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HI intensity mapping: Impact of primary beam effects

by Siyambonga Donald Matshawule

Neutral hydrogen (HI) intensity mapping surveys with upcoming and future radio tele-

scopes such as the MeerKAT, a precursor to the Square Kilometre Array Observatory

(SKAO) MID telescope, have great potential for constraining cosmology, particularly in

the post-reionization Universe provided that effective cleaning methods are available to

separate the strong foregrounds from the cosmological signal. The application of cleaning

methods is usually conducted under the assumption of simplistic primary beam models.

In this thesis, I simulate a single-dish wide-area survey with MeerKAT characteristics, and

test foreground subtraction with a realistic model for the primary beam that contains a

non-trivial frequency dependence. I also probe the impact of strong point sources on

the cleaning. To conduct this evaluation, point source maps from a much more realistic

full-sky point source catalogue are included as part of the foregrounds present in the sky

model.

I find that cleaning can be complicated by the coupling between the foreground structure

and the side-lobes of the primary beam, especially when the side-lobes are large. In order

to reconstruct the HI signal, strong point sources must be removed and a more aggressive

cleaning is required. However, in the case that the beam frequency dependence is smooth,

reconstruction of the HI signal is conducted with no difficulty.

A non-trivial frequency dependence of the beam is also considered, in the form of a

sinusoidal frequency variation in the width of the MeerKAT beam, expected to be present

in all dishes as well as in SKAO-MID. Including this feature in the analysis couples

the beam structure with the foreground emissions from both point sources and diffuse

synchrotron and biases the reconstruction of the HI signal in frequency space. When

not accounted for and removed, this biasing can introduce complexity in cosmological

analysis, such as in reconstructing the imprint of the baryon acoustic oscillations on the

21 cm power spectrum. In the power spectrum this effect is contained in a narrow region
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of k‖ space. I find that by carefully re-smoothing the maps to a common lower resolution,

the feature in the power spectrum is reduced.

A framework to compute the map-space convolution is constructed to allow for the use of

even more accurate beam images, in order for beam asymmetries and non-trivial frequency

effects to be included in the pipeline. Computation of the map-space convolution is

conducted on the radio sky intensity maps constructed from standard HI IM foregrounds,

including point sources from the new catalogue. I find that in the radial power spectrum

a more complex feature is present, containing a secondary peak at slightly higher k‖.

Reducing it requires aggressive cleaning (Nfg = 6) for the HI signal to be recovered, with

over-cleaning at lower and intermediate k‖. The angular power spectrum also reveals the

dominance of this frequency effect and in this case more foreground components need to be

removed (Nfg = 10), resulting in the HI signal being recovered within 20 % of the expected

signal at intermediate to smaller angular scales (higher `). At higher angular scales there

is significant power loss at the same level of cleaning. However, if we assume that point

sources can be removed by applying a flux cut to consider only point sources with flux

< 100 mJy, we find that this feature is greatly reduced, using a lower number of subtracted

components. Furthermore, we observe great improvement in the reconstruction of the HI

signal in the angular power spectrum: the signal is recovered within 5% of the expected

HI signal.
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Chapter 1

Introduction

Cosmology aims to describe and explain the origins, content, structure, and evolution

of the Universe. A simple yet extremely successful model of cosmology, known as the

ΛCDM ‘concordance’ model, has been constructed. With just a few cosmological param-

eters, this standard model of the Universe has been able to make predictions and provide

explanations for all cosmological observations to date. However, certain tensions are being

uncovered, in particular between the locally-measured value of the Hubble parameter H0

and the value inferred from the cosmic microwave background (CMB) [Di Valentino et al.,

2021]. Such tensions, and other potential problems in the ΛCDM model, are to be ex-

pected in any theoretical model of the Universe. Like any model in physics, ΛCDM needs

to be placed under continual questioning, testing, and validating. For the purposes of this

thesis, we adopt the standard concordance model.

In this chapter we briefly set out the foundations of the ΛCDM concordance model, ex-

plaining only its main features which are relevant for the thesis. We follow broadly the

description given in Maartens [2018], together with standard texts, including Liddle [1999],

Dodelson [2003] and Ryden [2006].

1.1 Friedmann-Robertson-Walker Metric

In constructing a model to describe the Universe, we need to make some assumption

about the geometry of spacetime. This geometry corresponds to the averaged, or smooth,

spacetime that approximates the real Universe on large enough scales. We must take into

2
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account that the Universe is expanding, so that it changes in time. The simplest geometry

that is compatible with a Universe that changes in time, is given by the Cosmological

Principle :

On average, the Universe is spatially homogeneous and isotropic for observers

comoving with the galaxies.

Spatial homogeneity essentially means that for any observer comoving with the galaxies,

at any time to, physical quantities such as temperature and density are constant, i.e.

they are the same at all points in the 3-dimensional space defined by to = const. Spatial

isotropy means that at any point in to = const, all directions are equivalent for a comoving

observer.

There are three types of 3-dimensional spaces that are homogeneous: 3-flat (Euclidean

3-space), 3-sphere (positively curved and compact) and 3-hyperboloid (negatively curved

and non-compact). These are shown in figure 1.1. Measurements of the temperature

anisotropies in the CMB, together with data from supernovae of type Ia and the baryon

acoustic oscillation (BAO) scale in the galaxy distribution, show that the amount of

curvature is very small [Planck Collaboration, 2020]. The ΛCDM concordance model

therefore has zero spatial curvature, i.e. it has flat 3-spaces of constant cosmological time.

Then the spacetime metric in this case is the (spatially flat) Friedmann-Robertson-Walker

(FRW) metric:

ds2 = −dt2 + a2(t)
[
dr2 + r2

(
dθ2 + sin2 θdφ2

)]
, (1.1)

where we use units with the speed of light c = 1, t is the cosmological time (i.e. proper time

for comoving observers), a(t) is the cosmological scale factor (dimensionless) and (r, θ, φ)

are comoving spherical coordinates. The comoving observers have (r, θ, φ) = const (hence

the name ‘comoving coordinates’). The expansion is given purely by a(t), so that the

physical separation between two comoving observers evolves as

∆rphys(t) = a(t) ∆r , (1.2)

where ∆r = r2 − r1 and we have chosen coordinates so that (θ1, φ1) = (θ2, φ2) – which is

possible by isotropy. Equation 1.2 implies that the physical velocity of separation between
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Figure 1.1: Homogeneous 3-spaces: 3-sphere (Ω0 > 1), 3-hyperboloid (Ω0 < 1); 3-flat (Ω0 = 1).
[From https://wmap.gsfc.nasa.gov/universe/]

the comoving observers is

vphys =
d

dt
∆rphys = ȧ∆r = H ∆rphys , (1.3)

where an over-dot indicates a time derivative and we defined the Hubble parameter:

H =
ȧ

a
. (1.4)

An expanding universe has H > 0.

1.1.1 Redshift

A particular case of equation 1.2 is the stretching of electromagnetic wavelengths by the

expansion of the Universe. Consider a comoving observer at r = 0 and a comoving emitter

at r = re. The emitted radiation has wavelength λe and the observed wavelength is λo.
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Taking the ratio of these two physical lengths and using equation 1.2, we find that

λo
λe

=
a(to)

a(te)
. (1.5)

In an expanding universe, a(to) > a(te) since to > te. Thus the ratio in equation 1.5 is

> 1, and we define the (positive) redshift z by 1 + z = λo/λe. Therefore the cosmological

redshift is given by

1 + z =
a(to)

a(te)
. (1.6)

It follows that the cosmological redshift increases as the time of emission decreases. This

means that higher z indicates earlier emission: the older the emitter, the higher the

redshift. Electromagnetic rays travel along the light-cone, so that higher z also indicates

greater comoving radial distance between the observer and the emitter. This is easiest to

visualise if we use the conformal time coordinate η, defined by

adη = dt . (1.7)

Then the metric equation 1.1 becomes

ds2 = a2(η)
[
− dη2 + dr2 + r2

(
dθ2 + sin2 θdφ2

)]
, (1.8)

and radial (dθ = 0 = dφ) lightrays (ds2 = 0) are given by η = ±r, as in flat (Minkowski)

spacetime (see figure 1.2).

Consider an observer at ro = 0, t = to, z = 0, and an emitter at a general comoving

coordinate r > 0 and time t < to. The redshift of the emitter satisfies

z =
1

a
− 1 ,

dz

dt
= −(1 + z)H , (1.9)

by equation 1.4 and equation 1.6. Here we have chosen (without loss of generality)

a(to) = 1 . (1.10)
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observer 
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r 
light ray 
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h
h 
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Figure 1.2: Light rays reaching the observer from distant sources, using comoving distance and
conformal time. (From Maartens [2018].)

1.1.2 Distances

A fundamental distance measure is given by the (comoving) radial line-of-sight distance

from the observer (ro = 0) to an emitter at time t:

r =

∫ to

t

dt̃

a(t̃ )
. (1.11)

Using equation 1.9, we can rewrite this in terms of redshift:

r =

∫ z

0

dz̃

H(z̃ )
. (1.12)

The physical distance corresponding to r is the angular diameter distance:

dA = a r =
1

1 + z

∫ z

0

dz̃

H(z̃ )
. (1.13)

The observational definition of dA is the following: if a distant object has physical diameter

∆R in its rest frame, and if it subtends an angle ∆ϕ at the observer, then the angular

diameter distance is

dA =
∆R

∆ϕ
, (1.14)

provided that ∆ϕ � 1 (which is the case for cosmological distances). In the FRW

spacetime, equation 1.1, we can show that equation 1.14 implies equation 1.13.
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The observational definition equation 1.14 leads to the concept of ‘standard rulers’: if we

know the intrinsic physical size of an object, ∆R, then by measuring its angular size ∆ϕ,

we can find its distance dA. Since dA is related to the Hubble rate by equation 1.13, the

standard ruler can give cosmological information. This is the basis for using the BAO

feature in the galaxy distribution in order to constrain cosmology.

Another observational distance is the luminosity distance, dL, defined by

d2
L =

Le
4π Fo

, (1.15)

where Le is the luminosity of the emitter and Fo is the flux measured by the observer.

This leads to the concept of ‘standard candles’: if the intrinsic luminosity of an object is

known, then the measured flux gives us the luminosity distance by equation 1.15. This is

the basis for using supernova of type Ia in order to constrain cosmology.

In an FRW spacetime, equation 1.15 leads to the relation:

dL =
1

a
r = (1 + z)

∫ z

0

dz̃

H(z̃ )
. (1.16)

Comparing with equation 1.13 we have

dL = (1 + z)2 dA . (1.17)

This relation is in fact valid in any spacetime. The angular and luminosity distances in

the concordance model are shown in figure 1.3. Note that dA reaches a maximum at

z ∼ 1.5

1.2 The Friedmann Equations

The Cosmological Principle and the assumption of spatial flatness lead to the FRW metric

equation 1.1. This is used in Einstein’s general relativity field equation:

Gµν ≡ Rµν −
1

2
Rgµν = 8πGTµν − Λ gµν . (1.18)

Here Gµν is the Einstein tensor, made from the Ricci tensor, Rµν , the metric tensor,

gµν and the Ricci scalar, R = Rµν g
µν . On the right-hand side of equation 1.18, G is
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Figure 1.3: Angular diameter (top) and luminosity (bottom) distances in the concordance model.
(From https://cosmocalc.icrar.org/)

Newton’s gravitational constant, Tµν is the energy-momentum tensor of the cosmological

fluids (baryons, cold dark matter, photons, neutrinos) and Λ is the cosmological constant,

corresponding to ‘dark energy’. (We neglect neutrinos in this thesis, since they have

negligible effects for our purposes.)

The metric tensor can be deduced from equation 1.1. We change to Cartesian spatial

coordinates for simplicity. Then we have the diagonal 4× 4 tensor matrix

gµν = diag
[
− 1, a2(t), a2(t), a2(t)

]
. (1.19)

This metric is used to find the Einstein tensor. The energy-momentum tensor is

Tµν = diag
[
ρ(t), p(t), p(t), p(t)

]
, (1.20)
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where ρ is the total energy density and p is the total pressure of the fluids. Then the

Einstein equations 1.18 are found to reduce to two equations:

H2 ≡ ȧ2

a2
=

8πG

3
ρ+

Λ

3
, (1.21)

Ḣ +H2 ≡ ä

a
= −4πG

3

(
ρ+ 3p

)
+

Λ

3
. (1.22)

Equation 1.21 is the Friedmann equation and equation 1.22 is the Raychaudhuri, or ac-

celeration, equation. It is also common to refer to the two equations as ‘Friedmann

equations’. These equations imply the energy conservation equation

ρ̇+ 3H(ρ+ p) = 0 . (1.23)

Matter has pm = 0 in the late-time Universe, while black-body radiation has pr = ρr/3.

Although it has positive energy density, Λ has negative pressure:

ρΛ =
Λ

8πG
= −pΛ . (1.24)

The first equality follows from equation 1.21 and the second from equation 1.23. By

equation 1.23, we have

ρr = ρr0 a
−4 = ρr0 (1 + z)4 , (1.25)

ρm = ρm0 a
−3 = ρm0 (1 + z)3 , (1.26)

ρΛ = ρΛ0 . (1.27)

In general, the Einstein equations 1.18 imply the energy-momentum conservation equa-

tions

∇νTµν = 0 . (1.28)

In FRW spacetime, the momentum conservation equations (µ = i = 1, 2, 3) are automat-

ically satisfied, while energy conservation equation (µ = 0) gives equation 1.23.

Equation 1.22 shows that:

• matter (CDM and baryons) and radiation always contribute to deceleration of the

universe expansion (i.e., ä < 0), since ρ+ 3p > 0;
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• the cosmological constant always contributes to acceleration of the universe expan-

sion (i.e., ä > 0), since Λ > 0.

Λ is the simplest form of dark energy, i.e. a field that acts to accelerate the expansion of

the Universe. All models of dark energy must obey

pde < −
1

3
ρde , (1.29)

by (1.22).

Figure 1.4 shows schematically the evolution in the concordance model of the normalised

densities ρA(a)/ρA0 against scale factor a, where A denotes radiation, matter and Λ. The

radiation, matter and dark energy eras are the periods in which radiation, matter and

dark energy respectively make the dominant contribution to density. This shows how dark

energy is negligible at early times, when radiation dominates. Radiation density reduces

faster (∝ a−4) than matter density (∝ a−3) so that matter begins to dominate after

about 60,000 years. In the late matter era, radiation may be neglected, but eventually

dark energy becomes important at z < 1. Although dark energy is very weak compared

to matter for most of the history of the Universe, it does not decrease with expansion, so

that eventually it dominates.

We define dimensionless density parameters for the matter, radiation and dark energy:

ΩA =
8πGρA

3H2
where A = r,m,Λ . (1.30)

Then the Friedmann equation 1.21 implies that

1 = Ωr(z) + Ωm(z) + ΩΛ(z) , (1.31)

H2(z)

H2
0

= Ωr0(1 + z)4 + Ωm0(1 + z)3 + ΩΛ0 . (1.32)

In the radiation era, and the earlier part of the matter era, we can safely neglect dark

energy. The radiation era ends at the redshift of matter-radiation equality, which is given

by ρr(zeq) = ρm(zeq). By equation 1.25 and equation 1.26, this gives

zeq =
ρm0

ρr0
− 1 =

Ωm0

Ωr0
− 1 . (1.33)
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Figure 1.4: Evolution of the normalised densities ρA/ρA0 against scale factor a in the concordance
model. (From Maartens [2018].)

Current observations (see e.g. Planck Collaboration [2020]) give

Ωm0 ≈ 0.31 , ΩΛ0 ≈ 0.69 , Ωr0 < 10−4 , H0 ≈ 67.4 km/s/Mpc , (1.34)

and zeq ≈ 3500. In this thesis we focus on the late-time Universe, z . 3. For this range of

redshift, the radiation contribution to the Friedmann equation is negligible and therefore

we use

1 = Ωm(z) + ΩΛ(z) , (1.35)

H2(z)

H2
0

= Ωm0(1 + z)3 + 1− Ωm0 . (1.36)

Note that

Ωm(z) = Ωm0(1 + z)3 H2
0

H2(z)
, (1.37)

ΩΛ(z) =
(
1− Ωm0

) H2(z)

H2
0

. (1.38)
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1.3 Inflation and the Cosmic Microwave Background

The classical model of the universe originates at t = 0 from a singularity, with infinite

density, temperature and spacetime curvature. This is known as the ‘Big Bang’ singularity.

Since infinities are unphysical, we need a quantum gravity theory to avoid this singularity,

but so far there is no generally accepted quantum cosmology that achieves this. Therefore,

for practical purposes, the concordance model can only describe the universe after the

quantum gravity era, t > tqg, where tqg is thought to be a very small time.

If we assume that the universe is in the radiation era from tqg until matter-radiation

equality, then we have difficulty in explaining certain key features of the Universe. In

particular, it is difficult to explain how widely separated patches of the sky have the same

temperature, apart from very small (1 part in 105) fluctuations. The problem is that

widely separated patches cannot have been in causal contact since the Big Bang. So the

question is: how do they come to have the same temperature?

In the standard model, this problem can be avoided if there is a very brief period of accel-

erated expansion at or near the beginning of the classical era, which is known as Inflation.

Inflation blows up the small spherical region that eventually becomes the observable re-

gion of the Universe for any comoving observer. In other words, Inflation ensures that all

of the CMB sky that we observe was causally connected in the very early Universe, thus

explaining why it has the same temperature (see figure 1.5).

Inflation not only solves the problem of explaining the CMB sky – it also solves the

problem of the origin of the tiny fluctuations in the CMB. The inflaton field that drives

Inflation also generates the small fluctuations in temperature and density that grow under

gravity to produce the temperature fluctuations in the CMB – and later the first stars

and galaxies.

When Inflation ends, the Universe reheats to an extremely high temperature and the

radiation era begins, when the Universe consists of photons and fundamental particles in

an ultra-hot plasma. As the Universe expands, the temperature decreases:

T =
T0

a
= T0 (1 + z) , (1.39)
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Figure 1.5: Schematic of Inflation and the history of the Universe. [From BICEP2 Collabora-
tion/CERN/NASA]

where T0 = 2.725 K is the radiation temperature today. As the temperature drops, fun-

damental particles can combine to form composite particles like protons and then light

nuclei like helium and lithium. This take about 3 minutes. It takes much longer before the

first stable atoms (hydrogen) can form without being immediately ionised by super-hot

radiation. This happens at

Tdec ≈ 3000 K and zdec ≈ 1100 , (1.40)

where the ‘decoupling’ redshift follows from the temperature by equation 1.39. The CMB

sky that we observe today corresponds to the time tdec ≈ 380, 000 years. This is when

baryons decoupled from radiation (also known as ‘last scattering’), allowing the formation

of hydrogen atoms (known as ‘recombination’).

After decoupling, and still in the early matter era, the Universe enters the period of the

‘Dark Ages’ – when baryonic matter is mainly in the form of neutral hydrogen (with

some helium also). The first generation of stars eventually emerge from the gravita-

tional collapse of hydrogen clouds, lighting up the Universe in the ‘Cosmic Dawn’ and the

subsequent Epoch of Reionization. The first generation of galaxies form and large-scale

structure formation is underway.



http://etd.uwc.ac.za/

Chapter 1: Introduction 14

1.4 Large-Scale Structure

The smooth FRW metric, equation 1.1, describes the Universe on average. The real Uni-

verse is not smooth, except on very large scales. In particular, the cosmological radiation,

in the form of the CMB, is not smooth, but contains small anisotropies in temperature

and polarisation. The distribution of matter in the Universe is even less smooth. The

CDM is clustered into halos via gravitational collapse that started in the early Universe.

The baryons are drawn into halos by the dominant gravitational attraction of CDM.

Large enough halos host galaxies and some baryons are in between galaxies in the inter-

galactic medium. This process is modelled in N-body and hydrodynamic simulations (see

figure 1.6).

Figure 1.6: Schematic of large-scale structure formation in an N-body simulation.
[From https://openstax.org/details/books/astronomy]

In order to understand the basics of large-scale structure, we use (linear) perturbation

theory. The perturbed metric is

ds2 = −
[
1 + 2Φ(t,x)

]
dt2 + a2(t)

[
1− 2Φ(t,x)

]
dx2 , (1.41)

where Φ is the gravitational potential (with |Φ| � 1). The perturbed metric corresponds

to perturbed density – since any changes in the matter or the metric are tightly related
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to each other in Einstein’s general relativity:

ρm(t,x) = ρ̄m(t)
[
1 + δm(t,x)

]
where δm =

ρm − ρ̄m
ρ̄m

. (1.42)

Here ρ̄m is the smooth average matter density which obeys the Friedmann equations. The

matter contains over-densities (where ρm > ρ̄m) and under-densities (where ρm < ρ̄m).

δm is known as the matter density contrast.

Perturbations of the density induce velocity perturbations as matter moves towards neigh-

bouring over-densities and away from neighbouring under-densities. This defines a so-

called peculiar velocity of matter v, which is the small change to the smooth Hubble-flow

velocity. The perturbed version of the radial velocity equation 1.3 is

v̄phys + δvphys = H rphys + v · r̂ , (1.43)

where v · r̂ is the radial component of peculiar velocity.

The three perturbed quantities satisfy the following perturbed Einstein equations:

∇2Φ =
3

2
a2 ΩmH

2 δm , (1.44)

δ̇m = −∇ · v , (1.45)

v̇ +H v = −1

a
∇Φ . (1.46)

Equation 1.44 is the Poisson equation, equation 1.45 is the perturbed energy conservation

equation and equation 1.46 is the perturbed momentum equation. Together, they lead to

an evolution equation for the matter density contrast:

δ̈m + 2H δ̇m −
3

2
ΩmH

2 δm = 0 . (1.47)

This evolution equations shows how gravity causes the growth of the density contrast via

the source term 3
2 ΩmH

2 δm, while the expansion of the universe slows down this growth,

via the ‘friction’ term 2Hδ̇m.

The density contrast may be written in terms of a growth factor D(z) as

δm(z,x) = D(z) δm(0,x) , (1.48)
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where we choose to normalise D such that D(0) = 1. Then (1.47) implies

D̈ + 2H Ḋ − 3

2
ΩmH

2D = 0 . (1.49)

The time derivative of equation 1.48 implies

δ̇m = f H δm where f =
1

H

Ḋ

D
= − d lnD

d ln(1 + z)
. (1.50)

f is known as the growth rate – a dimensionless measure of how rapidly the density

contrast is growing, relative to the expansion of the Universe.

We can see the effect of dark energy on the density contrast by comparing to a model with

no dark energy, i.e. a matter-only model, with Ωm(z) = 1. In this case, the growing-mode

solution of equation 1.49 is D ∝ t2/3 ∝ a, and then equation 1.50 gives f = 1:

D = a , f = 1 matter-only model. (1.51)

In the case of a model with dark energy, Ωm < 1, it is clear that D < a and f < 1,

since dark energy acts against the clustering of matter. A very good approximation to

the growth rate in the standard model is given by

f(z) =
[
Ωm(z)

]0.55
. (1.52)

1.5 Power Spectrum

A key statistical quantity derived from the density contrast is the 2-point correlation

function ξm:

ξm(z, r) =
〈
δm(z,x) δm(z,x + r)

〉
, (1.53)

where the angled brackets indicate a spatial average. ξm quantifies the deviation of the

matter distribution from a random distribution – so that it is a measure of gravitational

clustering.

In Fourier space, the correlation function defines the matter power spectrum Pm:

〈
δm(z,k) δm(z,k′)

〉
= (2π)3 δD(k + k′)Pm(z, k) , (1.54)
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where δD is the Dirac delta function. Then we have the relation between Pm and ξm:

ξm(z, r) =
1

2π2

∫ ∞
0

dk k2 sin(kr)

kr
Pm(z, k) . (1.55)

Note that Pm has units (length)3. The power spectrum for the standard model is shown

in figure 1.7.

Figure 1.7: Linear matter power spectrum in LCDM at z = 0.

The key features of Pm are:

• Pm has a maximum (turn-over) at the scale

keq = H(zeq) , (1.56)

corresponding to the Hubble scale at matter-radiation equality;

• Fourier modes k < keq, to the left of the turn-over, have comoving wavelengths that

are greater than the Hubble scale at equality;

• the power spectrum for k < keq scales approximately as Pm ∼ k;

• Fourier modes k > keq, to the right of the turn-over, have comoving wavelengths

that are less than the Hubble scale at equality, so that they were affected by the

radiation era, which suppressed growth relative to the super-Hubble modes;
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• the power spectrum for k > keq scales roughly as Pm ∼ k−3.

The matter power spectrum is not directly observable. We can find an estimate of Pm via

number counts of galaxies or the intensity map of emission lines such as the 21cm line of

neutral hydrogen (HI):

δg =
ng − n̄g
n̄g

, δHI =
THI − T̄HI

T̄HI
, (1.57)

where ng is galaxy number density and THI is the HI temperature. In order to relate

these to δm, we need to introduce the bias between each tracer and the underlying matter

distribution:

δg(z,x) = bg(z) δm(z,x) , δHI(z,x) = bHI(z) δm(z,x) . (1.58)

The bias here is assumed to be independent of scale, which is a reasonable assumption

on scales where linear perturbation theory is accurate. Then we have a simple relation

between galaxy and HI power spectra and the matter power spectrum:

PI(z, k) = b2I(z)Pm(z, k) , I = g, HI . (1.59)

Equation 1.59 models the linear power spectrum (of galaxies or intensity mapping) in real

space. However, observations take place in redshift space, which introduces distortions

in the clustering signal. The peculiar velocity of a galaxy means that its position in the

observer’s redshift space is distorted relative to its position in its own rest frame. This

redshift-space distortion (RSD) is illustrated in figure 1.8 in the case of galaxies at the

same rest frame distance from the centre of a weak over-density.

Figure 1.8: Redshift-space distortions in the linear regime. (From Maartens [2018].)
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The intrinsically spherical distribution in real space appears as an elliptical distribution,

squashed along the line of sight. Since the peculiar velocities transverse to the line of sight

do not lead to a distortion, the major axis of the ellipse has the same length as the sphere

diameter. This means that the volume of the ellipse is smaller than that of the sphere.

The number of galaxies is conserved and therefore the number density in redshift-space

is higher than in real space. In other words, the (linear) RSD effect increases the power

spectrum. This is known as the Kaiser effect. By contrast, on non-linear scales RSD acts

to stretch the spherical distribution along the line of sight (known as the ‘finger of god’

effect), which damps the power spectrum.

The linear RSD effect on the observed density/ temperature contrast is given by

δsI = δI −
(1 + z)

H

∂

∂r
v · n (I = g, HI) , (1.60)

where the superscript s denotes redshift-space and n is the line of sight. Then v ·n ≡ v‖
is the radial component of peculiar velocity.

In Fourier space, equation 1.60 becomes

δsI =
(
bI + f µ2

)
δm where µ = k̂ · n =

k‖
k
, (1.61)

and the redshift-space power spectrum is

P sI (z, k, µ) =
[
b2I(z) + f(z)µ2

]2
Pm(z, k) . (1.62)



http://etd.uwc.ac.za/

Chapter 1: Introduction 20

Later in this thesis we explore the use of neutral hydrogen intensity maps as a probe

for large scale structure and study how instruments such as the MeerKAT and SKA will

attempt to obtain an estimate of the HI power spectrum described in equation 1.62. In

the following sections a brief description of the two radio telescopes is provided.

1.6 Square Kilometre Array Observatory

The Square Kilometre Array Observatory1 (SKAO) project is a global effort to construct

the largest and most sensitive radio telescope in the entire world. On completion of the

full SKAO project (i.e. phases 1 & 2) the telescope will have a combined collecting area of

1 km2 (1 million square metres), it will be 10,000 times faster, and 50 times more sensitive

than any of the existing radio telescopes. The telescope will consist of thousands of dishes

and close to a million antenna dipoles that will be hosted mainly in two places, the South

African Karoo and Australian Murchison desert, with some antennas spread across partner

countries within the African continent. These locations were selected for their remoteness,

low population densities, dry and arid environments, making them ideal to conduct radio

astronomy. In South Africa, the construction of SKAO Phase 1 is expected to begin in

2022 at a radio astronomy site that is about 90 km near the small town of Carnarvon in

the Northern Cape. The Astronomy Geographic Advantage Act2 was passed by the South

African government to protect the area and promote astronomy and other science-related

activities. Mid- to high-frequency radio astronomy will be conducted by the SKAO-MID

array in the South African Karoo, whilst in the Australian desert, low-frequency radio

astronomy will be conducted using mainly dishes and dipoles as shown on the right of

figure 1.9 forming the SKAO-LOW array. SKAO Phase 1 will consist of a further 133

dishes with an aperture of 15 meters in addition to its precursor telescope the MeerKAT,

making a total of 197 dishes.

There are several science goals that the SKAO seeks to achieve which can be put under

the following themes:

• Challenging Einstein’s Theory of General Relativity,

• Cosmology, Galaxy Evolution, and Dark Energy,

1https://www.skatelescope.org/the-ska-project/
2https://www.gov.za/documents/astronomy-geographic-advantage-act

https://www.skatelescope.org/the-ska-project/
https://www.gov.za/documents/astronomy-geographic-advantage-act
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Figure 1.9: An artistic composite image of the SKAO telescope, comparing the different ra-
dio telescopes to be hosted at its two major sites. On the left are the mid-frequency dishes
in the upper Karoo desert of South Africa and on the right are the frequency dipole antennas
of the SKAO low-frequency array at the Murchison Radio Observatory in Western Australia
(From:https://www.skatelescope.org/the-ska-project/).

• Probing the Cosmic Dawn,

• Cradle of Life: the search for intelligent extraterrestrial radio wave emission,

• Cosmic Magnetism,

• Transients,

• Solar and Heliospheric physics.

To demonstrate the capabilities of each host country to perform the type of science the

SKAO wishes to embark on, precursor telescopes were constructed. In South Africa,

this was the 64 dish MeerKAT radio telescope with an aperture size of 13.5 m, whilst

in Australia, the Australian SKA Pathfinder Telescope (ASKAP) was built. ASKAP

consists of 36 dishes, with an aperture size of 12 m.

Figure 1.9 is an artistic representation of the two types of radio telescopes that will

be constructed for the SKAO. On the left are the dish telescopes that will be mainly

used for mid-frequency radio astronomy in South Africa operating in both single dish

and interferometric mode. On the right are the small dipole antennas which will mainly

perform low frequency radio astronomy and will mainly work as an interferometer.
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1.7 MeerKAT

The MeerKAT telescope is a South African radio telescope array and precursor telescope of

the SKAO and is hosted by the South African Radio Astronomy Observatory3(SARAO).

The 64 dish MeerKAT radio telescope is a mid-frequency array and will be integrated

into SKAO Phase 1 facility, upon completion with construction expected to begin in the

year 2022. Of the total number of dishes, 48 are located within a 1 km diameter and the

rest distributed outside the core such that a maximum baseline of 8 km is achieved. On

the left of figure 1.10 is a satellite view of the MeerKAT foundations prior to installation

showing how the dishes are distributed and to the south west of the MeerKAT core is

where another pathfinder telescope called the Hydrogen Epoch of Reionization Array4

(HERA) is located.

Figure 1.10: On the left is a Google Earth satellite view of the inner core of the MeerKAT
foundations prior to installation. The type of distribution is dependent on the type of science the
MeerKAT radio telescope will perform. On the right is a wide view of the MeerKAT dishes shown
to illustrate the design of the dishes (courtesy: Asad et al. [2021]).

In terms of construction and design, 75 % of the components that make up the MeerKAT

telescope are locally sourced in South Africa. Each antenna is an offset-Gregorian con-

figuration, with no struts in the way to block the radio signal. The main reflector and

sub-reflector are shown on the right of figure 1.10, with each telescope containing four

receivers and various other electronics. The main reflector has an effective diameter of

13.5 m whilst the sub-reflector is about 3.8 m in diameter. The antenna distribution

design is dependent on the science goals which the MeerKAT will seek to achieve [Jonas

and MeerKAT Team, 2016].

3https://www.sarao.ac.za/
4https://reionization.org/

https://www.sarao.ac.za/
https://reionization.org/
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How each radio telescope works is that the cosmic radio signals bounce off the main

reflector to the secondary sub-reflector, which focuses the signal onto the feedhorns of

one of the four receivers (UHF, L & S) placed on a support structure called an indexer.

Currently only the UHF (544–1088 MHz) and L (856–1712 MHz) band receivers are

in operation with S-band currently being commissioned. Depending on the observation

frequency selected before the observation, the indexer will rotate for the correct receiver

to be brought into the focus position. The receiver captures the electromagnetic signal

and converts it to a Radio Frequency (RF) voltage signal and applies some amplification.

At this stage, the digitizer instruments convert the analog signal into digital for it to be

transported via fibre optic cables for further processing.

The MeerKAT telescope will embark on several science projects and which are grouped

into different categories such as the Large Survey Projects (LSPs) and Open Time Projects

(OTPs). LSPs are surveys that require more than 1000 hrs of observation time with

MeerKAT over 5 years. Some of these LSPs are listed below.

• MIGHTEE: MeerKAT International GigaHertz Tiered Extragalactic Exploration

survey5 [Jarvis et al., 2016].

• THUNDERKAT: The Hunt for Dynamic and Explosive Radio Transients with

MeerKAT6 [Fender et al., 2016].

• LADUMA: Looking at the Distant Universe with the MeerKAT Array7 [Holwerda

et al. [2012], Blyth et al. [2016]].

• MHONGOOSE: MeerKAT HI Observations of Nearby Galactic Objects8 [de Blok

et al., 2016].

• TRAPUM: Search and detection of Pulsars and Transients with the MeerKAT9

[Abbate et al., 2022]

• MALS: The MeerKAT Absorption Line Survey 10 [Gupta et al., 2016]

• Fornax: A Fornax Cluster Survey with MeerKAT11 [Serra et al., 2016]

5http://idia.ac.za/mightee/
6http://www.thunderkat.uct.ac.za/
7http://www.laduma.uct.ac.za/
8https://mhongoose.astron.nl/
9http://www.trapum.org/

10https://mals.iucaa.in/
11https://sites.google.com/inaf.it/meerkatfornaxsurvey/home?authuser=0

http://idia.ac.za/mightee/
http://www.thunderkat.uct.ac.za/
http://www.laduma.uct.ac.za/
https://mhongoose.astron.nl/
http://www.trapum.org/
https://mals.iucaa.in/
https://sites.google.com/inaf.it/meerkatfornaxsurvey/home?authuser=0
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• MeerTIME: Radio Pulsar Timing12 [Bailes et al., 2016]

About 30% of the MeerKAT array’s observation time will be dedicated to OTPs. These

are periodic calls to the Astronomy community to submit proposals that are selected

on competitive bases in order to use available MeerKAT observation time. Several pilot

surveys have already been done in preparation for the MeerKAT Large Area Synoptic

Survey (MeerKLASS) using the OTPs. In this dissertation, we focus on illustrating the

potential of MeerKLASS in conducting an HI intensity mapping survey with the MeerKAT

radio telescope. An overview of the MeerKLASS project is provided in section 2.3.3.

1.8 Summary

In this chapter, we have gone through some of the fundamentals of our current under-

standing of the ΛCDM model, and highlighted the different epochs in the evolution of

the universe and the probes we are using to study them, from the Cosmic Microwave

Background to Large Scale Structure. We have then presented the SKA Observatory and

its main scientific goals. We have also discussed MeerKAT, the SKAO-MID precursor,

already built and taking data in the Karoo semi-desert. In the next chapter, we discuss

21cm intensity mapping and highlight why this technique is important for cosmology.

12http://www.meertime.org/

http://www.meertime.org/
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HI Intensity Mapping

2.1 Neutral Hydrogen and the 21cm Emission Line

Of the total baryonic mass in the Universe, 75% is in the form of Hydrogen, making this

element the most abundant one. Although hydrogen has different isotopes, we focus on

its simplest form which consists of a single proton with positive charge and an electron

with negative charge, making it electrically neutral. With this type of configuration,

neutral hydrogen is also referred to as atomic hydrogen or commonly referred to as HI

(pronounced as H-one).

The spin of the proton and electron of hydrogen can be in two states either in alignment

(parallel) or out of alignment (anti-parallel). When the spins of both proton and electron

are aligned, the energy state of the hydrogen atom is a bit higher, about 5.87x10−6 eV of

energy than its low energy state. The electron in this excited state can undergo a spin flip

transition which occurs when the spin change from parallel to anti-parallel. During this

process, a photon with a frequency of 1420.4 MHz and wavelength of 21 cm is emitted and

the atom returns to a low energy state. The left panel of Figure 2.1 illustrates how this

hyperfine spin flip transition occurs. Although this type of transition is rare (the decay

time is around 106 years), due to the abundance of HI in the Universe, the 21 cm signal

can be detected by our radio telescopes and experiences minimal absorption as it travels

to the Earth.

Observing at 1420 MHz radio telescopes can detect the presence of local HI. Since the

Universe is expanding, observing at lower radio frequencies we can instead observe the

25
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redshifted 21cm signal. The wavelengths of photons get stretched while expansion occurs

(see right panel of figure 2.1).

If we write down the definition of redshift we have

z =
(νemitted − νobserved)

νobserved
(2.1)

with νemitted = 1420 MHz. Observing at a certain frequency νobserved, we are thus looking

at the presence of neutral hydrogen at a specific redshift, for example:

• νobserved ∼ 900 MHz corresponds to z ∼ 0.6,

• νobserved ∼ 170 MHz corresponds to z ∼ 7,

• νobserved ∼ 70 MHz corresponds to z ∼ 20.

In the next section we briefly describe to which phases of the evolution of the universe

these redshifts corresponds to.

Figure 2.1: (Left) A schematic showing the HI 21 cm radio radio signal is emitted. Transiting
from parallel spin to anti-parallel spin results in the emission of a radio wave with a frequency
of 1420.4 MHz and wavelength of 21 cm [From: https://www.skatelescope.org/radio-astronomy/].
(Right): A cartoon representation of the effect of the expansion of the Universe on the frequency
of the 21 cm line [From: https/www.pitt.edu/ jdnorton/teaching].
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2.2 Evolution of the HI 21 cm Signal

In this section we briefly review the evolution of 21 cm signal at different epochs in the

cosmic history of the Universe. By studying how the 21 cm signal evolves, information

about the formation of the first astrophysical sources such as galaxies, the Intergalactic

Medium (IGM) and spatial distribution of neutral HI post the epoch of reionization can

be probed. For a thorough discussion, see Mesinger et al. [2016].

The differential brightness temperature is a measure of the HI intensity and can be mod-

elled relative to temperature of the CMB for a chosen line of sight and frequency as a

function of redshift (z = ν21/ν − 1):

δTb ≡ Tb − TCMB, (2.2)

such that

δTb(ν) =
TS − Tγ

1 + z
(1− e−τ21) (2.3)

≈ 27xHI(1 + δnl)

(
H

H + dνr/dr

)(
1− Tγ

TS

)(
1 + z

10

0.15

Ωm0h2

)1/2(Ωb0h
2

0.023

)
mK,

where Tγ is the CMB temperature, Ts is the spin temperature of the cosmic gas, xHI is

the neutral hydrogen fraction, H is the Hubble parameter, δnl = ρ/ρ̄ − 1 is the density

contrast, and dνr/dr is the comoving gradient of the line of sight comoving velocity.

As shown above, the evolution of the brightness temperature depends on a number of

parameters which arise from the different phases within the evolution of HI in the Universe.

The following section briefly describes each of these phases.

Dark Ages – collisional coupling: During this epoch, the Universe is mainly composed

of a hot and dense IGM. Stars and galaxies have not yet formed at this stage, with

hydrogen being one of the sources of photons via its forbidden 21 cm hyperfine transition.

These conditions caused the spin temperature TS to collisionally couple with the gas

kinetic temperature Tk, such that they are in thermal equilibrium TK = TS . Tγ . Due

to the expansion of the Universe, thermal decoupling from the CMB (for z . 200− 300)

occurred, resulting in two different adiabatic cooling rates for the temperatures of the IGM

and the gas kinetic temperature. With the IGM cooling at a faster rate as Tk ∝ (1 + z)2

than the temperature of the CMB, which follows Tγ ∝ (1 + z), this causes the evolution
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of the brightness temperature δTb during the dark ages to be negative. Hence there is

a negative evolution in Tb which is shown on the right end of middle panel of figure

2.2 at high redshift. Since hydrogen has not been ionized at these high redshifts, (i.e.

xHI ∼ 1), it is the density fluctuations that contribute to the measured power spectrum

since the brightness temperature is directly proportional to the density contrast. The

higher redshift range (between z = 50 and z = 200) in the Dark Ages epoch has the

potential to serve as a probe for the matter power spectrum provided it can be measured

by future radio telescopes.

Dark Ages – collisional decoupling: Towards the end of the Dark Ages and as the

Universe expands, the IGM becomes less dense resulting in less collision between the 21

cm photons and IGM. The spin temperature decouples from the gas kinetic temperature

such that Tk < TS . Tγ , and rises towards the CMB temperature Tγ causing δTb to

further increase towards 0 mK as shown graphically in the middle panel of figure 2.2. It

is the local gas density that drives the decoupling process of Ts from Tk, beginning from

regions of under density of the IGM. Due to the low collisional coupling, there is reduced

signal observed on the power spectrum. Graphically we can observe this epoch as the red

to black phase in the cosmic strip (top panel).

Cosmic Dawn: is a period in which the formation of the first stars and galaxies begins.

This epoch is driven by two major processes, Lyα coupling at the start, and X-ray heating

at the end of the epoch. On figure 2.2, this phase is shown on cosmic strip as the yellow to

blue transition and corresponds to the dip present in the brightness temperature evolution

for 10.5 < z < 29.1 and the power spectrum exhibiting an overall rise in power in the

same redshift range, due to these two processes.

Epoch of Reionization: The EOR arises as a result of the switching on of the first

stars and galaxies from the cosmic dawn period, even though beginning of the EOR is

not clearly understood, its pre-phase is driven by X-ray Heating from the Cosmic Dawn

period. The newly formed astrophysical sources change their surrounding environment

by emitting Ultra Violet (UV) radiation which excites the electrons from the neutral

hydrogen leaving the atoms ionized. The ionized bubbles grow and overlap interacting

with the IGM between the newly formed galaxies causing the majority of hydrogen in the

Universe to be further ionized [Cheng, 2019]. The EOR can be probed in a number of

ways – here we highlight three techniques.
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• Quasars: The first approach is to study the spectra of distant Quasi-stellar Radio

Sources (Quasars). These are highly energetic and point like AGN, ranking amongst

the brightest of astrophysical sources present in the Universe. Observations of their

spectra reveal that a majority of them are similar in nature, irrespective of their

location in space. Some of these objects are found in the early Universe. An

analysis of their spectra reveals an absorption feature referred to as the Gunn-

Peterson trough [Gunn and Peterson, 1965] which occurs when photons are absorbed

by the intervening neutral hydrogen as the light travels from the quasars to the

detectors on Earth. There is a difference observed in the shape of the absorption

feature between quasars that are nearby and those that are found in the early

Universe. Quasars nearby show sharp absorption lines whilst those found in the early

Universe exhibit a Gunn-Peterson trough. The presence of this trough indicates

that most of the quasars photons were absorbed by neutral hydrogen, therefore

by tracking changes in quasars spectra at different times within this phase, an

understanding about the abundance of neutral hydrogen as a function of redshift

can be achieved. Studies conducted by Becker et al. [2001] using this method indicate

that the epoch of reionization came to an end around z ∼ 6.

• CMB: Observations of the CMB provide a snapshot on the state of the Universe

following its formation. CMB photons permeate space, bouncing off of free electrons

and causing them to move in different and random directions (via thompson scat-

tering). Within and post reionization, the Universe has undergone some expansion,

enough to decrease the amount of free electrons which results in lowering the amount

of scattering that occurs. The scattering of free electrons leaves a signature on the

CMB maps which results in secondary temperature and polarization fluctuations

[Haiman and Knox, 1999]. One of the parameters of the CMB that are sensitive the

amount of scattering is the amplitude of the CMB. The scattering of free electrons

dampens out fluctuations present in the CMB lowering the amplitude of the CMB

[Cheng, 2019]. By tracing the amount of scattering that at different times, one can

get a measure of when reionization ended. The cosmological parameters that ac-

counts for the amount of free electron scattering is the optical depth, τ and is given

by:

τ =

∫
neσTdl (2.4)
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where the number of free electrons are represented by ne, σT is the Thompson

cross-section, and dl is the proper length. Various teams have conducted studies

to constrain this parameter, with the latest being the Planck Collaboration et al.

[2020]. Their investigations constrained the reionization redshift to z = 7.68± 0.79.

• HI 21 cm line: using the HI intensity mapping technique (to be discussed in detail

on section 2.3) to map the distribution of neutral hydrogen in 3-D (angular and as

function of redshift), will be a direct way to trace the evolution of hydrogen through

the epoch of reionization. HI IM will provide information on the HI abundance and

amount of ionized hydrogen gas, giving insight to how the Universe evolved in this

era. There has been a tentative measurement of the global HI 21 cm signal by the

Experiment to Detect the Global EoR Signature (EDGES; Bowman et al. [2018]).

Other experiments that aim to probe this epoch include the Precision Array for

Probing the Epoch of Reionization (PAPER) [Cheng et al., 2018], Hydrogen Epoch

of Reionization Array1 (HERA).

Post-Reionization: After the reionization epoch, the majority of neutral HI is found

within highly dense environments within galaxies such as Damped Lyman Alpha Ab-

sorbers (DLAs) [Santos et al., 2015]. Due to the high density of the environment, neutral

HI is shielded from being ionized by the UV radiation as it cannot gain access to it [Bagla

et al., 2010]. Due to this event of nature, the remaining HI signals within this epoch

lie within these galaxies and biasedly traces the underlying large scale structure. If the

current understanding is indeed correct, then HI does have the potential to be used as a

cosmological probe for the late Universe.

It cannot be safely said that some of the neutral HI signals does not reside in systems

outside these dense structures of galaxies, due to limitations in observational 21 cm data

from this era. To gain a better understanding of the processes involved during this epoch,

cosmologists rely on complicated computer simulated models of the post reionization

period such those from Frenk and White [2012], Springel et al. [2018], and Spinelli et al.

[2020], with more of these simulations being created. Other computer simulations based

on theoretical modeling from studies such as (Popping et al. [2009], Villaescusa-Navarro

et al. [2014]) assist in understanding the exact abundance and spatial distribution of HI.

1https://reionization.org/

https://reionization.org/
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What comes out from these types of studies is that most of the neutral HI is located

in dark matter haloes [Villaescusa-Navarro et al., 2018], which are gravitationally bound

structures and from which matter can collapse in order for galaxies to form.

Figure 2.2: Shown on the top panel of this figure is a light cone strip depicting graphically
what occurs at different times in the evolution of the global 21 cm signal. (middle) Model of the
evolution of the global 21 cm brightness temperature and the bottom panel shows the amplitude
of the power spectrum at k = 0.1 Mpc−1 (black solid curve) and k = 0.5 Mpc−1(black dashed
curve) as a function of redshift shown at different epochs; the dark ages, at cosmic dawn, and
during the Reionization period by Mesinger et al. [2016].

2.3 HI Intensity Mapping Technique

We have seen above the role of neutral HI in the evolution of the Universe. In this

section we provide a description of an observational technique that makes use of neutral

hydrogen to map the large scale structure of the Universe. We conduct a brief overview

of the potential instruments such as MeerKAT and SKAO-MID have in order to provide

improved constraints on cosmology.

HI Intensity Mapping (HI IM) is an innovative technique whose main method of con-

ducting observations of the sky does not require the resolving of individual galaxies as in

traditional galaxy surveys, but instead relies on measuring the integrated intensity of HI
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(21 cm) emission on each pixel on the sky (Battye et al. [2004]; McQuinn et al. [2006];

Chang et al. [2008], Mao et al. [2008], Loeb and Wyithe [2008]; Pritchard and Loeb [2008];

Wyithe and Loeb [2008]; Wyithe et al. [2008], Peterson et al. [2009]; Bagla et al. [2010];

Seo et al. [2010]; Lidz et al. [2011]; Ansari et al. [2012]; Battye et al. [2013]). In doing

so HI IM provides a way of rapidly scanning across the sky covering large areas in short

periods of time producing low resolution maps.

Figure 2.3: An example of a single map from a galaxy survey (left) compared to an intensity
map obtained using the HI IM technique (right). In the galaxy map, each white dot represents a
galaxy whereas in the intensity map, the sky is divided into pixels and the combined HI emission
from each pixel is measured. Regions of high intensity are represented in red whilst those of low
intensity are shown in blue [From: https://franciscovillaescusa.github.io/im.html].

Figure 2.3 shows the difference between a single galaxy survey map and HI IM map.

On the left, the white dots represent individual galaxies detected in a galaxy survey

whilst on the right, the observed field is partitioned into pixels in which the combined HI

emission is measured, where regions of high intensity are represented in red and those of

low intensity in blue. The HI distribution is mapped in both angular and frequency by

combining emission from multiple HI emitting galaxies, thereby increasing the strength

of the observed HI intensity. This also means that the observed intensity will trace the

underlying density fluctuations which are also mapped by the HI emitting galaxies [Square

Kilometre Array Cosmology Science Working Group et al., 2020]. From the HI IM maps, a

reconstruction of the HI density can be conducted on sufficiently large scales. Even though

the intensity maps obtained are low resolution, they are still adequate for cosmological

analysis.
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With the HI IM technique, the 21 cm line is being probed, therefore there exists a one to

one correspondence between the frequency of the measured line and the redshift, ensuring

that a high spectral resolution is obtained and the time required to conduct HI IM ob-

servations is reduced when compared to that required by galaxy surveys. In comparison

to other spectral lines, the 21 cm line is isolated, therefore experiencing less contamina-

tion from other spectral lines [Fonseca et al., 2017]. With respect to spectroscopic galaxy

surveys, for a single detection of a galaxy to be made, a high signal to noise ratio must

be achieved, which requires more time. By taking the HI observations at different fre-

quencies, HI IM tomography maps can be constructed providing a means to trace the

evolution of the HI intensity as a function of redshift as shown in figure 2.4.

Figure 2.4: A cartoon representation of the concept of intensity mapping tomography [Courtesy
Laura Wolz].

The HI IM technique does have its own challenges, such as the presence of foregrounds

within the same frequency band as the cosmological signal, and instrumental effects which

convolve with the measured signal. These challenges have been explored in various studies

and are briefly summarized in section 2.4 and efforts to recover the cosmological HI signal

are discussed in section 2.5.

Cosmological surveys have been planned with the SKAO and are informed by the in-

strument design which determines what project can be conducted at a particular phase,

during the life time of the project. The Square Kilometre Array Cosmology Science Work-

ing Group et al. [2020] (also known as the Red book) describes in detail the HI IM surveys

to be conducted with SKAO-MID and SKAO-LOW. Here, a brief summary is provided.
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HI IM will be possible in both single dish and interferometric mode. In relation to HI IM,

SKAO-MID will be used in single dish mode instead of interferometric mode, due to the

dish distribution having a low number of short baselines in the array, which are insufficient

to achieve the required signal to noise on the necessary scales [Bull et al., 2015]. With the

huge number of radio telescope dishes SKAO-MID has, the high survey speeds required

for HI IM cosmology are ensured at the required signal to noise levels [Santos et al., 2005].

The first survey with SKAO-MID, called the Wide Band 1 Survey, will be a wide but

shallow survey, covering a sky area of 20000 square degrees and probing a redshift range

between 0.35 < z < 3 with a total observation time of 10000 hours on sky. Together

with this survey, a wide continuum galaxy survey will also be conducted over the same

redshift range. The second survey is the Medium-Deep Band 2 Survey which will cover

5000 square degrees and using 10000 hours of integration time between redshift range

0 < z < 0.4. This survey will also be use to conduct other surveys such as an HI galaxy

and a weak continuum lensing survey.

With SKAO-LOW, there will be the Deep SKAO-LOW Survey’s whose scientific goal is to

use the HI IM technique to probe the EOR by mapping the distribution of HI within this

epoch. This survey will cover a much more smaller sky area of approximately 100 square

degrees but probe a deeper in redshift range 3 < z < 6 (corresponding to a frequency

band 200 – 350 MHz) with a total integration time of 5000 hours.

In the following section, we briefly look at some of the forecasts results expected to be

obtained when the SKAO HI IM surveys have been conducted.

2.3.1 HI Power Spectrum

As mentioned in section 1.5, the HI power spectrum cannot be directly measured with

observations but an estimate can be obtained by measuring the brightness temperature

from the 21 cm emission line and computing the 21 cm power spectrum. The bright-

ness temperature is what will be measured with the planned HI IM experiments to be

conducted using MeerKAT and SKAO.
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The redshift space power spectrum in equation 1.62 can be expressed in terms of the

brightness temperature in the following form:

PHI(z, k) = T̄b(z)
2b2HI(z)[1 + βHI(z)µ

2]2Pm(z, k), (2.5)

where T̄b(z) represents the average brightness temperature expressed as a function of the

HI density and is given by:

T̄b(z) = 190h
H0(1 + z)2

H(z)
ΩHI(z) mK. (2.6)

The brightness temperature plays a role in determining the amplitude of the HI power

spectrum. The HI density describes how the density of HI evolves as a function of redshift

and to obtain the HI density we must rely on hydro-dynamical simulations. It is possible

to model the HI density via the halo model. Under this assumption the HI density can be

modeled by computing the following integral (see for example Villaescusa-Navarro et al.

[2017]):

ΩHI(z) =
1

ρ0
c

∫ ∞
0

n(M, z)MHI(M, z)dM, (2.7)

where ρ0
c represents the critical density of the Universe today, with the average halo mass

function is given by n(M, z) and MHI(M, z) is the mean HI mass of a dark matter halo

with mass M at redshift z. There have been a few measurements of the HI density as

depicted in figure 2.6.

The second unknown of equation 2.5 is the HI bias that could also play a role in deter-

mining the shape of the HI power spectrum. Under the assumption of the halo model,

the HI bias can be modeled via the following expression

bHI =
1

ρ0
cΩHI(z)

∫ ∞
0

b(M, z)n(M, z)MHI(M, z)dM, (2.8)

where b(M, z) is the dark matter halo bias, n(M, z) is the halo mass function.

Prediction for the HI bias can also be obtained with the aid of hydro-dynamical simu-

lations. We can get the evolution of the HI bias by computing the square root of the

ratio of the HI power spectrum with the matter power spectrum as shown in Figure 2.5.

This figure shows the evolution of the bias as a function of wavelength scale k at different

redshifts (z = 0− 5) [Villaescusa-Navarro et al., 2018].
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Figure 2.5: The evolution of the HI bias as a function of both redshift and comoving wavelength
k scale [Villaescusa-Navarro et al., 2018]

.

2.3.2 Forecasts for SKAO

The solid black circles in figure 2.6 indicate the constraints both SKAO IM experiments

can place on the HI density. Notable is how well this parameter can be constraint at low

redshift, with the errors bars slightly increasing with redshift. However in these forecast

measurements the contamination from systematics and other residual foregrounds were

ignored and are subject of future work.

The top panel of Figure 2.7 shows the expected HI power spectrum detection (black) by

the SKAO-MID radio telescope. This prediction was computed using a redshift bin of

∆z = 0.1 and centered at z = 0.6. The error on the measurement given in cyan shows

the tight constraint on the measurement, with the error shooting up at large k, which

corresponds to small spatial scales that HI IM in single dish mode is poor in resolving.

On the bottom panel is the power spectrum predicted for a Deep SKAO-LOW Survey

(solid black) and the error on the measurement (cyan), computed at z = 4 for a redshift

bin of z = 0.3. However this result ignores contribution from RSDs. The SKAO-LOW

measurement depicts the type of constraints that can be achieved by the radio telescope

in its attempts to probe a new redshift space for probing the HI abundance and bias.
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Figure 2.6: Forecast measurements (in solid black points) of the HI density ΩHI as a function of
redshift were computed using both SKAO Wide Band 1 and Deep SKAO-LOW survey. Notable
is how well the HI density can be constrained at low redshift. The expected ΩHI is compared
with other data points from work by Crighton et al. [2015] and other teams cited in that study
which used a methodology found in Pourtsidou [2017]. This result was obtained by using a very
conservative non-linear kmax cutoff was used in the Fisher forecast analysis [Square Kilometre
Array Cosmology Science Working Group et al., 2020].

The forecast measurements were obtained using a Fisher forecast analysis, which consid-

ered information such as survey design and fixed cosmological parameters from Planck

Collaboration et al. [2016].

2.3.3 MeerKAT Large Area Synoptic Survey (MeerKLASS)

MeerKLASS is the proposed wide area HI IM survey for the MeerKAT telescope. Its main

science goal is to measure the HI auto-correlation power spectrum by mapping the 3-D

distribution of neutral HI via the 21 cm signal [Santos et al., 2017]. The survey will cover

4000 square degrees in 4000 hours and conduct observations in the L-Band frequency

range (856 - 1712 MHz), overlapping the same sky footprint as the Dark Energy Survey2

(DES). Listed below are a few other broad aims MeerKLASS wishes to achieve:

2www.darkenergysurvey.org

www.darkenergysurvey.org
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Figure 2.7: The upper panel shows the expected auto-correlation HI IM power spectrum (solid
black line) using survey specifications for the SKAO-MID Wide Band 1 Survey from Square
Kilometre Array Cosmology Science Working Group et al. [2020]. Shown in cyan is the expected
errors in the measurement. The power spectrum measurement is calculated with an assumption
of a ∆k = 0.01 Mpc−1 binning at z = 0.6. On the lower panel, survey specifications of the Deep
SKAO-LOW survey are used to forecast the expected HI power spectrum at z = 4. The solid
black curve is the HI detection, whilst in cyan is the measurement errors. A redshift bin of = 0.3
and a comoving wavelength k binning of ∆k = 0.01 Mpc−1.
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• to use the HI IM technique (in both auto-correlation and cross-correlation) to make

the first detection of the BAO and redshift space distortions (RSD’s) in order to

probe the nature of dark energy and to test other theories of gravity;

• to use the multi-tracer technique to place constraints on non-Gaussianity during the

inflationary period of the Universe;

• to perform cross-correlation with CMB data in order to place constraints on the

matter power spectrum at high redshifts;

• to use MeerKLASS as an extragalactic survey;

• to use MeerKLASS for the detection of polarized sources;

• to study clusters and galaxy HI emission.

HI IM with MeerKAT: Pilot Study

A feasibility study for a HI IM survey with MeerKAT telescope was conducted by Wang

et al. [2021] to show that the MeerKAT radio telescope has the potential to measure

the cosmological HI. As proposed with the MeerKLASS survey, key to achieving this

goal is the use of the MeerKAT telescope as a collection of single dish telescopes rather

than an interferometer. With just six nights of observations and using all MeerKAT

dishes, 10.5 hours of data was collected from 200 square degrees of sky area known as

the Wiggle Z 11hr field from the DES survey [Drinkwater et al., 2010]. The investigation

focused on a frequency range between 856 - 1712 MHz with a 0.2 MHz resolution. A

multi-level data reduction pipeline was developed whose foundation relied on the ability

to perform RFI flagging at different levels of the calibration, the periodic injection of

instrumental noise diodes in order to achieve stability in how the gains drift, and the

effective use of multi-component sky models. Applying the multilevel calibration method

to the observed data, the full calibration of the auto-correlation data from all MeerKAT

dishes, and using both horizontal and vertical polarization was achieved. Maps of diffuse

galactic emission were recovered as shown in figure 2.8. In the figure the first panel is

the assumed model for synchrotron emission while the second panel shows the final map

obtained after calibration and map-making. Point sources in magenta with flux greater

than 1 Jy at 1.4 GHz are also shown. Note that these were not part of the sky model

during the calibration process. The third panel shows the residual after subtracting the
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smooth diffuse foreground model. From the residuals plot, one can observe the excess flux

introduced by these bright point sources. The total number of time stamps each pixel in

each scan and all dishes is shown on the lower panel. For comparison with other studies,

the HI column density was extracted from the map reconstructed by the pipeline and was

shown to be in good agreement with the HI column density map constructed from the

Effelsberg-Bonn HI survey [HI4PI Collaboration et al., 2016]. For a detailed analysis on

this MeerKAT pilot study, see Wang et al. [2021].

2.3.4 Other HI IM Experiments

In this section, we briefly review some of the radio telescopes that have been used to

conducted HI IM surveys thus far, exploring the basic telescope design and science goals.

A review by Kovetz et al. [2017] provides details on some of the several planned HI IM

experiments using various instruments, including those briefly outlined in this section.

The first two instruments to be discussed were not initially built particularly for HI IM

studies, but were one of the first instruments in which the technique could be tested and

were able to make detections of the HI signal via cross-correlation of HI IM data with

optical galaxy surveys.

Parkes: Parkes is a 64 m single dish radio telescope based in New South Wales, Australia

and is amongst the largest radio telescopes in the south of the equator. Parkes3 which

is part of the Australian Telescope National Facility (ATNF) became one of the first

instrument to provide a detection of the HI signal that was statistically significant [Pen

et al., 2009]. See section 2.7 for a summary of the study that was conducted.

Since its construction in 1961, the radio telescope has received a number upgrades in its

systems, such as its several receiver systems which include the 13 beam receiver that is

capable of observing 20-cm radio wavelengths and has been used to conduct a number of

large scale HI surveys such as (Anderson et al. [2018], Li et al. [2021]), the 7-beam receiver

used for ’methanol’ observations at microwave wavelengths and the ASKAP phased array

feed which was tested on the Parkes [Hobbs et al., 2020]. The various receivers can be

switched into focus depending on the science objectives. Observations of Pulsars can also

be done with the radio telescope using the phased array feeds [Deng et al., 2017]. The

Parkes radio telescopes also participates in VLBI research.

3https://www.csiro.au/en/about/facilities-collections/atnf/parkes-radio-telescope

https://www.csiro.au/en/about/facilities-collections/atnf/parkes-radio-telescope
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Figure 2.8: Following three rounds of RFI flagging are the combined average HI intensity maps
of all scans at 1023 MHz. In the top panel is a model for the galactic emission obtained from
PySM [Thorne et al., 2017] over the same sky area under investigation. Situated in the middle
panel is the combined sky temperature map (Tsky) measured by the dishes and the residual map
below. Overplotted on both plots are the point sources with flux > 1 Jy at 1.4 GHz but are not
included in the modeling of the sky brightness temperature maps. On the lower panel is the total
number of time steps across each dish and for all scans [Wang et al., 2021].
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Figure 2.9: Illustration of the various type of radio telescope designs, located on the left is the
GBT radio telescope, which is single dish radio telescope located Green Bank, West Virginia, USA
[from: https://greenbankobservatory.org/science/telescopes/gbt/]. On the right is the Tianlai
radio telescope array in Northern China [From: http://tianlai.bao.ac.cn].

GBT: The Green Bank Telescope (GBT) holds the record of being the world’s largest

fully steerable single dish radio telescope (shown on the left of figure 2.9). Hosted by the

National Radio Astronomy Observatory (NRAO) in West Virgina, US, the GBT has an

aperture of 100m and with its large collecting area and high sensitivity, the radio telescope

can detect millimeter wavelengths over a frequency range of 0.1 to 116 GHz. In terms of

sky coverage, the GBT is able to observe about 85 % of the celestial sphere.

The GBT telescope is attributed to having produced the first ever HI signal detection using

the HI IM technique. This investigation was conducted in a study published by Chang

et al. [2010] where HI IM data from the GBT was cross-correlated with an optical galaxy

survey data from the Hawaiian based Keck telescope. See section 2.7 for a brief overview

of the main results. Following that a few other HI IM studies have been conducted with

the GBT such as Masui et al. [2013] and Wolz et al. [2017, 2021].

TIANLAI: is a radio astronomy project whose goal is to measure the BAO imprints
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on the large-scale structure in order to detect Dark Energy. Tianlai4 is a stationary

cylindrical array that is 100 m in the North-South and East-West directions. The main

telescope consists of an array of dishes and semi-cylindrical dishes that make use of the

Earth’s rotation in order to observe its intended field of view. The project plan is to

conduct HI IM observations in order to map the large scale structure of the Universe at

low redshift 0 < z < 2.5, which corresponds to a frequency band between 0.4 to 1.4 GHz

(Chen [2012]; Wu et al. [2021]).

FAST: The Five-hundred-meter Aperture Spherical Telescope5 (FAST) is a 500 m aper-

ture radio telescope with 300 m fully illuminated. The single dish radio telescope is placed

on a karst depression in the Guizhou mountains of China’s south western province as seen

on the right panel of figure 2.10. FAST holds the title of being one of the largest radio

telescopes on Earth, with an aperture size equivalent to 30 football fields. This single

dish radio telescope is a multibeam receiver with 19 feedhorns and designed to operate

in L-Band with a wide frequency range of 70 MHz to 3 GHz. This high resolution radio

telescope has the potential to cover a sky area of 25000 square degrees. By design the

telescope will be able to perform drift scanning observations with its field of view passing

over as the earth rotates. A HI IM survey with FAST will consider about 6000 square

degrees of sky area, and a frequency range between 950-1350 MHz. With such a survey,

the 3-D mapping of HI will be conducted in order to probe the BAO’s and constrain

properties of dark energy. For a thorough discussion on the FAST telescope, proposed HI

IM survey and forecasts of cosmological constraints from HI IM with FAST, please see

(Nan et al. [2011]; Bigot-Sazy et al. [2015] Smoot and Debono [2017] and Yohana et al.

[2019]). Some of the FAST radio telescope’s scientific goals are

• to reconstruct images of the Universe at its early formation by mapping neutral

hydrogen at very high redshift,

• to investigate hyperfine structures of celestial sources through participating in the

Very-Long-Baseline Interferometry (VLBI) network,

• to search and find pulsars, construction of a pulsar timing array, pulsar navigation

and in the future, to participate in gravitational wave and detection research,

4http://tianlai.bao.ac.cn/
5https://fast.bao.ac.cn/

http://tianlai.bao.ac.cn/
https://fast.bao.ac.cn/
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• to participate in the search for intelligent radio signals from within and beyond our

galaxy,

• to conduct a spectral survey at high resolution and detect weak signals from space.

Figure 2.10: Shown on the left is the semi-cylindrical CHIME radio telescope based in Canada,
North America [From https://chime-experiment.ca/en]. On the right is the FAST radio tele-
scope constructed on a karst depression in the Ginzhou mountains of south west China [From
https://aasnova.org/2020/04/17/pulsar-discovery-from-an-enormous-telescope/].

CHIME: The Canadian Hydrogen Intensity Mapping Experiment6 (CHIME) is a radio

telescope array at the Dominion Radio Astrophysical Observation, Canada. CHIME

consists of fixed position semi-cylindrical dishes as shown the left panel of figure 2.10.

Since the telescope does not move, it relies on the earth’s rotational axis in order to

observe its large field of view of approximately 200 square degrees at an instant and is

able to observe a wide frequency band of 400 - 800 MHz.

CHIME has a number of science goals. Primarily the radio telescope was designed to

be a cosmology instrument with the goal to observe the neutral HI distribution in 3

dimensions. These efforts are beginning to bear fruit as the first detection of the HI signal

between redshifts 0.78 < z <= 1.43, by cross correlating and stacking of 102 nights of

6https://chime-experiment.ca/en

https://chime-experiment.ca/en
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observational data with optical galaxies, has been conducted [CHIME Collaboration et al.,

2022]. Secondly, the radio telescope’s digital signal processing technology can also be put

to use for other science applications such as the everyday surveillance of pulsars and the

detection of Fast Radio Bursts (FRB’s). In the period between 2018-2019 of CHIME’s

operation, the telescope has been able to detect around 500 new astrophysical sources of

this type. FRB’s are quick flashes of light (in the order of milliseconds) that can be picked

up at radio frequencies [Chu, 2021].

BINGO: The Baryon Acoustic Oscillations from Integrated Neutral Gas Observations7 is

a multinational radio astronomy project led by the University of Sao Paolo, Brazil, whose

aim is to construct the first radio telescope mainly for mapping neutral hydrogen using

the 21 cm radio wave emission in order to measure the BAO at low redshift [Abdalla et al.,

2021]. Initially presented by Battye et al. [2012], BINGO is a stationary single dish radio

telescope that will operate using drift scanning, which means that the telescope makes use

of the rotation of the earth to observe a different patch of the sky [Abdalla et al., 2021].

The telescope will consist of a 40 m primary dish, a 36 m secondary dish and 28 feed

horns for the first phase. The number of feeds will be increased to 60 upon completion

of construction. An HI IM survey of the BINGO project will cover a wide area of 6000

square degrees, observing at a frequency range between 980-1260 MHz [corresponding to

a redshift range: 0.13 < z ≤ 0.45] with an angular resolution of 0.67 degrees (40 arcmins).

The design of the telescope is informed by its science goals which are:

• to map the distribution of neutral hydrogen in 3 dimensions and at low redshift and

from the large scale structure of HI measure the BAO in order to constrain the dark

sector and test the standard concordance model (ΛCDM ),

• to understand the systematics and develop data analysis tools and machinery to aid

in the extraction of the small-scale cosmological HI signal,

• to detect Fast Radio Bursts and Rotating Radio Transients (RRATs).

BINGO also serves as a pathfinder for the SKA telescope in its quest to conduct large

scale and ultra deep HI IM Survey. Lessons from BINGO about systematics and data

analysis of how to extract the small scale HI cosmological signal will be useful for the

SKA.

7https://bingotelescope.org/

https://bingotelescope.org/
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Figure 2.11: An artistic impression of the HIRAX radio interferometer located in Carnarvon,
Northern Cape, South Africa (from Crichton et al. [2022]).

HIRAX: The Hydrogen Intensity and Real Time Analysis eXperiment 8 (HIRAX) is an

international radio astronomy project that will mainly conduct HI IM and radio continuum

surveys, based in South Africa (Newburgh et al. [2016]; Crichton et al. [2022]). This

radio telescope array will be deployed in the SARAO Karoo site alongside the MeerKAT

and future SKA. It will contain a total of 1024 6m dishes beginning with an initial 256

dishes. With the dishes distributed in a closely packed grid as shown in figure 2.11, the

radio telescope will operate as an interferometer and make use of the earth’s rotation for

observations of its large field of view. HIRAX will operate over a frequency range between

400 to 800 MHz, equivalent to a redshift range of 0.8-2.5, and observe ∼ 15000 square

degrees of the Southern Hemisphere sky. The survey area will overlap the sky footprints

of surveys such as DES, CHIME, KiDS9, DESI10, ACTPol11, the SKA, and its precursor

telescopes.

HIRAX has a number of science goals, which are based on the antenna design, dish

distribution and instrumental processing capabilities. It will also be a complementary

telescope to the MeerKAT and SKA, as there are a number of science goals which will be

of benefit to both projects. For example, whilst SKA1 Mid will be performing single dish

HI IM, which will be unable to resolve small angular scales, on the other hand HIRAX

with its number of small baselines and redundant layout will be able probe those scales,

providing greater resolution and probing deeper in redshift. The main goal is to use the

8https://hirax.ukzn.ac.za/
9https://kids.strw.leidenuniv.nl/

10https://www.desi.lbl.gov/
11https://act.princeton.edu/overview/camera-specifications/actpol

https://hirax.ukzn.ac.za/
https://kids.strw.leidenuniv.nl/
https://www.desi.lbl.gov/
https://act.princeton.edu/overview/camera-specifications/actpol
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telescope to map the distribution of neutral HI via the 21 cm intensity mapping technique

and use the BAO as a cosmic ruler in order to put constraints on Dark Energy. Forecasts

show that HIRAX will be able to place 7 % constraint on the dark energy equation of state

when its intensity mapping data is combined with that of the Planck satellite [Crichton

et al., 2022].

The regular spacing of the radio telescopes provides the array the ability to make de-

tections and monitor radio transients. Studies of FRB’s by CHIME which has simi-

lar arrangement of its elements have shown the benefits of having such a configuration

(CHIME/FRB Collaboration et al. [2019b]; CHIME/FRB Collaboration et al. [2019a];

CHIME/FRB Collaboration et al. [2019c]; Ng et al. [2020]).

2.4 Challenge of Foregrounds in HI IM

The term foregrounds in HI IM refers to radio emission within the same frequency range

that HI IM will probe, but is not the desired cosmological HI signal. The term does

not only refer a signal that is in front of the HI signal (i.e. in terms of physical source

position or amplitude of the radio signal) but also to emission that may be embedded

within the radio waves detected by a radio telescope apart from the HI signal. The source

of foregrounds can be both terrestrial and extra-terrestrial foreground radio emission. By

terrestrial foregrounds, we refer to radio emission that originates from the earth such as

Radio Frequency Interference (RFI), thermal and atmospheric noise, etc. Extra-terrestrial

foregrounds are radio emission from beyond the earth, i.e. our galaxy and other extra-

galactic radio sources. In this section, we will focus on the extra-terrestrial foreground

emission, describing their form, and in chapter 3, illustrate how we model the foregrounds

for use in the single dish HI IM observation simulations.

For the HI IM technique to be successful it relies on the ability to separate between the

weak cosmological HI signal and the strong foreground radio sources emitting in the same

frequency range as the signal, ∼ 1420/(1 + z) MHz. In the next section, we discuss the

nature of the dominant foregrounds present at these frequencies.
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2.4.1 The Radio Sky Below 1 GHz

Below the frequency range of 1 GHz, some of the major foregrounds that are of concern

to HI IM are the following:

Galactic Synchrotron: this is one of the strongest foreground emission from within

our galaxy and has an amplitude that is about 5 orders of magnitude larger than the

expected HI 21 cm signal. This type of radiation arises as a result of cosmic-ray elec-

trons and positrons that are accelerated within the interstellar magnetic fields of galaxies

[Rybicki and Lightman, 1979]. Spiralling at relativistic speeds, the electrons travel along

the magnetic field lines emitting photons whose frequency is dependent on the speed of

the electron at the time of emission. Figure 2.12 shows how galactic synchrotron radia-

tion is produced. The mechanisms behind the acceleration of these particles within the

magnetic fields varies and can originate from physical processes within the AGN’s super-

massive black hole, the death of stars and supernovae remnants. Galactic synchrotron

is non-thermal as the emitted radiation is independent of the temperature of its source.

Since most galaxies have magnetic fields, galactic synchrotron radiation is found in all

galaxies. Observing the spectra of galactic synchrotron emission, the flux variability ex-

hibits a smooth dependence across frequency which is a sum of the flux from the individual

photons. Galactic synchrotron can also be linearly polarized, which means that it can un-

dergo Faraday rotation which changes the smooth spectral variation of polarized galactic

synchrotron radiation creating greater complexity for foreground removal techniques in

adequately retrieving the HI signal [Spinelli et al., 2018].

Free-free Emission: refers to the thermal Bremsstrahlung emission produced by free

electrons scattering off ions (free-free). This type of emission originates from ionized

hydrogen clouds (HI regions) which can be found within galaxies or have extragalactic

origin [Alonso et al., 2014].

Point Sources: The term point source refers to isotropic radiation from sources that are

located beyond our own galaxy. This type of radio wave emission can be either from Ac-

tive Galactic Nuclei (AGN) or star forming galaxies. While star forming galaxies can be

characterized into mainly two categories (i.e star bursts and quiescent galaxies), AGN are

galaxies with high luminosity that are not only powered by starlight, but are also driven

by an accretion of matter onto a super-massive black hole (SMBH) located in the cores

of these types of galaxies. A study by Kormendy and Richstone [1995] showed that in
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Figure 2.12: Galactic synchrotron radiation is produced by electrons spiralling within
a magnetic field at relativistic speeds (From https://pages.uoregon.edu/jimbrau/astr123-
2010/Notes/Exam1rev.html).

every massive galaxy, there exists a SMBH at its central core with typical masses ranging

between 106 − 109 M�. AGN have higher flux variability in comparison to star forming

galaxies such that they are observable across the wide range of the electromagnetic spec-

trum, with the most of the emission originating from the X-ray and ultraviolet wavelength

range [Kubo et al., 1998].

Figure 2.13 shows the typical axial structure of AGN with an accretion disk, a rotating

dusty torus containing material surrounding the SMBH, and jets speeding outwards on

both sides that span hundreds of kiloparsecs. The narrow and broad line regions within

the dusty torus are due to matter being excited by the radiation from the AGN’s SMBH.

AGN can be classified into different classes with the main classes being; Quasars, Blazers,

Seyfert Galaxies and Radio galaxies. The differences in these classes can be explained

using the Unified AGN model (Antonucci [1993]; Urry and Padovani [1995]) which suggests

that the different types of AGN have the same central core, and the differences observed

arise from the viewing angle of the observer as shown on figure 2.13.

Looking at the frequency evolution of the foregrounds we have briefly summarized, figure

2.14 shows how the brightness temperature of the foregrounds discussed evolve as a func-

tion of frequency. In this figure, the amplitude and spectral variation of different types of

foregrounds is compared to the HI signal. The complex spectral variation of the polarized
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Figure 2.13: A simplified schematic showing the structure of a typical AGN with its various
components. The figure also shows how the unified model of AGN can be used to differentiate
between the various types of AGN. (From: https://fermi.gsfc.nasa.gov/science/eteu/agn/)

synchrotron emission is also shown in the dashed red curve, with its complexity increasing

as one gets closer to the galactic plane. This complex structure in frequency can cause

difficulties for effective foreground removal by the cleaning methods.

A discussion on the modelling of the components that make up the intensity of the radio

sky is outlined in section 3.1 of the following chapter.

2.5 Foreground Subtraction Methods

Foreground subtraction (or foreground cleaning) refers to the process of removing fore-

grounds from the observed data in order to retrieve the cosmological HI signal. Foreground

cleaning techniques can be broadly characterized into two categories, blind and non-blind.

Blind if they use properties of foregrounds and non-blind when the methods require a de-

tailed modeling of the spectral behaviour of the foregrounds as a function of frequency
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Figure 2.14: The frequency evolution of the different foregrounds and the HI signal from Alonso
et al. [2014], at different galactic latitudes. The unpolarized foregrounds are smooth in frequency
and greater in amplitude compared to the cosmological HI signal. Also polarized galactic syn-
chrotron with 1 % leakage exhibits a much more complex spectral evolution due to being affected
by Faraday rotation. This type of complexity in the spectral evolution may be a challenge to
foreground removal techniques.

[Alonso et al., 2015]. There are a number of blind foreground techniques available. The

focus of this section will be on three blind foreground subtraction techniques referred to

in subsections 2.5.1, 2.5.3, and 2.5.2.

Foregrounds are expected to be highly correlated in frequency (smooth), contrary to the

fluctuating 21 cm signal (and the instrumental noise). The underlying assumption to all

foreground cleaning methods is that the foreground emission is very large in amplitude.

For this work, we follow on the three blind foreground cleaning techniques that have been

successfully applied in IM studies (Alonso et al. [2015], Carucci et al. [2020], Cunnington

et al. [2019], Wolz et al. [2014, 2017]). We will use the Principal Component Analysis
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(PCA), Fast Independent Component Analysis (FastICA) [Hyvarinen, 1999] and Loga-

rithmic Polynomial Fitting algorithm (poLOG) (Wang et al. [2006]; Ghosh et al. [2011];

Ansari et al. [2012]; Wang et al. [2013]) to solve for the foreground components, using the

code presented in [Alonso et al., 2015]. In chapter 4 (i.e. the results chapter), a single

test case will be selected to demonstrate that PCA and ICA yield similar results, and

from thereon the results will be presented with the PCA cleaning algorithm having been

applied.

For the purposes of illustrating the basis of how the cleaning methods work, the sky

temperature in equation 2.6 can be expanded in the following form for a single frequency

map

Tobs(ν, n̂) =

Nfg∑
k=1

fk(ν)Sk(n̂) + THI(ν, n̂) + Tnoise(ν, n̂) (2.9)

where the parameter Nfg represents the number of degrees of freedom to subtract, fk rep-

resents the set of smooth basis functions in frequency to be used to model the foregrounds,

Sk(n̂) are the foreground sky maps.

Given a set of Nν frequencies and individual line of sight (n̂) measured discretely through

this set of frequencies, equation 2.9 can be expressed as a linear system

x = Â · s + r, (2.10)

where xi = T (νi, n̂), Aik = fk(νi), sk = Sk(n̂) and ri = Tcosmo(νi, n̂) + Tnoise(νi, n̂).

The three foreground cleaning techniques apply different methods of determining the

mixing matrix A and foreground maps s in order to solve this linear system as accurately

as possible such that,

r = x− Âs. (2.11)

2.5.1 Principal Component Analysis (PCA)

The PCA cleaning method relies on taking the strongest Nfg eigenvalues of the frequency-

frequency covariance matrix of the data, which should be coming from the foreground

components. This number of foreground components, Nfg, depends on the complexity

of the problem and is a free parameter in the code. If Nfg is too small we will under-

clean and confuse the signal with residuals from foregrounds and instrumental effects. In
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contrast, if Nfg is too large, we will start removing the actual 21cm signal, irreparably

compromising its interpretation. Establishing the number of components to remove thus

requires a careful study with simulations.

The PCA procedure starts from the data x where each xi is a 2D map at a different

frequency and flatten it in a vector d at each frequency. Then one computes the frequency-

frequency covariance matrix of d:

Cij =
1

Npix

Npix∑
p=1

d
(p)
i d

(p)
j (2.12)

where we have made explicit the dependence over pixel p of the vector d. The matrix C

is symmetric and can thus be diagonalized by an orthogonal matrix O:

OTCO = Λ = diag(λ1, λ2, .., λNν ), (2.13)

where the columns of O are the eigenvectors of C and the λi are the corresponding eigen-

values, which can be ordered such that λi > λi+1. The fact that the foreground emission

is smooth means that it is strongly correlated in frequency; the strongly correlated com-

ponent of the data concentrates in the first eigenvalues of C. The PCA method retains

the first Nfg ones assuming they are a good enough description of the data. We call Ofg

the matrix composed by the first Nfg eigenvectors of C and we compute the projection of

the selected eigenvectors along the data, obtaining the eigen-sources

S = (OfgOfg
T)−1Ofg

Td (2.14)

The matrix S will have shape (3,Npix). Once S is available, we can obtain the estimation

of the foregrounds as

dfg = OfgS (2.15)

that has now dimension (Nν ,Npix). The last step to obtain a clean HI cube is to subtract

this description of the data dfg from the original data d and reshape it as Nν 2D maps.

A reasonable first guess for the number of component to describe the foreground could be

Nfg = 4 as there are four different foregrounds (galactic synchrotron, point sources and

galactic and extra-galactic free-free), but it is possible that a smaller/higher amount of

components would be needed. The mean HI temperature and the effect of the beam are
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also smooth functions of the frequency, and they will be inevitably play a role in defying

the optimal number. Once Nfg is set, the 21cm signal (and the noise) we are looking for,

will be contained in the residual maps after PCA is applied. Note that PCA works well in

the simplified case of uncorrelated noise. More complicated analysis are required to deal

with real data [Masui et al., 2013, Switzer et al., 2013].

2.5.2 Fast Independent Component Analysis (FastICA)

In a nutshell, FastICA is an efficient implementation of the more general Independent

component analysis (ICA) statistical method, whose core assumption is that the Nfg

components si are as statistically independent from each other as possible. FastICA

formulates the ICA problem as a maximization of the negentropy of the transformed

variables si. Given a random vector y = (y1, y2, .., yn)T with density f(.), a differential

entropy can be defined as H(y) = −
∫
f(y) log f(y)dy. For variables with the same

variance, the entropy H is maximal for Gaussian variables. From the concept of entropy,

one can further define the negentropy J(y) = H(ygauss)−H(y), where ygauss is a Gaussian

random variable of the same covariance matrix as y. Note that, for what is stated above

on the entropy of Gaussian variables, the negentropy J will be always positive for non-

Gaussian variables, and thus a measure of non-gaussianity. In our case our variable of

interest are the components si = wTd, where w are the row of the matrix W that relates

the sources and the data. Moreover, instead of using the exact definition of negentropy,

the FastICA algorithm makes use of approximations based on the maximum entropy

principle, leading to the maximization of

JG(w) ' c[E[G(wTd)]− E[G(ν)]]2, (2.16)

where the expectation value E[.] is over the Npix unmasked pixels in the map, ν ∼ N(0, 1),

c is a constant and G any non-quadratic function as discussed in Hyvarinen [1999].

This procedure allow the reconstruction of all the rows of the matrix W and thus to

the estimation of x. The result will depend on the user define variable Nfg that will not

necessary coincide with the actual number of physical foregrounds. For our purposes this

is not much of a problem, since we just need FastICA to efficiently remove the smooth

components, and not to precisely reconstruct the different foregrounds. Indeed as for

PCA, what we are interested in is the residual maps, that will be an estimation of the
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21 cm signal we are looking for plus the thermal noise, that, having been simulated as

Gaussian, will not be included in the independent component that FastICA is looking

for. The noise will therefore need to be further subtracted from the final residual maps.

Moreover, since the mean HI temperature is a smooth function of the frequency, it will

be inevitably removed by the foreground cleaning method.

2.5.3 Logarithmic Polynomial Fitting (poLOG)

The poLOG method is one of the simplest technique that is used to conduct foreground

subtraction. This method assumes that the mixing matrix A, takes a special form; that

it contains a set of smooth polynomials in frequency fk. The number of these smooth

polynomials used for the fitting depends on the number of foreground contributions that

are present in the maps. Equation 2.17 shows how the fitting, occurs in log-log space for

each line of sight

log(T (ν, n̂)) =

Nfg∑
k=1

αk(n̂)fk(log(ν)), (2.17)

where fk(log(ν)) = [log(ν)]k−1 are the set of smooth polynomials of the logarithm of the

frequency.

To determine the foreground maps s, a χ2 minimization is performed on equation 2.11 in

the following way:

χ2 = (x− Â · s)TN−1(x− Â · s), (2.18)

where N̂ represents the covariance matrix of the cosmological HI signal and instrumental

noise r. The solution to the χ2 minimization of equation 2.18 is

s = (ÂT N̂−1Â)−1ÂT N̂−1x. (2.19)

Despite the method being simple, there are cavaets to the polynomial fitting method,

applied in this analysis. For instance, how the different frequency channels correlate has

been ignored and to account for this neglect, a diagonal covariance Nij = σ2
i δij is assumed

and σ =
√
σ2
noise,i + σ2

cosmo,i is the joint variance from the cosmological signal and the

noise. For a thorough discussion of the assumptions and limitations of this method see

Alonso et al. [2015].
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2.5.4 Other Foreground Cleaning Methods

Beside the three methods described above, some other methods have been explored in

the literature for the case of post-reionisation HI intensity mapping. In this section we

briefly name some of them. An interesting variation of the standard PCA is Kernel Prin-

cipal Component Analysis, where some information from the spatial shape of the maps

is included. The method has been applied to HI IM in [Irfan and Bull, 2021] who found

results similar to the standard PCA analysis. Interestingly, their results suggest that

a pre-cleaning done with PCA with a low Nfg improves the performances of KPCA. A

method previously applied to EoR studies that performs well for our case is Generalised

Morphological Component Analysis (GMCA). This foreground subtraction method, as-

sumes sparsity in the wavelet domain and diversity in morphology [Carucci et al., 2020].

Another method inherited from EoR is Gaussian Process Regression, see Soares et al.

[2022] for post reionization HI IM application. In Spinelli et al. [2022], the interested

reader can find a detailed comparison of the performances of some of these methods.

2.6 Cross-correlation with Galaxy Surveys

Some of the advances that have been made in the quest to make a tentative detection of

the HI signal, have occurred through combining two data sets which measure the large

scale structure such as galaxy surveys (optical or near-infrared) and HI IM surveys (i.e.

cross-correlating different surveys which probe the same region of sky). One of the ad-

vantages of cross correlations is that systematics that affect the HI IM technique may

not necessarily be a problem for galaxy surveys and vice versa. For example, systematics

from optical surveys such as photometric calibration, galactic extinction, and contami-

nation from stellar sources, are expected to be uncorrelated with systematics from the

radio such as thermal noise, RFI noise and foregrounds. Secondly by cross-correlating the

signal to noise (S/N) ratio increases, which then reduces the error in the measured signal

[Cunnington, 2019]. The less similar the two surveys are in terms of instrumental and sur-

vey design, the less correlation of the systematics with the required detection will occur.

Let us consider the following example to illustrate the benefits of using cross-correlations

(following similar work as described in Kitching et al. [2015]).
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The observed signal by a telescope can be broadly characterized into two main compo-

nents, the measured signal and the systematics. The systematics are additive and arise

from the instrument and the sky, which then contaminate the true signal. Below we illus-

trate how best the observed signal can be obtained by going through the two methods in

which observations can be conducted, in auto-correlation and cross-correlation. For our

purposes we choose large scale structure observations conducted with radio and optical

galaxy surveys.

For the radio telescope, the observed signal Xrad is;

Xrad = Srad + Nrad, (2.20)

where Srad is the HI 21 cm signal and Nrad is all systematics relevant in the radio regime

(e.g. instrumental noise, foregrounds, RFI, etc). A similar equation can be constructed

for an observation Xopt conducted by an optical telescope,

Xopt = Sopt + Nopt, (2.21)

where Sopt is the photons from galaxies and Nopt is the relevant systematics in optical

galaxy surveys such as contamination from stars, photometric calibration and galactic

extinction.

To appreciate why cross-correlation of radio and optical galaxy survey works, let us first

consider an auto-correlation case. In this observation mode the 〈SoptNopt〉 cross terms do

not correlate and therefore fall away,

〈XoptXopt〉 = 〈SoptSopt〉+ 2〈SoptNopt〉+ 〈NoptNopt〉. (2.22)

What remains is the systematic term 〈NoptNopt〉 which correlate, and therefore contam-

inating the measured signal as shown in equation 2.23. This essentially means that we

require systematic/foreground subtraction methods in order to retrieve the signal:

〈XoptXopt〉 = 〈SoptSopt〉+ 〈NoptNopt〉, (2.23)
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Figure 2.15: There is an increased potential of a detection of an HI signal when cross-correlations
are conducted between HI 21 cm intensity mapping and optical galaxies [Courtesy: Steve Cun-
nington].

With cross-correlation, the final measured signal from two different surveys will be the

following:

〈XoptXrad〉 = 〈SoptRrad〉+ 〈SoptNrad〉+ 〈SradNopt〉+ 〈NoptNrad〉. (2.24)

Since the 〈SoptNrad〉, 〈SradNopt〉 and 〈NoptNrad〉 are uncorrelated, what remains is the

cross-correlated signal. Figure 2.15 is an illustration to summarise the advantages of

conducting cross correlation measurements where good angular and redshift resolution is

achieved and systematics do not correlate and therefore fall away.

Now that the cross-correlation method has been motivated, in the next section we briefly

describe some of the detections of the HI signal obtained using this method.

2.7 HI Power Spectrum Detection via Cross-correlation with

Galaxy Surveys

The cross-correlation method presented in section 2.6 has been applied in various studies

within the HI IM community. In this section, we briefly review some of the studies in
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which a HI signal detection was made from cross-correlating data from HI IM and galaxy

surveys.

As mentioned in section 2.3.4, the first statistically significant measurement of the HI

signal was from cross-correlating data from two galaxy surveys, the HI Parkes All Sky

Survey12 (HIPASS) survey, a HI galaxy survey by the Parkes telescope, and the Six

Degree Field Redshift Survey13 (6dFGS) [Jones et al., 2005], a spectroscopic survey from

the Anglo-Australian Telescope14(AAT). Although in this study by Pen et al. [2009], a

direct HI IM survey was not conducted, as it used intensity data from the 21 cm spectral

line of HI emitting galaxies instead of the observed area being pixelated and measuring

the integrated emission coming from individual pixels. However, by measuring line of

sight correlations present in the combined data, a signal could be detected. This result

essentially provided early signs that neutral HI emission traces biasedly the large-scale

structure as it followed the distribution of the galaxies present on the large-scale structure.

The first proper detection of the HI signal with the HI IM technique came from cross

correlating HI IM survey data from the GBT telescope with the DEEP2 optical galaxy

redshift survey [Davis et al., 2003] in a study by Chang et al. [2010]. The main scientific

goals of this study was to investigate the potential of the HI IM technique to map the

cosmic web in 3-D using the redshifted HI emission. The second aspect of this study was

to make a high redshift measurement of the 21 cm brightness temperature and density of

neutral gas.

To achieve these goals, the GBT measured the redshifted HI emission over a redshift range

of 0.53 < z < 1.12. The DEEP 2 survey is an optical redshift galaxy survey whose aim

was to sample galaxies located at high redshifts (z ∼ 1). Using the Keck II telescope’s

DEIMOS spectrograph, 50000 optical galaxy redshifts were measured in four survey areas

(∼ 120′× 30′). About 10000 of these faint galaxies are located on the same volume of sky

probed by the GBT telescope. From the cross-correlation of both the HI IM and optical

galaxy data, a 4.0σ detection of the HI 21 cm was made.

Figure 2.16 is the cross-correlation power spectrum computed in this work, where the

crosses represent measured cross-correlated brightness temperature with 1σ error bars.

To verify the measurement, a statistical null test was conducted in which the optical data

12https://www.atnf.csiro.au/research/multibeam/release/
13http://www.6dfgs.net/
14https://aat.anu.edu.au/about-us/AAT

https://www.atnf.csiro.au/research/multibeam/release/
http://www.6dfgs.net/
https://aat.anu.edu.au/about-us/AAT
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Figure 2.16: The measured GBT X DEEP2 cross-correlation power shown by the crosses. The
associated error bars where obtained from randomised data from the optical data via the bootstrap-
ping method. The diamond represent the null test performed as a verification of the measurement
by repeatedly randomizing the optical maps many times and with each repetition re-computing the
cross-correlation measurement. The solid curve is a predictive model using the auto-correlation
function from DEEP2 optical galaxies [Chang et al., 2010].

was randomized repeatedly and with each repeating a re-computation of the correlation

calculation was done. The outcome of this test is shown by the diamond points and is

a significant result as it illustrates that the systematics such as astrophysical continuum

sources and residual RFI are least likely to contribute to a false detection of the HI 21 cm

signal. The solid curve is the DEEP 2 galaxy auto-correlation function and is used as a

comparative model to the measured data points.

Soon after that a number of surveys have been embarked on in the quest to measure the

HI signal in cross-correlation such as the GBT-WiggleZ DES result by Masui et al. [2013]

which measured a 7.4σ correlation at a redshift of z = 0.8 by combining both WiggleZ

1hr and 15hr fields. From this detection, the amplitude of the power spectrum which is a

product of HI density fraction ΩHI, the galaxy-HI cross-correlation coefficient rHI,Wig and

linear HI bias bHI were constrained to ΩHIbHIrHI,Wig = [4.3± 1.1]× 10−4.

A low redshift study was conducted by Anderson et al. [2018] in which the Parkes radio

telescope was used to conduct an HI IM survey on an area spanning 1300 square degrees.

The observed HI IM data was cross-correlated with the 2dF survey [Colless, 1999] in order
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to detect a cross correlated HI signal at z ' 1. However in this study, a low-amplitude

level of clustering in the cross-correlated data was found.

One of the most recent examples of the HI 21 cm signal detections with cross-correlation

was conducted by Wolz et al. [2021]. In this study, the HI IM observations conducted by

the GBT radio telescope were cross-correlated with the following three data samples: Lu-

minous Red Galaxies (LRGs), Emission Line Galaxies (ELGs) from the extended Baryon

Oscillation Spectroscopic Survey (eBOSS) (Prakash et al. [2016]; Dawson et al. [2016])

and WiggleZ sample from the DES survey. In terms of the HI survey, the GBT observed

100 square degrees of sky, on an area overlapping the 1hr WiggleZ field. The telescope’s

receivers were tuned to detect HI emission within a frequency band of 700 − 900 MHz

which is equivalent to a redshift range 0.6 < z < 1.0. The observed HI time ordered data

was split into four seasons. Across these seasons, the same coverage and integration depth

were kept. This ensured that the thermal noise is uncorrelated.

Prior to cross correlating the HI IM maps, foreground subtraction was performed using the

FastICA method described in section 2.5.2, in order to remove the unwanted foreground

emission present in the data. As a way to verify that FastICA was working effectively, the

foreground subtraction method was also tested on mock observations of the HI intensity

sky. In the event that there are effects such as signal loss introduced by the foreground

subtraction, a transfer function is applied in order to correct for the effects. The HI power

spectrum of the foreground subtracted HI data is computed in auto-correlation and also

cross-correlation of HI data in between two seasons at a time. From this spectra, the scale

dependence and overall amplitude are evaluated.

Figure 2.17 shows GBT HI IM power spectra in both auto-correlation and cross-correlation

of HI IM survey data for different seasons, after foreground subtraction. Auto-correlation

data points are shown in crosses whilst cross-correlations data points with solid cir-

cles with error bars, both types depicted at different levels of cleaning indicated by IC.

From this figure, there is a clear difference that can be observed, all the auto correlation

spectra have higher amplitude compared to the cross correlation spectra due to system-

atics correlating with the HI signal. Despite the contamination from systematics, the

auto-correlation signal serves as an upper limit of this type of measurement. By cross-

correlating the HI data from different seasons, the contribution from systematics can be

reduced resulting in an overall lower amplitude in the power spectrum. Even though this
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Figure 2.17: The foreground cleaned absolute HI power spectrum computed from GBT HI IM
observations by Wolz et al. [2021]. Indicated with crosses are the auto-correlation spectra and
in the solid circles are the cross-correlations of the HI data across different seasons shown for
different number of components removed (IC = 4, 8, 20, 36). The added advantage provided by
cross-correlating the two sets of cleaned HI data from different seasons is the limitation of the
contribution from systematics as the thermal noise from each season are uncorrelated. This is
shown by the overall lower amplitude of the power compared to the auto-correlation spectra that
still has higher levels of systematics within the signal.

is still far from the theoretical HI auto-correlation power spectra expected, it is improve-

ment from the HI auto we seek to observe that is contaminated. In order to observe the

auto-correlation power spectrum efforts must be made to effectively deal with systematics

affecting its measurement.

Shown on figure 2.18 is one of the GBT cross-correlation power spectra with one of the

samples, the Wiggle Z dataset from the study by Wolz et al. [2021]. The HI-galaxy power

spectra is shown after foreground cleaning and when the appropriate correction for signal

loss has been applied using the transfer function. The data points are presented staggered

for illustration purposes in order to highlight the differences introduced when the number

of ICs is increased.

The most recent HI power spectrum detection came from cross-correlating data from the

MeerKAT Pilot survey from Wang et al. [2021] (see also section 2.3.3) and galaxy data

[Drinkwater et al., 2010, Drinkwater et al., 2018] from WiggleZ survey in a study by
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Figure 2.18: The cross-correlation HI power spectrum result of the GBT with the WiggleZ
galaxy sample. The power spectra are shown after foreground cleaning with varying the number
of independent components (ICs) removed and signal loss correction. For illustration purposes
each the data points for each spectra appears staggered for each scale value k. This is to show
differences in the spectra when IC’s are increased. For the other two cross-correlation results using
the ELG and LRG samples see Wolz et al. [2021].

Cunnington et al. [2022]. In order to make this detection, the MeerKAT radio telescope

was used in single dish mode to scan 200 square degrees of sky with its L-band receiver.

The observed sky area overlapped with the 11.5 hr WiggleZ field, resulting in 10.5 hrs

of observational data over a frequency band of 937-1015 MHz (equivalent to a redshift

range of 0.400 < z < 0.459. The top panel of figure 2.19 shows the measured power

spectrum shown with the blue data points with 1σ error bars computed. A 7.7σ HI signal

detection was reported. A series of null tests have been performed in order to validate

the result. The lower panel of figure 2.19 shows how nothing is detected if the HI maps

or the WiggleZ maps are shuffled in redshift.

This HI power spectrum detection has an amplitude that is directly proportional to the

product of the HI density fraction (ΩHI), the HI bias (bHI), and the cross-correlation

coefficient (r). Figure 2.20 shows the resulting constrain on ΩHIbHIr as a function of the

effective scale considered in the power spectrum. The result depends on the number of

component subtracted but shows consistent trends.

The main significance of this study is that it showed that for the first time, the MeerKAT

radio telescope array can be used in single dish mode to measure the cross-correlated HI
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Figure 2.19: Shown on the top panel is the power spectrum detected from cross-correlating the
HI IM maps from the MeerKAT Pilot Survey data with WiggleZ 11hr field from DES shown by
the solid blue points with 1σ error bars. To obtain this result Nfg = 30 PCA modes had to be
removed over a redshift range between 0.400 < z < 0.459 [Cunnington et al., 2022]

signal.
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Figure 2.20: HI cross-correlation constraints on ΩHIbHIr [Cunnington et al., 2022].

2.8 Summary

In this chapter we have considered the role of neutral hydrogen as a probe for the large

scale structure of the Universe citing its relevance at different epochs during its evolution,

particularly in the post reionization era. We have discussed a new observational technique

HI IM, how it will assist in the quest to map the 3-D distribution of HI, its limitations

and use of the technique by instruments such as the MeerKAT through the MeerKLASS

project and SKAO-MID. We have also explored other radio astronomy telescopes involved

in HI IM research and briefly described their instrument setup and science goals.

A review of some of the challenges facing HI IM such as the presence of foregrounds that

contaminate the cosmological HI signal was conducted and a summary of the some of the

widely used blind foreground removal methods was provided.

Apart from the presence of foregrounds, there are also radio telescope systematics that

hamper the reconstruction of the HI signal. Cross-correlations of HI IM data with optical

galaxy survey data has been found to be one of the methods that are critical in being able

to reduce the contribution from systematics and obtain a measurement of the HI signal

so far and examples of HI IM results in cross-correlation were provided.
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In this chapter we have seen that there is yet to be a detection of the HI 21 cm using

single dish radio telescopes due to the number of challenges present, however we have also

observed evidence for a detection of the HI signal via cross-correlations. The rest of this

thesis is dedicated to investigating some of these systematics further for the single dish

case, by using simulations of HI IM observations in single dish mode and that take into

account the problematic foregrounds and instrumental effects, all in the quest to measure

the HI signal in auto-correlation.
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Chapter 3

Simulating Single-dish HI IM

Observations

In this chapter we provide details of how we simulate a single dish HI IM observation

using the Spherical Harmonic Transforms (SHT) beam convolution approach and briefly

describe how the various scientific packages are used to create the required components

of the simulation pipeline. This part of the work is an original contribution that resulted

in a publication [Matshawule et al., 2021].

3.1 Sky Model

In this section we describe the various components of our sky model: the 21 cm sig-

nal (section 3.1.1), the Galactic and extra-Galactic Free-free emission (section 3.1.2), the

Galactic synchrotron emission (section 3.1.3), and a new simulated Point Source catalogue

(section 3.1.4). The latter is a central ingredient to the analysis presented in this work.

Indeed, point source emission can have a non-trivial impact on the cleaning when the

standard assumption of a Gaussian beam is relaxed. The other components are obtained

using the publicly available code: Cosmological Realizations for Intensity Mapping Ex-

periments (CRIME1), presented in Alonso et al. [2014], where the interested reader can

find more details. In the following we just give a brief overview. All the components

of the sky model are given in full-sky HEALPix maps [Górski et al., 2005] at selected

1http://intensitymapping.physics.ox.ac.uk/CRIME.html
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Figure 3.1: Angular power spectrum of the HI signal and the foregrounds at 950 MHz. The point
source C` are shown for different flux cuts: full catalogue (solid line), 10 Jy cut (dashed-dotted
line), 1 Jy cut (dotted line) and 100 mJy cut (dashed line).

frequencies and then combined and masked to mimic an IM survey with MeerKAT. We

will discuss the simulated survey details later in section 3.3.

3.1.1 21 cm HI Signal

To model the 21 cm signal we need to simulate the brightness temperature of the neutral

hydrogen emission in every position on the sky and at every frequency of interest. There is

a one to one relation between the observed frequency, ν, and the redshift z of the emission:

ν = ν21/(1+z), where ν21 is the frequency of the 21 cm line in its rest frame, ≈ 1420 MHz.

The value of the 21 cm brightness temperature can be related to the underlying neutral

hydrogen density ρHI(n̂, z) through [Furlanetto et al., 2006]

T21cm(n̂, z) = 0.19
Ωbh(1 + z)2√

Ωm(1 + z)3 + ΩΛ

xHI(z)
ρHI(n̂, z)

ρ̄HI(z)
K, (3.1)

where Ωb, Ωm, ΩΛ are the baryon, total matter and dark energy density fractions respec-

tively, xHI(z) is the neutral hydrogen mass fraction (with respect to baryons) and ρ̄HI(z)

is the mean HI density at redshift z.

As already mentioned, the 21 cm signal is simulated using the CRIME code. The code

assumes the Planck Collaboration [2014] best fit cosmology and starts from a log-normal

dark matter simulation on a cubic grid. The dark matter box is then divided in spherical

shells, which are in turn pixelized to yield 21 cm maps. A temperature is associated
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Table 3.1: Foreground C`(ν1, ν2) model parameters for the pivot values `ref = 1000 and νref =
130 MHz [Santos et al., 2005]

Foreground A [mK2] β α ξ

Galactic free-free 0.088 3 2.15 35
Extragalactic free-free 0.014 1 2.1 35
Galactic synchrotron 700 2.4 2.8 4

to each pixel considering the hydrogen density enclosed within it through equation 3.1.

Redshift distortions are also introduced using the velocity field. The evolution of the

neutral hydrogen fraction is assumed to be xHI(z) = 0.008(1 + z), in agreement with the

trend present in existing data [Crighton et al., 2015]. An example of the angular clustering

of the signal is presented in figure 3.1.

3.1.2 Galactic and Extragalactic Free-free Emission

In the simulations we use here, from Alonso et al. [2014], statistical isotropy is assumed.

Such premise can break down, especially for the Galactic emission, which can be problem-

atic if the fluctuations across the sky are strong, due to the convolution with the primary

beam. However, we expect this signal to be a few orders of magnitude below the galactic

synchrotron and therefore have a subdominant effect. Full-sky free-free maps are therefore

generated, following Santos et al. [2005], as a Gaussian realization of

C`(ν1, ν2) = A

(
`ref

`

)β ( ν2
ref

ν1ν2

)α
exp

(
− log2(ν1/ν2)

2ξ2

)
, (3.2)

where A denotes the overall amplitude and β parameterize the foreground distribution on

angular scales. The parameter α is the foreground spectral index and ξ is the frequency-

space correlation length that parameterizes the characteristic frequency scale over which

foregrounds are correlated. The parameter values can be found in table 3.1. As before,

we make use of the code presented in Alonso et al. [2014] to create the desired foreground

maps.

3.1.3 Galactic Synchrotron

Galactic synchrotron radiation is the strongest foreground emission in the frequency range

of interest for intensity mapping and is produced by cosmic-ray electrons and positrons
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Figure 3.2: Survey coverage for NVSS and SUMSS. The yellow area indicates the NVSS coverage
while the SUMMS area is in pink. The grey area is the SUMSS masked area i.e. galactic latitude
|b| <10◦ which was filled with S3 sources. Note that below a flux cut of 5 mJy (see text for details)
the full sky is filled with S3 sources.

propagating in interstellar magnetic fields. Since a full physical model would require

the knowledge of magnetic fields, cosmic-ray electron distributions and propagation, the

standard approach is to resort to data driven modelling that relies on the Haslam full-

sky map at 408 MHz [Haslam et al., 1982]. In Alonso et al. [2014], the Haslam map is

extrapolated to the frequency range of interest using a spectral index α(n̂) taken from

the Planck Sky Model [PSM, Delabrouille et al., 2013]. Moreover, since the Haslam map

has poor resolution, small angular scales (` > 200) are filtered out and replaced with

the isotropic model of Santos et al. [2005] discussed in the previous section and whose

parameters are reported in table 3.1. An example of angular clustering of the galactic

synchrotron emission at fixed frequency is reported in figure 3.1, where the transition

between the two regimes can be noticed.

3.1.4 Point Sources

Previous studies aimed at modelling of extragalactic point sources (PS) such as (e.g.

Santos et al. [2005]; Alonso et al. [2014]) considered this type of emission to be isotropic

and that it can be characterized with a frequency space angular power spectrum. In this

work we make use of a more realistic model for the PS that utilizes well validated data

and simulations to create a full sky catalogue at 1.4 GHz from Ngobese [2018]. Using this

new catalogue we produce pixelized maps at a frequency range of interest. The role of

such a PS model will be important for the primary beam effects being studied. In the

following section, we give a brief overview of how the full sky catalogue was created.



http://etd.uwc.ac.za/

Chapter 3: Simulating Single-dish HI IM Observations 71

3.1.4.1 Constructing the Full-sky Point Source Catalogue

The point source catalogue is created using two publicly available data sets, the National

Radio Astronomy Observatory VLA Sky Survey (NVSS, Condon et al. [1998]) at 1.4

GHz and the Sydney University Molonglo Sky Survey (SUMSS, Mauch et al. [2003]) with

frequency 843 MHz and the SKAO Simulated Skies (S3, Wilman et al. [2008]) simulation.

Our starting point is the SKAO Simulated Skies (S3, Wilman et al. 2008), a semi-empirical

simulation of the extragalactic radio continuum whose simulated sources, that include

AGN and star-forming galaxies, are drawn from realistic luminosity functions and follow

with appropriate bias the underlying dark matter density field. The minimum flux density,

Smin obtained from S3 is 10 µJy. The S3 simulation covers a patch of 20×20 deg2. To

extend the catalogue to full sky we use the following approach:

• we consider the S3 area, Ωsim and group all the flux densities into logarithmic bins.

Every flux bin i contains N i
sim sources;

• we create an empty HEALPix map with Nside = 512, whose pixel area is Ωpix
2. The

resolution of this map will give the resolution of our final catalogue;

• we assume that the number of sources scales linearly with area such that the mean

number of sources per pixel corresponding to the i-th flux bin is N̄ i
pix = N i

sim

(
Ωpix

Ωsim

)
;

• we assign to every pixel a certain number of sources for every flux bin, Poisson

sampled from N̄ i
pix;

• we assign to every source a spectral index, α, drawing from a Normal distribution

N (−0.8, 0.2), in broad agreement with Garn et al. [2008]. This spectral index dic-

tates the frequency scaling of the source flux, using the standard power law S ∝ να;

• right ascension and declination of every source are obtained from the pixel position

in the sphere. Note that multiple sources will have the same (ra, dec). This is not

a limitation as long as the map resolution is higher than our target experimental

resolution.

With this procedure we construct a full-sky catalogue of S3-like sources. We note that

this catalogue does not include angular clustering seen in real data (e.g. de Oliveira-Costa

2Note that Nside = 512 corresponds to Ωpix ∼ 0.01 deg2.
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and Capodilupo 2010, de Oliveira-Costa and Lazio 2010). To make the catalogue more

realistic, we therefore added the observational data from two radio surveys, that naturally

carry the information on the large-scale distribution of matter. We consider the data

from the National Radio Astronomy Observatory VLA Sky Survey (NVSS, Condon et al.

[1998]) at frequency 1.4 GHz and the Sydney University Molonglo Sky Survey (SUMSS,

Mauch et al. [2003]) with frequency 843MHz. NVSS covers declination ρ > −40◦ while

SUMSS covers ρ 6 −30◦. To avoid double counting of sources we only consider SUMSS

at declination 6 −40◦. Note also that SUMSS has a galactic mask at latitude |b| < 10◦.

Inside this area we keep using the S3 generated sources.

The resulting sky coverage of the NVSS, SUMMS and S3 is shown in figure 3.2 in equatorial

coordinates. Note that to extrapolate to other frequencies, we assign a spectral index to

NVSS and SUMSS sources the same way as for the S3 sources. We then use these spectral

indexes to extrapolate SUMSS flux densities from 843 MHz to the common 1.4 GHz

frequency. For both NVSS and SUMSS we only keep the sources higher than a specific

flux cut, Scut, at 1.4 GHz to avoid spurious detections. We set Scut = 10σNVSS ' 5 mJy

where σNVSS is the NVSS noise flux rms. On the NVSS and SUMSS sky patches, below

Scut, we include the S3 sources. One may worry that below Scut the point sources are not

correlated across the sky. However, for the objectives of this paper, this lack of correlation

should not affect the conclusions from the beam effects. In figure 3.3 we reconstruct the

differential source counts diagram at 1.4 GHz. The scatter at high flux density is due

to Poisson sampling with a low average number of sources per bin. The catalogue can

be downloaded from the CRC repository. A detailed description of its structure can be

found in section 3.1.5, together with the description of the polarized part of the catalogue

which is not being used in this analysis.

3.1.4.2 Point Source Maps

For our simulation pipeline we need to transform the point source catalogue discussed in

the previous section into a pixelized point source temperature brightness HEALPix maps

at every frequency of interest. We use Nside = 512. As we will discuss further later on,

this is a safe choice since the expected resolution of a single-dish survey is a factor 10

worse. Given Nside, the pixel area, Ωpix, is fixed and the coordinates of every source can

be associated to a specific pixel. The brightness temperature value for every pixel can

https://drive.google.com/drive/folders/1bbm7ExfkA1-jT-o8yme5DaeXMWOrjBTd?usp=sharing
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Figure 3.3: The normalized intrinsic source counts plot of the catalogue at 1.4 GHz. Below 5
mJy are the sources from the S3 simulation while above are NVSS sources, extrapolated SUMSS
sources or S3 (see figure 3.2).

then be computed using the Rayleigh-Jeans approximation:

T jb (ν) =

(
c2

2kBν2Ωpix

) Nj
p∑

i=1

Si(ν), (3.3)

where kB is the Boltzmann constant, c the speed of light and the sum is over all the

sources falling in the j-th pixel. Si(ν) is the flux density of each these sources rescaled

from 1.4 GHz to ν using the source spectral index. An example of such map is given in

figure 3.4. In figure 3.1 we show instead an example of the angular power spectrum of

the same map compared to the other foreground emissions and the HI signal. Together

with the C` of the map created using the full point source catalogue, we show how the

angular power spectrum reduces in amplitude if successive stronger flux cuts are applied

to the catalogue.

3.1.5 Point Source Catalogue Extension to Polarization

It is well known that, due to instrumental imperfections, the polarized sky can leak into

the intensity mapping signal. Polarization leakage can be particularly challenging for

foreground cleaning algorithm since its spectral behaviour is not smooth due to Faraday

rotation [e.g. Spinelli et al., 2018]. At radio frequencies, the two main polarized fore-

grounds are the diffuse Galactic synchrotron and the polarized signal from point sources.

Simulations of the former and its impact on intensity mapping has been investigated in
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Figure 3.4: Our PS model at 950 MHz in galactic coordinates.

Alonso et al. [2014] (see also Shaw et al. 2015 and more recently Carucci et al. 2020,

Cunnington et al. 2021), while the latter contaminant remains quite unexplored.

In this section we extend the intensity catalogue presented in section 3.1.4 to include also

polarization. An accurate discussion of the impact of our polarized simulation for IM is

ongoing and will be presented in a future work. Note that other simulated polarized source

catalogues are also available in the literature [e.g Bonaldi et al., 2018]. Our catalogue is

the result of the combination of two surveys (NVSS and SUMMS) and the S3 simulations.

Neither SUMMS or S3 contain information on source polarization so we use the NVSS

polarized flux density |P | data and statistically extrapolate them to our simulated sources.

We first bin the NVSS flux densities into five bins, to have a reasonable amount of signal

to noise ratio. We then obtain the polarization fraction for every NVSS source in a bin

using Π = |P |/S and we compute the mean polarization fraction Π̄i and its standard

deviation σΠi) for the i-th bin. We then divide all the sources in our catalogue in the

same five bins and assign to each of them a polarization fraction drawn from a Gaussian

distribution N (Π̄i, σΠi). Every source in the catalogue now has an assigned polarized flux

value |P | = ΠS.
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Table 3.2: The 1.4 GHz point source catalogue catalogue format for every radio source. The
total number of sources is ∼ 408.8 million.

ra right ascension in degrees
dec declination in degrees
α source spectral index

S1.4 GHz source flux density at 1.4 GHz in mJy
|P | source polarized flux density at 1.4 GHz in mJy
φ0 the intrinsic polarisation angle in degrees
ψ the rotation measure given in rad/m2
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Figure 3.5: The normalized intrinsic polarized source counts of our catalogue at 1.4GHz. Polar-
ization fractions are computed from NVSS data and extrapolated to all sources.

To construct Stokes Q and U maps from the catalogue we are still lacking important

information: the parameters Q and U are related to |P | via

Q+ iU = |P | e2iφ, (3.4)

where φ is the polarisation angle given by φ = φ0 + ψλ2. φ0 is the intrinsic polarisation

angle that is rotated by the Faraday depth ψ (also called rotation measure), proportional

to λ2. For our catalogue, we assume that the intrinsic polarisation angle can be drawn

from a Uniform distribution φ0 ∼ U(0◦, 360◦). For the Faraday depth ψ instead, we follow

Nunhokee et al. [2017], that, motivated by the finding of Taylor et al. [2009], assume

ψ values as Gaussian distributed around a mean value of 5.6rad/m2 and a variance of

20 rad/m2. We can now assign to every source in the catalogue a value for φ0 and ψ.
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The full list of entries of our catalogue era reported in table 3.2. The final differential

polarized source counts is reported in figure 3.5. The full catalogue is available in the CRC

repository. We recall that the catalogue is based on simplified assumptions. Nevertheless,

polarization leakage is still a not well explored topic and thus we believe that this polarized

source catalogue could be of general interest for the IM community.

3.2 MeerKAT Beam Model

The simulations that we create focus on MeerKAT single dish observations (i.e. the

autocorrelation signal) and assume for simplicity that all dishes have the same primary

beam, since our focus are the frequency effects. This is a fair approach since map making

is done separately for every dish. We only look at the total intensity (Stokes I) since the

21cm signal is unpolarized to a high degree. Polarization leakage might be an important

effect for foreground cleaning (Alonso et al. [2014]; Carucci et al. [2020]; Cunnington et al.

[2021]) and we plan to return to it in a follow up study. A final assumption is that our

beam model has circular symmetry. Indeed, as seen in figure 3.6, the MeerKAT beam is

symmetric to a good degree. There are however small beam asymmetries that become

more relevant away from the center (Asad et al. [2021]). Nevertheless, this is more of

an issue when we need to ”subtract” point sources from the map and is an effect that

can be separated from the frequency problem which is our focus here. We can imagine

that each pixel on the sky will be observed many times, depending on the scanning and

cross-linking pattern. The beam we are modelling will be the final one after averaging

over these observations and should therefore be more symmetric. Deviations from this

symmetry means that point sources along a given circumference might be multiplied by

a different beam value. However, the changes in frequency and its impact on smoothness

will still be similar in any given direction and we believe that the models presented here

capture the most relevant effects.

Using spherical coordinates, we represent our beam function as B(ν, θ, φ), where ν is the

frequency of observation, θ the polar angle and φ the azimuthal angle. The beam pattern

is related to the dish reflective surface, or more accurately, its effective area set by the

aperture illumination function, through a Fourier transform (for details see Wilson and

Rohlfs K. [2013]). It is maximal in the direction at which the telescope is pointing (θ = 0)

and decreases with θ, away from the pointing direction. As already mentioned, we assume

https://drive.google.com/drive/folders/1bbm7ExfkA1-jT-o8yme5DaeXMWOrjBTd?usp=sharing
https://drive.google.com/drive/folders/1bbm7ExfkA1-jT-o8yme5DaeXMWOrjBTd?usp=sharing
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Figure 3.6: 2-d image of the MeerKAT primary beam model at 950 MHz obtained using the
EIDOS package [Asad et al., 2021].

that gain calibration has been done already and the beams are normalized to 1 at the

center.

Figure 3.6 shows the 2-dimensional MeerKAT beam at 950 MHz, using the ”EIDOS”

package3 from Asad et al. [2021]. The current version of the package can be used to

create MeerKAT L-band beams from Zernike polynomial fits to holographic observations

or EM simulations within a maximum diameter of 10 degrees. In this study we use the fit

to the MeerKAT holographic measurements. Using this package, we can generate images

of the Stokes I beam at any frequency, although only up to 5 degrees from the beam

center. We then numerically average this 2d beam over the φ direction in order to obtain

a beam pattern that is a function of θ only: B(ν, θ). We refer to this beam as the EIDOS

beam. In figure 3.7 we can see the shape of this beam as a function of θ, at a frequency

of ν = 950 MHz (solid cyan line).

Since the beam above only extends to 5 degrees, we explored other models that can be

applied to a full sky case. High accuracy is not required but we want a function that

captures some of the main trends of the MeerKAT beam: 1) it is an accurate representa-

tion within the main lobe; 2) has a full width at half maximum (FWHM) with the same

frequency dependence; 3) decays with θ at the same rate and 4) has side-lobes and follows

3https://github.com/ratt-ru/eidos

https://github.com/ratt-ru/eidos
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Figure 3.7: A comparison of primary beam models at 950 MHz: the standard Gauss model
(black), the Jinc beam model corresponding to an unblocked circular aperture [Wilson and
Rohlfs K., 2013] (solid green), the Cosine model [Condon and Ransom, 2016] (magenta), the
Gaussian tapered airy disk used in Harper and Dickinson [2018] (dashed red) and the one ob-
tained from the EIDOS package presented in Asad et al. [2021] (cyan).

the nulls and peaks with reasonable accuracy. We would also like such function to be easy

to calculate in order to quickly deploy it in simulations.

3.2.1 Modeling the Frequency-dependent Ripple

The FWHM, ∆θ, of a MeerKAT dish is given approximately by

∆θ ≈ 1.16
λ

D
, (3.5)

where λ is the observed wavelength and D the dish diameter (13.5m for MeerKAT). Mea-

surements of the MeerKAT/EIDOS beam shows that the FWHM follows this dependence

but also exhibits a low-level frequency-dependent ripple. This effect can be seen clearly in

figure 3.8, where the EIDOS FWHM is normalized by λ/D. This ripple is caused by the

interaction between the primary and secondary reflector of MeerKAT [de Villiers, 2013]

and can be important in the foreground cleaning as it will add extra structure to the

frequency spectra.

To address the effect on the extraction of the cosmological signal of such a frequency

dependent FWHM, we model its main features. We fit the additional smooth frequency
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Figure 3.8: The FWHM of the azimuthally averaged MeerKAT/EIDOS beam normalized by
λ/D as a function of frequency (solid cyan line) compared to our ripple model (solid blue line)
which is composed of a sinusoidal oscillation on top of a smooth polynomial frequency dependence
(solid orange line) - see equation 3.6.

Table 3.3: Numerical values of the coefficient of equation 3.6.

A [arc-min] T [MHz] an {n = 0, ..., 8}
{6.7e3,−50.3, 0.16,

0.1 20 −3.0e−4, 3.5e−7,−2.6e−10,
1.2e−13,−3.0e−17, 3.4e−21}

dependence with a polynomial. We choose a high order polynomial (8th degree) to accu-

rately describe the beam in the frequency interval of interest. On top of it we superimpose

a sinusoidal oscillation with period T and amplitude A arc-minutes,

∆θr =
λ

D

[
8∑
d=0

adν
d +A sin

(
2πν

T

)]
. (3.6)

The values of the parameters are summarized in table 3.3 and the ripple model and

its smooth component are shown in figure 3.8. The smooth polynomial provides an a-

dimensional scaling factor i.e the coefficients ad have dimension MHz−d. We note that in

Asad et al. [2021] this ripple in the beam width is shown to be asymmetric between the

vertical and the horizontal direction (e.g. it is not rotation invariant). Our model can be

considered a spherical averaged version of this effect which we believe still captures the

main issues of such ripple. The combination of beam asymmetries and sky rotation will

probably result in a superposition of sine waves which will leak the ripple across more
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scales while reducing its overall amplitude.

So far we have discussed the FWHM of the beam that we are assuming fully describes

its frequency behavior. We address now the possible choices to describe how the beam

behaves as a function of the polar angle θ. One interesting option for a beam model is the

jinc function: jinc(x) ≡ J1(x)/x, where J1(x) is the Bessel function of the first kind. This

model is quite popular as it corresponds to an unblocked circular aperture with uniform

illumination [Wilson and Rohlfs K., 2013]. We use:

BJ(ν, θ) = 4 jinc2
(
π
θ

∆θ

)
. (3.7)

Note that the correct derivation would use sin θ instead of θ in the equation above. They

give similar results for θ < 10◦ but will start to deviate after that. We found that using

θ instead provides a better behavior at large angles. We can see from figure 3.7 that

this function follows the beam main lobe accurately and captures the nulls of the first

side-lobes. However, the amplitude of the side-lobes is higher than the MeerKAT/EIDOS

beam.

Another option with smaller side-lobes is the beam pattern resulting from a cosine-tapered

field (or cosine-squared power) illumination function (Condon and Ransom 2016),

BC(ν, θ) =

[
cos (1.189θπ/∆θ)

1− 4(1.189θ/∆θ)2

]2

. (3.8)

Figure 3.7 shows that this model fits the main lobe and the first two side-lobes quite well.

Indeed, a simplified MeerKAT beam model based on this function is publicly available4.

More details of this MeerKAT beam model can be found in Mauch et al. [2020].

Finally, we also consider a Gaussian function:

BG(ν, θ) = exp
[
− 4 ln(2)

( θ

∆θ

)2]
. (3.9)

This is the simplest case and we include it here for consistency. It is a good approximation

to the main lobe (at least down to an order of magnitude) but it neglects completely the

effects of the side-lobes. One important point is that all these beams are a function of the

ratio θ
∆θ so that a change in ∆θ is equivalent to a rescaling in θ.

4https://github.com/SKA-sa/katbeam

https://github.com/SKA-sa/katbeam
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A somewhat more accurate option was proposed in Harper and Dickinson [2018] based

on the transformation of a Gaussian tapered airy disk. This model is also presented in

figure 3.7 after tuning the parameters. We can see from the figure that within 0 to 1

degree (i.e. within the main lobe) all beams do match. Beyond that, the Jinc beam

side-lobes drop slower in amplitude compared to the side-lobes of the other beams. The

airy beam has a trend with θ similar to the cosine but does not depend directly to the

FWHM, making it difficult to control its scaling with frequency since the integration

parameters need to be adjusted at each frequency. For these reasons, we focus the rest

of our analysis on the Cosine beam as the best description of the MeerKAT true beam

and retain the Gaussian and the Jinc respectively as an alternative best and worst case

scenario for side-lobes.

3.3 Survey Specifications

Following what was proposed with the MeerKLASS survey, we consider a survey area

of almost 10% of the sky, overlapping with the sky area probed by the Dark Energy

Survey (DES), in order to allow comparative studies and cross-correlation analysis that

will ultimately help in constraining cosmological parameters. We choose the sky patch as

in figure 3.9 and consider observations between 900 MHz and 1050 MHz with a frequency

resolution of 1 MHz. The 150 channels cover the redshifts range z ∈ (0.35, 0.58). We

store the mock data in HEALPix at Nside = 512 that corresponds to a pixel resolution of

θpix = 0.11 deg.

Table 3.4 summarizes the survey specifications and instrumental parameters. The instru-

mental noise can be computed as a function of these parameter choices. In our simulations

we consider only thermal noise, that is, Gaussian noise with null mean and a standard

deviation σN [Wilson and Rohlfs K., 2013]:

σN =
Tsys√

2tpix∆ν
, (3.10)

with Tsys the system temperature, ∆ν the frequency resolution and tpix the total integra-

tion time spent on a single pixel,

tpix = tobsNdish
Ωpix

Ωsur
. (3.11)
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2.5 5log10(Tb) [mK]

Figure 3.9: The simulated survey region in equatorial coordinates (red contours) covering
4k deg2 of the sky (fsky ∼ 0.09). For illustrative purpose we show in the background the simulated
foreground emission at 950 MHz. The simulated survey area avoids the strong emission coming
from the Galactic plane.

where tobs is the total integration time, Ωsur = 4πfsky the survey area, Ωpix the pixel

area and Ndish the number of telescope dishes5. With the assumptions listed in table 3.4

and the choice of Nside = 512 we obtain a noise rms value of 0.245 mK. The resulting

noise map T
fsky
noise(n̂) takes into account the sky patch considered and every unmasked pixel

contains values drawn from a Gaussian distribution. Note that in principle Tsys should

include a frequency dependent evolution inherited from the sky temperature, but we are

neglecting this small variation and assuming the noise to be constant with frequency. We

do not expect the specifics of the instrumental parameters assumed here to affect the main

conclusions of the paper, which can be easily extrapolated to the SKAO.

3.4 Simulating an HI IM Observation with a Spherical Har-

monic Transform Convolution Approach

To simulate how a measured sky brightness temperature map will look like, we need to

convolve the sky map with one of the beam models described in section 3.2:

T̃sky(ν, θ, φ) =

∫ [
R̂(θ, φ)B

]
(ν, θ′, φ′)Tsky(ν, θ′, φ′)dΩ′, (3.12)

5Note that, although data are auto-correlation of single dish measurements, the final maps will be a
combination of the independent measurements obtained with the various dishes, enhancing the signal-to-
noise.
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Table 3.4: Instrumental parameters used to simulate an intensity mapping survey with
MeerKAT.

D (dish diameter) 13.5 m
tobs 4 000 h
∆ν 1 MHz
Nν 150
Ndish 64
Tsys 20 K

(νmin, νmax) (900, 1050) MHz
(zmin, zmax) (0.35, 0.58)

fsky 0.09
survey area (Ωsur) ∼ 3 700 deg2

where dΩ′ = sin (θ′)dθ′dφ′ and R̂ is the operator of finite rotations such that R̂B is

the rotated beam into the (θ, φ) direction [e.g. Wandelt and Górski, 2001]. The direct

computation of this convolution integral can be avoided by moving to spherical harmonic

space. A sky map can be decomposed into spherical harmonics,

T (ν, θ, φ) =

`max∑
`=0

∑̀
m=−`

a`m(ν)Y`m(θ, φ), (3.13)

where Y`m(θ, φ) are the spherical harmonic functions and a`m(ν) are the spherical har-

monic coefficients,

a`m(ν) =

∫
T (ν, θ, φ)Y ∗`m(θ, φ)dΩ, (3.14)

For a symmetrical beam this simplifies to

B(ν, θ) =
∑
`

b`(ν)Y`0(θ, φ), (3.15)

where the beam harmonic coefficients bl do not depend on m and can be written as

b`(ν) =

∫
B(ν, θ, φ)Y ∗`0(θ, φ)dΩ. (3.16)

The convolution theorem transforms the integral into a simple product in harmonic space.

We therefore use it for including the effect of the beam in our simulated sky maps. At each

frequency, we compute the spherical harmonic transform of the sky temperature maps and

the one of the beam model projected onto a HEALPix map, using healpix routines [Zonca
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et al., 2019]. Then, a fast, element by element multiplication is performed,

ã`m(ν) =

√
4π

2`+ 1
a`m(ν)

b`(ν)√
4πb0(ν)

. (3.17)

Note that we are assuming that the beam function, B(ν, θ, φ), is defined to be one at the

center. We then need to divide by
√

4πb0(ν) so that the beam integrated over the sky is

normalized to 1. This is the required normalization in order to recover the signal angular

power spectrum with the correct amplitudes. To obtain the beam convolved sky maps we

simply use ã`m(ν) in equation 3.13.

3.4.1 Beam Effects on a Single Point Source

To examine the effect of a frequency dependent beam, we start by looking at the simplified

case of a single point source. Since this point source should be represented by a Dirac

delta function in terms of the sky temperature, the measured brightness temperature is:

TP (ν, θ) =
λ2

2kB

∫
B(ν,Ω)dΩ

S(ν)B(ν, θ), (3.18)

where θ is the angle of the point source with respect to the beam pointing and, again,

B(ν, θ) is the telescope beam normalized to 1 at the center. As discussed in section 3.2,

our standard description for the MeerKAT beam is the Cosine model of equation 3.8 and

we use the full frequency dependence in equation 3.6. For simplicity, we take the point

source flux, S(ν), to be constant in frequency and equal to 1 Jy. This corresponds to a

temperature contribution of about 0.05 K at the peak.

The upper panel of Figure 3.10 shows the effect of the convolution with a frequency

dependent beam (ripple model) for a few positions of the point source with respect to the

beam center. The angular positions are defined for the standard ”λ/D” case at 1 GHz

(first peak refers to the first sidelobe peak). The smooth component of the beam model

(central panel) creates a slowly varying behavior near the peaks and nulls of the side-

lobes but we expect the foreground cleaning algorithms to be able to deal with this type

of structure. Of course, the situation can become more complicated when we combine

several strong point sources with different spectral indexes. Still, the overall effect is

reasonably benign as we will see later.
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Assuming that we know the beam well enough to remove the effect from the smooth

component, we are left with the residuals seen in figure 3.11 which are much harder to

deal with. If no further cleaning can be done, this will give the final contribution from this

single point source. Note that we cannot remove this effect through a gain calibration

as the amplitude of the effect changes with θ (and is zero at the peak). Interestingly,

although the relative effect is stronger near the nulls, a point source at the FHWM gives

a stronger overall contribution with a similar shape. However, the signal is around 0.02

mK. Since the 21cm signal rms is about 0.1 mK, this means that a 1 Jy source would

have an impact at the 20% level at most. Again, the situation will be complicated once

we include more point sources. The strength of the signal goes down as we move away

from the center but there is a higher chance of finding more and stronger point sources. A

10 Jy source in the second null would generate contamination at the 10% level. Although

we have been considering a single point source, the same analysis could be applied to

fluctuations across the sky from diffuse components (a completely smooth component

would not suffer from beam effects). A 0.1 K fluctuation over degree scales would show

up in the first null and also contribute at the 10% level. Such fluctuations are expected

with the galactic synchrotron.

This was just a basic calculation to show the expected contamination level, but a proper

simulation is needed to take all the effects into account as we will in section 4.3.2. On the

one hand, the combination of more sources across the sky will make the cleaning more

complex. On the other hand, the cleaning algorithm might be more robust. Moreover,

techniques such as point source subtraction and beam deconvolution can improve the

overall outcome.

3.4.2 Mock Final Intensity Maps

To construct our mock sky maps, we start by adding together all the elements described

in section 3.1, at every frequency ν and direction n̂,

Tsky(ν, n̂) = THI(ν, n̂) + Tfg(ν, n̂) (3.19)
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Figure 3.10: Top panel: Behavior of Tb(ν) for a single point source in different angular positions
with respect to the center of the beam as a function of frequency. The positions are defined at
1 GHz. The beam model considered is the Cosine beam with ∆θ of equation 3.6 (ripple model).
Central panel: same as before but considering the Cosine beam with only the polynomial part of
∆θ of equation 3.6 (i.e. with A = 0, smooth model).
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Figure 3.11: The residual behavior of Tb(ν) for the ripple model after the smooth component is
subtracted.

where THI(ν, n̂) is the brightness temperature of the 21 cm signal, constructed as described

in section 3.1.1 using a 1 Gpc3 box with Ngrid = 2048 and

Tfg(ν, n̂) = TPS(ν, n̂) + TGsynch(ν, n̂) + TGFF(ν, n̂) + TEGFF(ν, n̂), (3.20)

where TPS represents the brightness temperature of the point sources, TGsynch is the

Galactic synchrotron emission and TGFF, TEGFF are the Galactic and extra-Galactic free-

free emission.

The sky signal needs to be convolved with the beam and masked to mock the MeerKAT

observations. The beam convolution is performed as described in section 3.4, i.e. at the

full sky level to avoid complication at the edges of the mask. Our reference mock maps

include the Cosine beam model described in section 3.2, but we produce maps using also

the Gaussian and the Jinc beam for comparison. For every beam model we need to specify

its frequency dependence: either the simple proportionality to λ/D of equation 3.5, or

the smooth/ripple model described in equation 3.6. For each of these beam models we

compute the spherical harmonic coefficients b` defined in equation 3.15 and produce a

final convolved map T̃sky(ν, n̂) using equation 3.13 and 3.17. The final full sky map is
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then masked to the target area and thermal noise is added.

T
fsky
obs (ν, n̂) = T̃

fsky
sky (ν, n̂) + T

fsky
noise(n̂). (3.21)

This final mock data product will be the input of the foreground cleaning algorithm.

3.4.3 Foreground Cleaning Diagnostics

To assess the degree of success of the foreground cleaning procedure we will use two

estimators: the angular power spectrum, which describes the clustering on the angular

direction at fixed frequency, and the radial power spectrum which instead describes the

clustering along the line of sight. One of the questions we are addressing is what is the

effect on foreground cleaning when we have different types of frequency dependence on

the beam size (standard, smooth, ripple). To this end, looking separately at the line of

sight and the angular direction will help in identifying residual structures in the cleaned

maps. The angular power spectrum is well adapted for tomographic measurement as the

ones that HI IM would like to perform. The radial power spectrum is instead a powerful

tool to check residuals due to the evolution of the primary beam which are dominant in

the frequency direction.

3.4.3.1 Angular Power Spectrum

We define the brightness temperature fluctuation contrast ∆T as the difference between

the temperature in each pixel and the mean of the sky patch under consideration. At

every frequency, the angular power spectrum in the full sky case can be estimated from

the spherical harmonic coefficient a`m(ν) of ∆T (ν) using

Ĉ`(ν) ≡ 1

2`+ 1

+∑̀
m=−`

|a`m|2 (3.22)

This estimator is no longer valid for sky patches, and finding the correct one is a non-

trivial problem. One widely used solution is to apply the Monte Carlo Apodized Spherical

Transform Estimator [MASTER, Hivon et al., 2002] to correct the C` for the effect of the

mask. When the telescope scanning strategy probes a small patch of the sky with sharp

edges, recovering the signal is also highly non trivial for the MASTER estimator.
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Given that for our purposes we are interested in the quality of the cleaning and not in the

shape of the signal itself, we will compute the C` using simply equation 3.22, correcting

only for the sky fraction (dividing by fsky). The resulting C` will have approximately the

same trend and amplitude as the full-sky ones but will display the well known oscillatory

behavior due to the coupling of different scales induced by the presence of the mask.

The HI signal with which we compare will suffer the same issue since the signal angular

power spectrum is also computed on the selected sky patch, justifying the direct use of

equation 3.22.

To show the quality of the PCA cleaning we will also use the quantity:

〈(Crec
` − Ctrue

` )/Ctrue
` 〉 ≡ 〈∆C`/Ctrue

` 〉, (3.23)

where 〈.〉 indicates averaging over the frequency channels.

3.4.3.2 Radial Power Spectrum

To explore clustering along the line of sight we use the definition of the radial power

spectrum as in Alonso et al. [2014]. The frequency band is divided into slices, within

which the universe should not evolve significantly and a constant redshift, zeff , is assumed.

The slices, however, should be big enough for capturing all the relevant scales. We then

compute the Fourier transform of the temperature fluctuations per bin along each line of

sight, ∆̃T (k‖, n̂), where

k‖ =
ν21H(zeff)

(1 + zeff)2
kν (3.24)

and kν is the Fourier conjugate of the frequency, e.g. δkν = 2π/∆ν. The radial power

spectrum results from an average over all lines of sight in the sky patch,

P (k‖) =
∆χ

2πNpix

Npix∑
i=1

|∆̃T (k‖, n̂)|2, (3.25)

where ∆χs = χ(zmax
s )− χ(zmin

s ) is the slice width.

Foreground removal methods generally struggle at the edges of the input frequency band.

To partially avoid this bias we do not include in the analysis the 10 MHz at the beginning

and at the end of our frequency range. Given the small redshift range of our simulations,

we use a single redshift bin corresponding to zeff ∼ 0.46. In chapter 4, we will show the
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recovered P (k‖) for our cases of study. Moreover, as for the angular power spectrum we

will consider the estimator

[
P (k‖)− P true(k‖)

]
/P true(k‖) ≡ ∆P (k‖)/P

true(k‖), (3.26)

to better assess the quality of the foreground cleaning. We anticipate that, due to the

smooth frequency dependence of the foregrounds, the cleaning is expected to inevitably

compromise the largest radial scales.

3.5 Summary

The main aim of this chapter was to describe in detail the modelling process of the single

dish HI IM observations. In doing so, two main components of the simulations had to be

considered, the radio sky intensity and the primary beam of a single dish radio telescope.

For the sky component, we show how to go about modelling the HI signal and the fore-

grounds discussed in section 2.4. In particular, we presented a new point source catalog

that is more realistic and constructed from NVSS, SUMSS surveys and the S3 simula-

tion by Ngobese [2018]. Furthermore we described how this intensity catalog is further

extended to include polarization.

The second aspect of the simulation that we considered, is how to model the single dish

primary beam for the MeerKAT radio telescope with the survey design as discussed in

section 3.3. In probing the frequency effects from the primary beam, the first assumption

we made in this modelling is that all telescope dishes behave the same way. The second is

that the beam has circular symmetry. Defining the primary beam in this way simplifies the

modelling in that a direct computation of the convolution integral as defined in equation

5.3 is avoided and instead spherical harmonic transforms are be used by following the

method described in section 3.4 to compute the beam convolution.

To address the first aim of this thesis, which is to investigate the role of primary beam side-

lobes, we will test our beam convolution pipeline using the primary beam models shown

in figure 3.7. The second frequency effect to be investigated is the non-trivial frequency

dependent ripple present in the EIDOS/MeerKAT beam which is outlined in section 3.2.1.

Within the same section, we described how to model this effect in the simulation pipeline.
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As a proof of concept, we also test the effect of the frequency dependent ripple on a single

point source in section 3.4.1. In chapter 4, we will present and discuss the results from the

various test cases. The foreground cleaned results will be presented using the diagnostics

described in section 3.4.3.
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Chapter 4

Primary Beam Effects on

Foreground Cleaning

In this chapter, we present the results of the single-dish HI IM simulations by conducting

various tests to determine the role played by primary beam side-lobes, particularly in the

presence of strong point sources. The results presented in this chapter are an original

contribution that resulted in a publication [Matshawule et al., 2021].

To determine the role of beam side-lobes we will make use of various primary beams as

shown in figure 3.7, run the simulation pipeline and discuss the results obtained. Secondly

and the main crux of this work, we will evaluate how the non-trivial frequency dependence

of the FWHM discussed in section 3.2.1, impacts our foreground cleaning when using the

spherical harmonic approach discussed in section 3.4. With each case of the primary

beam the different types of FWHM frequency variations will be tested, starting from the

standard case, given by equation 3.5 and moving to those shown in figure 3.8.

In simulating the single dish HI IM observations, the survey specifications as described

in table 3.4 are followed and the radio sky intensity maps are constructed as described in

equation 3.19. For all cases that will be discussed, the results obtained will be presented

in two forms; 1) a visual comparison of the reconstructed HI signal with input HI signal

as in figure 4.1 or 2) quantitatively: via the estimators defined in section 3.4.3.

Three blind foreground cleaning methods will be considered (PCA, ICA and poLOG) and

using a single test case, one of the cleaning methods will be selected based on how well

92
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the method recovers the HI signal. From thereon, the results will be presented using the

best performing foreground subtraction method.

4.1 Simulating Single-dish HI IM with CRIME

Before entering in the details of our pipeline we briefly present in this section the software

that is the starting point of our analysis. Indeed, we will show single dish HI IM simulation

result obtained with the CRIME software by Alonso et al. [2014] which is one of the

publicly available scientific packages for simulating HI IM experiments already mentioned

in the previous chapter. The result from this simulation will serve as a benchmark to

ascertain that our pipelines are working correctly.

The main purpose of CRIME is to produce fast HI IM simulations. In modeling the

radio telescope’s primary beam, CRIME makes use of a Gaussian-type beam which is the

standard assumption in HI IM studies. In this section, we demonstrate a single dish HI

IM simulated with CRIME and perform foreground cleaning on the observed intensity

maps in order to recover the cosmological HI signal.

The second aspect of CRIME is that the only frequency modulation considered in the

primary beam is the beam width as described in equation 3.5 and does not take into

account other frequency modulations that may be present in the primary beam such

as the non-trivial frequency-dependent effect as shown in figure 3.8 and which in our

simulations we can model as discussed in section 3.2.1 using equation 3.6.

Within the CRIME simulation exists a parameter script called JoinT which allows for

a single dish HI IM observation to be conducted. The survey specifications, HI, and

foreground maps are passed into CRIME, and Gaussian smoothing is applied. The maps

are masked and the appropriate instrumental noise is added to obtain the observed sky

brightness temperature maps from a MeerKAT-like radio telescope observation. Follow-

ing this process, these observed brightness temperature maps are used as input for the

foreground subtraction process using the fgrm script.

The output from the foreground cleaning process is the plots shown in Figure 4.1 which

show the foreground cleaned angular and radial power spectrum from the three foreground

cleaning methods PCA, ICA, and poLOG. In this visual comparison, the black curve
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in both angular and radial spectra represents the ‘observed’ HI signal whilst the cyan,

magenta, and red solid curves represent the reconstructed HI signal after the foreground

removal. The Nfg parameter shows the degree to which the foregrounds are removed,

starting from Nfg = 3 to Nfg = 5. From this figure, it can be observed that the foreground

methods have no difficulty in retrieving the HI signal, in both angular and radial directions.

At low k‖ however, an overcleaning occurs since everything that is smooth (thus described

with power at low k‖) tends to be subtracted by the cleaning procedure, being it signal or

foregrounds. This signal loss is particularly evident in the radial power spectrum but it

is problematic also in the case of the 3D power spectrum. In literature [e.g. Cunnington

et al., 2022, Switzer et al., 2015, Wolz et al., 2021], this signal loss is often alleviated using

a transfer function. In this thesis we are mostly interested in showing possible bias from

the cleaning procedure so we do not attempt any signal reconstruction.

4.2 Gaussian Beam Convolution

Having observed how CRIME simulates a single dish HI IM observation, in this section

we perform a Gaussian beam convolution to model the same type of observation but now

with the use of spherical harmonic transforms as outlined in section 3.4.

The initial test we perform has the primary beam modelled as a Gaussian. Our analysis

throughout this study will focus on a frequency sub-band of 900 - 1050 MHz with a

frequency resolution of 1.0 MHz of the MeerKAT L-Band. For each frequency channel we

follow the method described in section 3.4 and finally analyse the reconstructed HI signal

through the angular and 1D radial power spectra as described in section 3.4.3.

Figure 4.2 is a visual comparison of the foreground cleaned angular and line of sight

(radial) power spectra of the Gaussian beam convolution with the FWHM= 1.16λ/D. In

all plots the black curve is the input HI signal as observed by 1◦ Gaussian primary beam,

whilst the differently colored curves are the reconstructed HI signal. For all three panels

we observe that the cleaning methods are able to recover the HI signal successfully on all

scales except at high ` in the angular power spectra where the beam is unable to resolve

the HI structure. The same can be said with line of sight power spectra. At low k‖, the

missing signal is expected as anything that is smooth is at those scales and is subtracted

since interpreted as foregrounds.
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Figure 4.1: Shown in this figure are the cleaned angular and line of sight power spectra from
the CRIME simulation obtained using the three blind foreground cleaning methods shown in the
following order; PCA (top), ICA (middle) and LOS (bottom). The different colored curves repre-
sent the degree to which foreground cleaning is performed, with Nfg = 3 (in cyan) representing
the lowest number of foreground modes removed and Nfg = 5 (red) being the highest number of
modes removed in order get to the level of HI signal shown in the black solid curve. Note that here
the signal is HI only and does not contain the noise. The noise power spectrum is also subtracted
from the cleaned power spectrum.
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Figure 4.2: The foreground cleaned spectra shown is the Gaussian beam convolution with total
intensity maps using the standard FWHM given in equation 3.5. The spherical harmonic trans-
form approach is able to reproduce the same result as observed with CRIME. Furthermore when
comparing the cleaning methods we see no difference in the manner in which they recover the
HI signal. Note that here the signal is HI only and does not contain the noise. The noise power
spectrum is also subtracted from the cleaned power spectrum.
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We have performed a comparison between the mainstream CRIME package and the spher-

ical harmonic transform approach and saw that the results are the same. We also observed

that the foreground subtraction methods are able to reconstruct the HI signal and return

similar results. In the sections to follow we will get into the main problem we are trying to

address in this thesis, and going forward perform the foreground cleaning using only the

PCA method. Note that, when comparing the power spectra of the cleaned maps with

the input, we subtract the noise power spectrum from the residual and check it against

the HI only one.

4.3 Results

We discuss here the results of our simulation and cleaning pipeline. The mock observations

finalized in section 3.4.2 are the input of the foreground cleaning method described in

section 2.5. To quantify the performance of the cleaning, we make use of the estimators

detailed in section 3.4.3. The main focus of this thesis is to investigate how a non trivial

shape and/or frequency dependence for the telescope beam impacts the cleaning. To

this aim, we discuss the effect of side-lobes with particular attention to the role of the

point source contamination in section 4.3.1, and analyze the increasing difficulties of the

cleaning procedure in the presence of a frequency dependent FWHM in section 4.3.2. In

section 4.3.3 we investigate how smoothing the maps to a common resolution could help

the cleaning process.

4.3.1 Effect of Beam side-lobes

As discussed in section 3.2, a realistic model for the MeerKAT beam should include side-

lobes. Since side-lobes should be most problematic in the presence of strong point sources,

we show results considering different levels of point source contamination. Our best-case

scenario considers that we will be capable of removing point sources with fluxes as low as

100 mJy at 1.4 GHz, but we explore also more pessimistic cases. Note that, at this stage,

we are simply considering that the FWHM of the beam scales proportionally to λ/D (see

equation 3.5). The more complex models of equation 3.6 will be explored later on.

A good level of approximation for the shape of the side-lobes in the case of MeerKAT, is

obtained with the cosine-tapered field illumination function, i.e. the Cosine model. We
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present in section 4.3.1.1 the results obtained using mock sky emission convolved with

this type of beam. A more pessimistic assumption for the side-lobes is instead presented

in section 4.3.1.2, where we consider the Jinc model (see figure 3.7).

4.3.1.1 Realistic side-lobes

We consider here the sky model convolved with a Cosine beam and apply the blind clean-

ing. An example of the reconstructed angular power spectrum is shown in the left panel of

figure 4.3. Despite the side-lobes of the Cosine beam, the foreground cleaning method has

no particular difficulties in reconstructing the HI signal and there is no dependence on the

level of point source contamination. The results presented in figure 4.3 are for Nfg = 4,

which we found was the optimal number of components to be subtracted. Raising Nfg

only worsens the over-cleaning at large scales.

When examining the radial power spectrum (right panel of figure 4.3) we find that the

overall quality of the cleaning is good for intermediate and small scales. As for the angular

power spectrum, we show results for Nfg = 4. Large scales are inevitably over-cleaned

since the strong foregrounds are mostly smooth in frequency thus making power at low

k‖ the first to be subtracted by blind methods. We note that the cleaning, at fixed

Nfg, is more aggressive for lower point source contamination. This is expected since the

complexity created by the interaction between side-lobes and strong point sources could

counteract signal loss. Moreover, we report that, for Nfg = 3, the case with the full point

sources still leaves high contamination on large scales. On the other end, as soon as the

strongest point sources are not included in the sky model, choosing Nfg = 5 leads to severe

over-cleaning, subtracting power not only at large scales but at intermediate k‖.

4.3.1.2 Pessimistic side-lobes

We now consider a more pessimistic model for the beam (worse than what is expected for

MeerKAT) by convolving the sky with the Jinc beam and apply again the blind cleaning.

We present again only the results with Nfg = 4. In the left panel of figure 4.4, we can

see that in this case the performance of the cleaning algorithm is poorer: the full point

source case has residual contamination already at intermediate scales. A higher Nfg does

not ease this contamination and worsens the signal loss at large scales. We can appreciate
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Figure 4.3: The results for the foreground cleaning estimators considered in this work: the
angular power spectrum defined in equation 3.22 (left panel) for a given frequency (950 MHz in
this example) and the radial power spectrum of equation 3.25 (right panel). We assume a Cosine
beam model for the simulated observations and that the FWHM scales proportionally to λ/D.
Different line-styles correspond to different levels of point source contamination. The solid curves
represents the case with no flux cut applied to the catalogue (full PS), PS < 1 Jy is in dotted
and PS < 100 mJy in dashed. We present results using Nfg = 4 for the number of removed
components. The retrieved signal is compared to the input HI signal plotted in red.
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Figure 4.4: Same as figure 4.3, but for a Jinc beam model that has stronger side-lobes with
respect to the Cosine beam. The input HI is shown in the red solid curve whilst the foreground
cleaned signals for different flux density cuts are shown with different line styles.

even better the role of strong side-lobes and point sources in the cleaning procedure when

examining the radial power spectrum (right panel of figure 4.4). We observe a ”bump”

in the low to mid k‖ scales for the full point source model, and the HI radial power

spectrum is only recovered at large k‖. Increasing the number of foreground components

Nfg has a very small effect in removing this feature. Residual foregrounds are gradually

removed when point source flux cuts are applied, and the HI signal is recovered at least

at intermediate and small scales.
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4.3.1.3 Quantitative Comparison of Beam Models

We compare in figure 4.5 the cleaning results for the Cosine and Jinc beam model with

the input signal. We add for reference the case without side-lobes, i.e. the Gaussian

model. We show the estimators of equation 3.23 and 3.26. By construction, ∆P/P true(k)

and ∆C`/C
true
` will be positive if there are still contaminants in the recovered signal, and

negative if the cleaning is too aggressive, resulting in signal loss. We retain the worst and

best-case scenario for the point source contamination, considering the full catalogue and

point sources with a flux cut of 100 mJy, respectively.

The complexity of the interaction between point sources and side-lobes appears clearly

from the figure: for the Gaussian case there is little dependence on the level of point source

contamination while, for the two models with side-lobes, the cleaning is easier without

strong point sources. Note also that, while Nfg = 3 is the optimal assumption for the

Gaussian case, the Cosine and the Jinc beam requires a higher number of components to

be subtracted. When the Jinc beam is convolved with a sky model with no cut on point

source flux, the reconstructed signal remains highly contaminated by foregrounds and

increasing Nfg offers little assistance. Nevertheless, when considering faint point sources

(PS < 100 mJy), the angular power spectrum signal is recovered with 10% precision

reaching a few % at small scales, and it is possible to recover the radial power spectrum,

except for low k‖. For the more realistic Cosine beam, side-lobes seems not to be a major

limitation in the recovery of the signal even in the presence of strong point sources, and

using the optimal value of Nfg = 4, we can recover the HI signal within 10% precision.

A note of caution is needed: the recovered signal is systematically below the input signal

for the optimal value of Nfg, indicating signal loss. This effect can be, in principle,

corrected by constructing a foreground transfer function, generally repeating the cleaning

on a set of simulations [e.g. Switzer et al., 2015, Wolz et al., 2021]. Although we do not

characterize this function in this thesis, figure 4.5 gives a raw expectation of how the

signal loss varies across the number of components to subtract, the level of point source

contamination and the primary beam model.
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Figure 4.5: A quantitative comparison of the foreground cleaned angular power spectrum (left)
and radial power spectrum (right) with the true input signal (see equation 3.23 and 3.26). Three
types of beam models, Gauss (black), Jinc (green) and Cosine (magenta) were used in the beam
convolution pipeline. In all cases the FWHM scales simply with λ/D. The performance of the
recovery of the HI signal is evaluated for Nfg = 3 in the top panels and for Nfg = 4 in the bottom
panels. The solid curve represents the case in which the full point source catalogue was considered
for the simulated maps, whilst the dotted lines are the cases in which a flux cut of PS < 100 mJy
was applied.

4.3.2 Frequency-dependent Beam

Up to now, we have assumed the standard λ/D dependence for the FWHM of the beam.

What if we relax this hypothesis? We investigate here how our conclusions change in the

presence of either the smooth or the ripple models presented in section 3.2. We note again

that this frequency dependence cannot be simply absorbed into the bandpass calibration.

Throughout this section, we use our most realistic model for the MeerKAT beam: the

Cosine beam model.

Being a function of frequency, the effect of a non trivial FWHM is mostly visible in the

reconstructed radial power spectrum. We present in the left panel of figure 4.6 results

without subtracting any point sources from the foreground models. We note here, and

elaborate on later, that the trends are similar for the cases with lower contamination,

although the magnitude of the effect is smaller.
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Figure 4.6: Comparison of radial power spectra of the recovered signal for the Cosine beam case
with a FWHM with non-trivial spectral variation: the full ripple model (left panel) or only the
polynomial smooth model (right panel). The input HI is shown in red whilst the reconstructed
signals for different number of foreground components removed (Nfg) are shown with different line
styles. These results are obtained without removing the strong point sources.

The radial power spectrum for the ripple model shows a feature around k‖ = 0.1 hMpc−1

whose position depends on the period of the oscillation of the FWHM, in this case

T =20 MHz. We find that the amplitude of the feature can be reduced by making the

cleaning more aggressive, although we quickly start to see a strong depletion of the signal

at the same k‖. The HI signal is best recovered with Nfg = 4. In the presence of the

smooth model (right panel of figure 4.6) the feature caused by the ripple disappears and

the performances of the cleaning are similar to what is seen for the Cosine beam with the

standard FWHM in figure 4.3.

4.3.2.1 Quantitative Comparison of Spectral Models

In figure 4.7, we evaluate quantitatively the cleaning at Nfg = 4 and present the results

not only for the full point source catalogue, but also for the flux cut at 100 mJy. The HI

angular power spectrum is recovered within 10% precision for the smooth model, reaching

the same performances of the standard λ/D case, with both strong or low point source

emission. In the ripple case instead, if no point source cut is applied, the cleaning methods

struggle in recovering the small scales. Moreover, while the radial power spectrum can be

successfully recovered for the standard λ/D model and the smooth model, the cleaning

method is 60% off at k‖ ∼ 0.1 hMpc−1 for the ripple case. For this latter case, the removal

of the bright point sources transforms the feature of residual contamination into a signal

loss at the same scales reaching up to 20%.
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Figure 4.7: A quantitative comparison of the foreground cleaned angular power spectrum (left)
and radial power spectrum (right) with the true input signal (see equation 3.23 and 3.26). Results
for Nfg = 4 are compared for the different FWHM models: λ/D in black, the smooth model in
orange and the ripple model in blue. Results are shown for the worst and best-case scenario for
the point source contamination, considering the full catalogue (solid lines) or only point sources
with a flux cut of 100 mJy (dotted lines), respectively.

4.3.2.2 Impact of Diffuse Emission

Up to now we have focused our discussion on the interaction between the structure of the

beam and the level of point source contamination. We remark that our foreground model

includes not only point sources but also free-free and synchrotron emission. A legitimate

question is then how much the cleaning performance is impacted by the ripple model

in the presence of a diffuse foreground component. We consider a simplified foreground

emission comprising only Galactic synchrotron and report in figure 4.8 the results for the

HI radial power spectrum. Similarly to figure 4.6 and 4.7, the cleaning struggles around

the scale of the FWHM frequency oscillation, although its impact is smaller. Interestingly,

the same exercise performed with the Gaussian beam convolution yields similar results,

underlying that the effect of the persistent ripple is important also when no side-lobes are

present. Note that if the foregrounds were completely smooth across the sky, no effect

would be observed.

4.3.3 Applying Re-smoothing

To alleviate the effect of the frequency ripple in the cleaning process, that, as seen in

section 4.3.2, compromises the recovery of the radial power spectrum, one could attempt

a re-smoothing of the maps to a common resolution. Re-smoothing is a standard technique

adopted in Intensity Mapping to prevent systematics and artifacts in the data: all maps

are de-convolved and re-smoothed to a common angular resolution, slightly lower than
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Figure 4.8: The estimator of equation 3.26 applied after cleaning an input simulation that
includes only synchrotron emission and the signal, convolved with a Cosine beam (solid lines) or
a Gauss beam (dashed lines), in both cases assuming the frequency ripple model. Different colors
show results obtained with different values of Nfg. Although the effect is similar, note that for
Nfg = 4 it is only at few % level while it reaches 60% in figure 4.7 in the presence of strong point
sources.

Figure 4.9: We compare the signal reconstruction performances for the Cosine beam case with a
FWHM evolving with the ripple model, when our standard cleaning procedure is applied and maps
are not smoothed (red), with the one obtained after performing a re-smoothing with a Gaussian
(black), an approximated cosine (magenta) or a accurate cosine (blue) beam (see text for details),
at fixed Nfg. We show results for the case with only point sources fainter than 100 mJy, for both
the angular power spectrum (left) and the radial power spectrum (right).
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the worst one in the data (see for example Anderson et al. [2018]). In other words, a

map measured at frequency ν and thus convolved with a telescope beam with a certain

FWHM can be adjusted to a (lower) frequency resolution given by the FWHM of the

beam at a lower frequency ν0. This is achieved in spherical harmonics space via a simple

multiplication of the ames
`m (ν) of the measured map with the ratio of the spherical harmonic

representations b`(ν0) and b`(ν) of the two beams

ars
`m(ν) = ames

`m (ν)
b`(ν0)

b`(ν)
. (4.1)

Although this procedure is exact for a full sky map with known beam and no noise, its

application to smaller sky patches requires some precautions due to numerical instabilities,

which we briefly introduce here and discuss in more detail in section 4.4.

i) We start by apodizing our mask (e.g. smoothing the edges) to have less ”ringing”

entering the computation of the ames
`m (ν);

ii) assuming a certain beam model, we compute the b`(ν) of the frequency of interest

and the b`(ν0) of the common frequency we want to resmooth to;

iii) we regularize the ratio b`(ν0)/b`(ν) imposing a cut-off `cut at small scales;

iv) we apply equation 4.1 and obtain a map from ars
`m;

v) we enforce a conservative mask on the re-smoothed map in order to avoid the in-

clusion of pixels at the edges of the old mask.

We apply this procedure to both the pessimistic case, where no point source flux cut has

been applied (full PS), and the best-case scenario where their emission has been kept lower

than 100mJy. All our maps have been initially convolved with the Cosine beam with a

peculiar frequency dependence (the ripple of equation 3.6). The deconvolution (dividing

by b`(ν)) should be done with a beam that we believe closest to the real one. We then

consider three distinct cases for the deconvolution step, assuming increasing knowledge

on the beam.

1. A Gaussian beam with a FWHM scaling proportionally to λ/D as in equation 3.5.

This is the simplest assumption;
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2. A Cosine beam. Since the presence of side-lobes is a known feature of the MeerKAT

beam, we can suppose that we can describe them with this model. We instead

assume no knowledge of the frequency behavior of the FWHM and rely on the λ/D

approximation. We call this case approximate Cosine;

3. A Cosine beam with ripple model, assuming exact knowledge of the beam side-

lobes and the frequency dependence. We call this case accurate Cosine. Note that,

even in this last case where we deconvolve using the same b` used for the original

convolution, the cancellation will not be perfect due to the mask and the noise

(although the noise effect should be negligible on the foreground map).

The subsequent smoothing (convolution) to a common resolution (using b`(ν0)), could be

done with different beam shapes. A common solution is to use a Gaussian. In this work,

we use instead the same beam that was used in the deconvolution step above.

In figure 4.9, we compare the performance of the cleaning algorithm using maps de-

convolved/re-smoothed with the three different procedures. We present both the angular

power spectrum and the radial power spectrum for Nfg = 4 and 5. The reference, for

comparison, is the case discussed in section 4.3.2. We present, for simplicity, only the

case with low point source contamination. This is a conservative choice since we see even

more improvement due to the re-smoothing procedure in the case of strong point sources.

Note that we apply exactly the same procedure to the HI only signal so that we can make

a fair comparison that should be mostly dependent on the cleaning and not on extra

effects from the power spectrum calculation itself (such as the window function).

When we subtract Nfg = 4 components, the C` are similarly reconstructed for all cases

within a ∼ 5% precision for most scales, although some residual small-scale contamination

is found for the accurate Cosine re-smoothing. This residual contamination disappears

for Nfg = 5, and we find agreement between the different procedures. We note again the

angular power spectrum diagnostic is always negative, uncovering a systematic signal loss.

More interesting for our purposes, is the effect on the radial power spectrum. The accurate

Cosine re-smoothing deals quite efficiently with the effect of the ripple, reaching a precision

always better than 10% for a large range of k‖, for both Nfg = 4 and 5. The re-smoothing

procedure with the Gaussian or approximate Cosine beam erases the presence of the ripple

and reconstructs the P (k‖) much better than reference case.



http://etd.uwc.ac.za/

Chapter 4: Primary Beam Effects on Foreground Cleaning 107

In summary, figure 4.9 suggests that, in the presence of non trivial beam frequency depen-

dent effects, an accurate knowledge of the beam would allow a re-smoothing procedure

that should improve the quality of the foreground cleaning in the radial direction and

alleviate signal loss. A less accurate re-smoothing would also be enough to retrieve the

signal with good accuracy. Probably the best approach will be to include the beam in the

mapmaking process (see for example Tegmark [1997]). This is, however, something that

will be computationally demanding and we would like to explore in future work. Still,

we will never know the beam exactly and a smoothing kernel will always be useful. The

choice of smoothing kernel should be validated against simulations in order to quantify

any effect on the signal power spectrum.

4.4 Map Deconvolution

In section 4.3.3, we have discussed the performance of the foreground cleaning on maps

that have been deconvolved to a common resolution. Here we present in more details

some of the steps of the adopted procedure.

Apodization. Since we are interested only in how well we reconstruct the signal and

not in the shape of the signal itself, throughout the paper we have computed the angular

power spectrum of the maps using simply equation 3.22 and correcting for fsky (see also

discussion in section 3.4.3). Nevertheless, to re-smooth a map using equation 4.1, having

well behaving a`m becomes important. To this purpose we do not compute them directly

using the original sharp mask but we use an apodized mask. Apodization is a standard

procedure for example in CMB studies, assuring that the mask does not sharply pass

from one to zero but that there is a smooth transition at the borders. Apodized masks

alleviate the ringing in the power spectrum, and thus in the a`m. To apodize, we smooth

the mask with a Gaussian with a FWHM of a few degrees, replacing the zeros with

negative numbers before the smoothing to obtain a better behaviour around the edges of

the mask. We choose this negative value ensuring that, in the sky patch defined by the

initial mask, there are no negative values. The final apodized mask is obtained just by

multiplying the smoothed one and the original mask.

Beam b` ratio. The other important ingredient for equation 4.1 are the spherical har-

monics coefficient of the beam decomposition on the sphere, the b` of equation 3.15. As
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discussed in section 3.4, for a symmetric beam these coefficients are only function of `

and are real. We report in figure 4.10 the shape of the b` for two different frequencies and

comparing the cosine and the Gaussian beams. Due to the shape of the cosine main lobe

(see figure 3.7), the b` drops faster after ` ∼ 200.

In section 4.3.3 we discussed different cases for re-smoothing. In the first case, we have

used a Gaussian both to de-convolve and re-convolve, i.e. the ratio of equation 4.1. In

harmonic space a Gaussian function remains Gaussian, so we have an easy analytical form

for the ratio: it corresponds to the b` of a Gaussian beam with ∆θ2 = ∆θ(ν0)2 −∆θ(ν)2.

Note that, as discussed in Anderson et al. [2018], it is better to choose ν0 to be slightly

lower than the minimum frequency used (we use 890 MHz). For a better comparison,

instead of using the analytical form we compute numerically the ratio between the two

b`. The finite machine precision inevitably introduces spurious behaviors at small scales

(` ∼ 370 for our frequency range, see top panel of figure 4.11). To avoid the effect of these

artifacts, in case of numerical ratio, one can perform a cut in ` and artificially put at zero

the ratio for smaller scales. We compare the numerical and the analytical case in the top

panel of figure 4.11, showing the loss of information imposed by the `cut.

For the re-smoothing case where we assume that the beam could be described with a

Cosine model, the analytical ratio is not straightforward to derive so we always revert to

the numerical ratio. In the bottom panel of figure 4.11, we show how the ratio behaves

with this beam model. Due to the differences in the b` seen in figure 4.10, the effect of

finite machine precision enters at larger scale so we perform the cut at ` ∼ 250.

One could also try to deconvolve the maps from the effect of the Cosine beam and then

use a Gaussian re-smoothing to alleviate the effect of the side-lobes. In the bottom panel

of figure 4.11 we report also this case, noting however that a very large Gaussian beam

is required to avoid spurious numerical behaviour of the ratio. If on the one hand this

could be of help in suppressing artifacts in the data, on the other hand we are forced

to throw away more information. We have thus decided to use the cosine beam also for

re-smoothing.
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Figure 4.10: Spherical harmonic coefficients of the beam decomposition b` (see equation 3.16)
for the cosine beam (magenta) and the Gaussian beam (black). The lower frequency of L-band
900 MHz is plotted with a solid line while 950 MHz is plotted with a dashed line.

Figure 4.11: (Left panel) The ratio between the b` for a Gaussian beam at 900 MHz (solid
black) or at 950 MHz (dashed black) with the lower frequency Gaussian beam at ν0 = 890 MHz.
After ` ∼ 380 the ratio is not well behaved so we artificially set to zero the smaller scales. This
approximated procedure is compared with its the analytical solution for both 900 MHz (solid red)
and at 950 MHz (dashed red). (Right panel) The ratio between the b` for a cosine beam at 900
MHz (solid magenta) or at 950 MHz (dashed magenta) with the lower frequency cosine beam at
ν0 = 890 MHz. In this case after ` ∼ 240 the ratio is not well behaved so we consider zero all the
smaller scales. We report also the behaviour of the ratio when we deconvolve with a cosine beam
but re-convolve with a Gaussian. If we use the same ν0 as before, i.e. 890 MHz the ratio start a
fast growth around ` ∼ 200 (grey lines), while to obtain a reasonable value for the ratio we are
obliged to throw away a lot of information using a very large beam, i.e. a very low ν0 (black lines).



http://etd.uwc.ac.za/

Chapter 4: Primary Beam Effects on Foreground Cleaning 110

4.5 Summary

In this chapter we analyzed first the effect of side-lobes in presence of strong point sources.

Cleaning is severely impacted by the large side-lobes of the Jinc beam model and residual

foreground contamination improved with the subtraction of a larger number of compo-

nents (up to Nfg = 5) only if the strongest sources are removed. Fortunately, the Cosine

model, which should be a more realistic description for the MeerKAT beam, shows a

good performance if 4 modes are subtracted. Note that Nfg = 3 is enough instead for

the Gaussian beam case. We recovered the HI signal within 10% on large angular scales,

while reaching few % accuracy at small scales. We find, however, that the foreground

subtraction always tends to over-clean the signal. The HI radial power spectrum recon-

struction is good at intermediate and small radial scales but fails at low k‖ as expected,

due to the removal of the smooth foreground contamination. This effect at large scales is

known, for example, to bias primordial non-Gaussianity studies [e.g. Cunnington et al.,

2020]. We found that the performances of the cleaning at low k‖ depend both on the level

of point source contamination and on the amplitude of the beam side-lobes.

We then explored the effect of a realistic frequency dependent beam on the cleaning

efficiency. In the literature, the beam FWHM is generally assumed to follow a simple

scaling (λ/D). Following the fits of Asad et al. [2021], we constructed two models for

the FWHM of increasing complexity using the realistic Cosine beam (see figure 3.8): a

polynomial in frequency (i.e the smooth model) and a frequency oscillation on top of

this latter (i.e the ripple model). We found that the smooth model does not impact the

performance of the cleaning procedure. On the contrary, the coupling of the foreground,

and in particular of the strong point sources, with the ripple feature, affected the cleaning

more strongly. The effect is more visible for the radial power spectrum, where the k‖

scales corresponding to the frequency of the ripple are biased. It is interesting to note

that this effect is also present when only the Galactic synchrotron is included, showing

that the contamination will still be present at some level even after aggressive point source

removal. Moreover, this contamination also comes from the frequency fluctuations in the

main lobe of the beam and not only the side-lobes. This type of oscillatory behavior of the

FWHM of the beam, if not recognized and treated, could contaminate the cosmological

analysis, such as the reconstruction of the imprint of the Baryon Acoustic Oscillations on

the 21 cm power spectrum.
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In the next chapter, we explore in an even more realistic setup the effect of the beam,

constructing a pipeline to apply the beam in map space instead of the spherical harmonic

approach used in this chapter.
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Chapter 5

Effect of the Beam through

Map-space Convolution

In the previous chapter we discussed the implications for the foreground cleaning pro-

cedure of a realistic primary beam that encodes some of the measured characteristics of

the MeerKAT dishes. We analysed the effect of side-lobes and of a non-trivial frequency

dependence of the FWHM of the beam.

Nevertheless, there are other potential systematics that simulations should include, for

example, the effect of non-homogeneous noise or of the 1/f noise, both due to the scanning

strategy. Moreover, we should consider the effect of a heavy RFI flagging that can have

consequences on the cleaning procedure, similar to the ones of a mask with fringes and

holes, causing spurious features at power spectrum level. When observing for long periods

there is also the risk of a modification with time of the dishes and this effect can have

consequences for the final co-adding of the single-dish maps.

Another important systematic effect to take into account is polarization leakage, i.e. the

contamination of the pristine HI signal coming from the polarized sky. To this end, we

created and provided in the work of this thesis and in Ngobese [2018] a point source

catalogue (see chapter 3), containing also the polarized information and a code to create

Q and U maps from it. In assessing the potential level of polarization leakage in the

intensity mapping observations carried out with MeerKAT, the beam is again central.

Indeed, the final leakage will depend on the combination of the polarized sky and on the

112
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off-diagonal Mueller matrix term of the beam. In the results presented in the previous

chapters, although we have implemented a realistic MeerKAT beam B(θ, φ, ν) with a

side-lobe structure and a non-trivial frequency dependence, we have always assumed the

beam to be symmetric with respect to its pointing direction, i.e. we have neglected any

φ dependence.

Under this assumption, the beam B(θ, ν) can be easily described in spherical harmonic

space and its symmetry provides a way to avoid directly computing the convolution inte-

gral described in equation 5.3, instead making use of the convolution theorem as shown in

equation 3.17. Computing a product in harmonic space instead of an integral in map-space

makes the sky model convolution with the telescope beam much faster. Approximating

the beam as symmetric can be justified assuming that the same area on the sky will be

scanned more than once for each observation and from different directions, mitigating the

effect of asymmetries in the beam. The symmetrization of the beam remains, however, an

approximation and its impact has not been explored in the context of intensity mapping

and foreground cleaning.

In this chapter, we build a framework to explicitly compute the impact of a realistic

beam model with asymmetries on the foreground cleaning results. We make use again

of the beam pattern of the EIDOS package [Asad et al., 2021] and instead of imposing

an ad hoc frequency ripple as in section 3.2.1, we will include in our results the natural

frequency structure of the EIDOS beam. To this end, the convolution integral must be

solved directly. In section 5.1, we describe how to project the 2-D grid representation

of the EIDOS beam onto the sphere using the HEALPix format. A description of the

map-space convolution method is provided in section 5.2.

In section 5.3 we apply the map-space convolution to a sky model constructed in the same

manner as for the previous chapter, thus including the various foreground components and

the HI signal. We proceed with the foreground cleaning on these maps, with the aim of

testing the effect of the EIDOS beam: its frequency dependency and its asymmetries.

5.1 Mapping the EIDOS 2-D Beam into HEALPix Format

The EIDOS package can be used to generate 2-D beam patterns within a frequency band

ranging from 900 to 1050 MHz, using the following command:
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Figure 5.1: Two EIDOS 2-D beams at 900 MHz. On the left is a Stokes I beam (a diagonal
term of the Mueller matrix) and on the right is a Stokes Q→ I beam, encoding leakage from Stokes
Q to I.

eidos -p 512 -d 10 -f 900 1050 -S I

The above instruction is interpreted as follows: input parameter -p indicates that each

2-D beam generated must contain 512 pixels per side, -d specifies the diameter of the

beam per side which is 10 degrees, -f is the frequency range (with a default frequency

resolution of 1 MHz), and -S is the stokes parameter of the beam requested, which can

be Stokes I, Q, U or V. This command produces a total of 150 beam images.

The type of primary beam that we use in the main analysis, is a stokes I beam. However

for the purposes of testing our pipeline, we use a non-symmetric beam so that it is easier

to visually pinpoint the asymmetries of the beam and compare between the 2-D image

and the HEALPix representation of the beam. Figure 5.1 shows the EIDOS Stokes I

beam (left) and Stokes Q→ I beam (right), an off-diagonal term which shows leakage

from Stokes Q to I.

To map the 10x10 degree beam we superimpose a 2-D coordinate system centered on the

peak of the image at (θ, φ) = (0, 0), such that the angular extent in all four quadrants

ranges from 0 degrees (centre) to 5 degrees (edge), as indicated by the axis ranges in figure

5.1.

From this we compute the radial distance and azimuth angle using the small-angle ap-

proximation as follows:

θ =

√(
θx
)2

+
(
θy
)2
, (5.1)

φ = arctan

(
θy
θx

)
, (5.2)
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Figure 5.2: The final HEALPix format of the original EIDOS beam. We show here an example of
the Q→ I beam to give emphasis to the asymmetric structure of the beam. This can be compared
with the right panel of figure 5.1.

where θx and θy are the elevation and azimuth angles of the beam in degrees, with the

ranges 0 < θ ≤ π, 0 < φ ≤ 2π. While θ is straightforward to compute using equation 5.1,

some care is needed to ensure the right sign for φ when using the arctan function. In

particular, the following conditions must be implemented depending on the quadrant in

which (x, y) falls:

• if x ≥ 0 and y ≥ 0 : φ = arctan
(
θy
θx

)
(1st quadrant)

• if x < 0 and y ≥ 0 : φ = arctan
(
θy
θx

)
+ π (2nd quadrant)

• if x < 0 and y < 0 : φ = arctan
(
θy
θx

)
+ π (3rd quadrant)

• if x > 0 and y < 0 : φ = 2π − arctan
(
|θy |
θx

)
(4th quadrant)

Once the (θx, θy) coordinates are correctly transformed into the polar (θ, φ), we can simply

use the HEALPix routine ang2pix(θ, φ) to obtain the correct pixel position in which to

store the associated beam value on a map. We report in figure 5.2 the result.

5.2 Map-space Convolution with Stokes I Beams

We recall that to implement map-space convolution we need to explicitly compute

T̃sky(ν, θ, φ) =

∫ [
R̂(θ, φ)B

]
(ν, θ′, φ′)Tsky(ν, θ′, φ′) dΩ′, (5.3)
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Figure 5.3: Full-sky angular power spectrum comparison. The black curve is an input sky model
including only synchrotron. The blue line is the harmonic space result while the magenta line is the
map-space convolution. The considered beam is the Stokes I beam in the left panel of figure 5.1.
In the lower panel we show the relative difference between the real and the harmonic result. The
two methods give the same results up to small scales. Note that to speed up the computation we
have used in this example a low Nside.

where dΩ′ = sin (θ′)dθ′dφ′ and R̂ is the operator of finite rotations such that R̂B is the

rotated beam in the (θ, φ) direction [e.g. Wandelt and Górski, 2001].

In order to apply equation 5.3 we need to implement a rotation operation on the sky.

We make use of the HEALPix routine rotateDirection() and, given a pointing direction

defined by (θ0,φ0), we compose a rotation around the y-axis for θ0 and a rotation around

the z-axis for φ0. With this, we can point the pixelized beam B(ν, θ, φ) to the selected

direction. The value of the convolved sky in that point will then be the sum of the

pixel-by-pixel multiplication between the sky (non-rotated) and the rotated beam.

To check that our implementation is correct, we compare the standard harmonic space

decomposition used in the previous chapters with the one described here. In figure 5.3

we show the angular power spectrum of an original sky map and the C` of the convolved

map with the two different techniques, at a given frequency. We see that the agreement

is very good up to small scales. This confirms that our map-space convolution pipeline is

correct.

The next section investigates the effect of the map-space convolution on the foreground

cleaning performances. We stress that the EIDOS beam can be pixelized on the sphere
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Figure 5.4: An example of the output of our map-space convolution procedure. In the selected
sky patch we simulate synchrotron emission and we model the effect of the beam, rotating a
pixelized version of the EIDOS beam on each pixel. One can see how the structures are smoothed
by this effect.

at each frequency in order to naturally include the effect of the frequency ripple. We

are, however, making a simplification in our analysis. Even when considering smaller sky

patches, we are not implementing a proper scanning strategy but we are simply visiting

each pixel in the ring ordering in which they are stored by HEALPix.

We consider the same case analyzed in chapter 3, restricting our analysis to a southern

hemisphere sky patch. The computation of the map-space convolution will be faster

due to the smaller number of pointings compared to the pixels of the entire map (using

fsky . 0.1, we reduce the number of pixels by a factor 10). In figure 5.4 we show an

example of the beam convolved sky in the chosen patch.

5.3 Map-space Convolution Effect on Foreground Cleaning

We begin by creating Stokes I beams within the specified frequency band and resolution.

For the sky model we consider a sky consisting of the cosmological HI signal, galactic

synchrotron, galactic and extra-galactic free-free emission and our point sources. Cor-

responding pixelized sky maps are created per channel. The map-space convolution is

computed at each channel and the corresponding instrumental noise is added.
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We make use of the Principal Component Analysis (PCA) cleaning method described in

detail in chapter 3 and applied already in chapter 4. Note that we focus on the same sky

patch analyzed before.

We show in figure 5.5 the reconstructed radial power spectrum for the conservative as-

sumption of the full point source catalogue. As discussed in the previous chapter, the

effect of the beam is less important if we assume that strong point sources can be re-

moved. Here, however, we are interested to see this effect in the stronger case, in order to

fully appreciate it. We present results comparing cases where a different number of com-

ponents have been subtracted, i.e. where we used different values of Nfg. For all values of

Nfg we can recognise the peak structure seen in the previous chapter in the presence of the

ripple. These results prove that the oscillation of the FWHM is present in the data and

not only enforced by our modelling with a sinusoidal. We recall that the frequency of the

ripple was tuned to mimic the interaction between the primary and secondary reflector of

MeerKAT with a period of about 20 MHz. In figure 5.5 we can see that the structure of

the EIDOS beam in frequency is even more complex and there is a secondary peak at a

slightly higher k‖.

As expected, in the presence of this realistic beam the cleaning is more demanding and for

Nfg = 6 we still have strong residual foreground in the final maps. Pushing the number of

components to subtract to 10 leads to an excess of cleaning at low k‖ and to the residual

peak transforming into an over-cleaned hollow, similarly to what is shown in figure 4.6.

For completeness we show in figure 5.6 the effect of the map-space convolution on the

angular power spectrum. Similarly to figure 5.5, it is noticeable that for Nfg = 6 we still

have strong residual foreground. For Nfg = 10, the angular power spectrum loses power

at large scales but it is within 20% of the expected value. When using a higher value for

the number of foreground components the reconstruction is compromised more and more

and too much signal is subtracted together with the foregrounds.

These results are obtained by assuming that strong point sources in the field cannot be

removed. This is a conservative assumption that, similarly to what is done in chapter 4,

can be relaxed by assuming point sources above a certain flux threshold will be peeled

from the final map. We show in figures 5.7 and 5.8 the analogue of figures 5.5 and 5.6,

considering only point sources below 100 mJy at 1.4 GHz.
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Figure 5.7: The results for the foreground cleaned radial power spectrum described in sec-
tion 3.4.3. We consider only point sources in the catalogue with flux lower than 100 mJy
(PS< 100 mJy). We present results using a variety of values for the number of removed compo-
nents Nfg. The retrieved signal is compared to the input HI signal (dashed).

The lower level of point sources in the map reduces the residual peaks in the line of sight

power spectrum and a decent cleaning is achieved with a lower number of subtracted

components, as seen also in the results in chapter 4. The angular power spectrum is also

better recovered for a lower Nfg and over a larger range of scales. We note however a

feature at ` > 200 that could be due to numerical limitations in our pipeline.

5.4 Summary

In this chapter we sought to investigate the full effect on foreground cleaning of non-

trivial frequency dependence and asymmetries in the beam, by computing the map-space

convolution, using the EIDOS beam images. In order to achieve this goal, a framework

was constructed in section 5.1 to map the 2-D beam onto a HEALPix sphere.

Computing the map-space convolution means that the convolution integral described in

equation 5.3 must be computed directly, instead of making use of spherical harmonic

transforms as implemented in chapter 4. Section 5.2 describes how this computation

is conducted. In section 5.3 we present our findings on the impact of the non-trivial

frequency dependent effect and ways to minimize this complex feature.
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Chapter 6

Conclusions

The ΛCDM model is the most successful cosmological model to date, in that is able

to accurately explain cosmological observations. Using this model the evolution of the

Universe can be traced from seconds after its formation right through its present age,

14 billion years later. Although various challenges do exist with the model, such as the

Hubble tension highlighted in chapter 1, it is still the best model currently available, and

it continues to be tested and validated. The central theme of this thesis, is to explore

the issues with using the new HI IM observational technique described in chapter 2, that

makes use of neutral hydrogen as a tracer with the ultimate goal of measuring the HI

power spectrum.

The SKA precursor MeerKAT telescope in South Africa is a precious test ground for the

HI IM techniques and has the potential to provide competitive constraints on cosmolog-

ical observables using the single dish mode [Santos et al., 2017]. Component separation

techniques such as PCA and FastICA are a vital step to extract the HI signal from the

bright foreground emission. These techniques, although widely and successfully tested in

literature, have been applied mostly under the assumption of symmetric primary beams.

To be successful in detecting the auto-correlation HI signal with the MeerKAT or future

SKAO radio telescope, a proper understanding of the various systematics such as primary

beam frequency effects will be important. The main focus of the thesis was to: 1) study

the impact of non-Gaussian beams (e.g. beams with side-lobes) on extracting the HI

signal with single dish MeerKAT observations; 2) investigate the frequency dependent
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effects on such extraction, and 3) also test the impact with an even more realistic beam

with angular asymmetries and more complex frequency dependence.

In chapter 3 the modelling process of each component is discussed and in chapter 4 a

detailed analysis of the impact of a more realistic beam on the recovery of the signal is

presented. The sky model used includes a new realistic point source full-sky catalogue

constructed from the combination of NVSS and SUMSS data and the S3 simulations,

which allows to test the effect of strong point sources on the signal.

The analysis began with a comparison of the beam convolution method described in

section 3.4 with the publicly available CRIME software package, so as to set a benchmark.

The results obtained from the exercise showed that indeed the beam convolution method

was able to reproduce the same results as those obtained with CRIME.

We explored both the presence of side-lobes and the frequency-dependent effects on the

FWHM of the beam. We simulated MeerKLASS-like instrumental noise levels and se-

lected a sky patch in the southern hemisphere covering ∼ 9% of the sky, avoiding strong

contamination from the Galactic plane.

The effect of side-lobes in the presence of strong point sources was analyzed and the

following findings were made. The large side-lobes present in the Jinc model impact the

foreground subtraction severely. We find that by subtracting a large number of modes

(up to Nfg = 5) and removing the strongest point sources, the residual contamination is

reduced. A more positive outcome is obtained when using the Cosine model, which is

a more realistic description of the MeerKAT beam. We observe that cleaning is greatly

improved, requiring 4 modes for the HI signal to be recovered. In the case of the Gaussian

beam, Nfg = 3 is sufficient.

On large angular scales, we find that the HI signal is recovered within 10%, while accuracy

reaches a few % at small scales. We also find that cleaning has a propensity of over-cleaning

the HI signal. Unsurprisingly, the reconstruction of the HI signal in the radial power

spectrum fails at low k‖, due to the removal of the smooth foreground contamination. This

is a known effect, already observed in studies such as those of primordial non-Gaussianity

[e.g. Cunnington et al., 2020]. At intermediate to high k‖ however, the reconstruction of

the HI signal is good. We find that the cleaning efficiency at low k‖ is determined by two

factors: the amplitude of the beam side-lobes and the level of point-source contamination.
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The second aim of this work was to address the impact of a realistic frequency-dependent

beam on the cleaning efficiency. As explained previously, HI intensity mapping studies

assume that the FWHM of the beam follows a simple (λ/D) scaling. In this work we

followed fits from Asad et al. [2021], where two models of the FWHM with increasing

complexity were constructed. As shown in figure 3.8, the first model is a polynomial in

frequency (i.e. the smooth model) and the second included a frequency oscillation on top

of this polynomial (i.e. the ripple model).

We find that the smooth model poses no problem for the performance of the foreground

subtraction. However, for the second model of the FWHM, we find a strong coupling of

the foreground with this ripple feature, especially when strong point sources are included.

The efficiency of the cleaning is adversely affected. As previously stated, this effect is

more visible in the radial power spectrum, where the k‖ scales corresponding to the

frequency of the ripple are biased. Interestingly, when the sky model is constructed with

Galactic synchrotron as the only foreground, this effect is also present. This result shows

that, even though aggressive cleaning removal of point sources can be applied, some level

of contamination will still remain. What is also interesting to note is that frequency

fluctuations from the main lobe of the beam and not only the side-lobes, can produce

this contamination, as shown by the Galactic synchrotron result in figure 4.8. These non-

trivial frequency behaviours in the FWHM of the beam, if left untreated, could negatively

impact cosmological analysis of the 21 cm power spectrum.

Nevertheless, we found that the effect of a beam ripple can be greatly reduced if the

maps are re-smoothed to a common resolution. Overall, the outcome of considering such

a realistic beam is positive: side-lobes should not be an issue even when considering

strong point sources and the frequency effects seem well localized in k space and can be

improved through deconvolution. This is good news for large cosmology surveys with

MeerKAT and the SKA. Further studies with more sophisticated foreground cleaning

methods might improve this outcome.

In the previous analysis, the fundamental assumption that paved a way for conducting the

simulations described in chapter 3 and 4 was the circular symmetry of the beam. To fully

appreciate the frequency effects of the primary beam, this condition must be relaxed, and

the convolution integral given in equation 5.3 needs to be solved directly. In chapter 5, a

framework for exploring the map-space convolution is built. Instead of using the primary
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beam models and non-trivial frequency-dependent models, the actual 2-D EIDOS beams

were used so that the asymmetries present are included. However, to use these beams,

a method of how to project the 2-D beams onto a HEALPix sphere is developed and

validated in section 5.1: note in particular the right panels of figures 5.1 and 5.2, which

are before- and after-mapping plots.

In order to compute the map-space convolution, the method outlined in section 5.2 was

followed and the map-space convolution effect on foreground cleaning was probed in sec-

tion 5.3. In studying the primary beam effects using the map-space convolution, the

following findings were made.

For the first test, the full point source for the sky models was used and the assumption

here was that the point sources could not be removed. We find that the ripple effect is

present on the power spectrum as expected and is now much more complex than previously

seen. In this case, a secondary peak just a little higher up in k‖ space is also present (see

figure 5.5). This finding shows that the ripple effect does exist and is not constructed as

done in section 3.2.1 and included in the primary beam model.

With respect to the foreground subtraction, the EIDOS beams create some complexity in

the reconstruction of the HI signal, as one has to aggressively clean by removing higher

modes, to Nfg = 6. At that level of cleaning, the complex feature is still present but

greatly reduced, although the HI signal is a slightly over-estimated at lower k‖. Beyond

Nfg = 6, the HI signal at lower to intermediate k‖ scales is greatly over-cleaned.

In the case of the angular power spectrum (see figure 5.6), we find that at Nfg = 6, the

residuals from the foregrounds are still dominant, just as with the line of sight power

spectrum. We find that increasing the number of modes removed to Nfg = 10 results in

power loss at higher angular scales (lower `). However at intermediate to small angular

scales (higher `), the signal is recovered within 20 % of the expected HI signal.

Lastly, we investigated whether a reduction in the level of the ripple is achieved when

point sources can be removed. In executing this test, a flux threshold was imposed and

sources with flux less than 100 mJy were considered in the construction of the point

source maps. Figures 5.7 and 5.8 show the results after this run of the pipeline. Overall,

we find that by reducing the flux contribution from point sources, the frequency effect is

greatly reduced as observed, with a lower number of subtracted components. In addition,
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reconstruction of the HI angular power in this case is greatly improved and it is recovered

within 5 % of the expected signal.

The work presented in chapter 5 is an important step toward a better understanding of

the impact of a realistic beam on intensity mapping observations. The machinery that we

have validated can be improved in two main directions:

• Implement a realistic scanning strategy; this will allow an even better quantification

of the impact of the beam asymmetries in the final maps due to beam rotation.

• Perform a proper estimation of the effects of polarization leakage.

These are natural extensions of our pipeline and we plan to explore them in the near

future. The goal is to publish a paper based on these investigations and the results of

chapter 5.



http://etd.uwc.ac.za/

Bibliography

F. Abbate, A. Ridolfi, E. D. Barr, S. Buchner, M. Burgay, D. J. Champion, W. Chen, P. C. C. Freire,
T. Gautam, J. M. Grießmeier, L. Künkel, M. Kramer, P. V. Padmanabh, A. Possenti, S. Ransom,
M. Serylak, B. W. Stappers, V. Venkatraman Krishnan, J. Behrend, R. P. Breton, L. Levin, and
Y. Men. Four pulsar discoveries in NGC 6624 by TRAPUM using MeerKAT. Monthly Notices of the
Royal Astronomical Society, 513(2):2292–2301, June 2022. doi: 10.1093/mnras/stac1041.

Elcio Abdalla, Elisa G. M. Ferreira, Ricardo G. Landim, Andre A. Costa, Karin S. F. Fornazier, Filipe B.
Abdalla, Luciano Barosi, Francisco A. Brito, Amilcar R. Queiroz, Thyrso Villela, Bin Wang, Carlos A.
Wuensche, Alessandro Marins, Camila P. Novaes, Vincenzo Liccardo, Chenxi Shan, Jiajun Zhang,
Zhongli Zhang, Zhenghao Zhu, Ian Browne, Jacques Delabrouille, Larissa Santos, Marcelo V. dos
Santos, Haiguang Xu, Sonia Anton, Richard Battye, Tianyue Chen, Clive Dickinson, Yin-Zhe Ma,
Bruno Maffei, Eduardo J. de Mericia, Pablo Motta, Carlos H. N. Otobone, Michael W. Peel, Sambit
Roychowdhury, Mathieu Remazeilles, Rafael M. Ribeiro, Yu Sang, Joao R. L. Santos, Juliana F. R.
dos Santos, Gustavo B. Silva, Frederico Vieira, Jordany Vieira, Linfeng Xiao, Xue Zhang, and Yongkai
Zhu. The BINGO Project I: Baryon Acoustic Oscillations from Integrated Neutral Gas Observations.
Astronomy & Astrophysics, art. arXiv:2107.01633, July 2021.

David Alonso, Pedro G. Ferreira, and Mario G. Santos. Fast simulations for intensity mapping experiments.
Monthly Notices of the Royal Astronomical Society, 444(4):3183–3197, November 2014. doi: 10.1093/
mnras/stu1666.

David Alonso, Philip Bull, Pedro G. Ferreira, and Mário G. Santos. Blind foreground subtraction for
intensity mapping experiments. Monthly Notices of the Royal Astronomical Society, 447(1):400–416,
February 2015. doi: 10.1093/mnras/stu2474.

C. J. Anderson, N. J. Luciw, Y. C. Li, C. Y. Kuo, J. Yadav, K. W. Masui, T. C. Chang, X. Chen,
N. Oppermann, Y. W. Liao, U. L. Pen, D. C. Price, L. Staveley-Smith, E. R. Switzer, P. T. Timbie,
and L. Wolz. Low-amplitude clustering in low-redshift 21-cm intensity maps cross-correlated with 2dF
galaxy densities. Monthly Notices of the Royal Astronomical Society, 476(3):3382–3392, May 2018. doi:
10.1093/mnras/sty346.

R. Ansari, J. E. Campagne, P. Colom, J. M. Le Goff, C. Magneville, J. M. Martin, M. Moniez, J. Rich,
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Di Nitto, Deniz Ölçek, Xinyu Pan, Sourabh Paul, Jeffrey B. Peterson, Elizabeth Pieters, Carla Pieterse,
Aritha Pillay, Anna R. Polish, Liantsoa Randrianjanahary, Alexandre Refregier, Andre Renard, Ed-
win Retana-Montenegro, Ian H. Rout, Cyndie Russeeawon, Alireza Vafaei Sadr, Benjamin R. B. Sali-
wanchik, Ajith Sampath, Pranav Sanghavi, Mario G. Santos, Onkabetse Sengate, J. Richard Shaw,
Jonathan L. Sievers, Oleg M. Smirnov, Kendrick M. Smith, Ulrich Armel Mbou Sob, Raghunathan
Srianand, Pieter Stronkhorst, Dhaneshwar D. Sunder, Simon Tartakovsky, Russ Taylor, Peter Timbie,
Emma E. Tolley, Junaid Townsend, Will Tyndall, Cornelius Ungerer, Jacques van Dyk, Gary van Vu-
uren, Keith Vanderlinde, Thierry Viant, Anthony Walters, Jingying Wang, Amanda Weltman, Patrick
Woudt, Dallas Wulf, Anatoly Zavyalov, and Zheng Zhang. Hydrogen Intensity and Real-Time Analysis
Experiment: 256-element array status and overview. Journal of Astronomical Telescopes, Instruments,
and Systems, 8:011019, January 2022. doi: 10.1117/1.JATIS.8.1.011019.

Neil H. M. Crighton, Michael T. Murphy, J. Xavier Prochaska, Gábor Worseck, Marc Rafelski, George D.
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P. Charles, L. Chomiuk, D. Coppejans, W. J. G. de Blok, K. van der Heyden, A. van der Horst, and
B. van Soelen. ThunderKAT: The MeerKAT Large Survey Project for Image-Plane Radio Transients.
In MeerKAT Science: On the Pathway to the SKA, page 13, January 2016.
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Mart́ın, B. Rusholme, N. Said, V. Salvatelli, L. Salvati, M. Sandri, D. Santos, M. Savelainen, G. Savini,
D. Scott, M. D. Seiffert, P. Serra, E. P. S. Shellard, L. D. Spencer, M. Spinelli, V. Stolyarov, R. Stom-
por, R. Sudiwala, R. Sunyaev, D. Sutton, A. S. Suur-Uski, J. F. Sygnet, J. A. Tauber, L. Terenzi,
L. Toffolatti, M. Tomasi, M. Tristram, T. Trombetti, M. Tucci, J. Tuovinen, M. Türler, G. Umana,
L. Valenziano, J. Valiviita, F. Van Tent, P. Vielva, F. Villa, L. A. Wade, B. D. Wandelt, I. K. We-
hus, M. White, S. D. M. White, A. Wilkinson, D. Yvon, A. Zacchei, and A. Zonca. Planck 2015
results. XIII. Cosmological parameters. Astronomy & Astrophysics, 594:A13, September 2016. doi:
10.1051/0004-6361/201525830.

Planck Collaboration, N. Aghanim, Y. Akrami, M. Ashdown, J. Aumont, C. Baccigalupi, M. Ballardini,
A. J. Banday, R. B. Barreiro, N. Bartolo, S. Basak, R. Battye, K. Benabed, J. P. Bernard, M. Bersanelli,
P. Bielewicz, J. J. Bock, J. R. Bond, J. Borrill, F. R. Bouchet, F. Boulanger, M. Bucher, C. Burig-
ana, R. C. Butler, E. Calabrese, J. F. Cardoso, J. Carron, A. Challinor, H. C. Chiang, J. Chluba,
L. P. L. Colombo, C. Combet, D. Contreras, B. P. Crill, F. Cuttaia, P. de Bernardis, G. de Zotti, J. De-
labrouille, J. M. Delouis, E. Di Valentino, J. M. Diego, O. Doré, M. Douspis, A. Ducout, X. Dupac,
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