MASTER IN ASTROPHYSICS
AND SPACE SCIENCE

Erasmus Mundus Master
in Astrophysics and Space Science

Master Thesis

Component Separation Methods for Neutral Hydrogen
Intensity Mapping

Supervisors Author

Simon Prunet Urwa Shoaib

Université Cote d’Azur, Université Cote d’Azur,
Observatoire de la Cote d’Azur, Laboratoire Lagrange, Nice, France.

Centre national de la recherche scientifique,
Laboratoire Lagrange, Nice, France

Marta Spinelli

Université Cote d’Azur,
Observatoire de la Cote d’Azur,
Laboratoire Lagrange, Nice, France

Marina Migliaccio

Department of Physics,

Universita degli Studi di Roma Tor Vergata,
Rome, Italy

Academic Year 2024/2025

e,

TOR VERGATA UN'VERSITY U o Bromen SR
- ‘ BELGRADE UNIVERSITE

COTE D:AZUR Co-funded by the

European Union



This Master thesis is submitted in partial fulfillment of the requirements for the degree Master
Physique Fondamental et Applications as part of a multiple degree awarded in the framework of
the Erasmus Mundus Joint Master in Astrophysics and Space Science MASS jointly delivered
by a Consortium of four Universities: Tor Vergata University of Rome, University of Belgrade,
University of Bremen, and Université Cote d’Azur, regulated by the MASS Consortium Agreement
and co-funded by the EU under the call ERASMUS-EDU-2021-PEX-EMJM-MOB.



Contents

Introduction | 2
4
1.1 Cosmic Microwave Background . . . . . . . . . .. . . . . ... .. 5
1.2 Neutral Hydrogen| . . . . . . . . . . . . e 8
[1.2.1 Evolution of the 2Icmsignal . . . . . . .. ... ... ... ... ....... 9
[1.3 Observational Challenges . . . . . . . . . .. ... .. . 11
[1.3.1 Foregrounds . . . . . . . .. e e e 11
[1.3.2 Intensity mapping instrumentaleects . .. ... ... ... ......... 13
2 Simulations 16
2.1 Foregrounds . . . . .. e e 16
2.2 Cosmic Microwave Background Maps . . . . . . . . . ... oo 17
2.3 Matter Fields . . . . . . . . . e 17
2.4 Neutral Hydrogen Maps . . . . . . . . . 19
3 Methodology 24
3.1 Internal Linear Combination (ILC) . . . . . . .. .. .. ... .. .. ... ..... 25
3.1.1 Harmonic Internal Linear Combination (HILC) . . ... .. ... ... ... 27
3.2 Principal Component Analysis (PCA) . . . . . . . . . . . . 29
3.3 Spectral Matching Independant Component Analysis(SMICA) . . . . .. .. .. .. 29
3.3.1 SMICAGradients . . . . . . . . . e 31
4 Applications to CMB 34
4.1 Galactic Masks . . . . . . 34
4.2 Power Spectrum/Covariance Estimation . . . . .. ... .. ... ... ....... 34
43 ILCandILChias . . . . . . . . . e 35
5 Modelling Neutral Hydrogen 43
51 Modell . . . . e 43
5.2 Model 2 . . .. e 45
5.3 Model 3 . . . . e 46
54 Model 4 . . . e 47
55 Model5 . . . . e 48
6 Applications to Neutral Hydrogen 54
6.1 Full Sky SMICA . . . . . e e 54
6.1.1 Finding Foregrounds . . . . . . . . . . ... e 54
6.1.2 Finding Neutral Hydrogen . . . . . . . . . . . ... .. ... .. .. ..... 59
6.2 Masked SMICA . . . . . . e 61
6.2.1 Finding Foregrounds . . . . . . . . . .. 64
6.3 Wiener Iters . . . . . . . 64
6.4 Sucient Statistics . . . . . . . ... e 67
6.5 Optimization . . . . . . . . . . e e 71
Conclusion 72



Acknowledgements

References

74

75



Abstract

The detection and characterization of the redshifted 21cm signal from neutral hydrogen
(HI) is a promising probe of the early universe, o ering insight into the cosmic dawn, reioniza-
tion, and the large-scale structure of the universe. However, the signal is obscured by strong
astrophysical foregrounds and instrumental e ects. This thesis explores statistical methods
for foreground removal and recovery in simulated intensity mapping data. We model the HlI
signal across several parametric forms and assess the robustness of each technique through
power spectrum recovery and statistical metrics. Finally, we develop the tools necessary to
infer cosmological parameters by quantifying how well the methods preserve the information
content of the original signal. The results demonstrate that while standard techniques, such
as PCA and ILC, oer a baseline, SMICA, particularly when optimized over both full-sky
and masked maps, shows signi cant promise in isolating the components with minimal bias.



Introduction

In the era of precision cosmology, cosmological surveys are striving to probe increasingly larger
volumes of the Universe to combat the limitations imposed by cosmic variance. The eventual
goal is to map the entire observable Universe on the largest accessible scales, thereby improving
constraints on fundamental cosmological parameters. Large galaxy spectroscopic surveys, such as
the Dark Energy Spectroscopic Instrument (DESI) ancEuclid, have been designed to trace the
large-scale structure of the Universe with high accuracy. However, these surveys are inherently
time and resource intensive, as they require the detection and redshift determination of individual
galaxies. This restricts their e ciency, especially at high redshifts where galaxies become fainter
and more sparse.

An alternate approach, which we explore in this thesis, is neutral hydrogen (HI) intensity
mapping (IM), which bypasses the need to resolve individual galaxies. Instead, HI IM measures
the collective 21 cm emission from unresolved sources within large voxels of the sky, yielding a
three-dimensional map of the matter distribution with excellent redshift resolution. Residual HI
from the post-recombination epoch to the present day serves as a biased tracer of the underlying
dark matter eld. Its rest-frame 21 cm hyper ne transition line is well-suited for cosmological
observations because it falls in the radio band, where observations are less a ected by dust extinc-
tion and other line confusion. The observed frequency of the 21 cm line can be directly translated
into redshift, enabling tomographic mapping of the large-scale structure over a wide redshift range.

HI intensity mapping holds immense potential for cosmology. It enables e cient surveys of
cosmic volumes at high redshiftsZ  0:5{6) where galaxy surveys are observationally expensive,
thereby providing crucial information about the growth of structure, the expansion history of the
Universe, and potentially the nature of dark energy and modi cations to General Relativity. Addi-
tionally, HI IM is sensitive to baryon acoustic oscillations (BAO), redshift-space distortions (RSD),
and primordial non-Gaussianities, o0 ering a versatile probe for early and late-time Universe cos-
mology (Battye et al., 2013; Bull et al., 2015; Santos et al., 2015).

From an observational standpoint, multiple current and upcoming radio facilities are targeting
HI IM, including the Canadian Hydrogen Intensity Mapping Experiment (CHIME), MeerKAT,
Hydrogen Epoch of Reionization Array (HERA), and eventually the Square Kilometre Array
(SKA). Despite its advantages, HI IM also faces signi cant challenges, notably the presence of
bright astrophysical foregrounds|primarily Galactic synchrotron and free-free emission|that are
several orders of magnitude stronger than the cosmological signal. Extracting the HI signal, there-
fore, demands sophisticated component separation techniques and careful instrumental calibration.
Nonetheless, its potential to map the cosmic web makes it a powerful tool in the next generation
of cosmological surveys.

In this thesis, we develop and test blind and semi-blind component separation techniques for
cosmological signal recovery using simulated data. To test our method on a controlled benchmark,
we rst turn to the Cosmic Microwave Background (CMB), a signal that has been extensively
studied, with precise theoretical predictions and high-quality observational data. For this purpose,
we generate CMB maps that include realistic di use astrophysical foregrounds and instrumental
noise. In these simulations, we validate methods such as the Internal Linear Combination (ILC)
in both pixel and harmonic space to establish their robustness in a simpler setting.



We then simulate neutral hydrogen (HI) intensity maps in order to test techniques like Principal
Component Analysis (PCA) and Spectral Matching Independent Component Analysis (SMICA)
in a more challenging context. For HI, we construct parametric models that incorporate both
spatial and frequency covariances of the signal. In the HI case, we not only focus on the removal
of astrophysical foregrounds, but also on the recovery of the HI signal. All analyses are carried out
on both full-sky and cut-sky maps to assess the impact of incomplete sky coverage, a realistic lim-
itation of surveys. Finally, the delity of the recovered signals is quanti ed using Wiener ltering
and su cient statistics, allowing us to evaluate how much cosmological information is preserved
after component separation.

Together, these steps provide a consistent simulation-based framework in which methods are
rst benchmarked on the CMB and then extended to HI, ensuring that the techniques developed
here are both theoretically robust and practically applicable to forthcoming HI intensity mapping
experiments.

The thesis is organized as follows. Chapter 1 introduces the theoretical background of the
cosmological signals of interest and highlights their scienti c relevance. Chapter 2 describes how we
generated realistic simulations of the CMB, neutral hydrogen (HI), and astrophysical foregrounds.
In Chapter 3, we present the component separation techniques developed for signal recovery,
together with a discussion of their respective strengths and limitations. These methods are rst
tested on simulated CMB maps in Chapter 4, providing a controlled benchmark. Chapter 5
outlines the construction of parametric models for the HI signal, which are then used in Chapter 6
to apply component separation techniques for the joint recovery of foregrounds and the underlying
HI emission. Finally, we conclude with a discussion of possible extensions and future directions in
preparation for upcoming Hl intensity mapping surveys.



1 Theory

Modern cosmology describes the evolution of the Universe using the CDM model, which is well-
supported by a broad range of observational data (Planck, 2020). According to this model, the
Universe began approximately 13.8 billion years ago in a hot, dense state known as the Big Bang.
In the rst tiny fraction of a second, the Universe underwent a brief but dramatic period of ex-
ponential expansion called in ation, which smoothed out initial inhomogeneities and laid down
the seeds of structure through quantum uctuations (Guth, 1981; Liddle & Lyth, 2000). As the
Universe expanded and cooled, it passed through a series of well-de ned epochs described in Figure
1. Within the rst few minutes, nuclear reactions occurred that produced the light elements|a
process known as Big Bang Nucleosynthesis (Steigman, 2007).

Roughly 380,000 years after the Big Bang, the Universe cooled enough for protons and elec-
trons to combine and form neutral hydrogen in the epoch of recombination. This marked the
decoupling of matter and radiation, allowing photons to travel freely and giving rise to the cosmic
microwave background (CMB), which provides a snapshot of the Universe at that time (Peebles,
1993). As expansion continued, the Universe entered the so-called \dark ages"”, a period before the
rst luminous sources had formed, when most of the hydrogen was neutral and di use, distributed
in the intergalactic medium. Eventually, gravitational instability caused regions of higher density
to collapse, leading to the formation of the rst stars and galaxies in the epoch of reionization,
which reionized much of the intergalactic hydrogen by redshifis  6{10 (Barkana & Loeb, 2001).

From that point onward, large-scale structures such as galaxy clusters, laments, and voids

Figure 1: The cosmic history of the universe showing the di erent epochs. After recombination,
the universe entered what we call the "Dark Ages." There would be nor more light produced until
fusion took place in the rst stars. The galactic epoch was marked by the formation of the large
scale structure of the universe (Oregan-State, 2014).

continued to evolve under the in uence of gravity. Dark matter provided the sca olding for this
structure formation, while dark energy|represented by the cosmological constant |has come to
dominate the energy budget of the Universe at late times, accelerating its expansion (Ratra & Vo-
geley, 2008). Around this time, most of the residual neutral hydrogen was shielded within galaxies,
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and this is the era of the Universe we are interested in studying with the help of neutral hydrogen.
Since dark matter tracers like the 21cm line from neutral hydrogen (HI) o er a powerful probe of
the large-scale structure in the post-reionization era, allowing us to reconstruct the distribution
of matter and improve our understanding of the Universe's expansion history (Morales & Wyithe,
2010; Santos et al., 2015).

Our understanding of cosmology has advanced enormously over the past two decades. Obser-
vations of the early Universe, from the Cosmic Microwave Background (CMB) about 400,000 years
after the Big Bang to large-scale structure (LSS) surveys mapping galaxies in the more recent Uni-
verse, have provided a coherent picture of cosmic evolution. Yet, the rst billion years, when the
rst astrophysical sources formed, remain poorly understood. The James Webb Space Telescope
(JWST) is now pushing direct galaxy observations to redshiftz 14, while upcoming surveys
such askuclid and DESI will deliver unprecedented measurements of large scale structures at later
times.

An alternative approach is o ered by observations of the redshifted 21 cm line of neutral hy-
drogen. The 21 cm line is produced by the hyper ne splitting caused by the interaction between
electron and proton magnetic moments. Because hydrogen is the most abundant element in the
Universe, it serves as a sensitive tracer of the intergalactic medium and the processes that shaped
it. The 21 cm signal can be used to map the post-reionization Universe since it traces the under-
lying distribution of dark matter, making it a powerful probe of large scale structure. This thesis
is dedicated to studying the 21 cm line its potential for cosmological inference.

In this chapter, we focus on two cosmological signals central to this work: the Cosmic Microwave
Background (CMB; Section 1.1) and the Neutral Hydrogen (HI) line emission (Section 1.2). We
begin with the CMB, which is a well-understood signal and therefore serves as a controlled test for
validating our component separation methods. We then turn to the HI signal, which is less well
constrained but of great interest for probing the large-scale structure and the di erent evolutionary
phases of the post-reionization Universe. In Section 1.2.1, we describe the evolution of the HI
signal and its potential as a tracer of cosmic epochs, before discussing in Section 1.3 and beyond
the observational challenges associated with detecting both the CMB and HI.

1.1 Cosmic Microwave Background

The cosmic microwave background (CMB) is the residual radiation from the early universe, often
described as the afterglow of the Big Bang. It provides a snapshot of the universe at approximately
380,000 years old, during the recombination era, when free electrons and protons combined to form
neutral hydrogen, allowing photons to travel freely for the rst time (Dodelson 2003; Peebles 1993).
Also known as the \Last Scattering Surface”. The CMB follows a blackbody spectrum, due to
which we can describe it with a temperature of 2.725 K, as measured by the COBE satellite (Fixsen
et al., 1996; Mather et al., 1994).

The study of the CMB has been crucial in cosmology, providing strong evidence for the Big
Bang theory and constraining key cosmological parameters, including the Hubble constant, the
proportions of dark matter and dark energy, and the universe's overall curvature (Planck, 2018;
Spergel et al., 2003). The anisotropies in the CMB serve as imprints of primordial density uc-
tuations, o ering insights into the formation of galaxies and large-scale structures. Moreover, the



statistical properties of these uctuations allow tests of cosmic in ation, a rapid expansion phase
in the early universe (Guth, 1981; Linde, 1982). The CMB also re nes values of fundamental
constants, such as the baryon-to-photon ratio (Steigman, 2007).

Several major experiments have contributed to our understanding of the CMB. The COBE
satellite, launched in 1989, rst con rmed its blackbody nature (Smoot et al., 1992). The Wilkinson
Microwave Anisotropy Probe (WMAP), operational from 2001 to 2010, produced high-resolution
maps of temperature uctuations, signi cantly improving our understanding of cosmological pa-
rameters (Bennett et al., 2003). More recently, the Planck satellite, launched in 2009 and working
until 2013, provided the most precise measurements of the CMB's temperature and polarization,
further re ning the standard model of cosmology (Planck, 2020). As one of the most important
observational tools in astrophysics, the CMB continues to shape our understanding of the uni-
verse's origins, composition, and evolution.

Figure 2: CMB temperature anisotropy map as measured by Planck.

The CMB anisotropy map measured by Planck can be seen in Fig. 2. This map is a Mollweide
projection of the signal observed on the celestial sphere, produced using the HEAL'Rpixelization
scheme, shown here in Galactic coordinates (with the plane of the Milky Way at the equator). CMB
anisotropies correspond to tiny temperature uctuations relative to the mean, of order 10K, en-
coding density variations in the early universe that later evolved into the large-scale structures we
see today. These anisotropies are analysed and studied with the help of spherical harmonics.

Spherical harmonics are a set of orthonormal functions de ned on the surface of a sphere,
forming a complete basis for representing functions on the sphere, much like the Fourier series for
periodic functions. They are widely used in physics, particularly in quantum mechanics and cos-
mology, where they provide the natural framework for analyzing the cosmic microwave background
(CMB) anisotropies.

A function f (; ) de ned on a sphere can be expanded as:

amYm(; ); (1)

1I=0 m= |

Ihttps://healpix.sourceforge.io/



where Y, (; ) are the spherical harmonic functions, andy,, are the expansion coe cients that
guantify the amplitude of uctuations at angular scales corresponding to multipolé.

Spherical harmonics are de ned in terms of the associated Legendre polynom#a[3(cos ) as:

YIm( ; ): I\Ilm F)|m((30s )elm ; (2)
wherel is the degree (non-negative integer) anch is the order ( I m 1). The normalization
factor Nj,, ensures orthonormality:

S
@+1)d m)

N Im — (3)

4  (I+m)”
The associated Legendre polynomiaRR™(x) are derived from the Legendre polynomial®,(x) as:
m

PrO0=(1 X2

g %) (4)
Spherical harmonics satisfy the orthogonality condition:
zZz Z,
YIm(; )Y|omo(; )sin dd = o mmo (5)
0 0

The completeness relation ensures that any square-integrable function on a sphere can be repre-
sented as a sum of spherical harmonics. This property is key to cosmology: the observed CMB
temperature eld is expanded in spherical harmonics, with the coe cientsy,, carrying the statis-

tical information about the uctuations.

The covariance matrix of the harmonic coe cients is given by:

CIij = f’ﬁim a{m i ,
and estimated as: |
) X
Cl =g dmam: (6)
m= |

wherei;j represent di erent frequency channels.

In addition to temperature uctuations, the CMB is partially polarized through Thomson
scattering with free electrons, giving rise to the E-mode and B-mode polarization patterns (Hu &
White, 1997; Zaldarriaga & Seljak, 1997). The statistical properties of these anisotropies provide
crucial information about the early universe, the formation of structure, and fundamental cosmo-
logical parameters.

The statistical analysis of the anisotropies is performed through the angular power spectrum
C,, which quanti es the variance of the coe cients a,, at each multipolel. The power spectrum
thus describes the strength of temperature uctuations as a function of angular scale, 180 =I.

Its shape, shown in Fig. 3, encodes key information: the Sachs{Wolfe plateau at large scales
(I . 30) originates from gravitational redshifts caused by large-scale density uctuations, the
series of acoustic peaks at intermediate scales (30 . 1000) re ects oscillations in the photon{
baryon plasma before recombination, and the damping tail at small scalds& 1000) results from
photon di usion, also known as Silk damping.



Figure 3: CMB temperature anisotropy angular power spectrum as measured by Planck, 2020.

1.2 Neutral Hydrogen

Neutral hydrogen (HI) plays a pivotal role in observational cosmology as a tracer of the large-scale
structure of the Universe. The most prominent observational feature of HI is the 21 cm hyper ne
transition line, emitted when the spin of the electron in the hydrogen atom ips relative to the
proton. This line corresponds to a rest-frame frequency of 1420.4 MHz and is an indispensable
tool for probing the cosmic evolution of matter across vast redshift ranges. The 21 cm emission or
absorption from HI allows us to map the distribution of matter in three dimensions: two angular
coordinates on the sky and the redshift (or equivalently, radial distance), inferred from the ob-
served frequency shift. Residual neutral hydrogen in the post-reionization Universe (typically at
redshiftsz  6), serves as a unique probe from the Epoch of Reionization (EoR) to the present-day
Universe (Furlanetto et al., 2006; Pritchard & Loeb, 2012).

The 21-cm signal is represented in terms of the o set of the 21cm brightness temperature from
the CMB temperature, T , along a line of sight (LOS) at an observed frequency.

T) = 2T 1 e= @)
1+7z
!
H T
27w (1 + ) Fry 1 Ts (8)

dr
1+z 015 ¥ n?
10 y h2 0:023

mK; (9)

where Ts is the gas spin temperaturexy, is the neutral fraction, »; is the optical depth at the
21-cm frequency 21, ni(X;2) = 1 is the evolved (Eulerian) density contrastH (z) is the
Hubble parameter,dv; =dr is the comoving gradient of the line-of-sight component of the comoving
velocity, and all quantities are evaluated at redshifz = 2.
The xy, and Ts terms depend on both cosmology and radiation elds. The neutral fraction
depends on ionizing UV and X-ray radiation, as well as inhomogeneous recombinations. The spin
temperature interpolates between the gas temperaturdy , which is set by X-ray heating (e.g.,
O'Leary and McQuinn, 2012), and the CMB temperature,T . The strength of this coupling dur-
ing the Cosmic Dawn is set by the Lyman alpha background(so-called Wouthuysen-Field (WF)
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coupling; Wouthuysen, 1952).

The abundance and distribution of HI evolves with cosmic time, driven by processes such as
star formation, galaxy mergers, and reionization feedback. This evolution is often parameterized
through the HI density fraction

Hi (2)

o(2)
where p (z) is the comoving density of HI and .(z) is the critical density at redshift z. Obser-

vations and simulations suggest that , (z) remains roughly constant in the post-reionization era
(z 0Of5).

Hi (2) = (10)

1.2.1 Evolution of the 21cm signal

The evolution of the 21cm signal is divided into several epochs, discussed below. Figdrehbws
the corresponding light cone strips as well as the evolution of the signal and the power spectrum
amplitude de ned as (Mesinger et al., 2016):

To(2)?k*(2 V') *h o (k;2)%ji (11)

with ,1(x;z)  Tp(X;2)=Tw(z) 1atk=0:1and Q5Mpc *.

The evolution of neutral hydrogen (HI) in the Universe is closely tied to its ionization history
and the formation of structure. Following recombination atz 1100, the Universe entered the
so-called dark ages, during which hydrogen was predominantly neutral and uniformly distributed
in the intergalactic medium (IGM). As the rst stars turned on around z ~ 10{15, their ultravi-
olet radiation initiated the epoch of reionization (EoR), gradually ionizing the neutral hydrogen.
During this phase, HI was found in both di use regions and collapsing structures; however, as
reionization progressed, it was mostly con ned to shielded pockets within galaxies and proto-
galaxies. Byz 6, the IGM was almost fully ionized, and less than 1% of hydrogen remained
neutral. In the post-reionization era ¢ . 6), the HI gas resides in these dense regions, such as
damped Lyman-alpha systems (Coles & Lucchin, 2003), galactic disks and galactic halos as mod-
eled by Padmanabhan and Refregier, 2016; Padmanabhan et al., 2017, and Villaescusa-Navarro
et al., 2018, where it is shielded from ionizing radiation. These reservoirs trace the underlying
dark matter distribution and are critical for 21-cm intensity mapping studies, which aim to probe
large-scale structures using the spatial uctuations in HI density (Villaescusa-Navarro et al., 2014).

In the post-reionization era, neutral hydrogen is primarily con ned within galaxies, shielded
from ionizing ultraviolet radiation. Since galaxies form in the gravitational potential wells of dark
matter halos, the spatial distribution of HI is strongly correlated with the underlying dark matter
density eld. As such, the large-scale clustering of HI can be modeled as a biased tracer of dark
matter:

i (X 2) = B (2) m(x;2); (12)

where , is the HI overdensity eld, by (z) is the redshift-dependent HI bias, and , is the
matter overdensity. The bias factor encapsulates how e ciently HI traces dark matter and can

2https://homepage.sns.it/mesinger/EOQS.html



Figure 4: Top: 21cm simulated light cone strip

Middle: Evolution of the temperature brightness contrast

Bottom: Evolution of the 21cm power spectrum ak = 0:1Mpc ! and k = 0:5Mpc 1.

However, we are only interested in the post-reionization era far 6 since that is when the 21cm
signal starts to trace dark matter.
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be calibrated via simulations or cross-correlations with other tracers (e.g., galaxies, lensing maps)
(Villaescusa-Navarro et al., 2018).

Meanwhile, for low redshifts the brightness temperature expression simpli es to:

w(2)h 1+ 2)%Ho
245 104 H(2)

Ty(z) 44 K (13)

This is because local astrophysics, such as ionization fraction and gas spin temperature, are no
longer a reliable measure since the neutral hydrogen resides mostly in galaxies and is no longer
di use (Battye et al., 2013; Chang et al., 2010). In these regions, the spin temperature is coupled
to the kinetic temperature of the gas, which is much higher than the CMB temperature. This

meansTs Tceme, SO the factor 1 TCT% in the general 21 cm expression saturates to 1
(Furlanetto et al., 2006).

1.3 Observational Challenges

Observing the cosmic microwave background (CMB) and the redshifted 21 cm emission from neu-
tral hydrogen (HI) poses a series of interconnected challenges that must be carefully addressed to
extract cosmological information. The CMB provides a well-characterized snapshot of the universe
at recombination and has been extensively studied with high-precision experiments such as Planck,
making it an ideal starting point for developing and testing analysis techniques. In contrast, the Hi
signal is signi cantly fainter and traces the large-scale structure at later times, embedded within
strong foregrounds including Galactic synchrotron emission, free-free radiation, and extragalactic
sources. Instrumental noise, calibration errors, and beam e ects further complicate measurements.

In the following sections, we discuss the many challenges common in cosmological radio surveys.
The most important being the foreground contaminations. Foreground brightness varies with
frequency, so depending on our signal of interest's frequency range, di erent foregrounds may be
more problematic than others. Another challenge discussed in the following sections is instrumental
e ects from the telescope.

1.3.1 Foregrounds

In the context of CMB and HlI, there are several astrophysical foregrounds that have to be taken
into account. These components are predominantly concentrated along the galactic plane, with
their emission intensity decreasing at higher galactic latitudes. What's more, the foregrounds'
power is dependent on frequency, so they may be more dominant in some channels and subdomi-
nant in others. Among these emissions, synchrotron radiation|produced by relativistic electrons
spiraling in the galactic magnetic eld|dominates at low frequencies (below a few tens of GHz).
Additionally, free-free (Bremsstrahlung) emission arises from the interaction between free elec-
trons and positively charged nuclei in warm ionized regions. These are the two main sources of
contamination when it comes to detecting the HI signal. Synchrotron emission, in particular, is
about 5 orders of magnitude higher than the expected 21 cm signal (the 21cm signal has brightness
temperature on the order of tens of mK (Baek et al., 2008)) even at high Galactic latitudes, since
it peaks in the same frequency range as the neutral hydrogen signal. However, in the context of
CMB, thermal dust emission plays a major role since it peaks at higher frequencies due to small

11



Figure 5: Prominent foreground emissions, including Synchrotron, Brehmsstrahlung, and Dust
Emission, the gures are plotted at the frequencies where the respective foregrounds dominate.
These foregrounds are simulated usingySMand plotted as a Mollweide projection usingHealpy.

dust grains and macromolecules, which radiate as a greybody.

D (dish diameter) 13.5m
1:obs 4000 h
1 MHz
N 150
N gish 64
Tsys 20 K
( min » max) (900, 1050) MHz
(Zmin ; Zmax) (0.35, 0.58)
fsky 0.09
Survey area ( sur) 3700 ded

Table 1: Instrumental parameters used to simulate Gaussian noise for intensity mapping surveys
like MeerKAT.

Extragalactic emissions originate from a vast background of both radio and infrared galaxies,
as well as from galaxy clusters. Of particular cosmological signi cance are the thermal and kinetic
Sunyaev-Zel'dovich (SZ) e ects, which result from the inverse Compton scattering of CMB photons
by hot electron gas in ionized media. These e ects are especially prominent in galaxy clusters,
where a high-temperature ( keV) electron gas is present. Additionally, infrared and radio galaxies
contribute signi cant radiation across the frequency range relevant for both HI and CMB stud-
ies. These emissions include both point source radiation from bright nearby objects and a di use
background caused by the combined emission of numerous unresolved sources (J. F. Delabrouille
& Cardoso, 2007). Star-forming galaxies and radio-loud AGNs are some of the extragalactic point
sources that cause contamination.

Simulated maps of some of the foregrounds are shown in Fig.5, at di erent Planck frequencies.
Figure 6 shows how the di erent sources of foregrounds contaminate the CMB signal at di erent
frequencies. For a signal like CMB that has power up to several GHz, we have di erent dominating
foregrounds. Meanwhile, for the Neutral Hydrogen signal, which is limited to the radio bands
(MH2z), it is only synchrotron and free-free that really matter. Table 2 summarizes the foreground
emissions.

12



Figure 6: How di erent foregrounds contribute at di erent frequencies (Planck, 2016). For some
context, the HI signal has a temperature brightness of the order of a few tens of mK and falls in
the 0.5 - 1 MHz range post reionization.

1.3.2 Intensity mapping instrumental e ects

The history of radio astronomy can be traced back to 1933 when Karl Jansky at Bell Labs ob-
served radiation being emitted from the Milky Way (Jansky, 1933). Multiple subsequent obser-
vations showed a number of di erent sources of radio emissions, such as radio galaxies, quasars,
etc. The most notable being the discovery of the cosmic microwave background. Radio telescopes
are essentially large radio antennas, which can be used alone as a single dish or by linking the
dishes together in the form of an interferometric array. Radio interferometry vastly improves the
angular resolution since the resolution of an interferometer depends on the baseline rather than
the size of the dishes (Kraus, 2007). This way, vast telescopic arrays can be constructed, providing
high-resolution ground-based observatories. The most famous of which is the existing single dish
MeerKAT telescope, SKA-Low and SKA-Mid arrays (Figure 7, see SKAO, 2013; SKASA, 2010)
which will be essential for Intensity mapping surveys, due to see rst light in the 2030s.

Instrumental Noise

Understanding instrumental noise is a crucial step in extracting the cosmological signal, as
often it can be much stronger than the target signal, for example, the 21cm signal, which is
many magnitudes fainter than the noise and the foregrounds. In HI Intensity Mapping (IM),
instrumental noise refers to uctuations in the measured signal that originate from the radio
telescope system itself rather than the astronomical sources being observed. This is mainly due to
thermal uctuations generated by the receiver systems. This noise is often modeled as Gaussian,
white, and uncorrelated between frequency channels and sky pixels, although real instruments
may deviate from this idealization. For thermal noise with zero mean and standard deviation,
(Wilson et al., 2013):

N = P=——r; (14)

where:
Tsys IS the system temperature, which can be frequency dependent,
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Is the frequency resolution,
toix is the total integrated time spent per pixel,

tpix = tobsNadish pix: (15)

sur

where:

tops IS the total integration time,
sur =4 T sy, Wherefg, is the fraction of sky being analysed after masking.
pix 1S the pixel area,

Ngish IS the number of telescope dishes in the survey.

Table 1 lists the instrumental parameters needed to compute the standard deviation for the Gaus-
sian noise.

Foreground Frequency Peak Fre- | Primary Additional Informa-
Emission Range guency Sources tion

Synchrotron Ra-| 10 MHz{100| 100 MHz | High-energy Dominant at low fre-
diation GHz electrons spiral-| quencies; spectral index

ing in Galactic | varies across the sky
magnetic elds
Free-Free Emis-| 1 GHz{100| 60 GHz | lonized gas in| Also known as
sion GHz HIl regions bremsstrahlung; con-
tributes across a broad
range of frequencies

Thermal Dust | 100 3000 Interstellar dust | Becomes signi cant at
Emission GHz{1000 GHz grains heated by| higher frequencies; fol
GHz starlight lows a modied black-

body spectrum
Extragalactic 1 GHz{1000| Variable Active galactic | Contribute as discrete
Point Sources GHz nuclei, star- | sources; spectral charac-

forming galaxies | teristics vary

Table 2: Summary of Foreground Emissions A ecting HI and CMB Observations

Telescope Beam

In radio astronomy, telescope beams (Figure 8) describe how sensitive a radio telescope is to
incoming radiation from di erent directions. The beam a ects the resolution, calibration, and map-
making in surveys like HI Intensity mapping and CMB experiments. For a single dish telescope like
MeerKAT, the di raction-limited full-width half-maximum bandwidth (FWHM) is approximately:

1:225 (16)

The beam model used was similar to MeerKAT, where we only consider contributions from the
main lobes. The dish size for MeerKAT i = 13:5m. So for 4 = 1:42GHz a 100m dish such as
the Green Bank Telescope will have a FWHM of  0:25°. Hence, the size of the beam sets the
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