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Abstract

Observation of the redshifted 21-cm signal from the epoch of reionization is a chal-

lenging endeavor in observational cosmology. This signal arises from a hyperfine

transition in the ground state of neutral hydrogen and is detectable using radio

telescopes. Since the Universe consisted principally of neutral hydrogen at the early

stages, observing this signal is crucial for understanding the formation and evolution

of structures in the Universe. But the target is extremely faint and prone to con-

tamination by orders of magnitude stronger foregrounds and systematic influences.

This thesis aims to understand and characterize these foregrounds and systematics

that obscure the detection of the redshifted 21-cm from the Epoch of Reionization

(EoR). The studies have been done using both observations and simulations. The

observed data used from GMRT is of the extragalactic deep field Lockman Hole

region centered at 325 MHz. The observed frequency band (Band 3) is just higher

than the lowest frequency Band-2 in the (u)GMRT (120-250 MHz) which covers

the most of the redshifted Hi signal from CD/EoR. The advantage of Band 3 is

that the systematics are comparatively lower and thus facilitates achieving tighter

constraints on the frequency-dependent foreground characteristics. Most of the pre-

vious studies are either of the two categories: a) deep in sensitivity but narrow

fields of view, or b) cover wide areas but shallow in sensitivity. This work, for the

first time, use a relatively wider field-of-view (6◦ × 6◦ with angular resolution of

∼ 9”) with moderate sensitivity limit (RMS 50µJy beam−1) for characterizing fore-

grounds. The flux, astrometry, and Euclidean normalized differential source counts

derived from this catalogue are all consistent with previous studies. Three different

galactic latitudes were selected within the field of view to determine the angular

power spectrum (APS) of the diffuse Galactic synchrotron emission (DGSE). This

was done to determine if there was any systematic variation of the synchrotron
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power as a function of latitude. While no such latitudinal variation was found, the

power was seen to vary between ∼1 - 100 mK2 as a function of the angular mode

for the latitudes considered. These observations of the Lockman Hole region was

also used for studying source clustering properties. First, the sources were classified

as SFGs (star forming galaxies) or AGNs (Active Galactice Nuclei) based on the

radio luminosity function. Then, the angular and spatial clustering properties of

the sources were estimated. These results from the clustering estimates (clustering

lengths and bias parameter) are in agreement with the previous observations. The

detailed foreground properties from Lockman Hole region emphasize the need for

further deep and wide-field low-frequency observations along different lines of sight

to develop better global foreground models. In addition to the observations, an end-

to-end simulation pipeline was also created to characterize systematic errors in EoR

observations. For the first time, two systematic errors - calibration and position er-

rors have been studied using different telescope layouts. Mock observations are done

with a theoretical model of the 21-cm signal and point source foregrounds. Their

effects have been analyzed for the image plane and the power spectrum estimation.

The optimal tolerance for calibration errors was found to be ∼0.1%. For position

errors, an offset of ∼5” was found optimal. The pipeline developed for this work can

be extended to study the effect of primary beam errors, ionosphere, etc. Thus, this

thesis emphasized the need for detailed foreground characterization and lays down

the platform (end-to-end pipeline) to study the same. This platform can be used

for CD/EoR work as well as extended to HI Intensity mapping and other precision

interferometric observations with the SKA or its precursors.
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Chapter 1

Introduction

1.1 The Cosmic Timeline

The standard cosmological model states that the Universe started with the Big Bang

(BB), about 13.8 billion years ago. Starting with a hot and dense phase with infinite

density and temperature, the Universe cooled and expanded through various stages.

The fundamental constituents of the present Universe - protons, neutrons, electrons,

neutrinos, and photons were formed. After about 100 seconds from the BB, with a

temperature of 1010 K, the temperature was cold enough for the fusion of protons

and neutrons into light elements - deuterium and Helium and their isotopes. This

process is known as BB Nucleosynthesis.

At these early stages, the photons were scattered at a very high rate by electrons

and other particles like protons, thereby unable to travel long distances, making

the Universe opaque. The temperature began to decrease due to expansion of the

Universe. Consequently, the scattering rate of photons by free electrons (and other

light elements) fell below the expansion rate. Eventually, the temperature fell to

1
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3000 K after 38000 years from the BB. Thus hydrogen atoms were formed from

recombination of electrons and protons. Due to the absence of free electrons, the

protons were able to stream freely, thus decoupling from baryons and turning the

Universe transparent. This radiation is the Cosmic Microwave Background (CMB)

[6, 7]. It is a relic from the surface of last scattering (at redshift z ∼1100), with

the present-day temperature of ∼2.7 K, [6]. The expansion of the Universe caused

this radiation to get “redshifted”, thus shifting to the microwave wavelengths of

the electromagnetic spectrum. Observation of the CMB spectrum was done by

different satellite missions, with the Planck mission 1 providing the most sensitive

observations to date [8].

Figure 1.1: Schematic diagram for the evolution history of the Universe following
the currently accepted scenario for structure formation [9].

At the end of the recombination era, the absence of significant radiating sources

resulted in the Cosmic Dark Ages, which continued till z ∼ 30 and was characterized

mainly by the absence of conventional radiation sources. During this period, baryons

collapsed into potential wells formed by collapsed dark matter haloes. These gave

rise to the first structures i.e. the first generation of stars and galaxies - thus ending

the Dark Ages and marking the beginning of the Cosmic Dawn (CD). The Cosmic

Dawn approximately covers a redshift range 30 < z < 12. The initial stellar and

1https://www.cosmos.esa.int/web/planck

https://www.cosmos.esa.int/web/planck
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galactic population (as well as early quasars and dark matter decay/annihilation)

emitted X-Ray and ultraviolet (UV) radiation. The UV photons with energy > 13.6

eV were able to ionize the intergalactic medium (IGM), majorly neutral hydrogen

(Hi) [10]. This marked the Epoch of Reionization (EoR). Observational constraints

from high redshift quasar absorption spectra [11–13, 15] and Thompson scattering

optical depth of the CMB [25] suggest a redshift range of 12 ≳ z ≳ 6 for EoR.

Around z ≲ 6, the post-EoR era, Hi was found mostly inside the galaxies, self-

shielded from the ionizing radiation. Quasar absorption spectra from these redshifts

indicate xHI < 10−4 in the IGM [11, 15]. The regions with an abundance of Hi

in the post-EoR era are correlated with matter over-density. Thus, Hi distribution

in this period is connected with the matter distribution in the Universe [17, 18].

These Hi gas clouds appear in Damped Lyα systems or DLAs in the background

quasars’ absorption spectrum. DLAs have very high Hi column densities (NHI >

1020.3 cm−2), and contain the bulk of Hi budget after reionization [19,20].

1.2 Reionizing the Universe

The EoR constitutes the last phase transition in the history of the Universe where

the neutral IGM was converted into one that is almost fully ionized. When the

first luminous sources start appearing around z∼30, during the cosmic dawn, they

emitted a considerable amount of UV photons, X-rays, and Lyα photons. These

UV photons reionized the Hi in the IGM and created HII bubbles called Strömgen

Spheres around the radiating sources. The X-rays caused the Hi in the IGM to heat

up. The Lyα photons were responsible for the Wouthuysen-Field effect, i.e., coupling

the kinetic temperature with the Hi hyperfine transition line. The Strömgen Spheres

grew gradually with time and eventually merged, creating an ionized Universe (see

for example [40,94–96]).

With improvement in the telescope sensitivity and observation techniques, as well
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as theoretical modeling and simulations, the understanding of this epoch has vastly

improved. The CMB experiments like WMAP and Planck provided detailed probes

of the epoch of recombination. At the same time, large-scale galaxy surveys like

2dF and SDSS explored the Universe at lower redshifts to understand formation

and evolution of galaxies. However, the interim period, particularly the CD/EoR,

remains unexplored with the same precision. Precision observations for these epochs

are expected to provide information on the reionization topology, evolution and du-

ration, nature of the first population of luminous objects, the hierarchy of structure

formation, dynamics and evolution of large-scale structures, etc. [44]. A few probes

provide indirect answers to the unknowns of the CD/EoR. They are discussed briefly

in the following subsection.

1.3 Observations of the CD/EoR

Observations using different direct and indirect methods and their comparison with

theoretical predictions are required to understand the progress of the different stages

of CD/EoR. The main observables of this epoch are [22] Gunn-Peterson Effect, the

redshifted 21-cm radiation, CMB anisotropy measurements, etc.

A. Observational Constraints from Indirect Probes

Gunn-Peterson Effect:

Quasar (or quasi-stellar radio source) are some of the brightest sources in the Uni-

verse. It is essentially an AGN with a supermassive black hole (mass of the order

106 - 109 M⊙ ) surrounded by an accretion disk. Quasars have reasonably smooth

spectra irrespective of the line of sight they are observed along. Variations in the

characteristic spectrum of quasars can be used to study the IGM between them

and the observer. The resonance absorption of the Lyα photons in the spectrum

of distant quasars is called the Gunn-Peterson (GP) Effect [11]. The absorption
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spectrum of objects beyond reionization will show a distinct trough-like feature with

almost zero transmitted flux since the neutral IGM will absorb the emissions blue-

ward of the Lyα line. Thus, observation of the GP trough can directly constrain

the evolution of Hi fraction in the IGM and its ionization state. GP trough was

first detected in the spectrum of a quasar at z=6.28 [14]. [15] studied a sample

consisting of 19 SDSS detected quasars (5.74 <z <6.42) from the SDSS survey and

showed that the Universe was almost wholly ionized by z∼6. Latest constraints on

the neutral fraction from the high redshift quasar J1007+2115 (at z=7.5) [16] shows

that the reionization process was ongoing at z ≳7. The volume averaged neutral

fraction calculated along the sight-line of this system shows ⟨xHI⟩=0.39+0.22
−0.13. The

quasar also shows a weak damping wing, which provides observational evidence for

patchy reionization [16]. The spectrum from J1007+2115 is shown in Figure 1.2.

CMB Anisotropies :

The other observational constraint for the reionization process and its progress comes

from the CMB temperature and polarization anisotropies [23–25]. The majority of

CMB photons scattered last at z∼1100. However, less than 10% of such photons

scattered again during the EoR. Measuring this signal can help constrain the mean

redshift and boundary redshifts for EoR. Measurement of the average Thompson

scattering optical depth from CMB provides a model-independent constraint on

reionization. The scattering introduces two effects:

(a) The free electrons generated by the process of reionization suppress the anisotropies

in the CMB and generate polarization anisotropies at low spherical harmonic mul-

tipoles.

(b) Secondary anisotropies are introduced by scattering in addition to the primary

anisotropies of the background (CMB) radiation field [23,24].
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Figure 1.2: Combined spectra of J1007+2115 using data from Gemini/Gemini Near-
Infrared Spectrograph, Keck/Near-Infrared Echellette Spectrometer and UKIRT
Hemisphere Survey. Plots in the inset are the fits to the C IV and Mg II lines.
Reproduced from [16].

The secondary anisotropies have little impact on anisotropies in CMB temperature.

However, polarization angular power spectrum is significantly impacted. It creates

a ‘reionization bump’ on large angular scales (roughly larger than the horizon at the

epoch of reionization) as seen in Figure 1.3.

CD/EoR can also be probed using the kinetic Sunyaev-Zeldovich (kSZ) effect. The

kSZ effect causes the CMB photons to scatter off electrons having bulk velocity

with respect to the comoving frame. Unlike the thermal SZ effect, it does not cause

spectral distortion of CMB but either enhances or decreases the temperature. The

kSZ effect will cause secondary anisotropies in the CMB at small scales for the

patchy distribution of ionized regions. These anisotropies are a probe for the reion-
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Figure 1.3: E-mode polarization power spectra of CMB. The small ℓ scale ‘reioniza-
tion bump’ is the result of CMB photons being Thompson scattered by free electrons
present in the IGM by reionization. Reproduced from [26].

ization process [27–30]. Using the latest data from the Planck Mission, the upper

end of the reionization has been constrained to zre <9, and a mid-point redshift of

z = 7.68 ± 0.79 [31].

Other Probes:

Other observables to probe the CD/EoR are- Lyα damping wing of neutral IGM,

the evolution of metal absorption systems, gamma-ray bursts, luminosity function,

and line profiles of Lyα galaxies, etc.

B. Redshifted 21-cm Radiation- the Direct Probe for CD/EoR:

One of the most reliable observational probes for tracing the CD/EoR is the red-

shifted 21-cm signal. It is a direct probe for the Hi distribution in the Universe, both
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spatially and temporally. In the ground state, Hi consists of a proton and an electron

with their spins coupled and may be aligned either in parallel or anti-parallel. The

transition between these two states is a hyperfine transition with either absorption

or emission of a photon. However, this hyperfine transition is a forbidden transi-

tion with spontaneous emission coefficient A10 = 2.85 × 10−15s−1 (or a spontaneous

emission time of 11 million years for a 21-cm photon from Hi) [32]. Despite the long

emission time, since ∼75% of the baryons in the Universe is Hi, the 21-cm signal

is abundantly present. These photons, emitted at a rest-frame frequency of 1420

MHz (or wavelength ∼21-cm), get redshifted as the Universe expands. They can be

observed in the frequency range of 50-200 MHz using modern radio telescopes. Due

to such a redshift evolution, it is used to map the Universe in 3D. It is sensitive to

the underlying astrophysics and cosmology governing the behavior of IGM and is

thus an excellent probe for the underlying processes during CD/EoR. Observations

of the 21-cm radiation from the early Universe can be done using both single-dish

telescopes and radio interferometers. The former instruments are sensitive to the

overall evolution of the signal (“global signal”) as a function of time, while the latter

probes the statistical nature of the signal fluctuations over space and time (power

spectrum, bispectrum, etc). Interferometers can also (in principle) perform 21-cm

tomography for probing the IGM in three dimensions. Since this thesis is dedicated

to studying observational aspects of the redshifted 21-cm signal using radio inter-

ferometers, the physics of the 21-cm line is discussed in detail in Chapter 2.

1.3.1 Challenges of Detecting 21-cm Signal fom CD/EoR

The actual low-frequency observations of the redshifted 21-cm signal from using ra-

dio interferometers are challenging. Theoretical models predict that the differential

brightness temperature is a few hundred mK at most (for instance, see [43]). The

contaminants of such a weak target are numerous and vary in nature and complex-
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ity. Two significant factors that can adversely affect observations targeting detection

of Hi from the early Universe are instrumental systematics and astrophysical fore-

grounds.

Due to an interferometer’s inherent complexity, certain instrumental properties are

correctly determined, and many others are undetermined. Also, “optimally” dealing

with known systematics can lead to a loss of sensitivity. The unknown systematics

are even more harmful since the way they bias the analyses are unknown. Neverthe-

less, recent research into systematics has focused on the effects of instrumental gains,

primary beam models, thermal noise, polarization leakage, and direction-dependent

ionospheric effects. These may vary substantially depending on the instrument used,

but the effects on the target signal recovery are similar. Thus, dedicated and sys-

tematic studies of their effects are required.

The astrophysical foregrounds, constituting any extraterrestrial radio emissions brighter

than the target signal, are the most potent contaminant of the target signal. Fore-

grounds constitute DGSE, free-free emission (galactic and extragalactic), and emis-

sion from star-forming galaxies and active galactic nuclei. The foreground contam-

ination is generally removed by considering them spectrally smooth (see, for exam-

ple, [207]). Thus, foreground mitigation techniques employ the spectral smoothness

assumption and use parametrized or non-parametrized strategies to model out fore-

grounds. The foregrounds are also “avoided” in some cases. The avoidance technique

uses parts of the Fourier plane that are free from foreground contamination for de-

tecting the 21-cm signal. While each process has pros and cons, a general caveat

is that the presence of non-smooth foreground components will hamper the signal

extraction. Even for smooth foregrounds, this may be caused by the instrumental

feature introducing some structures. There are also chances of signal removal along

with foregrounds. Since foreground is a major contaminant, handling foregrounds is

one of the biggest challenges for sensitive radio observations targeting the Hi 21-cm
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signal from CD/EoR.

The study of foregrounds was done in the extragalactic deep field in [5]. The work

presented in [5] used deep observations, but the area of the sky covered was ∼1.5◦.

While the deeper flux density limits probed fainter sources, the smaller area resulted

in a lesser number of sources for statistical studies. Robust source statistics is a

prerequisite for efficient foreground modelling and requires a large number of samples

in the observing volume.

1.4 Objectives of the Thesis

This thesis aims to study the challenges posed by foregrounds and systematics af-

fecting interferometric observations of the 21-cm signal. Foreground studies use

observations from the GMRT, while studies of instrumental systematics use simu-

lations. In [5], the extragalactic deep field ELAIS-N1 was studied using the Band-3

(with a central frequency of 400 MHz) of the uGMRT. For that study, the area cov-

ered was ∼1.5◦2, but the sensitivity was 15µJy. This work uses a larger field of view

(6◦ × 6◦) (compared to [5]) to probe a larger number of sources at 325 MHz for an-

other well-known extragalactic deep field called the Lockman Hole. This frequency

band is near band-2 relevant to CD/EoR science but has moderate systematics, and

is also one of the most sensitive bands of the GMRT. Foreground studies using this

particular data set are important because of both the large area covered and the

moderate sensitivity of 50µJy achieved. Deep fields like Lockman Hole, ELAIS-N1,

Boötes, COSMOS, XMM-LSS are important because these are some regions of the

sky that have multi-frequency coverage and the observed depths and areas are such

that one can study the extragalactic sky with sufficient sensitivity without compro-

mising on the number of samples (unlike narrow area deep surveys or shallow deep

field surveys). Such studies are also relevant for foreground modeling since they

provide insights into their variation with frequency, flux, and line-of-sight.
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The systematics themselves also constitute a major issue, and characterizing those

becomes important. Systematics arising from an imperfect instrument as well as

limitations of the algorithms used for data analysis cause the foregrounds present in

the data to affect the 21-cm signal detection. Systematics also vary from instrument

to instrument and studying their effect requires simulations using the parameters

relevant to the telescope in question. Thus, simulations have been used to study

different systematics and their effects on the 21-cm power spectra. An end-to-end

pipeline has also been developed to generate mock observations under realistic ob-

serving conditions. The pipeline can be used to incorporate different systematic

effects and study their imapct on the extraction of the target signal. Such an effort

is relevant for observations and data handling of presently operating interferometers

like Murchison Widefield Array (MWA) 2 and the Hydrogen Epoch of Reionization

Array 3. The upcoming Square Kilometer Array (SKA) 4, with unprecedented sen-

sitivity, will also target such sensitive observations. Thus, the present thesis along

with more such dedicated efforts would be essential in order to utilize its capacity

to detect the target signal.

1.5 Contributions of the Thesis

This thesis consists of seven chapters. The main contributions of this thesis have

been detailed in Chapters 4, 5, and 6. Chapters 4 & 5 deal with foregrounds,

while Chapter 6 deals with instrumental systematics. Chapter 1 provides a brief

motivation for the thesis, followed by a description of the physics of the 21-cm

signal in Chapter 2. Chapter 3 discusses the major challenges faced in observing

the 21-cm signal and the recent progress in dealing with those challenges. The

conclusions derived from this research and the future scope have been discussed in

2https://www.mwatelescope.org/
3https://reionization.org/
4https://www.skatelescope.org/

https://www.mwatelescope.org/
https://reionization.org/
https://www.skatelescope.org/
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Chapter 7.

1.5.1 Chapter-wise Organisation of the Thesis

The main findings of this thesis are:

• Chapter 4: In this Chapter, observations from the Giant Metrewave Ra-

dio Telescope have been used to study foregrounds present in a well-known

extragalactic deep field called the Lockman Hole, studied for the first time

at 325 MHz [1]. Using the 325 MHz data, a point source catalogue has been

generated for a 6◦ × 6◦ mosaiced field of view. This produced 6186 sources

with excellent flux and astrometric accuracy. The Euclidean normalized source

counts have been determined, which agree with previous observations and show

the signature flattening at the low flux end - evidence for the domination of

star-forming galaxies. The APS of the DGSE has also been calculated. Due

to the large area covered, three different galactic latitudes have been selected

to obtain the angular power spectrum, and a power law has been fitted to the

spectrum. The synchrotron power shows amplitude between 1 to 100 mK2,

with a power-law index between 2.15-3.15 (consistent with previous estimates).

While it is much lower than that near the galactic plane, it is still high enough

to obscure the Hi 21-cm signal from EoR. Thus, this work shows that the dif-

fuse galactic synchrotron radiation needs to be modeled and removed carefully

for CD/EoR data sets, even far away from the galactic plane.

• Chapter 5: In this Chapter, the 325 MHz catalogue of the Lockman Hole has

been used to study the clustering of extragalactic point sources [3]. The dis-

tribution of sources across the sky follows the underlying dark matter density

field and shows clustering over Poissonian distribution. Clustering provides a

probe for observationally estimating the underlying cosmology of large-scale

structures in the Universe. It also becomes significant for foreground model-
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ing at angles ≳1’ for flux densities ≳1 mJy. The two-point correlation function

of the sources has been determined over both spatial and angular scales. The

sources have been classified into active galactic nuclei (AGNs) and star-forming

galaxies (SFGs) based on their radio luminosities. The angular clustering am-

plitude, spatial clustering length, and bias parameter all agree well with pre-

vious observations for both AGNs and SFGs. The clustering length for AGNs

in this work is at zmedian ≈1.02 is 8.30+0.96
−0.91 Mpc h−1, while that for SFGs

is 3.22+0.34
−0.32 Mpc h−1 at zmedian ≈0.2. The respective bias parameters are at

3.74+0.39
−0.36 and 1.06+0.10

−0.10 for AGNs and SFGs. The clustering length and bias

parameters are greater for AGNs than SFGs, which is evidence of AGNs be-

ing hosted by more massive dark matter haloes. Comparison of halo mass for

SFGs from this work (as well as previous observations) with SKADS show that

the latter under-predicts the masses. This indicates a requirement for more

observations to better model the extragalactic sky. The data covers sources

with a moderate flux density limit and a moderate survey area, bridging the

gap between wide-area shallow surveys and deeper small area surveys.

• Chapter 6: This Chapter studies the characterization of systematic errors

in EoR observations. The main aim is to develop an end-to-end simulation

pipeline that can generate mock data of interferometric observations for dif-

ferent conditions [2]. Such a pipeline is relevant since the upcoming SKA

will take thousands of hours of observations to detect the Hi 21-cm signal.

The data analysis algorithms being tested to process the enormous volumes

of data from SKA need to account for the tolerance of different systematics.

Thus, a detailed study into their effects and level of accepted tolerance needs

to be done. For this work, two systematic errors - calibration and position

errors have been studied using four different telescope layouts - SKA-1 Low,

HERA, MWA Phase 1, and MWA Phase 2 (256 tile configuration). Mock
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observations are done with a theoretical model of the 21-cm signal and point

source foregrounds. Their effects have been analyzed for the image plane and

the power spectrum estimation. The optimal tolerance for calibration errors

was found to be ∼0.1%. For position errors, an offset of ∼5” was optimal.

This shows that calibration algorithms must be highly accurate to recover the

21-cm signal from EoR data sets. The position error tolerance is achievable

even with the currently operational telescopes and should not be a hindrance

if other sources of errors are taken into account properly. This is the first de-

tailed study into the effects of different sources of errors across different array

configurations and under a set of realistic observing scenarios. The pipeline

developed for this work can be extended to study the effect of primary beam

errors, ionosphere, etc.



1.5. Contributions of the Thesis 15



Chapter 2

Observing the Early Universe:
The Redshifted 21-cm Signal

2.1 The Redshifted 21-cm Signal: Fundamentals

The hyperfine transition frequency of the 21-cm Hi emission was first calculated

theoretically by Hendrik van de Hulst in 1944. Its detection was followed in 1951 by

[33,34]. Theorists started studying reionization and the initial population of ionizing

sources, and [38] showed how the luminous sources affected the 21-cm signal and

determined the spin temperature of the IGM. With the development of telescopes

with enhanced sensitivities, the high redshift Universe (z ≳6) became more obser-

vationally accessible. Thus began the hunt for the cosmological 21-cm signal from

the early Universe.

In order to use the redshifted Hi 21-cm signal as a probe of the early Universe, it

is essential to understand its characteristics. The remaining part of this chapter is

thus dedicated to understanding it- basic physics of the signal (Section 2.1), its time

evolution (Section 2.2) and its observable signatures (Section 2.3) and advances in

its observation (Section 2.4).

An electron and a proton in the 1s level constitutes the ground state of Hi atom.

The coupled spins of the electron and proton may be parallelly or anti-parallelly

16
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aligned. The parallel alignment corresponds to a higher energy state, with an energy

gap of 5.87 µeV. Figure 2.1 shows an energy level diagram of a neutral hydrogen

atom, with the Lyman-α and spin-flip transitions shown. This hyperfine transition

is mediated by the absorption or emission of a photon with a rest wavelength of

21-cm (or a rest frequency of 1420 MHz). However, this hyperfine transition is a

forbidden transition with spontaneous emission coefficient A10 = 2.85 × 10−15s−1 (or

a spontaneous emission time of 11 million years for a 21-cm photon from Hi) [32].

However, despite the long emission time, since ∼75% of the baryons in the Universe

is Hi, the 21-cm signal is abundantly present.

Figure 2.1: The energy level diagram of neutral hydrogen atom. The Lyα line
corresponds to n = 2 to n = 1 (ground state) transition and has an energy 10.2
eV. The inset on the right shows the 21-cm spin-flip transition, corresponding to a
hyperfine splitting of the n=1 state with energy 5.87 ×10−6eV. Reproduced from
[41].

The fundamental quantity of interest is the specific intensity or brightness Iν , the

energy per unit time carried by the ray per unit area per unit frequency per unit

solid angle, and expressed in cm−1s−1Hz−1sr−1. For a thermally emitting object at

temperature T, the radiative transfer equation is given by [39]:
dIν
dτν

= −Iν + Bν(T) (2.1)

where τν is the optical depth of the medium for absorption and Bν is the Planck

function.



18 Chapter 2. Observing the Early Universe: The Redshifted 21-cm Signal

Iν is also expressed in terms of the equivalent brightness temperature Tb(ν), which

is the temperature for an equivalent black-body radiator with spectrum Bν , such

that Iν = Bν(Tb). Since the frequencies relevant to the 21-cm line lies on the low

frequency (or long wavelength) side of the spectrum, Rayleigh–Jeans approximation

gives the relation between Tb(ν) and Iν as:

Tb(ν) ≈ Iνc
2

2kBν2
(2.2)

where, c and kB are the speed of light and the Boltzmann constant respectively.

Expressing Equation 2.1 in therms of brightness temperature (Equation 2.2), it

becomes :

dTb

dτν
= −Tb + TCMB (2.3)

where TCMB is the background CMB temperature. Solution to Equation 2.3 gives

the temperature of the emergent radiation as :

Tb(ν) = Ts(1 − e−τν ) + TCMB(ν)e−τν (2.4)

where Ts is the spin temperature of the intervening cloud. It is the effective exci-

tation temperature for the hyperfine transition and dictates the properties of the

21-cm line (in terms of emission and absorption properties). Using the Boltzmann

factor for the relative occupancy of the triplet with respect to the singlet state for

the ground state of the hydrogen atom, Ts is given by [32]:
n1

n0

= 3 exp
{−T∗

Ts

}
(2.5)

where n0 and n1 are the occupancy of the singlet and triplet states and T∗=0.0682 K

(from hν21cm = 2kBT∗ = 5.87×10−6eV). The factor 3 is the degeneracy factor for the

triplet state. Ts is the ratio between two hyperfine states, and controls the intensity

of the emergent radiation from an Hi cloud. It is seen from Equation 2.4 that

the brightness temperature depends on the optical depth τν and spin temperature

Ts, and has to be determined for the optically thin regime (which is relevant to

the present case). If Ts=TCMB, the brightness temperature is simply the CMB
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temperature, revealing nothing about the intervening Hi cloud.

Due to the expansion of the Universe, the wavelength λ of a radiation coming from

a cosmological redshift z expands to λ(1 + z). Hence, they are observed at a longer

wavelength than the original. The optical depth for 21-cm radiation for an Hi cloud

with uniform Ts observed at 21(1+z) cm is given by [41]:

τ(z) =
3cλ2

21hpA10nHI

32πkBTs(1 + z)(∂vr/∂r)

where hp is the Planck’s constant, A10 = 2.85 × 10−15s−1 is the spontaneous decay

rate of hyperfine transitions, ∂vr/∂r is the radial velocity along line-of sight, where vr

is the physical radial velocity and r is the comoving distance and nHI is the number

density of hydrogen atoms. In completely neutral and homogeneous Universe, nHI =

n̄H(z) and ∂vr/∂r = H(z)/(1 + z) in terms of the Hubble parameter H.

The background CMB temperature provides a contrast against which brightness

temperature in either absorption or emission for 21-cm Hi signal is observed. Thus,

the differential brightness temperature δTB(ν) (Tb −TCMB) is the observable quan-

tity, defined as [32,40]:

δTb(ν) =
(Ts − TCMB)

(1 + z)
e−τ ≈ (Ts − TCMB)

(1 + z)
τ

≈ 26.8mK
( Ωbh

0.0327

)( Ωm

0.307

)−1/2(1 + z

10

)1/2(Ts − TCMB

Ts

)
(2.6)

where the optical depth τ ≪1. In the Rayleigh-Jeans limit of the Planck function,

the measured intensity in equivalent temperature units is the differential brightness

temperature (Equation 2.2). The CMB spectrum peaks at λ ∼ 2 mm making it fall

in the Rayleigh-Jeans limit for 21-cm cosmology, with relevant wavelengths observed

at z=0 being three orders of magnitude larger [41].
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Equation 2.6 shows that the 21-cm signal can only be detected when the Ts of the gas

differs from CMB temperature. This is expected since Ts = TCMB implies thermal

equilibrium between the background and the gas. Hence, there would be neither

absorption nor emission above the background. Equation 2.6 also implies that Ts

determines whether the signal is seen in absorption or emission against the CMB.

2.2 Evolution of the 21-cm Signal with Redshift

In Section 2.1, it was seen that Ts is critical in determining the observability of

the 21-cm signal. Ts itself depends on the interplay of several astrophysical factors.

Thus, it is imperative to understand how each of these factors evolves with redshift to

understand their signatures in δTb. The interplay of three main processes determines

the evolution of Ts - absorption and stimulated emission of CMB photons, collision

of Hi with other particles and the Wouthuysen-Field effect (scattering of Lyman-α

(Lyα) photons through absorption and re-emission). The spin temperature of Hi

for the hyperfine transition can thus be written as [32]:

Ts =
TCMB + ykTk + yαTα

1 + yk + yα
(2.7)

The coupling term yk and yα arise due to collisional excitation and is the effect on

21-cm transition due to collisional excitation, and Wouthuysen-Field effect. yα is

for excitation due to the Wouthuysen-Field effect. It should also be mentioned for

almost all cases of interest, Ts = Tα can be assumed [32,40,43].

2.3 Detection of the 21-cm Signal

The redshifted 21-cm signal from the CD/EoR can be detected through three de-

tectable observational signatures - Global Signal, Statistical Detection, Tomography.
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Figure 2.2: Redshift (or frequency) evolution of the 21-cm signal. (top panel): slice
through a simulation showing the evolution of the brightness temperature of the
signal; (bottom panel) The 21-cm global signal as predicted by theoretical models
with parameters described in [44]. The model used for describing the evolution of
the signal determines its exact shape. Reproduced from [44].

2.3.1 The Global 21-cm Signature

The thermal state of the IGM as a function of redshift (or frequency) can be probed

by observing the “global” 21-cm signal. The global signal is all sky averaged signal

measured through the differential brightness temperature (Equation 2.6). Plugging

in the evolution of Ts in Equation 2.6 gives the evolution of δTb. Figure 2.2 shows

the evolution of the differential brightness temperature as a function of frequency

(hence redshift). In the spectrum, the ‘Dark Ages’ and ‘Cosmic Dawn’ show two

sharp absortion features. The period of reionization at z ≳ 15 gives the signal

in emission. The Hi in the IGM becomes completely ionized by z ∼ 6, and the

brightness temperature becomes zero. It must be emphasized here that the signal

depicted in Figure 2.2 is for a particular set of parameters modeled in [44]. Its shape

depends on the models’ astrophysical parameters, and changing those will change

the shape.



22 Chapter 2. Observing the Early Universe: The Redshifted 21-cm Signal

2.3.2 Statistics of the 21-cm Signal

Power Spectrum:

Another method to probe the 21-cm signal is statistically through its power spectrum

(PS). This is done by looking into correlations in the signal at particular length

scales. The ultimate target for 21-cm observations is 21-cm tomography- mapping

the spatial distribution of Hi as a function of redshift using the cosmological signal.

Current theoretical estimates state the sensitivity required to be of mK order on

angular scales of a few arcminutes for such observations.

Radio interferometers observe fluctuations in the 21-cm brightness temperature

through its power spectrum P (k, z). Assuming the signal fluctuation field is statis-

tically homogeneous and isotropic, we can write:

⟨∆T̃b(k, z)∆T̃b

∗
(k′, z)⟩ = (2π)3δ3(k− k′)P (k) (2.8)

where, ∆T̃b(k, z) is the Fourier transform of the differential brightness temperature

δTb(r, z) and δ3(k − k′) is the Dirac delta function. Since the 21-cm signal is

isotropic, P (k) reduces to P (k).

The advantage of measuring the 21-cm PS over the global signal is that it provides

information on spatial fluctuations. However, since the 21-cm signal is highly non-

Gaussian, it does not encode all the available spatial information. Nevertheless, the

PS is still rich in information and, observationally, is considerably easier to measure

than higher-order correlations.

Decomposing the 21-cm PS provides a wealth of astrophysical information. The

brightness temperature fluctuations are driven by several factors- density perturba-

tions, ionization fraction, Lyα coupling, peculiar velocity, etc. [57]. Measurement

of the PS measures the combined power from each field and their cross power. So
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Figure 4. Top: light-cone strip corresponding to the Faint Galaxies model. Middle: corresponding evolution of the global brightness temperature contrast.
Bottom: corresponding evolution of the power spectrum amplitude at k = 0.1 Mpc−1 (solid curve) and k = 0.5 Mpc−1 (dotted curve).

most notable difference between the two models is the relative
timing of the epochs, which in the Bright Galaxies model occur
rapidly with significant overlap.11

The peaks of the large-scale power correspond roughly to the
midpoints of the three astrophysical epochs: Ly α pumping, EoX and
EoR. Both models show this three-peaked structure in the evolution
of the large-scale power,12 driven by large-scale fluctuations in WF
coupling, gas temperature and the ionization fraction (from high to
low redshift; e.g. Pritchard & Furlanetto 2007; Baek et al. 2010).
Contrary to preliminary estimates assuming TS ≫ Tγ (e.g. Lidz
et al. 2008; Friedrich et al. 2011), the EoR peak does not happen
exactly at the midpoint of x̄H I = 0.5, but instead occurs afterwards.
This delay is especially notable in the Bright Galaxies model, in
which the heating and EoR epochs overlap strongly. This is due to
the (1 − Tγ /TS)2 contribution to the power spectrum from the mean

11 As was already noted, in this model the global signal switches to emission
very late, when x̄H I ∼ 0.5. The resulting values of δTb ∼ 0 mK in cosmic H I

regions strongly suppresses the contrast against the cosmic H II regions, and
corresponding 21 cm power is much lower than expected with the common
simplifying assumption of TS ≫ Tγ .
12 We note that here we do not explore alternate scenarios for the heating
epoch. Exotic scenarios, such as heating by very hard, heavily obscured
sources (Mesinger et al. 2013; Fialkov, Barkana & Visbal 2014) or dark
matter annihilation (Evoli, Mesinger & Ferrara 2014), result in a uniform
heating which can dramatically suppress the peak in power associated with
the heating epoch, as well as the trough between the heating and WF coupling
epochs.

brightness temperature, which contributes a factor of 0.9 (0.3) at
the midpoint of the EoR in the Faint Galaxies (Bright Galaxies)
models. As more time passes after the EoR midpoint and X-ray
sources continue to heat the cosmic neutral patches, the rise in (1 −
Tγ /TS)2 more than compensates for the drop in $2

21, and so the peak
in the power amplitude occurs at x̄H I < 0.5. We confirm that if (1
− Tγ /TS)2 is set to unity as is commonly done in the literature, we
recover the result that the EoR power spectrum peaks at x̄H I ≈ 0.5.

On the other hand the troughs in the large-scale power evolution
correspond roughly to the boundaries between these three epochs.
As can be seen from the bottom panels of Fig. 6, they are marked by
sudden changes in the slope of the power with k. These are driven by
the brief periods between the astrophysical epochs, when the cross-
correlations in the brightness temperature components dominate the
power (e.g. Pritchard & Furlanetto 2007; Lidz et al. 2008; Mesinger
et al. 2013). In the early stages of the EoR, the large-scale power
drops as the densest patches close to galaxies are reionized, thus
transitioning from being the strongest 21 cm emitters to having
zero signal. Likewise during the first stages of X-ray heating, these
large-scale dense patches close to galaxies are the first to be heated,
thus transitioning from being the strongest 21 cm absorbers (with
the highest levels of WF coupling) to sourcing a much weaker
emission signal.

Finally, in Fig. 7 we show the power spectrum as a function
of k, at various stages of the EoR: x̄H I ≈ 0.75, 0.5, 0.25 (top to
bottom). In addition to our two fiducial models, we include as a
reference a curve corresponding to the Bright Galaxies model, but
assuming saturated heating TS ≫ Tγ . As argued above, this is not
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Figure 4. Top: light-cone strip corresponding to the Faint Galaxies model. Middle: corresponding evolution of the global brightness temperature contrast.
Bottom: corresponding evolution of the power spectrum amplitude at k = 0.1 Mpc−1 (solid curve) and k = 0.5 Mpc−1 (dotted curve).

most notable difference between the two models is the relative
timing of the epochs, which in the Bright Galaxies model occur
rapidly with significant overlap.11

The peaks of the large-scale power correspond roughly to the
midpoints of the three astrophysical epochs: Ly α pumping, EoX and
EoR. Both models show this three-peaked structure in the evolution
of the large-scale power,12 driven by large-scale fluctuations in WF
coupling, gas temperature and the ionization fraction (from high to
low redshift; e.g. Pritchard & Furlanetto 2007; Baek et al. 2010).
Contrary to preliminary estimates assuming TS ≫ Tγ (e.g. Lidz
et al. 2008; Friedrich et al. 2011), the EoR peak does not happen
exactly at the midpoint of x̄H I = 0.5, but instead occurs afterwards.
This delay is especially notable in the Bright Galaxies model, in
which the heating and EoR epochs overlap strongly. This is due to
the (1 − Tγ /TS)2 contribution to the power spectrum from the mean

11 As was already noted, in this model the global signal switches to emission
very late, when x̄H I ∼ 0.5. The resulting values of δTb ∼ 0 mK in cosmic H I

regions strongly suppresses the contrast against the cosmic H II regions, and
corresponding 21 cm power is much lower than expected with the common
simplifying assumption of TS ≫ Tγ .
12 We note that here we do not explore alternate scenarios for the heating
epoch. Exotic scenarios, such as heating by very hard, heavily obscured
sources (Mesinger et al. 2013; Fialkov, Barkana & Visbal 2014) or dark
matter annihilation (Evoli, Mesinger & Ferrara 2014), result in a uniform
heating which can dramatically suppress the peak in power associated with
the heating epoch, as well as the trough between the heating and WF coupling
epochs.

brightness temperature, which contributes a factor of 0.9 (0.3) at
the midpoint of the EoR in the Faint Galaxies (Bright Galaxies)
models. As more time passes after the EoR midpoint and X-ray
sources continue to heat the cosmic neutral patches, the rise in (1 −
Tγ /TS)2 more than compensates for the drop in $2

21, and so the peak
in the power amplitude occurs at x̄H I < 0.5. We confirm that if (1
− Tγ /TS)2 is set to unity as is commonly done in the literature, we
recover the result that the EoR power spectrum peaks at x̄H I ≈ 0.5.

On the other hand the troughs in the large-scale power evolution
correspond roughly to the boundaries between these three epochs.
As can be seen from the bottom panels of Fig. 6, they are marked by
sudden changes in the slope of the power with k. These are driven by
the brief periods between the astrophysical epochs, when the cross-
correlations in the brightness temperature components dominate the
power (e.g. Pritchard & Furlanetto 2007; Lidz et al. 2008; Mesinger
et al. 2013). In the early stages of the EoR, the large-scale power
drops as the densest patches close to galaxies are reionized, thus
transitioning from being the strongest 21 cm emitters to having
zero signal. Likewise during the first stages of X-ray heating, these
large-scale dense patches close to galaxies are the first to be heated,
thus transitioning from being the strongest 21 cm absorbers (with
the highest levels of WF coupling) to sourcing a much weaker
emission signal.

Finally, in Fig. 7 we show the power spectrum as a function
of k, at various stages of the EoR: x̄H I ≈ 0.75, 0.5, 0.25 (top to
bottom). In addition to our two fiducial models, we include as a
reference a curve corresponding to the Bright Galaxies model, but
assuming saturated heating TS ≫ Tγ . As argued above, this is not
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Figure 2.3: Evolution of the 21-cm power spectrum amplitude for two different
Fourier modes, k =0.1 Mpc−1 (solid) and k = 0.5 Mpc−1 (dashed). Peaks in the
amplitude corresponds to different cosmic milestones. Reproduced from [57].

measurements of the 21-cm PS across cosmic time will be sensitive to the dominance

of each component as a function of time and spatial scales on which the signal is

the strongest. This has been depicted in Figure 2.3. However, the standard method

uses a range of spatial scales (rather than one Fourier mode) to recover astrophysical

information from both small and large-scale physical processes.

Other Statistical Methods:

It has been also been theorized that the 21-cm signal is not a Gaussian random field,

since ionized bubbles cause spatial anisotropy. In such a case, PS is not sufficient

for complete statistical characterization of the signal and higher order statistics are

required [44]. One point statistics like skewness and curtosis, as well three-point

correlation function or the bispectrum can also be used [49–51] to study the signal

statistically. However, studies into the practicalities of detecting these statistics

using real interferometers is still ongoing, thus currently instruments are aiming for

power spectrum detection.
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2.3.3 Tomography

Tomographic imaging of the IGM using the redshifted 21-cm signal during CD/EoR

is projected to be possible with SKA-1 Low [47]. Since this signal can be imaged

in many different frequency bins, an cube can be made out of these images which

could be used for performing a 3D analysis of the IGM at these early epochs [38].

Imaging becomes possible when the signal-to-noise for a certain spatial (or spectral)

resolution becomes greater than 1. Thus, it has been projected that even instru-

ments like LOFAR can produce tomographic images, albeit with poor resolution [48].

Tomographic imaging is essential for study of ionized regions and their connection

with galaxy populations, distribution and topology of the ionized bubbles, deriving

quasar properties, etc. Such information are not accessible via statistics, but their

understanding important for inferring the processes at play during CD/EoR. Thus,

IGM tomography with the SKA-1 Low will be interesting to explore once the tele-

scope becomes operational.

Observations till date have mainly targeted the global signal and PS detections, with

higher order statistics and tomogrphy still in the development stages. The present

thesis focuses on the observational aspects of the 21-cm PS. So the remainder of this

chapter will mainly discuss the different observational constraints on the 21-cm PS,

with a brief mention of the progress in the global signal detection.

2.4 Observing the Redshifted 21-cm Signal

There has been a massive advancement in astronomical instrumentation over the

past few decades. This has made observing the faint Hi 21-cm signal from the

CD/EoR an achievable target. The 21-cm signal can be studied using both the global

signal and the power spectrum. Single dish telescopes (or total power radiometers)

are used for global signal searches while interferometers are used for PS detections.
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2.4.1 Observations of Global Signal

Global CD/EoR signal detection experiments have lead to constraints on the astro-

physics of the processes involved. There are several instruments world-wide that are

dedicated in searching for the global signature of the redshifted 21-cm signal. This

includes instruments like Experiment to Detect Global Epoch of Reionization Sig-

nature (EDGES) [52], Broadband Instrument for Global HydrOgen ReioNisation

Signal (BIGHORNS [339]), Sonda Cosmológica de las Islas para la Detección de

Hidrógeno Neutro (SCI-HI [340]), Shaped Antenna measurement of the background

RAdio Spectrum (SARAS [341]), Large Aperture Experiment to Detect the Dark

Ages (LEDA [342]), to name a few.

The detection of an absorption trough in the global signal experiment centered at

78 MHz was reported by the EDGES team [338]. The deep and wide absorption

trough reported by EDGES had lead to controversies since it indicted that the

cosmological models used till date had some glaring inadequacies. This lead to

theorizing a number of new models which provided explanations for the shape and

depth of the EDGES spectrum [54,55]. There were also other works that indicated

some problems with the analysis done by the EDGES team [56]. However, recent

results using the SARAS3 experiment ruled out the EDEGES detection with 95.3%

confidence [53]. No other experiment has made any detection claims so far. The

SARAS3 results indicate that the standard models in theory are still valid. Hence,

the task of detecting the true global signal from CD/EoR remains.

2.4.2 Observation of PS

Radio interferometry has also seen great advancement with increased sensitivity

and improved techniques. While next-generation interferometers like the SKA and

HERA can detect the Hi PS directly, the older instruments have been upgraded with

sufficient sensitivity to place meaningful upper limits on the EoR and post-EoR PS.
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The operational sensitive low frequency interferometers have placed upper limits on

the Hi power spectrum - the Giant Metrewave Radio Telescope (GMRT), Murchi-

son Widefield Array (MWA), Low-Frequency Array (LOFAR), Precision Array for

Probing the Epoch of Reionization (PAPER) and its successor Hydrogen Epoch of

Reionization Array (HERA).

The different interferometers use different approaches to extract the information

from their observations. The latest results with these interferometers are discussed

briefly.

• GMRT: The GMRT consists of 30 dishes in a Y-shaped array spread over 25

Km, located near Pune in western India. It studied the spatial and spectral

structure of the sky using visibility correlations. Upper limits on the Hi signal

at both low (z ∼ 1.32) and high (z ∼ 8.6) redshifts were obtained using the

GMRT (the latter being the first direct upper limit on the EoR Hi signal)

[58,59].

• MWA: The MWA is a 256-element interferometer in western Australia. It

started operating with 128 tiles in 2013, with an upgrade to 256 tiles in 2016.

It operates in two modes: an extended array with 128 tiles and long baselines

and a compact array with 128 tiles but short baselines, including two 36-tile

redundant sub-arrays in a hexagonal configuration. The compact array is

principally used for EoR science. MWA has, till now, placed several upper

limits on the 21-cm PS at different redshifts between z ∼ 6 and z ∼ 15

[63–67,104].

• LOFAR: LOFAR is a composite low-frequency aperture array with stations of

High-Band Antennas (HBA) and Low-Band Antennas (LBA) types. They op-

erate between 120-190 MHz and 30-90 MHz, respectively, and both have been

used for CD/EoR science. The LOFAR latitude allows circumpolar observa-
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tions with long winter nights. Thus, a primary observing filed for LOFAR is

North Celestial Pole (NCP), observable winter months for more than 12 hours.

LOFAR has also placed sensitive upper limit on the Hi signal in the redshift

range 7 ≲ z ≲ 25 [69–71].

• PAPER and HERA: PAPER was designed as an experimental setup to de-

velop novel analysis techniques for 21-cm cosmology. PAPER antennas were

single dipoles designed on elevated ground screens with small size, for enabling

array reconfiguration. The digital correlator architecture used by the system

was easily scalable with the increase in the number of antennas. The PAPER

team also developed the delay spectrum a approach [72] for measuring the

21-cm PS. However, the delay spectrum has higher noise than the alterna-

tive approaches, and [73] proposed the “maximum redundancy” configuration

(in which antenna arrangement produces multiple redundant baselines) as a

possible solution. Despite the development of novel analysis techniques and

designing a sensitive array, several errors in the analysis resulted in the PA-

PER upper limits being invalidated (see [74,75] for PAPER upper limits, and

[76] for details of errors).

HERA is an interferometric array in the Karoo desert, South Africa made of

fixed, zenith pointing dishes . HERA has 14m dishes packed in a hexago-

nal, nearly continuous core 300m across. The frequency coverage is 50–250

MHz. It is being built in a series of phases with simultaneous construction

and observation. The first phase used the feeds and correlator from the PA-

PER experiment, but the second phase will use new feeds and analog and

digital systems. The first upper limits were recently provided with data from

50 dishes [77] at z = 7.9 and z = 10.4.

Figure 2.4 shows the upper limit over the range of k-modes probed by HERA (top
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panel), LOFAR (bottom left), and MWA (bottom right). These three are presently

the most sensitive interferometers targeting the detection of the redshifted 21-cm

signal from the EoR. Table 2.1 tabulates the accepted upper limits set so far by

different interferometers.

The Future of PS Observations:

With the initial construction of SKA-1 being approved, interferometric observations

of the 21-cm signal is in an interesting stage. It is expected to detect the power spec-

trum of the redshifted 21-cm signal from CD/EoR with ∼1000 hours of observation

and even perform 21-cm tomography [46]. In addition to SKA, other instruments are

also currently undergoing commissioning or upgrade to enhance their sensitivity for

providing competitive upper limits on the CD/EoR PS. The LOFAR is upgrading

to LOFAR 2.0 with enhanced sensitivity and longer baselines, which is enhance its

capacity to perform CD/EoR observations. Simultaneously, a new array called the

Nenufar is being constructed at the Station de Radioastronomie in Nanay (France).

It will consist of 96 mini-arrays in a 400 m disk which will be sensitive to large spatial

scales and will be able to study the 21-cm signal from CD/EoR [78]. The HERA is

also in its commissioning phase performing simultaneous observations and construc-

tions, and is expected to provide even more sensitive upper limits in the upcoming

years. Arrays like the LWA, MWA Phase-III, uGMRT etc. are also trying to achieve

enhanced sensitivity which will lead to them targeting the redshifted 21-cm signal

observations along with other science goals.

2.5 Estimation of Signal Parameters from Obser-
vations

The main aim of any interferometric or global signal experiment is to determine the

astrophysical and cosmological parameters responsible for producing the observed

signal. For the past several years, meticulous research into optimizing techniques
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Table 2.1: Upper Limits on the Hi 21-cm Power Spectrum from CD/EoR set by
different telescopes. Reproduced from [4].

Telescope z k ∆2(k) Reference
(Mpc−1 h) (mK2)

GMRT 8.6 0.65 h < 4.9 × 103 [59]
8.6 0.5h < 6.1 × 104 [60]
1.96 1.0 < 3.5 × 103 [61]
2.19 1.0 < 3.8 × 103

2.62 1.0 < 3.7 × 103

3.58 1.0 < 1.1 × 104

MWA 12.2 0.18 < 2.5 × 107 [62]
15.35 0.21 < 8.3 × 107

17.0 0.22 < 2.7 × 108

7.1 0.27 < 2.7 × 104 [63]
7.0 0.20 < 3.9 × 103 [64]
6.5 0.59 < 3.39 × 103 [104]
6.5 0.142 < 1.8 × 103 [65]
6.8 0.142 < 3.6 × 103

7.1 0.142 < 6.0 × 103

7.8 0.142 < 2.4 × 104

8.2 0.142 < 2.8 × 104

8.7 0.142 < 6.2 × 104

15.2 0.14 < 6.3 × 106 [66]

LOFAR 7.9-8.7 0.1 < 1.1 × 105 [69]
8.7-9.6 0.1 < 8.7 × 104

9.6-10.6 0.1 < 5.0 × 104

19.8-25.2 0.038 < 2.1 × 108 [70]
9.1 0.075 < 5.3 × 103 [71]

HERA 7.9 0.192 < 9.5 × 102 [77]
10.4 0.256 < 9.1 × 103
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LOFAR
MWA

HERA

Figure 2.4: Recent upper limits on the EoR PS from HERA, LOFAR and MWA.
Compiled from [77], [71] & [65].

for parameter extraction has been done. Bayesian statistics is still the most popular

method for parameter estimation, but with the advent of advanced machine learning

(ML) algorithms, currently these are also being explored extensively.

Using Markov Chain Monte Carlo (MCMC) methods, there have been several studies

on parameter estimation from both the global signal as well as PS. Synthetic data

sets have been used to extract parameters using different reionization models, which

are also contaminated with foregrounds and instrument response in many cases.

Some of these studies include those of [79–83], to name a few.
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Bayesian inference-based methods are computation and time intensive. Thus, ML

methods are now being used to efficiently extract parameters from large data sets

expected from current telescopes. These are very efficient algorithms which “learn”

from complex, non-linear and non-Gaussian priors. A number of different approaches

using ML have been developed over the past decade. Parameter estimations using

ML base emulators, as well as artificial neural networks (ANN) and convolutional

neural networks (CNN) have been developed for the image domain (for example

[84–87]). Similar developments in signal extraction and parameter estimation in the

PS domain and global signal has been done using ANN (for example [88–91]).

However, signal extraction and parameter estimation in presence of foregrounds and

systematics is a challenging task. In [91], a pair of ANNs was used for signal power

spectrum extraction and parameter estimation. Their results, while encouraging

also suggest the need for development of better training and sampling methods for

effective signal extraction from observed data sets.

This thesis deals with the study of different factors that causes hindrance in the

detection of the power spectrum from EoR and post-EoR Universe. The biases

and imperfections in the 21-cm signal extraction introduced by the presence of fore-

grounds and an imperfect instrument (particularly radio interferometer) has been

discussed in the next chapter.
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Chapter 3

Challenges for the Low Frequency
Observations of the 21-cm Signal

3.1 Challenges in Detecting Hi from CD/EoR

The low-frequency observations of the 21-cm signal from the early Universe using

radio interferometers are challenging. Theoretical models predict that the differen-

tial brightness temperature is a few hundred mK at most (for instance, see Figure

2.2 and [43]). The contaminants of such a weak target are numerous and vary in na-

ture and complexity. The major sources that adversely affect observations targeting

detection of Hi from the early Universe are introduced by:

• Astrophysical Foregrounds: Different astrophysical sources present along

the line-of-sight between the observer and the signal.

• Instrumental Systematics: The imperfect response of any real instrument

that is present in observations.

• Radio Frequency Interference: The interference from the large number

of terrestrial instruments that transmit and/or receive signals in radio wave-

lengths.

This chapter tries to provide a more detailed discussion on the nature of the chal-

33
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lenges posed by foregrounds, systematics and RFI from the perspective of radio

interferometric observations. Section 3.2 provides a brief description of the fore-

ground emission, followed by a basic discussion on interferometric data processing

in 3.3 (which is required to understand the systematics produced by the instrument).

The different systematics are discussed in Section 3.4 followed by effect of RFI in

Section 3.5.

3.2 Foregrounds

The astrophysical foregrounds are the most potent contaminant of the redshifted

21-cm signal from the CD/EoR. They constitute extraterrestrial radio emissions

brighter than the target signal at the observing frequency. Foregrounds relevant to

EoR observation frequencies are diffuse galactic synchrotron emission, free-free emis-

sion from galactic and extragalactic sources, and emission from star-forming galaxies

and active galactic nuclei. These sources by themselves also provide interesting as-

trophysics (for example [120, 133, 134, 193–202]) and are studied actively. However,

for 21-cm cosmology, they constitute contaminants that need to be removed from

the data. A brief description of the foregrounds is given in the following subsections.

3.2.1 Diffuse Foregrounds

The bulk of the foreground emission at scales ≳degree for ν ≲ 150 MHz consists

of DGSE. Figure 3.1 shows the brightness temperature map of the DGSE at 408

MHz made by [193, 194]. The brightness temperature of this emission (plotted as

the logarithm of temperatures in K) is brightest at the galactic plane. However,

there are observations of excess synchrotron power on angular scales ∼ degrees at

high latitudes near the North Celestial Pole and South Galactic poles [69,203,204].

The average brightness temperature of DGSE is approximated as a power law of

the form T (ν) ∝ ν−α. It is a function of frequency, and is thus higher at lower

frequencies of interest for CD/EoR science. Beside synchrotron radiation, free-free
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Brightness Temperature (log scale) [K]

Figure 3.1: 408 MHz Haslam map [193,194,196] of DGSE. The emissions is clearly
bright at the galactic plane, and is brighter at lower frequency. The color bar is
in log10 scale for temperature in K and is brighter than the 21-cm emission. The
plot is made using the publicly available PyGDSM package (https://github.com/
telegraphic/pygdsm).

emission and a small amount of radio emission from radio haloes and relics also

contribute to the diffuse foreground.

3.2.2 Point Sources

Extragalactic foregrounds at radio frequencies are compact sources consisting mostly

of active galactic nuclei (AGNs) and star forming galaxies (SFGs). The low-frequency

population of radio sources, especially at the faint flux density end, is not yet ad-

equately constrained. Many surveys have tried to constrain number counts, lumi-

nosity functions, and other properties [137,145,205]. The current deepest 150 MHz

source counts from three extragalactic deep fields - Lockman Hole, ELAIS-N1, and

Boötes, obtained using the LoTSSS data [206] is shown in Figure 3.2, overlaid with

counts from other surveys- Boötes at 150 MHz using LOFAR [136], ELAIS-N1 at 400

MHz using GMRT [175] and Lockman Hole at 325 MHz using GMRT [1]. In addi-

tion to source counts (i.e., flux distributions), it is also essential to understand their

https://github.com/telegraphic/pygdsm
https://github.com/telegraphic/pygdsm


36 Chapter 3. Challenges for the Low Frequency Observations of the 21-cm Signal

spatial distribution, i.e., clustering. It has been shown by [108] that spatial cluster-

ing of extragalactic sources dominates the fluctuations for angular scales θ ≳ 1′ at

150 MHz (for flux density ≳0.1 mJy). Thus, characterization of spatial, flux, and

frequency behaviour of extragalactic sources is essential.

10 2 10 1 100 101 102 103 104

Flux density , S[mJy]

100

101

102

103

104

(dN
/dS

)[Jy
1 sr

1 ]

Wilman et al. 2008 - All (100deg2)
Bonaldi et al. 2019 - All (AGN+SFG)  (25deg2)
Lockman Hole 325 MHz, Mazumder et al. 2020
ELAIS N1 400 MHz, Chakraborty et al., 2019
BOOTES field 150 MHz, Williams et al. 2016
Lockman Hole LoTSS, Mandal et al. 2021
ELAIS N1 LoTSS, Mandal et al. 2021
Bootes LoTSS, Mandal et al. 2021

Figure 3.2: Euclidean normalised differential source counts at 150 GHz from LoTSS
survey for Lockman Hole (blue circles), ELAIS-N1 (green diamonds) and Boötes
(orange inverted triangle) fields from [206]. Source counts from other observations
of the same field - Boötes (green inverted triangles, [136]) at 150 MHz from LOFAR,
Lockman Hole (red circles, [1]) at 325 MHz from GMRT and ELAIS-N1 (magenta
diamonds, [175]) at 400 MHz from from GMRT. Comparison with source counts
from simulations - SKADS (black dashed curve, [121]) and T-RECS (cyan dashed
curve, [122]) has also been done.

3.2.3 Challenges with Foregrounds

The relative strength of the foregrounds can be seen from Figure 3.3. It shows the

angular power spectrum amplitude of different foreground components at 140 MHz
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[126]. The dominant contribution is from the galactic synchrotron, followed by

extragalactic point sources, with free-free emission having relatively smaller contri-

bution, yet still above the 21-cm signal (an effect made more complicated with the

introduction of systematics).

Galactic Synchrotron

Point Sources

Free-Free (galactic)

Free-Free (extragalactic)

21-cm Signal

CMB

Figure 3.3: Angular Power Spectra of Different Foreground Componets along with
that of the 21-cm signal and CMB. Reproduced from [126].

The foregrounds radiate synchrotron with power law behaviour with frequency re-

sulting in spectrally smooth behaviour (see, for example, [207, 208]). Most fore-

ground mitigation techniques employ this spectral smoothness assumption to model

out foregrounds. Some standard techniques include principal component analy-

sis, generalized morphological component analysis, independent component analy-

sis, Gaussian process regression, etc. [209–211]. While each process has pros and

cons, a general caveat is that the presence of non-smooth foreground components in
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the residuals will hamper the signal detection. Thus, studies over a wide frequency

range as well as how spectral smoothness is affected by inclusion of instrumental

features is required. Thus, simultaneous understanding of both foregrounds and

systematics is required.

3.3 Understanding the Instrument: Radio Inter-
ferometer

Radio telescopes measure the incident electric field from the sky directly, rather than

the energy deposited, as traditional telescopes do. A radio interferometer 1 thus

measures the spatial Fourier coefficient describing the radiation pattern in the far-

field approximation. The inverse Fourier transform produces a map of the intensity

distribution of the radio signal in the sky (or a radio image). The basic technique

followed in radio interferometric imaging is known as aperture synthesis. A finite

number of spatially separated detectors or slits is used to construct an effective lens

aperture, whose size is the largest separation between any two pairs of slits. This is

called a synthesized aperture. It is different from the true lens aperture of the same

size since it is discontinuous, being a collection of discrete and finite set of aperture

points. The elements of an interferometer basically act as slits, the signals from

which are points that fill the aperture. This technique is called aperture synthesis.

The incident electric fields at the two aperture points are correlated to obtain the

amplitude and phase of the interference patterns from each pair of slits. Thus, the

incident radiation field’s spatial Fourier transform is measured by a pair of slits on

the aperture plane. Their spatial frequency is given in terms of physical separation

between the slits in units of wavelength.

1The terms “radio telescope” and “radio interferometer” have been used interchangeably
throughout this thesis.
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3.3.1 Measurements by an Interferometer

The van-Cittert Zernike Theorem:

The basic principle for mapping distant sources using a radio interferometer is quan-

tified using the van-Cittert-Zernike theorem of partially coherent radiation. It states

that “the degree of spatial coherence of radiation from a spatially incoherent distant

source is proportional to the spatial Fourier transform of the intensity distribution

across the source” [92]. It is expressed mathematically as:

⟨Eν(r̄1)E
∗
ν(r̄2)⟩ ∝

∫
Iν(ŝ)e2πiντ12dΩ ≡ V (r̄1 − r̄2, ν) (3.1)

where Eν(r̄1) and Eν(r̄2) are the incident electric fields at r̄1 and r̄2 on the aperture

plane, dΩ is the solid angle subtended by the instrument on the sky. The equivalent

time averaged coherence function or correlation function, V (r̄1 − r̄2, ν) is called the

visibility. It is a complex number which is a function of the separation between the

antennas (r̄1 − r̄2). A radio interferometer is a device that measures this spatial

coherence function.

3.3.1.1 Coordinate System for Observations

Visibilities measured by a set of telescopes (which make up an interferometer) require

a proper set of coordinates that relate the brightness distribution in the sky with

the detectors’ physical location and spacing.

If the antenna is pointed towards a direction s⃗0, and I(l,m, n) = I(s⃗) where l, m, n

are the direction cosines along a direction s⃗ (see Figure 3.4), s⃗0 (l = 0, m = 0, n = 1)

is the reference point with respect to which the phases are measured (i.e. the phase

center), and any point away from s⃗0 is s⃗ = s⃗0 + s⃗σ. The “uv plane” is defined as the

tangent plane at s⃗0 onto which intensity distribution is projected and the final 2D

image is formed, i.e. a plane perpendicular to the aperture plane of the array. The

relation between these coordinates systems is given by:
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Figure 3.4: The coordinate systems used to express the source brightness distribution
in the telescope aperture plane. Image adapted from [93].
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where H and δ0 are the hour angle and declination of the source respectively, the



3.3. Understanding the Instrument: Radio Interferometer 41

physical distances are represented by x,y,z and measured in meter in the XYZ coor-

dinate system and u,v,w are the distances in the UVW coordinates in units of the

wavelength λ.

The vectors r̄1, r̄2 in Equation 3.1 can be defined in the UVW coordinate system

as r̄1(u1, v1, w1) and r̄2(u2, v2, w2) (in units of wavelengths). In radio interferometry,

the baseline (⃗b) is the 3D vector between r̄1 and r̄2 given by b(u, v, w) = r̄1 − r̄2,

where u = u1 − u2, v = v1 − v2 and w = w1 − w2. The vectors r̄1, r̄2 are not

necessarily co-planar with the aperture plane (i.e. r̄1.ŝ0 = w1 ̸= 0 and r̄2.ŝ0 = w2 ̸=

0). Hence, any pair of detectors will not sample the same incident wavefront at a

given instance, rather there will be a time delay between the detections, given by

τ = b⃗.ŝ0/ν = w2 − w1/ν (where ν is the observing frequency). This delay has to be

corrected before the signals are correlated from two telescopes.

3.3.2 Aperture Synthesis

Equation 3.1 can be re-written in the UVW system as :

V (u, v, w) =

∫ ∫
I(l,m, n)e−2πi(ul+vm+w

√
1−l2−m2) dldm√

1 − l2 −m2
(3.3)

where dΩ = dldm
n

= dldm√
1−l2−m2 , and l and n are the coordinates on the tangent

plane at s⃗0 (see Figure 3.4. Since visibilities measured in the UVW coordinates,

inverse Fourier transform of Equation 3.3 should give the intensity distribution in

the sky. Inversion of Equation 3.3 can be simplified to obtain I(l,m) from visibility

by reducing it to a two-dimensional Fourier transform if the sky is imaged close to

the phase center thus ignoring the curvature of the sky (i.e. w = 0). Thus, Equation

3.3 simplifies to a 2D spatial Fourier transform relation:

V (u, v) =

∫ ∫
I(l,m)e−2πi(ul+vm)dldm (3.4)

Equation 3.4 is a 2D Fourier transform. It relates the mutual coherence function and
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the source brightness and is a form of the van Cittert–Zernike theorem (Equation

3.1). The baselines measure a complex visibility function at a point on the uv

plane. The aperture is measured over a finite set of discrete points, and the inverse

Fourier transform of Equation 3.4 is a summation over the measured points on the

uv plane. However, the sampled (observed) uv plane has gaps and irregularities

due to the limited number of baselines. This is mitigated by utilizing a technique

called earth rotation aperture synthesis. The target is tracked as the earth rotates,

increasing the number of unique projected baselines. Thus, aperture synthesis make

better images of the target field by using a larger number of baselines in the uv

space to sample visibilities.

3.3.3 Calibration and Imaging of Interferometric Data

As seen from Equation 3.1, data from interferometric measurements are a series

of measurements of the sky in form of electrical voltages which in itself does not

reveal any real astrophysical information. It requires post-processing for extracting

useful information. The data is thus calibrated to account for the instrument gains,

followed by imaging to deconvolve the telescope response and find the intensity

distribution in the sky.

3.3.3.1 Direction Independent Calibration

The data received from the interferometer has instrumental effects combined with

the actual sky intensity. The frequency-dependent complex “gains” encode all the

modifications that the actual intensity goes through due to the receiver electronics.

Gains modify the true visibilities by a multiplicative factor,

V obs
ij = gig

∗
jV

true
ij + nij (3.5)

where the observed visibility V obs
ij between an antenna pair i and j is the true vis-

ibility V true
ij multiplied the complex gain factors gi and gj of the antennas and nij

is the noise on this baseline. Each term in Equation 3.5 is implicitly a function of
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time. Solving the gain factor of each antenna is known as calibration.

Self Calibration:

Antenna based complex gains are calculated and applied to the observed visibilities

to correct them. Some standard sources called calibrators, whose true visibilities are

assumed known, are observed at regular intervals during the observation and used to

calculate the gain solutions, which are interpolated to target visibilities to calibrate

them. This also means that any fluctuations in the instrument gains during the

target observations remain unaccounted for. Thus, self calibration is used, where a

model of the target source itself is used to compute the gain solutions during the

time it was observed [93]. It is an iterative combination of calibration and imaging

steps.

The calibration processes described above assumes that the gain solutions for the

antennas are sufficient to describe any corruptions on the across the area of interest.

Stated simply, this means that gi terms in equation 3.5 do not vary with direction,

i.e. the calibration is “direction independent”.

3.3.3.2 Direction Dependent Calibration

However, at the low frequencies of interest (∼ few hundreds of MHz), the primary

beam response changes over the wide observing field, frequency and observing time.

The earth’s ionosphere also introduces position and time dependent corruptions

[192]. These are directional effects and are corrected using direction dependent

calibration. The basic idea for direction dependent calibration is calculation of the

antenna/station gains towards directions of bright sources which are located away

from the phase center. This process becomes specially important at lower frequencies

due to increased ionospheric activity and wider field of view.

The data calibration for this thesis uses both direction independent and dependent
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calibration. The details are presented in Chapter 4.

3.3.3.3 Imaging

Post calibration, the visibilities are imaged to determine the intensity distribution in

the sky. The sky sampled at discrete points can be described by a sampling function

S(u, v). It can be represented by a collection of Kronecker delta functions as

S(u, v) =
∑

δ(u− uk)δ(v − vk) (3.6)

where k is the index that represents a measurement from one baseline.

An image is the direct Fourier inversion of V obs
ij described mathematically as:

Iobs(l,m) =

∫ ∫
S(u, v)V (u, v)e2πi(ul+vm)dldm (3.7)

Iobs is called the dirty image, which is the the convolution of the true sky brightness

and the instrument’s point spread function (PSF). Since the observed image is a

convolution of the true sky brightness with an instrumental point spread function,

the true sky brightness is estimated using a deconvolution process.

3.4 Effects of Systematics

Due to the inherent complexity of an interferometer, there are certain instrumental

properties correctly determined, and some others are undetermined. The known sys-

tematics can, in principle, be dealt with during data reduction. However, those may

be computationally expensive. Also, “optimally” dealing with systematics can lead

to sensitivity loss or other unwanted effects on the data. The unknown systematics

are even more harmful since the way they bias the analyses are unknown. Neverthe-

less, recent research into systematics has focused on the effects of instrumental gains,
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primary beam models, thermal noise, polarization leakage, and direction-dependent

ionospheric effects, to name a few.

Calibration Errors:

Calibration constitutes an essential part of any interferometric data processing. Sen-

sitive observations like those targeting the redshifted 21-cm signal require very pre-

cise calibrations to avoid contamination in the final PS. Due to the non-ideal con-

ditions during observations, individual antenna gains vary with time and frequency

and might become difficult to predict. Additionally, the calibration algorithm also

has inherent limitations and can introduce errors in the gain solutions. In short,

for a real instrument, the terms gi and gj of Equation 3.5 are never the ideal value

unity. This deviation from ideal value leads to “calibration error” which propagate

and may cause problem in signal extraction. Two widely used calibration algorithms

for EoR data sets are sky-based and redundant. The sky-based calibration uses a

sky model as a prior, while redundant technique calibrates by matching visibilities

from redundant baselines for highly regular arrays. Sky model incompleteness affects

the former technique, while imperfect redundancy affects the latter. Thus, due to

inherently incomplete sky models, imperfect redundancy, variations in the antenna

response, calibration errors are always present.

Position Errors:

Since calibration processes use a sky model to solve for instrument gains. This re-

quires the presence of high resolution source models from prior observations. Since

the Hi 21-cm signal decorrelates at small angles, so any sky model used for such

data calibration would be derived from previous observations. However, irrespective

of the observed frequency, the astrometry will be accurate to a certain extent. Thus,

the astrometric inaccuracies in the model are propagated and cannot be improved

by calibration. Thus, position errors in the sky model can be a dangerous source
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of errors that might affect the final data calibration and thus target signal detection.

Primary Beam:

The telescope’s primary beam describes its spatial and frequency sensitivity. Equa-

tion 3.3 is a simplified form for an ideal instrument where the primary beam is

unity. However, for a real instrument, the primary beam response deviates from

the ideal case, and it is vital to quantify the primary beam pattern. The beam has

a complicated spatial and polarization response which depends on frequency. The

effect of these complications can be minimized by design specifications but cannot

be removed entirely. There may also be variations between different feeds due to

manufacturing or installation errors or positional effects. In otherwise redundant

arrays, the feed-to-feed variation of beam pattern may introduce non-redundancy.

It becomes a systematic error affecting redundant calibrations. Depending on the

analysis technique employed, different conditions restricting properties of the pri-

mary beam are introduced. Some techniques deconvolve instrument effects using

linear combinations of different visibilities, and are typically very sensitive to the

knowledge of primary beams. Other techniques are not strongly dependent on such

knowledge but require frequency smoothness and polarization purity. Thus, primary

beams constitute a significant systematic effect that affects sensitive observations

targeting the 21-cm signal from EoR.

Thermal Noise:

Thermal noise is typically considered a random error that can be minimized easily.

However, there are complications generated in an interferometer that need to be

understood. Close-packed arrays used in EoR observations to maximize sensitivity

produces complications. It leads to many closely located antennas interacting di-

rectly, giving a source of correlated noise. This biases the visibilities in the shortest
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baselines,which are sensitive to the largest angular scales. An approach for such bias

removal is taking advantage of the sky changing over the day, removing an appro-

priate average of each visibility. However, this only works for stable noise properties

and thus might not be fully mitigated. Additionally, subtracting the average will

also excise the average signal, which must be accounted for.

Polarization Leakage:

Radio interferometers are generally constructed from pairs of co-located antennas

with orthogonal feed polarization with sensitivity to the polarization of emission

in the sky. However, due to imperfections, there may be a leakage of polarized

components of the emission. Polarized emission can leak in two ways- leakages

due to non-orthogonal or rotated feeds and beam ellipticity (where an asymmetry

in the two linear polarization of the primary telescope beam causes unpolarized

signals to appear polarized, and vice versa). Dealing with foregrounds or 21-cm

observations relies on their spectral smoothness. If they have a significant spectral

structure within their polarized emission, the intensity estimation may be incorrect,

introducing spurious spectral structure and hindering foreground removal.

Ionosphere:

Interferometric data are also affected by the earth’s ionosphere. The incoming extra-

terrestrial wavefronts suffer refraction from the non-uniformity of the ionospheric

plasma layers. The presence of plasma gradients across the pierce points to the

extragalactic sources results in offsets in source positions, while curvature can change

the source flux density. At the frequencies of interest for CD/EoR science (≲ 150

MHz), the ionospheric effects can become quite significant, affecting data calibration

and signal recovery.
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3.5 Radio Frequency Interference

Terrestrial radio interferometers also suffer from man-made RFI. There are numerous

sources of RFI like telecommunication signals, FM broadcasts, air traffic, satellite

passage through the telescope beam, etc. These signals are generally localised in

time and frequency. Thus, interferometric observations in general have high time

and frequency resolution which helps in localisation and excision of RFI during

initial data analysis steps. However, this introduces irregularities in the otherwise

uniform instrumental bandpass response, and hence in the visibilities. Since PS esti-

mation involves Fourier transforming the visibilities from the frequency to the delay

domain, the nonuniform bandpass sampling from RFI excision creates rapid fluc-

tuation across the delay axis. Hence, there will be rapidly fluctuating components

in the delay space visibilities, creating ripple across the line-of-sight k modes, thus

affecting signal extraction. It has however been shown in literature (see Figure 3.5)

that these fluctuations can be reduced by applying the CLEAN or least squares

spectral analysis (LSSA) algorithms [106]. It was also shown in [106] that LSSA

performs consistently across a wide range of flagging scenarios. However, more in-

vestigations into performance of other algorithms are also required for determination

of the optimal one.

3.6 Radio Interferometric Observation of Hi from
CD/EoR

Radio interferometers are excellent instruments for determining the spatial and fre-

quency (hence redshift) distribution of sources. Thus, the ultimate aim of sensitive

21-cm experiments is to map the spatial distribution of the signal as a function of

redshift (21-cm tomography). However, owing to sensitivity limitations 2, current

interferometers can only perform statistical detections (i.e. PS)[192]. Equation 3.4

shows that interferometers are inherently spatial power spectrum measuring instru-

2Effective 21-cm tomography requires mK sensitivity on angular scales of a few arcminutes.
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Figure 3.5: Delay spectrum for simulated visibility having 10% RFI excised. The
green and red dashed curves are the delay spectra after using the CLEAN and the
LSSA algorithms respectively. The gray curve is the delay spectrum of the baseline
when there is no flagging. Reproduced from [106].

ments. The PS is computed either from a deconvolved image cube or directly from

visibilities. The visibilities can be further delay transformed along the frequency

axis [192]:

Ṽ (u, v, τ) =

∫
B

V (u, v, ν)e−2πiντdν (3.8)

where B is the observing bandwidth and the delay τ is the Fourier conjugate of

ν (i.e. frequency). From Equation 3.8 and Equation 2.8, it is seen that the delay

transformed visibility is proportional to the three dimensional power spectrum where

the proportionality constant transforms the visibility into power units. The baseline

vector (⃗b), and delay τ are directly related to the k-modes parallel and perpendicular

to the line-of-sight. Thus, it is seen that the visibilities and the 3D PS are related

to each other. The exact relationship is shown schematically in Figure 3.6.

From Figure 3.6, it is evident that for wide-field observations, the line-of-sight dis-
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Figure 3.6: Fourier conjugate relationships between the fundamental observable
of an interferometer - visibility with image (Fourier transform along the plane of
sky) and the Fourier representation (Fourier transform along frequency direction).
Reproduced from [4].

tance to the source maps into the observed frequency and observed angular scales

map into the u,v coordinates. Since an interferometer observes the Fourier transform

of the intensity distribution of the sky, the relation between the observing angles

and the u,v plane gives four different representations of the signal given by Figure

3.7. The horizontal pairs are Fourier conjugates and the vertical pairs are scaling

relations, related by the sky coordinates and frequency (θ and ∆f) and their inverse

(u, v, η) to the comoving distance r and its inverse k. The exact mathematical

relations amongst these quantities are given by [366]:

θx =
rx

DM(z)
, θy =

ry
DM(z)

,

u =
kxDM

2π
, v =

kyDM

2π

∆f ≈ H0f21Ez

c(1 + z)2
∆rz, η ≈ c(1 + z)2

2πH0f21Ez

kz

The 21-cm PS being related to the interferometric visibilities imply that imperfec-

tions in the observed visibility introduced by the instrument also propagate into the

PS, making it difficult to detect. Ultimately, even the accessible k modes depend on

the interferometer design. The angular wave numbers, k⊥, are related to the instru-

ment layout, with the accessible modes are determined by the baseline distribution.

The longest baseline limits the finest accessible angular scales (largest k⊥ = |k⊥|),

while the shortest ones limit the largest accessible k⊥ value. The lines of sight wave
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Figure 3.7: Fourier conjugates and scaling relations. Produced using the relations
described in [366].

numbers, k∥, are determined by the spectral features of the instruments. The finest

modes (with highest k∥) are spectral resolution limited, and coarsest modes are

bandwidth limited. These limits are depicted qualitatively in Figure 3.8. For 21-cm

experiments, the accessible region in the k⊥ − k∥ plane is called the “EoR window”

(blue region in Figure 3.8). The EoR window is expected to be free from foreground

contamination. However, this is never fully achievable. The level of contamination

will depend on the accuracy of the foreground model and level of handle on the

systematics. Detailed study into foregrounds have been done in Chapters 4 and 5

and into systematics have been done in Chapter 6.
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Figure 3.8: Schematic diagram for the Fourier space accessible by a radio interfer-
ometer. Reproduced from [4].
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Chapter 4

Characterizing foregrounds
pertinent to EoR studies

This chapter has been adapted from Characterizing EoR foregrounds: A study of

the Lockman Hole Region at 325 MHz [1]

4.1 Introduction

The Cosmic Microwave Background (CMB), the afterglow from the Big Bang, has

provided unprecedented insights into the thermal history of the Universe dating

back to the surface of last scattering. However, despite the development of preci-

sion instruments for cosmology, the period after recombination (Dark Ages) of the

Universe, till the neutral Universe became ionized once again remains one of the

relatively unexplored realms in cosmology. It is during this time, between redshifts

∼ 30-12, that tiny fluctuations in matter density grew under gravitational insta-

bilities that resulted in the generation of the first stars. This epoch is known as

the Cosmic Dawn (CD) - the dawn for the luminous sources in the Universe. This

first generation of stars produced a copious amount of ionizing radiation (X-rays,

UV and Lyα), which converted the neutral intergalactic medium into an ionized

one [94]. This era is known as the Epoch of Reionization (EoR) (see [40, 44, 95] for

54
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comprehensive reviews). Observations of quasar absorption spectra [96], as well as

Thompson optical depth obtained from CMB temperature and polarization mea-

surements [97],constrain the EoR to 6 < z < 15.

To investigate the physical processes occurring in these early stages of the Universe,

the most promising probe is the 21-cm hyperfine line of neutral hydrogen [32, 98,

99]. This signal from the early Universe is measured from its temperature contrast

against the CMB temperature [38]. Various physical processes occurring in the

early Universe determine whether the signal is detected in absorption or emission.

Since the signal evolves with redshift (or frequency), detecting its variation with

redshift is equivalent to capturing various properties of the Intergalactic Medium

(IGM) during these epochs. For observational detection of the signal, mainly two

approaches are taken - observation of all-sky averaged ’global’ signal and observing

its tiny statistical fluctuations. Several ongoing, as well as next-generation radio

astronomical interferometers, are targeting the power spectrum measurements as

well as tomographic imaging of the IGM during these early epochs. Instruments that

are currently operational like GMRT, LOFAR, MWA have so far placed upper limits

on the brightness temperature distribution of the 21-cm signal from reionization

[59, 63, 70]. There are several dedicated instruments for the detection of the 21-

cm fluctuations from CD and EoR. This includes the Donald C. Backer Precision

Array to Probe the Epoch of reionization (PAPER, [100]), the Hydrogen Epoch of

Reionization Array (HERA, [101]); also, the MWA Phase 2 upgrade [103] includes

72 new short spaced tiles for EoR science. Recent upper limits to the EoR power

spectrum have been placed from PAPER [102] and MWA [104]. However, several

factors have so far prevented the actual detection of the power spectrum of the

21-cm emission from CD/EoR.

The key factors responsible for obscuring the signal are instrument chromaticity,

the precision of data calibration, and the presence of bright foregrounds (compact
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as well as diffuse). The foreground sources include diffuse emission like synchrotron

emission from the galaxy [105] as well as from low redshift clusters [108], free-free

emissions from both the galaxy as well as extragalactic sources [109] and emission

from faint radio-loud quasars [107]. Point sources are also a significant contributor to

the contaminants [110]. These foregrounds have amplitudes, which are 4-5 orders of

magnitude higher than the redshifted 21-cm signal along any line of sight [111–115].

Recovering the faint signal amidst the bright sea of foregrounds requires precision

instrumentation as well as sophisticated algorithms. However, any strategy used

is based on the one property of the foregrounds - their spectral smoothness. The

21-cm has a spectral shape in contrast to the foregrounds, which are assumed to be

spectrally smooth [44]. This property of the foregrounds can be exploited to extract

the signal of interest. There are three primary strategies for handling foregrounds

- foreground avoidance, foreground suppression, and foreground removal [115–117,

123]. The redshifted 21-cm signal, as opposed to the spectrally smooth foregrounds,

show rapid decorrelation over a frequency separation of ∼ 1 MHz. Hence, the

isolation of the cosmological signal from the foregrounds (see [118] and references

therein) may be plausible. Thus, although the signal of interest is extremely faint,

with sensitive enough telescopes and a careful investigation of the foregrounds, it is

recoverable. With the inception of the Square Kilometer Array (SKA), the expected

observational sensitivity would be sufficient to detect the signal statistically [47,119].

However, since there is no full-proof strategy for dealing with foregrounds (all three

of the above methods come with both advantages and shortcomings), it is still a

trial-and-error quest for the telescopes to determine the best strategy for signal

extraction given the bright foregrounds.

Nevertheless, for the determination of a perfect strategy, it is essential to have

enough observational data to produce accurate models of the foreground sources.

A number of models have predicted that the frequency range of the CD and EoR
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observation would lie between ∼ 50 MHz to ∼ 200 MHz, since the redshift range

of interest is expected to lie between 6 < z < 30 [44, 45]. At these frequencies,

the dominant foreground is the Diffuse Galactic Synchrotron Emission (DGSE). It

dominates at larger angular scales (or smaller baselines) where the EoR signal is

also expected to have the maximum sensitivity. The longer baselines (or smaller an-

gular scales) have major foreground contribution from extragalactic compact source

populations. The discrete source population is mainly dominated by various classes

of Active Galactic Nuclei (AGNs) and Star-Forming Galaxies (SFGs). For accurate

foreground modeling, the nature and population of these sources in terms of their

spatial, as well as spectral characteristics, become essential. Hence, low-frequency

all-sky observation to determine the discrete source distribution becomes necessary.

Using available data from deep field observations as well as physical models, various

state of the art simulations are being performed to simulate source population and

flux distribution at low frequency for characterizing foregrounds [120–122]. However,

for more accurate predictions, more observational evidence is required. In addition

to spectral smoothness of the foregrounds, their angular power spectrum can also

be exploited for characterizing the sky signal, which consists of the 21-cm signal

together with foregrounds [117,124,125]. The power spectrum of DGSE is modeled

in a power-law form as a function of frequency and angular scale [126, 128, 129],

expressed as :

Cℓ(ν) = A
( ℓ

ℓ0

)−β( ν

ν0

)−2α

, (4.1)

with β as the power-law index of the angular power spectrum of DGSE and α as

the mean spectral index. For the foreground subtraction method, a power-law fit

for the DGSE is done for each pixel along the frequency direction in the data cube

and hence subtracted from the data [110,113,130,131]. But precise modeling of this

power law is required to prevent removal of the signal along with the foreground.

Low-frequency observation of radio sky is also essential for the study of the astro-
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physics at play in various evolutionary stages of different galactic and extragalactic

sources. Radio emission at low frequencies, together with their redshift information,

can be used to infer several astrophysical properties associated with the sources. In

general, the source distribution is assumed Poissonian (with the possibility of clus-

tering following single power-law) [114, 129, 132]. Source counts are also modeled

via a single power-law distribution [133–135]. However, several recent studies have

shown deviation from the single power-law model [136–138]. Thus more detailed

studies both in wide-field as well as deep fields are required for generating a fiducial

model of sources at low frequencies. The differential source counts at these are also

useful for constraining the nature of sources. At frequencies in the GHz range and

upwards, the source properties are well characterized. However, at lower frequencies,

there is a lack of consensus for the same. It has been seen in previous studies that

at these frequencies, AGNs dominate in the flux density scales down to few 100 µJy

while SFGs and radio quite AGNs become dominant below ∼ 100 µJy [137–145].

This is inferred from the flattening of the source counts below 1 mJy. However, such

studies are very few on account of the limitations in reaching the required SNR.

Thus empirical constraints at frequencies ≲ 1.4 GHz are limited. Therefore the

study of the low-frequency radio sky is vital for fiducial modeling of foregrounds

for 21-cm cosmology as well as constraining the physics and the astrophysics of the

sources.

This work presents the low-frequency properties of an extragalactic region at high

galactic latitude. The field studied is the Lockman Hole region [146], the area with

the lowest HI column density in the sky, having a low infra-red background [147].

Lockman Hole is one of the most extensively studied extragalactic fields, with a large

number of studies in optical, X-ray, UV, and IR bands. Many studies of the region

also exists in the radio frequencies, but mostly upwards of 1.4 GHz [137, 148–156].

At lower frequencies, observations have been done at 610 MHz by [157, 158] and at
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150 MHz by [159]. There is a requirement for more observational analyses of this

region at the lower frequency end to complement the pre-existing analyses. The

Lockman Hole field, by virtue of its high galactic latitude, is very well suited for

constraining the DGSE power spectrum (since the EoR target fields selected for

current and upcoming telescopes are at high galactic latitudes).

In this work, 325 MHz data of the Lockman Hole region from the legacy GMRT is

analyzed. At this observing frequency, the only other observation in literature is the

VLA observation of [151]. For that work, 324.5 MHz observation with a ∼ 2.3◦ FoV

centered at 10h06m01s +34d54m10s was considered. The RMS sensitivity reached

was 70 µJy beam−1. For this work, a 6◦ × 6◦ map of the field reaching an RMS

level of 50 µJy beam−1 has been produced. Due to the large field of view covered

(because of multiple pointings), the data has significant coverage, which enables the

study of the variation of the DGSE power spectrum with latitude. A source catalog,

containing sources with fluxes down to 250 µJy containing 6186 sources has also

been generated.

The catalog thus produced has been compared with previous catalogs (mostly at

higher frequencies) for the same region. Euclidean normalized source count has also

been determined and compared to prior studies. The Tapered Gridded Estimator

(TGE, [160, 161]) has been used to determine the angular power spectra for the

DGSE using three separate pointings (within the observed field of view) located at

three different galactic latitudes. This has been done to study the variation in the

nature DGSE with increasing distance from the galactic center. The Lockman Hole

region, despite having an extensive multi-wavelength coverage, nevertheless has some

gap in the lower frequency end. However, for the characterization of extragalactic

sources and determination of the astrophysics at play, more multi-wavelength cov-

erage is essential. This paper aims to fill the low-frequency observational gap for

better multi-frequency source characterization of astrophysical sources.
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The paper starts by describing the observation and the data reduction process in

section 4.2. Section 4.3 details out the sources extracted and cataloged after reducing

the data. In section 4.4, comparison with existing observations has been discussed.

The flux for the sources extracted from the cataloged is corrected for various factors

and binned to obtain the Euclidian normalized source counts - which is described

in section 4.5. Section 4.6 describes the variation of the angular power spectrum

across the field. Finally, section 4.7 concludes the paper with a discussion of the

implications of this work and the further studies required.

4.2 Observation and Data Reduction

This work uses the archival data of the Lockman Hole observed by Giant Metrewave

Radio Telescope (GMRT, [162]). The observations were carried out during cycle 23

(Project Code - 23 001) with the legacy GMRT (GMRT Software Backend; GSB)

at 325 MHz frequency band with an instantaneous bandwidth of 32 MHz. Details of

the observing parameters are outlined in Table 4.2. Data were taken over 11 nights

between February 15 and March 20, 2013, and has 23 different pointing centers.

The field center of entire mosaic of 23 pointings is at (α2000 = 10h48m00s, δ2000 =

58◦08′0′′). Two flux calibrators- 3C48 and 3C286 are observed respectively at the

beginning and end of each night’s observation because the former one would have set

at the time each of the observing run ended. Between each set of target observations

(each set is the successive observation of the 23 targeted pointings), there is an

intermittent observation of the source 1006+349, which is the phase calibrator.

The choice of the above data is due to several interesting features. It is one of the

very few data having a large field of view coverage at such low frequencies. There is

also a lack of study at the frequency considered here. This region, being located quite

far from the galactic plane (phase center is at l = 149.18◦, b = 52.24◦), presents an

intriguing field for study and characterization of extragalactic astrophysical sources.
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Table 4.1: Observational details of the target field and the calibrator sources for all
the observing sessions

Project code 23 001‡

Observation date 15 & 18 February 2013
4,5,6,7,11,12,13,14,20 March 2013

(as obtained from data)

Bandwidth 32 MHz
Frequency range 309-341 MHz
Channels 256
Correlations RR RL LR LL
Flux calibrator 3C48 & 3C286
Phase calibrator 1006+349

Pointing centres 01h37m41s +33d09m35s (3C48)

10h06m01s +34d54m10s (1006+349)

11h03m18s +59d44m50s (Target)

10h55m54s +59d44m50s (Target)

10h48m29s +59d44m50s (Target)

10h41m05s +59d44m50s (Target)

10h33m41s +59d44m50s (Target)

10h59m36s +58d53m55s (Target)

10h52m12s +58d53m55s (Target)

10h44m47s +58d53m55s (Target)

10h37m23s +58d53m55s (Target)

11h03m18s +58d03m00s (Target)

10h55m54s +58d03m00s (Target)

10h48m29s +58d03m00s (Target)

10h41m05s +58d03m00s (Target)

10h33m41s +58d03m00s (Target)

10h59m18s +57d12m04s (Target)

10h52m12s +57d12m04s (Target)

10h44m47s +57d12m04s (Target)

10h37m23s +57d12m04s (Target)

11h03m18s +56d21m09s (Target)

10h55m54s +56d21m09s (Target)

10h48m29s +56d21m09s (Target)

10h41m05s +56d21m09s (Target)

10h33m41s +56d21m09s (Target)

13h31m08s +30d30m32s (3C286)

‡ as given in the cover-sheet accompanying the data
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4.2.1 Data Reduction

Data were reduced using the Source Peeling and Atmospheric Modelling (SPAM)

pipeline [133, 163–165]. It is a fully automated software based on the Astronomical

Image Processing System (AIPS, [166,167]). The primary rationale of using SPAM is

that it does a ”direction-dependent” calibration, besides the traditional ”direction-

independent” calibration. Direction dependent approach of SPAM iteratively solves

for ionospheric phases and hence corrects for ionospheric phase errors. Such phase

errors are expected to be persistent, given the large field of view as well as low

frequencies used for observing the current data. Therefore, modeling and correction

of the ionospheric dispersive delays improve the background noise and flux-scale

accuracy. The data reduction steps have been described in brief below:

(a) Pre-processing: Initially, SPAM computes the instrumental calibration us-

ing the best available scan of the primary calibrator and calibrates the data

using these solutions. The flux densities of the primary calibrators are set fol-

lowing the Scafie-Heald flux density scale [168]. After the initial RFI flagging

and bad data removal, both the time-varying complex gain solutions and time

constant bandpass solutions are computed per antenna per polarization. In

the pre-processing step, data is also averaged in time and frequency to reduce

data volume for subsequent calibration steps.

(b) Direction Independent Calibration: This step is akin to the classical

self-calibration. It uses the NVSS derived sky model for performing the self-

calibration on the data. The calibrated visibilities are imaged with wide-field

imaging using Briggs weighting with robust parameter -1 (which produces very

well-behaved point spread functions by down-weighting the dense central UV

plane coverage of GMRT).

(c) Direction Dependent Calibration: Gain phases and the sky model gen-
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erated in the previous step are used to initiate the direction-dependent cali-

bration. SPAM determines the gain phases by peeling the apparently bright

sources in the field. The phase correction factors generated by this process is

a measure of the ionospheric phase delay. These solutions are applied to the

data calibrated in the previous step. It creates of visibilities with correction for

ionospheric phases. At the end of the direction-dependent step, the primary

beam corrected image is obtained.
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Figure 4.1: Primary beam corrected mosaic of the Lockman Hole region at 325MHz.
The off source RMS at the center is ∼ 50 µJy beam−1 and beam size is 9.0′′ × 9.0′′
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For each observing night, the archival data is downloaded in LTA format, together

with a FLAGS file containing all the information regarding the telescope system

during the observation. SPAM was used to pre-calibrate the data for each night’s

observation. The individual pointings were processed separately, post concatena-

tion of the data for all nights. Running the pipeline, as mentioned above, gives

calibrated visibilities, which are both time and channel averaged. The visibility files

thus produced consist of calibrated uvfits files (containing calibrated UV data) and

residual uvfits files (containing residual visibilities). The averaged data has 42 chan-

nels, with width 781.25 KHz, i.e., the effective bandwidth remains 32 MHz. Each of

such pointings was individually imaged, to produce primary beam corrected image.

The primary beam corrected images of each pointing were then mosaiced to create

the final image. The image is 6◦ × 6◦, as shown in Figure 4.1. It is to be mentioned

that two pointings (located off the center) had to be removed due to the presence of

substantial noise in the final PB-corrected image. In Figure 4.2, the zoomed-in im-

age of the phase center is shown. The off-source noise is ∼ 50µJy beam−1, covering

almost 6◦ × 6◦ with a beam size of 9′′ × 9′′.

4.3 Source Catalog

A source catalog was produced using Python Blob Detection and Source Finder

1(PYBDSF, [169]) for characterization of the sources present in the field. PYBDSF

also produced a residual map, which is the image of the field after subtracting all the

modeled point sources. The source catalog was generated using the primary beam

corrected mosaiced image of the field. PYBDSF uses a sliding box window to calcu-

late the RMS variation across the field. For this work, a box of size 120 pixels every

30 pixels was used, i.e., rms box = (120,30). Using a threshold of 100σRMS, bright

regions with peak amplitude higher than this value were first isolated (whereσRMS

is the clipped RMS across the entire map). A smaller box of size rms box bright

1https://www.astron.nl/citt/pybdsf/

https://www.astron.nl/citt/pybdsf/
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Figure 4.2: Zoomed-in Stokes I image of the central region of Lockman Hole at
325MHz, covering an area of ∼ 5 deg2. The Central off-source noise is ∼ 50 µJy
beam−1

= (30,10) was used around the bright regions to avoid considering artifacts around

these regions as real sources. It identifies islands that have contiguous emission and

then fits multiple Gaussians to each island. The selection threshold for islands is

3σRMS and the same for source detection is 6σRMS.

The sources are identified by PYBDSF by grouping neighboring Gaussians into

sources. The total flux of a source is the sum of all fluxes in a group of Gaus-

sians. The flux uncertainty is the quadrature sum of individual uncertainties of the

Gaussians. The source position is the centroid, while the spatial size is determined

using moment analysis using restoring beam size.
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Figure 4.3: (Left) Local RMS noise in the final mosaic; (Right) Cumulative area
of the final mosaic as a function of the RMS noise

The ionospheric fluctuation over the large field of view, given the low observing

frequency, would considerably vary the PSF. Thus the actual PSF may be slightly

different than the restoring beam at different parts of the image. Setting the option

psf vary do = True in PYBDSF takes care of the PSF variation across the field of

view (readers are referred to the PYBDSF documentation available from the link

in footnote 1 for more details). An RMS map was also produced that depicted

variation of the background noise across the field. As can be seen in Figure 4.3

(left), the background RMS is quite high near the bright sources and particularly

high towards the edges of the field.

Every source catalog generated, besides being resolution and thermal noise limited,

is also limited by confusion noise. Confusion noise is defined as the background sky

brightness fluctuation due to several faint sources in one telescope beam.

Using the formula described in [153],

σc = 1.2µJybeam−1(
ν

3.02GHz
)−0.7(

θ

8′′ )
10/3 (4.2)
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(where ν is observing frequency, and θ is the FWHM of the telescope beam2) the

confusion noise limit is 8.46 µJy beam−1.

The catalog assembled in this work comprises of 6186 sources above the 5σRMS

threshold. A sample of the catalog is shown in Table 4.2 (full catalogue is available

with the electronic version of the paper).

4.3.1 Classification

It is not very straightforward to classify the sources detected into resolved and

unresolved (point) categories by just using the derived source properties. Time

and bandwidth smearing might extend the sources artificially in the image plane.

Also, calibration errors, if any, as well as variable noise, may scatter the ratio of

integrated flux density (Sint) to peak flux density (Speak). Consequently, sources

cannot be classified into point and resolved by mere use of
(
Sint/Speak

)
> 1. In

Figure 4.4,
(
Sint/Speak

)
as a function of

(
Speak/σL

)
is plotted, where σL is the local

RMS.

For point sources, assuming that σSpeak and σS are independent (where σSpeak and

σS are the uncertainties in the peak flux density and integrated flux density respec-

tively), ln
(
S/Speak

)
follows a zero mean Gaussian distribution, with RMS given

by

σR =

√( σS

Sint

)2
+
(σSpeak

Speak

)2
(4.3)

An extended source is detected at the 3σ level iff R >3σR [170]. Using this criterion,

a total of 1825 sources are resolved (magenta dots), while the remaining 4460 sources

are point sources (turquoise dots) as shown in Fig 4.4.

2https://www.cv.nrao.edu/course/astr534/Radiometers.html

https://www.cv.nrao.edu/course/astr534/Radiometers.html
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Figure 4.4: Ratio of of integrated-to-peak flux as a function of the source SNR.
The teal colored dots are unresolved sources and the magenta filled dots represent
resolved sources

4.4 Comparison with other radio catalogs

This section describes the cross-validation of this work with other radio catalogs

covering the same region. [157] have studied the same area of the sky using 610

MHz observation of the legacy GMRT. There are also several other studies covering

various parts of the Lockman Hole region at radio frequencies. Amongst those, the

studies by [159] using 150 MHz LOFAR data and by [137] using 1.4 GHz Wester-

bork Synthesis Radio Telescope (WSRT) data have been considered for comparison.

The large area VLA Faint Images of the Radio Sky at Twenty-Centimeters survey

(FIRST survey) [171] has also been used for validation.

The cross-validation of the source catalog with previous findings is necessary since

the ionospheric fluctuations are significant at low-frequency. This will distort the

source position and smear the sources residing at a large distance from the phase

center. Thus comparison with existing literature allows us for quantification of
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Table 4.3: Flux limits of the catalogues considered

catalog Frequency Resolution S†
limit Scut,325MHz

(MHz) (arcsec) (mJy) (mJy)

GMRT 325 9.0” 0.25 0.25
(this work)

FIRST 1400 5.4” 1.0 2.779
[171]

LOFAR 150 14.7” 2.000 1.164
[159]

GMRT 610 6.0” 0.556 0.864
[157]

WSRT 1400 11.0” 0.070 0.194
[137]

† Slimit is the flux density limit of the corresponding catalog.

any systematic offsets in flux densities as well as in source positions. Using a 5”

search radius in the other catalogs, counterparts of the sources presented in this

catalog have been identified. Each catalog has a flux density limit depending on

the observation sensitivity and completeness. The flux limit of a given catalog was

scaled to 325 MHz using Sν ∝ να , where α = -0.8 and denotes that limit at 325

MHz as Scut,325MHz. Only those sources with flux densities higher than this flux

cut-off were chosen. Table 4.3 enlists the resolution of each of the chosen catalogs,

their corresponding flux limits, and the equivalent 325 MHz cut-off.

4.4.1 Flux Density Offset

Different catalogs set the flux scales following different flux density scales. Here, the

Scaife-Heald flux scale [168] has been used to set the flux of sources. This scale has

also been used in LOFAR 150 MHz data of [159]. For WSRT 1.4 GHz data of [137],

the FIRST catalog [171] and GMRT 610 MHz observation of [157], flux standard of
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[172] was used. Due to uncertainties in the flux scale used, as well as in modeling

of the primary beam, systematic offsets may arise in the flux density of the sources.

The flux densities of cataloged sources have been compared with the catalogues

mentioned above to check for such systematic offsets. The source selection criterion

is based on [136], where only high SNR sources
(
Speak > 10σ

)
have been selected

for comparison. Further, the sources are selected to be ”compact.” This condition

implies that the sources have sizes below the resolution at a higher frequency. There

was another additional constraint on the flux limit. The catalogues used have a flux

limit; for instance in [157] it is 556µJy which corresponds to 920µJy at 325 MHz

(assuming α = -0.8). Only sources above such limits (tabulated in Table 4.3 for all

the catalogues considered) were selected for analysis.

The flux density ratios, after proper scaling of the fluxes, are calculated
(
S325MHz/Sothers,

where others mean the previous catalogues used
)

. The median of the ratio comes

out to be 0.99+0.3
−0.5 (errors from the 16th and the 84th percentiles) with the 610 MHz

data. With FIRST, 150 MHz and 1.4 GHz data, the median values of the flux

ratios are 0.97+0.5
−0.5, 0.82+0.3

−0.6, 0.90+0.3
−0.6 respectively. This is shown in the left panel of

Figure 4.5, where it is observed that the ratio is nearly 1 for most cases, showing

the reliability of the fluxes obtained.

For further validation of the flux scale reliability, sources common to the 610 MHz

GMRT catalogue [157] and the 150 MHz LOFAR catalogue [159] and the catalogue

obtained in this work have been selected (satisfying the same criterion described

previously). The spectral indices are calculated using the flux densities obtained

from the other two catalogues. The mean value for the spectral index is 0.83.

Using this value of the spectral index, the fluxes are calculated for the 325 MHz

catalogue. Comparison with the actual flux values obtained in the catalogue with

the predictions obtained using the value of spectral index gives flux ratios with a

median value 1.04 and a standard deviation of 0.43. This has been illustrated in the
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Figure 4.5: (left) Comparison of integrated flux densities of compact sources mea-
sured with GMRT at 325MHz with other catalogues: 610MHz GMRT(red), 1.4GHz
WSRT(blue), 150MHz LOFAR(green). Fluxes have been scaled using α=l-0.8 The
black dashed line corresponds to SGMRT/ Sothers = 1. (right) Comparison of flux
densities obtained from the 325 MHz data in this work with flux densities predicted
using spectral densities obtained from [157] (610 MHz) and [159] (150 MHz). The
solid black line indicates the mean ratio of the predicted and observed flux and the
standard deviation of the ratios is indicated by the dashed black lines.

right panel of Figure 4.5. As it is clearly seen in the figure, the flux scale used for

obtaining source fluxes for this work is reasonably accurate.

4.4.2 Positional Accuracy

The astrometric accuracy of the source positions obtained is verified by comparing

the source positions of selected sample to the FIRST, LOFAR 150 MHz catalog

and GMRT 610 MHz catalog. The source selection criteria also remain the same as

previously mentioned in 4.4.1. FIRST, being at higher frequency (1.4 GHz), has a

resolution 5.4” and faces lesser ionospheric fluctuation. All such reasons combined

make the position accuracy of FIRST better than 1” [171]. The offsets have been
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Table 4.4: Median values of the deviation (along with the 16th and 85th percentile
errors) of RA and DEC of GMRT 325MHz source catalogue from other catalogues

catalog Frequency δRA,median δDEC,median

MHz (arcsec) (arcsec)

FIRST 1400 −0.244+1.2
−1.0 0.600+0.8

−0.9

GMRT 610 −0.063+0.9
−0.8 0.562+0.8

−0.6

set as (following [136]) :

δRA = RAGMRT325 − RAFIRST (4.4)

δDEC = DECGMRT325 − DECFIRST

The value of the median offsets with respective errors have been shown in Table 4.4.

Figure 4.6 shows the histogram of offset values from the other observations consid-

ered. No systematic deviation across the field of view has been observed. However,

the offsets being lesser than the 2” (i.e., the cell size of the image), there is no signif-

icant astrometric error that may be caused by it. The final catalog source positions

have been corrected by a constant value derived from the offset from FIRST (the

median offset value).

4.4.3 Spectral Index Distribution

The present data covers a wide area in the Lockman Hole region with a large number

as well as a variety of sources. The spectral properties of the sources are charac-

terized by comparing the fluxes derived for this work with other available data at

higher frequencies. The data used are 610 MHz data of [157] and 1.4 GHz FIRST

catalog. The source selection procedure is the same as that in section 4.4.1. The

number of sources used to obtain the spectral indices is 511 for GMRT data and

1696 for FIRST. Assuming a synchrotron like power-law distribution, Sν ∝ να,

where α is the spectral index, the flux densities of the matched sources were used to
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Figure 4.6: Offset of the source RA and Dec for the 325 MHz catalog from FIRST
catalog (red) and GMRT 610 MHz catalog (blue).

estimate the value of α. The distribution of spectral indices of matched sources is

depicted in Figure 4.7. For this work, as is seen in figure 4.7, the normalized counts

are highest between the range ∼ -1.3 to ∼ -0.4. The median values of the spectral

indices with errors from the 16th and 84th percentile are −0.860+0.621
−0.578, −0.708+0.344

−0.506

for GMRT 610 MHz and FIRST catalogues respectively. Hence, the median value

for the spectral index of this catalog after matching can be taken as ∼ -0.8. Several

low frequency radio observations for the Lockman Hole region has spectral index

distribution with | α |≤ 2.0 (for instance [152,157, 159]). Low frequency studies for

other deep fields like COSMOS [173], Boötes [136], ELAIS-N1 [175,176] also mostly

follow this distribution (except a few cases seen in [173] (Figure 14) & [176] (Figure

14)). But it can be seen in Figure 4.7 that the distribution of α is wider than what

is usually observed. The exact reason for this is unknown. However, since a detailed

study of spectral index requires multi-wavelength as well as wider bandwidth data,

it is deferred to future works.
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Figure 4.7: Normalised counts of the measured spectral indices in the field, obtained
after matching using a 5” match radius with FIRST(green) and GMRT 610 MHz
data (blue). Black dashed line corresponds to spectral index -0.8

4.5 Source counts

This section presents the differential source counts based on the flux densities aris-

ing in the PYBDSF generated outputs. At low frequencies, the most dominant

source population at the faint flux end is that of SFGs and Radio-quiet Quasars

(RQQs). This has been well established from various observations as well as simula-

tions ([121,122], and references therein). Nevertheless, observational constraints on

sub-mJy source populations are very few. However, for telescopes like MWA, SKA,

or LOFAR, which aim to detect the faint cosmological HI 21-cm signal, the sources

from sub-mJy flux levels down toµJy level act as foregrounds which can potentially

obscure the signals. Hence, characterizing the spatial and spectral nature of sources

with flux densities from sub-mJy to µJy, especially at low frequencies, is essential

for foreground characterization. The determination of source counts, i.e., the source

distribution at the flux ranges of interest, is one of the significant steps for such

characterization.
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The differential source counts at 325 MHz have been measured with sources having

flux densities down to 0.2mJy (≈ 4σ). However, this does not give the correct distri-

bution, since the PYBDSF output has errors arising out of catalog incompleteness,

resolution bias, false detection, Eddington bias. The problem is especially prevalent

at low frequencies and for the faint end of the flux bins. The following subsections

describe the corrections made to the source count distribution in detail.

4.5.1 False Detection Rate

False Detection Rate (FDR) is simply the number of spurious detection by the source

finder. This occurs either due to noise spikes or due to the presence of bright artifacts

in the image. If noise distribution is symmetric about the mean, i.e., positive noise

spikes have equivalent negative peaks in the image, the number of spurious detection

would be equal to the number of negative sources in the inverted image.

To quantify this false detection rate, PYBDSF was run on the inverted image with

parameters identical to that used in the original image. This yielded a total of 71

sources with negative peaks below -5σ. Now, for FDR correction to the flux density

bins, the negative sources are binned in the same manner as the actual sources and

compared to the sources detected in the original image. The number of real sources

in each bin (quantified as a fraction) is [138]:

freal,i =
Ncatalog,i − Ninv,i

Ncatalog,i

, (4.5)

where Ninv,i and Ncatalog,i are the number of detected sources in ith flux density bin

for inverted and original image respectively. The errors are quantified as Poisson

errors; the correction factor is multiplied with the number of sources in each flux

density bin of the original catalogue. The correction factors obtained for each bin

is shown in Figure 4.8.
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4.5.2 Completeness

The incompleteness of a catalog is the inability to detect sources lying above the flux

limit of the catalog. This is mainly due to noise variation in the image. The source

catalog constructed using the source finder algorithm (PYBDSF) is completeness

limited. Incompleteness can cause both underestimation as well as overestimation

of the source counts derived from the image plane. Eddington bias [177] causes scat-

tering of higher count bins into lower count ones more than the reverse, subsequently

overestimating the latter. Resolution bias is another factor limiting catalog com-

pleteness. It arises because the detection probability is lesser for resolved sources

than unresolved ones, resulting in an underestimation of source counts.

Simulations were performed on the image plane to quantify and correct for the above

biases. 3000 sources were artificially injected in the residual RMS map (same as

[136]) using the open-source software Aegean3 [180,181]. Of these, 1000 are extended

sources (major and minor axes greater than 9”) while the rest are unresolved point

sources. This number distribution is done following the actual source classification

in the catalog, where ∼30% are resolved. The flux density is generated using power-

law distribution of the form dN/dS ∝ S−1.6 [178, 179]. The flux values are chosen

randomly and constrained between 200µJy to 4100µJy. The source positions were

also randomly chosen, spanning the entire right ascension and declination range

of the catalog. Following [175], 100 different realizations of the said simulations

were done. The simulations take into account the visibility area effects and source

confusion limitations [135,136,138].

The sources are extracted separately from each image using PYBDSF, setting the

same parameters as described in Section 4.3. The recovered sources are binned into

the same number of bins as the actual catalog. The correction factor is calculated

as:

3https://github.com/PaulHancock/Aegean

https://github.com/PaulHancock/Aegean
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Figure 4.8: Correction factors for false detection (red triangles) and completeness
(blue circles).

Correction,i =
Ninjected,i

Nrecovered,i

(4.6)

where, Correction,i is the completeness correction factor in the ith flux density bin

Ninjected,i is the number of injected sources and Nrecovered,i is the number of sources

recovered after subtracting original pre-simulation sources in the ith bin [138].

Figure 4.8 show the FDR and completeness correction factors for each of the flux

bins. The median value of each flux bin from the 100 simulations is taken as the

correction factor, while the errors are those associated with the 16th and 85th per-

centiles.

4.5.3 Differential Source Count

The Euclidean-normalised differential source counts have been estimated from the

PYBDSF generated source list, after correcting for incompleteness and FDR. The

correction factor for each bin is multiplied to the respective uncorrected source
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counts. Since noise is variable across the image (see Figure 4.3), correction is also

done for effective area per bin (i.e., area over which a source can be detected). To

determine the effective area per bin, the fraction(f) of the area over which a source

having a specific flux density is detectable has been determined. The source count

in each bin is then weighted by f−1 [182]. The fluxes have been binned into 18

logarithmic bins down to 0.30mJy (6σ), and Poisson errors on the source counts

have been evaluated. The source counts and associated errors are given in Table

4.5. Post incorporation of the required corrections, the normalized differential source

counts have been plotted in Figure 4.9. Comparison has also been made with state

of the art simulations as well as other observed counts.

4.6 Power Spectrum of Diffuse Emission

Diffuse Galactic Synchrotron Emission (DGSE) is one of the major contributing

factors to the foregrounds, which obscure the cosmological HI signal from reioniza-

tion and cosmic dawn. It remains dominant even after modeling and removal of

the point sources from the data-sets. However, the spectrally smooth nature of the

emission may be exploited for isolating it from the data to extract the faint cosmo-

logical target signal. Therefore, detailed knowledge of the spectral as well as spatial

characteristics is essential for reasonable removal of foregrounds (i.e., removing it

without removing the signal).

The spectrally smooth nature of the DGSE is captured by modeling it as a power law

in both frequency and angular scales (Equation 4.1). Observational measurements of

the angular power spectrum of DGSE for various fields have constrained its power-

law index in the range [1.5 to 3.0] [129, 183–186]. Another measurement of the

angular power spectrum of galactic synchrotron was done by [188] using the 408

MHz Haslam map [187] and 1.4 GHz map of [189]. The spectral index obtained

from the aforementioned sources (which fall in the range [2.9 to 3.2] at different
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Table 4.5: Euclidian-normalized differential source counts for the Lockman Hole
field.

S Sc N S2.5dN/dS FDR Completeness S2.5dN/dS

(mJy) (mJy) (Jy1.5sr−1) (Jy1.5sr−1)

0.3 - 0.5 0.4 260 4.9± 0.1 1.0± 0.0 4.9+0.7
−0.9 24.7± 0.05

0.5-0.8 0.7 1315 9.3± 0.2 1.0± 0.0 2.7+0.3
−0.4 25.1± 0.06

0.8 - 1.4 1.1 1316 14.9± 0.4 0.97± 0.0 1.8+0.1
−0.1 25.9± 0.05

1.4 - 2.3 1.8 906 19.9± 0.7 0.99± 0.0 1.6+0.1
−0.1 31.8± 0.06

2.3 - 3.8 3.0 680 31.4± 1.2 0.99± 0.0 1.3+0.1
−0.2 39.9± 0.15

3.8 - 6.3 5.0 536 53.0± 2.3 0.98± 0.0 1.2+0.2
−0.2 64.2± 0.42

6.3 - 10.4 8.4 337 70.9± 3.9 0.99± 0.0 1.5+0.2
−0.3 102.4± 0.81

10.4 - 17.3 13.9 258 116.1± 7.2 0.98± 0.0 1.1+0.3
−0.3 129.5± 1.84

17.3 - 28.8 23.0 201 193.6± 13.7 0.99± 0.0 1.2+0.2
−0.3 222.1± 3.3

28.8 - 47.7 38.3 120 247.2± 22.6 0.99± 0.0 1.2+0.2
−0.3 283.7± 5.3

47.7 - 79.3 63.5 86 379.0± 40.9 0.99± 0.0 1.3+0.3
−0.3 476.2± 13.9

79.3 - 131.6 105.4 63 593.9± 74.8 0.99± 0.0 1.5+0.3
−0.5 903.2± 18.8

131.6 - 218.5 175.1 44 887.4± 133.8 0.99± 0.0 0.8+0.2
−0.2 1310.8 ±44.2

218.5 - 362.8 290.6 23 1035.5± 211.4 0.99± 0.0 1.5+0.3
−0.4 1674.2± 88.8

362.8 - 602.3 482.5 20 1846.1± 412.8 1.00± 0.0 1.4+0.4
−0.5 2619.6± 153.2

602.3 - 1000.0 801.2 4 789.9± 394.9 0.99± 0.0 1.5+0.5
−0.4 1205.8± 190.8

1000.0 - 2018.5 1509.3 5 1877.9± 839.8 0.97± 0.0 1.6+0.5
−0.9 2992.7± 410.7

2018.5 - 4074.3 3046.4 2 2154.1± 1523.2 0.99± 0.0 1.5+0.5
−0.9 3098.6± 689.9

Notes: This table includes the flux density bins, central of flux density bin, the raw counts,
normalized source counts, False Detection Rate (FDR), completeness and corrected normalized
source counts.
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Figure 4.9: Euclidean normalised source counts for the 325 MHz data (shown in
red circles) after correcting for false detection and incompleteness . It has been
compared against source counts modelled by simulations - S3 [121] plotted as black
dashed curve and T-RECS [122] plotted as cyan dashed curve. Comparison has also
been shown with other observation covering the same region of the sky - WSRT
1.4 GHz [137] (blue squares), GMRT 610 MHz [157] (orange pentagons) & LOFAR
150 MHz [159] (green triangles). Comparison has also been done with source counts
for VLA COSMOS 3 GHz survey [173] (magenta diamonds) & GMRT 400 MHz
observation of ELAIS N1 [175](maroon diamonds)

galactic latitudes), were used to extrapolate up-to 23 GHz using a single power-

law fit. However, in [175], using wideband GMRT data, they have shown that the

spectral nature of the DGSE has a hint of a broken power law.

The angular power spectrum for the field was quantified using TGE, [160, 161]. It

estimates the angular power spectrum using the correlation between grided visibili-

ties. Bright sources near the edge of the FoV can make the spectrally smooth diffuse
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foreground oscillate, thereby making it challenging to remove. Also, if side lobes of

these sources are near the nulls of the primary beam of the telescope, complications

arise in extracting the signal. TGE handles this by tapering the primary beam much

before the first null is reached. It is also computationally efficient since it grids the

visibilities before computing the power spectrum.

The estimator (Êg) is defined as :

Êg = M−1
g

(
|Vcg|2 − Σi|ω̃g(Ug −Ui)|2|Vi|2

)
(4.7)

where Vcg is the convolved visibility at every grid point g, Vi is the measured vis-

ibility, ω̃g is the Fourier transform of the window function used for tapering the

sky response Ug refers to baseline corresponding to the grid point g and M−1
g is

a normalization factor (refer to [161] for further details). The tapering function

used is a Gaussian window function of the form W(θ) = exp(− θ2

θw
), where θw = fθ0

(θ0 = 0.6 × θFWHM of the telescope primary beam).

The residuals obtained from visibilities calibrated by SPAM should contain only dif-

fuse emission (considering perfect modeling and removal of discrete sources). How-

ever, since there are imperfections in the modelling, there will be residual(unsubtracted)

point sources with the diffuse emission. To determine the angular power spectrum of

the DGSE, TGE was applied to the residual visibilities (obtained after subtracting

the point source contribution from the calibrated visibilities). The 23 pointings are

spread over a galactic latitude coverage of ∼ 3◦, from which three pointings were

chosen at three different galactic latitudes to characterize the variation of DGSE.

The values used for determination of W(θ) are f=1.0 and θ0=44’ for all the three

pointings. Figure 4.10 shows the angular power spectrum (Cℓ) as a function of the

angular mode ℓ plotted for galactic latitudes b ∼ 50◦, 52◦ & 55◦. Power-law of the

form Aℓ−β has been fitted to the residual data choosing an ℓ range where there is

a plunge in the amplitude of power spectrum. The best fit values for A and corre-

sponding power-law index β is shown in the plots and also indicated in Table 4.6.
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The power-law indices obtained from the best fit values are β = 2.15, 2.27 & 3.15

at b = 49.8◦, 52.4◦ & 54.9◦ respectively. The fall of the Cℓ values as a function of

ℓ is consistent with the nature expected for DGSE. The ℓ range for fit, along with

other details of the pointing, is shown in Table 4.6.

The value of Umin (corresponding to shortest baseline) for the three pointngs are

50λ, 80λ and 40λ. These values translate to ℓmin 314, 502, and 251, respectively.

But these values are ideal; estimating values of ℓmin without any bias require con-

sideration for the convolution effects of the primary beam, tapering window, actual

uv-coverage (see equation 6 of [161]). The value of ℓmin for each field was chosen

conservatively from a careful inspection of the obtained power spectrum. In [183], it

was shown that at larger angular scales, since convolution effects become important,

it may lead to the drop-off in the power seen at ℓ below ℓmin.

DGSE dominates the power at small angular scales up to a specific ℓmax. This value

of ℓmax was chosen by visual inspection at the ℓ, where the power-law behavior

shows clear breakage. Beyond this point, residual point sources, bright artifacts,

and calibration effects may contribute to the obtained power. Beyond the ℓ ranges

considered, the power spectrum behavior is the same as seen in earlier studies [183].

Unsubtracted point sources present in the residual can cause Poisson fluctuations

in the values of Cℓ. The green dashed curve in Figure 4.10 shows the value of Cℓ
due to presence of residual point sources below a threshold flux (which corresponds

to the maximum flux in the residual data) of Sc = 4.6, 1.9 & 1.7 mJy respectively

from lowest to highest galactic latitudes considered. This is predicted using the

formulation described in [129]. As seen in Figure 4.10, the values of Cℓ where the

power-law fitting is obtained lie above the theoretical threshold for residual point

source contamination. It is to be noted that the threshold (indicated by green dashed

curves) are the lower limits of the expected residual point source contribution under

ideal conditions with an assumed dN/dS distribution. However, for the case of
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Table 4.6: Details of the pointings used for determining the Angular Power Spectrum
and the best fit values for A & β

(RA , Dec) (l, b) ℓmin ℓmax A β χ2
reduced

(h:m:s , d.m.s) (deg,deg)

(10:33:41, 59.44.51) (149.12, 49.79) 1200 2800 6.26±0.58 2.15±0.31 0.89
(10:48:30,58.03.00) (149.26, 52.37) 1300 3280 3.84±0.22 2.27±0.20 0.30
(10:55:54, 56.21.09) (146.14, 54.97) 1040 3020 6.18±0.59 3.15±0.29 3.60

real data, considering the presence of residuals, non-Gaussian noise, and calibration

errors, a flat floor is not obtained (as seen in Figure 4.10. Previous studies by [183]

for TGSS fields have also found similar results.

The Cℓ range obtained varies between ∼1 mK2 to ≤100 mK2 for all three pointings

across the entire range of angular modes. Despite being located quite far away from

the galactic plane, these values may be sufficiently high to obscure the 21-cm signal

(for which analytical calculations show a value ∼0.1 mK2). The range of amplitude

of the angular power spectrum for the residual data is slightly smaller than that

obtained by [174]. They have done the analysis for b = 44.89◦, and the obtained

values of Cℓ in the residuals vary between ∼ 10−100 mK2 for 1115 ≤ ℓ ≤ 5083 using

direction-dependent approach. Previous works by [184], [118], [185], [183] were done

for lower galactic latitudes (within ± 20◦), with the obtained values of β varying

between ∼1.8 to ∼2.9. This work demonstrates for the first time that the power-law

index for diffuse emission is also in the same range of values for locations far away

from the galactic plane.

4.7 Conclusion

Characterizing foregrounds is one of the most challenging steps in recovering the

redshifted 21-cm signal targeted for studying CD and EoR. The foregrounds vary

spatially across the entire sky, and hence more observation at low frequencies are
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Figure 4.10: Estimated Angular Power Spectrum, Cℓ, with 1 − σ error bars for 3
different galactic latitudes plotted as a function of angular mode, ℓ. Red circles
represent the observed values and black dashed curve is the best fit power law curve
of the form Aℓ−β. The blue dashed lines is the ℓ range where the power law could be
fit. The green dot-dashed line is the contribution from the unmodelled point sources
in the residual data.
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essential for generating fiducial foreground models. This paper presents the results

of such a low-frequency observation of the Lockman Hole field located at very high

galactic latitude. The data obtained from the GMRT archive is at 325 MHz covering

almost 6 square degrees. A mosaic image, 6◦ × 6◦ across, has been produced after

direction-dependent calibration of the data. The RMS level reached is ∼ 50 µJy

beam−1. The sources recovered above 5σRMS have been considered to produce a

catalog of the field. The total sources recovered are 6186. Comparison has also

been made with previous observation covering a part or whole of the same field to

check for flux and position accuracy. The recovered fluxes and positions are found to

be consistent with previous observations. Euclidean normalized source counts have

been determined for the cataloged sources, after correcting for different errors and

biases. The final counts are consistent with the previous observation for the same

field as well as other parts of the sky.

The paper additionally probes variation in the power spectrum of DGSE at these

frequencies for locations far off from the galactic plane. The angular power spectrum

Cℓ as a function of ℓ has been determined for three different galactic locations of this

field using TGE. The values of Cℓ lies between ∼1 mK2 to ∼100 mK2 for all the

pointings. Despite being far-off from the galactic center, this is a very high value

for Cℓ that can render recovery retrieval of the cosmological 21-cm difficult. Power

law of the form Aℓ−β has also been fitted in the angular power spectrum obtained.

The fitted values for power-law index lie between 2.15 and 3.15 and also varies with

varying the galactic latitude, thereby showing the necessity for more low-frequency

observations for characterizing foregrounds.
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Chapter 5

Clustering Properties of sources in
the Lockman Hole Region

This chapter has been adapted from A study on the Clustering Properties of Radio-

Selected sources in the Lockman Hole Region at 325 MHz [3]

5.1 Introduction

Observations of the extragalactic sky at radio frequencies are essential for the study

of both large-scale structures (LSS) and different populations of sources present

in the Universe. The initial research on LSS using clustering was performed with

the reporting of slight clustering signals from nearby sources [212, 213]. With the

advent of large-area surveys like FIRST (Faint Images of the Radio Sky at Twenty-

Centimeters, [171]) and NVSS (NRAO VLA Sky Survey, [214]), the studies became

more precise due to the large number of sources detected in these surveys.

The extragalactic sky at radio frequencies is dominated by sources below mJy flux

densities (at frequencies from MHz to a few GHz, see for example [137, 139–142]).

The source population can be divided into Active Galactic Nuclei (AGNs) and Star-

Forming Galaxies (SFGs) [139, 145, 156, 215–217]. The dominant sources at these

fluxes are SFGs, AGNs of Fanaroff-Riley type I (FR I, [218]), and radio-quiet quasars

88
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[219]. Emission mechanism dominating populations at low frequencies (≲10 GHz)

is synchrotron emission, modeled as a power law of the form Sν ∝ ν−α, where

α is the spectral index. Study of the extragalactic population using synchrotron

emission can help trace the evolution of the LSS in the Universe. It also helps to

map their dependence on various astrophysical and cosmological parameters [220–

222]. Radio continuum surveys, both wide and deep, help constrain the overall

behavior of cosmological parameters and study their evolution and relation to the

environment [223–227]. The clustering pattern of radio sources (AGNs and SFGs)

can be studied to analyze the evolution of matter density distribution. Clustering

measurements for these sources also provide a tool for tracing the underlying dark

matter distribution [21, 228–231]. The distribution of radio sources derived from

clustering is related to the matter power spectrum and thus provides insights for

constraining cosmological parameters that define the Universe. The relationship of

the various galaxy populations with the underlying dark matter distribution also

helps assess the influence of the environment on their evolution. Clustering studies

are also required for extragalactic foreground characterization for EoR and post-

EoR science. Spatial clustering of extragalactic sources with flux density greater

than the sub-mJy range (around∼150 MHz) dominate fluctuations at angular scales

of arcminute range. Thus, their modeling and removal allow one to detect fluctuation

of the 21-cm signal on the relevant angular scales.

The definition of clustering is the probability excess above a certain random distri-

bution (taken to be Poisson for astrophysical sources) of finding a galaxy within a

certain scale of a randomly selected galaxy. This is known as the two-point corre-

lation function [232]. The angular two-point correlation function has been studied

in optical surveys like the 2dF Galaxy Redshift Survey [233–235], Sloan Digital

Sky Survey [236–240] and the Dark Energy Survey [241]. Optical surveys provide

redshift information for sources either through photometry or spectroscopy. This
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information can be used to obtain the spatial correlation function and the bias pa-

rameter [242–244]. But for optical surveys, observations of a large fraction of the

sky is expensive in terms of cost and time. Additionally, optical surveys suffer the

limitation of being dust-obscured for high redshift sources. However, at radio wave-

lengths, the incoming radiation from these sources do not suffer dust attenuation

and thus can be used as a mean to probe such high z sources [245–249]. The highly

sensitive radio telescopes like GMRT [162], ASKAP [250], LOFAR [251] are also

able to survey larger areas of the sky significantly faster. They are thus efficient

for conducting large-area surveys in lesser time than the old systems while detect-

ing lower flux densities. Therefore, radio surveys provide an efficient method for

investigation of the clustering for the different AGN populations. Additionally, at

low-frequencies (≲ 1.4 GHz), synchrotron radiation from SFGs provide insight into

their star-formation rates [252–256]. These insights have lead to clustering studies

of SFGs as well at low frequencies [257, 258]. Through clustering studies of radio

sources, deep radio surveys help trace how the underlying dark matter distribution

is traced by luminous matter distribution. In addition to this, the two-point corre-

lation functions can also provide other information relevant for cosmology by fitting

parameterized models to the data to obtain acceptable ranges of parameters. These

include the bias parameter, dark energy equations of state, and Ωm (total density

of matter), to name a few [232,259–262].

Extensive observations at multiple frequencies can help understand the relationship

of the various source populations with their host haloes and individual structures

(stars) present. It has been inferred from clustering observations that AGNs are

primarily hosted in more massive haloes than SFGs and are also more strongly clus-

tered [222,257,263,327]. While AGNs are more clustered than SFGs, for the latter,

the clustering appears to be dependent on the rate of star formation. SFGs with

higher star formation rates are more clustered than the ones with a lower rate (since
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star formation rate is correlated to stellar mass, which in turn is strongly correlated

to the mass of the host halo, see [264–266] and references therein). Studying the

large-scale distribution of dark matter by studying the clustering pattern of lumi-

nous baryonic matter is vital for understanding structure formation. From linear

perturbation theory, galaxies are ”biased” tracers of the underlying matter density

field since they are mostly formed at the peak of the matter distribution [232]. Bias

parameter (b) traces the relationship between overdensity of a tracer δ and the

underlying dark matter overdensity (δDM), given by δ = bδDM . The linear bias

parameter is the ratio between the dark matter correlation function and the galaxy

correlation function ([232,267,268], also see [269] for a recent review). Measurement

of the bias parameter from radio surveys will allow measurements which probe the

underlying cosmology governing the LSS, and probe dark energy, modified gravity,

and non-Gaussianity of the primordial density fluctuations [270–274].

Analysis of the clustering pattern for extragalactic sources is also important for

observations targeting the 21-cm signal of neutral hydrogen (HI) from the early

Universe. These weak signals from high redshifts have their observations hindered by

many orders of magnitude brighter foregrounds - namely diffuse galactic synchrotron

emission [105], free-free emission from both within the Galaxy as well as extragalactic

sources [109], faint radio-loud quasars [107] and extragalactic point sources [108].

[108] showed that spatial clustering of extragalactic sources with flux density ≳0.1

mJy at 150 MHz (the equivalent flux density at 325MHz is ∼0.05 mJy) dominate

fluctuations at angular scale θ ≳1’. Thus, their modeling and removal allow one to

detect fluctuation of the 21-cm signal on relevant angular scales. So their statistical

modeling is necessary to understand and quantify the effects of bright foregrounds.

Many studies have modeled the extragalactic source counts as single power-law or

smooth polynomial [133, 135] and the spatial distribution of sources as Poissonian

[129] or having a simple power-law clustering. However, a Poisson distribution of
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foreground sources is very simplistic and may affect signal recovery for sensitive

observations like those targeting the EoR signal [129,132]. Thus more observations

are required for low-frequency estimates of the clustering pattern of compact sources.

A number of studies have been done in recent years for observational determination

of the clustering of radio selected sources (for instance [138, 221, 222, 257, 258, 275–

278]). However, more such studies are required for modeling the influence of different

processes on the formation and evolution of LSS in the Universe. The sample used

for such analyses should not be limited to small deep fields, since the limited number

of samples makes clustering studies of different populations (AGNs/ SFGs) sample

variance limited. Studies on the statistics of the source distribution are also essential

for understanding the matter distribution across space. Thus, observations using

sensitive instruments are required to conduct more detailed studies. At 1.4 GHz

and above, many clustering studies are present (for instance [221,222,257,275,276,

279]); however there extensive studies at low frequencies (and wider areas) are still

required. The TIFR GMRT Sky Survey (TGSS) [133] is a wide-area survey of the

northern sky at 150 MHz. But the available catalog from the TGSS- Alternate

Data Release (TGSS-ADR) suggests that the data is systematics limited. Thus it

is unsuitable for large-scale clustering measurements [280]. The ongoing LOFAR

Two-metre Sky Survey (LoTSS [201]) at a central frequency of 144 MHz is expected

to have very high sensitivity and cover a very wide area and thus provide excellent

data for studying source distribution statistics at low frequencies [278]. However,

to constrain cosmological parameters, consensus for the overall behavior of sources

along different lines of sight and across frequencies is also required, and there data

sets like the one analyzed here become important [270, 271, 281]. Radio data has

the advantage that even flux-limited samples contain high-z sources [282]. Thus,

using the entire radio band provides insights into physical processes driving the

evolution of different galaxy populations and helps create a coherent picture of the
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matter distribution in the Universe. Therefore, studies at radio frequencies would

help constrain the cosmology underlying structure formation and evolution.

The recent study of the clustering of the ELAIS-N1 field centered at 400 MHz using

uGMRT by [258] was extremely sensitive, with an RMS (σ400)
1 of 15 µJy beam−1.

But the area covered was significantly smaller (∼1.8 deg 2) than this work. This

smaller field of view makes measurement of clustering properties on large angular

scales impossible. Smaller areas also lead to smaller sample sizes for statistics,

resulting in studies limited by cosmic variance. Another study of the HETDEX

spring field at 144 MHz (using the data release 1 of LOFAR Two meter Sky Survey)

by [278] has a sky coverage of ∼350 square degree, but the mean σ150 is ∼91 µJy

beam−1. However, despite the sensitivity achieved in the survey, the analysis by [278]

is limited to flux densities above 2 mJy. Motivated by the requirement for a study

in the intermediate range (in terms of flux density, area covered, and frequency),

this work aims to quantify the clustering of the sources detected in the Lockman

Hole field. The data analyzed here fall in the intermediate category, with a survey

area ∼6 deg2 with σ325 ∼ 50 µJy beam −1. It is thus ideal for clustering studies

with a sizeable area of the sky covered (thus large angular scales can be probed)

and moderately deep flux threshold (catalogue will have fluxes reliable to a lower

value). Additionally, the Lockman Hole region has excellent optical coverage through

surveys like SDSS and SWIRE; thus, associated redshift information is available to

study spatial clustering and bias parameters. This frequency also has the additional

advantage of having lesser systematics than the 150 MHz band while still being

sensitive to the low-frequency characteristics of sources. New data releases for the

LoTSS surveys promise greater sensitivity and source characterization over various

deep fields targeted by these observations [283, 284]; all these observational data

at multiple frequencies will put more precise constraints on the various parameters

1Unless otherwise stated, σfrequency is the RMS sensitivity at the quoted frequency throughout
the text.
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governing the structure formation and evolution.

This work uses archival GMRT data at 325 MHz covering a field of view of 6◦ × 6◦

through multiple pointings. In [1], data reduction procedure is described in detail.

This work used the source catalogue obtained there for clustering analyses. However,

the entire dataset could not be used due to limiting residual systematics at large

angular scales. The clustering pattern and linear bias parameter are determined for

the whole population and sub-populations, i.e., AGNs and SFGs, separately. The

previous work by [1] had determined the flux distribution of sources (i.e., differential

source count) and characterized the spatial property and the angular power spectrum

of the diffuse galactic synchrotron emission using the same data.

This paper is arranged in the following manner: In section 5.2, a brief outline of

the radio data as well as various optical data used is discussed; the classification

into source sub-populations is also using radio luminosity of sources is also shown.

The following section, i.e., Section 5.3 shows the clustering quantification - both in

spatial and angular scales and calculation of linear bias for all the detected sources.

Section 5.4 discusses the clustering property and bias for classified population, with

a brief discussion on the choice of the field of view for this analysis discussed in

Section 5.5. Finally, the paper is concluded in Section 5.6.

For this work, the best fitting cosmological parameters obtained from the Planck

2018 data [97] has been used. The values are ΩM = 0.31, ΩΛ = 0.68, σ8 = 0.811, &

H0 = 67.36 km s−1 Mpc −1. The spectral index used for scaling the flux densities

between frequencies is taken as α=0.8.

5.2 Observations and Source Catalogues

This work uses 325 MHz GMRT archival data of the Lockman Hole region. The

details of the data reduction procedure have been described in [1], here it is dis-

cussed very briefly. The data were reduced using the SPAM pipeline [133,163,165],
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which performs direction-independent as well as direction-dependent calibration

techniques. The observation had 23 separate pointings , centered at (α2000 =

10h48m00s, δ2000 = 58◦08′00”), each of which was reduced separately. The final

image is a 6◦ × 6◦ mosaic having off-source RMS of 50µJybeam−1 at the central

frequency. Figure 4.1 shows the primary beam corrected final mosaic image of the

observed region. This image was used to extract a source catalogue using Python

Blob Detection and Source Finder 2(PYBDSF, [169]) above a minimum flux density

Scut
325 0.3mJy (i.e., above 6σ325). A total of 6186 sources were detected and cataloged.

The readers are referred to [1] for details on catalogue creation and subsequent

comparison with previous observations.

The redshift information for the sources are derived by matching with optical data

from the Sloan Digital Sky Survey (SDSS)3 and the Herschel Extragalactic Legacy

Project (HELP) 4,5 [285]. The SDSS [286, 287] has been mapping the northern

sky in the form of optical images as well as optical and near-infrared spectroscopy

since 1998. The latest data release (DR16) is from the fourth phase of the survey

(SDSS-IV, [288]). It includes the results for various survey components like the

extended Baryon Oscillation Spectroscopic Survey eBOSS, SPectroscopic identifi-

cation of ERosita Sources SPIDERS, Apache Point Observatory Galaxy Evolution

Experiment 2 APOGEE-2, etc. The surveys have measured redshifts of a few million

galaxies and have also obtained the highest precision value of the Hubble parameter

H(z) to date [289]. An SQL query was run in the CasJobs 6 server to obtain the

optical data corresponding to the radio catalogue, and the catalogue thus obtained

was used for further analysis.

HELP has produced optical to near-infrared astronomical catalogs from 23 extra-

2https://www.astron.nl/citt/pybdsf/
3https://www.sdss.org/
4http://herschel.sussex.ac.uk/
5https://github.com/H-E-L-P
6https://skyserver.sdss.org/casjobs/

https://www.astron.nl/citt/pybdsf/
https://www.sdss.org/
http://herschel.sussex.ac.uk/
https://github.com/H-E-L-P
https://skyserver.sdss.org/casjobs/
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galactic fields, including the Lockman Hole field. The final catalogue consists of

∼170 million objects obtained from the positional cross-match with 51 surveys [285].

The performance of various templates and methods used for getting the photometric

redshift is described in [290, 291]. Each of the individual fields is provided separate

database in the Herschel Database in Marseille site 7 where various products, field-

wise and category wise are made available via ”data management unit (DMU)”. For

the Lockman Hole field, the total area covered by various surveys is 22.41 square de-

grees with 1377139 photometric redshift objects. The Lockman Hole field is covered

well in the Spitzer Wide-area InfraRed Extragalactic Legacy Survey (SWIRE) with

photometric redshifts obtained as discussed in [292, 293]. However, additional data

from other survey catalogues like Isaac Newton Telescope - Wide Field Camera

(INT-WFC, [294]), Red Cluster Sequence Lensing Survey (RCSLenS, [295]) cat-

alogues, Panoramic Survey Telescope and Rapid Response System 3pi Steradian

Survey (PanSTARRS-3SS, [296]), Spitzer Adaptation of the Red-sequence Cluster

Survey (SpARCS, [297]), UKIRT Infrared Deep Sky Survey - Deep Extragalactic

Survey (UKIDSS-DXS, [298]), Spitzer Extragalactic Representative Volume Sur-

vey (SERVS, [299]) and UKIRT Hemisphere Survey (UHS, [300]) resulted in more

sources being detected and better photometric determination. The publicly avail-

able photometric catalogue for the Lockman Hole region was used to determine the

redshift information for matched sources. The source catalogue derived from the 325

MHz observation is pre-processed, matched to add redshift information, and then

further analysis is done. The following subsections describe these steps in detail.

5.2.1 Merging multi-component sources

The final map produced has a resolution of 9”. The source finder might resolve

an extended source into multiple components for such high-resolution maps. Such

sources are predominantly radio galaxies that have a core at the center and hotspots

7https://hedam.lam.fr/HELP/

https://hedam.lam.fr/HELP/
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that extend along the direction of the jet(s) or at their ends; these structures may be

classified as separate sources [137,301–303]. Using the NVSS catalogue, it has been

shown in [304] that large radio sources with unmarked components can significantly

alter clustering measurements. Thus, for unbiased estimation of source clustering,

such sources need to be identified and merged properly. A strong correlation between

the angular extent of radio sources and their fluxes has been discovered by [305].

The angular extent (θ) of a source is related to its flux density (S) by the θ-S relation,

θ ∝
√

S. This relation was used to identify resolved components of multi-component

sources in surveys like the FIRST survey [301].

Identification of multi-component sources in the Lockman Hole catalogue resolved

as separate sources are made using two criteria. The maximum separation between

pairs of sources (using the θ-S relation) is given by θmax = 20
√

Stotal, where Stotal is

the summed flux of the source pairs [137, 258, 306]. Sources identified by the above

criteria have been considered as the same source if their flux densities differ by less

than a factor of 4 [306].

Figure 5.2.1 shows the separation between the nearest neighbour pairs from the

325 MHz catalogue as a function of the separation between them. Above the black

dotted line, the sources have separation less than θmax as mentioned above. Blue

triangles are sources that have flux density differences less than a factor of 4. The

two criteria mentioned gave a sample of 683 sources (out of 6186 total) to have two or

more components. After merging multi-component sources and filtering out random

associations, 5489 sources are obtained in the revised catalogue. The position of the

merged sources are the flux weighted mean position for their components.

5.2.2 Adding Redshift Information

As already mentioned, optical cross-identification have for the sources detected has

been done using the HELP and SDSS catalogues. A positional cross-match with 9”
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Figure 5.1: Sum of nearest neighbour flux densities from the 325 MHz catalogue as
a function of separation between nearest neighbours in the catalogue are shown by
light blue circles. Sources above the black doted line (having an angular separation
less than θmax) shown by blue triangles have their flux densities differing by a less
than a factor of 4.

matching radius (which is the resolution for this observation) was used for optical

cross-matching. Since the positional accuracy of the catalogue is better than 1”

[1], a nearest neighbour search algorithm was used to cross-match sources with the

optical catalogue with a search radius rs. The rate of contamination expected due

to proximity to optical sources is given by [221]:

Pc = πr2sσopt

where σopt is the surface density of the optical catalogue. For surface density of

1.4×104 deg−2, a matching radius rs = 9” gives a contamination of <10%. This

radius was thus used to ensure valid optical identification of a large number of radio

sources.

Large FoVs are helpful for observational studies of like the one used here is useful for

studying LSS, since the presence of a large number of sources provides statistically
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Figure 5.2: Sources with optical cross matches within 1.8◦ radius of phase center
for the full mosaic. The area considered is represented by the black dot-dashed
circle, and the sources in this region are represented by “x” marks. The blue circles
represent the sources without any redshift matches.

robust results and also reduces the effect of cosmic variance. Accordingly, the data

used for this work had an Fov of 6◦ × 6◦. However, cross-matching with optical

catalogue produced matches with only 70% total sources over entire FoV, and 30%

sources remained unclassified. Further investigation also revealed the presence of

unknown systematics, which resulted in excess correlation and deviation from power-

law behavior at large angles. The most probable cause for such a deviation seems

to be either the presence of many sources with no redshifts at the field edge or

the presence of artifacts at large distances from the phase center. Analysis done by

reducing the area of the field increased percentage of optical matches and reduced the
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observed deviation from the power-law nature. Thus, the cause of such a deviation

has been attributed to the former one.

Hence, the clustering properties of sources at large angular scales are not reliable

for this observation. Thus, the analysis was restricted to a smaller area of the Lock-

man Hole region around the phase center; large-scale clustering properties could not

be estimated. Taking a cut-off with 1.8◦ radius around the phase center resulted

in ∼95% sources having an optical counter-part. Hence, it is expected that the

unclassified sources present would not affect the signal significantly (a detailed dis-

cussion on the choice of the FoV cut-off is discussed in Section 5.5). This FoV cut-off

yielded 2555 sources in the radio catalogue, out of which 2424 sources have optical

matches within the aforementioned match radius. This is shown in Figure 5.2.2,

where the area considered is represented with black dot-dashed circle, and the ”x”

marks denote the sources in radio catalogue; the blue circles represent the sources

without any optical cross-matches in either photometry or spectroscopy. A total

of 2415 photometric and 664 spectroscopic matches were obtained after the cross-

match with optical catalogues. Out of these, 650 sources had both photometric

and spectroscopic detection. For such cases, the spectroscopic identifications were

taken. Combined photometry and spectroscopic identifications were obtained for a

total of 2424 sources, of which 27 sources were discarded from this analysis since

they were nearby objects with 0 or negative redshifts [221]. The final sample thus

had 2397 sources, which is ∼94% of the total catalogued radio sources within 1.8◦

radius of the phase center. The redshift matching information for both the full and

restricted catalogues have been summarised in Table 5.1. The redshift information

from the optical catalogues was incorporated for these sources and was used for fur-

ther analysis. Figure 5.3 shows the distribution of redshifts for the sources detected

in both HELP and SDSS. In the left panel, the photometric redshifts are plotted

as a function of the spectroscopic redshifts. As can be seen, the two values are



5.2. Observations and Source Catalogues 101

Table 5.1: Summary of number of sources with redshift information

Area Number of sources Redshift matches Percentage of matches AGNs SFGs

6◦ × 6◦ 5489 3628 66 2149 1479
3.6◦ radius 2555 2397 95 1821 576

in reasonable agreement with each other for most cases. Additionally to check for

the reliability of obtained photometric redshifts, following [291], the outlier fraction

defined by
|zphot−zspec|

1+zspec
>0.2, is plotted as a function of the spectroscopic value (right

panel of Figure 5.3). For this work, the drastic outliers are the points with values

>0.5. The fraction of outliers with drastically different values between photometric

and spectroscopic redshifts is ∼10%. While a detailed investigation is beyond the

scope of this work, the outliers may be present due to the combination of uncertain-

ties in the different surveys used in the HELP catalogue. As can be seen, the outlier

fraction is not very drastic except for some cases; however, the reason for deviations

in these sources is unknown. The median redshift for all the sources with redshift

information comes out to be 0.78. The top panel of Figure 5.4 shows the distribution

N(z) as a function of source redshift, with the black dashed line indicating median

redshift.

5.2.3 Classification using Radio Luminosity Function

The catalogued sources with optical counterparts were divided into AGNs and SFGs

using their respective radio luminosities. Assuming pure luminosity evolution, the

luminosity function evolves approximately as (1 + z)2.5 and (1 + z)1.2 for SFGs and

AGNs respectively [309]. The value for AGNs differ slightly from those of [310] and

[311] for the COSMOS field at 3 GHz and ELAIS N1 field at 610 MHz respectively.

However, they are consistent with those of [312] for the GAMA fields. The values

for redshift evolution of SFGs also agree broadly for the GAMA fields [312] and the

ELAIS N1 field [313].
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Figure 5.3: Comparison of photometric and spectroscopic redshifts for the sources
with matches for both. (left panel) Photometric redshift plotted as a function of
the spectroscopic redshift, with the black dashed line indicating equal values for
both. The redshift distribution is shown via the histograms for photometric (right
subplot) and spectroscopic (top subplot). (right panel) Distribution of

zphot−zspec
1+zspec

plotted as a function of zspec. The black dashed line represents 0 deviation between
the photometric and spectroscopic redshifts.

It has been shown in [257, 307, 308] that radio selected galaxies powered by AGNs

dominate for radio powers beyond a radio power Pcross(z) which is related with the

redshift z as:

log10Pcross = log10P0,cross + z (5.1)

upto z ∼1.8, with P (at 1.4 GHz) in W Hz−1sr−1. In the local Universe, the value

of Pcross is 1021.7 (W Hz−1sr−1), coinciding with the observed break in the radio

luminosity functions of SFGs [316], beyond which their luminosity functions decrease

rapidly and the numbers are also reduced greatly. Thus contamination possibility

between the two population of radio sources is very low using the radio luminosity

based selection criterion [257,307].
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The radio luminosity has been calculated for the sources from their flux as [307]:

P1.4GHZ = 4πS1.4GHzD
2(1 + z)3+α (5.2)

where D is the angular diameter distance, and α is the spectral index of the sources

in the catalogue. The individual spectral index for the sources was not used (since

all sources do not have the measured values). The median value of 0.8 for α was

derived by matching with high-frequency catalogues in [1]. Since the probability of

finding a large number of bright, flat-spectrum sources is very low [257], the median

value of 0.8 was used to determine the luminosity functions of the sources in the

Lockman Hole field detected here.

Besides the radio luminosity criterion described above, there are several other meth-

ods to classify sources into AGNs and SFGs. X-ray luminosity can also be used to

identify AGNs since it can directly probe their high energy emissions [314]. Color-

color diagnostics from optical data (like IRAC) can also be used for identifying AGNs

[315]. Classification can also be done using the q24 parameter, which is the ratio of

24 µm flux density to the effective 1.4 GHz flux density [217]. Based on the resuts

of [309], it was shown by [307] that the radio luminosity function for SFGs fall of

in a much steeper manner than AGNs for all redshifts, and this reduces the chances

of contamination in the two samples. Additionally, these different multi-wavelength

methods are not always consistent with each other, and a detailed investigation

into any such discrepancy is beyond the scope of this work. Hence, only the radio

luminosity criterion has been used for classification.

The sources with redshifts up to 1.8 were classified into AGNs and SFGs according

to whether their luminosity is greater than or less than the threshold in Equation

5.1 (with Pcross determined using Equation 5.2). At higher redshifts (i.e. >1.8),

P0,cross is fixed to 1023.5 [WHz−1sr−1] [309]. Of the 2397 sources, 1821 were classified

as AGNs and 576 as SFGs using the radio luminosity criteria. The median redshifts

for AGNs and SFGs are 1.02 and 0.2 respectively.
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Figure 5.4: Redshift distribution (N(z)) for sources with either photometric (HELP)
or spectroscopic (SDSS) redshifts. The left panel shows N(z) distribution for all
sources with the black dashed line indicating the median redshift for all sources.
The right panel shows the same for sources classified into AGNs (blue curve) and
SFGs (red curve) using the radio luminosity criterion discussed in the text, with the
cyan and magenta dashed lines indicating the respective median redshifts.

5.3 Estimation of Correlation Function: Combined
Sources

5.3.1 The Angular Correlation Function

The angular two-point correlation function w(θ) is used to quantify clustering in

the sky on angular scales. While several estimators have been proposed in literature

(for a comparison of the different types of estimators see [317] and Appendix B. of

[278]), this work uses the LS estimator proposed by [318]. It is defined as :

w(θ) =
DD(θ) − 2DR(θ) + RR(θ)

RR(θ)
(5.3)

Here DD(θ) and RR(θ) are the normalised average pair count for objects at sepa-

ration θ in the original and random catalogues, respectively. Catalogue realizations

generated by randomly distributing sources in the same field of view as the real
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observations have been used to calculate RR(θ). The LS estimator also includes the

normalized cross-pair separation counts DR(θ) between original and random cata-

logue, which has the advantage of effectively reducing the large-scale uncertainty in

the source density [276,304,318,319]. The uncertainty in the determination of w(θ)

is calculated using the bootstrap resampling method [320], where 100 bootstrap

samples are generated to quote the 16th and 84th percentile errors in determination

of w(θ).

5.3.1.1 Random Catalogue

The random catalogues generated should be such that any bias due to noise does

not affect the obtained values of the correlation function. The noise across the entire

6◦ × 6◦ mosaic of the field is not uniform (see Figure 3 of [1]). This can introduce a

bias in estimating the angular two-point correlation function since the non-uniform

noise leads to the non-detection of fainter sources in the regions with higher noise.

PYBDSF was used for obtaining the noise map of the image. Assuming the sources

follow a flux distribution of the form dN/dS ∝ S−1.6 [178, 179], random samples of

3000 sources were generated in the given flux range (with lower limit corresponding

to 2 times the background RMS of the image) and assigned random positions to dis-

tribute them in the entire FoV. The sources constitute a mixture of 70% unresolved

sources and 30% extended sources, which is roughly in the same ratio as the actual

source catalogue [1]. These were injected into the residual map, and using the same

parameters in PYBDSF as the ones used in the extraction of the original sources

(see [1]), the random catalogues were extracted. 100 such statistically independent

realizations were used to reduce the associated statistical uncertainty.

For clustering analysis of AGNs and SFGs, two sets of random catalogues were

generated uing the publicly available catalogues for these source types from the

T-RECS simulation [122]. These catalogues have source flux densities provided at
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different frequencies between 150 MHz to 20 GHz. The flux densities at 300 MHz

were considered for the randoms. They were scaled to 325 MHz using α = 0.8, and

2000 sources were randomly chosen within flux density limit for the radio catalogue

of AGNs and SFGs. They were assigned random positions within the RA, Dec limits

of the original catalogues and injected into the residual maps. Then using the same

parameters for PYBDSF as the original catalogue, the sources were recovered. 100

such realizations were done for AGNs and SFGs separately. The recovered random

catalogues were used for further clustering analysis of the classified populations. It

should also be mentioned here that the lower cut-off of flux density for the random

catalogues was ∼0.1 mJy, which is 2 times the background RMS. As already seen

from [1], even a flux limit of 0.2 mJy (4 times the background RMS) takes care of

effects like the Eddington bias [177]. Thus 0.1 mJy is taken as the limiting flux

for both the combined and the the classified random catalogues. The final random

samples for AGNs and SFGs consisted of a total of ∼120000 sources each, while

for the combined sample, it was ∼200000. This is much higher than the number of

sources in the radio catalogue. Thus, it does not dominate the errors. As has already

been stated, the point and extended sources in the random catalogues (generated for

the whole sample and the classified sources) are taken in the same ratio as that of the

original radio catalogue. The drawback of this assumption is that there is a chance

of underestimating extended sources in the random catalogue, which may lead to

spurious clustering signals at smaller angular scales. However, since no evidence of

any spurious signal is seen, taking point and extended sources in the same ratio as

the original catalogue seem reasonable.

5.3.2 Angular Clustering Pattern at 325 MHz

The angular correlation function of the sources detected in this observation is cal-

culated using the publicly available code TreeCorr 8[321]. The 325 MHz catalogue

8https://github.com/rmjarvis/TreeCorr

https://github.com/rmjarvis/TreeCorr
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was divided into 15 equispaced logarithmic bins between θ ∼ 36” to 2◦. The lower

limit corresponds to the four times the PSF at 325 MHz, and the upper limit is the

half-power beamwidth at this frequency. Figure 5.3.2 shows the angular correlation

function of the 325 MHz in red circles; the error bars are estimated using the boot-

strap method as discussed earlier. A power law of the form w(θ) = Aθ1−γ is also

fitted. The power law index, γ is kept fixed at the theoretical value of 1.8. The

parameter estimation for this fit is done using Markov chain Monte Carlo (MCMC)

simulation by generating 106 data points by applying the Metropolis-Hastings algo-

rithm in the A parameter space. The first 102 samples have been removed from the

generated chains to avoid the burn-in phase. From the sampled parameter space, χ2

is used to estimate the most likely values of the parameters. The best fit parameters

are log(A) = −2.73+0.11
−0.15, with the error bars being the 1-σ error bars from the 16th

and 84th percentiles of the chain points.

5.3.2.1 Comparison with previous Observations

The best fit values obtained for parameters A and γ of the 325 MHz catalogue

have been compared with those for other observations at radio frequencies. The

parameters obtained for different radio surveys, namely from [138,221,222,258,277–

279] have been summarised in Table 5.2. The scaled flux limit at 325 MHz for the

[279] catalogue at (originally 1.4 GHz, scaled using a spectral index of 0.8) is ∼0.4

mJy, very close to the flux limit for this work. However, their estimates are higher

than all previous estimates (they particularly compare with [257]), which they assign

partly to the presence of sample variance. While the area probed by [279] is also

included within the region this work probes, the area covered are different, the one

covered here being larger. This might be the reason for differences between the

estimates in this work and [279], despite both having similar flux density cut-offs.

The clustering amplitude for this work is similar to [222] at almost all the angular

scales. One possible reason is that the flux limit for the study at 3 GHz was 5.5
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Figure 5.5: Angular correlation function for all sources in the Lockman Hole region
at 325 MHz. The dashed black line is the best-fitting power law to w(θ). Com-
parison has been done with best fitted power laws obtained from previous studies
of LoTSS (blue triangle, [278]), TGSS-ADR (green diamonds, [277]), FIRST (ma-
genta thin diamonds, [221]), ELAIS-N1 (cyan inverted triangles, [258]), XMM-LSS
(orange thin diamonds, [138]), COSMOS (purple squares, [222]), & Lockman Hole
1.4 GHz observation (maroon pentagons, [279]). Different studies mentioned here
have different flux density limits (see Table 5.2).

times the 2.3 µJy beam−1 limit corresponding to a flux of ∼0.1 mJy at 325 MHz,

which is near the flux cut-off for this work (0.3 mJy), and thus can trace similar

halo masses and hence clustering amplitudes.

The clustering properties of the radio sources in the VLA-FIRST survey [171] has

been reported in [221], where log(A) is -2.30
+0.70
−0.90 . [222] and [138] have reported

log(A) value of -2.83 and -2.08 for the COSMOS and XMM-LSS fields, respectively,

by fixing γ at the theoretical value of 1.80. The clustering amplitude of the 150

MHz TGSS-ADR [133] has been shown by [277] for a large fraction of the sky and
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Table 5.2: Clustering Parameters for Observed Data. The columns indicate the
name of the survey (Observation), observing frequency in MHz (Frequency), the
flux density cut-off at the observing frequency (Scut,ν), the equivalent 325 MHz flux-
density (Scut,325), best fit clustering amplitude (log10(A)) and best fit power-law
index (γ) respectively.

Observation Frequency S†
cut,ν S∗

cut,325 log10(A) γ Reference

(MHz) (mJy)

FIRST 1400 1.00 3.21 -2.30
+0.70
−0.90 1.82±.02 [221]

COSMOS 3000 0.013 0.08 -2.83
+0.10
−0.10 1.80 [222]

XMM-LSS 144 1.40 0.73 -2.08
+0.05
−0.04 1.80 [138]

TGSS-ADR 150 50 26.9 -2.11
+0.30
−0.30 1.82±.07 [277]

ELAIS-N1 400 0.10 0.12 -2.03
+0.10
−0.08 1.75±0.06 [258]

Lockman Hole 1400 0.12 0.39 -1.95
+0.005
−0.005 1.96±.15 [279]

LoTSS 144 2.00 1.04 -2.29
+0.6
−0.6 1.74±.16 [278]

Lockman Hole 325 0.30 0.30 -2.73+0.11
−0.15 1.80 This work

† Scut,ν is the flux density limit at the respective observing frequencies; ∗ Scut,325 is
the scaled flux density (α=0.8) limit at 325 MHz

at different flux density cut-offs. In the recent deep surveys of the ELAIS-N1 field

at 400 MHz [258], log(A) and the best fit power law index have the values -2.03
+0.10
−0.08

and 1.75±0.06 respectively.

Comparison has also been made with the wide-area survey of LoTSS data release 1

[278]. This study (with data obtained at a central frequency of 144 MHz) employed

various masks on the data to obtain the angular clustering values. The survey covers

a wider area, but the flux cut-off threshold is above 1 mJy for all of the masks due

to systematic uncertainties. A wide range of angles, 0.1◦ ≤ θ ≤ 32◦ was fixed to

determine the angular clustering. Taking three different flux density limits- at 1,

2 and 4 mJy and different masks, the values of log(A) and power-law index were

obtained(the fitting for the power-law form was done for 0.2◦ ≤ θ ≤ 2◦). [278] have

applied various flux density cuts and masks to their sample for obtaining the angular
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clustering parameters. They have concluded that the flux density cut-off of 2 mJy

provides the best estimate for the angular clustering parameters, and the same has

been used here for comparison. Comparison of the present work with LoTSS 2

mJy flux cut shows that the values of log(A) agree well. The best fit power-law

index is also consistent within 1σ error bars. Hence, it is seen that the angular

correlation function obtained in the present work gives values for the parameters

log(A) and γ consistent with those reported in previous surveys. Additionally, since

this survey has both wider coverage than the recent EN1 data and a lower flux

density threshold than the LoTSS data used by [278], it provides an intermediate

data set along a different line of sight to probe cosmology.

5.3.3 The Spatial Correlation Function at 325 MHz

For known angular clustering w(θ), the spatial clustering of sources is quantified by

the two-point correlation function ξ(r). Using the Limber inversion [322], ξ(r) can

be estimated for known redshift distribution. Gravitational clustering causes the

spatial clustering to vary with redshift, and thus a redshift dependent power-law

spatial correlation function can be defined as [276,322]:

ξ(r, z) = (r0/r)γ(1 + z)γ−(3+ϵ) (5.4)

where the clustering length r is in comoving units, ϵ specifies clustering models [276]

and r0 is the clustering length at z=0. For this work, comoving clustering model, in

which the correlation function is unchanged in the comoving coordinate system and

with ϵ = γ-3, is used. The comoving cluster size is constant. The correlation length

is calculated using [232]:

A = rγ0Hγ(H0/c)

∫∞
0

N2(z)(1 + z)γ−(3+ϵ)χ1−γ(z)E(z)dz

[
∫∞
0

N(z)dz]2
(5.5)

where Hγ =
Γ( 1

2
)Γ( γ−1

2
)

Γ( γ
2
)

,
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Figure 5.6: Probability distribution function of spatial clustering length (r0) for the
entire sample at 325 MHz.

E(z) =
√

Ωm,0(1 + z)3 + Ωk,0(1 + z)2 + ΩΛ,0 is the cosmological factor, N(z) is the

redshift distribution of the sources and χ(z) is the line of sight comoving distance.

Equation 5.5 can be used to estimate r0 using the angular clustering amplitude A

and the redshift distribution shown in Figure 5.4.

The theoretical value of 1.8 for γ, as predicted by [232] is consistent with the values

across various surveys, as well as within 2 σ of the current analysis (tabulated in

Table 5.2). Thus the theoretical value of γ, the distribution of A obtained from

the MCMC distribution discussed in 5.3.2 and the combined redshift distribution

distribution discussed in Section 5.2.2 are used to estimate the value of r0. Figure 5.6

shows the probability distribution function (PDF) of the spatial clustering length.

As already mentioned, the median redshift of the samples is ∼0.78, and at this

redshift, the median value of r0 is 3.50+0.50
−0.50 Mpc h−1, where the errors are the 16th

and 84th percentile errors.
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5.3.4 The Bias Parameter

The bias parameter is used to quantify the relation between the clustering property

of luminous sources and the underlying dark matter distribution. The ratio of

the galaxy to the dark matter spatial correlation function is known as the scale-

independent linear bias parameter b(z) [267,268,323]. For cosmological model with

dark matter governed only by gravity, following [221,222,258], b(z) is calculated as

:

b(z) =

(
r0(z)

8

)γ/2
J
1/2
2

σ8D(z)/D(0)
(5.6)

where J2 = 72/[(3-γ)(4-γ)(6-γ)2γ], D(z) is the linear growth factor, calculated from

CMB and galaxy redshift information [324], and σ2
8 is the amplitude of the linear

power spectrum on a comoving scale of 8 Mpc h−1.

For this work, the bias parameter has been calculated using the median redshift

value of the r0 distribution with the 16th and 84th percentile errors. The value of

the bias parameter b(z) at z=0.78 is 2.22+0.33
−0.36.

5.4 Estimation of Correlation Function: AGNs
and SFGs

This section discusses the angular and spatial correlation scales and the bias param-

eter obtained for the two separate populations of sources (i.e., AGNs and SFGs).

The obtained values are also compared with previously reported values using radio

and other bands data. Following a similar procedure as that done for the entire

population, initially, the angular clustering was calculated, and a power law of the

form Aθ1−γ was fitted. The best value of clustering amplitude A is determined,

once again keeping γ fixed at the theoretical value of 1.8 for both AGNs and SFGs

populations. Figure 5.7 shows the angular correlation function of AGNs (left panel)

and SFGs(right panel). Using the MCMC simulations as discussed previously, the

clustering amplitudes, log(A) have values -2.18+0.20
−0.20 and -1.69+0.10

−0.10 respectively for
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Figure 5.7: Angular correlation function for sources classified as AGNs (left panel)
and SFGs (right panel). The slope of the best fit function γ is fixed at 1.8 and
the distribution of correlation amplitude (A) is shown in the inset of each panel.

AGNs and SFGs. The results of the fit and the subsequent values of clustering

length and bias parameter obtained here and results from previous surveys in radio

wavelengths are also tabulated in Table 5.3.

The spatial clustering length and bias parameter bz for the AGNs with zmedian=1.02

are 8.30+0.96
−0.91 Mpc h−1 and 3.74+0.39

−0.36. For SFGs with zmedian ≈0.20, the values are

r0= 3.22+0.34
−0.32 Mpc h−1 and bz=1.06+0.1

−0.1. It is seen that the spatial clustering length

and consequently the bias factor for AGNs is more than SFGs, which implies that

the latter are hosted by less massive haloes, in agreement with previous observations

[222,257,258,327–330].

5.4.1 Comparison with previous Observations

Figure 5.8 shows the observationally determined values from surveys at various

wavebands for r0 as a function of their redshift, while Figure 5.9 shows the same
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for the bias parameter. The left and right panels of Figure 5.8 are for AGNs and

SFGs, respectively. Table 5.3 summarizes the values obtained in radio surveys only,

while Figures 5.8, 5.9 show the observed values for surveys at radio as well as other

wavebands, e.g. IR and X-Ray.

The clustering length for AGNs in this work is at zmedian ≈1.02 is 8.30+0.96
−0.91 Mpc h−1.

Using X-Ray selected AGNs in the COSMOS field, [327] obtained clustering lengths

at redshifts upto ∼3.0. They divided their sample into a number of bins, to obtain

r0 at different median redshifts. For their entire sample, taking slope of the angular

correlation function as 1.80, r0 was 8.39+0.41
−0.39 Mpc h−1, for a median redshift of 0.98.

It is consistent with the value obtained here at a similar redshift. The clustering

length with this work is also consistent within error bars for AGNs at 400 MHz and

610 MHz of [258]. For their work, they obtain an r0 value of 7.30+1.14
−1.12 Mpc h−1

at z ≈ 0.91, 6.00+1.5
−1.3 Mpc h−1 at zmedian = 0.84. The clustering length estimates

for radio selected AGNs in the COSMOS field at 1.4 GHz [257] and 3 GHz [222]

observed with the VLA also agree within error bars with the estimates obtained

here. [257] have found a clustering length of 7.84+1.75
−2.31 Mpc h−1 at z ≈1.25 while

[222] obtained 6.90+0.60
−0.70 Mpc h−1, 9.60+0.70

−0.70 Mpc h−1 and 7.30+0.90
−0.90 Mpc h−1 at z ≈

0.70, 1.24, 1.77 respectively. Using X-ray selected AGNs in the CDFS field, [326]

obtained a value of 10.30+1.7
−1.7 Mpc h−1 at z ≈ 0.84. This value though higher than

the values for radio selected AGNs, is still consistent within error bars.

For the SFGs population (right panel of Figure 5.8), the median redshift is 0.20.

At this redshift, the clustering length is 3.22+0.34
−0.32 Mpc h−1. This estimate is at a

redshift lower than previous observations. An extensive study at mid-IR frequency

has been done by [329] for SFGs. The lowest redshift probed in their study is 0.31,

where r0 is 3.41+0.18
−0.18 Mpc h−1. Thus, the value is consistent with that obtained here

at a nearby redshift. [331] studied the clustering of SFGs using the Herschel PACS

Evolutionary Probe observations of the COSMOS and Extended Groth Strip fields.
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They found clustering lengths for SFGs out to z ≈ 2. For the ELAIS-N1 field at

400 MHz and 610 MHz, [258] reported clustering length of 4.62+0.39
−0.40 Mpc h−1 and

4.16+0.70
−0.80 Mpc h−1 at redshifts 0.64 and 0.87 respectively. The 3 GHz COSMOS

field studies of [222] gave clustering lengths 5.00+0.50
−0.60 Mpc h−1 and 6.1+0.60

−0.70 Mpc h−1

respectively at z≈ 0.62 and 1.07. The mid-IR selected samples for Lockman Hole

give r0 values 4.98+0.28
−0.28 Mpc and 8.04+0.69

−0.69 Mpc h−1 at z ≈ 0.7 and 1.7 respectively.

Similarly, the mid-IR sample for [328] has clustering lengths r0 is 4.25+0.12
−0.12 Mpc h−1

and 3.81+0.10
−0.10 Mpc h−1 for z ≈ 0.67 and 0.73.

The results have also been compared with the assumed bias models of the semi-

empirical simulated catalogue of the extragalactic sky, the Square Kilometer Array

Design Studies (referred to as SKADS henceforth, [121]). This simulation models

the large-scale cosmological distribution of radio sources to aid the design of next-

generation radio interferometers. It covers a sky area of 20◦ × 20◦, with sources

out to a cosmological redshift of z ∼20 and a minimum flux 10 nJy at 151, 610

MHz & 1.4, 4.86 and 18 GHz. The simulated sources are drawn from observed

and, in some cases, extrapolated luminosity functions on an underlying dark matter

density field with biases to reflect the measured large-scale clustering. It uses a

numerical Press–Schechter [228] style filtering on the density field to identify clusters

of galaxies. The SKADS catalogue has been used here for statistical inference of the

spatial and angular clustering variations of the sources with redshift. It should be

mentioned here that the T-RECS catalogue [122] incorporates more updated results

from the recent observations. However, the evolution of the bias parameter and

clustering length with redshift is not available for the same; hence SKADS has been

used.

The bias parameter for AGNs and SFGs at zmedian 1.02 and 0.20 is 3.74+0.39
−0.36 and

1.06+0.10
−0.10 respectively. Although the value for AGNs is slightly higher than those

obtained by [222] and [258], it is still with reasonable agreement with the SKADS
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for FR-I galaxies. Comparison with the population distribution of the SKADS

simulation of [121], in terms of both clustering length and the bias parameter (solid

magenta pentagons in Figure 5.9) show that the AGN population is dominated by

FR-I type galaxies hosted in massive haloes with ∼ Mh= 5×1013h−1M⊙. It can also

seen from Figure 5.9, that the mass of the haloes hosting the SFG samples of the

current sample is ∼ Mh= 3×1012h−1M⊙. Thus, it is seen that the SFGs have a lower

range of halo masses compared to AGNs, which implies that the latter inhabits more

massive haloes and are more biased tracers of the dark matter density field.

5.5 Discussion

The analysis of clustering properties of radio selected sources in the Lockman Hole

region presented in this work is one of the first results reported at 325 MHz. Similar

studies were previously done at 400 MHz for the ELAIS-N1 field [258], however

for a much smaller area. Beside analysing at a mostly unexplored frequency, this

work also presents a comparatively large area with a significant number of sources.

Previous clustering study of the same area using 1.4 GHz data from WSRT by [279]

used 1173 sources with a flux density cut-off of 0.12 mJy at 1.4 GHz (or 0.4 mJy

at 325 MHz). Their obtained clustering amplitude is slightly higher than previous

surveys, as acknowledged by the authors. However, further investigation is required

to ascertain the reason for the deviation. Clustering analysis was also done using

the recent LoTSS observation of the HETDEX spring field [278]. The clustering

analyses were produced with many flux density cut-offs and masks, and the most

reliable estimate was for a flux density limit of 2 mJy at 150 MHz (or ∼1.0 mJy at

325 MHz). The clustering amplitude estimate at 2 mJy limit for LoTSS is consistent

with that obtained here within error bars. As seen from Figure 5.3.2, the clustering

amplitude obtained here agrees with previous observations. The slightly higher

values for the bias parameter of the AGNs for this work, compared to that of [222]

and [258], may be attributed to the different flux limits of the studies. This implies
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Figure 5.8: (top panel) Spatial correlation length (r0) for AGNs as a function of
redshift (red square). For comparison, the values for the same obtained by [325],
[326], [327], [257], [222] & [258] have been plotted. Predictions from SKADS [121]
have also been plotted for Radio Quiet Quasars (RQQ), FR-I and FR-II radio galax-
ies. (bottom panel) Spatial correlation length (r0) SFGs as a function of redshift
(red circle). For comparison, values obtained by [328], [330], [331], [329], [257], [222],
& [258] have been plotted. Predictions from SKADS [121] have also been plotted
for SFGs and Starburst galaxies (SB).
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that each of these observations are probing slightly different populations of sources

(with slightly different luminosities as discussed later). Nevertheless, as seen from

Figure 5.9, the values are broadly consistent with each other.

The angular clustering amplitude for this work as shown in Figure 5.7 agree with

previous observations, as seen in Table 5.3. The angular clustering of sources for this

work are calculated with TreeCorr using the default values for most parameters. It

has been shown in [278] that using default value of 1 for the parameter bin slop

gives less accurate results than for values ≤1. [278] obtained the most accurate

values for bin slop=0. They also showed that angular clustering amplitudes de-
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viate largely from precise values (calculated from a separate brute-force algorithm,

see [278] for details) at angular scales ≳1◦. However, the computation times also

significantly increased for bin slop=0. The use of default parameters in this work

might be the cause slight oscillation of the correlation function seen around the best

fit curves. Nevertheless, since results obtained here are in reasonable agreement

with the previous observations and owing to constraints in the available computing

power, the default values have been used.

The clustering lengths and bias parameters obtained here also agree with previous

studies, as evident from Table 5.3 and Figures 5.8, 5.9. Comparison of bias param-

eter with SKADS simulation [121] shows that the expected mass for dark matter

haloes hosting AGNs is orders of magnitude higher than that for SFGs. This trend

is consistent with previous observations (see for example [222, 257, 258]). Studies

on the luminosity of the AGNs and SFGs suggest that it is correlated with source

clustering, and hence with the bias parameter and host halo mass [222]. Using ob-

servations of high and low luminosity AGNs in the COSMOS field, [222] showed that

the luminosity and clustering are correlated, with the higher luminosity AGNs resid-

ing in more massive galaxies [332]. Thus, they are hosted by more massive haloes.

Again, this points to AGNs (which are in general more luminous than SFGs) being

hosted by more massive haloes. However, it should also be mentioned that the two

population of AGNs in [222] studied are at different redshifts, with the low exci-

tation population studied at z ≲ 0.65. So it is possible that this population may

evolve into higher mass haloes at higher redshifts. Moreover, some works (for exam-

ple [333]) do not find any relation between clustering and luminosity. Nevertheless,

following [222], studies using a larger population of samples covering a large range

of luminosities is required for probing the relationship with clustering.

It is also observed in Figure 5.9 that the bias parameter for SFGs (solid blue square)

is higher than the SKADS predicted values for this population. This trend is con-
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sistent with that observed in previous studies of [222] (cyan circles) and [258] (light

magenta triangles). The trend observed in [329] (light blue diamonds) is almost

similar as well. There may be two reasons that cause this variation- contamination

of the SFG sample by star-burst (SB) galaxies or underestimation of halo mass for

SKADS. If there exists a few SB samples in the SFG population, comparison with

SKADS (blue dotted curve in Figure 5.9) shows that the overall value for bias (as

well as r0) will be higher than an uncontaminated sample. However, the most likely

reason remains the second one, the halo mass used in the SKADS is not a correct

representation, which has also been hinted at by comparing the values obtained from

previous observations (for instance [222,258,329]) in Figure 5.9. However, it is also

seen from Figure 5.8 spatial clustering length for SFGs agrees with SKADS. The

exact reason for agreement of r0 and disagreement of b(z) for SFGs in this work with

SKADS is unclear, and will be investigated in detail in later works.

Analyses like the one presented here are important for fully understanding how

bias scales with redshift as well as with source properties like luminosity. This is

important for cosmology, since the bias relates to dark matter distribution, and is

thus essential for understanding the underlying cosmological parameters that define

the Universe.

It should be mentioned here that the current study also has certain limitations.

Due to unknown systematics at large scales, and lack of optical matches, the entire

observed field could not be utilised for this study. Additionally, the source classifi-

cation is done based solely on the radio luminosity of the sources. As has already

been mentioned previously, [307] showed that the chances of contamination between

the populations is very less using this criteria. Nonetheless, there are several other

methods that can also be used to classify AGNs and SFGs in a sample (detailed in

Section 5.2.3). Future works will present a more detailed analysis using the different

multi-wavelength classification schemes available.Such multi-frequency studies, com-
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bined with the present work and similar studies with other fields will enhance the

knowledge of the extragalactic sources and provide more insights into the processes

governing their formation and evolution.

5.6 Conclusion

This work investigates the higher-order source statistics, namely the angular and

spatial clustering of the sources detected in the Lockman Hole field. The data

was observed by the legacy GMRT at 325 MHz. The details of data analysis and

catalogue extraction are discussed in [1]. The initial step involved merging the

multi-component sources present in the raw catalogue. The resultant catalogue was

cross-matched with SDSS and HELP catalogues to identify sources with either spec-

troscopic or photometric redshift information. A region of radius 1.8◦ around the

phase center was selected for optical identifications, yielding ∼95% matches. All the

sources with redshift distribution were separated into AGN and SFG populations

using the criterion for radio luminosity. The angular correlation function was deter-

mined for the combined population for separation between 36” to 2◦. A power law

fitted to this function, keeping a fixed power law index of γ = 1.80, as estimated the-

oretically [232]. This gave the value of clustering amplitude log10(A) = −2.730.11
−0.15.

The source population was further divided into AGNs and SFGs based on their radio

luminosity, and clustering analyses were done for these populations as well. Using

the redshift information and the clustering amplitude, spatial correlation length was

determined using Limber inversion for the AGNs and SFGs. The correlation length

and bias parameters have been obtained for the full sample, as well as the classified

AGN and SFG population. For the full sample at zmedian ≈ 0.78, r0 = 3.50+0.50
−0.50 Mpc

h-1 and b(z) = 2.22+0.33
−0.36. For AGNs, the values are r0 = 8.30+0.96

−0.91 Mpc h−1 and b(z) =

3.74+0.39
−0.36 at zmedian ≈ 1.02. At zmedian ≈ 0.20, SFGs have values r0 = 3.22+0.34

−0.32 Mpc

h−1 and b(z) = 1.06+0.10
−0.10. The clustering length for AGNs is reasonably consistent
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with [327] as well as [258]. For SFGs, the values are consistent with [329].

The obtained values have also been compared with the SKADS simulation of [121].

The comparative analysis suggests that the AGNs are dominated by FR-I galaxies,

with host dark matter halo masses of Mh=5-6 × 1013h−1M⊙. For SFGs, the esti-

mated halo mass obtained from SKADS is lower compared to the value ∼ Mh=3

×1012h−1M⊙ obtained here. The halo mass obtained here are in agreement with

previous literature [222,258,329]. It is worthwhile to mention that while the current

classifications are based on radio luminosity for each source alone, the results are in

agreement with clustering properties for populations of AGNs and SFGs in X-Ray

and mid-IR surveys as well. However, there are some deviations from the predic-

tions of the SKADS simulation. This deviation, seen in other observations as well,

emphasizes the need for wider and deeper low-frequency observations. These will

be able to constrain the host properties better, leading to better models formation

and evolution of the different sources, and better understanding of the distribution

of these populations over space and time (redshift).

The study done in this work aims to characterize the clustering and bias of an

observed population of radio-selected sources, both as a combined population and

as distinct classes of sources (namely AGNs and SFGs). This work is the first to

report the clustering properties of radio-selected sources at 325 MHz. Thus, current

data, being at a frequency with little previous clustering study, bridges the gap

between low frequency and high-frequency studies. It also has the advantage of

covering a wider area than many recent studies with moderately deep RMS values,

thus probing a larger number of sources with fluxes at the sub-mJy level (∼0.3

mJy). More such studies using observational data are required for constraining

cosmology and probing how different source populations are influenced by their

parent halos and how they evolve with time (redshift). Additionally, for sensitive

observations of CD/EoR and post-EoR science, accurate and realistic models for
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compact source populations that comprise a significant fraction of foregrounds are

required. Studies on the effect of imperfections in foreground modeling in the power

spectrum estimates will require detailed observational studies of source position

and flux distributions. For realistic estimates, second-order statistics like clustering

also cannot be ignored. Thus many more analyses like the one done in this paper

will be required for better understanding the effects of the interplay between the

various cosmological parameters on the different populations of sources and putting

constraints on said parameters. Sensitive large area surveys like the MIGHTEE [248]

with the MeerKat telescope, LoTSS [201,284,334] with the LOFAR, EMU [335,336]

with the ASKAP, as well as those to be done with the upcoming SKA-mid telescope

would provide wider as well as deeper data for doing cosmology. The current work

demonstrates that even instruments like the legacy GMRT can provide reasonable

data depth and coverage for cosmological observations.
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Chapter 6

Simulating Effects of Systematic
Errors on EoR Observations

This chapter has been adapted from Observing the Reionization : Effect of Calibra-

tion and Position Errors on Realistic Observation Conditions [2]

6.1 Introduction

The thermal history of the evolution of the Universe can be traced back to the

surface of the last scattering with the help of the Cosmic Microwave Background

(CMB). The evolutionary history of the Universe between the post-recombination

era until the period after the neutral intergalactic medium (IGM) became ionized

once again remains largely unexplored with observational data. Theoretical models

suggest that the Universe’s first structures- the earliest stars and galaxies formed

during this period (viz. redshifts between ∼ 30 and ∼ 12). The first stars, generated

at Cosmic Dawn (CD), formed due to the small-scale fluctuations in matter density

arising from the gravitational instabilities. Ionizing radiations produced from these

objects ionized the IGM causing the last phase transition in the evolution of the

universe [94]. This phase transition period is called Epoch of Reionization (EoR)

(for comprehensive reviews see [40, 41, 44, 45, 95, 337]). Using quasar absorption

126
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spectrum [96] and Thompson scattering optical depth [97], the extended Epoch of

Reionization (EoR) is constrained between the redshift interval of 6 ≲ z ≲ 15.

Understanding the conditions prevailing during these early stages of the Universe

requires a reliable probe that can trace thermal evolution history. The hyperfine

transition line of neutral hydrogen, with a rest wavelength of 21-cm, is the most

promising probe into the IGM of these early cosmic epochs [32,98,99]. The contrast

of the brightness temperature corresponding the 21cm line transition against the

CMB gives a differential brightness temperature which is the observable through

the all sky-averaged “global signal” (using a single total power radio telescope) or

as fluctuations in the spatial correlations (using radio interferometers) [38]. Radio

interferometric observations are necessary for estimation of astrophysical parameters

and constraining the nature of reionizing sources. Detection of an absorption trough

in the global signal experiment centered at 78 MHz was reported by the Experiment

to Detect Global Epoch of Reionization Signature (EDGES) team [338]. Besides

EDGES, single antenna experiments like BIGHORNS [339], SCI-HI [340], SARAS

[341], LEDA [342] are also aiming to detect the global signal but are yet to report

any detection.

The most sensitive operational interferometers like the GMRT, MWA, LOFAR,

HERA have all set upper limits on the power spectrum (PS) amplitude of the signal

[59,63,65,70,71,77] but and no confirmed detection of the cosmological Hi 21cm sig-

nal. The cosmological signal is prone to contamination due to bright astrophysical

foregrounds [1, 112–115, 175, 183, 343]. Other sources of contamination are Earth’s

ionosphere and several instrumental systematics. Substantial amount of focused

research has taken place over the past decade to understand and quantify each com-

ponents of these contamination, namely instrument model [344–347], calibration

[69, 348–354], foreground avoidance or removal [117, 123, 211, 355–359], PS estima-

tion [100,160,161,362–365] and Earth’s ionosphere [360,361]. Using these advance-
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ments, highly sensitive next generation interferometers like the Hydrogen Epoch of

Reionization Array (HERA, [101]) and the Square Kilometer Array (SKA1-Low,

[119]) are expected to detect the 21-cm signal and characterize the multi-redshift

PS, leading to tighter constrains on the astrophysical parameters in the early Uni-

verse. The upcoming SKA1-Low is being designed to be sensitive enough to detect

the PS precisely. Additionally, it is also projected to be able to create tomographic

images of the HII regions [47]. The EoR signal is inherently isotropic in spatial

wavenumber (k) space. Additionally, it also shows spectral structure. Thus, despite

the spectrally smooth foreground contamination can be distinguished from the fore-

ground contaminants [364, 366–369, 371, 372]. The spectrally smooth nature of the

foregrounds, along with the inherent instrumental chromaticity, keeps the contami-

nation confined to the “wedge” in the cylindrical Fourier space (i.e., in the 2D PS).

The region outside the wedge where the foregrounds are subdominant compared

to the signal is called the“EoR window” [370]. However, the interaction of astro-

physical foregrounds and the instrument causes the wedge power to leak into the

clean modes of the window- an effect called “mode mixing” [370]. If not properly

mitigated, mode mixing is likely to confuse the detection.

One of the major limiting systematic that causes the problem in cosmological signal

detection is improper calibration. In general, the most common calibration ap-

proach for radio astronomy is “sky-based” calibration. Since Cosmic Dawn/Epoch

of Reionization (EoR) observations are limited to shorter baselines, these observa-

tions suffer from poor angular resolutions and higher confusion noise. This may

lead to inaccurate sky models for calibration. Errors or inaccuracies in this process

propagate as residual errors and ultimately hinder the target cosmological signal de-

tection [110,117,349,351]. The other calibration approach being explored by various

interferometers is the redundant calibration approach . Telescopes like the HERA

use the redundant calibration approach. In this approach, repeated simultaneous
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measurements of the interferometers’ redundant baselines can simultaneously solve

for the incoming sky signal and instrumental parameters. The redundant method

calibrates for real visibility by considering the prior that sky visibilities are equal

for redundant baselines, having the advantage of not requiring a sky model for per-

forming gain solutions for antennas. Nevertheless, this works only for highly regular

arrays and identical antenna beam patterns [373,374].

It must be pointed out that irrespective of the accuracy of the calibration approach

employed, the ultimate limitation is set by the signal-to-noise ratio (SNR). It has

been shown in [110], that calibration errors ∼0.1% causes a drastic lowering of

the dynamic range, thereby obscuring the signal1. Thus, studies are necessary for

estimating the extent of the tolerance of the imperfections, which potentially con-

tribute to the noise that obscure the detection of the faint cosmological signal. This

paper aims to quantify this level of tolerance (or the accuracy of the calibration

algorithm) required for successful detection of the redshifted 21-cm signal from the

cosmic reionization using various sensitive telescopes.

Astrophysical foregrounds like diffuse galactic synchrotron emission, extra-galactic

free-free emission, and compact sources substantially affect the interferometric data

sets used for EoR signal recovery. Currently, most studies focus on determining

the best strategy- for avoidance, suppression, or subtraction for handling the fore-

grounds. While diffuse emission is a significant contaminant at large angular scales,

EoR data sets also require the careful handling of the extragalactic point sources.

Inaccurate removal of bright, compact sources can lead to large residuals in the data

and obscures the detection of the cosmological signal. Besides ionosphere, incom-

plete UV-plane coverage gives rise to large sidelobes that contaminate the data. All

these corruption effects lead to constructing an imperfect sky model, which causes

1Dynamic range is the ratio of the peak flux in the image and the RMS noise in a source-
free region. [110] showed that with calibration error of ∼0.1%, the dynamic range lowers to 105

compared to the required 108
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residuals that adversely affects the cosmological signal recovery. The study on the

impact of incomplete sky model has been done by [110, 117, 123, 349, 373]. How-

ever, there is still a lack of detailed study on how the effects compare for different

telescope arrays targeting the cosmological 21-cm signal from reionization.

Our current work presents a proof of concept on developing an end-to-end pipeline

to simulate radio interferometric observations using a realistic sky model and tele-

scope observing parameters. The studies have been carried out taking four array

configurations - SKA1-Low core (stations around ∼ 2000 m of the central station),

HERA 350 dish configuration, MWA Phase-1 (MWA1) 128 tile configuration, and

MWA 256 tile configuration (MWA-256). This paper is organized in the following

manner: in Section 6.2, the detailed simulation methodology is described. Section

6.3 discusses briefly the observational effects considered in this work; Section 6.4

discusses the analyses formalism which is followed by the Section 6.5. The implica-

tions for the assumptions considered in this work is presented in Section 6.6; finally,

the paper is concluded Section 6.7.

6.2 Synthetic Observations

This section describes the steps involved in the synthetic observation and analysis

pipeline developed. Figure 6.1 shows the blocks that are used for generating the

observations. The various simulation parameters and their respective values are

described in Table 6.1. In the following subsection, each of the parameters in the

input block is briefly described.

The simulations have been performed using the OSKAR software [375]2 package for

SKA1-Low configuration and Common Astronomy Software Application (CASA,

[376])3 for HERA, MWA-1 & 2. The observations track the sky with phase center

at α=15h00m00s and δ=-30◦00’00” for 4 hours (± 2 HA). The observing bandwidth

2https://github.com/OxfordSKA/OSKAR/releases
3https://casaguides.nrao.edu/index.php?title=Main_Page

https://github.com/OxfordSKA/OSKAR/releases
https://casaguides.nrao.edu/index.php?title=Main_Page
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Figure 6.1: Schematic diagram of the observation pipeline.

is 8 MHz, with a channel separation of 125 kHz. For simplicity, the simulations

are noise-free. It should also be mentioned that throughout the paper, best fitted

cosmological parameters from the Planck 2018 results [97] are used: ΩM = 0.31, ΩΛ

= 0.68, σ8 = 0.811, H0 = 67.36 km s−1 Mpc−1.
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Table 6.1: Parameter values for the simulations

Parameter Value

Central Frequency 142 MHz (z∼9)

Bandwidth 8 MHz

Number of frequency channels 64

Field of view 4◦

Number of array elements:
SKA1-Low 296
HERA 350
MWA Phase-1 128
MWA-256 256

Maximum baseline (m):
SKA1-Low ∼2000
HERA ∼880
MWA Phase-1 ∼2800
MWA-256 ∼5300

Synthesised beam (arcmin):
SKA1-Low ∼2.5
HERA ∼8.1
MWA Phase-1 ∼2.6
MWA-256 ∼1.3

Thermal Noise (mJy beam−1):
SKA1-Low ∼0.07
HERA ∼0.52
MWA Phase-1 ∼17.59
MWA-256 ∼8.79

6.2.1 Telescope Model

Though several interferometers are targeting the detection of the redshifted 21-cm

signal, this work undertakes a comparative analysis under identical error conditions

for four different arrays- SKA1-Low, HERA, and MWA1 & MWA2. The telescope

layouts are shown in Figure 6.2.
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Figure 6.2: Telescope layouts used in the simulation. Clockwise from top left are
SKA1-Low (Low), HERA, MWA-256 & MWA-I respectively.

The SKA4, one of the most sensitive upcoming telescopes, is expected to detect the

signal statistically [119] and also have just enough signal-to-noise for performing

tomography [47]. SKA will be built at two sites as two separate arrays, a low-

frequency array in Australia (frequency coverage between 50-350 MHz) and a mid-

frequency array in South Africa (frequency coverage between 350 MHz to 14 GHz).

The redshifted 21-cm signal from the EoR is present at frequencies of up to a few

hundred MHz (∼200 MHz at z ∼6) and thus will be targeted by the former array

(SKA1-Low). While the available documentation states that the SKA1-Low will

have 512 “stations” of ∼ 40m diameter spread around the core or central station

(having a maximum baseline length of ∼65 km, [377]), this work does not explore

the entire layout. Since compact baselines will be sensitive to the target signal,

4https://www.skatelescope.org/

https://www.skatelescope.org/
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all stations within 2 km of the core (i.e., a maximum baseline of 2000m around

the central station) are used [378]. This results in 296 stations around the central

station, with a synthesized beam size of ∼2.5’ at 142 MHz.

HERA5 is an interferometer designed to search for the fluctuations in the 21-cm

signal during the cosmic dawn and reionization [101]. Located in the South African

Karoo Radio Astronomy Reserve, the complete array would comprise 350 parabolic

dishes of 14m diameter each, spread in a highly redundant configuration (320 in

a dense core and 30 outriggers). The instrument is planned to be operational be-

tween 100-200 MHz. This work uses the entire 350 tile configuration resulting in

a maximum baseline of ∼880 m. At 142 MHz, this results in an ∼8’ synthesized

beam.

MWA6, an SKA precursor facility, is located at the Murchison Radio Observatory in

Australia (adjacent to the SKA1-Low site). The array has an operating frequency

range of 70-300 MHz. In the initial deployment stage, the array had 128 square-

shaped “tiles” (a 4 × 4 array of dipoles). In Phase 2, the 128 tile configuration was

extended to include additional 128 tiles [379]. The upgraded array has a compact

configuration with 56 tiles from earlier and 72 new tiles arranged in two compact

hexagons, which enhance EoR PS capacity [379]. For this work, two MWA config-

urations are used- entire Phase 1 with 128 tiles and entire Phase 2 with 256 tiles 7.

The synthesized beam-width at 142 MHz are ∼2.5’ ∼1.3’ respectively for Phases 1

& 2 respectively.

6.2.2 The Hi 21-cm Maps

We use two semi-numerical approaches, 21cmFAST [383, 384] and ReionYuga (for-

merly known as Sem-Num) [380–382] to generate the redshifted 21-cm signal maps

5https://reionization.org/
6https://www.mwatelescope.org/
7The MWA coordinates are available at https://www.mwatelescope.org/telescope/

configurations/phase-ii

https://reionization.org/
https://www.mwatelescope.org/
https://www.mwatelescope.org/telescope/configurations/phase-ii
https://www.mwatelescope.org/telescope/configurations/phase-ii
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for our simulated observations. Both of these methods are developed independently,

and they use different approaches of excursion set formalism to simulate the 21-cm

maps from the EoR. Both of these methods have been tested against full radiative

transfer simulations and found to be capable of simulating the signal power spec-

trum at large length scales with a reasonable accuracy [381]. They, however, show

significant differences at small length scale power spectrum. Our motivation behind

using two separate signal simulations is to test the robustness of the outcome of our

data analysis pipeline. It is going to use both extracted image and power spectrum

statistics for its evaluation.

21cmFAST generates the 21-cm maps from a matter density field obtained via Zel-

dovich approximation. It uses a guided excursion set formalism to convert the matter

density field at a given redshift into an ionization field which is finally translated

into 21-cm brightness temperature fluctuations. The excursion set approach allows

it to generate multiple realizations of the 21-cm maps at a very low computing cost

compared to a full radiative transfer approach.

The ReionYuga or Sem-Num (a serial version of ReionYuga), on the other hand,

uses a N -body simulation to generate the matter distribution at a given redshift

and further uses a Friends-of-Friends algorithm to identify collapsed halos in this

matter distribution. These halos are then considered the hosts of the first sources of

lights (e.g., galaxies, quasars, etc.), which produces the ionizing photons responsible

for reionizing the Universe. The density of the neutral hydrogen field (assuming that

the hydrogen follows the dark matter distribution) and the ionizing photon field are

then estimated at a much coarser grid compared to the original N-body simulation

resolution, and using a guided excursion set formalism, an ionization field is created.

This ionization field is then converted into a 21-cm brightness temperature field.

For our analysis in this paper, we use the output of an already existing run of Sem-

Num, precisely the fiducial light-cone map of [385]. This light-cone volume has sky
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plane comoving extent of 500×500 (h−1Mpc)2 and the line-of-sight or redshift extent

of 7.0 ≤ z ≤ 12.0. The 21-cm map in this light-cone volume is saved on a grid of

size 232 × 232 × 562. We extract a cuboid of grid dimension 232 × 232 × 64 from

this light-cone volume and project it to a World Coordinate System (WCS) of the

same dimension. This extracted cuboid is used as the signal model for our analysis.

Similarly, we generate a 21-cm light-cone cuboid using 21cmFast of the same volume

and treat it as our other signal model.

Figure 6.3 shows a slice of the signal at the central frequency (142 MHz, z∼9) for

21cmFAST (top panel) and Sem-Num (bottom panel). It is evident from this figure

that the reionization histories followed by these two models are not the same; thus,

at the same redshift, they arrive at a significantly different level of IGM ionization.

Therefore, the levels of resulting 21-cm fluctuations are also considerably different.

Figure 6.4 shows the power spectrum from these two signal models as observed by

four different telescope configurations discussed earlier. Here we assume that the

observational data contains the signal alone. We follow that the resulting power

spectra for the two signal models are not drastically different at the length scales

of our interest. As 21cmFAST is a faster simulation to implement, the subsequent

analysis has been done using this signal model alone.

6.2.3 Foreground Models

The foreground used for this work consists of compact sources only. Once again,

two separate catalogs have been used - the 400 MHz catalog obtained using uGMRT

of the field ELAIS N1 [175] and the Tiered Radio Extragalactic Continuum Sim-

ulation (T-RECS, [122]) to demonstrate the ability of the pipeline. The sources

were redistributed around a declination of -30◦. The fluxes were converted to 142

MHz values using Sν ∝ ν−α, with α value of -0.8. The minimum flux value present

at 400 MHz was 100 µJy, and the highest flux is 0.6 Jy. T-RECS is a simulation
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Figure 6.3: Slice through the Hi 21-cm light cone at 142MHz, projected on a WCS
using 21cmFAST (top) and SemNum (bottom). The light cones produced have
different reionization histories and are thus not identical.

modeling the continuum radio sky in the range 150MHz to 20GHz. It models Active

Galactic Nuclei (AGNs) and Star-Forming Galaxies (SFGs), comprising most radio

galaxy populations. These simulations consider real data from recent observations

to model the sources. This gives realistic cosmological evolution of the luminos-

ity functions, the total intensity number counts, polarized intensity, and clustering

properties. The source catalogs are available publicly for 1 deg2, 25 deg2, and 100

deg2. For this work, from the 25 deg2 catalog, sources within ∼4 deg2 having flux

cut-off the same as EN1 catalog is chosen (the brightest source in the constructed

catalogue has a flux of 1.7 Jy at 150 MHz). Fluxes at 150 MHz were scaled to 142

MHz using α ≈ -0.8. The catalog comprises 2522 sources in the chosen field of view

(FoV) and flux cut-off.

It is to be noted that no diffuse emission model was used in the foreground model

to keep the present analysis simple. Future works will incorporate models of the

diffuse emission for investing their effect.
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6.3 Non-ideal observing conditions

Observational effects on the cosmological 21-cm signal are numerous. However, this

work focuses on calibration errors and position errors.

Radio interferometers observe the Fourier transform of the sky intensity distribution.

The observed visibilities (i.e., spatial coherence function of sources) are calculated

by cross-correlating the detected electric field between antenna pairs using digital

correlators. The individual antenna (or tile) measures the incident electric field

modified by a complex gain factor (arising due to the electronics). Calibration aims

to solve for these complex gains. For observations that target the cosmological 21-

cm signal, either a “traditional” sky-based technique or a “redundant” calibration

technique is used. In the former method, a sky model is used to calibrate instru-

ments [93]. The latter is useful for arrays that have a large number of redundant

baselines [386]. However, irrespective of the technique used, the basic equation is

the measurement equation relating the measured sky visibility to true sky visibility.

The simplest form of the equation is :

V m
ij = gi(t)g

∗
j(t)V

t
ij (6.1)

where V m
ij is the measured visibility from the antenna pairs i and j, V t

ij is the true

sky visibility and gi(t) and g∗j(t) are the complex gains of the respective antennae.

While gain calibrations aim to solve for these gains, there is a limit to the accuracy

of these. The uncalibrated gains (or residual gains) that remain are propagated in

the subsequent steps and leads to errors in extracting the target signal. The complex

gain can be modeled by

gi = (ai + δai)exp(−i(ϕi + δϕi)) (6.2)

where the phase, ϕi is in radian, and the amplitude, ai is dimensionless. The terms

δai and δϕi are the errors in the gain solutions. For the ideal case, ai is 1 and ϕi is

0, giving gain of 1. However, due to the presence of residual gain errors, the error

terms will give the resultant gain as
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gi = (1 + δai)exp(−δϕi) (6.3)

An “efficient” calibration algorithm will be one that can minimize δai and δϕi.

The target signal itself is feeble, thus attaining an SNR >1 becomes a challenge.

The thermal noise (one of the most fundamental limits for any instrument) can be

lowered significantly with increasing observing time. However, other noise sources

like faint unmodelled sources [351], ionospheric variation, instrument response, etc.,

cannot be reduced by increasing integration time. Thus accurate calibration can

increase SNR, but up to a certain limit as allowed by observing conditions. This

work quantifies the actual level of calibration accuracy required for upcoming radio

interferometers to obtain “good” SNR levels.

The bright radio sources that contaminate the data sets are expected to be removed

before extracting the cosmological 21-cm signal. While the predominant source of

the bright foreground is the diffuse galactic emission, the point source contamination

also poses a problem. The problem arises mainly because modeling and removal of

each source is challenging. Any calibration imperfections give rise to artifacts in

the residual that may affect the signal extraction adversely [110, 117]. Moreover,

these observations have limited resolution due to the signal being coherent at short

baselines only. Thus, high-resolution observations are required for accurate model-

ing and removal of discrete foregrounds. Hence, there are very stringent accuracy

requirements for the sky model. Further calibration cannot minimize any error in-

herent to such a model, and the same will result in contaminated residuals. Thus

position errors pose a challenge for the detection of the cosmological signal. More-

over, due to phase errors from directional effects, source positions may also shift.

This will result in incorrect point source removal resulting in artifacts affecting sig-

nal extraction. Most sources have fluxes ∼ mJy or lower at the target frequencies

for real observations. Since the cosmological signal is feeble, compact sources with
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even such “low” fluxes remaining in the residuals pose a problem. It has been shown

that while redundant calibration is potentially better for arrays with a high degree

of redundancy like HERA and the MWA Hexagonal configuration, offsets in source

positions systematically affect the phase solutions [346]. A global sky model (having

only compact sources) as observed in actual observation is considered for this work.

The effect of errors in the source position through a systematic error in the right

ascension of the sources is investigated here.

6.4 Formalism for Analyses

The visibilities obtained from the synthetic observations described in Section 6.2

are used for further analysis. Figure 6.5 shows the simulated image of the sky with

T-RECS as foreground model for SKA1-Low, HERA, MWA-I & II respectively (top

to bottom respectively). Figure 6.6 shows the point spread function (PSF) at the

central frequency of observation for each of the telescopes used. It can be seen from

the figure that the best PSF response comes from SKA1-Low (magenta curve), both

in terms of width and amplitude of side lobes. PSF for HERA (shown by green

curve) has the widest response, which is, because it has the shortest maximum

baseline. However, due to the layout and configuration of the array, it has a small

side-lobe amplitude. The MWA configurations (Phase-1 in cyan and Phase-2 in

blue) show high amplitude oscillatory features in the sidelobes.

For determination of the effect of calibration errors, the ideal visibilities are cor-

rupted by complex gains (as described in Equation 6.1) . The errors in gain phases

and amplitudes (see Equation 6.3) were drawn from a 0 mean Gaussian distribu-

tion with a standard deviation equal to the percentage of error introduced. For

this work, 0.001%, 0.01%, 0.1%, 1.0% & 10.0% gain errors are introduced in both

the gain phases and amplitudes. The model visibilities are subtracted from the
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Figure 6.5: Simulated sky with T-RECS as foreground model for (top to bottom)
SKA1-Low, HERA, MWA-I & MWA-256.

corrupted ones to produce residual visibilities, i.e.,

V residual
ij = V observed

ij − V model
ij (6.4)

Here, V observed
ij is the corrupted visibility (the label ’observed’ implies actual observa-

tions the instrument records where the visibilities come with various imperfections).

The effect of position errors (i.e., in the global sky model) is determined by sim-

ulating observations with erroneous sky models. These inaccurate sky models are

generated, taking the PSF size of HERA at the observing frequency (enlisted in Ta-

ble 6.1) as a metric to quantify the offsets. A zero mean Gaussian distribution with

standard different deviations- 0.01%, 0.1%, 1.0%, 10.0% & 100.0% of 8.1’ (486”) 8

are used to generate different sets of erroneous sky models. The position errors thus

8This means that the maximum displacement allowed are ∼ 0.05”, 0.5”, 5.0”, 50” and 500”
respectively for the percentages of error mentioned.
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Figure 6.6: Normalized Point Spread Function using robust parameter 0 at the
central frequency of observation for SKA1-Low(magenta), HERA(green), MWA-
1(cyan) and MWA-2(blue).

generated were added to the RA of the sources to create a new catalog with inherent

errors in the source positions. The residuals are obtained similarly, as discussed for

Equation 6.4. Residuals obtained by subtracting the corrupted sky from the true

one have been used to determine the effect in both the image plane and the PS.

The formalism used to quantify the image plane effects and PS is described briefly

in the following subsections. It should be mentioned that the position error in only

the RA has been introduced for simplicity. Such errors can be present in either one

of RA or DEC or both in a point source model. Such errors will obscure the EoR

signal beyond a certain offset.

6.4.1 Image Plane

While most EoR detection experiments do not target imaging due to low signal-to-

noise ratio (SNR), the SKA1-Low is projected to produce tomographic images with
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SNR⪆1 [47]. There are various techniques, including machine learning approaches

and the traditional CLEAN [388] algorithm that is being explored for maximum

information extraction in the image domain (for instance, see [190] for a compre-

hensive summary). However, the efficacy and robustness of these methods are not

determined for a wide variety of actual observations. Thus it is worthwhile to inves-

tigate how the errors that have been introduced here affect the image plane. The

analysis is done by constructing a simple dirty map in CASA and using the RMS

in the image plane as the quantifying metric (note that a comparison of various

techniques for image recovery has not been made since it is beyond the scope of

the current work). The pure Hi signal used in the input has a peak flux of ∼ 0.8

µJybeam−1 at 142 MHz, hence to get a significant detection, the residual RMS

should lie below this level. Thus, performance in terms of the RMS has been com-

pared. Additionally, image plane performance is also quantifiable using its dynamic

range (DR) - the ratio of the peak flux in the image and the residual RMS. In the

case of the presence of imperfect calibration, the theoretical DR is defined as [93] :

DR =

√
N(N − 1)

2(a2 + ϕ2)
(6.5)

with a and ϕ as amplitude and phase, respectively, and N is the number of inter-

ferometer elements. The lowest RMS obtained from the residual image near the

phase center is used to quantify the effect of the errors mentioned earlier. Since

two different foreground models are used for this work, they are represented via the

dashed (EN1) and dot-dashed (T-RECS) curves.

Figure 6.7 summarises the results obtained from the gain residuals. For the dynamic

range, the general trend is consistent with theoretical expectations. The desirable

calibration accuracy obtained from these simulations translates to a dynamic range

requirement of ∼105 or higher, which in turn implies the necessity of a highly ac-

curate gain solution for observations with the SKA1-Low. Figure 6.8 shows the

variation of RMS in the residuals with position error as a function of angular size.
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Figure 6.7: Variation of RMS in the residual image as a percentage of calibration
error for T-RECS catalog as foreground model. The grey region shows the amplitude
of range of observed signal. The solid orange line is the thermal noise limit for a
4-hour observation with SKA1-Low.

In both Figures 6.7 and 6.8, the gray band represents the maximum and minimum

signal amplitudes in the image plane.

In the best case scenario, the sensitivity of the instrument will be determined by the

thermal noise in the system. The thermal noise limit is given by [96]:

σT =
( 1.9√

∆νkHzthr

)( Tsys

AeffNant

)
(6.6)

where σT is the thermal noise in the system, ∆νkHz is the channel width in kHz, thr

is the integration time in hours, Tsys is the system temperature, Aeff is the antenna

collecting area and Nant is the number of antennas. At the frequencies of interest,

Tsys is equivalent to the sky temperature. The sky temperature, Tsky is calculated

using Tsky ∼ 180
(

ν
180MHz

)−2.6

K [40]. The values of thermal noise is tabulated in

Table 6.1. As can be seen, the least thermal noise level for a 4 hour observation

is obtained for SKA1-Low, which is shown via the solid orange line in Figures 6.7

& 6.8. In the case of SKA1-Low, [387] states that the spectral line sensitivity at
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Figure 6.8: Variation of RMS in residual image with position error using T-RECS
as foreground model for the four telescope configurations considered. The RMS
is plotted as a function of the maximum displacement of the sources (in arcmin)
from the true position. The solid orange line is the thermal noise limit for a 4-hour
observation with SKA1-Low.

the frequency band of interest is 1258 µJy beam−1 for a fractional bandwidth of

10−4, and integration time ∆τ of 1 hour; for the specifications used in this work,

the sensitivity comes down to ∼220 µJy beam−1.

6.4.2 Power Spectrum

Statistical detection of the redshifted cosmological 21-cm signal is the primary tar-

get of most low-frequency interferometric arrays. For EoR experiments, there is a

formalism to estimate the PS from both visibility (for instance, see [65]) as well as

from the image plane (for example [71]); this work uses visibility for its determina-

tion. The interferometric visibility is the correlation between the signals received

between two antenna pairs, which is given by [93] :

V (U, ν) =

∫∫
A(ŝ, ν)B(ν)I(ŝ, ν)e−i2πνU.ŝdΩ, (6.7)
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where, U is the baseline vector, I(ŝ, ν) and A(ŝ, ν) are the specific intensity and

antenna beam pattern as a function of frequency (ν) and B(ν) is the instrumental

bandpass response; the unit vector as, ŝ ≡ (l,m, n), where l,m, n are the direction

cosines towards east, north and zenith respectively with n =
√

1 − l2 −m2 and

dΩ = dldm√
1−l2−m2 . For this work, A(ŝ, ν) is taken to be 1, i.e. the effect of primary

beam is not considered.

Inverse Fourier transform of V (U, ν) along the the frequency axis gives the visibility

in the delay domain (henceforth represented as τ), V (U, τ). Using this formalism,

the cylindrical PS (as discussed in [366]) is given by:

P (k⊥, k∥) =
( λ2

2kB

)2(X2Y

ΩB

)
|V (U, τ)|2, (6.8)

with unit K2(Mpc/h)3. In the above equation, λ is the wavelength corresponding

to central frequency (2.1 m for these simulations), kB is the Boltzmann constant,

Ω is the primary beam response, B is the bandwidth (8 MHz for this work), X

and Y are the conversion factors from angle and frequency to transverse co-moving

distance (D(z)) and the co-moving depth along the line of sight, respectively [366].

The quantity k⊥ represents the Fourier modes perpendicular & k∥ represent the k

modes along the line of sight, given by

k⊥ =
2π|U|
D(z)

& k∥ =
2πτν21H0E(z)

c(1 + z)2

where ν21 is the rest-frame frequency of the 21 cm spin flip transition of Hi z is

the redshift corresponding to the observing frequency, H0 is the Hubble parameter

and E(z) ≡ [ΩM(1 + z)3 + ΩΛ]1/2. ΩM and ΩΛ are matter and dark energy densities,

respectively [389].

From the 2D power spectrum, the 1D PS (obtained by spherical averaging of P (k⊥, k∥))is

calculated as :

∆2(k) =
K3

2π2
⟨P (k)⟩k (6.9)
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where, k =
√

k2
⊥ + k2

∥. The uncertainty in PS has been calculated using a modified

version of 21cmSense [390] for each array. The 3σ error bars have been put in the

spherically averaged PS to show the uncertainty in power obtained.

In the case of SKA1-Low, it is still not decided whether signal PS estimation will be

done using foreground removal, avoidance, or some other technique. This work uses

the generic method of averaging over all k-modes to determine the 1D power. The

same approach is also used for both MWA configurations and HERA to maintain

consistency (although in [65] and [77], the upper limits have been placed using

avoidance methodology).

The results obtained for each array configuration for imaging and PS estimation are

described in the following section. It should be mentioned that both the foreground

models give consistent results for all the telescope configurations considered. The

power spectrum performance plots shown in the following subsections use T-RECS

as the foreground model. A representative case using EN1 as foreground model has

been shown in the appendix for all the configurations to emphasize that the pipeline

performs consistently irrespective of the sky model used.

6.5 Results

This section describes the results obtained from the simulations and discusses their

implications for actual observations. The results for each of the configuration con-

sidered is described in separate subsections below.

6.5.1 SKA1-Low

The synthetic observation pipeline is primarily being developed to simulate the

effects of non-ideal conditions that are present in actual observations. The primary

motivation is to determine how these errors will affect the performance of SKA1-Low

for the sensitive low-frequency observation done for CD/EoR science. The following
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subsections describe the effect of calibration and position errors for SKA1-Low.

6.5.1.1 Calibration Error

The maroon curve shows the effect of calibration error on SKA1-Low in the image

plane in Figure 6.7. It is seen that for calibration inaccuracy ∼10−2%, the residual

RMS is well below the signal level. 0.01% represents the borderline case where the

RMS and thermal noise are nearly similar. However, the residual RMS level exceeds

the signal level by almost an order of magnitude, indicating that the limiting factor

for these observations would be systematics (instead of thermal noise) for sufficiently

large integration times using the SKA1-Low. For even higher errors, the image RMS

is high enough to confuse or even obscure the faint cosmological signal detection.

In Figure 6.9, the left panel shows the 2D power spectrum of the residual visibilities

for SKA1-Low. It is seen that up to 0.01% calibration error, the wedge stays k⊥

modes below ∼ 0.1 and below k∥ ∼ 0.2, and the EoR window region have lower

contamination. For cases exceeding 0.1% error, the EoR window has a very high

power amplitude, implying the residual foregrounds dominate above inaccuracies ∼

0.1% in gain amplitude.

The right panel of Figure 6.9 shows the 1-dimensional spherically averaged power

spectrum for gain error residuals. The zoomed-in part shows the region near the

signal power at k ∼0.2 and above. The green curve shows the power for the observed

sky (i.e., the sky with both signal and foregrounds). It is seen that at 0.001% error

(blue curve), the residual power overlaps with the signal power (red curve). At

0.01%, the power spectrum starts deviation from the signal level at k=0.5 Mpc−1

and above, but are still consistent within error-bars. But for 1% and above errors in

calibration, the foreground contribution in the residuals overrides the signal power

completely. Thus, if all other sources of error are well understood and mitigated, the

residual calibration error can render the signal obscured if the algorithm accuracy
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Figure 6.9: Residual power spectrum for gain errors with SKA-1 Low. (top) 2D
PS of the residual visibilities for calibration errors for 0.001% (top-left), 0.01% (top-
right), 0.1% (bottom-left) & 1.0 % (bottom-right). The solid black line represents
the horizon line, while the dashed black line is the FoV limit. (bottom) Spherically
averaged PS with calibration residuals compared with the signal power and fore-
ground power. The error bars are 3σ uncertainties for the k-bins including sample
variance and thermal noise.
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is ∼1% or worse.

6.5.1.2 Position Error

The maroon curves show the effect of position error in the image plane in Figure

6.8. The top panel shows the RMS as a function of maximum displacement from

the actual position, and the bottom curve represents the same as a function of the

relative percentage of error. For errors up to ∼ 0.048” (0.1% of the PSF size),

the residual RMS stays well below the signal level, thereby making its detection

feasible. At 1% error (or 0.48” displacement), the RMS residual RMS starts getting

dominated by the residual foregrounds, which again can potentially confuse detection

of the redshifted signal. It is also seen that up to a maximum displacement of ∼

0.048”, the error remains below the thermal noise level for 4-hour observation (orange

line), again emphasizing for a sufficiently large integration time, observations would

be systematics limited rather than noise limited.

In Figure 6.10, the residual power for position errors with SKA1-Low is shown. The

left panel shows the 2D PS, while the right panel 1D spherically averaged PS. It is

seen for the residual 2D power spectrum that with offsets ≥ 10% of PSF size (i.e.,

40” and above), the residual foregrounds cause leakage into the k-modes outside the

wedge, giving a significantly high amplitude of power. Subsequently, in the case

of the 1D PS, the residual power overrides the signal at all k modes by orders of

magnitude. This is also reflected in the 1D power spectrum. For a position error

of ∼0.1% (i.e., 4”), the signal and the residual foreground powers are at par with

each other. Thus, it can be seen from both the figures that the position accuracy

required is ∼0.01’ to render the signal detectable. Hence in the case of PS estimation,

it can be seen that for achievable positional accuracy at the observing frequency,

the statistical detection of the cosmological signal is possible.
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6.5.2 HERA

HERA is one of the key EoR instruments that has already begun its observation and

has recently provided its first upper limit using the data from the initial observing

phase using 52 antennas [77]. For this work, the entire 350 antenna configuration

(see Figure 6.2, top right panel) has been used. The effect of errors seen in both

image and PS domain is described below.

6.5.2.1 Calibration Errors

The blue curves in Figure 6.7 show the effect of calibration residuals in the image

plane for HERA. For both the sky models, it is seen that the residual RMS for gain

solutions that have as small as 0.01% and above errors exceeds the signal power

level. Thus, under identical observing conditions and in the presence of similar

errors, SKA1-Low outperforms HERA in terms of calibration error tolerance by an

order of magnitude in the image plane.

The PS for HERA for gain error residuals is shown in Figure 6.11. The left panel is

the 2D PS, while the right panel is the 1D PS. In the k∥- k⊥ plane, the wedge can

be observed in the modes within k⊥ ∼ 0.01 and 0.3 and k∥ ≥ 0.3 are free from very

high amplitude of foregrounds.

The residual 2D PS shows that for calibration errors above ∼0.1%, the foregrounds

power becomes high and starts to dominate at all k modes. This is also evident

from the 1D power spectrum of the calibration residuals (Figure 6.11 right panel),

where it is observed that upto 0.1%, the residual power very slightly deviates from

the signal power. However, for inaccuracies ≥0.1%, the residual power exceeds the

signal by a significant factor, overruling the signal and obscuring it.
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Figure 6.11: Residual power spectrum for gain errors with HERA. (top) 2D PS
of the residual visibilities for calibration errors for 0.001% (top-left), 0.01% (top-
right), 0.1% (bottom-left) & 1.0 % (bottom-right). The solid black line represents
the horizon line, while the dashed black line is the FoV limit. (bottom) Spherically
averaged PS with calibration residuals compared with the signal power and fore-
ground power.The error bars are 3σ uncertainties for the k-bins including sample
variance and thermal noise.
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6.5.2.2 Position Errors

In Figure 6.8, the blue curves represent the residuals of calibration error for synthetic

observations with HERA. In this case, an offset of 0.4” makes the residual RMS low

enough to detect the signal. Hence, for HERA, offsets less than 0.4” are required

for the image RMS to lie below the signal level.

The residual PS for position error residuals for HERA is shown in Figure 6.12. It is

observed from the left panel that for deviations of >1% of the “actual” position, the

power from the residual foregrounds contaminates most of the k-modes, causing the

signal to be obscured. A similar trend is seen in the right panel, where the signal

power spectrum (red curve) is being followed (with slight deviations of a factor of

∼1.3) for position errors up to ∼0.01” (0.1% of PSF size). At 1% of the PSF size

(∼0.1”), the residual power deviates from the signal power at k modes above 0.5

Mpc −1. Above 1% error, the deviations are orders of magnitude higher, which

results in the foreground residuals obscuring the signal.

6.5.3 MWA

The MWA is one of the precursor facilities to the SKA1-Low. In the initial phase of

operation, it consisted of 128 square tiles extended up to ∼3 km. The second phase

of the MWA, after its upgrade, consists of 256 tiles, which spreads out to ∼5 km.

Both the old and the upgraded configurations with all the tiles have been used for

this work. The results for the introduction of the errors as mentioned earlier are

discussed in the following subsections.

6.5.3.1 Calibration Error

Green and magenta curves in Figure 6.7 show the performance of MWA-I and MWA-

256 respectively in the image domain in the presence of residual calibration errors.

For both the cases, RMS corresponding to residuals of 0.01% is below the signal level,
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Figure 6.12: Residual power spectrum for position errors with HERA. (top) 2D
cylindrical averaged power spectra of the residual visibilities for position errors with
0.1% (top-left), 1% (top-right), 10% (bottom-left) & 100 % (bottom-right). The
solid black line represents the horizon line, while the dashed black line is the FoV
limit. (bottom) Spherically averaged PS with position residuals compared with
the signal power and foreground power.The error bars are 3σ uncertainties for the
k-bins including sample variance and thermal noise.
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with values ∼10−1 mJy beam−1. Any algorithm producing inaccuracies greater than

this can cause the residual RMS to override the signal by order of magnitude, thereby

obscuring it. This performance is consistently seen for both configurations.

The PS recovery performance for both MWA configurations is similar, which may

be attributed to the fact that baselines within a maximum of 2 km of the core

are used to determine the power spectrum (baselines of longer lengths are not of

interest for EoR statistics). Figures 6.13 & 6.14 show the PS recovered from the

residual visibility of with calibration error using MWA-I & MWA-256. For both

cases, it is observed from the left panel that for the 2D PS, gain errors beyond

0.1%, the residual foregrounds have power from the wedge leaking into the EoR

window. Thus all the k⊥ and k∥ modes have higher power compared to the signal

power, which implies the signal being obscured. The right hand panel for both

Figures 6.13 & 6.14 show similar trends for the 1D power spectrum. For calibration

inaccuracies ≤ 0.1%, the residual power follows the signal power spectrum within

error bars. This is also evident from the zoomed-in parts of both figures, where it

can be seen that the residuals follow the signal power up to ∼0.01%. Above 0.1%

, the residual foregrounds start to dominate over the signal exceeding the signal in

orders of magnitude, thus obscuring it.

6.5.3.2 Position Error

The green and magenta curves in Figure 6.8 show the residual RMS as a function of

the angular displacement from the actual source position (top panel) and the relative

percentage of error introduced (bottom) for MWA-I & MWA-256, respectively. As

seen from the green curves, in the case of MWA-I, an offset of 1% (or ∼1”) or more

with respect to the actual position results in the residual RMS level exceeding the

signal level, thereby obscuring it. Similarly, for the magenta curve, i.e., MWA-256,

the residuals lie within the signal level up to an offset of ∼ 0.1”, beyond which it
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Figure 6.13: Residual power spectrum for gain errors with MWA Phase I. (top)
2D PS of the residual visibilities for calibration errors for 0.001% (top-left), 0.01%
(top-right), 0.1% (bottom-left) & 1.0 % (bottom-right). The solid black line rep-
resents the horizon line, while the dashed black line is the FoV limit. (bottom)
Spherically averaged PS with calibration residuals compared with the signal power
and foreground power.The error bars are 3σ uncertainties for the k-bins including
sample variance and thermal noise.
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Figure 6.14: Residual power spectrum for gain errors with MWA-256. (top) 2D PS
of the residual visibilities for calibration errors for 0.001% (top-left), 0.01% (top-
right), 0.1% (bottom-left) & 1.0 % (bottom-right). The solid black line represents
the horizon line, while the dashed black line is the FoV limit. (bottom) Spherically
averaged PS with calibration residuals compared with the signal power and fore-
ground power. The error bars are 3σ uncertainties for the k-bins including sample
variance and thermal noise.
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exceeds the signal level and the thermal noise level for SKA1-Low, thereby rendering

the signal undetectable.

The residual PS for MWA configurations in the presence of position error are shown

in Figures 6.15 & 6.16 - the left panel is the cylindrical PS, and the right panel is the

spherical PS. As in the case of calibration errors, there is no significant difference

between the two MWA configurations. From both the figures, it can be seen that in

the entire k∥-k⊥ plane, the residual power has a higher magnitude than signal power

at position error ≥1% (i.e., displacement ⪆0.1’). From the 1D PS (right panel of

both figures), it is can likewise be observed that at 1% error (cyan curve), the power

spectrum of residual visibility starts deviating from the signal level (the residuals

below this value follows the signal exactly). This implies that position accuracy

better than 0.1” is required to detect the redshifted 21-cm signal from the EoR.

6.5.4 Discussion

After comparing the performances of the arrays considered here in terms of both

imaging and statistics (power spectrum), the following has been noted:

• In the presence of residual calibration error, it is seen that for SKA1-Low, in-

accuracies of 0.001%, there is sufficient DR in the image (∼106) to detect the

signal in the image domain. A careful inspection also reveals that for SKA1-

Low, up to an error of ∼0.07%, the residual RMS, though above the signal

level, is below the daily 4-hour thermal noise level (orange line). The obser-

vations targeting EoR signal are expected to be systematics limited (rather

than thermal noise limited). Since the systematics are expected to be un-

related from day to day, reducing them becomes more critical than thermal

noise. From this consideration, these simulations suggest that the image plane

performance of SKA-1 Low is marginally better than the other arrays with

identical observing strategy. However, it is worth mentioning that these sim-
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Figure 6.15: Residual power spectrum for position errors with MWA Phase I. (top)
2D PS of the residual visibilities for position errors for 0.01% (top-left), 0.1% (top-
right), 1.0% (bottom-left) & 10.0 % (bottom-right). The solid black line represents
the horizon line, while the dashed black line is the FoV limit. (bottom) Spherically
averaged PS with position error residuals compared with the signal power and fore-
ground power. The error bars are 3σ uncertainties for the k-bins including sample
variance and thermal noise.
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Figure 6.16: Residual power spectrum for position errors with MWA-256. (top)
2D PS of the residual visibilities for position errors for 0.01% (top-left), 0.1% (top-
right), 1.0% (bottom-left) & 10.0 % (bottom-right). The solid black line represents
the horizon line, while the dashed black line is the FoV limit. (bottom) Spherically
averaged PS with position error residuals compared with the signal power and fore-
ground power.The error bars are 3σ uncertainties for the k-bins including sample
variance and thermal noise.
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ulations do not consider thermal noise. The noise for MWA is theoretically

expected to be much higher compared to the other configurations under iden-

tical observation conditions. Nevertheless, detailed image plane analysis in the

presence of noise will be pursued in future works.

• In the presence of position error, the accuracy of the order of ⪆0.5” is required.

At displacement 5” or more, the residual RMS lies above both the signal and

4-hour thermal noise level (orange line). This is consistently observed for all

four array configurations. This level of astrometric precision is in principle

achievable for observations using the SKA-1. Recent results from LOFAR and

MWA show an astrometric accuracy of ∼1” (for example, the LoTSS survey

between 120–168 MHz [201] and the GLEAM survey between 70-231 MHz

[134, 391]). Thus it is expected that the SKA-1, with improved sensitivity,

should be able to produce sufficiently accurate sky models.

• For PS estimation, it is seen that residual calibration error causes the EoR

window to get contaminated significantly for inaccuracies above 0.1%. This

trend is almost consistent in all the arrays considered and reflected in the

spherically averaged PS. It is observed for the 1D PS that the power spectrum

follows the signal reasonably well for errors below 0.1%. After that, the residual

amplitude in the k⊥ - k∥ plane starts exceeding the signal level. In the 1D PS,

this manifests as deviation from the signal power at 0.1% and above errors.

• From the PS estimates, it is seen that the residual calibration error causes

significant contamination of the EoR window with calibration errors of ∼0.1%

and above. Below this value, the residual PS follow the “observed” signal

power, and hence can be considered as the tolerance threshold for calibration

errors.

• Residual PS in the presence of position error shows that for reasonably accu-
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rate astrometry, i.e., for a maximum position offset ∼0.5”, the residual power

follows the signal power. Position offset of 5” appears to be the threshold

for tolerance, with some k modes lying within the signal uncertainty limits.

Thus, it can be concluded that 5” is the optimal tolerance for position error.

Here, it should be reemphasized that the sky model used for data calibration

is expected to be derived from higher-resolution observations. If they are not

sufficiently accurate, the errors propagating into subsequent analyses would

potentially confuse signal detection.

• For the signal detection in PS domain, these simulations do not distinctly

favour any of the four array configurations. However, it should be pointed out

that these analyses are done under some very simplistic assumptions. In order

to compare performances under even more realistic conditions, future works

will explore various unavoidable systematics that can hamper observations

targeting the redshifted 21-cm signal from CD/EoR.

6.6 Influence of Array Specific Parameters on Cal-
ibration and Position Error

This work considers the effects of residual calibration error and position error on

the extraction of the 21-cm signal for four distinct array configurations. However, a

detailed study of the influence of different array-specific parameters on the system-

atics considered here is beyond the scope of the present study. Nevertheless, this

section briefly discusses a few parameters that vary across arrays depending on their

location and specifications.

With diameters of 40m, 14m, and 4m for SKA-1 Low, HERA, and MWA, the FoV

is ∼ 3◦, 8◦ and 30◦ respectively at 142 MHz. A larger FoV implies observation of a

greater number of sources. Thus, an observation incorporating a large FoV results

in more robust foreground statistics like source counts, clustering, etc. Such robust



6.6. Influence of Array Specific Parameters on Calibration and Position Error 165

statistics are required for precision foreground modelling and removal. However, a

larger FoV can result in the inclusion of bright sources in the telescope primary beam.

Presence of extremely bright objects like the A-Team sources [134] in the southern

sky and Cassiopeia A and Cygnus A in the northern sky hinder data calibration.

Thus they need to be removed very carefully from the data [65]. A larger FoV may

also result in inclusion nearby bright sources in the side lobes of the telescope beam.

Their presence increase the already difficult problem of modelling and removal of

foregrounds from EoR data. Additionally, any residual bright artifact generated

by such sources can also obscure the 21-cm signal. Thus, the different FoV of the

different arrays considered here provide both advantages and disadvantages.

Different FoV are also affected differently by ionospheric errors. The earth’s iono-

sphere introduces phase corruptions to extragalactic signals at low frequencies (≲1 GHz).

These effects are “directional”, meaning they vary across different directions, causing

an apparent shift of sources from their original positions by introducing additional

phases. [392] provided a description of the different regimes for performing iono-

spheric phase calibration, based on the observing FoV along with baseline lengths

and irregularity size9. Variable ionospheric conditions can affect the arrays consid-

ered here differently [163, 392, 393]. The compact array layout combined with the

large beam size makes MWA fall on a calibration regime where there it is suscep-

tible to having additional phases in the residuals due to ionosphere. This increases

the probability of higher residual errors, even after self-calibration. The ionosphere-

induced calibration inaccuracy in MWA EoR data was reported in [361] and [65]

used ionospheric metric to find usable data for providing upper limits on the EoR

PS. SKA-1 Low will be situated near the present MWA site and will face similar

ionospheric conditions. However, each SKA station is projected to have a diameter

of ∼40 m, making its FoV smaller than the MWA at a similar frequency. Thus, it

9[392] designated the different regimes of calibration as regimes 1, 2, 3 and 4. The interested
readers are directed to Figure 1 of the same.



166 Chapter 6. Simulating Effects of Systematic Errors on EoR Observations

will fall in a different calibration regime of [392], where the smaller primary beam

(i.e. FoV) is expected to introduce lesser ionospheric phase errors. For HERA, both

the ionospheric conditions and FoV are different from SKA-1 Low and MWA, owing

to its completely different location and dish diameter. However, a detailed study

for HERA has not been done, and the analysis by [77] also does not consider any

directional effects. Sensitive observations like those targeting the detection of the

EoR need to understand the local ionosphere and calibrate its effects. But a detailed

study into these effects is beyond the scope of the present work and is deferred till

future works.

The baseline distribution as well minimum and maximum lengths of baselines also

vary across arrays. The EoR signal is most sensitive at large angular scales and thus

shorter baselines. The smallest k⊥ mode accessible by an array is also determined

by the minimum baseline length present. The arrays considered here have differ-

ent baseline lengths and distributions. [351] showed that the chromaticity increases

with baseline lengths, causing longer baselines to have chromatic gain errors. So

applying gain solutions to the shorter baselines mixes the contamination from the

longer baselines to the shorter ones, which contaminates the EoR window. Thus,

they suggest up-weighting the shorter baselines compared to the longer ones. [351]

also suggest that sky-based EoR experiments use short baselines to calibrate data

used for PS estimation to prevent signal loss due to directional effects. Here, “short

baselines” is a relative term depending on the array layout and the exact length (for

example, ∼42 m for SKA and ∼7 m for MWA) should not matter. Longer baselines

are essential for producing point source models for sky-based calibration. The recent

MWA Long Baseline Epoch of Reionisation Survey (LoBES) [202] produced cata-

logues with better angular resolution than previous ones, which successfully removed

foreground power from smaller angular scales. So it is evident that for successful

detection of EoR PS, both long and short baselines are required for the best possible



6.6. Influence of Array Specific Parameters on Calibration and Position Error 167

data processing.

The observing strategy also varies across arrays and is governed to a large extent

by the actual physical properties of the dishes/tiles that make up the array. Most

interferometers that are currently operational use tracking scans, i.e., tracks the

phase center throughout the observation. Conversely, HERA is a drift scan array,

meaning it does not track the sources but instead allows the sky to drift across its

beam [101]. The feasibility of doing drift scan observations for EoR PS estimation

with the MWA has also been explored [394, 395]. The biggest advantage of drift

scans is that the beam is not steered to track the source, thus providing better

instrumental stability. Stable instruments are extremely important for sensitive

observations targeting EoR signal. [394] used MWA EoR experiment specifications

to show that drift scans produce slightly lower uncertainties in the signal power and

slightly higher SNR for the 1D PS compared to tracked observations. Simulations

from [394] also show that drift scans perform better in terms of reducing cosmic

variance, thus providing better sensitivity at low k modes. But higher k modes for

these observations are thermal noise dominated causing greater uncertainties due to

the reduced coherence and subsequent increase in thermal noise.

A major challenge for drift scan observations is finding suitable calibrator sources

to perform sky-based calibrations [396]. Thus, HERA has targeted to replace sky-

based techniques with redundant calibration methods. MWA Phase 2 layout also has

many redundant baselines for EoR observations. Still, both HERA and MWA use

sky-based calibration at some point. The HERA team uses a final step of absolute

calibration for breaking degeneracies of redundant calibration [77, 397]. They build

their models using bright sources from the GLEAM catalogue that coincides with

the HERA track [77,396]. If such sources are not available, then calibration for drift

scan observation constitutes a problem. It was also shown in [373,396,397] that the

redundant calibration technique works only for very high redundancy and identical
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primary beam response. This was also seen by the HERA team while calibrating

the observed data (see Section 3.2 of [77]). Since it is impossible to have “perfect”

redundancy, non-redundancies in a real array also lead to calibration errors. Thus,

calibrating a drift scan instrument can be challenging due to the absence of “good”

calibrator sources and imperfect redundancy. This may increase the calibration

error and leak foregrounds into the EoR window. The observation and calibration

strategy for SKA-1 Low is yet to be decided. Thus, it is worthwhile to simulate the

merits and disadvantages of each method for SKA. But it should be reiterated that

such detailed simulations are beyond the scope of the present work and are deferred

till future works.

6.7 Summary and Conclusion

Detection of the redshifted Hi 21-cm signal from the CD to EoR transitions is the

most challenging undertaking for next-generation radio interferometers. The cos-

mological signal is weak, and prone to contamination by astrophysical foregrounds

and instrumental systematics. The actual observations would require thousands of

hours of data, which may be contaminated by improper calibration or position in-

accuracy. Hence,it is extremely important to understand and quantify the effects of

these systematic errors in order to be able to detect the cosmological signal. Hence,

development of an end-to-end pipeline to check the effects of such systematic through

simulations is essential. This work presents an end-to-end pipeline dealing with syn-

thetic radio interferometric observations of the radio sky at low radio frequencies.

The sky model includes the redshifted 21-cm signal and astrophysical foregrounds.

Through various simulations the effects of these systematic errors in the extraction

of the redshifted 21cm power spectrum has been shown. A comparison of results ob-

tained for different array configurations- SKA1-Low, MWA-I, MWA-256, and HERA

has also been demonstrated. The effect of the errors in the image plane detection

of the cosmological signal has also been studied.
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The simulations performed show that the optimal error in the case of calibration

errors is 0.1%, beyond which foreground domination in the residuals overrides the

signal. This translates to a DR ∼105 or higher, which would require unprecedented

precision in the algorithm employed. For the case of PS recovery, the signal is

overridden by residual foregrounds at errors >0.1%. Since the determination of the

signal power spectrum is the primary aim for most interferometers, it can be said

that the target precision for the calibration algorithm used should be of the order

of 0.1% or better.

It is also found that position errors have a significant impact only if the displacement

is ≥ 5”. PS derived from residual visibilities show that the residual power follows

the signal power amplitude if the displacements are below ∼5”, valid for all the

cases considered. Thus it is concluded that for the next generation interferometers,

position errors alone should not be a major systematic limitation upto a reasonable

level. However, it is also important to note that these errors are not removable by

calibration (being inherent in the sky model used in calibration), unless they are

treated carefully, they may become a significant contaminant.

The simulations are done using simplistic assumptions for foregrounds and instru-

ments. For such a scenario, they do not point to a preferred configuration among

the four considered. The optimal tolerance for both calibration and position error

are at a similar level for all four. However, it is seen that in presence of calibration

error, the image plane performance of SKA and the PS performance of MWA-256

is marginally better compared to others. This points to the requirement of more

detailed simulations with effects like primary beam chromaticity to determine the

preferred configuration. It should also be mentioned that for simplicity, the sim-

ulations are noise-free. Hence, the limitations set by thermal noise have not been

considered in the analysis. In our future works, we will incorporate thermal noise

which will result in a more realistic case, to explore their impact on signal recovery.
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Appendix:

The power spectra with the 4 telescope configurations with EN1 as sky model for

0.1% calibration and position errors. The trends observed with actual observed sky

model is consistent with that obtained with a simulated sky model (i.e. T-RECS).

The synthetic visibilities from both sky models show that the in the limit that only

calibration or only position error is present, the optimum error should ideally be

below 0.1% for calibration errors and ∼1” for position.

Figure 6.17: Residual power spectrum with SKA-1 Low using EN1 as foreground
model. top-left 2D PS with 0.1% calibration error and top-right 2D PS with 0.1%
position error. bottom Spherical power spectrum for 0.1% calibration error (green)
and 0.1% position error (blue).

To demonstrate the capability of the pipeline to incorporate any signal model, Figure

6.19 shows the spherically averaged power spectrum for observation using the Sem-

Num model in four cases - observation of pure Hi only (red curve), the observed sky

with signal and foreground (green curve), and residuals with 0.1% calibration errors

(blue curve) and 0.1% position error (black curve). Comparison with the case for
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Figure 6.18: Same as Figure 6.17 using HERA (top left), MWA-I (top right), MWA-
256(bottom)
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Figure 6.19: Spherically averaged power spectrum as observed with SKA1-Low for
signal only (red curve), calibration error residual (blue curve), position error residual
(black curve) and the sky i.e. signal+foreground (green curve).

SKA1-Low (Figures 6.9 and 6.10) shows that the results are consistent with those

obtained for 21cmFAST signal model. This shows, once again the flexibility of the

developed observational simulation pipeline to work with realistic scenarios.
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Chapter 7

Summary and Future Scope

The redshifted Hi 21-cm signal is one of the most reliable observational probes of the

Epoch of Reionization but affected by orders of magnitude brighter astrophysical

foregrounds and instrumental systematics. Both these sources of contamination

need careful treatment for extracting the target from the observed data sets.

7.1 Summary

This thesis uses radio interferometers to characterize foreground emissions and quan-

tify systematic error tolerance for EoR observations. Foregrounds and systematic

errors have been studied using actual observations and state-of-the-art simulations.

Observed data from the GMRT is used to characterize foregrounds in the extra-

galactic deep field called the Lockman Hole observed at 325 MHz. Point sources

up to sub-mJy fluxes have been catalogued, and the obtained source counts agree

with previous observations. The analysis also suggests that the diffuse galactic syn-

chrotron emission must be dealt with very carefully, even for locations far away from

the galactic plane (where synchrotron is the brightest).

Clustering of extragalactic sources has also been studied for aiding the development

of precise foreground models. Radio sources were divided into AGNs and SFGs

populations based on radio luminosity. The bias parameter of different source pop-

174
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ulations shows a discrepancy for the dark matter halo mass for SFGs with respect

to the SKADS simulation. This trend for SKADS is also seen when compared to

other observations. It shows that existing point source models must incorporate

more observational data to provide a realistic model for their evolution.

Systematic errors left in residual data after foreground removal are also potential

contaminants of the EoR signal. These can vary depending on the observing condi-

tions, but the underlying effect remains the same. Thus, simulations have been done

to study the effects of two systematics - calibration and position errors. It is seen

that EoR data sets require extremely accurate calibration algorithms (with error

tolerance of ∼ 0.01%) and foreground estimates (position offset tolerance of ⪅ 5”)

for extracting the target signal. This work has also led to developing an end-to-end

pipeline for simulating interferometric observations under realistic conditions. This

pipeline will help study different systematics and is extremely useful for predicting

the performance of the SKA.

7.2 Future Scope

The interferometric detection of the Hi 21-cm signal from EoR is a frontier of modern

observational cosmology. Beyond the the statistics of the foregrounds and tolerance

towards systematics done for this thesis, there are still prospects for further devel-

opment. Some of the possible extensions of this thesis are as follows:

• The observations used here, though widefield, do not probe the very faint flux

density sources. Foreground modeling requires spatial and spectral behavior

of the foreground emissions to be characterized at the sub-mJy level (at a

frequency of a few hundreds of MHz) -achievable with deeper observations

over a wider bandwidths.

• Foreground studies with similar data sets as the one used for this thesis (and
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also using deeper observations) needs to be performed for other deep fields like

Boötes, COSMOS, XMM-LSS to obtain insights into variation of foregrounds

along different lines of sight.

• Observations using the frequency band used here will also be useful for char-

acterizing the ionospheric contributions to the overall systematics for any sen-

sitive radio observations. At these low frequencies, the first order effects of

ionospheric perturbations cause shifts in the apparent source positions in the

image. For example, for the 30KM baseline of GMRT, ionospheric distortions

caused by the a 0.05 TECU variations in the ionospheric electron content shifts

the apparent source position by ∼1” at 325 MHz (or as high as ∼6” at 150

MHz). Additionally, if there is significant higher order contributions, sources

can even become distorted or disappear completely. For CD/EoR observa-

tions, propagation of even the first order errors can lead to the original signals

being obscured.

• The clustering study done here has a fixed power law index of 1.8, (which is

the average value estimated in most studies) due to the sample size. However,

with larger number of samples, the power law index can be also be left as

a free parameter, and comparison can be done to test the robustness of the

slope assumed. Thus, such studies with deeper observations will provide more

insights into clustering behaviour of extragalactic sources and if the power law

slopes are consistent everywhere.

• The simulation pipeline developed here from scratch, can be extended to han-

dle diffuse galactic emissions. Additionally, the simulations consider no pri-

mary beam effects and the field of is restricted to 4◦, which is smaller than

the primary beam of both HERA and MWA. Thus, a study on the effect of

the different primary beam characteristics of different telescopes on the 21-cm
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signal recovery can also be done. Particularly, since the extent of the wedge

is determined by sources at large angular separations from the phase center,

effect of larger beam-sizes on the signal recovery can be also be studied.

• In its current form, the pipeline can also be used to study the effects of

ionospheric perturbations, i.e. direction-dependent effects on sensitive low-

frequency observations.

• The influence of thermal noise has not been considered in the study done for

this thesis. Figure 7.1 shows the relative thermal noise levels for a 4 hour track

using SKA-1 Low, HERA, MWA Phase-1, MWA Phase-2 (calculated using

Equation 6.6). It can be seen that even for a constant system temperature,

the interplay of the number of dishes/stations and the effective collecting area

causes drastic variations in the thermal noise levels. Consequently, the effect

on signal recovery across different configurations is important to consider.

The above are just a few possible extensions of the current thesis. This thesis, in

conjunction with [5] has laid the ground work for foreground studies at the 150 MHz

band. Data from the uGMRT Band-2 (150 MHz) is now being analysed to extend

the study of foregrounds. Sensitive observations using imperfect instruments require

careful mitigation of the effects influencing the actual science. The simulations done

here can thus be extended to incorporate not only more realistic systematics, but

signal and foreground models for more robust predictions. Hence, there is a lot

of scope beyond the cases mentioned above for extending the work presented here,

especially with the initial phase of the Square Kilometer Array being on track to

start observing soon!
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Thermal Noise (HERA)

Thermal Noise (MWA Phase-2)

Thermal Noise (MWA Phase-1)

Thermal Noise (HERA)

Thermal Noise (MWA Phase-2)

Thermal Noise (MWA Phase-1)

Figure 7.1: Thermal noise levels for a 4 hour track of the telescopes over-plotted
with the residual image RMS for calibration (left) and position (right) errors. The
expected 21-cm signal level and the used are plotted for reference.
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G., Conway, J. E., Enßlin, T., Engels, D., Falcke, H., Ferrari, C., Haverkorn,

M., Jackson, N., Jarvis, M. J., Kapińska, A. D., Mahony, E. K., Miley, G. K.,
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D. C., Kapińska, A. D., Kaplan, D. L., Kasper, J. C., Kim, H. -S., Kratzenberg,

E., Line, J., Loeb, A., Lonsdale, C. J., Lynch, M. J., McKinley, B., McWhirter,

S. R., Mitchell, D. A., Morales, M. F., Morgan, E., Morgan, J., Murphy, T.,

Neben, A. R., Oberoi, D., Offringa, A. R., Ord, S. M., Paul, S., Pindor, B.,

Pober, J. C.,Prabu, T., Procopio, P., Riding, J., Rogers, A. E. E., Roshi, A.,

Udaya Shankar, N., Sethi, S. K., Srivani, K. S., Staveley-Smith, L., Subrah-

manyan, R., Sullivan, I. S., Tegmark, M., Thyagarajan, N., Tingay, S. J., Trott,

C., Waterson, M., Wayth, R. B., Webster, R. L., Whitney, A. R., Williams, A.,

Williams, C. L., Wu, C., Wyithe, J. S. B., Zheng, Q. (2016,), Low-frequency

Observations of Linearly Polarized Structures in the Interstellar Medium near

the South Galactic Pole, ApJ 830, 38 (DOI: 10.3847/0004-637X/830/1/38)



References 35

[205] Hardcastle, M. J., Croston, J. H. (2020), Radio galaxies and feedback from

AGN jets, New AR 88, (DOI: 10.1016/j.newar.2020.101539)

[206] Mandal, S., Prandoni, I., Hardcastle, M. J., Shimwell, T. W., Intema, H. T.,

Tasse, C., van Weeren, R. J., Algera, H., Emig, K. L., Röttgering, H. J. A.,
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White, G.J. (2018), LOFAR-Boötes: properties of high- and low-excitation

radio galaxies at 0.5 < z < 2.0, MNRAS 475, 3429 (DOI: 10.1093/mnras/sty026)

[228] Press, W. H., Schechter, P. (1974), Formation of Galaxies and Clusters

of Galaxies by Self-Similar Gravitational Condensation, ApJ 187, 425 (DOI:

10.1086/152650)

[229] Lacey, C., Cole, S. (1993), Merger rates in hierarchical models of galaxy for-

mation, MNRAS 262, 627, (DOI: 10.1093/mnras/262.3.627)

[230] Lacey, C., Cole, S. (1994), Merger Rates in Hierarchical Models of Galaxy

Formation - Part Two - Comparison with N-Body Simulations, MNRAS 271,

676 (DOI: 10.1093/mnras/271.3.676)

[231] Sheth, R. K., Tormen, G. (1999), Large-scale bias and the peak background

split, MNRAS 308, 119 (DOI: 10.1046/j.1365-8711.1999.02692.x)

[232] Peebles, P. J. E. (1980), The large-scale structure of the universe Princeton

University Press

[233] Peacock, J. A., Cole, S., Norberg, P., Baugh, C.M., Bland-Hawthorn, J.,

Bridges, T., Cannon, R.D., Colless, M., Collins, C., Couch, W., Dalton,

G., Deeley, K., De Propris, R., Driver, S.P., Efstathiou, G., Ellis, R.S.,

Frenk, C.S., Glazebrook, K., Jackson, C., Lahav, O., Lewis, I., Lums-

den, S., Maddox, S., Percival, W.J., Peterson, B.A., Price, I., Sutherland,



References 39

W., Taylor, K. (2001), A measurement of the cosmological mass density

from clustering in the 2dF Galaxy Redshift Survey, Nature 410, 169 (URL:

https://ui.adsabs.harvard.edu/abs/2001Natur.410..169P)

[234] Percival, W. J., Baugh, C.M., Bland-Hawthorn, J., Bridges, T., Cannon, R.,

Cole, S., Colless, M., Collins, C., Couch, W., Dalton, G., De Propris, R.,

Driver, S.P., Efstathiou, G., Ellis, R.S., Frenk, C. S., Glazebrook, K., Jackson,

C., Lahav, O., Lewis, I., Lumsden, S., Maddox, S., Moody, S., Norberg, P.,

Peacock, J.A., Peterson, B.A., Sutherland, W., Taylor, K. (2001), The 2dF

Galaxy Redshift Survey: the power spectrum and the matter content of the

Universe, MNRAS 327, 1297, (DOI: 10.1046/j.1365-8711.2001.04827.x)

[235] Norberg, P., Baugh, C.M., Hawkins, E., Maddox, S., Peacock, J.A., Cole,

S., Frenk, C.S., Bland-Hawthorn, J., Bridges, T., Cannon, R., Colless, M.,

Collins, C., Couch, W., Dalton, G., De Propris, R., Driver, S.P., Efstathiou,

G., Ellis, R.S., Glazebrook, K., Jackson, C., Lahav, O., Lewis, I., Lumsden,

S., Madgwick, D., Peterson, B.A., Sutherland, W., Taylor, K. (2001), The 2dF

Galaxy Redshift Survey: luminosity dependence of galaxy clustering, MNRAS

328, 64 (DOI: 10.1046/j.1365-8711.2001.04839.x)

[236] Eisenstein, D. J., Zehavi, I., Hogg, D.W., Scoccimarro, R., Blanton, M.R.,

Nichol, RC., Scranton, R, Seo, H., Tegmark, M., Zheng, Z., Anderson, S.F.,

Annis, J., Bahcall, N., Brinkmann, J., Burles, S., Castander, F.J., Connolly, A.,

Csabai, I., Doi, M., Fukugita, M., Frieman, J.A., Glazebrook, K., Gunn, J.E.,
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J., Shimwell, T., Tasse, C., Williams, W.L. (2018) LOFAR/H-ATLAS: the

low-frequency radio luminosity-star formation rate relation, MNRAS 475, 3010

(DOI: 10.1093/mnras/sty016)

[257] Magliocchetti, M., Popesso, P., Brusa, M., Salvato, M., Laigle, C., Mc-

Cracken, H. J., Ilbert, O. (2017) The clustering properties of radio-selected

AGN and star-forming galaxies up to redshifts z ∼ 3, MNRAS 464, 3271 (DOI:

10.1093/mnras/stw2541)

[258] Chakraborty, A., Dutta, P., Datta, A., Roy, N. (2020), The study of the an-

gular and spatial distribution of radio-selected AGNs and star-forming galaxies

in the ELAIS N1 field, MNRAS 494, 3392 (DOI: 10.1093/mnras/staa945)

[259] Camera, S., Santos, M.G., Bacon, D.J., Jarvis, M.J., McAlpine, K., Norris,
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