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ABSTRACT

The GAMA-23 field is a promising region for studying the Epoch of
Reionization (EoR), a key phase in the evolution of the Universe when the
first luminous sources ionized the intergalactic medium (IGM). Thanks to
its extensive multi-wavelength coverage and accessibility to low-frequency
radio observations, GAMA-23 allows for detailed investigations of the 21
cm signal, which traces neutral hydrogen in the early Universe. In this
thesis, we used data from the upgraded Giant Metrewave Radio Telescope
(uGMRT) in Band-2 (120-250 MHz) to detect faint radio signals and im-
prove our understanding of ionization and galaxy formation during cosmic
history.

Due to heavy radio frequency interference (RFI) caused by the low
elevation of the source from the GMRT site, the legacy GMRT software
backend (GSB) data was unusable. Instead, we used data from the GMRT
Wideband Backend (GWB), which we split into sub-bands and processed
using the SPAM pipeline. SPAM includes both direction-independent and
direction-dependent calibration, and it corrects for ionospheric phase errors
using the peeling technique. A TGSS-based sky model was used as a refer-
ence during the calibration. After calibrating the individual sub-bands, we
used WSClean for wideband imaging, which resulted in a high-resolution
image with an off-source RMS noise of 316 wJy/beam and a resolution of
15.357x 8.22”.

We then performed source detection and created a source catalog, which
was cross-matched with several existing radio surveys (TGSS, NVSS, SUMSS,
RACS, and GLEAM) to check for positional accuracy and flux consistency.
The comparison showed good agreement with previous surveys, indicating
that our calibration and imaging were successful. We also calculated differ-
ential source counts at 183 MHz, correcting for false detections and incom-
pleteness using simulations. The source counts match well with predictions
from models like S3-SKADS and T-RECS, as well as previous observational
results. Overall, the results of this work add to our understanding of faint
radio sources, star formation, and the evolution of galaxies in the early Uni-

VErse.
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Chapter 1

Introduction

1.1 Radio Astronomy

Radio astronomy began when Karl Jansky, who was employed by the Bell
Telephone Laboratories, conducted his experiment. He conducted the ex-
periment to find a way to detect far-off thunderstorm static, which interfered
with telephone connections. During the experiment, Jansky identified three
types of static: one from local thunderstorms, another from tropical thun-
derstorms, and a third from a completely unknown source. The latter source
changed its position over a 24-hour period, moving through all compass di-
rections. After ruling out the Sun as the cause, Jansky concluded that the
source of the radiation was located beyond our solar system. He identified
it as being at the center of the Milky Way galaxy and speculated that the

radiation might be coming from interstellar material.

Every celestial body emits electromagnetic waves; however, Earth’s at-
mosphere is opaque to wavelengths shorter than ultraviolet, and shorter
wavelengths are much more susceptible to atmospheric attenuation, which

leaves radio waves an excellent candidate for terrestrial-based astronomy.

Radio waves can penetrate dense gas clouds that block visible light and
other shorter wavelengths. These clouds often obscure regions of space
where stars are forming or where galaxies and other celestial structures are
hidden. Since radio waves can travel through such obstacles with minimal
attenuation, they allow astronomers to study the interiors of star-forming

regions, observe the structure of distant galaxies, and even map the cosmic



microwave background.
There are two types of radio radiation:

* Continuum Radiation: These emissions cover a broad range of wave-
lengths and can be detected at any wavelength. They can be either
thermal (e.g., blackbody radiation) or non-thermal (e.g., bremsstrahlung,

synchrotron radiation)

* Line Radiation: These originate from transitions within atoms and
molecules and can only be detected using a narrow band about a par-
ticular frequency. They can be detected both in absorption and emis-

sion, e.g., in the H21 cm line.

The following are some of the physical origins of radio radiation ob-

served in astronomical sources:

* Thermal Radiation (Blackbody Radiation): These are the emis-
sions caused by the thermal energy of a body. e.g., stars, nebulae, or

accretion disks.

* Non-Thermal Radiation (Bremsstrahlung): These emissions are

caused by the deceleration of high-energy electrons

* Synchrotron Radiation: These emissions are caused by the acceler-
ation of relativistic electrons under the influence of a magnetic field.
These are typically observed in pulsars, active galactic nuclei (AGN),

and radio galaxies.

* Compton Scattering: These are caused by the scattering of high-
energy electrons and low-energy photons, which increases the energy

and, thereby, frequency of the photons.

* Spectral-Line Absorption: Absorption lines seen against a back-

ground of continuum emission (e.g., HI region)

* Spectral-Line Emission: Line emissions produced from the transi-

tion in atoms or molecules.



1.1.1 Radio Telescopes

Radio telescopes are used to collect the incoming radio waves and convert
them into an electrical signal, which can be used for further analysis. They
consist of an antenna that collects the radio signal and a receiver for pro-

cessing the signal.

incoming radio waves
from distant celestial radio source

computer and
recording devices

X subreflector
\
R

primary parabolic
reflector surface
(dish)

b(C] a,' e,
cables (for carrying the signal to
the control room for processing) receiver and
o / ‘ amplifier

@ 2010 Encyclop dia Britannica, Inc.

Figure 1.1: A basic dish radio telescope. The parabolic dish collects radio waves and
reflects them to a focal point, where a receiver detects and amplifies the signal for further

analysis. Credit: Britannica encyclopedia


https://cdn.britannica.com/34/4634-050-DA53D88D/Radio-telescope-system.jpg

The basic components of a radio telescope are explained below:

* Antenna: The antenna takes the radio waves and converts them into
electrical signals. An antenna in its basic form is just a conductor be-
ing bombarded with electromagnetic waves; the electromagnetic field
in the electromagnetic waves causes the electrons in the conductor to
move, producing an electrical current. There are many kinds of an-

tennas used, such as parabolic, monopole, dipole, horn antenna, etc.

* Data Processing: The incoming weak electrical signal is amplified
using a Low Noise Amplifier, and then the signal is passed through
a mixer, which lowers the frequency of the signal so that it can be

processed further.

1.1.2 Interferometry

The resolving power of a single dish is given by:

Where:
* 0 is the angular resolution (in radians),
* A is the observed wavelength,

¢ D is the diameter of the dish.

At 21 cm, the size of the dish required for a resolution of 1 arc minute,
a dish of 721 m in diameter is required, which is physically impractical.
Therefore, a number of antennas are combined in an array to synthesize a
telescope with a larger aperture; this is known as aperture synthesis. Due
to the different points of view of different antennas and their different posi-
tions compared to the source, each signal is phase-shifted. When the signals
from a pair of antennas are combined, a fringe pattern is obtained due to
interference. This fringe pattern is equivalent to a Fourier component of the

source. By combining more of these fringe patterns, we can get the image
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of the source. As the earth rotates, the position of the antennas changes
with respect to the source, thereby giving more fringe patterns, increasing
our coverage of the Fourier plane, and increasing the image quality; this is
known as rotation synthesis.

For an interferometer array, the resolving power depends on the maxi-

mum baseline length B between antennas:

Here, B can be much larger than the diameter of any individual dish, en-

abling far greater resolution than a single-dish telescope.

1.2 The Giant Meter Radio Telescope (GMRT)

The Giant Meter Radio Telescope (GMRT) is one of the world’s largest
and most sensitive operational low-frequency radio telescopes. It comprises
30 antennas spread out over a 25-kilometer radius, each with a 45-meter
diameter. At meter wavelengths, this arrangement provides a total collecting
area of around 30,000 square meters and attains an angular precision of
about one arc second. The central region comprises 12 of the 30 dishes in
a 1x1 sq. km area, and the rest are scattered in *Y’ shaped arms, as can
be seen in Figure 1.2. Legacy GMRT could be observed in a frequency
band of 130-170 MHz, 225-245 MHz, 300-360 MHz, 580-660 MHz, and
1000-1450 MHz.

GMRT has been upgraded to improve the antenna’s sensitivity by a fac-
tor of up to three and to keep it relevant in the SKA era. The upgraded
GMRT achieves seamless frequency coverage and broad bandwidths by im-
plementing feeds and front-end electronics designed to operate across oc-
tave frequency ranges. This has enabled it to be ”the most sensitive inter-
ferometer in the world at frequencies 250-1500 MHz” (9), as can be seen
in Figure 1.4. This capability is further enhanced by a wide-band optical
fiber transmission system, which efficiently transfers radio frequency (RF)
signals from the antennas to the central receiver building. At the central lo-
cation, advanced wide-band analog and digital back-ends support this func-
tionality. The finalized frequency bands for the uGMRT are 50-80 MHz

5



(Band 1), 120-250 MHz (Band 2), 250-500 MHz (Band 3), 550-850 MHz
(Band 4), and 1050-1450 MHz (Band 5) (9).
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GMRT array consisting of 30 antennas and their locations. From Gupta et
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Figure 1.3: Wide bandwidth of GMRT before and after the upgrade. This image is taken
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Figure 1.4: Comparison of current and planned radio interferometers’ continuum sensi-
tivities for a 9-hour on-source integration. The GMRT, VLA, JVLA, uGMRT, LOFAR,
MeerKAT, ASKAP, and SKA-1-Mid sensitivities are displayed by the points. As may be
observed, until Phase-1 of the SKA is implemented, uGMRT is the world’s most sensitive

interferometer at frequencies between 250 and 1500 MHz (9).

1.3 Radio Surveys

The advent of highly sensitive radio telescopes has resulted in several large
area surveys in the different radio bands. Wide area surveys with very high
sensitivities can help uncover different astrophysical processes occurring in
various astrophysical sources. They also help investigate how these sources
are influenced by their environment. They can also help probe the underly-
ing cosmology driving structure formation and evolution in the Universe (2).
The advantages of undertaking radio surveys are faster coverage of large sky
areas and the ability to probe high redshift sources (due to lack of dust atten-
uation). Thus, radio surveys are also crucial for tracing the time evolution of
the different source populations. The large population of sources detected
by the large areas covered in radio surveys helps in statistical quantification
of properties of radio sources—source counts, luminosity functions, clus-

tering, etc. These analyses become helpful in tracing the underlying dark
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matter distribution via comparison with simulations.

In the last few decades, the advent of advanced processing techniques
and the development of highly sensitive instruments have resulted in many
radio surveys by different telescopes. The NVSS and FIRST (3; 4) by VLA
at 1.4 GHz and TGSS by GMRT at 150 MHz are a few surveys by the
previous generation interferometers. Currently, several large area, high sen-
sitivity surveys are being done, mainly by the new telescopes. They include
the LoTSS by LOFAR (5), MIGHTEE by MeerKAT (6), GLEAM by the
MWA (7), EMU, RACS, DINGO, etc by ASKAP (8).

However, a few gaps remain despite the existing data for such surveys.
The biggest problem is the non-overlap of the sky area covered by tele-
scopes located on opposite hemispheres. For instance, the sky observable by
ASKAP is south of 6§ ~ +40°, while for LOFAR, the sensitivity drops sig-
nificantly below 6 ~ —5°. Thus, combining low and high-frequency ends of
the radio bands becomes possible for a very small part of the sky. The target
fields for surveys are generally chosen such that they have multi-frequency
coverage in other frequency bands like optical, IR, X-ray, etc. This helps de-
velop a better understanding of the source characteristics across frequency
and time. For instance, optical observations are useful for studying the time
evolution of sources through redshift information. Observed luminosities of
SFGs in the IR and radio bands show a correlation that is used as a tracer of
star formation activities. These are a few examples showing that observed
data across different frequencies is key to probe deeper into the underlying
processes driving the formation and evolution of different structures in the

Universe.

1.4 TIFR GMRT Sky Survey (TGSS)

The Giant Meter-wave Radio Telescope (GMRT) was utilized to map the
radio sky at 150 MHz between 2010 and 2012. However, the data products
were not initially made publicly accessible. Later, an independent group
reprocessed the TGSS data using the SPAM pipeline, which included im-
provements like corrections for ionospheric phase effects. The revised data

and products, collectively referred to as the TGSS Alternate Data Release
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(ADR), are now publicly available, with detailed descriptions provided in
reference (22).

The TGSS ADR offers several publicly accessible services:

1. TGSS ADR Image Archive: A collection of 5x5 square degree mo-

saic images covering the entire survey region.

2. TGSS ADR Image Cutout Service: Allows users to retrieve images

from any part of the survey region, up to 1x1 square degree in size.

3. TGSS ADR Source Catalogue: Contains data for 0.63 million radio

sources identified across the entire survey area.

The TGSS ADR provides Stokes I continuum images that cover 99.5%
of the radio sky above a declination of —53° (approximately 90% of the
total sky). The images have a resolution of 25” x 25" for the northern sky
(6 > 19°) and 25" x 25" / cos(Dec — 19°) for the southern sky (6 < 19°).
The median noise level is 3.5 mJy/beam, and the source catalog includes
critical data such as positions, flux densities, and sizes, all derived using a

7-sigma peak-to-noise threshold.

75°

15°

-15°

-75°

|

2 3 4 5 6 7
RMS Noise (m)y/beam)

Figure 1.5: RMS noise level map for TGSS in ADR (22).

The upgraded GMRT (uGMRT) significantly enhances the TGSS data

in multiple ways due to improvements in hardware, software, and observa-
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tional capabilities. By utilizing the uGMRT, we can achieve better noise

levels, higher resolution, and deeper probing of the sky:

1. Improved Sensitivity: uGMRT’s enhanced receiver systems and wider
frequency coverage (100 MHz to 1.5 GHz)(9) improve the sensitivity
compared to the legacy GMRT. This allows for the detection of fainter

sources and finer details in radio emissions.

2. Increased Bandwidth: The uGMRT provides a better signal-to-noise
ratio (SNR), allowing for clearer images with reduced noise levels.
This bandwidth increase will improve the overall quality of TGSS-
like surveys by enhancing spectral resolution, which is especially im-

portant for observing sources with complex spectral properties.

3. Better Resolution: The upgraded system enables higher angular res-
olution by increasing the number of antennas, expanding baselines,
and improving frequency coverage. This allows for sharper images,
enabling the resolution of smaller and more distant sources that would

have been previously unresolved by the legacy GMRT.

4. Deeper Sky Probing: The increased sensitivity and better resolution
of uGMRT will allow for deeper probing of the radio sky, making it
possible to detect and study previously undetectable faint sources in

the outer reaches of the observable Universe.

While the TGSS ADR has provided valuable insights into the radio sky,
the transition to the upgraded GMRT opens up new possibilities for improv-
ing the data quality. The uGMRT’s enhanced sensitivity, bandwidth, res-
olution, and calibration techniques will allow for significantly better noise
levels, sharper images, and deeper probing of the sky. This means that the
next generation of surveys, based on uGMRT data, will provide a more de-

tailed, comprehensive, high-fidelity radio universe map.
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Chapter 2

Galaxy and Mass Assembly
(GAMA) Fields

The Galaxy and Mass Assembly (GAMA) Project (11) is a multi-band imag-
ing and spectroscopic survey of five different fields in the southern sky cov-
ering over ~ 286 deg?. The main aim of the survey is to study structures
on scales 1 kpc to 1 Mpc and test the CDM paradigm of structure forma-
tion. The five patches targeted by the GAMA survey—G02, G09, G12,
G15, G23, are located between declination range +2° to —35°. The data
released from the GAMA project consists of spectra, redshifts, photometry,
stellar mass, etc. The GAMA fields are also covered in the radio bands by
GMRT (12). Large radio surveys like NVSS, TGSS, GLEAM, etc., also
cover GAMA regions. Besides radio, surveys are also present in X-ray, IR,
UV, etc. The presence of such a large volume of multi-wavelength data
makes the GAMA survey fields the best candidate fields for detailed extra-

galactic source studies in the southern sky.

2.1 GAMA 23 Field

The GAMA-23 (G23) field is located between 22436m00s < ¢tj2000 < 23h24m00s
and —30° < 82000 < —35°. It covers a ~ 50 deg? patch overlapping with the
VST ATLAS survey area. Hence, optical data from the Kilo-Degree Survey
(KiDS) and VISTA Kilo-degree Infrared Galaxy Survey (VIKINGS) are al-

11



Region | RA range Dec range | Main survey limit
G02 30.2-38.8 | -10.25--3.72 r<19.8
G09 | 129.0-141.0 -2-43 r<19.8
Gl12 | 174.0-186.0 342 r<19.8
G15 | 211.5-2235 -2-43 r<19.8
G23 | 339.0-351.0 -35--30 i<19.2

Table 2.1: GAMA survey regions with RA and Dec ranges and main survey limits.

ready available. The availability of data from a diverse range of telescopes
at different wavelengths makes the G23 field an excellent candidate for ex-
tragalactic studies. G23 is covered by nine different pointings in the TGSS
survey, but the images are severely limited in sensitivity. The observation of
the G23 region with the uGMRT Band-2 (120-250 MHz) will enhance the
sensitivity and will enable us to probe deeper and observe fainter galaxies.
The faint end of the cumulative source counts will help better differentiate
between various radio source populations. Additionally, it will be useful
for studying star formation activity and investigating the evolution of star
formation with cosmic time. These observations, in conjunction with data
from other wavebands, will thus enable a detailed investigation into the as-
trophysical processes involved in the formation and evolution of astrophys-

ical source populations.

12
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Figure 2.1: An image of GAMA 23 field centered at 0000 = 23400m00s and 872000 =
—32°30'00”. This image was obtained from the TGSS Alternative Data Release (22). The

off-source RMS noise value is 3.5 mJy/beam.

2.2 Multi-Wavelength Studies of GAMA-23

A multi-wavelength study of the G23 field was conducted (13) at 936 MHz
and 1320 MHz using ASKAP. The observation covered an area of approxi-
mately 48 deg® at 936 MHz with a synthesized beam of 32.7” x 17.8”, and
39 deg” at 1320 MHz with a synthesized beam of 15.8” x 12.0”. At both
frequencies, the root-mean-square (r.m.s.) noise was around 0.1 mJy/beam.
These radio observations were combined with the GAMA galaxy data to
explore the relationship between radio emission and galaxy properties. Ad-
ditionally, Wide-field Infrared Survey Explorer (WISE) infrared (IR) pho-
tometry was utilized to identify galaxies that host an active galactic nucleus
(AGN).

Some key conclusions from the study include:

* Out of approximately 5800 radio sources, around 1000 were found
to have counterparts in the G23 galaxy catalog, 3000 had WISE IR
counterparts, and 900 had both G23 galaxy and WISE IR counter-

13



parts. A fraction of the radio sources without WISE counterparts may
still host AGN, but these AGN might be too faint to be detected in the
IR band. The radio sources associated with G23 galaxies tend to be
at the high-mass end of the galaxy distribution, typically with masses
greater than 10'°M, (see Figure 2.2).

* Galaxies detected in the radio band are generally more massive and
brighter in the K-band and UV compared to those without radio emis-
sion. This suggests that radio emission from AGN is more pronounced
in more massive galaxies, which also tend to be brighter in the K-
band. Similarly, galaxies with active star formation exhibit stronger

radio emission and enhanced UV emission from young stars.

log(M/Msun)

® full optical sample

® radio counterparts
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
redshift

Figure 2.2: ”Stellar mass in units of log(M /M) vs redshift for the 936 MHz/G23 sources
(red), and for all G23 galaxies (grey). This shows that galaxies with detected radio emission

are mainly galaxies with larger masses” (13).

Another study was conducted by Quici et al. 2020 (14). The study
aimed to identify remnant radio galaxies in the GAMA-23 field using data
from multiple radio telescopes spanning frequencies from 0.1 to 9 GHz. It
focused on an 8.31 deg? subregion of the GAMA-23 field, which offered
rich multi-wavelength coverage. The authors compiled data from several

telescopes, each contributing unique advantages:
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Telescope Survey Date observed | Frequency [MHz] | Bandwidth [MHz] | Noise [mJy beam!]
MWA Phase I | GLEAM SGP | 2013-2015 119 30.72 16.2
MWA Phase I | GLEAM SGP | 2013-2015 154 30.72 9.3
MWA Phase I | GLEAM SGP | 2013-2015 186 30.72 6.7
MWA Phase II | MIDAS ES 2018-2020 216 30.72 0.9
uGMRT - 2016 399 200 0.1
uGMRT TGSS 2010-2012 150 32 35
ASKAP EMU-ES 2019 887.5 288 0.035
VLA NVSS 1993-1996 1400 50 0.45
MeerKAT MeerHOGS 2019 1416.8 200 0.19
ATCA GLASS 2016-2020 5500 2000 0.024
ATCA GLASS 2016-2020 9500 2000 0.04

Table 2.2: Summary of properties of the radio surveys covering GAMA-23 (14).

* Low-Frequency Observations (MWA and ASKAP): These were

used to detect diffuse, low-brightness lobes.

— MWA Phase II (216 MHz) provided high sensitivity to large,

extended structures.

— ASKAP EMU-ES (887 MHz) contributed higher resolution for
analyzing morphology.

* High-Frequency Observations (ATCA): The GLASS survey data
(5.5 GHz and 9 GHz) were used to detect compact features and con-
firm the absence of an active core, which was a key criterion for
identifying remnants. Additional low-resolution ATCA observations
were conducted to mitigate resolution bias and detect low-surface-

brightness emissions.

* Intermediate Frequencies (uGMRT and NVSS): uGMRT (399 MHz)
and NVSS (1.4 GHz) filled gaps in the frequency range, enabling de-

tailed spectral modeling.

* Optical/Near-Infrared Data: Host galaxies were matched using the
VISTA VIKING near-infrared survey and the GAMA photometry cat-
alog, ensuring accurate host identifications and redshift determina-

tions.

GAMA 23 was also observed using the MeerKAT telescope as part of
the MeerHOGS survey at the frequency of 1416.8 MHz, a synthesized beam
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of 34.4” x 34.4”, and an RMS noise value of 0.19 mJy/beam was achieved
(15).
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Chapter 3

Radio Interferometric Data

Analysis

3.1 Measurements from a Radio Interferometer

An interferometer works by sampling the spatial Fourier components of the
far-field radiation pattern and then reconstructing the sky’s intensity distri-
bution through a Fourier transform. Instead of using a continuous aperture,
it employs a discrete set of measurement points (or slits). For each pair
of slits, the instrument calculates the interference wavefront’s amplitude
and phase by correlating the measured electric fields—effectively taking the
product of their complex values.

Each pair of slits captures the spatial Fourier transform of the incoming
radiation at a specific spatial frequency, determined by their separation in
wavelengths. This approach, known as aperture synthesis, allows a sparse
array of detectors to mimic a much larger lens aperture—with the effec-
tive aperture size defined by the maximum distance between any two slits.
Unlike a traditional lens with a continuous aperture, this synthesized aper-
ture consists of a finite number of discrete sampling points, enabling high-
resolution imaging through indirect measurement.

To construct a two-dimensional image of the sky, we must measure the
power of the radiation field emitted by an object across multiple directions,
effectively sampling different regions of the source. A key requirement is

that the source must be spatially incoherent, meaning the radiation from one
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part of the source is uncorrelated with that from any other part. If the source
were spatially coherent, waves from different regions would interfere, and
the measured signal would reflect this interference pattern rather than the
true intensity distribution.

As radiation propagates from the source to the observer, it becomes par-
tially coherent due to the finite angular size of the source. At large distances,
the wavefronts flatten, making it difficult to distinguish emissions from
closely spaced points. The van Cittert-Zernike theorem describes this be-
havior, stating that the spatial coherence of radiation from a distant, spatially
incoherent source is proportional to the Fourier transform of the source’s in-

tensity distribution. Mathematically, this is expressed as:

(BB () o [ LS ™ MaQ=V(n-r2y) G

The electric fields measured at two positions, r; and r», on the aperture
plane are denoted as Ey(r;) and Ey(rp). The visibility V(r; —rp,Vv) is

defined as the time-averaged cross-correlation of these fields:

V(r1—r,v) = (Ev(r1)Ey (r2)), 3.2)

where (-) represents the time average and * denotes complex conjuga-
tion. The visibility is a complex quantity that depends only on the baseline
vector b = r; —r; (the separation between detectors in wavelengths), and
not on their absolute positions. Here, dQ represents the differential solid

angle subtended by the source on the celestial sphere.

3.1.1 Coordinate systems

Visibilities represent the measured correlations from multiple detector pairs
at frequency v. These measurements are combined to reconstruct the inten-
sity distribution at that frequency. The imaging process requires defining
coordinate systems that relate the sky brightness to the synthesized aperture
and detector positions.

Let X¥Z denote the terrestrial coordinate system for antenna locations.
The phase-reference center §y (pointing direction) is specified by declination
0p and hour-angle H.
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The sky brightness distribution I (§) is described in [mi coordinates,
where [, m,n are direction cosines. The phase center corresponds to 54 (0,0, 1),
with off-center points as § = §y + §. The resulting 2D image projects this
distribution onto the /i tangent plane at 5.

The aperture plane (UV) is perpendicular to §y (aligned with W). The
UVW system relates to XY Z through:

u . sinH cosH 0 X
vIi=7 —sindycosH sindysinH  cosdy| |y (3.3)
w cosOygcosH —cosdysinH sindy| |z

Here (x,y,z) are physical coordinates (meters), while (u,v,w) are wavelength-
scaled (A = v/c). Earth rotation causes (u,v) coordinates to trace ellipti-
cal paths. Baseline vectors B(u,v, w) = 7| — F» connect detector positions
7i(ui,vi,w;), with components: u = uy —up, v=vy — vy, W = w| — w».

Since detectors may lie off the aperture plane (w; ## 0), the wavefront
arrival time difference between detectors is: T = b-§y/V = (w; —w2)/V,

which must be corrected prior to correlation.

3.1.2 Delayed correction

Delay correction aligns signals from each detector so that, at any moment,
all detectors sample the wavefront at the aperture plane rather than their
physical positions.

The delay for the detector at 7 equals the signal travel time across 7 -
§o = wi. When & = 90, w; = wy = 0, so both detectors 7|, 7> sample the
same wavefront. For &y # 90, w; and w, typically differ, and 7, 7, sample
the wavefront with time delays 7{ = w;/v and 75 = wy/V relative to the
coordinate origin. Correcting these delays involves sending E (71,7 — 7{) and
E(7,,t — 15) to the correlator. As Earth rotates, continuous correction keeps
the aperture fixed on §y. For an EM-wave from § = §y + S5, the residual

delay after correction is:

—

Tio=b-(§—50)/v=(ul+vm+w(n—1))/v (3.4)

This time delay corresponds to 7> in Eq. 3.1, introducing a phase term

in the measured complex visibility.
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3.2 Imaging

The relation in Eq. 3.1 for a celestial sphere source dQ2 = % becomes:

V(M,V,W) — // I(l7m’n) e—27[i(ul+vm+w(n—l))dldm (35)

n

Here, [/ and m are direction cosines representing coordinates on the tan-
gent plane at §y. For a sky position § = §y + §5, the term (n — 1) accounts for
the distance between the true curved sky and the tangent plane approxima-
tion at §y. The product w(n — 1) represents the w-term, which quantifies the
phase difference due to sky curvature between detectors forming baseline b.
When w(n — 1) # 0, even after delay correction, detectors sample different

wavefront phases, with ¢~ 2Fw(n—1)

acting as a Fresnel propagation kernel
compensating for the Aw(n — 1) path difference.

For imaging regions near the phase center (n ~ 1), the w-term becomes
negligible, reducing Eq. 3.5 to a 2D Fourier transform relation between mu-

tual coherence and source brightness:
V(u,v) = / / I(1,m)e” 2™ m) g1 g (3.6)

This fundamental result, known as the van Cittert-Zernike theorem, de-
fines the visibility function as the 2D Fourier transform of the brightness
distribution. Each baseline measures one complex-valued sample of this
function in the uv-plane, characterizing the interference fringe pattern.

With complete uv-coverage, the brightness distribution could be recov-

ered through the inverse Fourier transform:
I(l,m) = //V(u7v)62m(”l+vm)dudv (3.7)

However, practical interferometers provide only discrete sampling. For
N, antennas, the N, (N, — 1) /2 baselines simultaneously measure spatial fre-
quencies determined by projections of B(u, v,w). This sampling pattern de-

fines the array’s transfer function:
Np

S(u,v) = Z O(u—up)d(v—w) (3.8)
k=1

where N, is the number of unique baselines.
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where £ is an index denoting a measurement from a single baseline, the
spatial frequency plane can be additionally sampled by adjusting antenna
positions relative to the phase-reference center. For ground-based arrays,
Earth’s rotation causes all projected baseline vectors l;§0 to trace elliptical
paths on the spatial frequency plane, gradually filling it. This technique
is called Earth Rotation Aperture Synthesis. As measured spatial frequen-
cies are expressed in wavelength units, observations at multiple frequen-
cies enhance spatial-frequency plane sampling, a method known as Multi-
Frequency Aperture Synthesis. Because spatial frequency measurements
vary with time and observing frequency, data must be acquired with ade-
quate time and spectral resolution to avoid visibility averaging (smearing) in
the spatial frequency domain. This typically produces a uv-plane sampling
pattern dominated by central concentrations, featuring a central gap and di-
minishing outer edges. Here, S(u,Vv) represents the complete set of sampled
spatial frequencies (discretized across baselines, time, and frequency). The
sampling function or uv-coverage S(u,v) determines the imaging character-
istics of the synthesis array. The highest measured spatial frequency sets the
instrument’s angular resolution, while the lowest determines its maximum
detectable spatial scale. The sampling density within this range governs the
array’s inherent sensitivity to different spatial structures.

For an interferometric array with specified uv-coverage, the image pro-
duced by Fourier transforming measured visibilities can be characterized
as follows. The measurement process multiplies the true visibility func-
tion (representing sky brightness) by the instrument’s uv-coverage. The ob-
served visibility becomes Vops(u,v) = S(u,v)V (u,v), and the image formed

through direct Fourier inversion of measurements is expressed as

1°°%(1,m) = //S(u,v)V(u,v)e_zm(”l+vm)dudv 3.9

Per the Fourier convolution theorem, the unprocessed or dirty image
19 (] m) consequently results from convolving the actual sky brightness
I(I,m) with the instrument’s point spread function /P'(1,m), obtained as the

Fourier transform of the uv-coverage.

JOPs — [ 4 pPsf (3.10)
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where

P (1m) = //S(u,v)ezm(”l”m)dudv, (3.11)

Here, * signifies convolution, and the point spread function character-
izes the instrument’s response to a unit-brightness point source at the phase
center (V(u,v) = 1). This represents the image generated when monochro-
matic plane wave radiation arrives from a single sky direction. As the ob-
served image is a convolution of sky brightness with a known instrumental
response, the true sky brightness distribution can be estimated through de-

convolution techniques.

3.3 Calibration

In practice, the visibility measurement equation is adjusted to include antenna-
based complex gain factors d;, which may vary with time, frequency, an-
tenna position, and observing direction. Accounting for these gains, the

measurement equation becomes:

I(l ,
Vij(u,v,w) = //ai(l,m)aj(l,m)Me_zm(”ijlJFViJ""JFWij("—1))dldm7

n
(3.12)

where V;;(u,v,w) represents the visibility function for a baseline formed

by antennas i and j. Estimating these gain factors is known as calibration.
To reconstruct an accurate sky brightness distribution, measured visibili-
ties must first be calibrated to correct for instrumental distortions. Calibra-
tion involves first determining the a; terms using observations of a source
with a known structure, then applying these solutions to remove direction-

independent gain effects from the target source’s visibilities.

3.3.1 Gain Solution

For an observed visibility Vi‘J’.bs between two antennas, the calibration equa-

tion is expressed as:

‘/i(}bs _ aiajfvirjnodel’ (3.13)
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Where \/'l-‘j‘.IOdEI is the visibility derived from a known source model 7™°d¢!,
obtained by computing its spatial Fourier transform and sampling it using

S(u,v). A weighted least-squares solution (24) is obtained by minimizing:

2
Vi(;bs o aiajviljl'mdel , (314)

X’ ZZWU

which directly estimates the antenna-based complex gains. Here, w;;

denotes the visibility weight, given by the inverse noise variance. The gain
corrections for all baselines are derived from the antenna-based solutions
and applied to calibrate the observed visibilities. Note that this formulation

assumes the gain factors are direction-independent.

3.3.2 Standard Calibration

In standard calibration procedures, observations of astronomical sources
with known properties are interleaved with observations of the target source.
These calibrator observations provide reference measurements from which
antenna-based gain solutions can be derived for specific time intervals. The
solutions are then interpolated to the times when the science target was ob-
served and applied to correct its visibilities (23).

The gain solution process typically separates amplitude and phase cor-
rections. Bright, stable sources serve as flux calibrators to determine gain
amplitudes, while sources with precisely known positions act as phase cal-
ibrators to solve for phase variations. The ideal calibrators are point-like
sources exhibiting constant visibility across all measured spatial frequen-
cies, though extended sources with well-characterized structures can also
be employed.

Bandpass calibrators, consisting of sources with flat or well-understood
spectral characteristics, are used to measure frequency-dependent gain vari-
ations. To enhance the signal-to-noise ratio for the gain solutions, visibility
data may be averaged along axes where the solutions are expected to remain
stable. For instance, bandpass calibration frequently employs time-averaged
data since the frequency response typically remains constant over certain
time periods. Subsequent calibration steps address time-variable effects us-
ing these bandpass-corrected measurements, now averaged in frequency to

produce single values per time interval.
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3.3.3 Self Calibration

Since gain solutions for the target source are computed through interpolation
between calibrator scans, any gain variations during target observation re-
main unaccounted for. Self-calibration solves this by using the target source
itself as a calibrator, deriving gain solutions from a model of the source.
This model may come from prior knowledge (such as an existing image) or
be constructed iteratively from the observed data.

In principle, self-calibration (24; 25) is an iterative cycle of calibration
and imaging. It performs 2 minimization in two alternating stages: first op-
timizing the sky model Ly, then solving for the antenna gains [a;’s], while
applying appropriate physical constraints to each.

When a high-fidelity initial sky model exists, self-calibration often con-
verges in one iteration. The specific parameters solved for depend on exter-

nal calibrator availability:

» After standard flux calibration using an external source, phase-only

self-calibration can further refine the solutions.

e For full amplitude-and-phase calibration, where the model and target
amplitudes differ, the gain solutions are normalized to preserve the

overall flux scale.

Without prior source information or external calibrators, the process
begins with a unit-flux point source model at the phase center and unity
antenna gains. Multiple iterations are typically needed for convergence,
though absolute position and flux information may be absorbed into the
gains and lost during correction. This method works best for sources with a

simple spatial structure.

3.3.4 Direction Dependent Calibration

The calibration approach described above is typically called direction-independent
calibration, as it assumes each antenna’s gain solution applies uniformly
across the entire observed sky. This implies the ag; terms in Eqn. 3.10 are
treated as direction-independent. However, at low frequencies, this assump-

tion frequently breaks down due to: (1) primary beam variations across
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Figure 3.1: Steps taken during self-calibration. Credit: NRAO

wide fields of view, (2) frequency-dependent effects, and (3) ionospheric
distortions that vary with position and time (26). These effects necessitate
direction-dependent solutions for the gain terms in Eqn. 3.10.

Precise direction-independent and direction-dependent calibration is crit-
ical for 21 cm observations, particularly before any definitive detection, and
represents a major focus of current research. The observed sky brightness
couples with the time- and frequency-varying primary beam, requiring care-
ful separation of intrinsic sky signals from beam effects. Due to rapidly
changing sidelobe patterns, primary beam variations are most pronounced
away from the pointing center. While the main beam scales smoothly with
wavelength, sidelobe regions exhibit abrupt variations—a source may lie on
a sidelobe peak at one frequency and a null at another. Inaccurate beam
modeling distorts calibration solutions and disrupts foreground frequency
smoothness.

Ionospheric effects present additional low-frequency challenges. This
partially ionized atmospheric layer (50-1000 km altitude) introduces propa-
gation delays proportional to its time-varying electron density. Being inher-
ently direction-dependent, ionospheric distortions require direction-dependent
calibration strategies. The peeling technique addresses this by performing
self-calibration on individual bright sources sequentially—calibrating, sub-
tracting, and replacing each source with a model before proceeding to the

next. Peeling can target all prominent sources or focus selectively on those
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deviating significantly from global solutions, partially accounting for direc-

tional gain variations through discrete directional solutions.

3.4 Data reduction using SPAM

The Peeling and Atmospheric Modeling (SPAM) pipeline was used to cali-
brate the data. SPAM is a fully automated pipeline based on the Astronom-
ical Image Processing System (AIPS) (17). It uses the ParselTongue inter-
face to access AIPS task and files (21). It can do both direction-independent
and direction-dependent calibration. It employs a direction-dependent ap-
proach to iteratively solve for ionospheric phase corrections, thereby ad-
dressing ionospheric phase errors. These errors are likely to persist due
to the low observing frequencies of the current dataset. By modeling and
correcting for ionospheric dispersive delays, SPAM enhances both the back-
ground noise levels and the accuracy of the flux scale.

A brief overview of the data reduction process is provided below:

1. Pre-processing: SPAM initiates by executing instrumental calibra-
tion with the optimal scan of the primary calibrator, subsequently ap-
plying these solutions to calibrate the data. The flux densities of the
primary calibrators are determined according to the flux density scale.
Subsequent to the preliminary RFI identification and the elimination
of erroneous data, both time-dependent complex gain solutions and
time-independent bandpass solutions are calculated for each antenna
and polarization. Furthermore, at this point, the data is temporally
and spectrally averaged to diminish its volume, hence streamlining

later calibration processes.

2. Direction Independent Calibration: This is similar to self calibra-
tion. It employs a sky model to execute self-calibration on the data.
The calibrated visibilities are imaged with wide-field imaging with

Briggs weighting and a robust parameter of -1.

3. Direction-Dependent Calibration: The gain phases and sky model
from the previous step serve as inputs for initiating direction-dependent

calibration. SPAM determines the gain phases by isolating the bright
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sources within the field, known as peeling. The resulting phase cor-
rection factors quantify the ionospheric phase delays, which are then
applied to the previously calibrated data. This process produces visi-
bility corrected for ionospheric phases. At the end of this, the primary

beam-corrected image is obtained.

SPAM can not accommodate the processing of extensive fractional band-

widths (df/f 2 0.2) in a single execution; rather, the bandwidth may be

divided into smaller segments (sub-bands) that can be processed indepen-

dently. When executed individually, the calibrated output visibilities from

the SPAM pipeline across numerous sub-bands can be collectively imaged

using a wideband imager (WSClean) as a concluding procedure.

The following are the steps for using SPAM for wideband :

1. The wideband data is split into smaller frequency chunks (subbands).

The width of the frequency segments is automatically configured to

an appropriate value.

. Each frequency segment is processed independently, analogous to
narrow-band GMRT observations. Subsequently, the data undergoes
pre-calibration. A constant reference frequency is established to pro-
vide uniform frequency averaging across all frequency segments, which
is crucial for the subsequent joint imaging of the SPAM output visi-

bilities.

. After that, the main SPAM pipeline is used. A singular reference sky
model is employed for all simulations. The reference model is de-
rived by initially executing SPAM on the narrow-band GMRT (GSB)
data collected concurrently with the uGMRT wideband data and sub-

sequently extracting a sky model from the resultant image.

. Each SPAM pipeline execution on a sub-band produced a final image
and a calibrated visibility dataset. The calibrated sub-band visibility
data is transformed into measurement sets with CASA. Subsequently,

WSClean is employed to do a last wideband imaging.
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3.5 uGMRT Observation

The uGMRT data we are working on is a single 9 hours pointing at the
G23 field centered at &tjo009 = 23400m00s and 872000 = —32°30’00”, at the
frequency of 150 MHz. The data contains data from both the legacy GMRT
software end (GSB) and the upgraded GMRT wideband backend (GWB).
Further observational details are provided in Table 3.1.

Due to the equatorial position of GMRT and the source’s southern po-
sition, the telescope’s pointing is horizontal, which introduces high levels
of RFI (Radio Frequency Interference) from terrestrial sources and atmo-
spheric attenuation due to the low elevation. Mitigating this RFI and data

calibration is a substantial part of the work.

Parameters GMRT Wideband Backend (GWB)
Project Code 42 034
Observation Date 18 July 2022
Working Antennas 29
Usable Bandwidth 100 MHz
Number of Channels 16384
Integration Time 8 secs
Frequency Resolution 16 kHz
Total Observation Time 9 hours
Flux Calibrator 3C286 & 3C48
Phase Calibrator 2321-163

Table 3.1: Observation summary for GWB data.
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Chapter 4

Discussions and Results

4.1 Data analysis

We initially attempted to process the GSB data using SPAM. However,
SPAM was unable to handle the data, likely due to the significant levels of
RFI resulting from the horizontal pointing of the telescope. Consequently,
we shifted our focus to the GWB data. The UV coverage of the GWB data
before calibration is presented in Fig. 4.1, highlighting the spatial frequency
sampling achieved by the array configuration during the observation.

SPAM is not designed to process datasets with extensive fractional band-
widths (df/f 2 0.2) in a single run. Therefore, the data was divided into
12 sub-bands over a two-week period of continuous processing. Sub-bands
outside Band 2 of the uGMRT were excluded, leaving seven sub-bands
within the frequency range of 120—250 MHz for further analysis.

A reference frequency of 150 MHz was chosen to ensure uniform fre-
quency averaging across all sub-bands, a critical step for coherently imaging
the SPAM-calibrated visibilities. Each sub-band was pre-calibrated individ-
ually before applying the main SPAM pipeline. Given the inaccessibility of
the GSB data, a sky model derived from the TGSS survey was used as the
reference model for calibration.

During the main pipeline run, the data undergoes multiple iterations of
imaging, which is used for self-calibration. With each iteration, the quality
of the images improves, refining the calibration process. After a successful

run, the pipeline produces a final image and a calibrated visibility dataset.
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Figure 4.1: UV coverage of the dataset before applying calibration.

After calibrating all sub-bands, calibrated visibilities were used for wide-
field imaging using WSClean (18) (Fig. 4.2). An off-source RMS noise
value of 316 puJy/beam and a resolution of 15.35”x8.22”, which is caused
by the poor uv coverage along the v axis, which in turn is due to the low
declination of our phase center.

By comparing Figures 2.1 and 4.2, which cover the same RA-Dec re-
gion, it is evident that the number of visible sources is significantly higher
in Figure 4.2 compared to the TGSS survey. Additionally, the resolution in

Figure 4.2 is markedly improved, allowing for finer details to be resolved.
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Figure 4.2: The final wideband image of the GAMA 23 field. The Flux density is in
the unit of Jansky per beam. The off-source RMS noise value is 316 pJy/beam, and the

resolution is 15.35”x8.22”.
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4.2 Comparison with other Radio Catalogs

The image obtained from the band 2 data was compared and cross-examined
with other radio catalogs. The GAMA 23 field has been studied at various
frequencies, such as the Survey University Molonglo Sky Survey (SUMSS)
(27) at 843 MHz, the Galactic and Extragalactic All-sky MWA survey
(GLEAM) (28) at 130 MHz, the NRAO VLA Sky Survey at 1400 MHz,
the Rapid ASKAP Continuum Survey at 943.5 MHz (30), and the TGSS
(22) at 150 MHz.

Cross-examining the source catalog with prior studies is essential due to
pronounced ionospheric fluctuations at low frequencies, which can distort
source positions and cause smearing effects for sources far from the phase
center. We can quantify systematic offsets in flux densities and source posi-
tions by comparing with existing catalogs.

Using a 5" search radius, counterparts of the sources in our catalog were
identified in other catalogs. Each reference catalog has a flux density limit
determined by observational sensitivity and completeness. Only sources
with flux densities exceeding this threshold were selected.

Table 4.1 summarizes the resolution, frequency, and flux limits, values

for each catalog used in this analysis.

] Survey Flux
Survey | Telescope Frequency | Resolution
density limit (mJy)

GLEAM | MWA 130 MHz 130~ 50

NVSS VLA 1400 MHz | 45~ 2

RACS ASKAP 943.5MHz | 11.8” 2.5

SUMSS | Molonglo Radio Telescope | 843 MHz | 45” 10

TGSS GMRT 150 MHz | 40” 30

Table 4.1: Comparison of radio surveys with their telescope, frequency, resolution, and

noise levels.

4.2.1 Flux Density Offset

Different radio source catalogs adopt varying flux calibration scales. In this

work, the Scaife-Heald scale (31) has been applied for flux density calibra-
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tion, consistent with the TGSS. In contrast, other datasets such as the RACS
survey (32), the GLEAM survey (33), and the NVSS and SUMSS utilize
the Baars et al. (34) flux scale. Due to differences in calibration schemes
and uncertainties in primary beam modeling, minor systematic deviations
in the flux densities may occur. To evaluate potential offsets, flux densities
of sources from this work were compared with those listed in the afore-
mentioned catalogs. Following the criteria outlined in Williams W. L., et
al.(40), only high signal-to-noise ratio (SNR) sources with peak flux densi-

ties Speak > 100 were selected for this comparison.

To ensure a fair comparison, only compact sources—i.e., sources with
sizes smaller than the resolution limit at higher frequencies—were included.
An additional flux density threshold was also imposed, based on the limits
defined in each catalog. For example, the TGSS catalog applies a flux limit
of 30 mJy. Only sources above these flux limits (listed in Table 4.1) were

selected for further analysis.

Flux density ratios were computed by appropriately scaling the fluxes
from each catalog and calculating S183MHz/Sothers» Where Sothers denotes the
flux from the external catalogs. The median ratio obtained with respect to
the TGSS catalog is 1.18, with a standard deviation of 0.43. For other cat-
alogs such as NVSS, GLEAM, SUMSS, and RACS, the respective median
ratios were found to be 0.85, 1.3, 0.93, and 1.01. These values, shown in
Figure 4.3, indicate that the fluxes are consistent across catalogs, generally
clustering around unity, which supports the reliability of the flux measure-

ments.

To further test the consistency of the flux scale, sources common to the
RACS catalog, the NVSS catalogue, and the present work were identified
using the same selection criteria. Spectral indices were estimated from flux
densities in the two external catalogs, yielding an average spectral index of
0.73. This value was used to compute expected fluxes at 183 MHz, which
were then compared to the fluxes in the present catalog. The resulting flux
ratios have a median of 1.03 with a standard deviation of 0.33, as illustrated
in Figure 4.4. These results confirm that the adopted flux scale is reasonably

accurate for the sources used in this study.
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Figure 4.3: The compared flux densities of the GAMA-23 band image at 183 MHz with
other catalogs.
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Figure 4.5: Offset of the source RA and Dec for the 183 MHz catalog from different

catalogs.

4.2.2 Positional Accuracy

A positional comparison was conducted with sources from the NVSS, RACS,
SUMSS, GLEAM, and TGSS source positions to assess the astrometric ac-
curacy of the current catalog. The positional offsets were calculated as per
the method outlined in Williams W. L., et al.(40), using the following rela-

tions:

ARA = RAGMRT 183 — RARACS 4.1)
ADEC = DECgmrT183 — DECRACS 4.2)

The median offset values, along with their respective uncertainties, are
provided in Table 4.2. Figure 4.5 shows histograms of the positional offsets
when compared to the other catalogues. No systematic trends across the
field were detected. Furthermore, the observed offsets are smaller than the
image cell size (2.57), indicating that any astrometric error introduced is

negligible.
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Catalogue Frequency (MHz) ARA (arcsec) ADEC (arcsec)

RACS 943.5 1.735 £ 0.530  1.416 +0.792
NVSS 1400.0 0.407 £1.868  0.337 £ 2.472
GLEAM 130.0 0.193 £0.920 —3.246 +£1.319
TGSS 150.0 0.291 £ 1.171  1.805 £ 1.024
SUMSS 843.0 1.707 £0.791 —1.012 £ 1.857

Table 4.2: Median astrometric offsets of the uGMRT 183 catalogue relative to RACS and

NVSS, along with their respective central frequencies.

4.2.3 Spectral Index Distribution

The GAMA-23 field incorporates a diverse population of radio sources. To
investigate their spectral characteristics, we compared flux measurements
from this study with the RACS catalog. Following the source selection
methodology outlined in Section 4.2.

Using a standard synchrotron power-law model (S, o« v%), we calcu-
lated spectral indices () for the matched sources. Fig. 4.6 presents the
resulting distribution, showing peak normalized counts in the o range of
approximately —1.0 to —0.5. Our analysis yields median spectral indices
of —0.63, suggesting a characteristic value of @ ~ —0.7 for this catalog.
These results align with a previous study of the GAMA-23 region, Leahy et
al. 2019 (13).

4.3 Source Count

This section presents the differential source counts derived from the flux
densities obtained through PYBDSF processing. At low radio frequencies,
the faint end of the flux distribution is predominantly populated by star-
forming galaxies (SFGs) and radio-quiet quasars (RQQs). This trend is
supported by both observational studies and simulations (e.g., Wilman et
al. 2008 (36); Bonaldi et al. 2018 (37)). Despite this, the number of obser-
vational studies that probe sub-mJy populations remains limited.

For instruments like the MWA, LOFAR, and the upcoming SKA, de-
signed to detect the cosmological 21-cm HI signal, these faint sources serve

as foreground contaminants that may hinder the detection of the desired
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signal. As such, it is crucial to understand both the spatial and spectral
characteristics of radio sources in the sub-mlJy to uJy regime, particularly at
low frequencies. A key step in this process is the construction of accurate
source counts, which quantify how sources are distributed across different
flux densities.

In this work, differential source counts at 183 MHz were computed for
sources with flux densities as low as 0.2 mJy (roughly 40). However, these
raw counts do not represent the true distribution due to several biases and
limitations in the PYBDSF output, such as catalog incompleteness, resolu-
tion effects, false detections, and Eddington bias. These issues are espe-
cially pronounced at low frequencies and for faint sources. The next sub-
sections outline the corrections applied to mitigate these effects and obtain

a more reliable estimate of the source counts.

4.3.1 False Detection Rate

False detections refer to false sources mistakenly identified by the source
extraction algorithm, typically arising from random noise fluctuations or
residual artifacts near bright sources in the image. When the noise in the

image is symmetrically distributed about zero, the number of positive noise
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peaks (which can appear as false sources) should be approximately equal to
the number of negative peaks.

To estimate the False Detection Rate (FDR), the source finder PYBDSF
was executed on an inverted version of the image, using the same detection
parameters as applied to the original.

To correct the FDR across different flux density bins, the negative sources
detected in the inverted image were binned in the same way as the real
sources. These were then compared to the number of detections in the corre-
sponding bins of the original image. The fraction of real sources in each bin,

freal.i» Was calculated following the prescription of Hale et. al. 2019(46):

. Ncatalog,i — Ninv i
freaLi

, 4.3)
Ncatalog,i

Where Ncatalog,i 18 the number of sources in the i" flux density bin of
the original image, and N,y ; is the number of sources in the same bin from
the inverted image. The associated uncertainties were assumed to follow
Poisson statistics. The resulting correction factor was then applied to the

counts in each bin of the original catalog.

4.3.2 Completeness Correction

A catalog is considered incomplete when it fails to detect all sources that
lie above its nominal flux density threshold. This incompleteness is often
caused by spatial variations in image noise, which affect source detectabil-
ity. Catalogs generated using source-finding tools such as PYBDSF are gen-
erally limited by completeness. Incompleteness can bias the source counts
in two ways—either by underestimating or overestimating the true distribu-
tion.

Two major sources of bias that contribute to this issue are Eddington bias
and resolution bias. Eddington bias (39) refers to the asymmetric scattering
of sources between flux bins due to noise, where more sources are scattered
from brighter bins into fainter ones than vice versa. This effect leads to an
overestimation of the source counts in the lower flux bins. Resolution bias
occurs when extended sources are less likely to be detected compared to

point sources, resulting in an underestimation of source counts for resolved
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sources.

To quantify and correct for these effects, a series of simulations was car-
ried out directly on the image plane. A total of 3000 artificial sources were
injected into the residual RMS map, following the methodology of (40), us-
ing the Aegean3 software package (41; 42). Of the total injected sources,
1000 were modeled as extended (having major and minor axes larger than
9"), while the remaining were unresolved point sources. This distribution
was chosen to reflect the actual catalog composition, where approximately
30% of sources are resolved.

Flux densities were assigned according to a power-law distribution of
the form dN/dS o< §-16 (43; 44), with values randomly selected between
200 ulJy and 4100 uly. Source positions were also randomly assigned
across the image’s full right ascension and declination range.

Following the approach of (45), 100 independent simulation runs were
performed. Each simulated image was processed using PYBDSF with the
same configuration as the original analysis. Detected sources from each run
were then binned identically to the real catalog. The completeness correc-
tion factor for each flux bin was computed as:

Correction; = M, “4.4)

recovered,i

Where Njpjected,i is the number of sources injected into the i flux bin,
and Nrecovered,i 1 the number of sources recovered from that bin after sub-
tracting any pre-existing sources. This formulation is based on the method-
ology of Hale et al. 2019(46).

4.3.3 Differential Source Count

The Euclidean-normalized differential source counts at 183 MHz for the
GAMA-23 field (red circles) have been derived after applying corrections
for false detections and incompleteness. To account for noise variations
across the image, an effective area correction was applied per flux bin, where
each bin was weighted by the inverse of the detectable fraction (f~') of
the survey area for a given flux density (47). The fluxes were binned into

eight logarithmic bins, extending down to 0.30 mJy (60), with Poisson er-
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rors computed for the counts.

For comparison, the source counts were matched against simulated models—
S3-SKADS (48) (black dashed line) and T-RECS (49) (yellow dashed line)—
as well as previous observational results including: ELAIS-N1 (50) (green
diamonds), Lockman Hole (51), ELAIS-N1 (52), ELAIS-N1 (53), GAMA-
23 (54), and BOOTES (55).

The S3-SKADS simulation models sources based on multi-frequency lu-
minosity functions embedded in a dark matter density field, while T-RECS
incorporates updated evolutionary models for AGNs and star-forming galax-
ies (SFGs). The observed source counts are flattening below 1 Jy, consistent
with the expected rise in SFG-dominated populations at fainter fluxes. The
results show good agreement with both simulations and prior observations,

validating the robustness of the derived source counts.
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Chapter 5
Conclusion

The GAMA-23 field represents a scientifically rich region for probing the
Epoch of Reionization (EoR) and understanding the evolution of galaxies
through low-frequency radio observations. This thesis presents the results
of observing the GAMA-23 field with the upgraded Giant Metrewave Ra-
dio Telescope (uUGMRT) in Band-2 (120-250 MHz), addressing challenges
in data calibration, imaging, and source characterization. The study lever-
ages the enhanced capabilities of the uGMRT to achieve deeper and higher-

resolution observations compared to previous surveys.

5.1 Summary of Results
The key findings of this work can be summarized as follows:

1. Data Processing and Calibration:

* The legacy GMRT software backend (GSB) data was heavily
affected by radio frequency interference (RFI) due to the low

elevation of the source from the GMRT site.

* The analysis relied on data from the GMRT Wideband Backend
(GWB), which was split into sub-bands and processed using the
SPAM pipeline.

* SPAM’s direction-independent and direction-dependent calibra-

tion, including ionospheric phase correction via the peeling tech-

nique, proved critical in mitigating calibration errors.
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* A TGSS-based sky model was employed as a reference during

calibration.
2. Imaging and Source Detection:

* Wideband imaging using WSClean produced a high-resolution
image of the GAMA-23 field with an off-source RMS noise of
316 uJy/beam and a resolution of 15.35” x 8.22".

* The final image revealed a significantly higher number of sources
compared to the TGSS survey, demonstrating the improved sen-
sitivity and resolution of the uGMRT.

3. Cross-Matching and Validation:

* The source catalog derived from the uGMRT observations was
cross-matched with existing radio surveys (TGSS, NVSS, SUMSS,
RACS, and GLEAM).

* The comparison showed good agreement in positional accuracy
and flux density consistency, with median flux ratios clustering

around unity.

* The spectral index distribution, derived from cross-matching with
RACS, exhibited a characteristic value of o¢ ~ —0.7, consistent

with synchrotron-dominated emission from AGN and SFGs.
4. Differential Source Counts:

¢ The Euclidean-normalized differential source counts at 183 MHz,
corrected for false detections and incompleteness, aligned well
with predictions from simulated models (S 3_.SKADS and T-RECS)

and previous observational results.

* The flattening of the source counts below 1Jy reflects the in-
creasing contribution of SFGs at fainter flux densities, as ex-

pected from population synthesis models.

5.2 Scientific Implications

The findings of this work contribute to several key areas in radio astronomy:
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* Faint Radio Source Populations: The detection and characterization
of faint radio sources in the GAMA-23 field provide insights into the
star formation and AGN activity in the early Universe. The results
support the notion that SFGs dominate the sub-mJy population, as

predicted by simulations.

* Calibration Techniques: The successful application of the SPAM
pipeline, including direction-dependent calibration, highlights the im-
portance of advanced calibration methods for low-frequency interfer-
ometric observations, particularly in the presence of ionospheric dis-

tortions.

* Foreground Studies for 21 cm Cosmology: The derived source counts
and spectral properties are relevant for understanding foreground con-
tamination in future 21 cm experiments, such as those planned with

the Square Kilometre Array (SKA).

5.3 Future Prospects

The uGMRT’s wide bandwidth and improved sensitivity make it a powerful
instrument for future studies of the EoR and galaxy evolution. Potential

extensions of this work include:

* Multi-Frequency Observations: Expanding the analysis to other
uGMRT bands (e.g., Band-1 or Band-3) could provide a more com-
prehensive view of the spectral behavior of radio sources in the GAMA-
23 field.

* Integration with Multi-Wavelength Data: Combining the uGMRT
data with optical, infrared, and X-ray observations would enable a
more detailed investigation of the physical processes driving radio

emission in galaxies.

* Wider Sky Coverage: Extending the observations to other GAMA
fields or deep extragalactic fields would enhance the statistical ro-
bustness of the source counts and improve constraints on population

models.
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5.4 Concluding Remarks

This thesis demonstrates the capabilities of the uGMRT in advancing our
understanding of the low-frequency radio sky. The successful calibration,
imaging, and analysis of the GAMA-23 field underscore the telescope’s po-
tential for probing faint and distant radio sources. The results align with
theoretical predictions and previous observations, validating the methodolo-
gies employed. As radio astronomy enters the SKA era, the techniques and
findings presented here will serve as a foundation for future explorations of
the cosmic dawn and the evolution of galaxies.

In summary, the study of the GAMA-23 field with uGMRT Band-2 has
not only expanded our knowledge of the radio source population but also
highlighted the importance of technological advancements and innovative
data processing in unlocking the secrets of the Universe. The work paves
the way for deeper and more comprehensive studies with next-generation

radio telescopes.
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