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ABSTRACT

The ACDM cosmological model predicts that the so-called dark energy (DE) corre-
sponds to about 70% of the energy density of the universe and it is responsible for
its observed accelerated expansion. The DE effects on cosmic evolution can be as-
sessed using baryon acoustic oscillations (BAO) measurements. BINGO (BAO from
Integrated Neutral Gas Observations) telescope was designed to detect these oscil-
lations using the intensity mapping (IM) technique to observe the 21 c¢cm neutral
hydrogen (HI) line, one of the most powerful probes to explore the universe, from
recombination to the present times. As a transit telescope, BINGO will observe a
fixed declination strip of 15°, centered at § = —15°, covering about 13% of the
sky and probing a redshift interval 0.127 < 2z < 0.449, which corresponds to the
frequency range 980 < v < 1260 MHz, where the BAO signatures should appear
with a good signal-to-noise ratio. The BINGO observations at radio frequencies are
dominated by strong galactic emissions, which are about 10* more intense than the
cosmological signal. Therefore, defining an efficient component separation strategy
to recover the 21 cm signal from the BINGO data is a crucial step for BAO de-
tection. This work analyses the performance of the Generalized Needlet Internal
Linear Combination (GNILC), a non-parametric method that combines spatial and
frequency information from the components to identify and remove foregrounds,
combined with a power spectrum debiasing procedure, in the recovery of the 21 cm
power spectrum. This component separation process was tested in BINGO simu-
lated data (HI 4 foregrounds + thermal noise) produced with different foregrounds
models and frequency bin numbers. Furthermore, the effect of using ancillary data
from C-Band All-Sky Survey (CBASS) experiment to improve the 21 cm signal es-
timation was also verified. These tests aim to optimize both the foreground removal
and recovery of the 21 cm signal across the full BINGO frequency band, as well as to
determine an optimal number of frequency (redshift) bands, which impacts greatly
the decisions regarding BINGO hardware configuration before commissioning. The
obtained results show that the component separation process adopted is able to
recover the 21 cm power spectra from the simulated data, with an average error of
3%, calculated over the BINGO frequency band and in the angular scales interval
30 < 0 < 270.

Keywords: 21 cm cosmology. Baryon acoustic oscillations. Radio astronomy. BINGO
telescope. Component separation. Foreground removal.
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TESTANDO A RECUPERACAO DO SINAL COSMOLOGICO DE 21
CM DO BINGO A PARTIR DE DIFERENTES SIMULACOES DE
MISSAO

RESUMO

O modelo cosmolégico ACDM prevé que a chamada energia escura (EE) corresponde
a cerca de 70% da densidade de energia do universo e é responsavel pela observada
expansao acelerada do mesmo. Os efeitos da EE na evolucao césmica podem ser
avaliados usando medigoes de oscilagoes actisticas bariénicas (do inglés, baryonic
acoustic oscillations - BAO). O telescopio BINGO (do inglés, BAO from Integra-
ted Neutral Gas Observations) foi projetado para detectar essas oscilagoes usando
a técnica de mapeamento de intensidade (do inglés, intensity mapping - IM) para
observar a linha de 21 ¢cm do hidrogénio neutro (HI), uma das sondas mais pode-
rosas para explorar o universo, desde a recombinacao até os tempos atuais. Como
um telescopio de transito, o BINGO observard uma faixa de declinagao fixa de 15°,
centrada em 6 = —15°, cobrindo cerca de 13% do céu e sondando um intervalo de
redshift 0.127 < z < 0.449, que corresponde a faixa de frequéncia 980 < v < 1260
MHz, onde as assinaturas BAO devem aparecer com uma boa relacao sinal-ruido. As
observagoes do BINGO em frequéncias de radio sao dominadas por fortes emissoes
galdcticas, que sdo cerca de 10 mais intensas que o sinal cosmolégico. Portanto,
definir uma estratégia de separagao de componentes eficiente para recuperar o sinal
de 21 cm a partir dos dados do BINGO é uma etapa crucial para a detecgao de BAO.
Este trabalho analisa o desempenho do Generalized Needlet Internal Linear Combi-
nation (GNILC), um método ndo paramétrico que combina informagoes espaciais e de
frequéncia dos componentes para identificar e remover foregrounds, combinado com
um procedimento de debiasing de espectro de poténcia, na recuperacao do espectro
de poténcia de 21 cm. Este processo de separagao de componentes foi testado em
dados simulados do BINGO (HI + foregrounds + ruido térmico) produzidos com
diferentes modelos de foregrounds e nimeros de bins de frequéncia. Além disso, o
efeito do uso de dados auxiliares do experimento CBASS para melhorar a estimativa
do sinal de 21 ¢m também foi verificado. Esses testes visam otimizar a remocao de
foregrounds e a recuperacao do sinal de 21 cm em toda a banda de frequéncia do
BINGO, bem como determinar um nimero ideal de bandas de frequéncia (redshift),
o que afeta muito as decisdes sobre a configuragdo do hardware do BINGO antes
do comissionamento. Os resultados obtidos mostram que o processo de separagao
de componentes adotado é capaz de recuperar os espectros de poténcia de 21 cm a
partir dos dados simulados, com um erro médio de 3%, calculado sobre a banda de
frequéncia BINGO e no intervalo de escalas angulares 30 < ¢ < 270.

Palavras-chave: Cosmologia de 21 cm. Oscilagoes actsticas de barions. Radioastro-
nomia. Telescopio BINGO. Separacao de componentes. Remocao de foregrounds.
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1 INTRODUCTION

There are various cosmological experiments trying to understand different aspects
of the origin and evolution of the universe. The current data increasingly strengthen
the so-called “concordance model”, constraining the cosmological parameters with
< 1% of precision. However, despite the success of this precision cosmology, some
points of the ACDM model still need a much deeper investigation. Among them,
understanding the nature of dark energy (DE), which comprise about 70% of the
present composition of the universe is, arguably, the most important open question
both in physics and cosmology. Although its origin is unknown, DE is recognized
in the standard model as responsible for the late-time accelerating expansion of the

universe.

Baryon acoustic oscillations (BAQO) are one of the most efficient observables to mea-
sure the history of expansion and growth of structure at low redshifts (WEINBERG
et al., 2013). BAO are the imprint left by acoustic waves at recombination and ob-
served in the distribution of matter in the universe. The BAO scale has already been
measured in the optical window (EISENSTEIN et al., 2005) and can be detected in
radio by integrating the intensity of the 21 c¢m line of neutral hydrogen (HI) across
a large radio frequency band, using a technique known as intensity mapping (IM).
It consists in measuring the spatial fluctuations in the emission line from a large sky
area at low angular resolution, tracing the evolution of the underlying large scale
structures over the redshift interval corresponding the chosen radio frequency band
(KOVETZ et al., 2017).

BINGO (BAO from Integrated Neutral Gas Observations) is a radio telescope de-
signed to detect BAO at low redshifts through the intensity mapping technique
applied to the HI 21 cm line. However, its observations, made around 1 GHz are
contaminated by intense diffuse galactic emissions that dominate the signal collected
by any radio telescope. Figure 1.1 shows the most important diffuse cosmic emissions
from 300 MHz to 300 GHz (radio and submillimeter bands) measured in antenna
temperature. Note that at ~ 1 GHz, the dominant components are, in this order,

synchrotron, free-free and CMB emissions.



Figure 1.1 - Radio diffuse cosmic signals (in antenna temperature) in the radio and sub-
millimeter bands (300 MHz to 300 GHz).
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Source: NATIONAL AERONAUTICS AND SPACE ADMINISTRATION (NASA)
(2012).

At BINGO frequencies, the galactic foreground continuum emission is ~ 1 K with
spatial fluctuations of ~ 100 mK, while the HI signal is ~ 200 uK (WUENSCHE et al.,
2021). This shows that recovering the 21 c¢m signal from the instrument data is quite
a challenging task. Thus, adopting an efficient foreground removal procedure is a
crucial step for BAO detection. This work aims to present the results obtained with
the combined use of GNILC (Generalized Needlet Internal Linear Combination) and
a debiasing procedure, to recover the HI power spectrum from different simulated

data configurations.

This thesis is structured as follows. Chapter 2 contains a brief description of the
physics of the 21 cm line and the intensity mapping technique. Chapter 3 presents
a brief description of the BINGO telescope. Chapter 4 describes the models used to
produce the simulated BINGO observations, the galactic mask used in the maps and
the simulation plan adopted. Chapter 5 presents the foreground removal problem

and describes the component separation mehod (GNILC) and the power spectrum

2



debiasing procedure used in this work. Chapter 6 shows the results of the component
separation tests carried out with simulated BINGO data. Chapter 7 contains the

conclusions and the next steps of this work.






2 21 CM COSMOLOGY

Observations of the redshifted 21 cm line of neutral hydrogen allow us to trace the
cosmic evolution, from the recombination period, when the respective atoms were
formed, to the post-reionization epoch, when the remaining HI is mostly confined to
galaxies, in dense clumps self-shielded from ionizing radiation (PRITCHARD; LOEB,
2012). The 21 cm emission measured after the end of reionization can probe the
content of neutral hydrogen in galaxies, serving as a tracer of matter in the universe.
However, at these low redshifts (z < 1) only about 1% of the baryons are in the
HI form, which considerably reduces the amplitude of the observed signal. Thus, to
study the evolution of neutral hydrogen in the post-reionization universe, a technique
known as intensity mapping (IM) is used. It maps the distribution of a tracer, which
in this work is the 21 cm line, over a volume of the universe, without individually
resolving the galaxies that gave rise to it (with low resolution) (PADMANABHAN,
2017). The IM performs a kind of tomography of the distribution of tracer intensities

in large-scales, defined over a large area of the sky and in a given range of redshifts.
2.1 The Standard Cosmological Model

The Standard Cosmological Model is supported by the Cosmological Principle, ac-
cording to which the universe is homogeneous and isotropic on scales greater than
100 Mpc (MUKHANOV, 2005) and whose validity has been proven by several re-
cent observations, which named the model with the term ACDM. The greek let-
ter A represents a cosmological constant that describes the effect of the still little
known dark energy, understood as responsible for the observed acceleration of the
expansion of the universe. The acronym CDM for Cold Dark Matter refers to a
different type of non-relativistic matter, which is invisible electromagnetically but
interacts gravitationally. Three well-established observational pillars support the
ACDM model: the expansion of the universe, the abundance of light elements and
the cosmic microwave background radiation (TURNER, 2022). The ACDM model has
been constantly tested by a large number of experiments and, so far, has matched

the observations with relatively small errors.

The application of General Relativity to cosmic scales allowed the deduction of
equations that describe how the content of matter and energy dictates the dynamics
and geometry of the universe. The Robertson-Walker metric describes the geometry
of an expanding homogeneous and isotropic universe. Thus, the line element ds that
represents the infinitesimal space-time interval between two events in the universe,

is given in comoving spherical coordinates by
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1—kr?

ds* = Adt* — a® ( + r2df? + r? sin? 9dg02> : (2.1)

where dt is the infinitesimal interval of proper time measured by a comoving observer;
a = a(t) is the dimensionless scale factor, the ratio of the physical distance between
two points at some earlier time ¢ and the comoving distance in present time ¢y, such
that ap = a(to) = 1 (DODELSON, 2003); 7, 6, ¢ are comoving spatial coordinates; k
is the universe curvature parameter, that depends on the matter-energy content of

the universe.

The complete dynamic of an expanding homogeneous and isotropic universe is de-
scribed by the Friedmann equations and the conservation law (continuity equation).
The Friedmann equations are obtained combining the Robertson-Walker metric with

the Einstein equations written in the cosmological context, which results in

a 4
-7 2.2
. 5 G (p+3p) (2.2)
and
a\? 8rG k
Z) ==, = 2.
(a) 3 P a?’ (2.3)

where G is the gravitational constant; p is the total energy density of the universe; p
is the hydrodynamic isotropic pressure; k/a? is the Riemannian curvature of space-

time. The conservation law is derived from the Einstein field equations and is given

by

i 3a
p=——I(p+p). (2.4)
The Equation 2.4 can be solved constructing the state equation p; = w;p; for each
component ¢ of the universe. For some cosmological species, w; can be considered
constant in time. Thus, using the relation a = (14 z) ", one of the solutions for the

continuity equation can be written as

pi = pio(1+2)*H), (2.5)



where p; o is the energy density of the species ¢ in the present day ¢y. For non-
relativistic matter (baryonic matter and cold dark matter), which will henceforth
be called matter, wy, = 0 and py = pmo(1 + 2)3. For relativistic matter (photons
and massless neutrinos), which will henceforth be called radiation, w, = 1/3 and
pr = pro(1+ 2)* (RYDEN, 2017).

Unlike the components mentioned earlier, the general solution of the dark energy
continuity equation is obtained writing the equation of state with an arbitrary red-

shift dependence, wqe(z). Thus, the dimensionless dark energy density is defined as

f(2) = pac/paeco and is given by

f(z) =exp [3 /OZ Wdz'] : (2.6)

One of the main goals of modern cosmology is to constrain the possible values
of wqe(2). Recent observations indicates the existence of a positive cosmological

constant A, such that wge(z) = —1 and pge = Paeo = par = pao = A/87G.

Some parameters need to be presented before going into detail about the dynamics
of the universe. The Hubble parameter H measures the rate of expansion and is

given by

a

H="= (2.7)

The Hubble parameter in present time is called Hubble constant, Hy. The density

parameter of a component of universe 7, €);, is is defined as

0 =" (2.8)

= y
Perit

where pe is the critical energy density, obtained by making k& = 0 (flat universe)

in the Equation 2.3, which results in

3H?

crit — . 2.
Perit i (2.9)

The cosmological parameter 2, defined as Q = p/peris, where p = pr+ pm+pae, relates



the geometry, the matter and energy content of the universe. universe. Combining

this relation with Equation 2.3, it can be rewritten as

Q=0 +Qn+ Qge =1 — O, (2.10)

where . = p;/peiy is the radiation density parameter; 0, = pm/perie is matter den-
sity parameter; Qi = pi/peic = —k/a>H? is the spatial curvature density parameter;
Qge = Pde/ Perit is the dark energy density parameter, that in the case of the ACDM
model, Qqc = Oy = Ac?/3H?. If Q > 1, the universe has closed geometry and k > 1;
if 2 < 1, the universe has open geometry and k < 1; if 2 = 1, the universe has flat
geometry and k£ = 0.

The dimensionless deceleration parameter ¢ characterizes the acceleration of cosmic

expansion and is defined by

q= —Z—Z :;+;(wr9r+wm9m+wdeﬁde)+2ﬁ%. (2.11)
The signal of ¢ determines whether the expansion is slowing down or speeding up
(MUKHANOV, 2005). If & > 0, the expansion is accelerating and ¢ < 0. In the
ACDM model, it is assumed that & = 0 and wqe = —1. Thus, considering that
(2o is negligible, the present value of the deceleration parameter can be written
as o = Qmo/2 — Qa, where is possible to observe the effect of the cosmological

constant as a repulsive field that opposes the gravitational attraction.

Rewriting the Equation 2.3, putting the Hubble parameter H (z) in terms of the

present values of the density parameters and the Hubble constant, we get

H? (2) = HY [Qo (14 2)" + Qo (14 2)° + Qo (14 2)* + Qoo f(2)] . (2.12)

where for the ACDM model, Qx =0, f(2) =1 and Qe = Q0.

One of the main ways to measure H(z) and constrain the cosmological parameters
and the nature of dark energy (delimiting w(z) values) is through baryon acoustic
oscillations (BAO). The details of BAO physics and the use of its characteristic scale

as a standard cosmological ruler are presented in Section 2.2.



2.2 Baryon acoustic oscillations

Before the epoch of recombination, the temperature of the universe was so high
that protons and electrons formed a hot and dense plasma, tightly coupled with the
photons via Thomson scattering. Gravitational potential wells started to emerge as
baryons and dark matter were gravitationally attracted to the overdensity regions,
arising from quantum fluctuations of the period of cosmic inflation. These wells cre-
ated pressure in the opposite direction of gravitational attraction by compressing the
electron-proton fluid and heating the photons. Then, from these overdensity regions,
waves propagating spherically through the plasma were created by the alternation
of photon pressure and gravitational force. These spherical density perturbations

propagated as acoustic waves with a speed given by (EISENSTEIN et al., 2007)

C

s(2) = ——m— (2.13)

J3(1+ R(2))

where R(z) = 3py,/4p,, being that p, and p, are the baryons and photons energy
densities as a function of redshift, respectively. As p, < p, at higher redshifts,
the acoustic waves started to travel at their maximum speed, ¢/ v/3. Then, when
the universe cooled down enough for the electrons and protons to recombine, which
occurred at z ~ 1100, the acoustic waves stopped propagating, baryons and pho-
tons decoupled, and the latter start to travel freely, forming the observed cosmic
microwave background (CMB). The distribution of the baryons after the recombi-
nation exhibits a density excess that corresponds to the characteristic radius of the
spherical shell that was created when the acoustic waves froze. This radius corre-
sponds to the comoving distance that the sound waves traveled from the Big Bang
until the recombination, which occurred at time t,.. and redshift z..., and is given
by (WEINBERG et al., 2013)

. trec@ _ 00 Cs<z) .
=), o)™ = L =) (2.14)

The acoustic scale can be verified as an excess in the distribution of matter (galaxies)
in the universe, which is reflected in an increase in the two-point correlation function
&(r) at a comoving distance 75 & 150 Mpc. This means that the probability of finding
two galaxies separated by the distance g is higher. Furthermore, harmonic signatures

of BAO can be observed in the power spectra of CMB and matter as acoustic peaks.



For the standard model, the comoving line-of-sight distance d¢ to an object at

redshift z can be written as

& Z HO
- ds
HoJo H(z)"

de(z) (2.15)

and the comoving angular diameter distance da, that relates the comoving size of

an object to its angular size, can be written as

C HO

da(z) = Y sin WTMCCZC(Z)] . (2.16)

(1+ 2)Hy

As mentioned in the Section 2.1, the BAO scale can be used as a standard ruler
to delimit the possible values of w(z) and constrain the dark energy properties. A
measurement of the Hubble parameter H(z) is given by the acoustic scale along the

line-of-sight, ry , through

H(z) = =2, (2.17)

Ts

where Az is the difference in redshift between the front and back of the BAO spher-
ical shell, and a measurement of the angular diameter distance d(z) is given by the

tangential characteristic scale rg, through

da(2) - (2.18)

T A1+ 2)

where Af is the angular diameter of the BAO spherical shells. Precise measurements
of Az and A#, along with the acoustic scale standard value, allow to determine
the Hubble parameter and the angular diameter distance of the BAO structure, at
different redshifts, through the Equations 2.17 and 2.18. Finally, the Equation 2.16
connects the angular diameter distance, and consequently the BAO scale, to the

cosmological parameters.

BAO were first detected as acoustic peaks in the CMB power spectrum, and later,
in matter distribution and power spectrum through imaging and spectroscopic red-
shift surveys. To detect the weak signal of BAO, and obtain precise measurement of

Ts, it is necessary to probe large volumes of the universe. However, there are some
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limitations in the use of galaxy surveys of these cosmic portions. Thus, there are
some new experiments, based on IM technique, that intend to apply it to a matter
tracer and then, measure the acoustic scale of BAO. As one of those instruments,
BINGO intends to make this detection in radio wavelengths, by applying the inten-
sity mapping to the 21 c¢m line of neutral hydrogen, whose physical foundation is

presented in the next section.
2.3 Physics of the 21 cm line

Neutral hydrogen, in its ground energy state, has a proton, with nuclear spin I =
1/2, and an electron, with spin S = 1/2. As both charged particles have spin,
they produce interacting magnetic moments, splitting the ground level 1s into two

hyperfine states, separated by an amount of energy given by

4 e
Eio = —a'g,—Smec® = 5.879 x 1076 eV, (2.19)
3 mp

where o is the dimensionless fine structure constant, g, is the g-factor of a free
proton, me is the mass of the electron, m, is the mass of the proton and c is the

speed of light. This splitting is known as the hyperfine ground state structure.

The total angular momentum is given by F = I + S, resulting in two possible
quantum numbers: F' = 0 or F' = 1. The radiation produced by the transition
between the two hyperfine levels has a wavelength of 21.106114 ¢cm and, consequently,
a frequency of 1420.405752 MHz. Figure 2.1 shows the schematic diagram of the 1s
ground state hyperfine structure and the transition between the two hiperfine states
of HI. On the top line, the hydrogen atom is in the most energetic configuration,
F =1, where the proton and electron spins are parallel. On the bottom line, the
HI changes to the least energetic configuration (antiparallel spins), F' = 0, reached
after the electron spin flip occurs, and the atom emits a photon with a wavelength

Ao & 21 ¢m or with a frequency v1g = 1420 MHz.

11



Figure 2.1 - Schematic diagram of the hyperfine structure of the ground state 1s of the
hydrogen atom. A transition between the most energetic state (parallel spins)
and the least energetic state (antiparallel spins) emits a photon of 5.9 x 1076
eV, corresponding to a frequency vig ~ 1420 MHz and a wavelength A =~ 21

cim.
Hydrogen hyperfine Muclear Electron
structure spin spin
1s .~ t
-6
1 r{ l 59x10 eV
. 1, }
1420 MHz
A=21cm

Source: HyperPhysics (2016).

The 21 c¢m spectral line can be used as a good tracer of matter in a gas cloud, given
a background radio source. Its intensity along the line of sight between the source
and the observer, passing through the gas cloud, can be described by the radiative

transfer theory.

The variation of the specific intensity d/,, along a distance element ds over the line

of sight is given by the radiative transfer equation

drl,
ds

=—a, 1, +J,, (2.20)

where the absorption and emission along the line of sight are given, respectively, by

the coefficients «,, and j,.

As in the radio band the specific intensity of a blackbody curve is fully within
the Rayleigh-Jeans regime, the relation between the intensity I, and the brightness

temperature T, (v) can be written as

y2
I, = 2ksTy (v) =, (2.21)

where c is the speed of light in vacuum and kg is the Boltzmann constant.

The optical depth 7, is defined as

12



T, = /ay (s)ds, (2.22)

where s is the position along the line of sight. In a simplified way, the optical depth
indicates how difficult it is for a photon to cross a medium without being absorbed.
If 7, > 1 the medium is said to be optically thick and photons of frequency v have
a high probability of being absorbed. If 7, < 1, the medium is said to be optically
thin and the photons that pass through it have a low probability of being absorbed.

Using the Equations 2.21 and 2.22 to rewrite the radiative transfer equation, one

obtains

Th()=Ta(v)e ™ +Ts(1—e™), (2.23)

where Ty, (v) is the observed brightness temperature, Tk (v) is the brightness temper-
ature of the background radio source, 7, is the optical depth and Ty is the uniform
excitation temperature, also known as spin temperature of the gas cloud. It is de-
fined by the ratio between the number densities ng and n; of the hydrogen atoms
at the two hyperfine levels. Subscript 0 refers to the least energetic level 19572 and

subscript 1 is associated with the most energetic level 1,5 5.

Considering the system in thermodynamic equilibrium, the relation between the

population ratio n;/ng and the spin temperature Ty is given by

mo_ (91> eI/ Ts (2.24)

no 90

where gy = 1 and g; = 3 are the numbers of possible states with energy Ej, and Ej,

respectively, and T, = hvo/kp = 68 mK.

The optical depth equation can be rewritten using the explicit form of «,,, which
is obtained from the Equation 2.24 and the Einstein relations. Since in almost all
astrophysical situations T, < Tg, about 3/4 of the HI atoms are in the excited state.
So ng = nur/4, where nyy is the number density of neutral hydrogen (FURLANETTO

et al., 2006). Therefore, the resulting expression is given by

= /glo (v) % (1— e Br/ieTs) g, (2.25)
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where F;y = 5.879 x 107% eV is the energy associated with the transition between
levels of the hyperfine structure; nygy is the number density of neutral hydrogen;

010 (V) is the 21 cm cross-section, given by

3621410
S8my?

o1 (v) = ¢ (v), (2.26)
where ¢ (v) is the function that represents the normalized profile of the 21 cm line,
whose peak occurs at ~ 1420 MHz and [ ¢ (v)dv = 1; Ajq is the spontaneous emis-
sion coefficient, which gives the probability of occurrence of the hyperfine transition
per unit time, equal to 2.85 x 1071°s~. It corresponds to a spontaneous decay time

of about 107 years.

Assuming uniformity throughout the gas cloud, the optical depth can be approxi-
mated by

() () e e

In the context of 21 cm cosmology, the line profile ¢ () has to be written taking
into account that the gas in the intergalactic medium (IGM) expands uniformly
with the Hubble flow. The Sobolev approximation assumes that local variations in
the velocity gradient are negligible compared to macroscopic ones, within a region of
linear dimension s (SOBOLEV, 1957). According to this approximation, the velocity

profile can be written as

v= (ds) s~ H(2)s, (2.28)

where H (z) is the Hubble parameter.

Using Equation 2.28 and Doppler law expression, the line profile equation can be

approximated by

C

o (v) = ST (2.29)

Considering the column density of a segment with length s as a function of the

14



fraction xpy; of neutral hydrogen, so that Ny = zpng (2) s, a final expression for
the 21 cm optical depth of the diffuse IGM can be written as (FURLANETTO et al.,
2006)

3 AlO th 1 THINH
= . 2.30
Tro 321w ( 1/120 ) (/{ZBT5> (1 + Z) dU”/dT’” ( )

As the optical depth of this hyperfine transition is small at the observed frequencies
(reshifts) (7, < 1), the Equation 2.23 can be approximated by

T, (v) —Tr (v) = [Ts — Tr (V)] 70, (2.31)

where the absence of a signal or the occurrence of emission or absorption depends on
Ts and Tg values. The differential brightness temperature, measured at a frequency
v, is defined as 6T}, (v) = Ty, (v)—Tg (v). Equation 2.31 also shows that the brightness
temperature of the 21 cm signal, observed at different epochs of the universe, depends

directly on the evolution of the spin temperature.

A final expression for the 21 cm signal differential brightness temperature 673, is

obtained from Equations 2.30 and 2.31, which results in

) ~ O AL/2 CTr(2)| [H(2) /(1 +2) o
0Ty, (2) =~ 9zpr (14 0p) (1 + 2) [1 T ][ doy/dr] ] K, (2.32)

where xyp is the numerical fraction of neutral hydrogen; ¢;, is the density contrast
of baryons, given by the relative deviation of density from the mean density, which
indicates that 07}, describes indirectly the underlying matter distribution; dvy/dr)
is the gradient of the proper velocity along the line of sight, considering the Hubble

expansion and the peculiar velocity.

In the Equation 2.32, one should note that 673, saturates if Tg > Tr. On the other
hand, 67T}, can assume negative values if Tg < Tg. Thus, it can be concluded that the
observability of the 21 c¢m signal is directly related to the spin temperature, defined
as a function of the ratio between the numerical densities of the populations of the

excited state n; and the ground state ny. Rewriting Equation 2.24, one obtains
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Ts =T, {m <?;ZO>} o (2.33)

that is, the greater the number of excited atoms in a gas cloud, the higher the
spin temperature. The Ty being greater, lesser or equal to the temperature of the
radiation field Ty is what dictates whether the signal will be observed in emission

or absorption, or not.

Three processes define the populations ng and nq, and consequently Ts, along cosmic
evolution: absorption/emission of 21 ¢cm photons from/to the background radiation
field (e.g. CMB); collisions of HI atoms with other hydrogen atoms, free protons and
free electrons; absorption followed by emission (resonant scattering) of Ly« photons,
causing a spin-flip via an intermediate excited state, the so-called Wouthuysen-Field
effect.

Let Cp; and Cjp, the collisional spin (de-)excitation rates per atom; Py and Pjy,
the spin (de-)excitation rates per atom from Ly« resonant scattering. As the rate
of occurrence of these processes is much higher than the spontaneous decay rate of
21 cm transition (~ 10% s), the spin temperature is determined by the equilibrium

between them as

n1 (Cro + Pio + Aio + Biolr) = no (Cor + FPor + Boilr) , (2.34)

where By and By, are the Einstein coefficients and [y is the energy flux of the

radiation field photons.

The relation between the rates of excitation Cy; and de-excitation C'g per collision

is given by

Col 9 1.1 ( T*>
— == MK x3(1——]), 2.35
Cho 9o Tk ( )

where Tk is the kinetic temperature of the gas. The effective color temperature T,
of the radiation field is defined by

POI ( T*)
— =31-=. 2.36
P, (2.36)
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Substituting the Equation 2.24 and the Einstein relations (equations that relate Ay,
Bjo and By;) in the Equation 2.34. Then, considering that 7 is much lower than any
astrophysical temperature T, and making the approximation 1 — e™/7 ~ 1 — T, /T,
as well as that the photons of the radiation field are in the Rayleigh-Jeans region of

the emission spectrum, so that I, oc 2T}, it is obtained

TR G T
n 1+ 2z, + x.

Ts! , (2.37)
where Ty is the temperature of the radiation field, in general Ty = Tcyp. The
temperature of the Ly« photon radiation field at the frequency of the line (2.45x 10
Hz) is T,,. It is tightly coupled to the kinetic (thermodynamic) temperature Tk, due
to the recoil caused by repeated scattering between photons and atoms. In summary,
Ts is expressed as a weighted sum over the temperatures which characterize the
efficiency of each of the three processes described above. The strength of these

process are given by the coupling coefficients x, and ..

The coupling coefficient x,, is associated with the resonant scattering of Lya photons,
known as the Wouthuysen-Field effect. This process came to dominate the coupling
with the formation of the first stars. In this epoch, the hydrogen that is initially in
the least energetic hyperfine state 195;/2, absorbs a Lya photon and is excited to
one of the central 2P hyperfine states. This hydrogen atom can then emit a Ly«
photon and return to one of the two hyperfine levels of the ground state. If the atom
goes to the more energetic hyperfine level, a spin-flip and consequent 21 ¢m emission

can occur.

The Lya coupling expression is given by

167272 fa

a«= =5 Ja, 2.38
v 27A10TRmeC ( )

where J, is the Ly« specific flux; S, is the order-one correction factor for scattering
effects in the vicinity of the Ly« line center; m, and ¢, are the mass and charge of
the electron; f, is the oscillator strength of the Ly« transition; A = 2.85 x 1071

s~! is the Einstein coefficient of spontaneous emission rate.

The collisional coupling coefficient x. takes into account the (de-)excitation of the HI
hyperfine levels caused by collisions between hydrogen atoms and collisions between

a hydrogen atom and a free proton or a free electron. These collisions dominate
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coupling in a period of the universe when the density of neutral hydrogen was high

(Dark Ages). The coupling coefficient can be written as

HH H | el
T. = T, +aP+ ]

T. .
= [R0 (T + K30 (i) mp + m55 (T me] (2.39)
AoTwr

where k1 is the rate coefficient for spin de-excitation in collisions between hydrogen
atoms, /@If(l){ is the rate coefficient for spin de-excitation in collisions between protons
and hydrogen atoms and xSl is the rate coefficient for spin de-excitation in collisions
between electrons and hydrogen atoms. These coefficients are determined in the

scope of Quantum Mechanics.

There are two types of background radio photons sources capable of exciting the
neutral hydrogen atoms of the IGM and producing the emission at 21 cm: the CMB
and the strong radio point sources (e.g. quasars). After the end of the recombination,
the temperature fluctuations (thermodynamics) of the CMB were §Tcyp ~ 1077,
where Tg = Tougp. In this case, the 21 c¢m line is observed as a spectral distortion in
the blackbody curve of the CMB, in an appropriate frequency range. The interaction
between the CMB photons and the HI cloud atoms produces a signal distribution of
21 cm across the entire sky, which allows it to be treated as the anisotropies of the
cosmic microwave background. The temperature fluctuations 675, can be mapped
as a function of celestial coordinates at different redshifts (frequencies). The result
is a 3D map of HI distribution.

Radio point sources are objects with intense brightness, such as quasars, whose
brightness temperature is much higher than that of the diffuse and weak emission of
HI (Tx > Ts), what causes the IGM gas cloud absortion relative to the background
radio source. The occurrence of this 21 cm absorption at different redshifts creates
the so-called 21 c¢m forest. The high intensity of the background radio point sources
allows to study the lines with high resolution in frequency, making it possible to
solve small-scale structures of the IGM (PRITCHARD; LOEB, 2012).

Summarizing what has been presented so far, the brightness temperature of the
21 cm signal can be written as a function of four variables Ty, = Ty, (Tk, zi, Ja, 1)

where Ty is the kinetic temperature of the gas; x; is the volume average of the
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ionized fraction of hydrogen; .J, is the specific flux at the frequency of Lya and ngy
is the number density of hydrogen. The dependence of T}, on each of the presented
parameters saturates at different times of cosmic evolution. Therefore it is possible to
separate the evolution of the 21 c¢m signal into different regimes, during which each

of the variables dominates its correspondent brightness temperature fluctuations.

The following section describes the observational technique that maps the cumula-
tive emission of a spectral line, such as the 21 ¢m emission presented previously, from
galaxies, without resolving them individually, to survey the large-scale structure of

the universe.
2.4 21 cm Intensity Mapping

Intensity mapping (IM) has proven to be an efficient technique for probing different
epochs of the universe. The basic idea of IM is to measure the integrated emission
of a spectral line from large areas of the sky, over a specific range of frequencies,
and with low angular resolution. Thereby, the IM is able to detect the global line
emission, as a function of redshift, from a large number of individually unresolved
galaxies and from the diffuse IGM. Therefore, this three-dimensional mapping of
spatial fluctuations in the density of baryonic matter allows revealing the formation
and evolution of the large-scale structures (KOVETZ et al., 2017).

The IM method has the potential to explore a wide range of redshifts, covering
from the cosmic dark ages, the period following recombination, to after the end of
reionization epoch (PADMANABHAN, 2021), and for this to contribute significantly to
astrophysics, cosmology and fundamental physics. More specifically, IM surveys can
study the cosmic history of star formation; the formation and evolution of galaxies;
the composition of the interstellar medium (ISM) and intergalactic medium (IGM);
the physics of the epoch of reionization; cosmic inflation models; modified gravity
theories; the origin of dark matter and the nature of dark energy (KOVETZ et al.,
2019).

The galaxy surveys detect only discrete objects (e.g., individual galaxies) whose
emission lies above some flux limit (KOVETZ et al., 2017). This makes them have a
low sensitivity, being able to map only a small fraction of the observable universe
(PADMANABHAN, 2021). The IM surveys, on the other hand, are sensitive to all
sources in a given line-of-sight, which produces large three-dimensional maps of
large-scale structures. The low angular resolution of IM experiments makes them

less expensive than galaxy surveys, in addition to making it capable of covering
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large volumes of the universe in a shorter observation time (KOVETZ et al., 2019).

The IM method can target a variety of atomic and molecular lines. Initially, most
efforts were concentrated on probing the epoch of reionization by mapping the 21
cm emission of neutral hydrogen (HI) from the IGM. Then, the IM technique began
to be used to observe the universe at low redshifts by measuring the 21 cm emission
from galaxies. Finally, IM was also used with other spectral lines, as the rotational
carbon-monoxide (CO) transitions, the singly-ionized carbon [CII] fine-structure,
the hydrogen Ly-«, H-« and H-f lines; doubly ionized oxygen [OIII] and others, to
detail galaxy evolution and star formation (KOVETZ et al., 2017).

IM surveys can contribute to cosmology by detailing the growth of structures
through measurements of large-scale redshift-space distortions; constraining the dark
energy equation of state and cosmological parameters through BAO measurements;
searching for deviations from the ACDM model (OXHOLM, 2022).

IM measures spatial fluctuations in the emission intensity of a spectral line at a
redshift z, &1(7, z), which traces the large-scale matter fluctuations as (OXHOLM,
2022)

61(7, 2) = I1(2)b(2)0wm (7, 2) + N(2), (2.40)

where 7 is the vector of spatial coordinates; I(z) is the average line intensity; N(2)
is the map noise, which is assumed to be Gaussian and random at a given redshift
(or frequency); b(z) is the redshift-dependent linear clustering bias of the observed

galaxies relative to the underlying matter overdensity, d,, (7, z), which is given by

) pmmpzi (;)ﬁm<z>7 -

where p,, (7, z) is the matter field density; py,(2) is the average matter field density

over the observed region of the sky.

The intensity field d1, presented in the Equation 2.40, can be represented by its

Fourier transform

- o 1 o
ik 2) = / 51(7, 2)e T g7, (2.42)



where k is the wavenumber (or mode) of the spatial fluctuations described by the

coordinates 7.

The intensity power spectrum, PI(/;, z), describes statistically the Fourier transform

of the intensity field, given by the Equation 2.40, dr, and is written as

(01(k, 2)00(K', 2)) = (27)* Fi(k, 2)dp (k — k), (2.43)

where () denotes the expected value and dp is the three-dimensional Dirac delta
function. As the galaxies emitting a spectral line are a discrete and biased tracer
of the underlying matter fluctuations, the IM power spectrum consists of two main

components, as

Pi(k, z) = I*(2)0%(2) P (K, 2) + Papot (2), (2.44)

where I2(2)b%(z) P (k, z) represents the large-scale clustering and continuous sources
contributions, which follows the matter power spectrum Pm(l;, 2); Panot(2) is the
shot noise power spectrum, which refers to non-clustered line-emitting galaxies, that

follow discrete statistics well represented by a Poisson distribution.

The average intensity I(z) is proportional to the first moment of the luminosity
function (or distribution) of the target emission line ® (L, z), which gives the number

density of galaxies with luminosities between L and L + dL, as

I(2) x /Ooo Lo (L,2)dL. (2.45)

The shot noise power spectrum is scale-independent and has amplitude proportional

to the second moment of the luminosity function, as

Paor (2) /0 T L2 (L, 2) dL. (2.46)

The 21 cm IM surveys can measure the HI emission from galaxies and the IGM
to reveal the three-dimensional picture of large-scale structure in the late universe.
This tomographic map of the distribution of matter in large cosmic volumes can

be used to detect BAO in radio wavelengths. A 21 cm IM telescope can be used
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to look at this standard ruler in the radial and transverse directions across a range
of redshifts, to produce estimates of the Hubble parameter and angular diameter
distance, respectively. Finally, these measurements can be used to trace the history
of universe expansion, and provide very precise constraints on dark energy equation

of state (see Section 2.2) (PETERSON et al., 2009).

During the epoch of reionization, the amount of neutral hydrogen in the universe was
drastically reduced. It is estimated that the remaining amount of HI from this period
corresponds to about 1% of the existing baryons. Furthermore, the preservation of
this residual quantity of these atoms at low redshifts was only possible due to the
formation of very dense and optically thick regions, which shielded the HI against
incident radiation. The observed post-reionization 21 cm signal reveals the density
field of matter behind the clustering of collapsed halos (PRITCHARD; LOEB, 2012).
However, the 21 cm signal is weak at these redshifts, so that the amplitude of the
Galactic synchrotron emission, the dominant foreground at radio frequencies, is a
few orders of magnitude greater than the amplitude of the 21 cm emission. This
makes the task of disentangling the HI signal from the astrophysical foregrounds

the major challenge of the 21 ¢m IM approach.

BINGO is a radio telescope that will use the 21 cm IM to measure the HI distribution
over an area of about 13% of the sky, in a range of redshifts 0.127 < z < 0.449,
with the aim of detecting the scale from BAO and hence to constrain dark energy
parameters. A brief description of this instrument is presented in Chapter 3. The
foreground removal problem, as well as the component separation method used in
this thesis to recover the HI signal from the BINGO simulated data, are presented
in Chapter 5.
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3 BINGO TELESCOPE

BINGO is a radio telescope designed to measure the 21 cm emission of HI in the
frequency band 980 < v < 1260 MHz, using the IM technique described in Chapter
2. Additionally, given the properties of the telescope, it will be able to describe
phenomena at very short time scales, making it a useful tool for studying pulsars
and fast radio bursts (FRBs) (ABDALLA et al., 2022a). The instrument will observe an
~ 15°-wide declination strip, centered at 6 = —15°, which corresponds to 13% of the
sky. The angular resolution of the instrument is ~ 40 arcmin, which is suitable for
resolving BAO angular scales in the range of observed redshifts 0.127 < z < (0.449,
where dark energy becomes dominant (WUENSCHE et al., 2022).

The telescope is being built in Aguiar, Paraiba, Brazil, at a site with very low radio
frequency interference (RFI), located at coordinates 7°2'27.6” S; 38° 16’ 4.8” W. The
site selection process and description of the RFI measures are presented in Peel et
al. (2019).

In the BINGO frequency band, the mean brightness temperature of the 21 cm emis-
sion is ~ 200 puK. Assuming the estimated system temperature of ~ 70 K, a channel
bandwidth of Av = 9.33 MHz (30 frequency bins), a pixel size of ~ 27.5 arcmin
(HEALpix Ngge = 128) and an observation time of 1 year at 60% duty cycle, BINGO
should achieve an estimated sensitivity of 102 uK (WUENSCHE et al., 2022).

BINGO has a compact optical configuration with no moving parts, consisting of
two reflectors, the secondary one illuminating 28 horn-type antennas (planned for
phase 1), which will collect, each one, two hands of circularly polarized signal, each
of which will be fed into magic tees connected to stable correlation receivers with
dual polarization. More specifically, each magic tee will send the information to two
amplifier chains and, after some electronic processing, such as filtering and phase
switching, the signal will be recombined in a second hybrid and then sent to a digital
backend for frequency decomposition (WUENSCHE et al., 2022). Figure 3.1 shows an
artistic view of the telescope, displaying a west-east view (left-right) of the site, with
the sheltering hill in the background (ABDALLA et al., 2022a).
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Figure 3.1 - The artistic view of the BINGO telescope site. This figure displays the shel-
tering hill and the use of the natural inclination of the terrain to place the
primary and secondary mirrors, in addition to the horn structure.

Source: Abdalla et al. (2022a).

The following sections describe the main subsystems of the instrument.
3.1 Optics

The optical system configuration is an off-axis crossed-Dragone (DRAGONE, 1978)
type, a compact arrangement that allows a wide field of view. The system consists
of two reflectors with no moving parts and has a effective focal length of 63.2 m.
The primary is a paraboloid with a semi-major axis of 25.5 m and the secondary is a
hyperboloid with a semi-major axis of 18.3 m. The primary mirror has an inclination
with respect to the ground and points to a declination 6 = —15°. The secondary is
supported by a structure that maintains it with a slight inclination in relation to

the vertical. The schematic is shown in Figure 3.2.
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Figure 3.2 - BINGO optics schematics: the primary reflector (red) is facing north pointing
to 6 = —15°; the secondary reflector (blue) is slightly inclined with respect to
the vertical and pointing towards the horn arrangement (green). The dimen-
sions are in millimetres.
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Source: Wuensche et al. (2022).

To reduce spillover, spurious signals picked up near the edges of the reflector, as
well as far out sidelobes, the secondary is under-illuminated by an array of horn-like
antennas. The BINGO Phase 1 predicts a focal plane arrangement with Nyoms = 28
as shown in Figure 3.3. Each of these horns is supported by the hexagonal structure
shown in Figure 3.4. The BINGO optical design ensures that the forward gain of
each beam, resulting from the combination between each feed horn and the secondary
reflector, does not vary by more than 1 dB for all pixels across the focal plane. In
addition, the simulations results show low optical aberration and ellipticity for all
beams (WUENSCHE et al., 2021). The full width at half maximum (FWHM) of the
telescope’s resulting beam should be ~ 0.67° at the central frequency of the BINGO
band, the original angular resolution of the project (ABDALLA et al., 2022b).
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Figure 3.3 - Horn arrangement in the focal plane for BINGO Phase 1. In this way, each
horn covers a different declination strip. Hexagonal structures allow movement
and repositioning of the horns during the mission. The dimensions are in
millimetres.
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Source: Wuensche et al. (2022).

Figure 3.4 - Hexagonal cage horn. The horn is attached to a U-shaped support by the
ring crossing its center of mass, for pivoting and vertical displacement, and
to another structure connected to the end of the polarizer, on the opposite
side of the horn mouth. The U-shaped support and the back structure are
mounted on top of a cart that allows for longitudinal positioning of the horn.

U-shapad Back support far

front suppart verlics|
displacement

Cart for horlzontal
dispiacement

Source: Wuensche et al. (2022).

26



This optical arrangement makes BINGO a transit instrument, covering an instan-
taneous ~ 15°-wide declination strip centered at § = —15°. This results in a field of
view that covers a 15.4° wide declination band. The horns are arranged in the focal
plane so that each one points to a different declination strip and there is uniformity
in the sky coverage. Furthermore, the design foresees that the longitudinal axis of
each horn can be shifted vertically, allowing an increase in declination coverage of
~ 0.56° after 5 years of observation (one horn repositioning per year) and eliminat-
ing the gaps in the sky coverage. This repositioning of the feed horns results in a
more homogeneous distribution of the noise level in the pixels of the covered area,

as discussed in Section 4.1.4.

The component separation techniques used in the 21 ¢m IM surveys rely on the
spectral smoothness of the astrophysical foregrounds, as described in the Chap-
ter 5. However, the frequency dependence of the instrument beam (chromaticity),
such as the frequency evolution of the beam size, can complicate the foreground
emission. More specifically, the chromatic beam side lobes can couple the large an-
gular fluctuations in the diffuse Galactic emission into spectral structures, distorting
the otherwise smooth spectral shapes of the intrinsic foreground, what can confuse
global 21 cm signatures. Although the amplitude of the side lobes is typically much
lower than the major lobe, they can cover a large solid angle, and so contribute
a non-negligible fraction of the total detected emission after integrating over the
entire beam profile. Thus, the chromatic structure of the beam must be properly
modeled through previous measurements, and corrected by calibration, to enable the
separation of the faint cosmological component from bright foreground emission. In
short, understanding how damaging these frequency effects to the intrinsic spec-
tral characteristics of the foregrounds is indispensable for the 21 c¢m signal recovery
(ALONSO et al., 2015; ASAD et al., 2021; CUNNINGTON et al., 2021; IRFAN; BULL, 2021;
MATSHAWULE et al., 2021; MOZDZEN et al., 2016; TAUSCHER et al., 2020).

Due to very clean beam obtained with optical design simulations (ABDALLA et al.,
2022b), and measurements of the beam profile of a prototype horn (WUENSCHE et al.,
2020), it was decided to use the conventional circular Gaussian beam approximation
in the simulated observations of this work. However, this simplified model does not

take into account the side lobe structure and its frequency-dependence.

Current simulations of the optical aberrations suggest the horns most distant from
the center of the focal plane are slightly distorted, despite meeting the criteria of

low illumination (- 50 dB attenuation) in the outer parts of the beam. These results,
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as well as a complete description of the optical design of the BINGO telescope, are
presented in Abdalla et al. (2022b).

The component separation procedure proposed here must be tested in future works
with a more realistic beam model, which include the above simulations, together with
the actual beam profile measured for the prototype horn (as described in Wuensche
et al. (2020)) coupled to the full telescope optics.

3.2 Feed horns and front end

The BINGO feed horns were designed in a corrugated conical shape, which attenu-
ates spurious signals through successive reflections, and proves low side lobes across
a broad frequency range and good polarisation performance. In order to produce
the nominal field of view of the experiment, the horns dimensions are ~ 1.7 m in
diameter and ~ 4.9 m in length. The horns were projected to optimally illuminate
the secondary mirror and have excellent insertion and return loss measurements.
Measurements made with a horn prototype show that the instrument beam will
have secondary lobes < —25 dB and distortion from the circular shape < —30 dB
inside the main beam. Such beam meets the necessary requirements to avoid the
leakage of the linearly polarized portion of Galactic foreground emission into the HI
signal, and to enable the separation of the bright astrophysical components from the
faint 21 cm emission (ABDALLA et al., 2022b; WUENSCHE et al., 2019; WUENSCHE et
al., 2021). The polarization leakage effects were not implemented in the simulations
of this thesis, but should be tested in future work.

The front end is composed by transitions, polarizer and magic tees, as shown in the
Figure 3.5. A circular to square transition was used to connect the horn throat to
the polarizer. The polarizer was designed to take the two incoming hands of circular
polarisation from the horn and convert them to linear with high isolation between
them (WUENSCHE et al., 2020). Its outputs are a rectangular guides that connects
to the hybrids (magic tee), each one responsible for feeding the two amplifier chains

with the two linearly polarized signal, as described in the next section.
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Figure 3.5 - Front end, with parts indicated at the bottom of the figure, connected to the
feed horn prototype at INPE.
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Source: Wuensche et al. (2022).

For a complete description of the design and construction of the feed horn and front
end, see Wuensche et al. (2020).

3.3 Receiver

The best choice for BINGO receivers is the full correlation configuration, operating
at ambient temperature. With this receiver type, it is expected to minimize the gain
variations and, consequently, the 1/f noise content in the TODs. Its estimated knee
frequency, at which the thermal and 1/f noise power spectral densities (PSD) are
equal, i finee = 1 mHz (WUENSCHE et al., 2022). The block diagram of the BINGO

full correlation receiver is shown in the Figure 3.6.

As discussed in the Section 3.2, each magic tee will feeds two amplifier chains. Then,
after filtering and phase switching, the signals will be recombined in a second hybrid
and sent to a digital backend for frequency decomposition (WUENSCHE et al., 2022).

The receiver chain is based on room temperature low noise amplifiers. First stage
filters define BINGO operational frequency band: 980MHz < v < 1260MHz. This
frequency window is subject to contamination from ADS-B airplane transponders

(1090 MHz) and harmonics from geostationary satellites, which must be removed in
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Figure 3.6 - Block diagram of the BINGO correlation receiver.
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the data processing. The effects of mobile phone signal at 956 MHz can be avoided
using filters with a very steep cutoff at the lower end of the band. Also, to prevent
signal distortions caused by intense RFI emitted out of band, the first stage low

noise amplifiers should have a large dynamic range.

The amplifiers gain fluctuations discussed above are correlated over some timescale
for all BINGO receivers. This is reflected in the TODs as the 1/f noise component.
Unlike the contribution of thermal origin, this correlated noise was not included in
the simulations presented in Chapter 4, as it was considered that it can be removed
using appropriate map making techniques, which is expected to be the scope of the

next steps of this work.

The following chapter presents the models used to generate the simulated BINGO

observations used in the component separation tests.
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4 SIMULATED DATA

The following are the models of the 21 c¢m signal, astrophysical foregrounds and
thermal noise used to produce the simulated observations in this work, as well as
a description of how the galactic mask used in the maps was constructed. The
simulated maps were produced with the HEALpix package (GORSKI et al., 2005) using
a Ngqe = 256, which corresponds to a pixelization resolution of 13.7 arcmin. At the
end of this chapter, the simulation plan containing the data set configurations used

in the component separation tests is detailed.
4.1 Simulated sky
4.1.1 21 cm signal

As discussed in the Chapter 2, in the range of low redshifts observed by BINGO (z <
0.5), the 21 cm emission is assumed to be produced by the HI confined to discrete
elements such as galaxies, bubbles and filaments. In this case, the HI brightness

temperature can be written as the sum of two components, as

Ty = Tir (1 + 6m) (4.1)

where oy = 0Tqr /THI is the density contrast and Ty is the mean HI brightness
temperature, given by Hall et al. (2013)

) 2
(1+2) K

Tiqr = 188 h Qg ~—2—
HI HI E(Z) 9

(4.2)

where h is the dimensionless Hubble constant, {2y is the density parameter for HI
and E(z) = H(z)/H,, defined by the Hubble parameter H(z) and by the Hubble
constant Hy = 100k kms~! Mpc. This is the HI mean brightness temperature value
assumed for the simulated data used in this work. The fluctuations around T}, given
by the Equation 2.32, are due to differences in densities of structure and they can

be calculated assuming that the HI signal is a tracer of the dark matter.

The simulated 21 cm emission maps were generated using the Full-Sky Log-normal
Astro-Fields simulation Kit (FLASK) (XAVIER et al., 2016), a package that allows
generating full-sky maps of cosmological large-scale structures (LSS) observables,

such as matter density tracers (galaxies, quasars, dark matter halos), CMB temper-
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ature anisotropies and weak lensing convergence and shear fields (LICCARDO et al.,
2022). The set of maps generated with FLASK provides a kind of tomography of
the observable, divided into the number of redshift slices (bins) chosen by the user.
The statistical properties of the observable are defined by two FLASK inputs: the
theoretical angular temperature auto- and cross-power spectra calculated for each
redshift bin and the multivariate distribution (log-normal). The power spectra were
generated using the Unified Cosmological Library for Cys (UCLCL) (MCLEOD et al.,
2017; LOUREIRO et al., 2019), a library for computing two-point angular correlation
function of various cosmological fields that are related to large scale structures sur-
veys. The parameters of the log-normal were chosen so that the distribution was
approximately a Gaussian. The mean temperature of the HI signal fluctuations in
the BINGO redshift range is ~ 200 uK. Figure 4.1 shows a 21 c¢m full-sky emission
map generated with FLASK| referring to the frequency channel centered at 1115
MHz (near to the BINGO band central frequency) and with a bandwidth of 9.33
MHz.

Figure 4.1 - Full-sky maps of the 21 cm signal for the frequency channel centered at 1115
MHz and with a bandwidth of v ~ 9.33 MHz. Temperatures are given in
pK.
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4.1.2 Astrophysical foregrounds

The detailed knowledge of the astrophysical foregrounds that contaminate the cos-
mological signal measurements is fundamental for the recovery of the 21 cm signal.
The sky simulations used in this work include contributions from galactic and extra-
galactic sources. The galactic foregrounds is due to synchrotron radiation, free-free
emission, the anomalous microwave emission (AME) and thermal dust (TD). The
extragalactic emissions include unresolved faint radio point sources (FRPS) and the
thermal and kinetic Sunyaev Zel’dovich (SZ) effects. Bright radio point sources were
not included in the BINGO simulated sky since they can be masked out during the

analysis, hence reducing their contribution to the sky.

The cosmic microwave background (CMB) signal is very well characterized in the
BINGO frequencies, being responsible for a 2.7 K constant background level, with
fluctuations of ~ 100pK (LICCARDO et al., 2022). The CMB fluctuations can be
directly removed from the data using a spatial template from PLANCK COLLAB-
ORATION (2020b). For this reason, the CMB component was also not included in

the simulated data.

Thus, the brightness temperature of the simulated BINGO sky, defined at each

frequency v and at each pixel (or sky direction) p, is given by

Tsky (V7p) = ,I'Synch (Vap) + Tff (va) + TAME (Vap) +

(4.3)
+ TTD (V7p> + TFRPS <V7P) + TSZ <V7P) + THI <V7p) )

where the brightness temperatures are: Tiynen, from synchrotron radiation; T, from
the free-free emission; Thyvg, from anomalous microwave emission; Trp, from the
thermal dust emission; Tgrps, from faint radio pont sources; Tsz, from thermal and
kinetic Sunyaev Zel’dovich (SZ) effects.

The foreground models used to produce the BINGO simulated sky are presented in
the following sections. All the astrophysical foreground simulations were generated
using the Planck Sky Model (PSM) software (DELABROUILLE et al., 2013).

Galactic synchrotron emission

The synchrotron radiation is the electromagnetic radiation emitted when a relativis-
tic charged particle is accelerated by a magnetic field in a direction perpendicular

to its velocity. The Galactic synchrotron emission is predominantly of diffuse origin

33



and highly polarized, being produced by cosmic rays, mostly high energy electrons
ejected from supernova, spiralling around Milky Way magnetic field (ANDERSEN et
al., 2020). The intensity of this component is spatially variable, depending on the
number density and energy distribution of cosmic ray electrons, and the strength
of the Galactic magnetic field, which vary across the sky. Furthermore, this is the
strongest foreground for 21 cm experiments, dominating the radio sky at frequencies
below ~ 10 GHz (PADOVANTI et al., 2021).

For energies £ 2 10 GeV, the energy distribution of cosmic ray electrons is well-

approximated by a power-law, as (NAVARRO, 2015)

N(E)dE x E-*dE, (4.4)

where N(E)dFE is the number of electrons per unit volume with energies between F
and F'+ dF; « is the energy-dependent electron power-law index. This distribution
is relatively smooth, both spectrally and spatially over the sky, and the measured
values of a are close to 3 at frequencies above 408 MHz (PADOVANI et al., 2021).

Given the distribution of electron energy presented above, the intensity of the syn-

chrotron radiation at a frequency v can be written as

Isynch(y) == Esynch(V> / neBS_lJra)/QdZa (45)

z

where n, is the electron number density; z is the line-of-sight along which the integral
is calculated; B, is the component of the magnetic field perpendicular to the line-

of-sight; €syncn(v) is the emissivity term, which can be written as the power law

5synch(V) = 5synch(V0)V_(a_1)/2- (46)

The brightness temperature of the synchrotron emission can be written in terms of

its intensity through the Rayleigh-Jeans approximation,

o C2Isynch(y)

Tsynch(”) — 2]€BV2 (47)

Therefore, the synchrotron brightness temperature spectrum, at a particular line-
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of-sight, can be written as

14

Tynen (V) = Tiynen (Vo) [Vors ; (4.8)

where Tiynen(10) is brightness temperature of synchrotron emission, at a particular
line-of-sight, defined in the reference frequency vg, and f, is the synchrotron spectral

index, given by

Bs=— : (4.9)

There is evidence that (s is non-uniform over the sky and that it varies with fre-
quency, as for example in Lawson et al. (1987), Reich and Reich (1988), and Banday
and Wolfendale (1991). This occurs due to the aging of cosmic rays, that is, the
older the electron, the more energy it lost due to synchrotron radiation. Since this
lost energy is proportional to E?, the synchrotron spectrum becomes steeper over
time. Furthermore, how most cosmic rays are produced in supernova explosions,
which occurs mainly close to Galactic plane, and are diffused away to higher Galac-
tic latitudes losing some of their energy, Js is expected to be more negative at higher
Galactic latitudes (NAVARRO, 2015). The curvature of the synchrotron spectrum is
modeled in (KOGUT, 2012). However, detailed models and observations both sug-
gest that the synchrotron spectrum may be closely approximated by a constant
power-law at different frequency bands (ANDERSEN et al., 2020).

To simulate the synchrotron component of this work, it was used as template the re-
processed 408 MHz all-sky map of Haslam et al. (1982), presented by Remazeilles et
al. (2015). This template map is extrapolated to the BINGO frequencies (980-1260
MHz) through the Equation 4.8. Among the components selected to produce the
simulated sky used here, synchrotron radiation is the dominant one in the BINGO
frequency band. Thus, to evaluate the response of the component separation pro-
cedure used in this work to different sky models, synchrotron maps produced with
two models of non-uniform spectral indices were used: the Miville-Deschénes et al.
(2008) model, hereafter synchrotron MD, which uses WMAP data at 23 GHz, and
Giardino et al. (2002) model, hereafter synchrotron GD, which is the result of the
combination of the full-sky map of synchrotron emission at 408 MHz from Haslam et
al. (1982), the northern-hemisphere map at 1420 MHz from Reich and Reich (1986)
and the southern-hemisphere map at 2326 MHz from Jonas et al. (1998). The sta-
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tistical properties of the spectral index maps, referring to the different synchrotron

models used here, are presented in the Table 4.1.

Table 4.1 - Synchrotron emission models spectral indices.

Model name Reference Mean 5, RMS S,
synchrotron MD  Miville-Deschénes et al. (2008)  -3.00 0.06
synchrotron GD Giardino et al. (2002) -2.90 0.10

Figure 4.2 shows the synchrotron emission maps generated with the two pixel de-
pendent spectral index models described in the Table 4.1 and Figure 4.3 presents
their respective power spectra. The maps in this work are presented in celestial co-
ordinates to allow the sky area observed by BINGO to be shown as a horizontal

band (see region delimited by the dashed lines in the Figure 4.6).
Galactic free-free emission

Also known as thermal bremsstrahlung, the free-free radiation is emitted when a free
electron is accelerated by an ion (generally a proton), without being captured, i.e.,
the electron is free before and after interacting. In the context of Galactic astro-
physics, the free-free emission at radio frequencies is produced in warm ionized gas
clouds of the interstellar medium, where the temperature reaches values that corre-
spond to the hydrogen binding energy (10° — 10* K), enough to keep a considerable
amount of electrons unbounded (ANDERSEN et al., 2020).

The free-free spectrum depends essentially on the number of free protons and elec-
trons along the line-of-sight, which can be quantified by the emission measure, EM,

given by

EM = / n2dl, (4.10)

where n, is the electron number density, which is assumed to be equal to the number
density of protons, and dl is the distance element over the line-of-sight. The EM is
conventionally expressed in pc cm ™% and in the Milky Way assumes values between
0 and 1000 (PLANCK COLLABORATION, 2016b).

The optical Ha line is a good tracer of free-free emission, because it also depends

on electron-ion interactions that occurs in regions where hydrogen is being ionized.
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Figure 4.2 - Synchrotron emission full-sky maps for the MD model (Top) and the GD
model (Bottom), defined in the frequency channel centered at 1115 MHz and
with a bandwidth of v ~ 9.33 MHz (30 bins). The maps are presented in
celestial coordinates and were convolved with a Opwpy = 40 arcmin beam.

Synchrotron MD @ 1115 MHz
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In addition, free-free and Ha emissions are proportional to the emission measure,
defined in Equation 4.10. However, the estimation of free-free emission from optical
Ha line observations requires a correction for dust absorption, which is the most
important uncertainty-causing factor, mainly in dense regions of the Galaxy. There-
fore, an estimate of the EM over the sky is obtained from the map of Ha emission

corrected for dust extinction presented in Dickinson et al. (2003).
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Figure 4.3 - Power spectra referring to the MD (green) and GD (red) full-sky synchrotron
maps shown in Figure 4.2, as well as the power spectrum calculated from the
difference between them (blue), defined in the frequency channel centered at
1115 MHz and with a bandwidth of dv ~ 9.33 MHz (30 channels configura-
tion). The maps were convolved with a Opwy = 40 arcmin beam.
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The brightness temperature of free-free emission can be written as

Ta(v) = To(1 — e™), (4.11)

where T, is the electron temperature and 7, is the free-free opacity, which is well

approximated by (DICKINSON et al., 2003; DRAINE, 2011)

v

-2

7, = 0.05468 - T3/ (

The gg is known as Gaunt factor, which accounts for quantum and other corrections,

and can be written as
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gg = log {exp l5.960 — \7/? log ((G:Iz) . (13‘%}{)_3/2)] + e} , (4.13)

where e is the natural constant.

Since at GHz frequencies the ionized gas is optically thin (7, < 1), the brightness

temperature spectrum can be approximated by

Te(v) ~ 7,T.,. (4.14)

Therefore, using the Equations 4.12, 4.13 and 4.14, the free-free spectrum can be
approximated by (DICKINSON et al., 2003)

TN\ "%/ v \f [ EM
Tr) = 90wk () () <mp> (4.15)

where (g is the Galactic free-free spectral index, which is described by a slowly
varying function of v and T,, as (BENNETT et al., 1992)

1
S (2 " 1048+ 151n(7,/3000 K) —In (V/GHZ)) ' (4.16)

At GHz frequencies, the free-free spectral index takes the average value fg ~ —2.1,

with very little variation with electron temperature.

The free-free model used by PSM to produce the simulated sky takes two parameters
as input: the free-free template map the temperature of free-free electrons. Thus,
the free-free emission was simulated using the Ha template map corrected for dust
extinction as described in Dickinson et al. (2003) and an uniform warm ionized gas
temperature T, = 7000 K. The resulting emission map generated with the model

described above is presented in the Figure 4.4.
Anomalous Microwave Emission

The most accepted model for anomalous microwave emission (AME) observed in
the Milky Way is the spinning dust emission, which is produced in the interstellar

medium mostly by sub-nanometer dust grains with electric dipole moment rotating
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Figure 4.4 - Free-free emission full-sky map defined in the frequency channel centered at
1115 MHz and with a bandwidth of dv ~ 9.33 MHz (30 bins). The maps are
presented in celestial coordinates and were convolved with a Opwpym = 40
arcmin beam.

Free-free @ 1115 MHz

at GHz frequencies. The spinning dust emission depends directly on the dust grain
size distribution, the type of dust, and environmental conditions, as density, temper-
ature, interstellar radiation field. However, although the physics of this emission is
well established, the main limitation in theoretically predicting the AME spectrum
is the lack of knowledge about the characteristics of ultra-small dust grains in the
interstellar medium (ISM) (DICKINSON et al., 2018).

The spinning dust emission mechanism was first described theoretically by Erickson
(1957). This Galactic emission component was identified as a new anomalous com-
ponent by Leitch et al. (1997) and presented in more details by Draine and Lazarian
(1998) since it has been observed by CMB experiments and other instruments at
radio and microwave frequencies during the 1990s. AME is one of the dominant fore-
grounds between 10 GHz and 60 GHz (DICKINSON et al., 2018), reaching its peak
at ~30 GHz. However, although AME is subdominant at BINGO frequencies (~1

GHz), it was included in the simulations to produce a complete foreground sky.
Spinning dust and thermal dust emissions are typically correlated because both
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are produced by the same dust grains. Furthermore, the dust-correlated AME was
observed in different astrophysical environments, but the definitive evidence of spin-
ning dust emission was provided by the Planck mission data from molecular clouds.
The AME model predict that this emission is dominated by the smallest grains
(~< 0.001m) as they are more sensitive to the processes that affect the rotational
dynamics of the grain. The main processes are gas-grain interactions, plasma-grain
interactions, infrared emission and the electric dipole radio emission (NAVARRO,
2015).

The AME is modelled here using a version of a 353 GHz thermal dust template,
obtained with the application of GNILC to separate components of Planck satel-
lite observations (PLANCK COLLABORATION, 2016¢), scaled to the spinning dust
emission at 22.8 GHz, taking into account a ratio between AME and thermal dust
as described in (PLANCK COLLABORATION, 2016d). Then, this emission map is
scaled to BINGO frequencies (980-1260 MHz) through the emission law modelled
by (DRAINE; LAZARIAN, 1998), using as input to PSM (DELABROUILLE et al., 2013)
a combination of 96.2% warm neutral medium (WNM) and 3.8% reflection nebu-
lae (RN) as different environments of the ISM. This parameterization was adopted

because it fits well to the average spectrum presented in Miville-Deschénes et al.

(2008).
Thermal dust

This process of thermal (vibrational) emission occurs due to the interaction be-
tween the dust grains and the interstellar radiation field (IRF), both in thermal
equilibrium. A large range of dust grains sizes (from a nanometer to a fraction
of micrometer) and compositions are heated by the IRF, and this energy is then

re-emitted mainly in the far-infrared (FIR) frequencies.

The specific intensity I, from an uniform dust grains population, in thermal equilib-
rium with IRF at temperature Ty, and evaluated in the optically thin limit, is well
described from the data by a modified black-body as

I, = B,(Tq)7, (4.17)

where B, (Ty) is the Planck function for a temperature Ty and 7, is the dust optical
depth at frequency v, which modifies the black-body shape of I,,. The optical depth

T, is given by
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T, = K, Mjy. (4.18)

where k, is the dust emission cross section per mass unit, that in this case depends
only on the chemical composition and structure of dust grains, and My is the dust

mass column density, which can be written as

Maq =1 pmu Nu, (4.19)

where r is the dust-to-gas mass ratio, p is the mean molecular weight, my is the
mass of a hydrogen atom and Ny is the hydrogen column density. , is typically
described by a power law (COMPIEGNE et al., 2011)

Ba
Ky = Ky, ( v > : (4.20)

14

where k,, is the dust emission cross section per mass unity evaluated at a reference
frequency vy and 4 is the dust emission spectral index. Substituting the Equations
4.18, 4.19 and 4.20 into Equation 4.17, the following expression is obtained for dust

emission in thermal equilibrium and with a given composition and structure

Ba
I, = o, (:}) r i mu Nu By (Th). (4.21)

Three main parameters define the shape of the observed thermal dust emission
spectrum: the strength of the IRF and the grain size distribution, which affect the
equilibrium temperature, and the dust structure and composition, that determine
the emission cross section, which is modeled in the simplest form by a power law (see
Equation 4.20). In a more complex modeling, the dust emission spectral index (4

can be a function of frequency and/or grain size and/or grain temperature (PLANCK
COLLABORATION, 2014a).

The distribution of dust grain sizes in a given volume element along a given line
of sight is related with the distribution of equilibrium temperatures. Moreover, the
dust grains properties can also vary along a sky direction and the IRF strength can
change along some lines of sight. Thus, the observed thermal dust emission spectrum

is given by the sum of different modified black-bodies. However, as dust emission
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was observed in a few frequency bands, it is common to adjust the respective data to

a simplified parameterization of a single black-body function, as (IRFAN et al., 2019)

v

Bd,obs
II/ = Ty, <) Bu(Td,obS)7 (422)

1<

where 7, is the optical depth estimated at the reference frequency 1. This modified
black-body model with three parameters was used by PSM to produce the thermal

dust maps of this work.

Although the emission of dust grains is subdominant in the BINGO frequencies, this
component was included in the simulated data used in this work to obtain a more
realistic sky. To produce the thermal dust maps, it was used GNILC methodology
applied to the Planck 2015 data release (PLANCK COLLABORATION, 2016e). The
fitted parameters are Galactic dust optical depth 7,,, evaluated at the reference
frequency vy = 353 GHz; in addition to the dust temperature Ty ops = 19.4 & 1.3K
and the dust spectral index (q0bs = 1.6 £ 0.1, both averaged over the entire sky.

Faint radio point sources

There is a large number of compact Galactic and extragalactic sources emitting
at radio frequencies. Among the compact Galactic sources are molecular clouds,
supernova remnants, HII regions, and other radio sources. The extragalactic sources
include a large number of radio galaxies, clusters of galaxies, and quasars (BATTYE
et al., 2013; DELABROUILLE et al., 2013).

Point sources are objects whose angular size is much smaller than the angular res-
olution of an IM experiment, and which therefore appear in the data as point-like
objects, after the convolution with the instrument beam (MARTINEZ et al., 2009;
OLIVARI, 2018).

The brightest objects can be identified individually by a set of parameters as type,
position, flux, etc, as a function of frequency, in a catalogue form. Hereafter called
strong radio point sources, this category of objects is represented by populations
that can be identified and removed using the respective information (BIGOT-SAZY
et al., 2015).

The other objects compose a diffuse background from the integrated emission of

a large number of extragalactic objects that are too faint to be detected individ-
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ually. Hereafter called faint radio point sources (FRPS), they form a background
continuum of unresolved radio sources, represented through frequency-dependent
brightness fluctuation maps, produced by summing the contribution of large popu-
lation of sources (DELABROUILLE et al., 2013; FORNAZIER et al., 2022).

To extrapolate the flux density of each point source to the BINGO frequencies,
it is necessary to know the shape of its spectrum, which is usually very complex.
However, the model used by PSM considers a power law approximation for the point

sources spectra, of the form

U o
S, = S, () , (4.23)
)

where S, is the flux density at the reference frequency vy and « is the flux density
spectral index, which holds for a limited frequency range. The point sources spectrum
can be classified as steep of flat, depending on its a value compared to the boundary
value o = 0.5. The mean spectral index of each population are (teep) = 1.18 and
{(agat) = 0.16. The flux density spectral index distributions are then approximated
by Gaussians with the previous mean values, and variances Ogteep = 0pat = 0.3, and
so that each source is associated with a spectral index drawn randomly from the
distribution (DELABROUILLE et al., 2013).

The point sources brightness temperature, T},s can be written as a function of the
differential source count, dN/dS, which represents the number of sources per stera-
dian, N, per unit flux density, S. Considering that all sources with S > S,.x can be

subtracted (the strong radio point sources), the mean temperature is given by

_ dB\ ' [Smx AN
Tps_<> /0 s& s, (4.24)

where dB/dT = 2kgr?/c? is the conversion factor between intensity units to bright-
ness temperature units, kg is the Boltzmann constant and c is the speed of light in

vacuuln.

The FRPS model used here consists of simulated, low-flux, infrared sources, mostly
in the Galactic region and from local galaxies, as well as the scaled contributions of
extrapolated radio sources fluxes observed in three different frequency bands: 0.843,
1.4 and 4.85 GHz. It was used the set of frequencies 1, 30, 70, 353, 857 GHz and the
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flux density limits 0.320, 0.427, 0.501, 0.304, 0.791 Jy to discriminate between strong

and faint point sources, with only the latter being included in the simulations.

The generated FRPS map is shown in the Figure 4.5.

Figure 4.5 - Faint radio point sources emission full-sky map defined in the frequency chan-
nel centered at 1115 MHz and with a bandwidth of ov ~ 9.33 MHz (30 bins).
The maps are presented in celestial coordinates and were convolved with a
Orwam = 40 arcmin beam.

Faint radio point sources @ 1115 MHz
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Thermal and kinetic Sunyaev-Zeldovich (SZ) effects

First described by Sunyaev and Zeldovich (1972), the Sunyaev-Zeldovich (SZ) effect
occurs due to inverse Compton scattering of the CMB photons by hot electrons (at
temperatures of a few keV) from ionised media, primarily in clusters of galaxies.
This interaction shifts the energy of the incoming photons, producing secondary
anisotropies in the CMB and causing a small spectral distortion in its spectrum
(DELABROUILLE et al., 2013).

The SZ effect can be divided into two different contributions: thermal (tSZ) and
kinetic (kSZ). The thermal SZ effect is attributed to the interaction between the
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CMB photons and a hot and thermalised electrons in the intracluster gas of a cluster
of galaxies. The kinetic SZ effect is associated with the interaction between CMB
photons and a population of high energy electrons in a cluster that moves with a
line of sight peculiar velocity in the CMB rest frame (MARTINEZ et al., 2009; ERLER
et al., 2018).

The thermal SZ effect causes a distortion in the CMB spectrum that can be expressed
by a temperature variation, ATisz, at the dimensionless frequency © = hv/kgTcus,

as

ATigy

TemB

=yf(z,Te). (4.25)

The Compton y-parameter describes the degree of interaction between photons and

electrons, and is given by

kT,
y = /n Bl o dl, (4.26)

e
MeC?

where n, is the electron number density, kg is the Boltzmann constant, T, is the
temperature of the electron population, m.c? is the electron rest mass energy, o is
the Thomson cross-section, and dl is the distance element along the line of sight.
The function f(x,T,) describes the frequency dependence of the thermal SZ effect

as

e’ +1
1 - 4) (1 + 5tSZ,rel(I; Te))7 (427)

x,T.) =z
fa 1) = (257
where dysz.re1(2, 1) is the relativistic correction to the frequency dependence of the
thermal SZ effect (CARLSTROM et al., 2002).

The kinetic SZ effect causes a distortion in the CMB spectrum due to the Doppler
effect of the cluster velocity on the scattered CMB photons, which can be expressed

by a temperature variation, ATysz, as

AT'kSZ - _r <vpec>

C

4.28
TemB (4.28)

where vy is the line of sight peculiar velocity with which a population of electrons
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moves in the CMB rest frame and 7, is the optical depth of the plasma, given by
Te = ot [ nedl. The relativistic corrections for the kinetic SZ can be neglected when

compared to the sensitivity of current experiments(ERLER et al., 2018).

The thermal and kinetic SZ effects were simulated with the PSM through cluster
number counts from cluster mass function N (M, z), as described in Delabrouille et
al. (2002). The function N (M, z) provides, for a given set of cosmological parameter
values, the number density (dN/dM)dz of clusters of mass M at redshift z. The
lower and upper mass limits of clusters included in the simulations, in units of
10*® solar masses, are 1 and 10, respectively. The cluster distribution in the mass-
redshift plane (M, z) is drawn from a Poisson distribution whose mean is given by
mass function presented in Tinker et al. (2008). The clusters are then randomly

distributed on the sphere, with an uniform probability distribution function.

The three-dimensional clusters velocities are drawn from a Gaussian distribution
with zero mean and standard deviation given by the power spectrum of density
fluctuations (PEEBLES, 1993). This velocity field and the electron density of clusters

are used to produce the map of the kinetic component of the SZ effect.

The cluster catalogues generated with the method described above is improved by
adjusting the simulated data to observed cluster catalogues. Then, a subset of ran-
domly drawn clusters which best matches the observed ones (same bin of mass and
redshift, proximity of positions in the sky) were replaced by known real catalogues.
In the simulations used in this work were used the clusters catalogues from Planck,
South Pole Telescope (SPT), Atacama Cosmology Telescope (ACT), Rontgensatellit
(ROSAT) and Sloan Digital Sky Survey (SDSS).

The temperature change caused by the SZ effect are below the targeted 21 cm signal
and were included to produce a simulated sky maps closer to reality at BINGO

frequencies.
4.1.3 Galactic mask

As seen in Section 4.1.2, astrophysical foregrounds are more intense in the galactic
plane and there is an intersection of it and the region of the sky observed by BINGO.
Thus, to remove this region from the BINGO simulated maps, and consequently
facilitate the component separation process, it was used a galactic mask whose

production is described in this section.

Figure 4.6 shows the combined emission at 984.7 MHz of all foregrounds presented in
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the Section 4.1.2; as well as the region of the sky covered by BINGO. The observed
region is a declination strip of &~ 15° centered at 6 = —15°. Note that the region
where the galactic foregrounds are more intense crosses the area covered by the
instrument. The brightness temperature in this intersection region reaches 56 K,

while the HI signal amplitude is ~ 200 pK.

To create the final BINGO mask, it was used the galactic mask shown in Figure
4.6 which covers 20% of the sky, cutting off the most intense emission region of the
galactic plane. The result of applying this galactic mask to the all foregrounds map
can be seen in the Figure 4.6. The maximum temperature of the area covered by
BINGO after masking the galactic plane is about 6.5 K.

The BINGO observed region is defined by the feed horn arrangement in the focal
plane and by the observation strategy (WUENSCHE et al., 2022). The effective masked
region is the intersection between the galactic mask discussed above and the observed
region. To avoid boundary artifacts in calculating the power spectrum of the masked
partial maps of the sky, it was used the NaMaster ! (ALONSO et al., 2019) package
to apodize the BINGO galactic mask. The NaMaster apodization used is type C2,
a function that gives the factor by which each pixel is multiplied, and with a width
of 5°, the maximum angular separation between the apodized pixel and the nearest
masked (null) pixel. The resulting mask is shown in the Figure 4.6, with a visible
area of 12.2 % of the sky.

4.1.4 Thermal noise

The temperature fluctuations produced by the thermal agitation of charged particles
in electronic components are called thermal noise. Due to its spectral and statistical
properties, this component can be accurately modeled by a Gaussian white noise
distribution. The white noise level (or root mean square, RMS, value) per pixel, that

defines the BINGO theoretical sensitivity per pixel, is given by

o= (4.29)

tpix5V

where Ty is the system temperature, which is assumed to be 70 K for all BINGO
receivers; 0v is the frequency channel width; ¢, is the integration time per pixel,

given by

'https://namaster.readthedocs.io
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tobs

_fobs 4.30
Qobs/Qbeam ( )

tpix = Nhorns

where Nyorms is the number of horns; ., is the total observation time; ), is the

observed area of the sky; Qpeam is the beam area.

Due to the arrangement of horns in the BINGO focal plane, the observation time
tobs is not uniformly distributed over the sky area covered by the instrument. In
this case, each horn covers the pixels of a fixed-latitude ring. Therefore, the total

observation time of a pixel depends on the latitude.

The focal plane configuration adopted for the BINGO Phase 1 predicts Nyoms = 28,
with less horns positioned at the vertical edges than inner region of the arrangement,
which makes the white noise level at the extreme declinations of the map more
intense (shorter observation time per pixel). To homogenize the white noise level
map, at least in the innermost region, a repositioning of the horns is considered
every year of mission, within a total of ¢,,s = 5 years. In this way it is possible to
obtain a better distribution of observation time over the pixels in the covered area
of the sky (LICCARDO et al., 2022).

The left panel of Figure 4.7 shows the RMS noise per-pixel map, produced with the
feed horn arrangement and observation strategy described above. It can be noticed
the highest noise level in the extreme declinations and approximately homogeneous
in the innermost region. The center panel shows the white noise map, which is
the result of multiplying the RMS white noise map by a Gaussian map with null
mean and standard deviation equal to 1. The map on the right shows the result of
applying the apodized mask described in the Section 4.1.3 to the white noise map.
It can be observed how the apodized mask attenuates the noise in the region of the
edges of the map, homogenizing the white noise map and facilitating the process of

reconstruction of the 21 cm signal.

In this analysis the most common systematics for a non-ideal instrument such as
1/f noise and radio-frequency interference (RFI) are not taken into account. The
impact of these systematic effects on the recovery of the cosmological signal will be

addressed in the future.
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4.2 Simulation plan

The models used to produce the maps of the cosmological, astrophysical and sys-
tematic noise components were described in Section 4.1. This section presents the
different configurations used to produce the sets of simulated BINGO maps, gener-
ated with the components presented above, used to investigate the efficiency of the
component separation pipeline used in this work. The sets of simulated maps con-
tains observations with different foreground models, different numbers of frequency
bins (number of maps) and made at a frequency outside the BINGO band by another

experiment.

In order to test the robustness of the component separation method against different
foregrounds models, two sets of simulated maps were created. Each set contains a
different synchrotron map, produced from the MD and GD spectral index models,
in addition to all other components described in the Section 4.1. These two sets were
binned into 30 frequency maps, following the BINGO project baseline configuration,
and were called MD30 and GD30.

The sky at low radio frequencies (< 10 GHz) is dominated by astrophysical fore-
grounds, mainly galactic synchrotron emission. Independent foreground observations
in frequencies outside the BINGO band may improve the characterization of the syn-
chrotron contribution and other components, facilitating its removal. The C-Band
All-Sky Survey (CBASS) is an all-sky survey at a frequency of 5 GHz and 1 GHz
bandwidth, with a sensitivity < 0.1 mK RMS (per beam) and a resolution of 45
arcmin, designed to provide complementary data to the CMB surveys (JONES et al.,
2018). Therefore, it was performed a component separation test adding the simu-
lated CBASS sky containing the same components of the BINGO sky, as well as
the CBASS noise, to the MD30 base data set. The combination of these simulated
data was called MD304+CBASS. The CBASS noise level is ~ 437 uK for a HEALpix
Ngiqe = 256. The simulated CBASS all-sky foreground and noise emission maps are

shown in Figure 4.8.

To evaluate the pipeline efficiency in recovering the 21 cm signal from the input
data arranged in different numbers of frequency channels, were generated sets of
simulated maps with 20, 30, 40, 60 and 80 bins. For this analysis, the simulated sky
was generated using the synchrotron MD model, in addition to the other components
described in the Section 4.1. The map sets created were called MD20, MD30, MD40,
MD60 and MDS80.
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The simulated BINGO maps used in the tests described above are the result of the
sum of HI and foregrounds, convolved with a 40 arcmin beam, plus the estimated
BINGO noise map. In the case of combining BINGO and CBASS data to improve
the 21 cm signal reconstruction, in addition to the BINGO maps, it was added the
CBASS foregrounds plus noise map. In this configuration, the maps of the cosmo-
logical and astrophysical components, both from BINGO and CBASS, are convolved
with a beam of 45 arcmin. The CBASS foregrounds map contains the same compo-
nents considered in the BINGO data (see Section 4.1). A summary of the simulation

plan of this work is presented in Table 4.2.

Table 4.2 - Simulation plan.

Set Foregrounds Number of channels
MD30  Synchrotron MD + freefree + AME + TD + SZ + FRPS 30 (BINGO)
MD30  Synchrotron MD + freefree + AME + TD + SZ + FRPS 30 (BINGO)

+CBASS + 1 (CBASS)
GD30  Synchrotron GD + freefree + AME + TD + SZ + FRPS 30 (BINGO)
MD20  Synchrotron MD + freefree + AME + TD + SZ + FRPS 20 (BINGO)
MD40  Synchrotron MD + freefree + AME + TD + SZ + FRPS 40 (BINGO)
MD60  Synchrotron MD + freefree + AME + TD + SZ + FRPS 60 (BINGO)
MDS80  Synchrotron MD + freefree + AME + TD + SZ + FRPS 80 (BINGO)
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Figure 4.6 - Description of the masking process. Top left: map with the sum of all fore-
grounds considered in this work, including synchrotron MD model (see Section
4.1.2), in the lowest frequency bin of a total of 30 channels, centered on 984.7
MHz and limited to 10 K. Top right: result of applying the galactic mask
to the all foregrounds map. Bottom left: BINGO apodized (5 deg) galactic
mask, preserving a sky fraction of 12.2%. Bottom right: result of applying the
BINGO mask to the all foregrounds map centered at 984.7 MHz. All maps
are in celestial coordinates and the dashed lines delimit the BINGO covered
area.
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Figure 4.7 - White noise maps for the BINGO Phase 1 horn arrangement (Npoms = 28).
The maps were generated with a Ty = 70 K, 30 frequency bands, HEALpix
Nsige = 256 and a fraction of the sky fu equal to 13 %. Left: white noise
level (RMS) map. Center: white noise map, a Gaussian realisation of the
corresponding RMS map (see text for details). Right: White noise realisation
map with the apodized mask. The color scale is saturated at 3 times the RMS
of a map with homogeneous coverage and same sky fraction. The maps are
presented in Gnomonic projection and in a resolution given by the HEALpix
Nside = 256. They are in celestial coordinates centered at o = 0 and 6 = —18°.
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Figure 4.8 - Left: CBASS all-sky foregrounds map, result of the sum of the components
described in the Table 4.2. Right: CBASS white noise map. The temperature
scale of the foregrounds map is saturated at +10°u kK. The temperature scale
of the noise map is saturated at +2 x 103K and the noise level is ~ 437uK.
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5 THE PROPOSED COMPONENT SEPARATION PROCESS

As seen in Chapter 4, recovering the 21 c¢m signal from the data obtained by an IM
experiment is a big challenge, which makes component separation a crucial step in
measuring BAO with BINGO. Then, this chapter presents the problem of component
separation (Section 5.1), as well as a detailed description of the GNILC method

(Section 5.2), in addition to a power spectrum debiasing procedure (Section 5.3).
5.1 Component separation problem

Before carrying out the component separation process, the foregrounds that con-
taminate IM data can be reduced by some observational strategies: selecting the
observed sky region, avoiding observing the Galactic plane; masking regions of the
sky with high contamination, as the Galactic plane and strong (bright) radio point
sources; choosing the instrument frequency band; subtracting an estimate of the
foregrounds based on observations, such as the CMB (DELABROUILLE; CARDOSO,
2008).

As discussed in Chapter 4, the observed sky in radio frequencies is a mixture of
several physical sources of emission, including cosmological signals from the early
universe, Galactic and extragalactic sources emitting in the late universe (astrophys-
ical foregrounds), instrumental noise (thermal and 1/f), atmospheric noise, and radio
frequency interference (RFI) (OLIVARI, 2018). However, these components cannot be
properly studied in data sets in which they appear combined. Thus, component sep-
aration consists of identifying and isolating the emission of a component of interest
(here the 21 c¢m signal) from all other components present in the data, making use
of the existing correlations in multi-frequency observations, external constraints and
physical modeling. In addition to pixel emission, the component separation process
may be able to estimate other parameters that statistically describe the component
of interest, such as the power spectrum (DELABROUILLE; CARDOSO, 2008; LEACH
et al., 2008).

The component separation problem can be described by instrument observations

modeled as a superposition of components at frequency v and pixel p, as

dy(p) = s,°(p) + fu.(p) + nu(p) (5.1)

where d,(p) is the observational data map, s$®™°(p) is the cosmological signal of
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interest map (e.g., 21 cm emission), f,(p) is the sum of the foregrounds emission
maps (e.g., galactic foregrounds and extra galactic point sources) and n,(p) is the

systematic noise map (e.g., thermal and 1/f noise).

The estimate of the signal to be recovered can be written in vector form, with

dimension Ny, X 1, where N, is the number of frequency channels,

§%0(p) = 8" (p) + €(p), (5.2)

where Ny, is the number of frequency channels and ¢(p) is the estimation error
vector. Thus, the component separation is summarized as an estimation problem for
the signal s(p), minimizing the error €(p) under some restriction. In general, this is
done by exploring the correlations between data obtained at different frequencies,

using or not a prior information about foregrounds, noise and the cosmological signal.

In this section, component separation is presented in detail, starting with the physics
of the problem, going through the classification of available methods and ending with
the motivation for choosing GNILC as the option to be used in this work.

The physics of 21 cm component separation

In the low-frequency radio sky, the weak 21 cm radiation from neutral hydrogen is
obscured by a much brighter astrophysical foregrounds emissions, which makes the
detection of the cosmological signal a challenging task. These emissions can be of
Galactic and extragalactic origin, and the knowledge of their physical properties is
indispensable to mitigate the foregrounds in the 21 cm cosmology experiments data.
Diffuse Galactic emissions are produced in the local interstellar medium (ISM) of the
Milky Way, are mainly located in the Galactic plane and dominate at large angular
scales (> 1°). The dominant Galactic components in radio are synchrotron and free-
free emissions. The extragalactic radio emissions are generated by a background of
resolved and unresolved sources, that dominates at small angular scales. The global
astrophysical foreground emission in radio is three to four orders of magnitudes
brighter than the cosmological 21 cm signal. For more details about the astrophysical

foregrounds relevant at BINGO frequencies, see Section 4.1.2.

The component separation methods for IM try to obtain a foregrounds model to
estimate and remove them from the observations, leaving the cosmological 21 c¢m

signal, instrumental noise (depending on the adopted strategy) and a residue of
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foregrounds. In the case where the component separation strategy isolates the target
signal along with the instrumental noise, the power spectrum of the latter can be
estimated from the data and then removed to recover the noiseless 21 cm power
spectrum (MESINGER, 2019).

As the dominant mechanism in Galactic and extragalactic radio emissions is syn-
chrotron radiation, the foreground spectra are expected to be smooth (or correlated)
in frequency (MESINGER, 2019), which means that they can be approximated by
power laws in the frequency band of the instrument. This physical property is used
by some component separation methods, including the one used in this work, as it
allows the foregrounds to be statistically differentiated from the 21 cm signal, since

the latter is not spectrally smooth.
Component separation methods

There are a variety of component separation methods available, most of which have
already been tested in CMB data analysis before being used in the IM context.
In both CMB and IM, observations are dominated by astrophysical foregrounds.
However, due to the spectral characteristics of the CMB, the component separation

is more complicated in the case of the IM.

A good component separation method greatly contributes to the accurate recon-
struction of the cosmological signal. On the one side, it works towards minimizing
the foreground contamination in the data, on the other side, it prevents the loss of
the cosmological signal. An efficient component separation procedure reduces the
uncertainties arising during the foreground removal process and their propagation
into the cosmological signal power spectrum, avoiding introducing some bias in the

estimation of cosmological parameters.

The component separation methods can be divided into two groups: parametric
and non-parametric (or blind) methods. The parametric methods use a model to
describe some physical properties of the foregrounds and remove them from the
data. The non-parametric methods dispense prior knowledge about the foregrounds
and recover the cosmological component using only the data and the cosmological
signal information (OLIVARI, 2018).

Among the parametric methods are Parametric Fitting (BRANDT et al., 1994; ANSARI
et al., 2012; LIU; TEGMARK, 2012; BIGOT-SAZY et al., 2015), Karhunen-Loeve De-
composition (BOND, 1995; VOGELEY; SZALAY, 1996; TEGMARK et al., 1997; SHAW
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et al., 2014), Correlated Component Analysis (CCA)(BEDINT et al., 2005; BONALDI;
BROWN, 2015), Wiener Filtering (BUNN et al., 1994; TEGMARK; EFSTATHIOU, 1996),
Gibbs sampling (JEWELL et al., 2004; WANDELT et al., 2004; LARSON et al., 2007; ERIK-
SEN et al., 2008) and Commander is an Optimal Monte-carlo Markov chAiN Driven
EstimatoR (Commander) (ERIKSEN et al., 2004; ERIKSEN et al., 2006; ERIKSEN et al.,
2008; PLANCK COLLABORATION, 2016¢; PLANCK COLLABORATION, 2020a).

Non-parametric methods include Principal Component Analysis (PCA) (MURTAGH;
HECK, 1987; SWITZER et al., 2013; ALONSO et al., 2015; BIGOT-SAZY et al., 2015),
Independent Component Analysis (ICA)(AMARI; CICHOCKI, 1998; BACCIGALUPI et
al., 2000; BACCIGALUPI et al., 2004), Spectral Matching Independent Component
Analysis (SMICA) (DELABROUILLE et al., 2003; PATANCHON et al., 2005; CARDOSO
et al., 2008; BETOULE et al., 2009), Spectral estimation via expectation maximisation
(SEVEM) (MARTINEZ-GONZALEZ et al., 2003; LEACH et al., 2008; FERNANDEZ-COBOS
et al., 2012; PLANCK COLLABORATION, 2014b; PLANCK COLLABORATION, 2016a),
Quadratic Estimators (TEGMARK, 1997; TEGMARK et al., 1998; LIU; TEGMARK,
2011; SWITZER et al., 2015), HI Expectation-Maximization Independent Component
Analysis (HIEMICA)(ZHANG et al., 2016), Generalized Morphological Component
Analysis (GMCA)(BOBIN et al., 2007; LEACH et al., 2008; CHAPMAN et al., 2013), Fast
Independent Component Analysis (FastICA)(MAINO et al., 2002; MAINO et al., 2003;
WOLZ et al., 2015), Internal Linear Combination (ILC) and its variants (TEGMARK;
EFSTATHIOU, 1996; TEGMARK et al., 2003; BENNETT et al., 2003; ERIKSEN et al., 2004;
SAHA et al., 2006; DELABROUILLE et al., 2009; BASAK; DELABROUILLE, 2012: BASAK;
DELABROUILLE, 2013; REMAZEILLES et al., 2011a) and Generalized Needlet Internal
Linear Combination (GNILC)(REMAZEILLES et al., 2011b; OLIVARI et al., 2016).

GNILC as the main choice

The Generalized Needlet Internal Linear Combination (GNILC) is a component sepa-
ration method that uses both frequency and spatial information to isolate the target
signal from the data (OLIVARI et al., 2016). This method does not require previous
information about foregrounds (non-parametric method). However, it uses a theo-
retical estimate of the target signal power spectrum, which here is called prior. In
addition, it uses the concept of wavelets to perform component separation by pixel
regions and angular scale intervals, adapting to different local contamination con-
ditions. The GNILC method was initially successfully used in the context of CMB,
separating components of Planck data (PLANCK COLLABORATION, 2016¢), and then
it was adapted to be used in HI IM experiments (OLIVARI et al., 2016; LICCARDO et
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al., 2022; FORNAZIER et al., 2022; MERICIA et al., 2023). A detailed description of the

method is presented in Section 5.2.

When trying to recover the HI signal as a single component using GNILC, it was
observed that the reconstructed power spectrum was contaminated by a residual
content of thermal noise, mainly at small scales (OLIVARI, 2018), which contributes
to the 21 cm component estimation error. Since it is possible to obtain the thermal
noise characteristics with good precision in an experiment, it was chosen to recon-
struct the HI and noise signals as a single component in the GNILC stage. Then,
it was used a debiasing procedure, described in the Section 5.3, to estimate and
remove the noise content of the GNILC output power spectra, in order to reconstruct

the pure HI signal.
5.2 The GNILC method

The GNILC method was developed for use in removing foregrounds from CMB exper-
iment data (REMAZEILLES et al., 2011b) and later adapted to the HI IM (OLIVARI
et al., 2016). The GNILC basic idea is to use not only spectral information but also
spatial information (angular power spectrum) to discriminate between foregrounds
and the targeted signal. GNILC is a blind method, that is, it does not assume prior
knowledge about the properties of foregrounds, but only about the power spectrum
of the target signal. The following is a description of the method, as applied to this

work.

Considering 21 cm plus thermal noise as the target signal s,(p), such that s,(p) =

21cm

s (p) + n,(p), as discussed in Section 5.1, Equation 5.1 can be rewritten as

dy(p) = su(p) + fu(p)- (5.3)

Transforming the data in the pixel domain to the spherical harmonic domain, we
obtain the harmonic coefficients d, (¢,m). Then, each frequency map can be de-
composed in harmonic space, using a kind of bandpass filters defined by different
multipole intervals ¢. These filters are called needlets, an application of the concept

of wavelets to the sphere.

A needlet window is defined by the function héj ), where the index (j) indicates the
range of angular scales ¢ selected by the bandpass. A set of needlets respects the

following relation
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3 [h@”f =1. (5.4)

J

To define the set of needlets used as input for GNILC in this work, different bandpass
combinations were tested. Figure 5.1 presents the best match for the simulations, a
set of cosine-shaped needlets, with peaks centered at [0, 128, 384, 767].

Figure 5.1 - Set of cosine-shaped needlets with peaks located at ¢ = [0, 128, 384, 767].
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Thus, each d, (p) is decomposed into a map d¥’(p), which is the result of the inverse

spherical harmonic transform of d,, (¢, m) x héj ), according to

¢

d9 (p) =32 3" dy (6, m) B Yem () (5.5)
¢ m=—4

where (j) defines the angular scales isolated by the respective needlet function. For
each pixel p and each needlet scale (j), a covariance matrix RY) (p) is calculated,

. / .
whose elements for a frequency pair v, v are given by
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R (p) = NO > dP)dY (), (5.6)

p p/€®p

where ngj) is the number of pixels that constitute the domain ®,, centered on
the pixel p and whose size is chosen accordingly to avoid creating artificial anti-
correlations between the target signal and the foregrounds. These anti-correlations
created when working with small regions of the sky (with reduced number of pixels),
can result in power loss of the reconstructed signal. This can be measured by the
multiplicative ILC bias b, according to Delabrouille et al. (2009). Thus, the number
of pixels NISJ' ) is adjusted, for each needlelet scale (j), according to the choice of the
ILC bias b value, that is defined as one of the GNILC input parameters. The relation

between the number of pixels in the ©, domain and the ILC bias is given by

, ) (g, — 1
NI()J) — W) (5.7)
b Nivl

where néj) is the total number of pixels in the j-needlet map, Ny, is the number
of frequency channels, and N is the number of modes in the j-needlet window,

which can be written as

zmax

NG =320+ 1) [h)2. (5.8)
=0

GNILC uses an estimate of the target signal covariance matrix, jo)(p), produced
with map realisations from prior knowledge of the HI + thermal noise power spec-
trum, to transform and diagonalize the data covariance matrix, R (p), disentan-
gling foregrounds and signal subspaces. Omitting needlet scale (j) and pixel p, the
diagonalization of the matrix resulting from the transformation R;?RR; /2, can

be approximated by
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R;1/2Rf{;1/2 ~
1+

The eigenvalues of R;/2RR;'/? that are ~ 1 do not contain any relevant power
of the foregrounds, i.e. the sky emission is dominated by the target signal. The cor-
responding subset of eigenvectors U, spans the target signal subspace. The subset
of m eigenvectors Uy, for which eigenvalues of R;/2RR; /2 depart significantly
from unity (1 + p; > 1), spans the foregrounds subspace. Then a Principal Com-
ponent Analysis (PCA) (MURTAGH; HECK, 1987) is performed on the diagonalized
covariance matrix to disentangle foregrounds and target signal subspaces. For each
needlet scale (j) and each pixel p, is selected the subset of m!(p) eigenvectors U of
covariance matrix R;V/2RR /2, for which eigenvalues are > 1 by using a statistical
Akaike Information Criterion (AIC) (AKAIKE, 1974). Therefore, the best value for

mU) (p) is chosen finding the minimum of the following function

Nch
AIC (m (p)) = N (Qm(j) P+ > [w—logh, — 1]) (5.10)
k=m+1

where N is the number of modes in the (j) needlet window, m? (p) is the num-
ber of degrees of freedom used by GNILC to describe the foregrounds and A; the

eigenvalues of the transformed covariance matrix presented in the Equation 5.9.

After estimating the dimension of the foregrounds subspace, a m?)(p)-dimensional
ILC is performed for each needlet scale (5). First, the matrix UY), whose dimension
is Nen X (nen — m) is determined. Then, the mixing matrix of the target signal, S, is

calculated through

Uy, (5.11)
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After determining the matrix S, the multidimensional ILC filter is applied to the
data vector d¥) (p) and make a estimate of HI signal 8 (p). Omitting p and (5) to

simplify the notation, the estimate of the target signal is determined by

9204

=§(S'R78) '§"Rd, (5.12)

where the ILC weights matrix is given by

W=8(8"R'S) §'R". (5.13)

Finally, the reconstructed needlet (j) maps, §9) (p), are synthesized on a single map.
They are transformed to spherical harmonic space, their harmonic coefficients are
again band-pass filtered by the respective needlet window, h , and the filtered
harmonic coefficients are transformed back to maps in pixel space. This results in

one reconstructed map per needlet scale (j), according

5 ZZ $9) (0, m) b Y (p) - (5.14)

L m=—{L

These maps are then added to give, for each frequency channel v, the complete

reconstructed map §,(p)

5, (p) =289 (p), (5.15)

where n,, is the number of needlets windows chosen as input. The reconstructed

maps, 8, (p), are the HI plus thermal noise maps recovered with GNILC.

As seen before, GNILC has two input parameters that control the location both in the
pixel and in the harmonic domains, used in the calculation of covariance matrices: the
set of needlets and the ILC bias. We tested the efficiency of GNILC in reconstructing
target signal maps considering different combinations of these input parameters.
Thus, the best choice for our BINGO simulated data was the set of cosine-shaped
needlets with peaks at £ = [0, 128,384, 767] and the ILC bias b = 0.005. This was the
configuration of GNILC input parameters used here. The following section presents

the debiasing procedure used to obtain the 21 cm signal power spectrum from the
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HI plus thermal noise maps reconstructed with GNILC.
5.3 The Debiasing procedure

Section 5.2 describes the GNILC method, referring to the signal of interest as the
component to be recovered. As discussed in Section 5.1, due to the characteristics of
the 21 cm signal and the noise, it was chosen to recover both as a single component.
After obtaining the reconstructed 21 cm plus noise maps, it was used a debiasing
procedure to reconstruct the pure power spectrum of the 21 cm signal. This method
consists of estimating the residual noise content and the loss of the HI signal, after
passing the data through the ILC filter (see Section 5.2), and correcting their effects
on the power spectra of the GNILC output maps. This procedure was also used by

Fornazier et al. (2022) and a description of the technique is presented below.

Equation 5.1 can be rewritten as

dy(p) = 52" (p) + nu(p) + f.(p), (5.16)

21lcm
v

where s7'"(p) is the 21 cm signal, n,(p), the thermal noise and f,(p), the foreground
emission. As seen in Section 5.2, the GNILC output maps at all frequencies are the
result of the projection of Ng-dimensional BINGO data, which can be written as

(omitting the index (7)),

§1/(p) = Z:WI/V/(p)dV/(p)7 (517)

into a target signal subspace of lower dimension, defined by the matrix Uy, as can
be seen in the Equation 5.9. Although the GNILC projection matrix (see Equation
5.12) is defined so as to ensure minimal projection of the foregrounds into the target
signal subspace and minimal projection of the target signal into the complementary
foreground subspace, still a small part of the 21 cm signal, noise and foregrounds

can project into each complementary subspace.

Formally, by inserting Equation 5.16 into Equation 5.17 and using a matrix-vector

notation, the GNILC output maps read as

5(p) = W(p)s*'™™(p) + W(p)n(p) + W (p)f(p), (5.18)



which highlights additive errors due to projected noise, W(p)n(p), and projected
foreground residuals, W (p)f(p). In addition, a small multiplicative error may arise

from a possible partial loss of the 21 cm signal into the foreground subspace, i.e.

W (p)s*'“™(p) ~ (I—€)s**™(p), (5.19)

where I is the identity matrix, while € is a positive-definite diagonal matrix which
describes possible small corrections to identity. Taking the spherical harmonic trans-
form of Equation 5.18, the angular auto power spectrum of the GNILC output map

at a given frequency band v thus reads as

NIL 21 ise—proj fgds—proj
CKG C,v ~ bZCg cm,v + Célolse proj,v + ngds pI‘O‘],V’ (520)

< 1 is the 21 cm power spectrum multiplicative bias for that frequency

Y
N fds 1o R
Cyome P and CFF TP are power spectrum additive biases due

where bj
channel, while

to projected noise and foreground residuals, respectively.

Neglecting the residual foregrounds into GNILC output maps, the debiasing procedure

to reconstruct the 21 cm power spectra can be divided into two steps:
a) Estimate the projected noise power spectra, C;** P and debias the
GNILC map power spectra from this additive bias;
b) Estimate the multiplicative bias, Bz , and correct the noise-debiased GNILC

power spectra from it.

These two steps can be summarized by the equation

GNILC,v Amnoise—proj,v
Cy — G

cglemy — . : (5.21)
by

where C2'“™" is the final estimate of the 21 ¢cm power spectrum at the frequency

channel v.

The additive noise bias C,)* P*"

is estimated by generating N,e.is white noise map
realisations for each frequency channel v and projecting them through the GNILC
weight matrix Equation 5.13 computed in Section 5.2 for the data. The power spectra

of the resulting projected noise realisations are then averaged over all realisations.
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The multiplicative bias b; is estimated by generating V,.s realisations of 21 cm
signal maps at all frequency channels ¥ and computing the projected 21 cm signal
by applying again the GNILC weight matrix given by Equation 5.13 to the pure 21
cm map realisations. For each frequency channel v, the ratios between the power
spectra of the projected 21 cm realisations and the power spectra of the input 21
cm realisations, which we average over all realisations in order to estimate b}, are
then computed. The accuracy of the estimation of additive and multiplicative biases
depends directly on the number of realizations N,..;s used. However, the choice of
this number is not free, but limited by the available computational capacity. The
greater the number of channels adopted, the longer the debiasing processing time.
Thus, considering the available computing resources and the BINGO simulated data
configurations, the debiasing procedure was tested with two different N,eas, as can
be seen in Chapter 6. The preliminary results of the 21 c¢m signal recovery from the
BINGO simulated observations, using the foregrounds removal pipeline presented in

this chapter, are presented below.
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6 RESULTS

As seen in the previous chapter, the component separation pipeline used in this work
can be divided in two steps: the foreground removal stage, where GNILC method,
described in the Section 5.2, is used to recover the 21 c¢cm plus thermal noise maps
from the BINGO simulated data; and the debiasing stage, where the procedure
described in the Section 5.3 is used to obtain the 21 c¢m power spectra from the

GNILC output maps.

Our BINGO simulated data maps are the sum of astrophysical foregrounds, HI
and thermal noise, as described in Section 4.1. The reference case, adopted for
comparison of results, is the MD30, the BINGO project baseline configuration. In
the simulations that include an independent observation, it was added a channel
with the CBASS 5 GHz map, containing foregrounds and thermal noise, to the set
of BINGO simulated data.

The angular power spectra were plotted in the range of multipoles 30 < ¢ < 270,
which is equivalent to angular scales ~ 6° to ~ 0.7°. Very large angular scales were
not considered, ¢ < 30, due to the area of the sky covered by BINGO, and small
angular scales, ¢ > 270, due to the angular resolution of the instrument, 40 arcmin.
Furthermore, as BINGO covers a fraction of the sky, the power spectra of its maps
suffer from a loss of angular resolution. Thus, the choice of bin size must respect the
restriction Al ~ 180°/7max, Where Ypayx is the maximum extent of the observed area
(ANSARI; MAGNEVILLE, 2010). In the case of BINGO, considering the repositioning
of the horns during the mission, as described in Wuensche et al. (2022) and Liccardo
et al. (2022), Ymax = 17.5°. Thus, in order to respect this limitation and better adapt
to the range of multipoles adopted in this work (30 < ¢ < 270), we chose bin the

angular power spectra with multipole resolution of A¢ = 12.

The results obtained in the recovery stages of the 21 cm plus thermal noise maps
(GNILC step) and the 21 cm power spectra (debiasing step), considering the simula-

tion plan in the Table 4.2, are presented in the following sections.
6.1 21 cm plus thermal noise maps reconstruction

To quantify the maps reconstruction efficiency, the Pearson coefficient was used,
defined as
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_ Zp(§u(p) - Méu)(su(p) B :U’SV)
VERGP) = 15,2 Sy (p) — 1)’

: (6.1)

14

where §,(p) and s,(p) are the reconstructed and expected HI plus noise maps, re-
spectively, in a given pixel p and frequency channel v. The p;, and us, terms are the
mean value over the pixels of the reconstructed and expected HI plus noise maps,
respectively. A perfect reconstruction of the target signal maps occurs when p, = 1.
The results in the pixel domain of the tests proposed in Section 4.2 are presented

below.
Testing different synchrotron models

The first test proposed is to check the GNILC response against different synchrotron
models, the dominant foreground component in the BINGO frequencies. For that,
it was performed the component separation in the MD30 and GD30 simulated data
(see Table 4.2).

The Pearson coefficients between the input and reconstructed HI plus thermal noise
maps are presented in Figure 6.1. It can be seen that the correlation between the
expected and reconstructed maps varies very little between the two configurations.
Furthermore, the average Pearson coefficient over all channels is the same for both
cases, p = 0.853, which shows that GNILC performs well against different synchrotron

models, in an analysis in the pixel domain.

Figures 6.2 and 6.3 show the input (expected), the reconstructed and the residual
21 c¢m plus noise maps for MD30 and GD30 configurations, observed near to the
central frequency of the BINGO band (1120 MHz). Note the effect of the apodized

galactic mask on the edges of the apparent region of the maps.
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Figure 6.1 - Pearson coefficients calculated for each pair of expected and reconstructed 21
cm plus thermal noise maps, in each frequency bin of the MD30 and GD30
input data. The average Pearson coefficient over all channels is the same for

both cases, p = 0.853.
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Figure 6.2 - Simulated 21 c¢m plus thermal noise input map (Top), GNILC reconstructed
map (Middle) and respective residuals, the difference between the two pre-
vious maps (Bottom), corresponding to a channel centered at 1115 MHz in
MD30 configuration. The maps are in celestial coordinates and are covered by
the apodized galactic mask defined in Section 4.1.3. The HI component was
convolved with a Opwyy = 40 arcmin beam.

input 21-cm+-noise @ 1115 MHz

[ aaaee— R4
-200 200

reconstructed 21-cm-+noise @ 1115 MHz

SR

69



Figure 6.3 - Simulated 21 c¢cm plus thermal noise input map (7'op), GNILC reconstructed
map (Middle) and respective residuals, the difference between the two pre-
vious maps (Bottom), corresponding to a channel centered at 1115 MHz in
GD30 configuration. The maps are in celestial coordinates and are covered by
the apodized galactic mask defined in Section 4.1.3. The HI component was
convolved with a Opwam = 40 arcmin beam.
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Figures 6.4 and 6.5 show the total foreground emission and the respective residual
map (projection of foregrounds into the target signal subspace) after component
separation with GNILC. The maps show the effectiveness of GNILC in removing con-
taminants, since the content of foregrounds in the data is reduced from about 103

to tens of uK.
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Figure 6.4 - Map containing the sum of all foregrounds described in Section 4.2 (Top)
and their respective residuals after GNILC (Bottom) at 1115 MHz in MD30
configuration (see Table 4.2). The maps are in celestial coordinates and are
covered with the apodized galactic mask defined in the Section 4.1.3. The
foregrounds were convolved with a Opwiv = 40 arcmin beam. Note the region
of extreme declinations where the signal is attenuated by the apodized mask.
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Figure 6.5 - Map containing the sum of all foregrounds described in Section 4.2 (Top)
and their respective residuals after GNILC (Bottom) at 1115 MHz in GD30
configuration (see Table 4.2). The maps are in celestial coordinates and are
covered with the apodized galactic mask defined in the Section 4.1.3. The
foregrounds were convolved with a fpwmyv = 40 arcmin beam. Note the region
of extreme declinations where the signal is attenuated by the apodized mask.
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In the MD30 foregrounds projection map it is observed that the GNILC removed a
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little more foregrounds from the unmasked region of the sky observed by BINGO
where the galactic emission is more intense. This can be explained by the maps
in Figure 6.6, which contain the number of degrees of freedom m)(p) assigned
by GNILC to describe the foregrounds at each pixel p and each range of angular
scales (j), defined by the needlets filters. The map referring to the angular scales
delimited by 0 < ¢ < 384, m"(p), shows that GNILC dedicates 3 degrees of freedom
to describe and remove foregrounds in the unmasked galactic region observed by
BINGO, where the synchrotron emission is more intense. Outside this region, the
dimension of the foregrounds subspace is equal to 2. Thus, contaminant removal is
slightly more effective in the residual map region of Figure 6.4, discussed earlier.
However, the choice of the dimension of the foregrounds subspace, m")(p), may
reflect on the efficiency of the reconstruction of the HI plus noise signal, since the
number of degrees of freedom available to reconstruct the target signal is limited by
Na, —mY)(p). As seen in Chapter 5, the best choice for mU)(p) is made calculating
the minimum of the AIC function given by the Equation 5.10, which considers the
compromise between estimating the number of dimensions used to best describe the

subspace of the signal of interest and the foregrounds subspace.
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Figure 6.6 - Maps containing the number of degrees of freedom dedicated to describe the
MD30 foregrounds, m?) (p), per pixel p. Each map corresponds to a range of
angular scales (j), isolated by each needlet window from the set defined as
input to the GNILC (see Section 5.2). The cosine-shaped needlets are centered
at [0,128,384,767] and the angular scale intervals are described in the title
of the maps. Note that the map m(© (p) is associated with larger angular
scales and therefore requires a lower resolution (Ngge = 64). Furthermore,
GNILC assigns 3 dimensions to the foregrounds subspace at angular scales
between 0 < ¢ < 128 (j = 0), as well as to the galactic region of the map
corresponding to the range 0 < ¢ < 384 (j = 1). For the maps generated with
the other needlet windows (j = 2 and j = 3), GNILC dedicates 2 degrees of
freedom to describe the foregrounds.
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Figure 6.7 - Maps containing the number of degrees of freedom dedicated to describe the
GD30 foregrounds, m'7)(p), per pixel p. Each map corresponds to a range of
angular scales (j), isolated by each needlet window from the set defined as
input to the GNILC (see Section 5.2). The cosine-shaped needlets are centered
at [0, 128,384, 767] and the angular scale intervals are described in the title of
the maps. Note that the map m(® (p) is associated with larger angular scales
and therefore requires a lower resolution (Ngdqe = 64). Furthermore, GNILC
assigns 3 dimensions to the foregrounds subspace at angular scales between
0 </¢<128 (j =0), and 2 dimensions for the maps generated with the other
needlet windows (j =1, j =2 and j = 3).
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Figure 6.8 shows the comparison between the real and reconstructed power spectra of
HI plus noise, as well as the residual foregrounds after GNILC, plotted for 3 different
frequency channels. As with the Pearson coefficients in Figure 6.1, the power spectra
show a worse reconstruction of the HI plus thermal noise signal at lower frequencies.
This is because the synchrotron emission increases with the decrease in the observed

frequency (see Figure 1.1), making it difficult to remove foregrounds. This reduction
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in the 21 cm plus thermal noise signal reconstruction efficiency at low frequencies

can also be observed in the pixel domain, as shown in Figure 6.1.

Figure 6.8 - Input 21 cm plus noise (black), reconstructed 21 cm plus noise (dashed green)
and residual foregrounds (dashed red) power spectra, obtained from simulated
data with MD30 and GD30 configurations, for frequency channels centered
at 985 MHz (left), 1115 MHz (center) and 1255 MHz (right). The multipole
range considered is 30 < £ < 270, with a multipole bin size of Af = 12.
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Figure 6.9 shows the MD30 and GD30 foregrounds power spectra and their respec-

tive residuals after component separation with GNILC. It is possible to notice that at

scales ¢ < 100, GNILC removes more foregrounds from the GD30 configuration than
from the MD30. Furthermore, this residuals are preserved after the debiasing step,

according to the Equations 5.20 and 5.21, contributing to the 21 cm signal power

spectrum estimation error.
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Figure 6.9 - MD30 (red) and GD30 (blue) foregrounds power spectra, as well as their
respective residuals present in the signal reconstructed with the GNILC (dashed
red and dashed blue). The power spectra are plotted for frequency channels
centered at 985 MHz (left), 1115 MHz (center) and 1255 MHz (right). The
multipole range considered is 30 < ¢ < 270, with a multipole bin size of
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As seen in Section 4.2, to verify the effect of adding an extra channel to the MD30

configuration, with the CBASS simulated data, two cases were compared: MD30
and MD30+CBASS. The Pearson coefficients between the GNILC output maps and
the expected HI plus noise maps are plotted in Figure 6.10. As expected, it can be

noted an improvement in the reconstruction of HI plus noise maps, when a channel
with an independent observation (CBASS 5 GHz) is added to the GNILC input data.
The average Pearson coefficient calculated across all channels is p = 0.853 without
CBASS map while is p = 0.860 with the addition of the extra channel. Furthermore,

the Pearson coefficient shows a more significant improvement in the extreme band

frequencies.
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Figure 6.10 - Pearson coefficients calculated for each pair of expected and reconstructed
21 cm plus thermal noise maps, in each frequency bin of the sets MD30 and
MD30-+CBASS (see Table 4.2). The average Pearson coefficient over all chan-

nels is p = 0.853, for the MD30 case, and p = 0.86, for the MD30+CBASS
case.
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Testing different numbers of channels

The accuracy with which GNILC reconstructs the HI plus noise maps depends mainly
on the number of frequency channels adopted. Theoretically, as the number of fre-
quency bins is increased, more efficient GNILC is in removing astrophysical fore-
grounds from the data, with the counterpart of the increase in the noise level. The
reason is that GNILC is able to adapt the number of degrees of freedom mU)(p) (see
Section 5.2), dedicated to describing the foregrounds in the angular scales (j) and
the pixel p, to the number of channels in which the data is binned, optimizing the
target signal reconstruction (OLIVARI et al., 2016). Therefore, the efficiency of the
GNILC in reconstructing 21 cm plus noise maps was tested considering 20, 30, 40,
60 and 80 channels. For that, the datasets in the MD20, MD30, MD40, MD60 and
MDB80 configurations (see Table 4.2) were used. The Pearson coefficients for data
configurations with different numbers of channels are shown in Figure 6.11. It is
possible to observe that, in general, the Pearson coefficients values increase with
the number of channels. However, the points seem to tend towards a limit. The
difference in reconstruction efficiency improvement seems to decrease with increas-

ing number of bins. Between the MD60 and MDS80 configurations, this difference is
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already very small, indicating that there is a near optimal choice of the number of
channels, which in our case appears to be around Ny, = 80. The average Pearson
coefficient, calculated over all channels, is also directly related to the number of
frequency bins. The calculated values range from p = 0.835, in the MD20 configura-
tion, to p = 0.872, in the MD8O0 case. As expected, an increase in the number of bins
gives the method more degrees of freedom to describe and remove the foregrounds,
improving the recovery of the HI plus noise signal. However, there seems to be a
limit in the number of channels, above which there is negligible improvement in the

reconstruction of the signal of interest.

Figure 6.11 - Pearson coeflicients calculated for each pair of expected and reconstructed
HI plus thermal noise maps, in each frequency bin of the sets MD20, MD30,
MD40, MD60 and MD80. It is possible to notice the reconstruction error
reduction with the increase in the number of channels, especially at lowest
and highest frequencies.

0.88F

0.

[os]
(o)
T

o0
=
0 |

Pearson Coefficient, p

—e— MD20 (5=0.835) —=— MD60 (j =0.869) ]
—s— MD30 (5 =0.853) —=— MD80 (5 =0.872) ]
MD40 (5 =0.861) .

=]

-]

(=2
T

o

P

T
T

1000 1050 1100 1150 1200 1250
Frequency (MHz)

Figure 6.12 shows the Pearson coefficient as a function of the number of channels,
calculated in channels centered at lower, central and higher frequencies, within the
BINGO band (980-1260 MHz). In this figure it is possible to see better the stabiliza-
tion trend in the efficiency of the reconstruction of the 21 ¢m plus noise maps with
the increase in the number of channels. This effect is more evident in the central
frequency channels, where the Pearson coefficients are already higher than in the
other bins. This result reinforces what was said earlier regarding obtaining a near

optimal reconstruction in the MD80 configuration.
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Figure 6.12 - Pearson coefficients calculated for each pair of expected and reconstructed HI
plus thermal noise maps. In this figure, the parameter is calculated for sim-
ulated data with different number of channels (MD20, MD30, MD40, MD60
and MD80 configurations), in channels centered at three different frequen-
cies: lowest frequencies (channels centered at 987, 984.7, 983.5, 982.3 and
981.7 MHz), central frequencies (channels centered at 1113, 1115.3, 1116.5,
1117.7 and 1118.2 MHz) and highest frequencies (channels centered at 1253,
1255.3, 1256.5, 1257.7 and 1258.2 MHz).
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The performance of GNILC in the reconstruction of 21 cm plus thermal noise maps,
considering different BINGO simulated data configurations, was presented in this
section. The results on recovery the 21 c¢cm power spectra from the GNILC output
maps, using the debiasing method described in the Section 5.3, are described in the

following section.
6.2 Noiseless 21 cm power spectrum reconstruction

The results of using the debiasing procedure to reconstruct the 21 cm power spectra
GNILC,v

are presented in this section. The power spectra of the GNILC output maps, C, ,
obtained in the previous section, are used here as one of the inputs for the bias
correction method, according to Equation 5.21. To measure the reconstruction error
of the 21 cm power spectrum, the n(v) index was used, defined as the absolute mean

2lcm,r

difference between the recovered C, (v) and real C;'™*

7 (v), normalized by the

real power spectrum, according to
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i CLmax Cglcm,r(l/) . ;lcm,S(y>

Cglcm,s (y)

x 100% . (6.2)

This index is calculated for each frequency channel v and for a multipole range
30 < ¢ < 270, as defined in Section 6.1.

To perform the debiasing for all cases proposed in the Table 4.2 in a reasonable
time, it was chosen to work with a low number of realizations. Therefore, a base
number N5 = 10 was adopted to correct the bias of the spectra obtained for
all data configurations proposed in this work. Then, a test increasing this value to

Nieatis = 50 was performed using the configuration that gave the best result.
Testing different synchrotron models

The first test on debiasing the GNILC output power spectra was performed with
input data considering different synchrotron models. Figure 6.13 shows the error
1 of power spectrum reconstruction of the 21 c¢m signal in each frequency channel
of the MD30 and GD30 input data. The mean reconstruction error for the MD30
case is 7.2% and for the GD30 case is 6.4%. This difference is due to the ability of
GNILC to adapt to the spatial variation of foregrounds to describe and remove them
(see Section 5.2). Thus, maps generated with different models (MD and GD) may
require different numbers of degrees of freedom to represent the contaminants in a
given region of the sky, as well as to reconstruct the target signal, as seen in the
Figures 6.4, 6.5, 6.6 and 6.7.

Testing the addition of an independent observation

The results of the debiasing procedure, considering the addition of a channel with
simulated CBASS 5 GHz map to the BINGO data, in its basic project configuration
(MD30 case), are presented below. Figure 6.14 shows the error n of power spectrum
reconstruction of the 21 cm signal in each frequency channel. The reconstruction
error for the MD30 case is 7.2% and for the MD30+CBASS case is 5.7%. As expected,
the inclusion of an extra channel with CBASS data increased the number of degrees
of freedom available to describe the foregrounds, improving the reconstruction of

the 21 cm signal.
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Figure 6.13 - Reconstruction error 7 of the 21 cm signal power spectrum, calculated as an
average over the multipole range 30 < ¢ < 270, on each frequency channel
of the data sets with different synchrotron models (MD30 and GD30). The
value 7 in parentheses is the average error over all channels in each dataset.
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Testing different numbers of channels

Figure 6.15 shows the reconstruction error n of the 21 cm signal in the harmonic
domain, in each frequency channel, considering simulated data with different num-
bers of channels: MD20, MD30, MD40, MD60 and MD80. An improvement in the
cosmological signal reconstruction can be observed with the increase in the number
of channels because the number of dimensions available to describe the components
increases, as discussed in Sections 5.2. The smallest average error over all channels

is 7 = 4.7%, obtained with 80 frequency channels.
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Figure 6.14 - Reconstruction error n of the 21 cm signal power spectrum, calculated as an
average over the multipole range 30 < ¢ < 270, on each frequency channel
of the data sets MD30 and MD30+CBASS (addition of an independent ob-
servation). The value 7 in parentheses is the average error over all channels
in each data set.
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Figure 6.15 - Reconstruction error 7 of the 21 cm signal power spectrum, calculated as an
average over the multipole range 30 < ¢ < 270, on each frequency channel
of the data sets MD20, MD30, MD40, MD60 and MD80 (different numbers
of frequency bins). The value 7 in parentheses is the average error over all
channels in each data set.
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Figure 6.16 shows the power spectrum reconstruction error, calculated in three dif-
ferent channels, corresponding to the lowest, central and highest frequencies, within
the BINGO band (980-1260 MHz). In this figure, it is possible to notice a reduction
in the estimation error with the increase in the number of channels, in addition to
a stabilization trend of this reduction. This effect is more evident in the lowest fre-
quency channels, where the estimation error are already higher for smaller numbers
of channels. This result corroborates what was presented in Section 6.1, regarding

obtaining a near optimal reconstruction with 80 frequency bins.

Figure 6.16 - 21 cm power spectrum reconstruction error, calculated as an average over
multipole range 30 < ¢ < 270, for simulated data with different number of
channels (MD20, MD30, MD40, MD60 and MD80 configurations), in chan-
nels centered at three different frequency channels: lowest frequencies (chan-
nels centered at 987, 984.7, 983.5, 982.3 and 981.7 MHz), central frequencies
(channels centered at 1113, 1115.3, 1116.5, 1117.7 and 1118.2 MHz) and
highest frequencies (channels centered at 1253, 1255.3, 1256.5, 1257.7 and

1258.2 MHz).
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Testing different numbers of realisations N,

To evaluate the effect of increase the number of realisations on the 21 cm spectrum
reconstruction efficiency, the debiasing procedure was reprocessed with Nyeais =

50. The GNILC output power spectra used in this test was the one obtained from
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the MD80 data configuration, the case with the best results in the pixel space
analysis. Then, Nieais = 10 and Nyealis = 50 results were compared, as presented
in the Figure 6.17. The 21 c¢m signal reconstruction error for the case MD80 with
Nieatis = 10 is 4.7% and with Nyeais = 50 is 3.0%. As expected, the efficiency of
the debiasing procedure increases when using a greater number of HI and thermal
noise realisations. The reason is that with more realisations, the method improves
the estimation of the reconstructed spectra bias. The objective of this test is not to
optimize the number of realizations, which would require much more computational
processing time, but to perform a sensitivity analysis of the debiasing method with

this parameter.

Figure 6.17 - Reconstruction error i of the 21 c¢m signal power spectrum, calculated as
an average over a multipole range, defined here as 30 < ¢ < 270, on each
frequency channel of a dataset with MD80, considering two different number
of realisations (Nyealis = 10 and Nyealis = 50). The value 77 in parentheses is
the average error over all channels in each dataset. The mean error for the
Nrealis = 10 case is 1 = 4.7% and for the Nyealis = 50 case is 7 = 3.0%.
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Final estimate of the 21 cm power spectrum

To make the final estimate of the 21 c¢m power spectrum, the entire component
separation procedure presented so far was repeated for Nie.s times, considering

different Nyeap;s realizations of the GNILC input maps (different realizations of HI and
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noise plus foregrounds). Each GNILC output power spectra debiasing was performed
using Nyealis independent realizations of HI and noise. Finally, it is calculated the
mean and the standard deviation (error bars) of the debiased power spectra. This
entire procedure was performed for N,e.is = 10 and Nyeais = 50, using the data in
the MDS80 configuration. Figure 6.18 shows the 21 cm all-sky real and estimated
debeamed power spectra in three different frequency channels. It can be observed
that the spectrum relative to Nieais = 50 is closer to the real 21 cm sky power
spectrum in all the frequencies presented. The best result is obtained for N,eais = 50

at 1258 MHz, where the average power spectrum reconstruction error is 759, = 2.8%.

It is expected that a better estimate of the 21 cm power spectrum can be made with
a larger Nieais. However, due to the available computational capacity, the number
of realizations was limited to N,eais = 50. The complete set of simulations for the
MDS8O0 data set took two and a half months to be ready. For this it was used 56 cores
of the processor Intel Xeon Gold 5120 2.20 GHz and 512 GB of RAM.
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Figure 6.18 - Real (black) and reconstructed (green for Nyeais = 10 and red for Nyeans =
50) 21 cm signal all-sky power spectra, with respective error bars for the
MDBSO0 case (see Table 4.2). The power spectra plotted refers to the channels
centerd at 982 MHz (T'op), 1118 MHz (Center) and 1258 MHz (Bottom).
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7 CONCLUSIONS AND NEXT STEPS

As discussed in the Chapter 5, the component separation procedure used in this
work is divided in two steps: first, the HI + thermal noise signal, recovered by
applying GNILC to the BINGO simulated data; second, the noiseless 21 ¢m power
spectra, reconstructed passing the first step results through a debiasing procedure.
The analysis presented in this work uses as default MD30, the BINGO project base-
line configuration, and N,e.s = 10, which is the number of HI and noise realisations

used in bias correction step.

This thesis proposal presents two new results relevant to the BINGO data analysis
and hardware configuration. The first result points that GNILC has a good perfor-
mance against different foregrounds models. For this, the efficiency of the cosmo-
logical signal recovery process was tested considering simulated observations with
two different synchrotron models, the dominant component in the BINGO frequency
band. The results show that the reconstructed HI + thermal noise maps in both cases
present no significant differences in the pixel domain, except for a small difference
in residual foreground in the region where the galactic plane crosses the unmasked
area observed by BINGO. In the harmonic domain, the average reconstruction error
of the HI power spectra calculated over all frequency channels was 7.2%, for the
MD30 case, and 6.4% for the GD30 case, in the interval 30 < ¢ < 270. The differ-
ence between foreground residuals of the two models is evident for ¢ < 100, which
contributes for the observed difference in the harmonic domain results. This is due
to the GNILC ability to adapt the foregrounds removal not only to different regions

of the sky, but also to different angular scales.

The second important result is a near optimal reconstruction of the HI signal in
a BINGO 80-bins configuration. In this case, comparing the component separation
results with simulated data binned into different numbers of frequency channels
produced a mean error in the power spectrum reconstruction of 3% in the multipole
interval 30 < ¢ < 270. The foreground removal results indicated a stabilization
trend in the reduction of the 21 c¢m signal estimation error with the increase in the
number of channels. More precisely, the recovery quality of the HI signal seems to
start to stabilize at Ny, = 60 to Ny, = 80, suggesting that it would not be worth
testing the component separation process with more redshift bins. The definition
of the optimal number of frequency (redshift) bins will have a significant impact
in the hardware configuration, helping to define the number of binning channels to

preserve information from the raw data, when using a sampling mode < 1 ms.
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This work confirms that adding an extra channel, with an independent observation
(CBASS 5 GHz simulated sky), to the BINGO map set, improves the 21 ¢cm power
spectrum reconstruction, as expected. Considering the MD30 input data configu-
ration, the mean error in the power spectrum reconstruction decreases from 7.2%,
without CBASS information, to 5.7% when the CBASS map is added to the 30-bins
BINGO simulated data.

The effect of the increase in the number of realizations of HI and noise, used in the
debiasing procedure, on the quality of the 21 cm signal estimate was also tested. The
mean power spectrum reconstruction error, calculated over all channels, obtained
with Nyeais = 10 is 7 = 4.7% and with N,eais = 50 is 77 = 3.0%. These results indicate
that a larger number of HI and noise realizations allows a better estimation and
correction of additive and multiplicative biases of the GNILC output power spectra,
also as expected. For an optimal choice of N,.;5 a more detailed analysis is necessary,

with longer computational processing time.

Finally, an estimate of the reconstructed 21 cm spectra is obtained repeating the en-
tire component separation process for 10 and 50 different realisations of the BINGO
simulated input data (HI + thermal noise + foregrounds), produced in MD80 con-
figuration. The results were compared with the power spectrum of an independent
21 cm full-sky realization, considered here as the real map of HI. The estimated
spectra are in good agreement with the independent realizations. As expected, it is
possible to obtain a more accurate reconstruction of the HI signal with 50 realisa-
tions, compared to 10 realisations. The mean reconstruction error for the MD80 50
realisations case, calculated in the range 30 < ¢ < 270, is equal to 6.3%, 3.4% and
2.8% for channels centered at 982 MHz, 1118 MHz and 1258 MHz.

The results obtained in this work are summarized in the Tables 7.1 and 7.2. In Table
7.1 is presented the mean reconstruction efficiency of the 21 cm plus noise maps and
the mean reconstruction error of the 21 cm signal power spectrum obtained with
Niealis = 10, both obtained for the different data configurations proposed in this
work. In Table 7.2 is presented the mean reconstruction error of the 21 cm signal
power spectrum obtained with N,eais = 10 and Nyeais = 50, both obtained for the
MD80 data configuration.

The results obtained so far indicate that the debiasing procedure described here
should work efficiently in BINGO data analysis pipeline. This suggests that, despite
recovering the HI signal with good efficiency in the harmonic space, a more detailed

analysis of the debiasing procedure should be carried out in future works, particularly
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Table 7.1 - Mean 21 c¢m plus noise map reconstruction efficiency and mean 21 cm power
spectrum reconstruction error for Nyealis = 10.

MD30 GD30 MD30+CBASS MDS80

p 0.853 0.853 0.860 0.872

n 72%  6.4% 5.7% 4.7%

3

Table 7.2 - Mean 21 cm power spectrum reconstruction error for MDS80 case.

Nrealis =10 Nrealis =50

i 4T % 3.0 %

because the 1/f contribution to the instrumental noise was not considered in this

analysis.

The main objective to be achieved with the continuity of this work is to test the
foregrounds removal process presented in this thesis using a more complete set of
simulations. They will be generated using the BINGO IM pipeline and will require

some adaptations. The next steps to implement and test this new configuration are:

o Consider a more realistic beam profile, using the BINGO collaboration
measurements, as well as the beam size dependence on frequencys;

« Enable and test different map-making modules/models in the IM pipeline;

o Include the effect of 1/f noise in the simulated time ordered data and test
the efficiency of the map-making methods in removing it from the BINGO

maps;
e Include some components not considered in the simulations used in this
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proposal, such as radio frequency interference (RFI) and atmospheric con-

tamination.
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