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Abstract

The sky-averaged (global) spectrum of the redshifted 21-cm line promises to be a direct
probe of the Dark Ages, the period before the first luminous sources formed and the
Epoch of Reionization during which these sources produced enough ionizing photons
to ionize the neutral intergalactic medium. However, observations of this signal are
contaminated by both astrophysical foregrounds which are orders of magnitude brighter
than the cosmological signal and by non-astrophysical and non-ideal instrumental effects.
It is therefore crucial to understand all these data components and their impacts on the
cosmological signal, for successful signal extraction. In this view, we investigated the
impact that small scale spatial structures of diffuse Galactic foreground has on the

foreground spectrum as observed by a global 21-cm observation.

We simulated two different sets of observations using a realistic dipole beam model
of two synchotron foreground templates that differ from each other in the small scale
structure: the original 408 MHz all-sky map by Haslam et al. (1982) and a version
where the calibration was improved to remove artifcats and point sources (Remazeilles
et al., 2015). We generated simulated foreground spectra and modeled them using a
polynomial expansion in frequency. We found that the different foreground templates
have a modest impact on the simulated spectra, generate differences up to 2% in the
root mean square of residual spectra after the log-polynomial best fit was subtracted

out.



Acknowledgements

I wish to bring to recognition all those who supported me in one way or the other during
this Academic Journey. The list is certainly a tall one! 1 therefore in advance wish to

express my sincerest apologies to anyone who might feel left out.

I would like to first of all commend my academic advisor Prof. Gianni Bernardi, who
has been a pillar and a teacher throughout this entire journery and his entire family. My
special acknowledgement also goes Prof. Oleg M. Smirnov and to Dr. Chuneeta D. Nun-

hokee for her guidance and direction towards the realization of this work.

My heartfelt gratitude also goes to the entire of Physics and Electronics Department of
the Rhodes University especially the Head of Department Prof. Chinthambo for all his
advise and support during my study. To Ronel, Sindi and Michelle, I say a big thank
you for carrying out all the administrative work that was related to this work. Thank
you Cyril and Andrew for getting my workstation always ready and in good condition.

Without you guys in the faculty, life couldn’t have been easier.

To all my colleague researchers, Mr. Theophilus Narh, Mr. Akoto-Danso Alexander,
Mr. Theanatu Kelachukwu Joseph, Robert, Kwazi, Gift, Ulrich, Mark, Siyanda, Eric,
James, Liju, Philip, Lerato, Cyinde, Lexi, Samuel, Lerato and Esther I say you guys are
wonderful team players and you are in fact more than just colleagues. You made my
stay on campus felt like home. Thank you so much for all the academic support in every

form and shape.

Thanks to Mrs. Chidima Iheanatu and Mrs. Akoto-Danso Audrey for the moral support
during all the difficult moments. It was an awesome experience having you by my side in
such times. You are simply amazing! My appreciation also goes to the entire membership
of the Rock Family Church in Grahamstown for their love and prayers especially my

two mums; Deana and Brenda as well as Tata Shaun.

I am also extremely grateful to my parents Mr. and Mrs. Tettegah for all the training
and upbringing. To my siblings Precious, Linda, Stella and Daniel, I say God bless you

for always being ready and willing to throw your weights behind me.

Words cannot express how grateful I am to my husband Mr. Evans Asare Yeboah for
standing by me throughout all these years. Finally to my daughter Aliza Afia Asabea
Yeboah, I say thank you for those sleepless nights you gave me. It made me really go

an extra mile for getting this work done.

ii



To my parents...

iii



Declaration of Authorship

I, Diana Klutse, declare that this thesis titled, ‘Foreground simulations for observations

of the global 21-cm signal’ and the work presented in it are my own. I confirm that:

This work was done wholly or mainly while in candidature for a research degree

at this University.

Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly

stated.

Where I have consulted the published work of others, this is always clearly at-
tributed.

Where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work.
I have acknowledged all main sources of help.

Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself.

Signed:

Date:

iv



Contents

Abstract i
Acknowledgements ii
Declaration of Authorship iv
Contents v
Physical Constants vi
1 Introduction 1
1.1 Global signal Overview . . . . . . . .. . .. ... 2
1.1.1  The evolution of the global 21-cm signal . . . . .. .. .. .. ... 5

1.2 Current constraints on the global 21-cm signal . . . . . . ... ... ... 8

2 Foreground overview 12
2.1 Galactic Synchrotron Emission . . . . . ... ... ... ... ... ... 13
2.2 Extragalactic Foregrounds . . . . . . . . . ... ... ... ... 14

2.3 Foreground subtraction in global 21-cm observations and thesis motivation 15

3 Simulated foreground observations 16
3.1 Formalism . . . . . . . . ... 16
3.2 Input foreground templates . . . . . . . ... ... 17
3.3 Observation simulations . . . . . . . . ... .. ... ... 20
3.4 Simulated spectra. . . . . .. . L 24
Conclusion and Future Works 30
Bibliography 32



Physical Constants

Speed of light c 2.99792458 x 108 ms~!
Boltzmann constant & = 1.3806488 x 1023 m? kg 2 K1

Plancks’s constant  h 6.62606957 x 10734 m~2 kg s~1

vi



Chapter 1

Introduction

The transition of the Universe from the dark ages, when the universe was completely
neutral following hydrogen recombination through the epoch of reionization (EoR), when
the first stars and galaxies started emitting ultra-violet and X-ray radiation, thereby
reionizing the surrounding neutral medium (see Figure 1.1), remains one of the least
constrained frontiers of modern cosmology (e.g., Pritchard & Loeb, 2010). Observations
of the redshifted 21-cm signal generated by the spin flip transition of neutral hydrogen
(HI) promise to be a direct probe of the EoR (Iliev et al., 2002; Madau et al., 1997;
Scott & Rees, 1990; Tozzi et al., 2000).

Most of the current observational efforts seek to measure the fluctuations in the 21-cm
signal via power spectrum measurements, e.g. the Murchison Widefield Array (MWA,
Tingay et al., 2013), the Precision Array for Probing the Epoch of Reionization (PAPER,
Parsons et al., 2010), the Low Frequency Array (LOFAR, Rottgering et al., 2006) and the
Giant Metrewave Radio Telescope Epoch of Reionization (GMRT-EoR, Paciga et al.,
2011). Due the intrinsic faintness of the EoR signal, such experiments require many

hundreds of hours of observation in order to attempt a detection.

Alternatively, observations of the global (where the signal is averaged over all directions
in the sky) 21-cm signal can achieve the required sensitivity in a few tens of hours
only. Ongoing global signal experiments include the Experiment to Detect the Global
EoR Signature (EDGES, Bowman & Rogers, 2010; Monsalve et al., 2017), the Large
aperture Experiment to detect the Dark Ages (LEDA, Bernardi et al., 2016; Greenhill
& Bernardi, 2012; Price et al., 2018), the Broadband Instrument for Global HydrOgen
ReioNisation Signal, (BIGHORNS, Sokolowski et al., 2015), the Sonda Cosmoldgica de
las Islas para la Deteccién de Hidrégeno Neutro (SCI-HI, Voytek et al., 2014) and the
Shaped Antenna Measurement of background RAdio Spectrum (SARAS, Singh et al.,
2017). In the future, the Dark Ages Radio Explorer (DARE, Burns et al., 2017) is a

1
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FIGURE 1.1: A cartoon representation of the various sources of radiation observed in

a 21-cm experiment: the cosmic microwave background radiation, the 21-cm emission

originating from either the dark ages or the epoch of reionization and extragalactic

and Galactic foreground emission that is generated more locally. Before the signal is

recorded from an interferometric array, it may suffer from distortions when passing

through our own ionosphere, inview of this current work is underway to mitigate it
(adapted from Jeli¢, 2010).

proposed space mission to measure the sky-averaged signal from the dark ages to the
end of the EoR in the 6 < z < 30 range. The next section offers an overview of the

global 21-cm signal.

1.1 Global signal Overview

The 21-cm line emerges from the electron spin flip relative to the nucleus, where the
electron-proton parallel-parallel state has slightly higher energy than its parallel-antiparallel
state. The transition between these two states leads to the emission of a photon with
rest frame frequency v ~ 1420 MHz, equivalent to a wavelength of 21 cm (Figure 1.2
displays an artistic view of this transition). However if this 21-cm signal is radiated by
a cloud at high redshift, the wavelength will be stretched by a factor of (1 + z) (Fialkov
& Loeb, 2013; Furlanetto et al., 2006; Pritchard & Loeb, 2012) and will be observed in

the meter wavelength regime.
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FIGURE 1.2: An artistic view of the spin flip transition of the neutral hydrogen, where

the electron-proton parallel-parallel state has slightly higher energy than its parallel-

antiparallel state. The difference in these energy levels results in the emission of the
21-cm signal.

The 21-cm brightness temperature Tj at redshift z can be expressed as (Furlanetto,
2006):

1
Oh2 (015 14+2\2 (T, —T
5Tb%27l’HI(1+5b)0823 <Q 7210 ) < T 7) mK, (1.1)

where zg; is the Hydrogen neutral fraction, d, denotes the baryon density contrast,
Q. and € the matter and baryon density respectively, h the Hubble parameter, T}
the spin temperature that defines the relative populations of the two spin states and
T, the Cosmic Microwave Background (CMB) temperature. Equation 1.1 shows that
the 21-cm signal can be detected only as a contrast against the CMB background, i.e.
if Ty # T,. In particular, if Ty > T, (Ts < T,) the 21-cm can be seen in emission
(absorption) against the CMB where the spin temperature is the weighted sum of three
different components (Furlanetto et al., 2006):

_ 1 _
-1 T7 1y x A + w1, 1
8 14z + x40

: (1.2)

. and z, are coupling coefficients for collisions and UV scattering respectively, Tk is
the gas kinetic temperature and 7, the colour temperature of the Ly« radiation (Fialkov
& Loeb, 2013; Furlanetto et al., 2006). There are basically three processes that establish
the spin temperature (Furlanetto, 2016; Furlanetto et al., 2006):
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e absorption (and stimulated emission) of CMB photons. Such interactions speedily
bring the spin temperature to thermal equilibrium, i.e. Ty = T, making the 21-cm

signal unobservable;

e atomic collisions. Collisions may cause spin-flip transitions and, in the high red-
shift Universe, this mechanism efficiently couples the spin temperature to the gas

temperature;

e resonant scattering of Ly« photons, also known as Wouthuysen-Field (WF) effect
(Field, 1959; Wouthuysen, 1952, Figure 1.3). Qualitatively, the WF effect can be
described as the absorption of a Lya photon that excites an HI atom to the 2P
state. De-excitation can happen in two stages: first through the emission of a
shorter wavelength photon that leads the electron to the hyperfine HI level and,
consequently, through the emission of a 21-cm photon. When the first stars begin
to shine in our Universe, the WF effect quickly couple the spin temperature to the

gas temperature, generating 21-cm radiation.

& 2P3/2

1P3/2

& 1P1/2

0" 1/2

FI1GURE 1.3: The hyperfine splittings of both the 1S and 2P levels of the neutral hy-

drogen atom relevant for the Wouthuysen-Field effect. The solid lines indicates allowed

spin flip transitions while the dashed lines shows allowed transitions that do not result
in spin flips. (from Furlanetto, 2016; Pritchard & Loeb, 2012).
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FIGURE 1.4: Model for the evolution of the CMB (blue line), gas (green line) and spin
temperature (red solid line and red dashed line). Considering two senarious when the
first astrophysical sources switch on and are expected to heat and ionize the InterGalac-
tic Medium (IGM). Red dashed line: the spin temperature couples to the gas as the
IGM is heated. Red solid line: the spin temperature couples to the gas after the IGM
is heated (from Zaroubi, 2012). The most important features are the coupling between
the spin temperature to the gas temperature (expected around z ~ 25 in this model)
and the gas heating well above the CMB (occuring at z > 10 in this model).

1.1.1 The evolution of the global 21-cm signal
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FIGURE 1.5: The evolution of the sky-averaged 21-cm brightness temperature (from
Pritchard & Loeb, 2012).

The evolution of the global 21-cm signal depends, therefore, upon the combined evolution
of the spin, gas and CMB temperatures, a tale of three temperatures (visualized in

Figure 1.4). Figure 1.5 shows the redshift evolution of the global 21-cm signal for what
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can be considered a reference model (Pritchard & Loeb, 2012). A few epoch are clear

landmarks in the global signal evolution:

e Dark Ages (30 < z < 200): after recombination, the IGM cools adiabatically, i.e.
quicker than the CMB, and it is sufficiently dense to couple the spin temperature
to the gas temperature, i.e. Ty =T}, < T (e.g., Loeb & Zaldarriaga, 2004). The
21-cm brightness temperature shows, therefore, an absorption profile that peaks
at z ~ 80. As the Universe expands, however, collisional coupling is no longer
effective and the spin temperature is driven to the CMB temperature, leading the

signal to eventually disappear (z ~ 30);

e First galaxies form (z ~ 30): first galaxies are expected to form in the first dark
matter halos and their ultraviolet radiation quickly couples the spin temperature
to the gas temperature through the WF effect (Field, 1959). As the gas is still
colder than the CMB, the 21-cm signal becomes progressively brighter against the
CMB with decreasing redshift. The details of such evolution depend on the details
of the model physics. For instance, if most of the first stars are very massive,
almost metal-free (POP III) rather than Solar mass-like (POP II), they will have
a much higher ionizing efficiency and generate an earlier and deeper peak in the
21-cm signal (Furlanetto et al., 2006) compared to what is shown in Figure 1.5.
Conversely, radiation or mechanical feedback can supress star formation in the
fragile environment of these early galaxies, leading to a later peak in the 21-cm
signal (Cohen et al., 2000; Fialkov et al., 2014);

e Heating begins (z ~ 20): first stellar black holes are expected to be created as
the endpoint of stellar evolution. Stellar black holes in binary systems will start
emitting X-rays through accretion: X-rays can travel further out in the IGM before
they interact with an HI atom and can therefore heat the gas more uniformly
(Pritchard & Furlanetto, 2007). The heating process depends upon the properties
of the X-ray sources, e.g. it will take longer to heat the gas if X-ray binaries have
low emissivity, leading to a deeper and wider absorption trough (Pritchard & Loeb,
2012). X-ray radiation will eventually heat the gas above the CMB (T = T}, > T7,)

and the 21-cm signal will be seen in emission (z ~ 15, Morandi & Barkana, 2012);

e Reionization begins (z ~ 14): continued star formation within galaxies generates
enough ultraviolet background to escape the host galaxy and begins ionizing the
surrounding IGM. Although the details of how reionization progresses are still
the focus of intense theoretical studies, most studies show that denser regions are
expected to ionize first, with ionized regions then merging together as reionization

progresses (Ciardi et al., 2003);



Chapter 1. Introduction 7

e Reionization ends (z ~ 7): The HI fraction keeps declining as sources continue to
ionize the IGM, until the neutral fraction approaches zero around z ~ 7 and the

21-cm signal disappears (this can be visualized in Figure 1.6.)

degrees

12

F1GUrRE 1.6: A 3 Mpc slice of a 1300 Mpc wide simulation of the 21-cm brightness

temperature (from McQuinn & Switzer, 2009). The Hydrogen neutral fraction keeps

declining as the ionizing sources continue in ionizing the IGM, until the neutral fraction

approaches zero - ionized regions are shown in white. At z ~ 7 only small pockets of
neutral Hydrogen are left.

Several authors have studied the impact of different model parameters on the global
21-cm signal. Here we summarize the study case from Mirocha et al. (2015) where four
main parameters were identified: the minimum mass of dark matter halos for forming
stars T, the X-ray efficiency £x, the Lyman-Werner background efficiency &pw and
the ionizing efficiency &jon. Figure 1.7 shows that the Tiyi, has the biggest impact on the
position of the absorption trough in the 21-cm spectrum. Indeed, a smaller Ty, value
implies that star formation begins in less massive halos that form at earlier epochs than
more massive ones, “shifting” the trough in 21-cm spectrum at higher redshift. We note
that variations in Ty,;, do not significantly change the 21-cm spectrums shape but just

act as a clock, shifting the whole spectrum forward or backward.

The X-ray efficiency £x regulates the amount of X-ray photons that are produced and
injected in the IGM and, therefore, times the heating process: the higher &x the quicker
the IGM heating leading to a shallower trough and a transition to the 21-cm in emission
against the CMB at earlier redshift. The X-ray efficiency therefore affects the posi-
tion (although not us much as Ty,y) and, more prominently, the shape of the 21-cm

absorption profile.
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The ionizing efficiency &on essentially sets the number of ionizing photons that escape
from the galaxies into the IGM and is, therefore, the main parameter responsible for the
reionization process. As it can indeed be seen in Figure 1.7, variations in the ionizing
efficiency are only relevant once widespread ionization starts and the gas has been heated
above the CMB and their impact is relatively straightforward to understand: higher
ionizing efficiencies flood the IGM with more ionizing photons and, therefore, make

reionization proceed more rapidly.

Finally the Lyman-Werner background efficiency &rw accounts for the number of pho-
tons between 10.2 and 13.5 eV responsible for the WF coupling. If the Lyman-Werner
background efficiency increases, the WF coupling between the spin and the gas temper-

ature occurs more rapidly, moving the absorption trough at higher redshift.

z z

5,80 3020151210 8 7 80 3020151210 8 7
3
N
&)
[l
>
N
&
-~
R |
—200=——55"""100 150 50 100 150 200
v (MHz) v (MHz)

FicUure 1.7: Illustration of the basic dependencies of the global 21-cm signal. The

black line is the same in each panel, representing the reference model, while all solid

green (blue) lines correspond to a factor of 2 increase (decrease) in the parameter noted

in the upper left corner, and dashed lines are factor of 10 changes above and below the
reference value (from Mirocha et al., 2015).

1.2 Current constraints on the global 21-cm signal

The most stringent upper limits on the global 21-cm signal in the 6 < z < 12 range (when
reionization is expected to happen) are set by the EDGES and SARAS experiments.
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Monsalve et al. (2017) constrained the duration of reionization to be Az > 1.3 for a
reionization redshift z, = 8.5. If the assumption that the gas is heated well above the
CMB before widespread reionization begins is relaxed, the EDGES results constrain a
“cold reionization” scenario at z, = 6 (Az < 2) with a mean Hydrogen neutral fraction
to xg7 < 1% at redshift z = 6. Similar constraints on cold reionization are obtained from
SARAS observations that rule out models of inefficient heating ({x < 0.1) if reionization

occurs rapidly (Singh et al., 2017).

SCI-HI and LEDA target the signal at higher redshifts (z > 13). Voytek et al. (2014)
report a 1 K rms upper limit in the 14.8 < z < 22.7 range, whereas Bernardi et al.
(2016) set a 95% confidence level of 890 mK on the amplitude of the 21-cm signal in the
13.2 < z < 27.4 range (100 > v > 50 MHz).

Recently, Bowman et al. (2018) reported the first detection of the 21-cm global signal
as an absorption profile centred at 78 MHz. Figure 1.8 shows the spectrum measured in
the 50 — 100 MHz range, together with the best fit cosmological 21-cm model and the
residual spectrum obtained after subtracting the best fit foreground and cosmological
models respectively. The best-fit to the 21-cm signal yielded a symmetric absorption
profile centred at 78+1 MHz (z ~ 17), with a brightness temperature T; = —500f388 mK
(see the thick black line (H2) in Figure 1.9). Such amplitude is brighter than the most
optimistic model and has called for an exotic interpretation in terms of collisional dark
matter, i.e. the observed profile amplitude can be explained if the baryons loose energy

through collisions with the colder dark matter (Barkana, 2018).

Hills et al. (2018) re-analyzed the EDGES data and found inconsistent results, choos-
ing the same frequency range, in particular unphysical best fit values for some fo the
foreground parameters. Both the re-analysis by Hills et al. (2018) and the ad hoc theo-
retical models required to explain the signal call for an independent confirmation of the

measurement.

The remaining of the thesis is organized as follows:

e Chapter 2 presents a description of foregrounds of Galactic and extra galactic
origins, and the challenges they introduce to the global 21-cm observations, their

mitigation techniques and the motivation for this work;

e Chapter 3 describes the simulations of foreground spectra as observed by a realistic
21-cm global signal experiment. We describe the two foreground templates used,
i.e. the 408 MHz Haslam et al. (1982) and Remazeilles et al. (2015) all-sky maps,
and the single dipole used. We also describe how the foreground spectra were

modeled;
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FIGURE 1.8: From top to bottom: (a) measured EDGES spectrum; residual spectra

obtained after fitting and subtracting: (b) the foreground model (c) both the foreground

and 21-cm models; (d) best fitting 21-cm model; (e) sum of (d) and (c) spectra (from
Bowman et al., 2018).
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FIGURE 1.9: The resported EDGES absorption trough. The thick black curve rep-
resents the model with the highest signal to noise ratio (from Bowman et al., 2018).
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e conclusions are drawn in Chapter 4.



Chapter 2
Foreground overview

Observations of the redshifted 21-cm signal from EoR are contaminated by strong as-
trophysical foregrounds (i.e., Furlanetto et al., 2006; Santos et al., 2005), ionospheric
distortions and non-ideal instrumental response. Foregrounds can either be of Galactic
or extagalactic nature (see Figure 2.1) and understanding their properties is essential
in order to separate them from the 21-cm signal (Bowman et al., 2009; Dillon et al.,
2014; Jeli¢ et al., 2010; Kerrigan et al., 2018; Liu & Tegmark, 2011; Morales et al., 2006;
Parsons et al., 2010; Pober et al., 2016; Santos et al., 2005; Trott et al., 2016; Vedantham
et al., 2012; Wang et al., 2013, 2006). In the next sections I will give a brief overview of

the foreground characteristics.

EOR signal
(~5mK)
EXTRAGALACTIC

foregrounds
(~0.8K)

GALACTIC cosmological
foregrounds 21cm signal
(~2K) E

radio galaxies
and clusters

ok o o]

free-free emission
SNRs
synchrotron emission

F1cURE 2.1: Cartoon representation of the various foreground components superim-
posed to the 21-cm signal (from Zaroubi, 2012).

12



Chapter 2. Foregrounds 13

2.1 Galactic Synchrotron Emission

Galactic synchotron emission results from the relativistic electron accelerated in a mag-
netic field (He, 2009) and is the brightest foreground at frequency below 1 GHz (e.g.,
de Oliveira-Costa et al., 2008). Its intensity as a function of frequency I(v) can be

written as (Jeli¢ et al., 2008):
I(v) x N, BUT/2 0 (2.1)

where N, is the electron number density, B, the Galactic magnetic field component
perpendicular to the line of sight, while v is the power law index of the electron spectral
energy distribution and o« = — (v — 1) /2 is the spectral index in flux density units. Con-
verting the flux density units to brightness temperature T3, the power law relationship
can be re-written as:

Ty(v) ox VP, (2.2)

with 8 = -2+ a.

At frequencies below 1 GHz, the 408 MHz map by Haslam et al. (1982) at ~ 51 arcmin
resolution and its improved version by Remazeilles et al. (2015) best describe the Galactic
synchrotron emission. Beuermann et al. (1985) modelled the emission at 408 MHz as the
combination of two components: a thin disk that essentially corresponds to the gaseous
disk and a thick disk that extends from 2 kpc at R = 5 kpc up to 6 kpc at R = 15 kpc
(Rp ~ 8.5 kpc is the distance of the Sun from the Galactic centre, Beuermann et al.,
1985). The thick (thin) disk constitutes the diffuse synchotron emission of the galaxy and
contributes to 90% (10%) of the total emission (Beuermann et al., 1985). The emission
of the thin disk results from the superposition of non thermal emissions from unresolved
supernova remnants (Caswell & Lerche, 1979; Tlovaisky & Lequeux, 1972) and thermal
emission from extend low-density H II regions (Giisten & Mezger, 1982; Mezger & Pauls,
1979).

At 408 MHz the overall power of the galaxy is ~ 9 x 102! W Hz~!, with the radio
emission extending to R 2 16 kpc. Emission contours of the two components are shown
in Figure 2.2. Observations performed with the 22 MHz radio telescope at the Domin-
ion Radio Astrophysical Observatory (DRAO) resulted in maps of the radio emission
between declinations —28° and +80°, covering ~ 73% of the sky (Roger et al., 1999).
The derived map shows the large scale features of the galactic emission which include
the North Polar Spur, the thick non-thermal disk, and absorption due to discrete H II

regions and to an extended band of thermal electrons within 40° of the galactic centre.
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FIGURE 2.2: Radio contours (Kelvin units) of the Galactic emission at 408 MHz seen at
[ = 90°, showing the total emission from both the thin and thick disk (from Beuermann
et al., 1985).

A comparison made between the 22 MHz and 408 MHz maps shows a remarkable con-
stancy of spectral index in the extended emission corresponding to the thick disk com-
ponent over the full range of longitudes from ~ 0° to ~ 240°, with a steepening at high

Galactic latitudes (Roger et al., 1999).

At frequencies below 200 MHz, observations of Galactic emission have an angular resolu-
tion poorer than the Haslam map and the spectral index can only be measured over large
patches of sky. The spectral index of the synchrotron emission between 408 MHz and
23 GHz is B8 ~ —2.5 at low Galactic latitudes, steepening towards the poles (8 ~ —3.0,
Bennett et al., 2003).

Recent observations in the 100 — 200 MHz range also indicate that Galactic emission
has a spectral index 8 ~ —2.6 between 100 and 408 MHz (Mozdzen et al., 2017; Patra
et al., 2015; Rogers & Bowman, 2008) with a flattening § ~ —2.4 towards the Galactic
plane (Mozdzen et al., 2017).

2.2 Extragalactic Foregrounds

Extragalactic foreground emission results from extragalactic radio sources. The radio
emission from the brightest radio sources is due to the accretion on massive black holes
at the centers of galaxies (Gleser et al., 2008), whereas at sub-mJy flux densities the

contribution of star formation becomes important (Jeli¢ et al., 2008; Sadler et al., 2002).

Most extragalactic sources show a power law spectrum, with a median spectral index

(o) = —0.8 (De Breuck et al., 2000), although some sources show a turnover at low
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frequencies that is consistent with synchrotron self-absorption (Callingham et al., 2017).
From the integrated source counts, extragalactic radio sources contribute up to 30% of

the total foreground power (e.g., Bridle & Baldwin, 1967).

2.3 Foreground subtraction in global 21-cm observations

and thesis motivation

In global signal observations, the 21-cm signal is extracted using the frequency informa-
tion alone and phenomenological models are often used to describe both the foregrounds
and the 21-cm signal (Shaver et al., 1999). A popular parameterization used for the
foreground spectrum is a log-polynomial expansion in frequency (Bernardi et al., 2015;
Bowman & Rogers, 2010; Voytek et al., 2014) and a slowly declining function like an
inverse hyperbolic tangent for the 21-cm signal during reionization (Bowman & Rogers,
2010) and a Gaussian absorption trough for the dark age 21-cm signal (Bernardi et al.,
2016).

Single-dipole observations measure the integrated Galactic foreground spectrum aver-
aged over a large sky area, losing information about its spatial structure: this may lead
to mix spatial into spectral foreground structure, effectively exacerbating the separation
problem (Bernardi et al., 2015). Liu et al. (2013) suggested that the spatial structure
of the Galactic foreground can be used - if accurately known - in order to minimize the
mixing between spatial and spectral modes and, eventually, improve its separation from
the spatially-constant 21-cm signal. The goal of this thesis is to test this assumption by
performing realistic simulations of foreground spectra as observed by 21-cm global sig-
nal experiments. In the next section I will describe the ingredients of the simulations (a
realistic dipole beam and two templates that differ in the small angular scale structure)

and how the simulated foreground spectra are obtained.



Chapter 3

Simulated foreground

observations

In this section we carry out the simulations of foreground spectra as observed by a
21-cm global signal experiment, including a realistic instrument. We will simulate the
instrument by modeling the antenna beam as a function of frequency and also using a
reference ideal beam. We will carry out two simulations with different input foregrounds

and compare the simulated spectra by fitting a parametric foreground model.

3.1 Formalism

At a time ¢, an individual antenna can measure its beam weighted sky brightness tem-

perature T,;, at a pointing direction 7 as (Bernardi et al., 2015):

Top(t,v,n) = Tn(t,v) + (/ A (v, ﬁ’)dﬁ’) 1 X [/ Topy (t, v, 0" ) Ap (v, 2))dR! | g(t,v),
! N (3.1)
where v is the frequency of observation, Ty, is the direction dependent sky brightness
temperature of the entire sky , whiles A;(v,7n) is the antenna gain pattern in the
direction 7' and g¢(t,v) is the overall receiver gain. Assuming an ideal (¢ = 1) and

noiseless instrument (T = 0), Ty (¢, v, 1) becomes:

Tt v, 1) = ( /Q A (v, ﬁ’)dﬁ/>_1 y [ /Q T (t v i) An (v )R | (3.2)

16
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which can further be decomposed into the foreground T (t,v,7) and 21-cm signal com-
ponent Ty7(v) (Bernardi et al., 2015; Morandi & Barkana, 2012) as:

Tab(t, v, ﬁ) = Tf(t, v, ﬁ) + TH[(V), (3.3)

with different dependencies on time, frequency and positions. The foreground spectrum
can be modeled as Tf (Bernardi et al., 2015; Bowman & Rogers, 2010; Harker, 2012):

log T (v) = > calog(v)". (3.4)
n=0

The residual spectrum 7. (v), obtained after subtracting Tf(u) from Ty (v) is defined as:

~

T, (v) =Tf(v) — T¢(v) (3.5)

The goodness of fit of the foreground spectrum will be quantified using the root mean

square of the residual spectrum RMS, RM S, :

RMS, = \/< (Tf(u) _ ff(y))2>, (3.6)

where the angle bracket (...) is the average over frequency.

3.2 Input foreground templates

Two different foreground templates were used for our simulation. The first is the al-
ready mentioned Haslam et al. (1982) at 408 MHz. The second is a re-analysis of the
Haslam et al. (1982) map carried out by Remazeilles et al. (2015) where some of the
artifacts left in the original map have been mitigated. In particular the amplitude of
the stripes present in the Haslam et al. (1982) was reduced by using a Fourier-based
filtering technique (Figure 3.1). The reprocessed map also has sources brighter than 2 Jy
removed, using a combination of a two-dimensional Gaussian fitting and minimum cur-
vature spline surface inpainting. Eventually, the Haslam et al. (1982) and Remazeilles
et al. (2015) maps have spatial differences on scales up to a few degrees due to both the
removal of point sources and image artifacts. Our simulations will quantify the impact

of these differences on the foreground spectrum.

In order to extrapolate our 408 MHz synchrotron templates to the 100 —200 MHz range,
we derived an all-sky spectral index map (7). Our goal is not to generate the most
accurate spectral index map but a reasonably realistic one and, in order to do so, we
used the Haslam map Typs(n) (Figure 3.2) and the 150 MHz map Ti50(72) obtained by
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FIGURE 3.1: A 33°x 33° gnomonic projection of the 408 MHz Haslam map centered

at Galactic coordinates (1,b)= (139°, 14°), near the north celestial pole. The left panel

displays the striped map (Haslam et al., 1982) while the right shows the newly destriped
map (from Remazeilles et al., 2015).

the Global Sky Model (de Oliveira-Costa et al., 2008). de Oliveira-Costa et al. (2008)
used sky maps in the 0.01 —94 GHz range to determine their spectral behaviour through
a principal component analysis. In this way, an all sky map can be generated at any

given frequency!.

The all-sky spectral index map B(n) is calculated as:

In Taos (1)

T150(7)
408 ° (3.7)
ln 150

p(n) =

The resulting spectral index map is shown in Figure 3.3. Foreground maps at any

frequency v can then be obtained from the scaled Haslam and Remazeilles (T.,,) maps

as:
NI
V408
N
Tow,t) = Them(i) (—) : (3.8)
V408

where T (T.) indicates the scaled Haslam (Remazeilles) template. xample of Ty (v, 1)

is shown in Figure 3.4.

'We use the Python implementation of the GSM, PyGMS: https://github.com/telegraphic/pygsm
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FIGURE 3.2: The 408 MHz map of the diffuse Galactic radio emission (from the PyGSM
package).

FIGURE 3.3: The spectral index map S(f) pixelized in the Healpix frame with nside =
512 (Gérski et al., 2005). The spectra index flattens in the Galactic plane and steepens
away from the plane.
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FIGURE 3.4: A mollweide projection of the Haslam map simulated at 200 MHz.

3.3 Observation simulations

In this section, we simulate a 21-cm global signal observation assuming that the ex-
periment is located at the Karoo reserve area in South Africa (—30° latitude). Our

simulations essentially follow the procedure described in Bernardi et al. (2015).

Our final goal is to generate foreground spectra in the 100 — 200 MHz range with 1 MHz
separation. In order to do so, we use the PAPER beam model described in Nunhokee
et al. (2017). Figure 3.5 shows a single dipole antenna of PAPER, while Figure 3.6
shows the simulated beam model at 100, 150 and 200 MHz, with the relative difference
between frequencies shown in Figure 3.7). The beam simulations are carried out 10 MHz
apart and at a fixed grid of spatial points (for further details, see Nunhokee et al., 2017).
In order to obtain a beam model at any intermediate frequency v;,; and direction n, we
interpolated in both the frequency and spatial direction. Along the frequency direction
we performed a weighted linear interpolation between the two closest beam models g
(Nunhokee et al., 2017):
_ Wa Ga(N, Va) + wp gp(7, vp)

", Vipt) = 3.9
g (nayﬂlt) Wy + Wy ’ ( )

where the weights w; with ¢ = a,b are taken as:

1

 |Vine —vi]

(3.10)

w;
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Ficure 3.5: A PAPER dipole instrument at Karoo desert in South Africa. Image
credit: http://eor.berkeley.edu/.

Furthermore, since our sky model is pixelized in the healpix frame, we need to spatially
interpolate our beam model on the Healpix grid. This was obtained by a weighted linear
interpolation of the three points closest to Healpix pixel 7.+ specified by the equatorial

coordinates (jnt, dint):

Vq g(/z(ﬁaa Vint) + up gé(ﬁba Vint) + Ve gé(ﬁm Vz'nt)

G(Nint, Vint) = , 3.11
g( int znt) Vo + Up + Ve ( )
and the weights v; with i = o/, ¥/, ¢’ are taken as:
1
v = , (3.12)

\/(amt — i)+ (Bint — 0:)?

The simulated observation with T, and Ty, as a function of time ¢, frequency v and

direction 7 becomes T (t,v,n) and T.,(t,v,n) respectively,

T!(t,v, 1) = Ti(t, v, 1) §(v, 1), (3.13)
T, (t,v,7) = T (t, v, 7) §(v, 7). (3.14)
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FIGURE 3.6: PAPER beam model at 100 (top), 150 (middle) and 200 MHz (bottom)

respectively. The simulation at high frequencies shows side lobes that appear even

brighter than the main lobe and these beam models likely impose extra spectral struc-

ture once they are multiplied with the foreground model. The region below the horizon
is in grey.
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FicUre 3.7: Relative difference between the PAPER beam model at 150 MHz and
100 MHz (top) and at 150 MHz and 200 MHz (bottom) pixelized in the Healpix frame
(Gorski et al., 2005). We notice the significant difference between the simulations at
150 and 200 MHz. We do not investigate the origin of such discrepancy although we
realize that it is likely to create artificial additional structure in the simulated spectra.
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Examples of T}, (t,v,n) are displayed in Figure 3.8.

0 K 1000 0 K 1000

FIGURE 3.8: Simulated observation T7,(¢,v,7) (i.e., the Remazeilles template), of the

Southern sky at a frequency of 150 MHz observed at LSTs 0 (Top left), 6 (Top right), 12

(Bottom left) and 17 hours (Bottom right). The coldest sky patches occurs at 8 < LST

< 0 hrs, when the Galactic centre is attenuated by the horizon response of the PAPER

dipole. As expected, the brightest sky patch is at LST 17 hrs, when the Galactic plane
drifts overhead.

3.4 Simulated spectra

In this section we generate the spectrum T ;(v), over LSTs 0-9 hours as:

T, (v) =<< /Q g(u,ﬁ)dﬁ>_l [ /Q T;(t,y,ﬁ)dﬁ] ), (3.15)

where TJ’ is the simulated observation described in Section 3.3 with j = % or *x*, (v, n)
spatial and frequency interpolated beam and <> . 1s the average over time. We also
included an ideal case where we used the Haslam map with g(v,n) = 1, i.e. an ideal
beam whose response is constant with frequency and direction in the sky, in order to
test our simulation procedure against results already obtained in the literature (e.g.,
Bernardi et al., 2015; Pritchard & Loeb, 2010). Each spectrum is then modelled as a
polynomial in log v (equation 3.4). The resulting spectra generated for our three cases
(Haslam with ideal beam, Haslam and Remazeilles template) together with their best fit
are displayed in Figure 3.9. Residual spectra after subtracting polynomials of increasing

orders (equation 3.5) are displayed in Figure 3.10, 3.11 and 3.12.
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FIGURE 3.9: The foreground spectrum derived from the Haslam map (black dots) in the

case of an ideal dipole beam response (i.e., §(v,7) = 1), the Haslam (red triangle) and

the Remazeilles (green triangle) templates with the PAPER beam and their polynomial
best fit models (solid line).

40

- n=
n=3

30 —— n=4

20

10

T (v) (mK)
o

-10

-20

-30

—40

100 120 140 160 180 200
v (MHz)

FI1GURE 3.10: Residual spectra obtained after fitting polynomials with increasing order
to the idealized spectrum case (Figure 3.9). Residuals decrease very quickly, approach-
ing zero already for the 4" order polynomial.
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FI1GURE 3.11: Same as Figure 3.10 but for the Haslam map convolved with the dipole
beam. We note that residuals do not approach zero even after fitting an n = 9 order

polynomial.
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FIGURE 3.12: Same as Figure 3.11, but with the Remazeilles map.
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Remezeilles templates) an additional orders for foreground subtraction is required, this
can be visualized in Figures 3.11 and 3.12 where even after the ninth order polynomial
fit the residual spectrum RMS remained at «~ 300 mK, while the cosmological signal in
most models is at best 30 mK This means, the generated residual spectra is 1 order of
magnitude brighter than the theoritically predicted value, and thus the incorporation
of the beam response (i.e the interpolated beam in frequency) may have introduced
structures in frequency that may not be modeled by the polynomial function, and the
implementation of the parametric foreground subtraction method may not be the best
approach to be used for this work. Significance of the residuals were quantified through
their RMS (equation 3.6).

We note that, in the ideal case, the foreground spectrum can be fitted very well by a

4™ order, residuals are already well below 1 mK (Fig-

low order polynomial and, for a
ure 3.13). This is consistent with previous findings in the literature and a confirmation

that, in the case of an idealize beam, the foreground spectrum appears very smooth.

Conversely, residuals remain high for both the simulations where the realistic dipole

9th order polynomial, their residual RMS remains

beam was used. Even after a fit with a
at the ~ 250 mK, i.e. an order of magnitude higher than the peak of the 21-cm signal
(Figure 3.14). Figure 3.15 shows, however, that the relative difference ¢ between the
RMS of the two simulations remains small up to the maximum polynomial order used,

where

= 100. 1
@ RIS, 00 (3.16)
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FIGURE 3.13: Residual RMS as a function of polynomial order for the spectrum ob-
tained from the Haslam map with the idealized dipole response (Figure 3.9). A low
order foreground fits the spectrum very well.
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FIGURE 3.14: The residual RMS spectrum for both the Haslam and Remazeilles tem-
plates on the same plot shows no significant difference.
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FIGURE 3.15: The relative difference in the residual spectrum RMS ¢ as a function
of polynomial order. Both RMS profiles remain relatively flat beyond n = 6, with an
average percentage value of 1.7.



Conclusion and Future Works

One of the frontiers in modern cosmology is to understand when and how the first
luminous structures formed in our Universe, how they evolved and, subsequently, how
they ionized the IGM. As observations of the redshifted 21-cm line directly probe the
evolution of the IGM and they can best address these questions. The first detection of
the cosmological sky-averaged 21-cm line has been recently reported (Bowman et al.,
2018). The main obstacle to 21-cm measurements are foregrounds: they are a few
orders of magnitude brighter than the 21-cm signal everywhere in the sky and the only

possibility to separate the two signals is to leverage on their different spectral properties.

In this thesis the spectral properties of Galactic foregrounds were investigated through
simulations of realistic observations of the sky-averaged 21-cm signal. In particular we

investigated the impact of small scale structure on the simulated foreground spectra.

We used the Haslam et al. (1982) and its improved version where point sources and
some of the scanning artifacts were subtracted (Remazeilles et al., 2015) as foreground
templates. We extrapolated them in the 100 — 200 MHz frequency range and gener-
ated foreground spectra by convolving them with a realistic model of a dipole antenna.
For comparison we also generated a simulated spectrum without including the dipole

response.

Each spectra was then modeled as a polynomial expansion in log v and residuals quan-
tified through their root mean square - RMS. We found that a third order polynomial
can be used to model foregrounds in the ideal case (i.e without coupling the antenna
response to them), in agreement with previous works (Bernardi et al., 2015; Pritchard
& Loeb, 2010).

Once a dipole beam is used, we found that the simulated spectra are overall not well
fitted using a log-polynomial expansion as a basis function. Even after a ninth order
polynomial fit, the residual spectrum RMS remained at the level of < 250 mK, whereas
the cosmological signal is anticipated to be ~ 30 mK at best. We note that our simulated

dipole changes its spatial structure noticeably across the frequency range considered (see,

30
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for example, Figure 3.7) and we cannot exclude that (part of) the spectral structure is
artificially introduced by our simulations or our interpolation scheme. The residual
spectral structure is, however, similar in both simulated cases, i.e. using the Haslam
et al. (1982) and Remazeilles et al. (2015) maps. Their relative difference in RMS values
is below 2% up to the ninth order polynomial. This value leads to an absolute difference
in residual spectra between the two foreground models up to ~ 5 mK, which is ~ 20% of
the peak 21-cm signal. From our analysis we can conclude that differences in the small
scale structure of foregrounds have a limited impact on the observed foreground spectra
and similiar (within 2%) residual RMS values can be obtained if they are modeled with

log-polynomials.

We notice, however, that the Long Wavelength Array (LWA) and EDGES antennas
are expected to have better beams than the one considered here (Bernardi et al., 2015;
Mozdzen et al., 2016). We speculate that repeating our analysis using the LWA or
the EDGES dipole beams may lead to a spectrum whose frequency structure is less
dominated by the beam features and could, therefore, be more sensitivie to a intrinsic

difference in the foreground model.
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