation between γ0 and γ1 decreases as the number of redshift bins for which S/N > 1
increases. In Figure 5.6 (right) we compare the 68% confidence region for γ0 and γ1, forecasted for
tomography with LRA2 and LRA3, where we indeed see this behaviour. This trend is also confirmed
by the results that we obtain for LRA1.

s

Figure 5.6: Two-dimensional 68% ( 1σ ) confidence region for the parameters γ0 and γ1, forecasted for obser-
vations at a single redshift bin at z = 30 and for tomography with LRA2 (left) and for tomography with LRA2
and LRA3 (right).
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Chapter 6

Conclusions

Understanding the nature of cosmic acceleration is one of the main challenges of modern cosmology
and fundamental physics. In this work we consider the possibility that the accelerated expansion of
the universe originates from the fact that General Relativity ceases to be a valid description of gravity
on scales that are large with respect to the Solar System, where GR has been tested to high precision
by numerous experiments.
Line Intensity Mapping is an optimal technique to access large scales and high redshifts that are out
of reach for other probes, therefore it has great potential for cosmological tests of gravity.

Motivated by the recent development and future prospects of LIM, we aimed to study the potential
of future intensity mapping experiments targeting the 21 cm emission line of neutral hydrogen to
constrain the growth of matter density fluctuations during the Dark Ages, in the redshift range 30 <
z < 200, and detect any deviations from General Relativity. We considered different configurations
for the upcoming ground-based radio interferometer SKA and for the proposed radio array on the far
side of the Moon.
We forecast constraints on the growth of structure with the Fisher analysis, both by adopting the
growth index parametrization for the growth rate of matter density fluctuations and by constraining
the growth rate directly, treating it as a free redshift-dependent step function. In doing so we choose
not to assume any specific modified gravity model and take the ΛCDM+GR values for the growth
index and growth rate as fiducial.

According to our forecast, SKA won’t be able to constrain cosmological parameters during Dark Ages.
We find that, in order to achieve precision constraints on the growth index and the growth rate, the
baseline of the interferometer needs to be of order ∼ 100 km or larger. Following this requirement, a
ground-base interferometer could already provide ∼ 10% precision constraints, which are comparable
with the best currently available measures at low redshifts. However, observations of the 21 cm line
emission from Earth are limited to z ≤ 30 due to the presence of the atmosphere.

Lunar-based observations would allow to measure the 21 cm brightness temperature over the entirety
of the Dark Ages. The additional information from higher redshifts brought by tomographic analysis
improves the constraints on the growth index by a factor 4 - 5 with respect to observations at z = 30
only, reaching a precision of 3 − 5%. The ability to access higher redshifts is fundamental when
constraining the variation in time of the growth index, for which the error improves by 2 - 3 orders of
magnitude. An additional advantage of observations from the far side of the Moon is the possibility
to constrain the redshift evolution of the growth rate with precision level below 10% in the range
30 < z < 80 and achieve sub-percent precision towards the end of the Dark Ages when combining
multiple redshift bins. At last, we found that tomography reduces the degeneracy between parameters.

We conclude that 21 cm LIM experiments have the potential to achieve precision constraints on the
growth of structure and test gravity on cosmological scales. In fact, radio interferometers currently
operational or under construction, including SKA in the configuration examined in this work, won’t
be able to detect the 21 cm angular power spectrum from the Dark Ages with S/N > 1. A more
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advanced instrument with baseline at least ∼ 10 times larger and much better sensitivity is needed
in order to achieve this goal and shed more light on the mechanism driving cosmic acceleration and
improve our understanding on gravity. The advanced version of SKA studied in this work already
satisfies these requirements, but it’s only with observations from the far side of the Moon that the full
information contained in the 21 cm signal from the Dark Ages would be exploited.
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