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Abstract

FACULTY OF NATURAL SCIENCE
Department of Physics and Astronomy

Masters

Point source simulations and Foreground cleaning techniques for HI intensity
mapping
by Sibonelo NGOBESE

We created a full sky point source catalogue at frequencies around 1 GHz, including
the intensity, polarisation, rotation measure and spectral index of the point source.
These values were matched to data where available and simulations were used
otherwise. With this, we were-able to-generate full sky intensity and polarisation
maps from point sources at the frequencies required for intensity mapping. These
are crucial for end to end simulations.that take into.account the telescope beam
effects. We showed that the polarisation intensity at these frequencies is reasonably
smooth in frequency, making it easier to|clean. We proceeded to generate full sky
maps for the cosmological HI signal and other foregrounds, in particular galactic
synchrotron (total and polarised), galactic free-free and extra-galactic free emission.
We then analysed how well we should be able to extract the HI cosmological signal
for a fiducial MeerKAT survey.. The signal and foregrounds were combined with
the expected MeerKAT noise and convolved with a Gaussian primary beam at all
frequencies. The combination of these maps was then ‘used as input in the
foreground cleaning simulation taking into account the survey mask which
corresponded to about 10% of the sky. The polarised foregrounds were included
assuming a 1% leakage. The foreground cleaning techniques used in this analysis
were the Principal Component Analysis (PCA), Independent Component Analysis
(ICA) and Line Of Sight fitting (LOS). The foreground cleaning relies on a
parameter N, the number of degrees of freedom which represents the modes to be
removed. For a case consisting all foregrounds except for polarised synchrotron
emission, PCA and ICA recover the HI signal with N, = 7 while LOS fails
especially at the frequency edges. Considering polarised galactic synchrotron
emission as the foreground at 1 % leakage, we show that using Ng, < 60 does not
recover the HI signal. Values of Ni, > 83 do remove the foregrounds but remove
signal and noise at the same time. We conclude that polarisation leakage from point
sources should not be a problem for these foreground cleaning methods but
leakage from polarised synchrotron will be a problem if not calibrated at better
than the 1% level. If this is taken care of, then MeerKAT should be able to recover
the HI intensity mapping signal.
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Chapter 1

Introduction

1.1 The Lambda Cold Dark Matter model

The standard model of cosmology postulates that the Universe was born in a
violent explosion known as the Big Bang. The Universe was in a state of a hot dense
plasma seconds after its birth. In the plasma state, there were frequent interactions
between photons and baryonic matter. During this phase, there were a variety of
elementary particles including the electrons, photons and Dark matter particle and
other species of elementary particles. The mean-free path of these photons was
very small since they scattered with electrons and were not able to travel a large
distance before colliding again. This process-is known as Thomson scattering. The
evolution of the fluctuations-during this phase of the Universe was governed by
two opposing forces: gravity and radiation pressure. Gravity was trying to collapse
the matter into clumps while radiation pressure was pushing outwards with the
photons trying to escape. These left imprints in terms of oscillations which are
called Baryon Acoustic Oscillations (BAOs, Eisenstein et|al. (2004)). These plasma
oscillations are similar to sound waves thus the term acoustic oscillations (traveling
at cs ~ ¢/+/3, where ¢ = 3 x 10% km/s is the speed of light).

As the Universe expanded and cooled’ down, the electrons and protons finally
combined to give rise to hydrogen atoms,. which allowed the photons to travel
freely. This then gave rise to the last scattering surface (Hu, 2003), commonly
known as the Cosmic Microwave Background (CMB). The CMB is the Big Bang’s
afterglow which was accidentally detected by Penzias and Wilson (1965). They
found a uniform hiss coming from everywhere in the cosmos while working at Bell
Labs. The first experiment to detect the CMB fluctuations was the Cosmic
Background Explorer (COBE, Smoot (1991, 1992, 1994)) which was a space-based
instrument.

With the continuous technological advances over the years, the Wilkinson
Microwave Anisotropy Probe (WMAP) satellite was able to deliver much higher
resolution CMB images of the young Universe. With a resolution of 13 arcminutes,
WMAP was able to resolve intensity fluctuations and polarisation of the CMB
(Bennett, 2005). CMB photons from hot and cold spots are incident on an electron
via Thomson scattering thus forming linear polarisation (known as £—modes). The
other type of polarisation is the so-called B—modes, which can be a signature of
tensor modes created from inflation and thus a "smoking gun" for this event.
WMAP combined with supernovae data from Perlmutter et al. (1999) along with
BAO data was able to place very strong constraints on cosmology. The CMB
fluctuations are an early picture of the large-scale structure (LSS). The CMB allows
measuring of cosmological parameters, which are a set of parametric numbers
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arising from the ACDM model.

The ACDM model follows from the theory of general relativity using the solution of
Einsteins equations: the Friedmann-Lamaitre-Robertson-Walker (FLRW) metric;

dR?

2_ 232 | 2
ds® = —c°dt” + a*(t) T iR

+ R2d0?| (1.1)

where d? = df? + sin?0dg¢?, a(t) is the scale factor and k gives the geometry of the
Universe. The scale factor gives the expansion of the Universe over time t. (R, 0, ¢)
are the spherical coordinates and %k = -1, 0, 1 corresponds to a open, flat and closed
Universe respectively. For a negatively curved Universe (k=-1) shooting two light
beams parallel to each other bend in their path and the light beams diverge in their
direction towards infinity. They never cross paths. In the case of a flat Universe
(k=0), the light beams remain parallel to each other and never cross. For k=1 the
light beams start off parallel but reach a point where they converge and cross paths.
Observations from sub-orbital telescopes (Balloons) found that the Universe has a
flat geometry to a good approximation (de Bernardis et al., 2000; Balbi et al., 2002).
These experiments showed this by observing the CMB fluctuations on small sky
patches and then measured fluctuations on 1° scales. The latest full sky survey
providing high precision cosmology was the Planck satellite (Planck Collaboration
et al., 2014a,b). Its angular power spectrum-is-shownin Figure 1.1. The first peak is
at multipole moment, ¢ = 200 which corresponds-to-1° in angular scales (as shown
in Figure 1.1). The y-axis for this plot is given by Dy = ¢(¢ + 1)C;/2m, where C; is
the angular power spectrum. The red points with error bars are Planck
measurements with the solid cyan being the fiducial model. As explained, the first
(and highest) peak, tells us about the geometry of the Universe. At about 1°, we
know the Universe is flat (e.g. =1 - see later). If the peak was at higher ¢, it
would mean the Universe had negative curvature and at lower ¢ (larger than 1°) it
would mean positive curvature (closed). However, this interpretation will be
confused by the effect of dark energy also. The acoustic peaks tell us about the
photon-baryon fluid around the epoch of decoupling (Lahav and Liddle, 2014).

The FLRW cosmological model does well in explaining the expansion of the
Universe from a hot Big Bang, to lower redshifts, tied in well with abundant
observational support and predictions (Ellis and van Elst, 1999). Assuming a
Copernican Universe, every galaxy we see today are receding from us with a
velocity HyD where Hy = 100k km/s/Mpc is the Hubble constant (where h = 0.67
for the latest constraints, Planck Collaboration et al. (2014b)) and D being the
distance (Hubble, 1929). Noting that the proper distance to each galaxy can be
given by 7(t) = a(t)ro (with ro being time independent), the receding velocity is:

where the term a(¢)/a(t) is the Hubble rate (denoted by H (¢)). The redshift in terms
a(to)
a(t) ’
today. This can be written as 1 + z = %' where )\ is the rest wavelength and A,
is the wavelength for the emitter. This shows the fact that wavelength is stretched
by the expansion of space. Using General Relativity combined with assumptions

of homogeneity and isotropy (the cosmological principle), we can derive a set of

of the scale factor is given by 1 + z = where a(tp) = 1 being the scale factor
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FIGURE 1.1: The CMB angular power spectrum obtained by the
Planck observations. The x-axis changes from multipole moment

equal to 50 from linear to logarithmic scale. image credit: ESA and
the Planck Collaboration (2013)

D,

equations for the expansion of the Universe (Friedmann equations):

LN 2 2 2
a kc Ac 81Gp
il il | 1 Mt ¢ | 1.2
(a) i B 3 3 | (12)
. + 2 2
22 <a> LAV (1.3)
a a a 3

where k is the curvature constant, G = 6.6408 x 10~ ! m3 kg~! s~2 the Newtons
gravitational constant and A'is the Einstein’s cosmological constant. Simplifying
gives:

s _ g0 P

p=-3 <p+ 62) ) (1.4)
a ArG 3p Ac?

= 3 ( 2) tg (L5)

These equations explain the global expansion of the Universe. The first equation
can be obtained from the First Law of Thermodynamics, assuming that the
expansion of the Universe is an adiabatic process. The second equation explains
that the expansion of the Universe is dependent on the energy density and pressure
(where p = p(p)), the cosmological constant is responsible for the Universe
accelerated expansion. For a perfect fluid, the equation of state,

w= =, (1.6)

P
where w=1/3, 0 and -1 for radiation, dark matter and a cosmological constant
respectively. With a cosmological constant, the term in parenthesis in the equation
above will be negative and so @ > 0 and the Universe will have an accelerated
expansion. The true value will depend on the energy content of the Universe. In
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order to quantify this, we use the critical density parameters, 2 = p/p., where p is
the density of the quantity in consideration and p. the critical density of the
Universe, p. = 3HZ/87G. Writing in terms of the density parameters at redshift
zero, we get,

H(z)
Hy

= V(1 + 23+ Q. (1 + 2)4 + Qp(1 + 2)2 + Qn, (1.7)

where Q,,, Q,, Q and Q, represent dark matter plus baryons, radiation, curvature
and a cosmological constant, respectively. We can express equation 1.7 as H(z) =
HyE(z) where;

E(2) = V(1 + 234+ Q. (1 + 2)* + Qu(1 4 2)2 + Q4. (1.8)

The curvature density Q0 ~ 0 according to Planck Collaboration et al. (2015) with
w = —1. In terms of the energy budget in the Universe, there is a lot of missing
matter that we still cannot account for. There’s a mysterious undetectable
component called dark energy and it is a sole contributor to accelerating the
expansion of the Universe. The properties of dark energy are poorly understood.
Luminous matter in the Universe consists of only 4 % of the matter out there, about
23 % of the non-observable matter is dark.matter while dark energy holds 73 % (see
Planck Collaboration et al..(2015)). The ACDM:-is the.current concordance model. In
mathematical terminology, when BAO, CMB. data and the assumption that dark
energy is the cosmological constant are used to constrain cosmology,
i.e. Qor = > Qi + Q) where i = m, 7, kyields (= 1 as mentioned.

The effects of dark matter can only be detected due to its gravitational interaction
by measuring the rotation curve of galaxies. Measurements made by Zwicky (1933)
showed that there is a lot of mass in galaxies that cannot be accounted for. There are
candidates to explain what'dark matter could be.  Astrophysicists have theorized
that dark matter could be a particle that rarely interacts. The Weakly Interacting
Massive Particles (WIMPs) (Freese et al., 1988; Ferrer'et al., 2006; Fornengo, 2008)
was predicted to make up dark matter. An example of the WIMP is the neutrino, an
elementary particle that interacts very weakly with standard matter. Massive
Compact Halo Objects (MACHOs, Griest (1993)) are other candidates that could be
dark matter. Brown dwarfs are failed stars that never made it to the Main sequence
and these fall under the MACHOs category. Primordial black holes that formed
during the Big Bang, white dwarfs and neutron stars also fall under MACHOs.
WIMPs are believed to be non-baryonic while MACHOs are formed from the
baryonic material.

Combining CMB data and BAO data along with supernovae data and Hubble
constant prior to parameter estimation gives the current known constraints on
cosmology. This removes degeneracies in parameter estimation from one CMB
dataset thanks to the addition of measurements of the angular diameter distance
and the luminosity distance. The angular diameter distance is the ratio of the
object’s line of sight distance (i.e. distance between the observer and the object’s
location) to its angular size (given in radians). Luminosity distance is another way
of calculating the distance to far away galaxies or star systems. This is defined as:

L
a3 ==
L 4ArS,’

(1.9)
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where S, is the object’s measured the flux and L, is the object’s luminosity. In terms
of the FLRW metric, this formula becomes d;, = (1 + z)r(z). The comoving radial

distance is: "

D . x(z

ﬁsm (\/—Qk i ) , Q<0

r(z) = (e, 2% =0

DiHSinh (\/ —QkX(Z)> Q>0

VvV Dy )
where Dy = ¢/H) is the cosmological horizon and the radial comoving distance for
a flat Universe is given by;

z d Z/

x(z) = Dy B (1.10)
where E(z) comes from equation 1.8 with Q;, = 0. The angular diameter is given by
da =x(2)/(1+ z). Supernovae can be used as distance measurement objects. This is
done by observing what is classified as type Ia supernovae. When there’s a binary
system consisting of a white dwarf and companion star (usually a red giant), as the
two objects orbit each other, the companion star acretes matter to the white dwarf
making it reach a certain mass limit. The mass limit is called the Chandrasekhar
mass limit of 1.4 M, and results in an explosion. These explosions can be brighter
than the galaxy hosting the binary system. Comparing with the redshift of the host
galaxy, this light can thus tell us how much-the Universe has expanded and how
fast. Just like the BAOs are called "standard rulers”; these supernovae are "standard
candles" used to measure how much the Universe has-accelerated in its expansion
(Riess et al., 1998; Perlmutter etal., 1999).

1.2 Radio Astronomy

Karl Jansky started the field of radio-astronomy while working at Bell Laboratories
in the 1930s. Radio wavelengths are longer than optical wavelengths and can be
received by radio telescopes during cloudy conditions of the sky on Earth. These
wavelengths cannot be obscured by dust particles like their optical counterparts.
They can traverse the intergalactic medium until they reach our radio telescopes.
This implies that the radio telescope does not need to be perfectly shaped like an
optical telescope in order to detect the radio emission. Radio astronomy grew
enormously in the 1950s when the radio emission from our very own galaxy, the
Milky Way was discovered. Radio astronomy started being recognized especially
when the CMB was discovered at 3 Kelvin. Other groundbreaking discoveries
include:

e Pulsars (Backer et al., 1982; D’ Amico et al., 2001).

Quasars (Porcas et al., 1981).

Cosmic magnetic fields (Reich, 1990; Furst and Reich, 1990).

Water Masers (Fiebig and Guesten, 1989; Impellizzeri et al., 2008).

Gravitational lensing of star-light around super-massive black holes (Bozza
and Mancini, 2008).

The All-sky survey at 408 MHz (Haslam et al., 1982).

Rotational curves serving as evidence of Dark matter (Carignan et al., 2006).
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e Fast radio bursts (Spitler et al., 2014; Petroff, 2017).

Radio astronomy allows probing of gas (mostly diffuse emission) from
astronomical objects where other telescopes have difficulties detecting the
emission. Radio telescopes will serve as the next "era of precision cosmology"
instruments following the steps of CMB. Instead of looking at the CMB redshift,
these instruments will probe the intermediate redshifts. These intermediate
redshifts provide information about LSS formation from redshift zero to the Epoch
of Reionization (EoR) which tells us about the first stars in the Universe (Zaroubi,
2013).

One of the currently proposed ways to probe cosmology with radio telescopes is by
observing neutral hydrogen throughout the Universe. Measuring neutral hydrogen
(HI) faces some challenges since the signal is weak. The HI signal is detected by
observing the 21 cm emission line using radio telescopes. The 21 cm emission line
is emitted when a hydrogen atom undergoes a spin-flip, when an electron changes
its spin from being parallel to anti-parallel relative to the proton. The transition
results in an emission of a photon traveling in a completely random direction with
a frequency equal to 1420 MHz. Recall that the Universe is no longer opaque so
these photons are free to move plus they do not interact with dust clouds.
Figure 1.2 presents an illustration-of the spin-flip transition. Ewen and Purcell
(1951) were the first radio astronomers to make the detection of the 21 cm line
emission. The transition is highly forbidden. The mean lifetime of the excited state
is about 11 million years, but since there is an abundant amount of hydrogen in the
Universe we can detect these photons. This is where the idea of "intensity
mapping" comes in handy since it will integrate the weak HI from each galaxy as a
function of frequency. Over large scales, the signal will average over many galaxies
and thus, there is no need to worry about individual galaxy properties.

The HI emission line can be used to probe flux densities ~1 pJy and above. With
the techniques widely used for CMB data-analysis, it:is hoped that those techniques
will come in handy when handling HI observations and analysis. Intensity
mapping does not require galaxy detection so the only issue that needs to be
accounted for is foreground cleaning. However, the instruments must be well
calibrated.

1.3 The Square Kilometre Array

The Square Kilometre Array (SKA) will be the largest radio telescope ever built
with eventually a square kilometre array of collecting area. It is a radio
interferometer, made of many individual elements which can then be correlated to
produce observations of the sky. The largest baseline (distance between elements)
of such telescope will set its angular resolution. The first observations for this
instrument are estimated to be carried out in the 2020s. The SKA will address many
different scientific goals:

e Probing the dark ages.
¢ Galaxy Evolution, Cosmology, and Dark Energy.
e Strong Field Tests of gravity.

e Cosmic Magnetism.
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Hydrogen atom

Higher energy state

electron

Hydrogen radio emission

Wavelength21 cm
Frequency 1420 MHz

Lower energy state

FIGURE 1.2: An artists rendition of what happens.in the hydrogen
atom. Image credit : SKA Organization (2017a)

e Cradle of Life.
e Exploration of the Unknown.

There are two phases planned for the SKA, SKA1 (Phase 1) and SKA2 (Phase 2).
Figure 1.3 shows an artists impression of the radio dish array (SKA-MID) and
aperture array (SKA-LOW). SKA-MID will be located in South Africa while
SKA-LOW will be built in Australia.

1.3.1 Phase1l

SKAL1 is in turn split into 2 instruments: SKA1-LOW, set in Australia and
SKA1-MID, set in South Africa.

SKA1-LOW is the low frequency array, operating at frequencies 50-350 MHz and
using an aperture array system. It is made of about 130,000 dipole antennas
grouped into 476 stations. Its maximum baseline should be 40 km. One of its main
objectives is to probe the Epoch of Reionization at high redshifts, when the first
stars and galaxies in the Universe formed.
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FIGURE 1.3: An artist rendition of the SKA array. Left: The SKA-MID
instrument that will carry out mid-frequency observations. It will be
located in South Africa. Right: The SKA-LOW instrument that will
carry out low-frequency observations. It will be located in Australia.

Image credit: SKA Organization (2017b)

SKA1-MID on the other hand is a an-array of-dishes operating at frequencies
between 350 MHz and 14 GHz. It will be made of 130, 15 m diameter dishes plus 64
MeerKAT dishes (13.5 meters - see below). This telescope will be able to deliver
several transformational surveys in cosmology (see the SKA chapters for a review,
e.g. Maartens et al. (2015)).

1.3.2 Phase?2

SKA2, the second phase of the]SKA projects (aiming to achieve the initial objectives
of the SKA), is planned for later, in 2030. It should correspond to a factor of 10x in
collecting area and a 'further increase in ithe' field of view. Although the
specifications are not completely defined, it is expected that SKA2 will be again
split in two sites, low frequency for Australia and middle frequencies for South
Africa. Although the instrument in Australia might follow the SKA1 technology,
SKA-MID in South Africa might expand into something completely different made
from dense aperture arrays working at a range of frequencies and providing large
fields of views and high angular resolution. In terms of Cosmology, SKA2 would
provide the ultimate survey. Detecting over one billion galaxies in HI over much of
the visible sky. Allowing to get immediate spectroscopic redshifts for most of them.
These would allow fundamental tests using baryon acoustic oscillations and
redshift space distortions. Moreover, it would provide the ultimate weak lensing
survey. With galaxy shapes and redshifts measured at the same time.

1.3.3 MeerKAT

MeerKAT, built in South Africa, is considered a SKA1-MID precursor. In fact, its 64
dishes will be absorbed into the SKA system. Each dish is 13.5 m diameter and will
be fitted with several single pixel feeds: UHF band (580-1015 MHz), L-band
(900-1670 MHz) and S-band (1750 - 3500 MHz). There is also a planned X-band
receiver which, if deployed should work at 8 GHz - 14.5 GHz. At the moment, all the
64 dishes have been installed and first operations with all the dishes in L-band is
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expected in June 2018.

There are several key science projects already approved for MeerKAT;

e Looking at the Distant Universe with the MeerKAT array (LADUMA,
Heywood et al. (2011)).

o MeerKAT Absorption Line Survey (MALS, Gupta et al. (2017)).

e MeerKAT HI Observations of Nearby Galactic Objects: Observing Southern
Emitters (MHONGOOSE, de Blok et al. (2017)).

e The Hunt for Dynamic and Explosive Radio Transients with MeerKAT
(ThunderKAT).

e MeerKAT International GigaHertz Tiered Extragalactic Exploration survey
(MIGHTEE, Jarvis et al. (2017)).

o A MeerKAT HI Survey of the Fornax Cluster.

There is a proposed survey for Cosmology that we will focus on in this thesis:
MeerKLASS (MeerKAT Large Area Synoptic Survey, Santos et al. (2017)). It will
carry out intensity mapping observations. MeerKEASS will scan an area 4 000 deg?
in roughly 4 000 hours. It is aimed at-the-L-band-and combines several large sky
scientific objectives, although the-intensity-mapping technique itself can also be
applied with success to the UHF band, at higher redshifts. The survey will rely on
dish auto-correlation (single-dish. mode) as 'well as cross-correlations
(interferometer mode). It will be able to provide HI intensity maps (4 000 deg?),
continuum images (~ 5 pJy rms), spectral HI lines and polarisation.

1.4 Cosmology with the SKA

Although not the full power of SKA2, ‘'we ‘can still' achieve competitive and
transformational cosmology with SKA1l. In Phase 1, we have mentioned that
intensity mapping and all-sky continuum surveys will be carried out. It will
enhance our understanding of BAOs, dark energy and dark matter. In this section,
we cover some of the theory behind on how the radio telescope can be used to
study these phenomena.

With a survey of about 10 000 hours over 5000 deg? in band 2, SKA1-MID should
be able to pick up around 10 million galaxies in HI at lower z which can be used for
Cosmology (Santos et al., 2015a). Such survey using band 2 will also be optimal for
a large Weak lensing survey.  Although providing interesting competitive
constraints for Cosmology, the signal to noise using HI galaxy detections will not
be good enough to make transformational measurements. For that, we will need to
rely on the HI intensity mapping method.

This is a new technique for mapping out the LSS in 3 dimensions by using HI
emission as a biased tracer of the underlying dark matter density field. This
technique does not require to resolve the individual galaxies but integrates their
intensity falling within a specific pixel. Foreground subtraction is an important step
in making sure we recover the HI signal and also polarisation leakage due to the
instrument needs to be accounted for. This can be achieved by calibrating the
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instrument.

Intensity mapping can be used to constrain Baryonic Acoustic Oscillations (BAOs),
modified gravity, redshift space distortions and study spatial curvature and
primordial non-Gaussianity (PNG). PNG imply that there existed some level of
non-Gaussianity in the statistical distribution of primordial fluctuations predicted
by inflationary models. PNG can be probed at ultra-large scales using the power
spectrum, see e.g Camera et al. (2015) and references therein for a thorough
description of the ultra-large scales mentioned here.

The use of BAOs in cosmology is because they are a statistical "standard ruler"”, they
can be used place stringent constraints on the expansion rate, H(z), and (angular)
distance-redshift relation, d4(z), as functions of redshift, as has been done
successfully with recent large galaxy redshift surveys such as BOSS (Dawson et al.,
2013) and WiggleZ (Blake et al., 2012). In order to fully probe BAO scales, we need
to measure scales with the telescope between 30 arcminutes to 4 degrees and
frequency scales from 2 to 35 MHz (around z=1) (Santos et al., 2015c; Maartens
etal., 2015).

Unfortunately, SKA1-MID will not have-the right baseline distribution in order to
probe cosmological scales.(such-as BAO) using the interferometer. We will then
have to rely on the use of the-auto-correlations from every single dish in the SKA.
Each dish will make a map of the sky and the combination of all the dishes makes
for some power detection in terms of signal to noise. It will also allow us to probe
very large scales and test cosmology in this new limit (Santos et al., 2015b). The
planned HI intensity mapping survey for SKA1-MID will cover a huge volume,
with areas up to 30 000 deg?and redshifts upto z=4.

An example of a telescope that has done single-dish observations of the HI signal
for intensity mapping is the Green Bank Telescope (GBT, Masui et al. (2010)).
Interferometers have usually the advantage of being'less sensitive to systematics
but cannot probe such large scales (see e.g. CHIME, Bandura et al. (2014)). The
intensity mapping survey planned for MeerKAT which we focus on this thesis will
also rely on this approach of using single-dish mode. This comes with several
calibration challenges that people are now in the process of addressing. With a
planned 4 000 hours of observation of 4 000 deg? over the L-band, such a survey
with MeerKAT has the potential to make the first detections of BAO and redshift
space distortions (RSDs) with HI intensity mapping. It will also allow providing
some of the first constraints on primordial non-Gaussianity using the multi-tracer
technique. This will rely on covering the observed area with spectroscopic or
photometric data (such as using the DES area). MeerKLASS will also contribute
towards other science and in particular, it should be able to detect about 10 million
galaxies in the continuum.

1.5 Objectives

One of the objectives of this thesis was to construct a point source catalogue at 1.4
GHz in both intensity and polarisation. The source catalogue was then extrapolated
to brightness temperature maps (in intensity and polarisation) in order to use the
point source maps as one of the foregrounds in the cleaning techniques. Simulated
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HI maps, noise maps that mimic the MeerKLASS survey, foregrounds (intensity
and polarisation) were then produced and combined. Several foreground cleaning
techniques were then tested in order to quantify how much HI signal can be
recovered.

Chapter 2 covers the theoretical background of the HI emission, foregrounds and
theoretical background to power spectrum tools that we will need in analyzing the
results from foreground cleaning. Chapter 3 described the construction of the point
source catalogue, extrapolating the catalogue to brightness temperature maps and
the power spectrum analysis of the point source maps. Chapter 4 goes through the
results obtained from applying the foreground cleaning and we draw conclusions
from our analysis in Chapter 5.
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Chapter 2

HI intensity mapping and
Foregrounds Simulations

In this chapter, we theoretically derive the brightness temperature of neutral
hydrogen (HI) see section 2.1 and we cover the background of intensity mapping in
section 2.2. The types of astrophysical contaminants termed "foregrounds" will be
explained in section 2.3. The simulation of HI and foregrounds and type of survey
being mimicked by the simulations are covered in section 2.4 and 2.5 respectively.
Lastly, the derivation of the power spectrum is covered in section 2.6.

2.1 HiI Brightness temperature

The derivation of the HI brightness temperature equation in this section is based on
the paper Bull et al. (2015b). The 21 ¢m intensity can be worked out from the spin
temperature Ty,in. The spin temperature describes the HI spin in a gas cloud. It is
obtained from the Boltzmann equation;

T TT T — 30T, @.1)

ng 9o
where g1 = 3, go = 1, n; represents the upper state of hyperfine splitting and ng
represents the lower state hyperfine splitting. The temperature T, = hpvo1/kp =
0.0682 K and kg is the Boltzmann constant, 1»; is the frequency of emission at 21 cm
and h,, is the Planck constant. The linear combination of the two states gives ngy
which is the comoving number density of HI emission, i.e. ngy = n1 + ng. Thus
using e” ~ 1 + x for x < 1, then equation 2.1 becomes n; = 3ng (Tspin > 1) which
can be written as n; = %nHI. In the limit of a small optical depth, if we neglect
absorption, we can consider each HI atom has an emitter with a luminosity:

Loy = hyro1 Ao, (2.2)

where Ajp = 2.85 x 1071° 57! is the spontaneous emission coefficient. An

observation with an angular size df) translates into comoving area at redshift z

given by dA = r%(z)dS}, where r(z) is the comoving line of sight to redshift ~ and

d(2 is the angular size of the clump. A frequency resolution, dv,s, translates into

comoving distance,

dr — )\21(1 + Z)Zdyobs’
H(z)

where \g; is the 21 cm wavelength. Relating the observed flux to the luminosity
(equation 2.2) using the luminosity distance and knowing that dS, = I, dQ2dv,s, we

(2.3)
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3hpc® Agg (14 2)?
Th = nHi- (2.5)

32w | kpvs, H(z)

The comoving number density can be written as n; = Qmy % (14 6pp) where Qg =

-3
enE2)70 he comoving HI fraction where py; is the HI density, m,, is the proton

Pc
mass and 0y is the HI density contrast. The HI density fluctuation, oy is expected
to trace the underlying dark matter field, d.qm with an homogeneous bias on linear
scales:

5HI = bHI(Scdma (26)

If the model for Qyy; is known it will be possible to work out the Hi bias and average
brightness temperature, Ty, Figure 2.1 and 2.2 shows the evolution of the HI bias
and average brightness temperature as a function of redshift respectively. Once the
HI bias can be quantified, we can then calculate the HI power spectrum:

Pui(k, 2) = (bpt + f12)? D?(2) T Peam (k). 2.7)

where f is the logarithmic derivative of the growth factor (D) by scale factor (f =
dIinD/dIna) (Kaiser, 1987; Hamilton, 1998), 1 is cosine of the angle to the line-of-sight,
k is the wavenumber and P4, is the dark matter power spectrum generated from
CAMB (Lewis et al., 2000). Figure 2.3 shows the estimated HI power spectrum with
changing redshift.

2.2 HI intensity mapping

Intensity mapping is a novel technique proposed to do LSS cosmology in three
dimensions by using HI as a biased tracer of the dark matter density field (Seo and
Eisenstein, 2007; Chang et al., 2008; Loeb and Wyithe, 2008; Peterson et al., 2009;
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FIGURE 2.3: HI powet spectrum in terms of the primordial power
spectra at different redshifts.. The overall amplitude of the power
spectrum grows with redshift.

Camera et al., 2013; Battye et al., 2013; Santos et al., 2015c; Bull et al., 2015b,a; Smoot
and Debono, 2017). What is measured is the intensity of the red-shifted 21 cm line
over the sky in a range of redshifts without the requirement to resolve individual
galaxies. The SKA will be dedicated to making 3D maps of equation 2.5 and then
using those maps to constraint cosmology using equation 2.7.  The first
observational indirect detection of Qg came from the GBT in 2012. Masui et al.
(2013) placed constraints on this quantity by cross correlating with WiggleZ
observations. The experiment measured

Qpibar = [0.43 £ 0.07(stat.) 4+ 0.04(sys.)] x 1073,

where 7 is the galaxy-hydrogen correlation coefficient. This measurement was made
from data spanning the redshift range 0.6 < z < 1 over two fields that equal 41 square
degrees in 190 hours of integration time.

2.3 Foreground Emission

Nearly all emission from normal galaxies comes from synchrotron radiation due to
relativistic electrons and free-free radiation from HII regions. At higher frequencies
(200 GHz), dust absorption dominates over this type of radio emission. The radio
emission independent of the temperature of the source is called non-thermal
radiation (e.g synchrotron emission). Thermal radiation is instead electromagnetic
emission that is influenced by temperature (or heat, e.g free-free emission).
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In this section, we explain in detail these types of radio emission that act as
contaminants to the cosmological signal. We will use the term foregrounds in this
project to refer to astrophysical contaminants to the HI signal. Fortunately, most of
the astrophysical foregrounds have smooth spectra, meaning they can be modeled
by a power-law dependent on frequency thus making it possible to subtract them.
Leakage of polarised foreground emission is also a problem but this can be solved
by careful calibration of the telescope. Noise contribution due to the telescope,
spillover from the Earth’s ground, and the Radio Frequency Interference (RFI)
which observations also need to be accounted for. In this thesis, we will only
account for foregrounds and noise.

2.3.1 Galactic synchrotron

Galactic synchrotron is expected to be the dominant contaminant to 21 cm
observations with an amplitude of 4-5 orders of magnitude greater than the
cosmological signal. This arises when highly energetic cosmic ray electrons move
around the magnetic field from our galactic plane resulting in synchrotron emission
(Rybicki and Lightman, 1979). This type of emission is also present in other galaxies
because they have magnetic fields as well. The synchrotron emission relies on the
electron density n. and a_perpendicular magnetic field B, to the line of sight.
Using the energy distribution of the cosmic rays, one can determine the spectral
index of the synchrotron emission: In the radio-mm frequency range, the electron
density have a power-law of index p (n.(E) o< E~P). The index p depends on the
cosmic ray properties. The frequency dependence of synchrotron emission is also a
power law;

Tomalp il Ot (2.8)
where 35 = —(p + 3)/2. This works out to be -3 for a value of p = 3. Using the
Rayleigh-Jeans approximation, (17'(v) = @cgl—ﬁl (v)), we'get that Tiyne oc 7. p varies

with direction on the sky and with frequency. Past,observations showed that from
408 MHz to 10 GHz S, varies from -2.8 to -3.2 (Reich and Reich, 1988; Davies et al.,
1996; Bennett et al., 2003). There is also a general steepening of the spectrum as one
probe high galactic latitudes. This emission is also highly polarised. There is an
associated polarisation fraction for synchrotron emission which goes as II = gg—ﬁ
(Pacholczyk, 1970). The polarised emission changes its polarisation angle as it
traverses the intergalactic medium due to Faraday rotation. The rotation measure
for these particles is given by RM = [ n.Bydl, where dl represents integration over
the line of sight and B, is the magnetic field in our line of sight (see section 3.2.3).
The polarisation component of this signal is very problematic for foreground
cleaning techniques. This is due to limited measurements of the emission available.
There are although simulations for it, one example is the Hammurabi code
(Waelkens et al., 2009). Generating models of the polarised component is a complex
subject beyond the scope of this project.

2.3.2 Free-Free emission

This type of emission is radiated when free electrons are accelerated by ions. There
is free-free emission coming from our very own Milky Way, called galactic free-free
and from outside our galaxy, the extra-galactic free-free. The emission traces the
warm ionized medium. This emission is usually called Bremsstrahlung radiation. It
is in general fainter than the synchrotron or dust emission (thermal), except in
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active star-forming regions in the galactic plane. In terms of frequency, these
foregrounds can also be modeled as power laws since they are spectrally smooth.
These astrophysical sources can be found in accretion disks (Sancisi et al., 2008), HII
regions, galactic hot corona and intergalactic gaseous medium in clusters or groups
(Alves et al.,, 2012). In brightness temperature, this kind of emission is several
orders of magnitude greater than the HI signal. Spectral index for this type of
emission is dependent on the electronic temperature 7, and varies slowly with
frequency (Bennett et al., 2003; Dickinson et al., 2003). On high frequency intervals,
10 GHz to 100 GHz, the spectral index of this emission varies from 2.12 to 2.20 for 4
000 < T <10 000 K, see the Planck Sky Model (PSM, Delabrouille et al. (2013)). PSM
generates the free-free emission spatial variations in three ways: by using Ho as a
proxy for mapping free-free emission at any frequencies or a free-free emission map
from WMAP called Maximum Entropy Method (Bennett et al., 2003) or a map
obtained by Miville-Deschénes et al. (2007). Other observations of this emission
have been dedicated to mapping our galaxy. This type of emission can be found in
the intergalactic medium as well as the extra-galactic because of the presence of
ionized regions exists in every galaxy.

2.3.3 Extra-galactic point sources

Extragalactic point sources can be-regarded-as radio-emission from objects beyond
our Milky Way galaxy. Types of point sources are Active Galactic Nuclei (AGN)
and star-forming galaxies which can-be classified into star-burst galaxies and
quiescent galaxies. AGNs are quite different from normal galaxies since the light
they emit is not the total sum of the starlight in the galaxy., AGNs are powered by a
supermassive black hole in the center and are observed to have jets. The jets are
comprised of plasma of high energetic relativistic synchrotron particles (Begelman
et al., 1984) extending from the center of the AGN. AGNs are believed to form
when gas accretes onto a disk’(Fabian, 2012): "[Examples of AGNs are Quasars,
blazars and Radio galaxies (see Padovani et al. (2017) for a recent review). A quasar
is an AGN viewed at a tilted angle, a blazar is an AGN viewed face on and a radio
galaxy is viewed edge-on (Blandford and Rees, 1974; Blandford and Konigl, 1979;
Smidt et al., 2017). Figure 2.4 shows an example of the AGN' powered by a central
source, a supermassive black hole. The name quasar means quasi-stellar or star-like
meaning these are galaxies that look like stars since they are point-like in the
optical. The most studied AGN is Cygnus A (Perley et al., 1984; Djorgovski et al.,
1991). The frequency range of point sources overlaps with the range covered by the
HI cosmological signal making the point sources one of the foreground candidates
to the HI cosmological signal.

2.4 Simulation software

In this section, we cover what simulation was used and how it works. The
Cosmological Realizations for Intensity Mapping Experiments (CRIME,Alonso
et al. (2014)) comes with a suite of three routines that allow us to generate the
cosmological signal maps alongside desired foregrounds. The three executables
making up the simulation are GetHI, ForGet and JoinT and these are written in C.
This simulation can be downloaded from Github”. The code comes with OpenMP

'https:/ /imagine.gsfc.nasa.gov /science / objects/active_galaxies1.html
*https:/ / github.com/damonge/CRIME
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FIGURE 2.4: This is an artist’s rendition of how an AGN will look

like. In this type of galaxy, the HI halo is a toroidal cloud around

the accretion disk. Image credit: National Aeronautics and Space
Administration (2016)

and MPI-parallelization capabilities. JoinT allows generating the noise realization
maps based on the type of instrumental parameters chosen. The basis for most of
the CRIME simulations is a linear dark matter field. To do this, lognormal
distributions of the late-time density field were used. Lognormal distribution is
based on a random field z1x given by,

LN = exp(da), (2.9)

where the term ¢g is the Gaussian random field. This means the lognormal
distribution is never negative. To make sure that the lognormal overdensity field
has zero mean, equation 2.9 is modified to have the form,

2
1+ 6pn = exp <5G - ";‘) . (2.10)

The o¢ term guarantees that <dni,> = 0. These lognormal transformation fields were
used in Cole et al. (2005) and Wilman et al. (2008). These fields cannot be expected to
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TABLE 2.1: Foreground Cy(v1,v,) model parameters for the pivot
values /.o = 1000 and v..f = 130 MHz.

Foreground AmK? B a ¢
Galactic synchrotron 700 24 28 4
Point sources 57 1.1 207 1
Galactic free-free 0.088 3 215 35

Extragalactic free-free 0.014 1 21 35

able to describe the galaxy density on small scales (< 5 h~!Mpc, Kitaura et al. (2010))
meaning this is applicable for scales well in the linear regime only.

2.4.1 Hi Simulation

GetHI is the code that allows one to make HI maps. GetHI requires a parameters file
containing the cosmological parameters, a matter power spectrum generated from
the same cosmological parameters (Lewis et al., 2000), pixel resolution, number of
points in a grid and the desired frequency range. The resolution parameter (called
Nsige) and the number of points in a grid (called Ng,iq) are the only parameters used
by the code to determine the total run time and the required disk space to store the
generated HI maps. The typical CPU-run time on-a shared-memory machine is ~
30 minutes (with 64-80 cores) while on a Distributed memory machine (i.e cluster) it
only takes a few minutes. This computational output holds for Ngqe = 512, Ngria =
2048 and if the frequency resolution is 1 MHz. A typical disk space of 3.5 gigabytes
is required to store 150 channels of the HI maps covering redshifts z < (0.42, 0.67).

2.4.2 Simulating foregrounds

The foregrounds are generated by the ForGet routine in'CRIME. ForGet only
requires a file (a frequency table) containing the frequencies covered by the HI
maps. Note the frequencies should match with the ones used to generate HI maps
in order to be able to add these simulated maps together and do accurate
foreground cleaning. The different foregrounds generated are galactic synchrotron
(unpolarized and polarised), galactic and extra-galactic free-free emission and point
sources. Following Santos et al. (2005), foregrounds are generated as Gaussian
realizations of;

Brv2 \“ 2(vy /v
Cy(vi,1n) = A (&;f) (ref> exp <_log;§12/2)> . (2.11)

nva

The parameter o describes the foregrounds mean frequency dependence and ¢ is the
frequency-space correlation length that parameterizes the characteristic frequency
scale over which foregrounds are correlated. Foregrounds with a correlation length
that is small will be difficult to subtract because they will be less smooth in frequency.
A denotes the amplitude and /3 parametrize the foregrounds distribution on angular
scales. The parameter values can be found in Table 2.1.

Galactic synchrotron

The galactic synchrotron simulated in this project uses the Haslam map at 408 MHz
extrapolated to other frequencies (Haslam et al., 1982). Since the Haslam maps have
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poor resolution in small angular scales, we use equation 2.11 for small fluctuations
in the synchrotron emission. The Gaussian realizations of Cy(v1,v2) use the
parameters given in Table 2.1. Synchrotron emission is also polarised. If the
spectral index (p) of the cosmic ray electrons, that have energy density n(E) oc E77,
is p = 2.5, then the polarisation fraction Il = % is equal to 0.7. The galactic
synchrotron emission is more significant towards the galactic plane (low b) because
of the relevance increase of the effects of Faraday rotation. In turn this has been
used in the CRIME simulation as a way to constrain the radial power spectrum of
Stokes (@, of which CRIME can reproduce the effect if the Faraday-correlation

length (&) is 0.5 rad/ m? (see section 5.2.1 in Alonso et al. (2014)).

Free-free emission

Simulating free-free emission also follows Gaussian realizations of Cy(v1,12) given
by equation 2.11 using the parameters given in Table 2.1. This emission can be
divided into two parts as suggested by Table 2.1 and in these simulations, this type
of foreground has no polarisation information.

Point sources

Simulating point sources can.also be done using the ForGet routine but in this
project, we gave focus to-generating-our-own point source maps using existing
datasets like NRAO VLA Sky Survey (NVSS, Condon (1986)) and Sydney
University Molonglo SKy Survey (SUMSS, Mauch et al. (2003)) and SKADS
Simulated Skies (S?, Wilman et al. (2008)) at 1.4 GHz. This will be covered in more
details in Chapter 3. The point sources from S? were Poisson sampled to fill in the
missing flux density intervals not covered by NVSS 'and SUMSS (see Chapter 3).
This is not the case for point sources generated from CRIME which are Gaussian
realizations of equation 2.11.

2.5 Assumed Survey

In simulating the noise component of the total intensity we use the JoinT routine
from CRIME. The simulations presented in this project mimic the single dish
experiment. The parameters used are similar to the ones of MeerKAT. We
considered only <9% of the sky, the patch of the sky we chose overlaps with DES.
Table 2.2 summarizes the instrumental specifications for the noise rms used in the
simulations. The noise rms is shown in equation 2.12,

Tsys
= feys 2.12
oN \/ 2tpix Av ( )
where, Q
ZL/Pix = tobsNdishﬁa (213)

sur

and Q. = 47 fq, represents the survey area, ();x represents the pixel area, t,
represents the integration time and N, denotes the number of frequency channels
(Santos et al., 2015b; Bigot-Sazy et al., 2015; Olivari et al., 2016). In the previous
version of the code, Qpeam ~ A/Daish (Where X is the wavelength of the emission)
was used instead of €2},;x, which was incorrect because it is the number of pointings
that set the time per pointing and this is in turn set by the way we decide to
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TABLE 2.2: Instrumental parameters used in the simulations.

Ddish 13.5m
tobs 4000 h
Av 1 MHz
N, 150

Naisn 64
Tsys 20K

(Vmin, Vmax) (850, 1000) MHz
(2min, Zmax) (0.42,0.67)
fsky 0.0886
sky area 3 655 deg?

0 1

FIGURE 2.5: The assumed survey overlapping with DES region. Red
represents the simulated region while blue is where our analysis is
blind. The map projection shown is Equatorial coordinates.

"mosaic" the sky, not the telescope beam. Typically we use a pixelisation that is
smaller than the beam size. This also makes the actual noise rms constant in
frequency since {2ix does not scale scale with A as Qpeam. This was corrected in the
current version of the simulation. In our simulations, we consider a pixel
resolution, 0,ix = 0.11 deg (with pixel area given by Q,ix = Hgix). This gives a noise
rms value of 0.245 mK for the instrumental parameters in Table 2.2. Figure 2.5
shows the area we have chosen for these simulations.

The CRIME routine JoinT creates the Gaussian realization of the noise rms
corresponding to the survey chosen. For example, if the survey area is full sky then
full sky Gaussian realizations of the noise rms will be created by JoinT. We then
manually join the noise, HI and foreground maps using Python and save in
HEALPix fits files. These maps will be used as input in the foreground cleaning
code. Figure 2.6 shows the noise rms simulated from Table 2.2. As it can be seen
that the rms fluctuates around the value oy, which is expected. Figure 2.7 shows
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FIGURE 2.6: Thenoise rms for the|region simtilated. The black line

is the theoretical rms of the noise (with a value of ~ 0.245 mK for the

instrumental parameters in [Table 2.2) maps given by equation 2.12

with the red dashed line representing the Gaussian realization of o
at each frequency.

all the foreground contaminants simulated at 950 MHz. The map viewing
convention used here is'the: galactic ‘coordinates. For our analysis, the noise
realization was simulated for the patch shown in Figure 2.5. As it has been known
in literature the synchrotron emission becomes more depolarized as one moves to
high galactic latitudes (Strom, 1973; Alonso et al., 2014). It is convenient to look at
the types of foregrounds in terms of lines of sight and we do this by picking out
random galactic latitudes within our survey area. Figure 2.8 and 2.9 show four
different lines of sight of the non-polarised and polarised foregrounds as a function
of frequency. Since the simulated sky is about 9% of the sky we do not see a
significant change in galactic synchrotron emission as a function of galactic latitude
b. Stokes Q and U are calculated from |P|cos(2¢) and |P|sin(2¢) respectively, this
implies that when @) (U) is near a zero and thus changing sign (resulting in a cusp
in |T3]), U (Q) is in anti-phase and thus at its maximum.
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FIGURE 2.7: Different maps of the foreground contaminants at
frequency 950 MHz used as input. T'op row: The galactic synchrotron
(subscript synch) shown in total intensity and polarisation (@ and
U). Middle row: The point source (subscript ps) maps obtained from
our catalogue for both total intensity and polarisation (see Chapter
3). Bottom row: The galactic and extra-galactic free-free emission
with subscript GFF and EGFF respectively. The range of the polarised
foreground components has been scaled for clear viewing by using
their rms.
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of magnitude greater than the cosmological HI signal (in black). The
lines of sight are chosen in terms of the galactic latitude parameter, b
and these lines of sight fall within our simulated region.
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FIGURE 2.9: The absolute brightness temperature of each foreground
polarised intensity falling within a pixel as a function of frequency.
The galactic synchrotron Stokes () (in red), galactic synchrotron
Stokes U (in green), point source| Stokes | (in blue),. point source
Stokes U (in magenta) and the input HI (in black). Only 1 % of the
Stokes () and U emission was considered for these foregrounds. The
lines of sight are chosen in terms of the galactic latitude parameter, b
and these lines of sight fall within our simulated region. The galactic
synchrotron emission does not change with b since the simulated area
is only 9% of the sky.

2.6 Power spectrum tools

To get the angular and radial power spectrum fg_rm was used to output these
quantities for our frequency range.The angular power spectrum is determined
using a HEALPix function that performs a spherical transform of a map. Its starts
by calculating the spherical harmonics coefficients of the map formally called the
azm'82

am) = [ T8V (@)%, (2.14)

where Y, (1) are the spherical harmonics and 7'(v, ) are the brightness temperature
fluctuations at line of sight n. Taking the Fourier Transform of the 2-point correlation
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of brightness temperature yields the angular power spectrum;
1 m=/{
S 2
Co=5 mz_eram : (2.15)

The radial power spectrum is used instead of the full 3D power spectrum because the
BAO in the transverse direction are smeared out because of low angular resolution
(as already mentioned we would need angular resolutions of at least 30 arcminutes
in order to resolve the BAO in the transverse direction). The radial power spectrum
is defined as:

Ny
Ay T
P”(k:H) = m E AT(]CH,I’IZ')AT (k:|/|,ni); (216)
i=1

where AT is the Fast Fourier Transform (FFT) of the brightness temperature along
the line of sight, Ax = X(Zmax) — X(#min) is the comoving width of the redshift shell
and Ny is the number of lines of sight. We use frequency resolution of 1 MHz. This
means the FFT is determined at constant intervals of the frequency wavenumber 6k,
=27/ Av. The radial wavenumber is given by,

vorH (Zefr)

k” — —(1 + Zeﬁ)2 V)

(2.17)

where for each bin a constant-effective redshift, z.g, has been assumed and k, is the
wavenumber of the transverse direction.
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Chapter 3

Point source simulations

In this chapter, we explain the procedure used to obtain a realistic full sky point
source catalogue in total intensity and polarisation. Such realistic point source
maps are important because they will contaminate the signal at some level
depending on the effects of the primary beam. Therefore, we need to take them into
account when developing realistic simulations of the telescope observations.
Firstly, we explain the surveys and simulations used to create our catalogue at 1.4
GHz and the conversion of the catalogue to brightness temperature maps. The full
description of how we constructed our catalogue can be found in section 3.2. We
then cover all the mathematical details and assumptions made before gridding the
brightness temperature to HEALPix maps (section 3.4). Finally concluding with
the obtained maps and power-spectrum-for the point sources.

3.1 Surveys

In this section, we go through the surveys used in| providing point source
information at 1.4 GHz. To create our point source catalogtie, we start from already
existing catalogues i.e. NVSS (section 3.1.1), SUMSS (section 3.1.2) and the
simulated S? (section 3.1.3).

3.1.1 NRAO VLA Sky Survey

The Very Large Array (VLA) carried out the observational experiment called
National Radio Astronomy Observatory VLA Sky Survey (NVSS, Condon (1986)) .
This radio observatory is based in San Agustin, New Mexico with 27 antennas. The
location was chosen to be far from radio frequency interference. The antennas are
aluminum based with a dish diameter of 25 m. With a resolution range of 0.2-0.4
arcseconds, the frequencies probed are 1-50 GHz. Each dish is alt-az mounted i.¢ it
tilts up and down and rotates by 360°. The total dishes move on train rails making
a "Y" shape (see Figure 3.1). This moving allows optimizing the baselines for
sensitivity at the required scales. NVSS! covers the Northern Sky from declination
0 >-40° (82 % of the sky). The radio observations were done at 1.4 GHz with a
resolution of 45 arcseconds. NVSS has 2326 4° x 4° continuum patches with three
planes containing Stokes I, ) and U images. Total intensity and polarisation
measurements are reported in units of mJy. The NVSS has 2 x10° sources with a
flux density limit of ~ 2.5 mJy with the types of sources being radio galaxies,
quasars, low-luminosity AGNs, normal galaxies and starburst galaxies. The root
mean square (rms) brightness fluctuations are ¢ ~ 0.45 mJy/beam (equivalent to
0.14 K) for Stokes I and are o ~ 0.29 mJy/beam (0.09 K) for Stokes @ and U. The
spectral energy distribution of these sources was not measured accurately but the

'www.heasarc.gsfc.nasa.gov/W3Browse/radio-catalog /nvss.html
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FIGURE 3.1: The VLA looking South. g@ggg;gédit: NRAO (2008)

data indicates that these ohrce. ha iletéi %F:trq 'The description of the NVSS
catalogue can be found in ¢on En et (1 8) J

1 R N — R

3.1.2 Sydney Umver51ty Molonglo Sky Survey

The Sydney University Molonglo Sky Survey (SUMSS Mauch etal. (2003)) surveyed
the southern radio sky (§ € =30°) at 843 MHz with similar resolution and sensitivity
to NVSS. It was carried out using the Molonglo Observatory Synthesis Telescope
(MOST) and covers about 43% of the sky. SUMSS? catalogue has 107 765 sources
over a total area of 3500 deg®. In the region where the survey overlaps with the
NVSS, about 90% of the sources within SUMSS can be found in NVSS. SUMSS has
a mask covering the regions within the galactic latitudes |b| < 10°. The sources
observed with NVSS can be observable with SUMSS given that they are situated in
the part of sky visible to both surveys. The rms for the mosaics is 1.2-1.3 mJy/beam
with the mode being 1.25 mJy/beam. Below § < —50° the SUMSS catalogue has
sources that peak around 8 mJy while at 6 > —50° the sources have flux densities
around 18 mJy. SUMSS does not have polarised flux density measurements. The
calculated median spectral index, a=-0.83 between 1.4 GHz (NVSS flux densities)
and 843 MHz (Mauch et al., 2003).

3.1.3 S3: SKA Simulated Skies

SKA Simulated Skies (S®) is a suite of simulations developed to mimic the
upcoming SKA observations of the radio sky (Wilman et al.,, 2008). One of the
simulations of the radio sky used in this project is the S? Source Extractor (S3-SEX)°.

*http:/ /www.astrop.physics.usyd.edu.au/sumsscat/
*http:/ /s-cubed.physics.ox.ac.uk/

http://etd.uwc.ac.za/
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S3-SEX is a semi-empirical simulation that traces the underlying dark matter
density field using extrapolated luminosity functions. The simulation models the
distribution of large-scale astrophysical sources, not their internal properties. It
covers a 20x20 deg? sky area with roughly 320 million sources. It reaches a redshift
of 20 and flux density limits of 10 nJy at 151 MHz, 610 MHz, 1.4 GHz, 4.86 GHz and
18 GHz. The types of sources simulated are Radio-quiet AGNs, Radio-loud AGN of
the Fanaroff-Riley types (FR I and FR II) (Fanaroff and Riley, 1974) and star-forming
galaxies (classified into star-burst and quiescent galaxies). The FR I and FR II fluxes
are obtained from partitioning the flux between the core and extended lobes and
hot spots. The spectral index distribution peaks around o ~-0.7 to -0.8 due to the
extended radio-loud AGN and the radio-quiet AGN. The observed frequencies
satisfying this spectral distribution are 610 MHz and 1.4 GHz. The S* simulations
ignores polarisation so we had to add it (see section 3.2.2).

3.2 Catalogue description

In this section, we explain in more detail, how the full sky catalogue of the radio
point sources was obtained. We explain briefly how we obtained polarisation from
NVSS data and estimated the full catalogue polarisation information.

3.2.1 Total intensity catalogue

The aim is to construct a mock catalogue of radio sources at 1.4 GHz in both
intensity and polarisation and then turn it into.a HEALPix map at 1.4 GHz (again
both in intensity and polarisation). We start by querying the S3-SEX online database
to retrieve a 20x20 deg? simulated radio sources at 1.4 GHz. These simulations have
total flux density information only, statistically extrapolated from luminosity
functions. Using Poisson statistics, we populated the full sky using a HEALPix
pixelisation scheme and turn'it to a full sky catalogue! To make the catalogue more
realistic, we add the NVSS (at 1.4 GHz) and SUMSS catalogues (extrapolated from
0.843 GHz to 1.4 GHz). The polarisation catalogue is drawn statistically from NVSS
polarisation properties. The procedure is explained in more detail in this section.

We use the S3-SEX to retrieve extra-galactic radio source data that mimics what the
SKA will see in future observations (see section 3.1.3). We obtained the point source
data for fluxes covering S > 10 uJy at 1.4 GHz by querying the online database. All
the information has a corresponding right ascension and declination associated
with it. We use the full area (20x20 deg?) to infer the number of galaxies (treated as
point sources, whether they are AGN, star-forming or star-burst was neglected)
that will populate the full sky. We assume that the number of galaxies is
proportional to the area covered. In order to translate the data retrieved from the
query to our very own source catalogue at 1.4 GHz we follow this procedure:

e We pixelise the full sky using pixels of equal area, with resolution
Opix = \/pix = 0.11 deg, where (2, is the pixel area (see section 2.4).

e We group the S3-SEX data into logarithmic bins of flux density. Every flux bin
i has N!

stc,/bin SOUTCES.
— . . A .
7 — 7 Pix
e We calculate V! Jpix = Nere/bin ( Ao ), the mean number of sources per pixel

assuming that the average number of galaxies of a certain flux, scales with area
considered. Agy is the S?-SEX area (20x20 deg?).



30 Chapter 3. Point source simulations

e The actual number of galaxies per pixel in flux bin i is obtained by Poisson

sampling from a distribution with mean Nsirc Jpix’

o We give each resulting galaxy a spectral index.

The spectral indexes were generated from a Gaussian distribution around an
average spectral index, a=-0.8, with a width of 0.2 (for S o< ). This is in agreement
with the S? results (see section 3.1.3). The above process allows us to extend the
S3-SEX simulated sources to full sky. In the following we will refer to these as
S3-sources. This catalogue can be improved with realistic flux density information.
This will allow us to have a more realistic simulation once we take into account the
region that is going to be observed by the telescope. In particular, strong point
source on the sky can have a relevant effect on the observations. We considered the
flux density data from the NVSS catalogue (see section 3.1.1) at 1.4 GHz and the
SUMSS catalogue (see section 3.1.2) at 843 MHz. The NVSS catalogue covers the
Northern sky from a declination of -40° (i.e. 82% of the full sky) while SUMSS is a
Southern sky survey from the declination of -30° and below. The following explains
in detail the steps taken to add observational data from the two surveys:

e The NVSS catalogue has rms = 0.45 mJy/beam. Since we want to consider only
clearly detected sources, we select the sources that are above 100. In practice,
we fix our flux cut at-5-mJy:

e For sources in the SUMSS catalogue, the tlux-density is extrapolated from 843
MHz to 1.4 GHz using & = —0.83 (see section 3.1.2). The same cut is applied to
retain only sources with fluxes|that are greater than or equal to 5 mJy.

e Each retained NVSS and SUMSS sources are assigned a spectral index from the
Gaussian distribution, A/(-0.8,0.2).

e For the full sky we retain'S®-sources with flux densities below 5 mJy to account
for the underlying sources that are too far away or faint to be detected by NVSS
or SUMSS.

e Since the SUMSS catalogue the galactic is masked, we refilled the region
|b] <10° with S*-sources that have flux densities above the flux cut.

The hitmap in Figure 3.2 shows the survey areas for NVSS and SUMSS.

In order to make sure that the catalogue is valid, we reconstruct the differential
source counts diagram at 1.4 GHz. This is shown in Figure 3.3. The scatter at high
flux density is due to Poisson sampling a flux density bin that has few sources close
to zero sources per bin. The differential source count plot reconstructed is in
agreement with previous work done in literature (Condon, 1984; Padovani et al.,
2017).

3.2.2 Polarised flux density catalogue

We want to construct the polarisation component of our source catalogue. We recall
that the complex polarised flux density can be written as

P =Q+ iU = |Plexp(i2¢), (3.1)

where |P| = \/Q? + U? is the polarised flux density and ¢ is the polarisation angle.
Since the S® simulation, SUMSS and other radio observations do not have
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is the NVSS coverage and SUMSS is in green. The blue is the SUMSS
masked area i.e. |b| <10° which was filled with S*-sources.
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FIGURE 3.3: The normalized intrinsic source counts plot of the
catalogue. Below 5 mly are the sources from S* simulation while
above are NVSS sources and SUMSS at 1.4 GHz.

polarisation, we use the NVSS to infer polarisation fraction of all point sources in
our catalogue. To achieve this:

e We bin the NVSS intrinsic flux density into 5 large logarithmic bins.
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e At each interval, we calculate the polarisation fraction using the relation,
Hbin:%, where | P| is the polarised flux density and S is the flux density.

e For each bin, we determine the sample mean and standard deviation, i, and
op,,, - of the polarisation fraction.

The type of distribution obtained from the NVSS catalogue is shown in Figure 3.4.
The error bars in polarization fraction extend to the negatives because of the bias
correction done on the NVSS data set which introduced negative values of |P| to
the catalogue. For statistical purposes the non-physical values were not ignored
when polarisation fraction was determined per total flux density bin. The 5 bins
were made large to ensure a Gaussian distribution for all polarisation flux density
for all bins. Once we have II};, and ofy,,,, USINg the NVSS sources, we then bin the
full point sources catalogue in terms of flux density and assign Gaussian
distributed polarisation fractions. For example, all the sources within our catalogue
that fall within i-th bin will be given a polarisation fraction Ilgauss drawn from
N(1I; ,011,). From this, we infer what is the polarised flux density (IP] = HgaussS)
for every point source in our catalogue. If the drawn value is below zero we
consider it non-physical and set it to zero. The point sources of our catalogue that
lie outside the first (last) NVSS bin were given a polarisation fraction of the first
(last) bin. Figure 3.5 shows the. differential source count plot for the polarisation
component of our catalogue. The source counts for polarization flux density are in
agreement than what is obtained in literature (Tucci et al., 2004).
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FIGURE 3.4: The mean value II; and 1 sigma o7, error of the
polarisation of the NVSS sources as a function of the total flux bins.

3.2.3 Polarisation angle

A linear polarisation signal experiences Faraday rotation when in presence of a
magnetic field. Since the interstellar medium is full of the magnetic fields we expect
the intrinsic polarisation angle of our sources to be Faraday rotated.

¢ = do + RMN?, (3.2)

where ¢ is the intrinsic polarisation angle and the Faraday depth is

e3

_ /AN [N /
RM = I (mec?)? /0 ne(s’, ) By (s', h)ds’, (3.3)
where ds is the line of sight element traversed by the light as the electrons (given by
the electron density, n.) gyrate around parallel magnetic fields (B)) along our line
of sight. Note that the rotation is frequency dependent.

To assign an intrinsic polarisation angle to every source in our catalogue we draw a
value from a Uniform distribution, ¢/ (0°, 360°). For assigning a value of Faraday
depth RM we use a Gaussian distribution N/(5.6, 20) rad/m?. The rotation measure
distribution is given in Figure 3.6 and it was extrapolated by Nunhokee et al. (2017)
using the paper by Taylor et al. (2009). The final polarisation angle for every source
at a given frequency can be calculated using equation 3.2.
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TABLE 3.1: Table of the full catalogue at 1.4 GHz. The total number of
the radio sources in this catalogue is ~408.8 million.

RA DEC « 51.4 GHz ‘P’ ¢0 RM
0.00067 -4.045 -0.6721 106.8 9.0973 181.07031 -11.11024
0.00104 -20.080 -0.9359 7.60 2.8678 277.30053  19.82430
0.00163 0.683  -0.7882 149.50 7.7268 199.85905  3.11680
0.00387 8.132  -0.8392 8.80 0.3296 20.55178 -10.954840

139.100 -47.945 -0.8564 2.63683e+06 2210.3860 48.16041 17.95413
147.811 -51.062 -1.0231 2.63683e+06 1302.3953 228.8445 -2.65341
196.842 -57.589 -0.7582 2.63683e+06 1192.8902 43.90959  40.79391

3.3 Catalogue format

In this section, we show what contents are in the catalogue. and we show a snippet
of the catalogue. As aforementioned, the catalogue is full sky pushed down to a
minimum flux density of 10 pJy. In total, the number of sources is 408 807 228. The
catalogue is organized in this-way:

e Column 1: The source’s right ascension coordinate given in degrees.
e Column 2: The source’s declination coordinate given in degrees.

e Column 3: The spectral index.

Column 4: The source’s flux density at 1.4 GHz given in mJy.

Column 5: The source’s polarised flux density at 1.4 GHz given in mJy.
e Column 6: The intrinsic polarisation angle in degrees.
e Column 7: The rotation measure given in rad/m?.

An extract of the catalogue is given in Table 3.1.
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3.4 Point source maps

In this section, we explain how we convert flux density of our catalogue to
brightness temperature (section 3.4.1). We then grid the results to HEALPix maps
and represent them in terms of the angular and radial power spectrum (section
3.4.2).

3.4.1 From catalogue to maps

The next step is to convert from the flux density information in our catalogue to
brightness temperature maps at different frequencies. We first extrapolate our flux
density both in intrinsic and polarised intensity to a generic frequency using the
following equations:

S() = Saome (11ems) (34)
and )
P(v) = |Plexp <2i(¢0 + RM;)> , (3.5)

where S 4 gH; is the flux density from the catalogue and |P| is the polarised flux
density at 1.4 GHz. We choose the frequency range of interest to be (850, 1000) MHz.
We convert to units of temperature using the Rayleigh Jeans approximation (Bigot-
Sazy et al., 2015),

G L -
Tps(v,p) = W@ Z Si(v). (3.6)
i=1

Here kp is the Boltzmann constant, S; is the flux of point source i falling in pixel p
and )iy is the pixel area.

We choose the HEALPix pixelization scheme (Gorski et al., 2002). We choose the
resolution parameter Nqe to be 512 which corresponds to a pixel resolution of 0.11
degree as required. We used equation 3.6 to convert Stokes ), U and |P| from flux
density to brightness temperature maps. The bright sources in Figure 3.7 arise from
the N'VSS catalogue.

Figure 3.8 and 3.9 are the Stokes () and U of our catalogue at 1400 MHz respectively.

Polarisation fraction is given by II = < (T9)? + (Tr%)2> /T and is shown in

Figure 3.10. The average polarisation fraction of our extra-galactic source map at
1.4 GHz is 4.5% which is in agreement with Tucci et al. (2004).
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FIGURE 3.7: Point source total intensity map at 1400 MHz. There
are bright sources recovered from.the NVSS catalogue. The map
convention used here is rotated Equatorial-to-galactic coordinates.
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FIGURE 3.8: Point source Stokes () map at 1400 MHz. The map
convention used here is rotated Equatorial-to-galactic coordinates.

3.4.2 Point source analysis

In this section we look at using statistical ways to study the fluctuations of point
sources over all scales. We begin by representing point source fluctuations of
randomly chosen lines of sight for Stokes @ and U. This is shown in Figure 3.11 and
the four random lines of sight suggest that the point source polarisation emission is
smooth in frequency. This might be a bit counter-intuitive as one usually expects to
see fluctuations in polarisation across frequency due to Faraday rotation. The
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FIGURE 3.9: Point source Stokes U map at 1400 MHz. The map
convention used here is rotated-Equatorial-to-galactic coordinates.

1.00158e-06 0.438418

FIGURE 3.10: Polarisation fraction of the point sources at 1400
MHz. The map convention used here is rotated Equatorial-to-galactic
coordinates.

reason we do not see that in this case is because the period of the wave associated
with the Faraday rotation is typically much larger than the interval of wavelengths
we are considering. For instance, the values for point sources ) due to Faraday
rotation should follow: | P|cos(2¢g + 2RM A?). The period is then 7 = 7/RM. Even
the largest RM values in our catalogue (50 rad/m?) will have 7= 0.063 m2. The
wavelength range we are considering gives A\? = 0.034 m? that is a factor two
smaller than the smallest period we can get. Therefore we only see a smooth curve
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for all cases except for those lines of sight that contain point sources with very large
RM, where a change in sign in the curve is possible. The HI signal (denoted by T#;)
was included for further emphasis on how these point sources behave as a function
of frequency. This is shown in Figure 3.12 and 3.13 for Stokes ) and U respectively.

We construct angular and radial power spectrum of the point source maps (using
the methods described in section 2.6). In this exercise, there’s a HEALPix function
that gives us the spherical harmonic of the maps and calculates the angular power
spectrum (equation 2.15). Figure 3.14 shows the angular power spectrum for the
total intensity at 1.4 GHz. Figure 3.15 shows the angular power spectrum of the
point source types of emission at 1.4 GHz. Figure 3.16 shows the angular power
spectrum for point source Stokes parameters at 950 MHz compared to the HI signal.
The power spectrum shown in this section is a full sky point source catalogue. The
point source power spectra are reasonably flat because it is essentially dominated
by the Poisson distribution. The source of clustering, in particular for small ¢ comes
from the NVSS and SUMSS sources. In any case, for the propose of testing the
foreground contamination, this approach should be enough (and includes the
stronger sources on the sky), since it is the structure in frequency that matters the
most.

The overall amplitude of the angular power spectrum seems to be higher in figure
3.16 (1072 to 1072 mK?) as compared to the values at 1.4 GHz (10~ to 1072 mK?)
shown in Figure 3.15. This is expected because the point source emission is higher
at a lower frequency. HI evolves with angular scales compared to Stokes ( and U
that have flatter spectrum (see Figure 3.16) which is due to our Poisson distribution
construction as explained. Figure 3.17 shows how the angular power spectrum for
point sources compares to other foregrounds.

Figure 3.18 shows the radial power spectrum for Stokes ) and U for the range (860,
990) MHz. For this analysis, we left out the first and last 10 channels on the edges of
our frequency range (i.e. 10 MHz subtraction on each’'edge) to avoid any boundary
effects. The explanation of how the 3D radial power spectrum is calculated can be
found in section 2.6. The spectrally smooth component pile up at low kj this is why
the amplitude of the point sources is high at low k| and a gradually decreases with
increasing k| as seen in Figure 3.18. The rotation measure introduces structure to
the point sources radial power spectrum. The gradual decrease overall scales of k;
also prove that point source polarisation is a smooth function of frequency. This
should make it easy for the foreground cleaning methods to eliminate this signal
from the total intensity maps.
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FIGURE 3.14: The angular power spectrum of point source total

intensity at 1400 MHz. Note that the only source of clustering in our

simulation is coming from the NVSS and SUMSS sources, since for
the rest we assumed a Poisson distribution
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Chapter 4

Foreground cleaning

In this chapter, we go through the foreground separation techniques in detail (in
section 4.1). We start by explaining the polynomial fitting (section 4.1.1), followed
by the Principal Component Analysis (section 4.1.2) and lastly Independent
Component Analysis (section 4.1.3). We apply the foreground cleaning methods to
two different cases of simulated sky maps, case 1: the total intensity has all
foregrounds except polarised galactic synchrotron and case 2: has the polarised
galactic synchrotron as a foreground contributing to the total intensity. We include
our point source maps, described in Chapter 3, in one of the case studied (section
4.2). We consider a MeerKAT-like experiment as described in Chapter 2 (in section
2.5). We then present the foreground cleaned results in terms of maps, the line of
sight for brightness temperature as a function of frequeney and power spectrum
(2D and 3D).

4.1 Foreground cleaning techniques

In this section, we look at the mathematical background of the methods
implemented in the companion code fg_rm of the CRIME simulation. The
methods presented here are useful to a|wide spectrum of science from pattern
recognition, face recognition, and image compression etc. These methods are called
blind and non-blind cleaning methods. ' The cleaning methods explained in this
section were extracted from CMB experiments (Tegmark, 1997; Dupac and Giard,
2002; Crill et al., 2003; Keihdnen et al., 2005; Patanchon et al., 2008; Alonso et al.,
2015). The three models tested for foreground removal are Polynomial fitting (also
known as Line of sight fitting, LOS), Independent Component Analysis (ICA) and
the Principal Component Analysis (PCA). The basic mathematical assumption
behind these foreground cleaning methods is that the total signal can be described
by the following equation,

Nig
T(Va ﬁ) = Z fk(V)Sk(ﬁ) + Tcosmo(”» ﬁ) + Tnoise(l/a fl)a (41)
k=1

where the total measured intensity is represented by T'(v,n). The components
describing the foregrounds are given by Sj;(n). fi(v) represents the set of smooth
functions dependent on frequency and lastly, T¢osmo (¥, ) and Theise (v, ) represent
the cosmological signal and noise respectively. In other words the terms under a
summation represent the foreground maps. For a set of IV, channels using a line of
sight 0, equation 4.1 can be written in matrix form,

~

Xx=A-s+r, (4.2)
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where r = Tiosmo (¥, ) + Thoise (v, 1), x=T'(v, 1), A= fr(v) and s= Si(n). The term x,
represents the total radiation received from a direction n and at frequency v. The
main goal behind the blind separation problem is to determine the component
mixing matrix A so that the term, r = x - A - s is recovered as accurately as possible.
The next following subsections look at how the three models determine the mixing
matrix and recover r. For these foreground methods there is an associated degrees
of freedom parameter, Ny, which gives the number of modes to be removed.

4.1.1 Line Of Sight fitting

This technique is the most intuitive because it chooses a basis of smooth functions (a
set of polynomials) that can describe the foregrounds. Using least squares fitting on

2
equation 4.2 we minimize the x? with respect to s, i.e. %:O where;

Y’=x-A-s)TN"I(x—A-s), (4.3)

where N is the covariance matrix of the cosmological signal plus the noise. The
solution to minimizing equation 4.3:

§=(ATN7'A)TATN !x. (4.4)

We assume that the noise’is-uncorrelated in frequency, thus N;; = diag(c?), where
o; contains both contribution from the noise and cosmological signal. Note that
the derivation of this latter is not trivial since it is linked to the solution we are
looking for. Nevertheless it can be approximately known through simulation or
multi-steps foreground cleaning, starting with only noise in the covariance matrix.
In the analysis section of this thesis, we denote the recovered HI signal from using
this method as "LOS".

4.1.2 Principal Component Analysis

PCA was invented by Karl Pearson (see Pearson (1901) and Hotelling (1933)). The
modern description of PCA can be found in Jolliffe (2002). The aim of this
technique is to reduce dimensionality in multivariate data while making sure the
information is preserved. In the transformed basis, the principal components
contain almost all the variation present in the data. This is useful in foreground
cleaning since the foregrounds and the signal are correlated at different levels in
frequency. PCA requires no specific prior information on the spectra of the
foreground and the noise. In general, PCA is a way of identifying patterns in data
and highlights the differences and similarities. It is mostly used in pattern
recognition, image processing and in Machine Learning algorithms. To understand
the PCA algorithm, we start with basic linear algebra. An eigenvector of a linear
transformation A is a non-zero vector that satisfies

Av = \v, (4.5)

where ) is the eigenvalue corresponding to the eigenvector v. To calculate the
eigenvalue, we need to compute the characteristic polynomial. The eigenvalues of
C will be the values of A that satisfy the equation |C — AI| = 0. We can define a
matrix U that contains the linear independent eigenvectors of C. This U matrix will
diagonalize C i.e. UT'CU = A where A;; = )\;d;;.
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Let’s imagine that C is a correlation matrix N, x N, where N, is the number of
pixels. If it describes a system very correlated its entries will be all be close to 1. In
the extreme case of complete correlation every entry will be 1. If we compute the
eigenvalues we will find one eigenvalue which is Ay = NN, and all the other
eigenvalues will be zero. This means that information about the correlation is
contained in the first eigenvector vq corresponding to A;. In our case of foreground
subtraction, we can try to subtract the foregrounds using the fact that the
information about them will be contained in the eigenvectors corresponding to the
largest eigenvalues. Indeed this is because the foregrounds are strongly correlated
in frequency while the HI signal is mostly uncorrelated.

Let’s assume we have N, frequencies. We can compute the frequency covariance
matrix of our problem as,

N,
1 1 Zp R R
E’L] = 7XXT = - T(V’iu np)T(Vj’ np)7 (4.6)

where T'(v;, 1) is the brightness temperature for a frequency channel v; with the
i =1,---,N, and line of sight n, where p = 1,--- , N,,. The correlation coefficient
matrix can be obtained by

Nz
e (4.7)
R
We can diagonalize the matrix C by
UTCU = A = diag(A1, -+ ), (4.8)

where we have ordered the eigenvalues from large to small i.e. \; > A1 Vi. We
need to choose the number of eigenvalues that are‘large and so corresponds to the
foregrounds. Once we have guessed the number of foregrounds, we can build the
matrix U, from the columns'of U, corresponding to these eigenvalues. We then
reconstruct the brightness temperature model as

x = Ugs +r, (4.9)

which has the same form as equation 4.2. To get the foreground maps we project x
on the eigenvector basis of C,
s = Upx. (4.10)

To include the covariance of the noise N~1, requires us to apply weights to the
brightness temperature in equation 4.6, i.e. T(v;,ny)/0; where the standard

. . . _ 2 2 . . . . . .
deviation o; = \/ Oroisei T Teosmo,; 18 combination cosmological signal and noise.

This means before projecting x, it is multiplied by o; which introduces N-! thus
making equation 4.10 to be equivalent to equation 4.4. The last step is to compare
the reconstructed foreground maps to the original input maps which will leave
behind noisier cosmological maps.

4.1.3 Independent Component Analysis

We present a second blind separation technique that does not require any prior
knowledge about the foregrounds and the mixing matrix being solved. The
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following derivation follows from Hyvarinen and Oja (2000) and Alonso et al.
(2015). If we ignore the noise+signal term (n), equation 4.2 can be written as

x = As. (4.11)

As aforementioned we have no prior information on A and s. Fortunately, it turns
out if we assume a statistical property on s then it makes it possible to solve the
problem more easily. ICA assumes the independence of s, in equation 4.2 i.e. in
terms of probability theory P(X=s) = I, P(X; = s;). X; represents our random
variable. We recall that s represents the foreground components. Equation 4.11 can
be formally inverted,

s = Wx. (4.12)

Recall, we want to make sure that s is independent thus we are maximizing the non-
Gaussianity of the matrix W. Using y to represent one component of equation 4.12,
we have,

Y = w11Z1 + Wi12T2 + W13T3 + - + W1k Tk- (4.13)

In other words y is just a linear combination of some s;. If we maximize the
non-Gaussianity, we are imposing statistical independence, this is the key
assumption of ICA. The Central Limit Theorem assures that the sum of linearly
independent variable will be more Gaussian than the single distribution for one or
two variables. This means-that if we-add-more-terms-like y, the system will tend to
be more Gaussian i.e. if more components of s are mixed. Then we need to make
sure there exists at least one component that is non-Gaussian otherwise this
technique will not work., Now, the non-Gaussianity of y (equation 4.13) can be
measured in two ways, firstly using Kurtosis or Negentropy. The statistical
technique of kurtosis can be used as a measure of non-Gaussianity of a random
variable. This means finding the fourth moment of that particular random variable.
Kurtosis is defined as,

kurt(y) = E(y?) = 3(EW?)), (4.14)

where E represents the expectation (or average) of y. Kurtosis is not used much
because of the fourth moment in the first expectation of equation 4.14, it is
computational expensive for ICA experiments. The second measure of
non-Gaussianity as aforementioned is given by negentropy. Negentropy is given by
J(y) = H(ycauss) — H(y) where H(y) is the entropy of our variable y and ygauss is a
random Gaussian variable with unit variance..

H(Y)=-)Y P =a)logP(Y =a,). (4.15)
The entropy is maximal for all Gaussian variables with the same variance making the
negentropy, J(y), always positive for non-Gaussian variables. Since the information

on the probability distribution is usually not available, some algorithm like FastiCA
(Hyvaérinen, 1999) use an approximation to J given by,

J(y) ~ Z ki [(Gi(v))o — (Gi(ycauss))a] » (4.16)

where k; are positive constants, (.)y denotes averaging over all pixels and G, is a set
of non-quadratic equations functions. The main functions that FastICA uses are;

G(y) = exp(—y?/2), G(y) = %logcosh(ay), 1<a<2. (4.17)
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4.2 Foreground cleaning results

In this section, we apply the cleaning techniques described in section 4.1 to the maps
generated as in section 3.4.1. The foreground cleaning provides two sets of results,
the recovered maps, and the recovered power spectrum. We consider two cases.
Case 1 comprises of all foregrounds except the polarised synchrotron and case 2 has
only the polarised synchrotron emission as the astrophysical foreground. In case 1
the total intensity used as input to the foreground cleaning code is given by,

T = THI + T}fs + GPTI% + Tslynch + T(I;ff + TEIGH + Tnoisea (418)
where Tgs, Tslynch, Téﬁ, Téfo denote the point sources from our catalogue, the galactic
synchrotron, galactic and extra-galactic free-free emission respectively. Tr% denotes
the Stokes () emission for point sources of our catalogue and ¢, is the leakage fraction
term. We use a polarisation leakage of 1% which is in agreement with Jeli¢ et al.
(2010) and Alonso et al. (2014). The cosmological signal in the equation is denoted
by T#1. The noise, denoted by Tjise in equation 4.18, was added to account for
the instrumental effects thus making the simulations more realistic. As described in
Chapter 2, we consider a MeerKAT-like experiment, meaning the results shown in
this section are for the sky patch chosen. In case 2 we only considered the polarised
synchrotron emission as aforementioned. The total intensity is thus given by,

T =Tgr+ GpTchnCh + Thoise; (4.19)
where Tscjnch denotes Stokes @ emission for the galactic synchrotron. Our way of
taking into account polarisation leakage is simplified since the Mueller matrix
approach was not followed (Jeli¢ et al.; 2010). The polarisation considered for both
cases is from Stokes (). For our catalogue polarisation from Stokes, U behaves
similarly to Stokes, (). The cleaning routine fg rm provides the three cleaning
methods explained in section 4.1: LOS, PCA, and ICA. The parameter that we can

tune in the foreground cleaning is the number of degrees of freedom to be removed
Ni,.

4.2.1 Casel

In this case, we are considering all the foregrounds except the polarised galactic
synchrotron (see equation 4.18) and all three foreground subtraction techniques
were applied to this case with the number of degrees of freedom to be removed, N,
of 5, 6 and 7. Figure 4.1 shows the recovered HI maps for ICA, PCA and LOS three
different values Ng,. ICA and PCA do a good job when recovering HI signal even
for Ntz = 5. The LOS method does badly in recovering the cosmological signal
especially for lower Vg, values but start to converge once 7 modes are removed. To
investigate further the behaviour of the foreground cleaning algorithm we show in
Figure 4.2 four random lines of sight. The CRIME simulation does include the HI
average Th;. Since the HI average is smooth in frequency it will be removed by the
foreground cleaning methods. The recovered signal contains the HI fluctuations
and the noise. This allows us to compare Ty;7 — Thoise t0 TH1 — Tgr; where Ty is the
recovered signal from either LOS, PCA or ICA. The polynomial fitting method does
badly on the frequency edges while PCA and ICA recover some of the cosmological
signals on most of the frequency range. For case 1 PCA is the best method to use.
Figure 4.3 shows this in more detail. Figure 4.4 is similar to 4.3 but we have



54 Chapter 4. Foreground cleaning

included the input noise realization along each chosen line of sight to infer how
much the noise level can affect the cleaning method.

To investigate further we show the angular power spectrum for case 1 in Figure 4.5.
Even in this case, the LOS method is clearly behaving poorly in recovering the HI
signal for low N, values. On small scales, there is a discrepancy between the input
HI and the recovered HI signal that can be accounted for by noise. To see this better
we plot in Figure 4.6 the angular power spectrum with the noise angular power
spectrum subtracted. For PCA and ICA, the angular power spectrum now overlaps
at high ¢ with the input HI signal. For the LOS method on small scales, the
reconstruction gets better for higher number of modes subtracted but for N, = 5 is
ineffective.

We can also investigate the radial power spectrum of the recovered HI signal. We
can see that the same conclusion results for the radial power spectrum. This can be
seen in Figure 4.7 and 4.8. Note that we cut 10 MHz from our frequency edges
meaning the calculation of P(k) was done for (860, 990) MHz to avoid boundary
effects that introduced by the foreground cleaning. In Figure 4.8 we clearly see that
at large scales (low k) the smooth components have been eliminated since there is
no power on those scales. Some radial-power from the HI was depleted as well.
Again we conclude that at large scales (i-e- small kyj)-the recovered Hi fails to match
the input HI signal while on small scales (i-e. large k) the noise dominates over the
input HI.

In conclusion, when including all the expected foregrounds, except for the
polarised galactic synchrotron leakage, the foreground cleaning methods work
quite well. This is valid‘even when we include the polarised leakage from point
sources (even strong ones). As explained before, this is mainly due to the fact that
such polarisation is reasonably smooth in| frequency;-at the frequencies we are
considering here.
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FIGURE 4.1: The recovered Hi signal maps at-950 MHz for different

foreground cleaning methods ICA, PCA, and LOS. Different rows

correspond to Ng;= 5,6 and 7. In these maps the noise contribution
has been subtracted.

4.2.2 Case?2

In this case, we only considered polarised galactic synchrotron (Stokes @) as a
foreground contaminant to the total intensity (see equation 4.19). In the light of the
result of the previous case, we decide to use PCA since was the best behaving
foreground cleaning technique. We start by using Ny, = 7 for case 2 but it does not
succeed in recovering the input HI signal. This can be seen in Figure 4.9 where we
show four random lines of sight comparing the recovered HI signal to the input HI
signal. Indeed there is a lot of contamination from foreground emission left in the
recovered signal. Even using the angular power spectrum tool it is clear that
removing 7 number of modes fails in reconstructing the HI signal (see Figure 4.10).
Indeed case 2 requires a larger number of modes to be subtracted rather than
stopping at Ng,=7 because of the complex frequency behaviour of the polarised
galactic synchrotron. The subtraction is so difficult that the reconstructed HI signal
looks like the input polarised galactic synchrotron leakage.

Values of Ng, below 60 do poorly in recovering the HI signal for this case. With this
conclusion, we try to strongly increase the number of degrees of freedom to be
more aggressive in the removal of foregrounds. We show in Figure 4.11 the
recovered HI signal for Ng,=7, 63, 77, 84, 91, 100. In map space, there is clearly
structure left behind in the recovered map from removing Ng,=7 while at other Ng,
values the maps look different compared to the case Ng,=7 while we expect random
HI fluctuations as in Figure 4.1. We show this in Figure 4.12, 4.13, 4.14 and
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FIGURE 4.2: Four different lines of sight of the recovered Hi signal for

case 1 with N, ="7.PCA is showninred dash, ICA in dashed green

and LOS in dashed blue while the input signal is in dashed black. The

lines of sight are chosen in terms-of the galactic'latitude parameter, b
and these lines of sight fall within our simulated region.

Figure 4.15 in terms of lines of sight plots for Ny =63, 77, 84, 91, 100 respectively.
Unfortunately removing a high number of foreground modes leads to depletion of
the HI signal and removing less leaves the bothersome foregrounds behind. Using
lines of sight as a Figure of Merit does not give robustness in explaining the
recovered HI signal. We then turn to using statistical methods to measure the
overall structure of the HI signal. This is why the angular and radial power
spectrum was used for further investigation. These tools can tell us about the
overall distribution and amplitude of the signal in terms of frequency.

We consider the power spectrum for the recovered signal from case 2. Removing
the noise power spectrum (both angular and radial) is not ideal because the
recovered signal suffered a lot of depletion due to over-cleaning. The angular
power spectrum for case 2 is shown in Figure 4.17 and 4.18. The latter has noise
angular power spectrum subtracted.

The radial power spectrum of the recovered HI signal from the set of Ny, values in
Figure 4.19. The smooth components (at large scales) along with HI signal were
greatly depleted at low k| as we increase the number of modes to be removed as
shown in Figure 4.19. On small scales (high %) the noise power spectrum
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the number of modes-that were removed is- 7.~ The lines of sight are

chosen in terms of the galactic latitude parameter, b and these lines of
sight fall within our simulated region.

dominates the recovered HI signal. Some of the input noise power spectrum is also
removed since it should be present on small scales (large k). This is due to
over-cleaning. What we can conclude from case 2 is that an uncalibrated leakage at
1 % cannot be cleaned using blind foreground cleaning methods. If galactic Stokes
@ or U were known then we could subtract this contamination. This is an example
of template fitting because this would imply removing these foregrounds from the
signal before imposing the foreground separation methods.

We can see that at the 1% level, the polarisation leakage is well above the HI signal.
Moreover, it seems current methods such as PCA are unable to properly clean this
contamination. The solution would be to make sure the contamination is below the
Hi1 signal, but this will require leakage terms of the order of 0.01% according to our
simulations (see figures 4.20, 4.21, 4.22 and 4.23). This will be a crucial problem for
HI intensity mapping and other cleaning methods should be explored in order to
see if the polarisation contamination can be removed more efficiently.
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Conclusion

In this thesis, I have analysed the cosmological HI intensity mapping signal (at z<
1) and the foregrounds that are expected to contaminate these observations.
Typically one assumes that the much stronger foregrounds can be removed due to
their smooth frequency structure as compared to the Hi signal. However, possible
foreground frequency fluctuations or the convolution of such strong foregrounds
with instrumental fluctuations will make such cleaning more challenging. This is
true for instance with the primary beam effects, such as frequency dependence and
polarisation leakage. I summarise the main results:

e Full sky, point source catalogues were generated down to low fluxes both in
intensity and polarisation. The differential sotirce counts for both intensity and
polarisation are compatible with previous-studies-as'shown in Figure 3.3 and
3.5. The catalogue includes-NVSS-and-SUMSS point sources where available
which allows for a more realistic simulation of the observations. HEALPix
temperature maps in intensity and polarisation were generated from this at
different frequencies.

e Usually one expects the polarised synchrotron emission to show fluctuations
in frequency. For point sources, one should see a sinusoidal behaviour due to
the Faraday rotation. However, ‘the'polarised point source maps from our
simulations show a smooth dependence as-a function of frequency at all
galactic latitudes (especially at high b). This is basically due to the fact that the
frequency range we consider (in AX? units) is much smaller than the typical
periods of the waves, which is set by 7/RM. Even large rotation measures
will give larger periods than the "length" we are considering in the analysis.

e We note that all the simulated foregrounds are well above the 21cm signal.
The point source intensity dominates over all other foregrounds on small
scales while on large scales (¢ < 50, see Figure 3.17) the galactic synchrotron
dominates. For the polarised emission, the galactic synchrotron dominates
over all scales in our simulation.

e The foreground cleaning methods used in this thesis are Line-of-sight fitting
(section 4.1.1), PCA (section 4.1.2) and ICA (section 4.1.3).

e We considered a cosmology survey with MeerKAT (called MeerKLASS)
covering about 4 000 (9 % of the sky) over 4 000 hours. We simulated the noise
rms realizations accordingly and performed the foreground subtraction on
the fraction of the sky chosen. We considered two cases for the foreground
contamination. Case 1 was a combination of the HI signal with all
foregrounds and noise except polarised galactic synchrotron (see section 4.2).
We used the point sources from our catalogue as mentioned above. Including
our point sources, further tests the robustness of the foreground cleaning
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methods. We used the number of degrees of freedom Ny, (DOF) to quantify
the number of modes to be removed.

e The value of Vi, relates to the number of foregrounds considered. In our
analysis, we obtained that using Ny, = 7 is the optimal number for case 1.
Increasing to higher values yields no gain but ends up over-cleaning (see
chapter 4). At 1% of Stokes (@ for point sources and other foregrounds, the
PCA and ICA were able to remove the foregrounds and recover the HI signal
(see section 4.2.1). While polynomial fitting failed to remove the foregrounds
and suffered severely on the frequency edges. This holds for angular power
spectrum on the edge frequencies and also the line of sight of the recovered
HI signal. Contrary to initial expectations, cleaning of the leakage signal from
polarised point sources seems relatively easy. This is due to the smooth
nature of the point source polarisation over the frequencies considered (see
figure 3.11).

e Considering the polarised synchrotron emission in case 2, we saw from our
analysis that removing Ny, less than 60 does not recover the HI signal (see
section 4.2.2). Aggressively using Ng, values beyond 80 does recover part of the
HiI signal. However, most of the signal and noise itself is removed with such
an aggressive cleaning. The power spectrum (both radial and angular) in case
2 shows that the PCA ‘method cannot recover the HI signal except partially on
small scales when a latge IV, is used (¢ > 100 for the angular power spectrum).
Power is Cc;mpletely removed from the line of sight power spectrum for k) <
0.2 h Mpc™.

o The analysis in case 2, considers polarisation leakage at the 1% level which is
shown to severely contaminate the signal. The options will be to either find a
different cleaning technique that can deal with this leakage or correct for the
leakage in the calibration process to make sure it-is well below the 1% level
(which is the usually the standard case for telescopes). In our simulations, a
leakage of at most 0.01% is required in order for the cleaning methods to work
(this will basically put the foreground at the same level as the HI signal - see
figures 4.20 and 4.21). The simulations produced here are available online and
can be used for a range of tests.

Another avenue that is now being explored is to consider a more detailed model for
the MeerKAT beam in the simulations, in particular, the frequency dependence that
can generate extra structure once convolved with our point source maps. The
ultimate goal will be to have an accurate simulation pipeline that can test the
extraction of the cosmological signal in different settings and, for instance, show
possible biases on the recovery of the baryon acoustic oscillations.
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