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Abstract

This thesis presents a study of potential calibrators observed by the Karoo Array Tele-
scope (KAT-7). The KAT-7 is an engineering prototype for the coming sensitive array,
the MeerKAT, one of the pathfinders for the Square Kilometre Array (SKA). This thesis
plays a supporting role in the ongoing commissioning activities of the KAT-7, whose con-
struction started in early 2008, and which has been undergoing engineering and science
verifications since late 2010. This thesis has achieved the first steps towards identifying
possible flux-density standards for short baseline interferometers such as the KAT-7.
The systematic error for flux-density calibration at KAT-7 was estimated relative to
3C123, and it was found to be ~ 5% of the measured flux density. 18 (~ 47%) of the 38
sources were identified as good flux density calibrator candidates, for their Modulation
Index (MI) and Variability Index (VI) values were less than 0.05 and all the sources in
the field had less than 10% of the peak flux density of the calibrator candidate. One
source (PKS J0837-1951), which showed low variability and hence appeared to be a good
flux-density calibrator candidate (class A), was deemed to be not a good flux-density cal-
ibrator candidate because a strong confusing source was found within its primary beam.
Eight sources had MI or VI values between 0.05 and 0.09 and may deserve further study
as potential flux calibrator candidates. Five sources had MI or VI values greater than
0.09 suggesting significant variability while 17 sources had only one or two observations
so their suitability as potential flux calibrator candidates could not be evaluated. In
addition we used another measure of variability, the de-biased modulation index, for our
sources comparing the observed modulation indices against Monte Carlo simulations.
The result showed that the values of M, are largely as expected and the uncertainties

therefore not substantially underestimated.
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Chapter 1

Introduction

1.1 Brief History Of Radio Astronomy

The ubiquitous existence of electromagnetic radiation from distant cosmic sources, such
as stars, galaxies, interstellar media and others, is an essential ingredient of reliable
information about the spatial distribution and composition of the sources of interest.
The science of astronomy, among the oldest sciences in human history, extensively uses
electromagnetic radiation to unveil the mysteries of the universe. The emphasis of this
science had been limited to the observation of the visible part of the electromagnetic
spectrum for many years [1, 2]. However, in the early seventeenth century, the study
of astronomy was supported by the use of optical telescopes to observe objects in the
universe with enhanced resolution. According to historical notes, Galileo Galilei sys-
tematically used lenses and mirrors to view objects in the solar system with better

magnification than the human eye is capable of [2].

The study of cosmic sources in other frequency bands hardly received any significant
attention until the 1930s. The main reasons for this were the blockage of electromag-
netic spectra by the Earth’s atmosphere and the absence of well designed detectors to
capture radiation of various wavelengths [1]. Astronomical sources in the radio window
(which extends from a wavelength of approximately lmm to 150m) was initially de-
tected from the Milky Way by Karl Jansky. At that time he was studying the possible
transatlantic voice transmission in Bell Telephone Laboratories [3]. The main objective
of his project was to identify the direction of thunderstorm static. By identifying the
prominent direction, he would ultimately design antennae for transoceanic radio tele-
phone transmission with better signal to noise ratios. During his experimental assisted

observations, however, he unexpectedly received radiation from extraterrestrial sources
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using a direction-sensitive antenna designed to receive radio waves at a frequency of 20.5
MHz [1, 4].

After the breakthrough discovery by Jansky, further scrutinizing of radio sources was
carried out by an American radio engineer, Grote Reber, in 1937 [5]. He first constructed
a parabolic reflector antenna of 9.5 m in diameter. Assuming Planck blackbody radia-
tion could probably be an emission mechanism for radio sources, he performed his first
observation at a shorter wavelength of 9.1 cm to easily detect strong radiation. However,
he was unsuccessful in his attempt and detected nothing. By modifying his receiver to
operate at a longer wavelength of 33 cm, he tried another observation. Unfortunately,
his second attempt was also futile. By further extending his receiving wavelength to 1.87
m, he successfully detected radiation from celestial sources in 1939. His result inevitably

reconfirmed the existence of radio wave emitting objects in the universe.

One of Reber’s profound achievements was his systematic study of the sky at a wave-
length of 1.87 m . He showed quantitatively how the radio radiation pervades in the sky

[6]. Besides this, he was the pioneer in detecting the radio radiation from the sun.

Researches in radio astronomy dramatically increased after the end of World War II. The
technologies developed in radios and radars for the purpose of the war were transferred
to radio astronomy research after the war. However, a few researches were conducted
during the war time. For example, strong radio emission from the sun was detected
by James S. Hey in Britain around 1942 [4]. He and other groups in Britain, the
Netherlands, and Australia pursued further researches at different wavelengths after the
war. These observations played an extraordinary role in understanding the emissions

from extended regions in our galaxy and other galaxy systems in the universe.

During the early stage of radio astronomy, the researches were aimed at observing lim-
ited radio bands using single radio telescopes that detect relatively strong radio emitting
sources. However, rapid progresses later included all radio bands from centimetre up
to sub-millimetre. Generally, the radio signal at higher centimetre wavelengths is more
susceptible to ionosphere effects, whereas signals at sub-millimetre are significantly ab-
sorbed by water and nitrogen molecules. Despite these constraints, radio waves, owing
to their long wavelengths, are hardly blocked by dust particles, which are the main

barriers to other electromagnetic spectra [7, §].

One of the disadvantages of longer wavelengths and single dishes is the inability of
achieving a better angular resolution, f.es. According to the Rayleigh criterion, the

angular resolution of a telescope is given by

: (1.1)

eres ~

S| >
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where X is the wavelength of the electromagnetic radiation being observed and D is
the aperture diameter of the telescope. The diameter should be very big to obtain fine
resolutions from a single radio telescope, but this is impractical and uneconomical. For
example, the Green Bank radio telescope is the largest steerable single dish in the world,
having an aperture diameter of 110 m [9]. It can only achieve an angular resolution of
3.4" at a wavelength of 11 cm. On the other hand, a 10 cm diameter optical telescope

working at a wavelength of 500 nm has a resolution angle of 1.25”.

The most efficient way of obtaining better resolution is using the interferometry tech-
nique, which was first developed by Michelson. The method requires the construction
of many small telescopes, so that the signals from the telescopes can be amplified and
correlated to achieve higher sensitivity and better resolution. In this case, the resolu-
tion is approximately equivalent to A/byay, where byay is the maximum distance between
two antennae. The technique was first used for radio astronomy applications by british
radio astronomer Sir Martin Ryle and his associates at the University of Cambridge [4].
Their discovery has enabled radio astronomers to view radio sources with fine angular
resolution. For example, the Very Long Baseline Array (VLBA)!, where the telescopes
are located across North America, has achieved a resolution of ~ 0.1 milliarcsecond
(mas) because of its long baseline of 8,611 km [10]. Generally, radio astronomy aims to
accomplishing better resolution, higher sensitivity and viewing the sky at various radio
frequencies. For these purposes, many radio telescopes have been constructed to disclose

many fundamental questions about the universe.

1.2 Interferometry Visibility

As discussed in the previous section, radio telescope detects electromagnetic radiation
from various sources in the sky which can be transformed into human understandable
form. Thus, the study of cosmic sources is carried out by receiving electromagnetic waves
or signals at a certain point on Earth. The voltages produced in antennae, commonly
known as signals, originate from a large cosmic object with many independently radiating
entities at various distances from the point of observation with different frequencies
[11, 12]. Such natural processes are random in that the properties of signals are inferred

from their statistical manifestation.

The signal at the observer’s plane is generally represented by an Electric field, E(7).
When the signal from a source reaches two positions 7; and 77, the outcome is defined

by a spatial cross-correlation function as

! www.science.nrao.edu/facilities/vlba


http://www.science.nrao.edu

Chapter 1. Interferometry Visibility 4

V(7i, 75) = (E(r7) E*(r5))- (1.2)

The brackets in Eq.(1.2) imply ensemble averaging over time, and the asterisk denotes
the complex conjugate. V(75,7;) is known as visibility; it is one of the fundamental
functions in radio astronomy. Practically, the spatial coherence function of an electric
field is measured by an interferometer, where it multiplies and averages signals obtained

from pairs of antennae.

The response of a narrowband phase-tracking interferometer to spatially incoherent ra-
diation from the far field can be expressed by the relation between the spatial coherence

function or visibility, V' (u, v, w), and the spectral intensity, or brightness, (I, m) [11-13]:

exp (—i27 [ul + vm + wn)) dldm
Vo) = [ [10m S E2T R m o, (13)

where the distance in the observing plane is divided by the wavelength, A, to give baseline
coordinate or (u, v, w)= (7j — ;)/A; (I, m) are angular coordinates on the sky, or known

as direction cosines.

The observation is confined to the u — v plane and when w = 0, Equation (1.3) reduces

V(u,v) = //SI(Lm)eXp(_i2f£u§2+f;:;) dldm' (1.4)

to

The visibility V' (u,v) is the Fourier transform of the modified brightness distribution

(0, m) VT —m?.
The source brightness distribution is limited to the small region of sky, so that

V1 —12 —m? ~ 1. Hence, Eq.(1.4) is modified to:
V(u,v) = //I(l,m) exp (—i27 [ul + vm]) dldm, (1.5)

which is a Fourier transform relation, where the spatial intensity distribution I(I,m)
of the source can readily be recovered from the visibility function V(u,v) by applying

inverse Fourier transform.

However, it is impractical to apply Eq.(1.5) without adjusting for real applications. The
main reason is the impossibility of probing a point source by the elements of the interfer-
ometer; they measure only a finite size. The elements are highly direction dependent to

the incoming radiation [14]. Hence, the visibility given by Eq.(1.5) must be modified by
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the normalized reception pattern (primary beam) of the interferometer element, A, (s).

Thus, the spatial coherence function has to be rewritten as

U, v) = V] exp(ie) = / / Ay (5)I(1m) exp (—i2x [ul + vm]) didm,  (1.6)

where ]V| is the amplitude of the complex visibility and ¢ is its phase. The complex
visibility V(u, v) is referenced at the phase tracking center —the point at which the field

of view is centred. The Fourier inversion of Eq.(1.6) yields

I(l,m) = i}//f/(u, v) exp (127 [ul + vm]) dudv. (1.7)

The value of A, has to be closer to unity at the phase tracking centre to produce
the intensity by direct inversion of the complex visibility. If not, the inversion will be
infested with errors because A, rapidly goes to zero in the direction away from the center
of the primary beam. Therefore, taking radiation in small regions of the sky is a critical

consideration, where it has to satisfy [15]:

Av

R Av 0
Tb(s — So) —

= << 1, 1.8
v 07‘65 ( )

where § is the direction towards any point on the source from the observing point; s, is
the phase tracking center; § = § — s, is the field of view; 6,5 is the synthesised beam
resolution; Av and v are the bandwidth and the central frequency, respectively; b the

baseline vector; ¢ is the speed of light.

1.3 Calibration Formalism In Radio Astronomy

Once we have the observed visibilities, the next step is how to calibrate them from
various contributions. This section elaborates on the mathematical formalism behind
calibration. Most of the explanations in this section are taken from a collection of

lectures on synthesis imaging in radio astronomy by Taylor et.al [16].

The relation between the visibility function, V(u,v), and the intensity distribution,
I(l,m), in Eq.(1.5) is valid under a quintessential assumption of ignoring all intervening
factors between the radio signals and the antennae. Unfortunately, the atmosphere and

the instruments dominantly alter the actual visibility function of the target source.

The actual visibility function can be recovered from the measured visibility by careful

consideration of subversive factors. By doing so, we can estimate the errors associated
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with the measured visibility thereby determining the true visibility of the source. This

method in radio astronomy is known as calibration.

Calibration deals with errors connected with instrumental and atmospheric variables.
The former mainly stem from a single antenna or pairs of antennae, and the electronic
devices used in the process of measurements and data acquisition. The latter are due
to the interaction of radio waves with ionized atoms and molecules in the intervening
medium. The net correction factors can usually be determined by transferring the

parameters of known sources to the measured visibility data.

Suppose the observed visibility function generated by an interferometry array is V}J,
where the function is represented by antenna pairs (k,l) and the time of observation,
t. Therefore, the basic calibration formula relating the ideal visibility, Vi (t), with the

observed visibility, V,j, can be written as:

V() = GV () + e, (1.9)

where GG is the antenna-based complex gain and € is a stochastic complex noise.

One method of obtaining solution to Eq.(1.9) is by using calibrator sources in the sky.
The reason for observing these sources is that telescopes on the ground can only measure
the phase differences rather than measuring absolute phase reference. Therefore, the
reference for phase visibility to the phase tracking center or the center of the primary
antenna beam can be practically accomplished by observing point-like calibrator sources.
Using these sources, one can determine the phase deviation from the desired reference
point. Periodic observation of these sources is very important so as to track the phase
and gain changes in an array. Above all, they have the paramount advantage to estimate

time dependent phase changes incurred by the atmosphere.

The abundant availability of calibrator sources in the sky with unique characteristics,
such as discrete with infinitesimal diameter and high flux density, has enabled radio
astronomers to use them as standard signal testers. The selection of these sources as a
calibrator is based on the following essential considerations.

1. They should have invariable characteristics during the period of observation.

2. They should have known positions in the sky.

3. Their spectral properties should be known, and preferably be simple.

4. Their flux densities have to be strong enough so as to get suitable signal-to-noise

ratio (SNR) for calibrating in a short time.
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5. They should be available discretely in the sky without adhering to other confusing

sources.

1.3.1 Baseline and Antenna-Based Complex Gain Solutions

Assume that a calibrator is a point source of known flux density S and position. In
this regard, the true visibility amplitude would have the value of the flux density S, and
the phase is taken as zero degree (I = m = 0) at phase tracking center. Therefore, the

complex baseline based gain for the calibrator source is given by

Via(®)
e

Gr(t) = (1.10)
The stochastic term (eg;) that appeared in Eq.(1.9) is excluded in Eq.(1.10) because of
its negligible contribution after the data is properly averaged and edited. As can be seen

from Eq.(1.10), the gain solution is totally baseline dependent.

Due to the fact that most data depravities resulted from antennae or atmospheric factors
that essentially occur before the correlation of signal pairs, solving for antenna based
parameters (amplitude and phase) would be a plausible approach. This can be achieved
by factorizing the complex gain Gy; as a product of the complex gain of each antenna,
i.e., G} and G; and a residual term due to baseline based complex gain or 7;;. This can

generally be written as

Gr(t) = Gp(t)G] () (t). (1.11)

The deviation of 7y (t) from unity is commonly known as closure error. Error margins
of less than 1% in amplitude and 1° in phase are acceptable. g (t) is close to unity for

well designed systems.

Equation (1.11) may be written in terms of amplitude and phase terms as:

Gr(t) = Ge(t)Gi(t)mu(t) exp (i [pr(t) — ¢u(t) + dra(t)]) - (1.12)

Suppose that the ideal visibility is VkIl = Gil exp(iwil). Observing a point source cali-
brator of flux density S at phase tracking center (wél = 0) would give Vkll = 5. Similarly,

the observed visibility in terms of its amplitude and phase is given by

Via(t) = G S exp(i(ypy))- (1.13)
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By taking the ratio of the observed visibility to the ideal visibility, we would find am-

plitude and phase calibration equations separately as:
G = G Git)nu(t)S, (1.14)

and

Y = or(t) — du(t) + dna(t). (1.15)

A well designed system will have a residual or n; value of unity, so that it reduces the

steps of finding solutions to Gy and ¢;. for the given N antennas.

The antenna-based method has several advantages. Firstly, a configuration of N an-
tennas has N (N — 1)/2 baselines, which is equivalent to the number of equations to be
solved. Thus, antenna based approach will reduce the number of equations to be solved
to N. Therefore, antenna based method plays a crucial role in speeding up the compu-
tation time for IV > 3. Secondly, since the antenna-based gain does not include every
baseline, it will avoid problem caused by the maximum baseline, which can possibly

resolve the source.

Despite of its advantages, calibration using known sources has several drawbacks. For
example, the gain, G, may not accurately determine the corresponding gain of a target
source. This is because of big time gaps between successive observations and large
separations between them. Besides, it is sometimes difficult to find bright unresolved
or discrete calibrator source near the target sources. Hence, these factors essentially
degrade the image quality of the radio data. The next section will discuss the method

of minimizing the drawbacks.

1.3.2 Self-Calibration

Both amplitude and phase will be affected while employing a calibrator source for cali-
bration, which essentially decreases the signal to noise ratio of the resulting image. The
problem can be solved by assuming an appropriate model for the source of interest. Ap-
plying the target source itself as a model so as to evaluate the complex gains is known

as self-calibration.

The main intuition of self-calibration is originated from the overdetermined information
accessed from the arrays. For instance, N number of antennas comprises N residual
amplitude errors and N — 1 residual phase errors provided that one antenna is selected

as a reference element. The number of complex visibilities obtained from the same
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number of antennas are N (N — 1)/2. This shows that the system is overdetermined for

N > 3, i.e., 4 antennas are required for amplitude closure.

There is no unique approach of solving the problem for having the redundant information
though there are several ways of finding the solution. One way of estimating the complex
gain is by applying the least square method, in which one can minimize the square of the
difference between the measured and the model complex visibilities. The assumption

can be translated into an expression of the form:

A8 = 373wt [Vitm) — Go(OGF OV (t0)| (1.16)
m ki

where V/7°4(t,,) is the model visibilities and wy;(t,,) are weights applied to the various
interferometer pairs for each observation at t,,. Lower weight is associated to highly
noisy visibility data whereas high signal to noise ratio visibilities should receive higher
weight. The derived complex gains depend on the correctness of the model. In other
words, wrong model will give an incorrect image and hence parameters of the desired

source.

Equation (1.16) can be rewritten in an alternative form of having the ratio of the observed

visibilities to the model viabilities. Thus, a pseudo-point source is produced in the image.

AS =Y wa(tm) Vi (tm)? | P — GR()GT (D) (1.17)
m k|l

where Py is the ratio of measured to model visibilities,

Vi (tm)
Py = kL (1.18)
a4 (tm)

There is no proof for the convergence of self-calibration given by Eq.(1.17) or Eq.(1.18),
rather a non-linear procedure is undertaken on the data set so that asymptotic conver-
gence is achieved iteratively. Self-calibration is, therefore, a step by step process that
ultimately reduces errors degrading image quality thereby enhancing the accuracy of

amplitude and phase determination.

The first step of self-calibration is the preparation of the initial model of the source.
This model can be an image obtained by utilizing a calibrator source as explained in
Section 1.3. The next step requires the conversion of the source into the pseudo-point

source as implied in Eq.(1.18). This step leads to solving the complex gains by setting



Chapter 1. Flux Density Calibrator Sources 10

AS to zero. After solving the G terms, we are able to find the corrected visibilities as:

co _ Vkol(tm)
MGG

(1.19)

Based on the corrected visibility data, we can again form a new model and repeat the

procedure until we reach iteratively to a minimum residual error.

1.3.3 The Need For Flux Density Calibrator Sources

The flux density (see Section 1.3.6) of a radio source may be determined if most or
all parameters related to the telescopes: atmosphere, receiver, electronics, and others
are known. However, absolute calibration is very challenging in practice because of the
difficulty in measuring the parameters accurately. For this reason, the calibration of
interferometers is commonly performed relative to standard sources, where their flux

densities are measured absolutely with considerable effort [17].

Baars, et al. [18] employed sources as flux density standards. They used Cassiopeia
A, Cygnus A, Taurus A, and Cyg A as primary flux density standards as they are
bright radio sources. These sources were nominated as primary calibrators since their
flux densities had been directly determined by single telescopes of known gains, and
the observations were calibrated with suitable thermodynamic standards. As a result,
their spectral flux densities were estimated with an accuracy of about 2% at frequency
between 30 MHz and 30 GHz [18].

Moreover, Baars et al. calculated the flux density of 13 compact sources as secondary
calibrators by taking Virgo A as a reference. Out of the 13 sources, 3C48, 3C147,
3C138, 3C286 are preferably utilized by various modern interferometers for calibration
purposes, for they are discrete and compact. The remaining 9 sources (i.e. 3C123,
3C161, 3C218, 3C227, 3C249.1, 3C295, 3C348, 3C353, DR 21, and NGC 7027) have
been partly resolved by most of high resolution interferometers. However, because of
shortage of unresolved sources, 3C123, 3C161, 3C295, and NGC 7027 are still used as

flux calibrators with considerable care.

The four sources have been studied by Very Large Array (VLA) to search for flux
variability with time [17]. According to the monitoring survey performed by Perley
and Butler for almost 30 years, 3C286 varies less than 1% within the duration of the
study at frequencies between 1 GHz and 50 GHz. Additionally, it is the most compact
and has a flat spectral index. Therefore, it is a good flux density calibrator for many
interferometers. 3C286 is therefore one of the preferable flux calibrators for the VLA

and most interferometers found in the northern hemisphere.
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On the other hand, sources 3C48, 3C138, and 3C147 exhibit variability as much as 20%
on various time spans. These sources, however, show small variability at a frequency
between 1 GHz and 2 GHz, indicating that they could be good candidates as flux density
calibrators for the observation performed in these frequency ranges with appropriate

baseline configurations.

A reliable result for flux density scale and variability study depends on the observing
strategy. Perley and Butler suggested the following methodology to accurately estimate

and correct the elevation-dependent telescope characteristics [17]:

e observe for 24 hours duration to minimizing holes in the u-v coverage.

e perform five to ten individual ’snapshot’ observations of each object at the desired

band for the duration of 30 to 60 seconds.

e minimize short duration telescope malfunction, bad weather, and sporadic inter-

ference by multiple observation strategy.

They implemented two-dimensional Gaussian profile fitting method to estimate the flux
of the selected unresolved sources. Because of its compact, flat spectral spectral index,
and less variability property of 3C286, Buttler et al. [17] used it as a reference source
to show the relative variability of 3C138, 3C147, and 3C48.

Since these sources are northern declination sources, they will not be very high above
the KAT-7 horizon and will also be up for short duration. However, these sources can
be potentially good candidates of flux density calibrators for the KAT-7 (operating at

frequency of 1.83 GHz and resolution about ~ 4’) when they are available.

1.3.4 Active Galaxies And Their Properties

Active galaxies are known for their high luminosity, and emit large amounts of non-stellar
radiation. In other words, the optical spectra of AGN show emission lines, contrary to

the normal galaxies that display absorption lines because of possessing thermal behaviour

[7].

Almost all active galaxies have the following prevalent properties [7, 19, 20]:

1. They have radio luminosities of greater than 1037 W within small emitting region,
where the size ranges from a light day to a light year [21]. Moreover, excess amount
of X-ray, ultraviolet, infrared and radio radiation outputs are displayed compared

to the normal galaxy.
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2. The nucleus is assumed to have a supermassive black hole, which serves as the
central powerhouse. The emitted radiation from the nucleus is as a result of
the in-falling of matter (accretion) towards the black hole so that the gravitational
potential energy is converted into kinetic energy. As the kinetic energy is converted
into internal energy or heat due to friction, radiation will be sent out from the

region. Moreover, this region exhibits a significant variation in brightness.

3. They are known for their explosive appearances or narrow jets which radiate matter

emanating from the central core with large scale clouds of radio emitting materials.

4. They have broad emission lines in their optical spectrum in some cases.

The fundamental classification of active galaxies relies on their appearance, luminosity
and spectra. Galaxies fulfilling such principal criteria are radio galaxies, Quasars, Seyfert

galaxies, BL Lacertae objects (BL Lacs) and Blazars.

Radio galaxies emit radiation as a consequence of the entanglement of electrons inside
magnetic field, and such emission phenomenon is known as non-thermal synchrotron ra-
diation [22, 23]. Because of the synchrotron sources, the spectrum of most radio galaxies
feasibly displays smooth or slow declivity in intensity from high to low wavelengths (low
to high frequencies) or showing nearly flat spectrum. The luminosity of radio galaxies

stretches from 1033 to 103 W [24].

Radio galaxies are generally classified into two categories. These are compact and ex-
tended radio galaxies [7]. Compact radio galaxies describe very small radio sources,

having a diameter of a few light years.

The extended radio galaxies commonly display a double structure consisting of lobes
aligned on opposite side of the nucleus, and the lobes are separated by upto a ~1 Mpc.
These galaxies were further classified by Fanaroff and Riley in 1974 [25]. The divisions
are named as Fanaroff and Riley class I (FRI) and class IT (FRII). These classifications
correlate the morphologies of the source with the their total radio power. Accordingly,
sources with bright jets towards their centres and having low radio luminosity are cat-
egorized as FRI. On the other hand, those sources with faint jets but possessing bright
hotspot at the ends of their lobes and having higher radio powers are grouped into FRII.
The critical power separating FRI and FRII is 102> WHz~! at 1.4 GHz [26].

Classical doubles, that have lobes aligned through center of galaxy having the bright
spots at ends, refer to FRII sources. A good example in this case is Cygnus A (3C405)2.
Its radio output is around 103® W, and each lobe has a diameter of 17 kpc, approximately

extending 50 kpc from the central galaxy [21].

%images.nrao.edu,/110
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F1cURE 1.1: Radio map of Cygnus A produced by VLA telescopes in 1983 at frequency

of 5 GHz with a resolution of 0.5”. The compact radio source or the core is located at

the center which coincides with the galactic nuclei. The lobes in the map are oriented

on the opposite side of the core. As can be seen in the map, both lobes have hot spots
at their end. ( R. Perley, C.Carilli and J.Dreher, NRAO)

Quasars are extragalactic objects having small angular size and high red-shift. Because
of their smaller size and similar structure to stars, they were initially called quasi-stellar
radio sources and later the name coined as ‘Quasars’. It had been expected that almost
all quasars were radio sources, but subsequent discovery showed that only 10% of such
objects were radio sources or radio-loud quasars. Because of this fact, astronomers
assigned a general name, known as quasi-stellar objects (QSO), to include the radio-

quiet quasars [20, 24].

The emission mechanism of these objects is non-thermal radiation of continuum spec-
trum form. Their redshifts range from 0.06 to around 5 corresponding to the recession
velocity of 6% to about 95% of the speed of light, respectively. According to Hubble’s
law, the distance D, where a galaxy is located from the observation point, is related to
its redshift z by [27]:

zC
DN

N —. 1.2
- (1.20)

Equation (1.20) is true for the nearby galaxies. Hj is called the Hubble constant. Ac-
cording to the recent measurements by the European Space Agency Planck satellite, the

value of Hy is 67.80 4= 0.77 kms ~'Mpc—! [28].

The other peculiar property of these objects is their high luminosity (103°-10*' W) on
account of their distant appearance. Despite possessing high luminosity, their brightness
fluctuates over periods of time as short as months or even days. The rapid variation
in the brightness implies that their energy is emitted from very small regions of space,

which is estimated to be the size of less than a light-day diameter.
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Seyfert galaxies were the first active galaxies to be discovered in 1943 by Carl Seyfert
[7, 24]. He first identified six spiral galaxies of exceptional characteristics compared
with the normal galaxies. These galaxies have broad emission lines in their spectra
and have nuclei which are extremely bright in the optical. The continuous spectra of
Seyfert galaxies have a combination of stellar, non-thermal, and infrared (from dust)
radiation. They are less powerful than quasars. They are weak radio sources, which can
be categorized as ‘radio quiet’, with radio luminosities of 10? — 10* times weaker than
the radio loud category (i.e., radio galaxies and radio quasars) [7]. Since 1943 around

800 Seyfert galaxies have been identified with these properties.

Most of the Seyfert galaxies are morphologically spiral with the exception of around
5—10% that may be elliptical. It is assumed that all spiral galaxies have passed through
the Seyfert galaxies’s phase in their evolution [7, 24].

BL Lacertae objects were first identified in early 1929 as optically variable objects. Due
to their stellar appearance, they were presumed to be variable stars. They distinctly
differ from the other active galaxies due to their frequent and erratic variation throughout
the electromagnetic spectrum. More specifically, their energy variations occur without

showing significant emission lines in their spectra [7].

Blazars represent the combining properties of BL Lac objects and flat spectrum radio
quasars. They are different from the other AGNs in their highly oriented beams. More-
over, superluminal motion and rapid variation in all electromagnetic spectra are the
common features of blazars [29]. More importantly, the ultrafast variation is specially

observed at optical and high energy wavelength in time scales as short as a few minutes.

1.3.5 A Unified Model Of Active Galactic Nuclei

By comprehending the similarities and differences explained in Section 1.3.4, AGN ac-

tivities can be described by a unified model that probably integrates all types of AGNs.

The basic theoretical consensus about the AGNs relies on the fact that their energy
outputs are generated from the infall of gas, form an accretion disc onto a Super-Massive
Black Hole (SMBH) [19]. In other words, the huge amount of gravitational potential
energy is converted to photons where these photons bring about an outwardly flowing
gas motion. As the result of these activities non-thermal radiation is induced closer to
the accretion disk, in which the radiation can extend from the long radio wavelengths
to highly energetic photons of short wavelength or X-rays [30]. Related to this fact,

collimated beams form jets along the axis of the accretion disk. Additionally, as the
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F1cURE 1.2: The widely accepted unified model of AGN. The rotating black hole
assimilates dust and gas into the galactic center. As a result, powerful and rapidly
non-thermal emission takes place. The image is taken from [29].

electrons recombine with gas ionized by central continuum sources, broad and narrow

emission lines are produced.

As we observe the AGNs from the Earth, property of each specific type of AGNs depends
on the orientation of the accretion disk to our line of sight and the amount of dust
clouds and gas obscuring the nuclei. Therefore, characteristics of AGN such as accretion
flow, jets and outflows, line emitting regions and obscuring materials, are of critical

importance to revealing their secrets.

1.3.6 Emission Mechanisms

The emission mechanism of a radio source is studied by analysing the flux density vari-
ation along different radio frequency bands. An illustrative example is the blackbody,
which ideally absorbs or emits all radiations incident upon it at all frequencies dur-
ing thermal equilibrium state. The well tested theory (relating the radiation from a

blackbody to frequency and temperature) is Planck’s radiation law, which is given by:
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1
B= — (1.21)
exp(g7) =1

where B is the brightness (Watt m~2 Hz~!'rad—2), h is Planck’s constant (6.63x 10734Js),
v is the frequency of the radiant object, K is Boltzmann’s constant (1.38 x 107233 k1),
and T is the temperature of the object.

For radio sources, however, the value of the photon energy (hv) is much less than KT.
This assumption directs to the Rayleigh-Jeans law. According to this law, the flux
density (S = [ [ BdQ) of an object at a radio wavelength, X, follows the relation [1]:

2K

If we consider a constant temperature throughout the entire source, Eq.(1.22) is written
in the form:
2K _9
S = 5T A (1.23)
Equation (1.23) depicts the inverse relationship between the flux density and the square
of the wavelength. Hence, the flux density as a function of wavelength or frequency can
generally be written as:

Soc AT x v, (1.24)

where « is a dimensionless quantity and known as a spectral index. If a radio source
has a constant temperature in the entire wavelength and the flux density varies directly
proportional to the square of the frequency or a@ = 2, then the emission mechanism of

the source is thermal radiation [1].

The other most dominant emission mechanism in a radio source is non-thermal mecha-
nism or synchrotron radiation. The main cause of this emission is the spiralling of a high
speed electron, having velocity closer to the speed of light, inside a uniform magnetic
field. As an electron is entangled by the magnetic field, it accelerates in helical path by
emitting radiation [1, 23].

Let us consider an electron moving at a relativistic velocity, v, inside a magnetic field,
H. According to Einstein’s relativity theory, the energy E of the ultra-fast particle is
greater than the rest mass energy (Ey = moc?) by a Lorentz factor v = (1 — (v/c)?)~1/2.

As a result, the relativistic energy is written as [1, 23]

2
mOC 2 2

E = ———= = mc” = ymoc”, 1.25
1— ()2 7mo (1.25)
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where myg is the rest mass and m is the relativistic mass.

At the moment the relativistic particle emits radiation, a cone-shaped denser pattern of
radiation is produced, as shown in Figure 1.3. The cone has an apex angle 6, where its
vertex is at a point of the instantaneous velocity [23]. This angle is dependent on the

Lorentz factor v and expressed as:

=== . (1.26)

FIGURE 1.3: A cone-shaped radiation pattern (shown by red line) is formed when a
highly relativistic electron radiates in a narrow beam, with width of order %, in the
direction of motion shown by black line.

As the particle orbits on a circle of radius R, it emits radiation continuously. However,
the observed radiation in any particular direction is pulsed. As a result, an observer in
the plane of the orbit will receive a cone of radiation once with every gyration at a time

interval given by:

RO 1 2R 1
At 2= 2 (1.27)
c
where R = 5 and v is the frequency of emission or absorption by the particle. The ra-
dius R corresponds to the orbiting radius of the particle inside a homogeneous magnetic

field in case of low speed (non-relativistic) particle. When the particle moves perpen-

dicular to a uniform magnetic field, the centripetal force of the particle (m}f) is equal

to the magnetic force (evH) acting on the particle in the absence of any external forces;

where e is the charge of the particle.

Combining all these factors, we obtain a monochromatic frequency of radiation in the

particle’s rest frame given by
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eH 1
v = —.
2mmo

(1.28)

However, strong Doppler boosting raises the low frequency of the radiation in the elec-
tron’s frame into the radio regime, as well as causing the monochromatic radiation in the
electrons frame to become a narrow pulse with emission over a wide range of frequency

in the observer frame. In this respect, the pulse received by the observer for v ~ c is

1 2mg 1

At =~ N ——.
2nvy3 eH 4?2

(1.29)

Consequently, the frequency at which maximum power per unit band width radiated is

given by:

1 eH ,
_277At_47rm0’y'

(1.30)

Vmazx

If we assume a single electron, Eq.(1.30) can be rewritten in terms of the energy, E, in

electron Volts (eV) and magnetic field H as

Vimaz = 0.06 HE?, (1.31)

where H is the magnetic flux density in Tesla = webers m 2

The spectrum of a relativistic electron has a large number of closely spaced lines. The
emission is spread out over a very wide range in frequency and there is a frequency at
which the maximum emission occurs. The distribution generally follows a power-law of
the form [31]:

N(E) x E~¢, (1.32)

where N(FE) is the number of electrons as a function of energy, F is the energy of

electron, and £ is energy spectral index.

The total power emitted by a distribution of relativistic electrons with energies in the

range I/ to E+dF is therefore given by

P=C x /E P(E)N(E)dE, (1.33)
0

where C' is a constant factor, and P(FE) is power radiated by a single electron.
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Referring to Eq.(1.31), we observe that the power radiated by a single electron is pro-
portional to the square of its energy. Thus, Eq.(1.33) will have the form

E
P=C x / E?’E~%dE =C x B3¢, (1.34)
0

Moreover, Eq.(1.31) tells us that the radiation frequency of an electron is proportional
to the square of its energy (FE ~ /v). Hence, the power is written in terms of frequency

as:

P=C x 3972 (1.35)

The variation of the the total power radiated by an aggregation of relativistic electrons

is then described by

AP o 0972 _ oy \ED/2 (1.36)
dv
The flux density of a radio source due to such an ensemble of relativistic electrons

becomes:
S o AETN/2 6 A7 o 2, (1.37)

Cosmic rays ( i.e., electrons, protons, and heavier nuclei with extremely high energies)
have an approximate value of £ = 2.4 [1]. Hence, the flux density variation with wave-

length is given by

S o A(24-1)/2 o \0.T (=0T (1.38)

According to observations, a spectral index value of a = (£ — 1)/2 ~ —0.7 is a typical

indicator for the non-thermal radio sources [1].

Knowing the spectral index variation for a specific source, we can determine the flux
density of the source at different frequencies once the flux density is evaluated at some

frequency.

Suppose we have measured the flux density of a radio source at frequency vy, then the

corresponding flux density at some other frequency v is given by:

"

v o
Sts) = Stun) (2) . (1.39)
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Based on the value of the spectral index, sources can be classified as steep spectrum

when o < —0.5; inverted spectrum when a > 0; and flat spectrum when —0.5 < a < 0.

The steep spectrum, which is emitted by the lobes of radio galaxies, occurs because
of the relative life times of electrons with different energies. The over all curvature
then happens due to the fact that electrons radiate at frequencies proportional to their
energies I, and the rate at which they lose energy is proportional E2. Thus, the highest-

energy electrons radiate away their energy the most rapidly [32].

The radio spectra of compact sources are usually flat probably due to opacity effects,
in contrast to the steep spectra of extended sources. The features of compact sources
spectra over several orders of magnitude in frequency is thus usually attributed to either
sources inhomogeneity or the presence of unresolved small discrete sources with the
compact core [32]. Synchrotron self-absorption occurs usually at very low frequencies
when the compact radio source becomes opaque to its own radiation. This results in a
steep (o = —g) turn down in the radio spectrum at low frequency which depends on
magnetic field and angular size of the source and produces a low frequency cut off of the

spectrum (Figure 1.4).

FIGURE 1.4: Tlustration of synchrotron spectrum drawn without scale. At low frequencies,
self-absorption occurs as a result of the source becoming optically thick. At higher frequencies,
the power law shape dominates until synchrotron losses begin to dominate at still higher
frequencies. The spectra of most compact sources are much flatter. As a result, there is slower
fall-off frequency making compact sources more readily found in high-frequency survey [33].

In some sources, this turnover occurs at higher frequencies, up to several GHz. These are
the Gigahertz-Peaked Sources (GPS). GPS sources have high luminosity of order of 103
W and a steep spectrum at low frequencies, and it is believed their spectral turnover is
due to synchrotron self absorption in a compact component with a large magnetic field.

There are similarities between the GPS sources and another class of compact objects
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called compact steep spectrum (CSS) sources in which the CSS sources are large versions
of the GPS [33].

1.3.7 Variability Of AGNs

The flux density of extragalactic sources, particularly AGNs, changes remarkably in the
time-scale ranging from minutes to years over the entire electromagnetic spectra. The

variabilities are related to the intrinsic and extrinsic phenomenons.

The intrinsic one presumably results from the compactness of the AGNs. As the volume
or the size of such sources are quite small, light takes short time to cross along the
emitting volume or region. On one hand, the observed time scale of variation At has to
satisfy the condition that R < cAt, where R is the source size. On the other hand, as
the galaxy recedes from the observer with redshift z, the time scale of the source, Aty,

is related to the observer’s time scale, At,, by

At,

Atg = .
(1+2)

(1.40)

According to Ulrich et.al [34], the variability time scale is defined in relation to the

source’s flux density S and its instant change AS as:

S At,

At= AS [l — BcosO(1 + 2)]

(1.41)

where v, 8, and 6 are as defined in Section 1.3.6.

Heeschen et al. [35] classified sources based on the time scale. According to the classifi-
cation in the observer’s frame, sources showing variability for ¢t = 50 hours as long-term

variable Type I, and ¢ < 50 hours as short-term variable Type II sources.

The extrinsic variability is caused owing to the inhomogeneity of the Interstellar Medium
(ISM) through which the radio waves are propagating. According to this assumption, a
thin layer in the ISM potentially changes the phase of the incoming radio waves. Thus,
there is refractive index perturbation that leads to the spatial variation of the flux density
of the source. The occurrence of such a scattering phenomenon due to turbulent ionized
ISM is known as Interstellar Scintillation (ISS) [36, 37].

The ISS is divided into weak and strong depending on the Fresnel scale given by

A
rp=1 5 (1.42)
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where X is the wavelength of the incoming wavelength and d is the distance between
the thin layer (screen) to the observer. The diffraction scale depicts the transverse
separation in which the phase fluctuations are coherent and constant within 1 rad.

Thus, the diffraction scale is given by [37, 38]:

Ad

— 1.4
27_‘_98 Y ( 3)

Tdif =
where 6, is the angular size associated with the electron density that induces the scat-

tering.

By comparing the Fresnel and diffraction scales given by Eq.(1.42) and Eq.(1.43), Weak
Interstellar Scintillation (WISS) is designated when rg4;¢ > 7. Consequently, the time-

scale of WISS for the screen velocity, v, relative to the observer is ty = Z—’;

The Strong Interstellar Scintillation (SISS) happens when both scales are approximately
the same. According to Walker [39], such a critical transition is observed in the frequency
between 1 GHz and 5 GHz. As the sources considered in this thesis are observed at a
frequency of 1.83 GHz, the SISS can be the possible reason for the rapid flux density

variability.

The Refractive Interstellar Scintillation (RISS) is also among the causes for variability.

If an element of plasma is assumed in the ISM, its refractive index of n has the form

n= [1 - (2’)2} , (1.44)

where v is the observation frequency and v, is the plasma frequency. Equation (1.44) tells
us that variability due to RISS becomes negligible as the observing frequency is higher.
However, RISS is dominant at the observing frequency less than 1 GHz [39]. Accordingly,
the sources considered in this thesis might not be highly affected by refractive interstellar

scintillation as the survey carried out at a frequency greater than 1 GHz.

1.4 Motivation Of The Project

The KAT-7 telescopes are engineering precursors for the MeerKAT and ultimately for
the Square Kilometre Array (SKA) projects. We have commenced the project aiming
at calibrating the telescopes using well known radio sources. The properties of these
sources were identified by several telescopes, such as VLA, Giant Metrewave Radio
Telescope (GMRT), Australia Telescope Compact Array (ATCA), and others. Their
properties were known at different operating frequencies, resolutions, baselines, and so

on of the telescopes. By referring the known information about the sources by the arrays,
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their properties will be studied using the KAT-7 array. The KAT-7 telescopes operate
at the central frequency of about 1.83 GHz. So, by knowing the relevant parameters
of the calibrator sources at this observing frequency, we can determine the complex
gains (correction terms) incurred by instruments and atmospheres. In other words, we
will compute the errors and then determine the actual properties of the sources at the
observing frequency. As a result, we do contribute to the engineering verification. To
this end, this project is of paramount importance. Moreover, the flux densities of the
sources at ¥ = 1.83 GHz are not available in the known catalogues, so this thesis will

assist in filling the gap existed at this particular frequency.

The flux variability study is an indispensable criteria to identify convenient flux density
calibrator candidates for the KAT-7. The less the variability of the source the more
suitable it is for flux density calibration. Thus, the thesis will statistically examine the
flux variabilities of the sources. Achieving this objective has an advantage in preparing

flux calibrator candidates for compact interferometers with short spacings such as the

KAT-7.

The work presented here does not look at the flux density stability of the instrument
nor the long term stability of known radio sources. Some of these sources have already

been done internally by the commissioning team of the KAT-7.
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1.5 Thesis Layout

This thesis consists of five chapters. The layout of each is summarized below:

e Chapter 2: In this chapter, we present brief descriptions of the KAT-7 telescopes
and their capacity as scientific instruments to explore extragalactic sources. More-
over, the properties of the target sources are discussed by reviewing different re-
search papers and utilizing available catalogues. We study and summarize the

characteristics of the sources before investigating them via the KAT-7

e Chapter 3: This chapter emphasises on the data reduction of the radio data col-
lected from the KAT-7. We discuss in detail the step by step procedures of the data
reduction processes together with the calibration formalisms to successfully extract
the desired quantities. The positions measured by the KAT-7 for the selected tar-
get sources are compared with their known catalogue values. The stability and

flux density accuracy of the KAT-7 is also checked in this chapter.

e Chapter 4: The statistical methods used for studying the flux variabilities of the
sources are discussed in this chapter. We use different metrics to quantify the flux
variability of each source. By using the metrics, we will distinguish which of the

sources can be suitable calibrator candidates.

e Chapter 5: This chapter briefly presents the conclusion of this work and the rec-

ommendations for future work.



Chapter 2

The KAT-7 Array and Sample

Observations

In this chapter we describe the Karoo Array Telescope (KAT-7) and present some of the
specifications of the instrument. We discuss the selection process and present known
parameters of each source in our sample. We also summarize the known properties of

each source compiled from various catalogues and literatures.

2.1 The Karoo Array Telescope (KAT-7)

Seven radio telescopes, known as the Karoo Array Telescope (KAT-7)!, were built in
the Northern Cape province of South Africa, to serve as a precursor array. They are
engineering prototypes for the next sensitive arrays, such as the MeerKAT and the

Square Kilometre Array (SKA).

The geographical coordinates of the KAT-7 array are longitude ~ 21.32° E and latitude
~ 30.71° S. The baselines of the array span between 26 m and 185 m giving a synthesised
beam of ~ 4’; the diameter of each telescope is 12 m giving a primary beam of ~ 54’
at 1.83 GHz. The main system specifications for the KAT-7 is presented in Table 2.1.
More detailed information about the KAT-7 is also available at [40].

The receivers and their components for each telescope are cooled down to 70 Kelvin (-
203 Celsius) so as to improve the sensitivity of the telescopes. The sensitivity describes
the capability of a given radio telescope to detect the weakest (faint) radio emission;
where the speed of a flux measurement is essentially associated with the sensitivity of

the telescope.

! www.ska.ac.za/meerkat /kat7.php
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Assuming the same sensitivity for all antennae involved in the observation, the minimum

flux density detected in the entire system of N number of antennae is calculated as

_2Kp Toys
naA \/N(N — l)Al/tint’

ASpmin (2.1)

where Kp = 1.38 x 10723Jk~! is the Boltzmann constant, and t;,; is the integration
time. The other constants in Eq.(2.1) are listed in Table (2.1).

Substituting the required values in Eq.(2.1) from Table (2.1), the minimum flux density
measured via the KAT-7 for an integration time of 100 s approximately becomes 1.5

mJy. Increasing the integration time will enhance the detection of faint sources.

TABLE 2.1: The main system specifications of the KAT-7.

Parameters values
Dish diameter (D/m) 12

Dish Area (A/m?) 110
Aperture efficiency (1) 0.66
Central frequency (v/GHz) 1.83
Bandwidth (Av/GHz) 0.25
Wavelength (A/cm) 16.41
Minimum baseline (bpin/m) 26
Maximum baseline (bpax/m) 185
Polarization Linear (H+V)
Longitude 21.321317°
Latitude -30.706267°

System temperature (Tsys/K) < 35 across the entire frequency band
(30 average) for all elevation angles

Synthesised resolution (fres) — ~ 4’

Primary beam (0,) ~ 54/

Sky coverage (deg) -80 to 50 (Dec) and 0 to 360 (RA)

2.2 Selection Of The Sources

Fach source for this thesis was selected from various catalogues of potential calibrators
that are likely to be good calibrator sources. The various known parameters character-
izing each source (position, spectral index, redshift, type of source, and the flux density
at 1.4 GHz) were collected from different catalogues. We used NASA Extragalactic
Database (NED?), VizieR Service ®, Set of Identifications, Measurements, and Bibli-
ography for Astronomical Data (SIMBAD?), NRAO VLA Sky Survey [41] (NVSS®) to

ned.ipac.caltech.edu/
vizier.u-strasbg.fr/viz-bin/VizieR
simbad.u-strasbg.fr/simbad/

2
3
4
Pwww.cv.nrao.edu/nvss/NVSSPoint.shtml
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extract the parameters.

The sample contains 48 sources, where the majority (~ 90%) reside over the southern
sky. Classifying the sources according to their AGN group: about 46% are quasars,
~ 50% are faint galaxies, and two sources are BL Lac object. About 41% of the sources
showed flat spectra indices, about 43% and 8% of the sources revealed steep and inverted

spectra, respectively. 4 sources (~ 8%) were found to be Giga Hertz Peak Spectrum

(GPS).

Using Eq.(1.39), we extrapolated the flux density (S,,) of the sources at the KAT-7
observing frequency (r2=1.83 GHz); where the reference flux density (S,,) at v =1.4
GHz together with the spectral index « are obtained from NED, NVSS and SIMBAD
catalogues. For each candidate source, we checked for other, nearby and possibly con-
fusing sources which had flux densities > 10% within 3° radius that of the candidate

source, and rejected the candidate if any such confusing sources existed.

The spectral indices of 2 sources (i.e. PKS J0240-2309 and PKS J1924-2914) are not
available in the catalogues. Thus, we used their flux densities at 1.4 GHz and 2.7 GHz
recorded in the above catalogues as initial values to extrapolate their flux densities at
1.83 GHz. According to the extrapolated flux density values (Figure 2.3), ~ 82% of the
sources had < 10 Jy; whereas ~ 10% of the sources had flux densities between 10 Jy
and 20 Jy. 3C123 is the strongest one among the sources with a flux density of about
39 Jy.

The expected flux density of a known flux-density calibrator, PKS J1939-6342 (J2000),
at 1.83 GHz was in particular predicted from its polynomial relationship between flux
density and frequency studied by Reynolds [42]. Thus, the polynomial relation based
on measurements between 408 MHz and 8640 MHz is given by

logyo(S) = —30.7667 + 26.4908x — 7.0977x2 + 0.60533423, (2.2)

where x = log;¢(v) and v is in MHz. The polynomial fitted with the data within 1 ~ 2%
error over the range 1-10 GHz [42, 43]. Hence, S = 13.59 Jy (i.e. possible error within
0.14 Jy (1%) ~ 0.27 Jy (2%)) at our central frequency v=1827 MHz.

The histograms [Figure (2.1, 2.2, 2.3)] illustrate the quantitative description of the
sample in terms of their position in the sky, spectral index, flux density and redshift.

The key results are summarized in Table 2.4 and 2.5.
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FIGURE 2.1: The number of sources (N) as a function of declination (Dec) and right
ascension (RA). As can be seen from the left plot, majority of the sources are located
in the southern sky (0 < Dec < —80°)

FiGURE 2.2: The left and right side histograms show the number of sources as a

function of spectral index and redshift, respectively. The sample sources comprise of

flat spectrum (—0.5 < a < 0), steep spectrum a < —0.5, and inverted spectrum « > 0.
Majority (~ 76%) of the selected sources are located at redshift 0 < z < 1.

2.3 Observations Of The Sample Sources

The potential calibrator sources studied in this thesis were observed between Oct 13,
2012 and February 23, 2013 during the commissioning phase of the KAT-7 . All ob-
servations were performed in the continuum mode with two linear polarizations over a
0.25 GHz bandwidth centred at 1.83 GHz. Initially, 3 minutes and 5 minutes scans were
made on each flux-density and phase calibrator, respectively; the process was repeated

every one hour. The summary about the observations are presented in Table 2.2.

We only consider the datasets that contain flux-density calibrator, PKS J1939-6342,
in order to flux calibrate the sources using a single calibrator for consistency. As we
discussed in Section 1.3.3, 3C286, 3C138, 3C147, and 3C48 are potential flux-density
calibrators. We did not utilize any of them as flux-density calibrators due to the fact

that they were rarely observed, unlike PKS J1939-6342, in the selected observation runs
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FIGURE 2.3: The number of sources as a function of expected flux density at 1.83 GHz,
where ~ 82% of the sources have flux densities between 1 Jy and 10 Jy.

(datasets). However, we used 3C286, 3C147, and 3C48 to check the stability and flux-
density accuracy of the KAT-7 by flux calibrating them with respect to PKS J1939-6342;

for more explanation, refer Section 3.8.

Though the sources in our sample are known potential phase calibrators, we selected
specific sources that would be utilized to phase calibrate target sources depending on
coherently assessed requirements. The requirements are presented in Chapter 3 under
Section 3.2. The sources that will be employed as phase calibrators in each dataset are
listed in Table 2.2. The selected phase calibrators with their corresponding target sources
are also presented in Table 2.3. The flux densities of the selected phase calibrators and
their respective target sources will be estimated relative to PKS J1939-6342. However,
the positions of the target sources will be derived with respect to the phase calibrators

for reliability check.

The observations were carried out on the antennas that were functioning in full mode.
On average 6 out of the 7 antennae were available in 8 of the observations, and only one

observation was carried out with 5 antennae.
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TABLE 2.3: The selected phase calibrators (sources that would be employed to phase
calibrate the target sources) and the respective target sources in the data reduction

process are shown in the table.

Group Phase Target

Number Calibrators Sources

1 PKS J0022+0014  |PKS J0059+-006

2 PKS J0025-2602 PKS J0010-4153 PKS J0042-4414 PKS J0044-3530

3 PKS J0240-2309 PKS J0351-2744 PKS J0405-1308 PKS J0409-1757

4 PKS J0252-7104 PKS J0303-6211 PKS J0309-6058 PKS J0408-6544 PKS J0420-6223

5 PKS J0318+1628  |PKS J0442-0017 PKS J03234-0534

6 3C123 (J0437+42940)[PKS J0318+1628

7 PKS J0440-4333 PKS J0444-2809 PKS J0453-2807 PKS J0538-4405

8 PKS J0744-0629 PKS J0837-1951 PKS J0943-0819

9 PKS J1154-3505 PKS J1130-1449 PKS J1248-1959 PKS J1311-2216

10 PKS J1510-0543 PKS J1517-2422

11 PKS J1833-2103 PMN J1712-2809 PKS J1830-3602

12 PKS J1941-1524 PKS J1924-2914

13 PKS J1819-6345 PKS J1744-5144 PKS J1935-4620

14 PKS J2206-1835 PKS J2129-1821 PKS J2131-2036 PKS J2151-3027 PKS J2152-2828
PKS J2219-2756

2.4 Known Properties Of The Sources

This section summarizes what is already known about the sources from various published

literatures. The summary assists the selection process to decide which of the sources

should be used as phase calibrators and target sources during the data reduction routine.

Moreover, it plays a crucial role when we compare the flux variability of each source

obtained from this thesis against the previously published results. All flux density time

series plots shown below have directly been copied from the ATCA calibrator database
website [44] except for 3C123.

e 3C286 - is a compact steep-spectrum quasar at redshift z=0.846. According to

its VLA image, a small emission structure is revealed at a resolution of about 2.5”
[45]. It has been used as a flux density calibrator in most interferometers because
of showing less than 1% variability at various frequencies studied over 30 years by
Perley et al. [17].

3C48 - is a compact steep-spectrum quasar at redshift z=0.367. It has compact
structure, where it shows small components at a resolution of about 1.2”. The
flux variability of this source has been conducted over 30 years, where the result
indicated its flux density variability. For instance, the flux variabilities at frequen-
cies of [1.465, 4.885, and 43.340] GHz are approximately 1.5%, 2.3%, and 11%,
respectively [17].

3C147 - is a compact steep-spectrum quasar at redshift z=0.545. Observations
made on this source at [1.6, 5, 8.4, 15, 22.5] GHz with a resolution ~ 0.1” [46]
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showed that it has a weak, extended component to the north and a stronger and
more compact structure to the south. The variability study performed by Perley
et al. [17] asserted that it has varied approximately by 1.2%, 1.9%, and 13.6%
at frequencies [1.465, 4.885, and 43.340] GHz, respectively. This source has been
used by VLA collaboration as a flux density scale calibrator because of its small

angular size and high spectral flux density.

o PKS J1939-6342 - is identified as a radio source at redshift z=0.185. It has

been used as a flux calibrator by ATCA because of its stable flux density and
compact structure [47]. The data available by Australia Telescope National Facility
(ATNF®) show that the flux density of PKS J1939-6342 has varied by less than
~ 2% and ~ 0.4% within 10 years (2000-2010) at frequencies 1384 MHz and 1757
MHz, respectively. In addition to this, Figure 2.4 reveals the source’s constant
flux density with time. For example, the thirteen flux densities measured between
2006 and 2014 at 2100 MHz had almost equal magnitudes of ~ 12.6 Jy. Similarly,
more than 40 flux density measurements taken between 2007 and 2014 at 5500
MHz exhibited almost the same magnitudes of ~ 5.0 Jy. Therefore, utilizing PKS
J1939-6342 as a flux density calibrator (standard) to determine the flux density of

other sources is justifiable.

FI1GURE 2.4: The flux density versus time plot PKS J1939-6342 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0010-4153 - is a compact steep-spectrum radio galaxy at redshift z=1.120

[48]. According to VLBI observation, it is resolved at 0.2”. Moreover, the optical
spectrum of this source is so faint and very noisy that it is difficult to distinguish
emission lines from noise [49]. The flux density data by ATNF showed that its flux
density changed by ~ 2% within 4 years and ~ 6% within 9 years at 1384 MHz
and 2368 MHz, respectively. Additionally, Figure 2.5 tells us that its flux density
decreased from ~ 3.8 Jy in 2009 to ~ 3.2 Jy in 2011 at 2100 MHz; however, the

6
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five flux density measurements taken at 5500 MHz between 2009 and 2012 had
equal magnitudes of ~ 1.1 Jy.

F1GURE 2.5: The flux density versus time plot PKS J0010-4153 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0022+0014 - is a compact flat-spectrum radio quasar at redshift z=0.305
[50]. At a frequency of 2100 MHz, only one flux density measurement (i.e. ~ 2.2
Jy) was made at the end of 2010; the four flux density measurements taken between

2011 and 2013 were nearly equal to ~ 1.1 Jy at 5500 MHz; see Figure 2.6.

FIGURE 2.6: The flux density versus time plot PKS J0022+0014 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0025-2602 - is a flat-spectrum radio source at redshift z=0.332. It is
also known as a Compact Steep Spectrum (CSS) as its radio spectrum peaks
at a frequency lower than 500 MHz [51]. As noted from Figure 2.7, the three
flux densities measured in 2009, 2011, and 2013 at 2100 MHz had almost the
same magnitudes of ~ 6.8 Jy. Similarly, the five flux density measurements taken
between 2009 and 2014 at 5500 MHz were nearly the same, and each one had a
magnitude of ~ 3.3 Jy; however, one flux density measurement in 2010 was slightly

smaller than the others, having ~ 3.0 Jy.
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FIGURE 2.7: The flux density versus time plot PKS J0025-2602 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0042-4414 - is a small steep-spectrum radio source at redshift z=0.346.
It has two lobes dominating its emission. However, core or jets have not been
detected in the images. Both Lobes are polarized with the eastern side showing
higher fractional polarization compared to the western side [52]. Its flux density
measured at 2100 MHz decreased from ~ 1.6 Jy in 2009 to ~ 1.2 Jy at the end of
2010. The two flux densities measured at 5500 MHz between 2009 and 2012 had
nearly equal magnitudes of ~ 0.4 Jy; the three flux density measurements between
2012 and 2013 had almost equal magnitudes of ~ 0.3 Jy, which showed decrement

from the former values.

FIGURE 2.8: The flux density versus time plot PKS J0042-4414 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0044-3530 - is identified as a radio galaxy having steep-spectrum at red-
shift 2=0.980. The two flux densities at 2100 MHz of this source (see Figure 2.9)
showed slight difference, increasing from ~ 1.6 Jy in 2009 to ~ 1.9 Jy in 2011.
However, its flux densities measured between 2009 and 2013 at 5500 MHz were

nearly uniform, each having a magnitude of ~ 0.85 Jy.
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F1GURE 2.9: The flux density versus time plot PKS J0044-3530 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J00594006 - is categorized as a flat-spectrum quasar at redshift z=0.719.
According to the VLBA observation at 4.8GHz [53], the source displayed a com-
pact core with jet emission extending beyond 20 mas from the core. According to
the ATCA Monitoring Observations of 202 Compact Radio Sources at 16 epochs
between 1996 October and 2000 February by Tingay et al. [54], the variability
indices 7 of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6 GHz are 2.0%,
4.0%, 8.0%, and 12 %, respectively. Figure 2.10 indicated that its flux density
slightly decreased from ~ 2.2 Jy in 2009 to ~ 2.1 Jy in 2011 at 2100 MHz. The
five flux densities measured at 5500 MHz between 2009 and 2013 were nearly the

same, each equivalent to ~ 1.5 Jy.

FIGURE 2.10: The flux density versus time plot PKS J0059+006 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0240-2309 - is identified as a quasar at redshift z= 2.223. It is a GPS
with a peak around 1.4 GHz. According to VLBI imaging, it exhibits a core-jet

" The variability index in the Tingay et al. [54] paper is defined as the Root Mean Square (RMS)
variation from the mean flux density, divided by the mean flux density. We also define the same quantity
with different name (i.e. we call it modulation index) in Chapter 4 of this thesis.
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structure with a compact core dominated at 2 and 5 GHz [53]. According to
the ATCA Monitoring Observations of 202 Compact Radio Sources at 16 epochs
between 1996 October and 2000 February by Tingay et al. [54], the variability
indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6 GHz are 1.0%, 2.0%,
3.0%, and 5.0%, respectively. As noted from Figure 2.11, the three flux density
measurements at 2100 MHz between 2009 and 2013 had nearly equal magnitudes
of ~ 5.1 Jy. The five flux densities measured at 5500 MHz between 2009 and
2013 showed very small fluctuations, having a minimum of ~ 2.1 Jy in 2009 and a

maximum of ~ 2.6 Jy in 2011.

F1GURE 2.11: The flux density versus time plot PKS J0240-2309 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0252-7104 - is a compact steep-spectrum radio source at redshift z=0.563
[55]. As shown in Figure 2.11, two flux density measurements at 2100 MHz in 2009
and 2011 were found to be almost equal with a magnitude of ~ 4.0 Jy. Similarly,
the five flux densities measured at 5500 MHz between 2009 and 2012 had almost
equal magnitudes of ~ 1.5 Jy.
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FI1GURE 2.12: The flux density versus time plot PKS J0252-7104 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0303-6211 - is a flat-spectra quasar at redshift z= 1.351. According to
the ATCA Monitoring Observations of 202 Compact Radio Sources by Tingay et
al. [54], the variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and
8.6 GHz are 4.0%, 4.0 %, 2.0 %, and 2.0%, respectively. As noted from Figure
2.13, the flux density of the source increased from ~ 2.8 Jy in 2009 to ~ 3.5 Jy in
2011 at 2100 MHz. Twenty two flux densities were measured between 2009 and
2014 at 5500 MHz, where maximum and minimum flux densities of ~ 2.4 Jy and

~ 1.8 Jy were recorded in 2009 and 2013, respectively.

F1GURE 2.13: The flux density versus time plot PKS J0303-6211 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

PKS J0309-6059- is a flat-spectra quasar at redshift z= 0.480. According to
the ATCA Monitoring Observations of 202 Compact Radio Sources at 16 epochs
between 1996 October and 2000 February by Tingay et al. [54], the variability
indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6 GHz are 6.0%, 9.0%,
8.0%, and 5.0%, respectively. As can be seen from the ATCA database plot shown
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in Figure 2.14, two flux density measurements at 2100 MHz in 2009 and 2011
were nearly equal with a magnitude of ~ 1.1 Jy. Nineteen flux densities were
measured between 2009 and 2014 at 5500 MHz, where maximum and minimum

flux densities of ~ 1.6 Jy and ~ 1.4 Jy were recorded in 2009 and 2013, respectively.

FIGURE 2.14: The flux density versus time plot PKS J0309-6059 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0318+1628 - identified as a quasar at redshift z=0.907. It exhibits ei-
ther flat or inverted spectrum at low frequency and steep spectrum at frequencies
greater than 1 GHz [56].

e PKS J032340534 - is classified as a radio galaxy under the category of GPS at
redshift z=0.178. According to VBLA’s observation at 1.6 GHz [57], the source
shows a strong diffusive component and a weak extended component in the South.

Four flux density measurements between 2011 and 2014 were nearly identical, each
having ~ 0.8 Jy at 5500 MHz.

FIGURE 2.15: The flux density versus time plot PKS J0323+0534 from ATCA database
[44] at frequency of 5500 MHz (light magenta points).
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e PKS J0351-2744 - is a FR II radio galaxy with steep-spectrum at redshift
z=0.065. It is also known for its brightness in a dense region with an elongated
structure [58]. Its elongated structure is also seen in the 1.4 GHz NVSS image.
Refer figure 3.6 to look at its NVSS image.

e PKS J0405-1308: It is a quasar with steep-spectrum at redshift z= 0.570 and
has a very compact core. It exhibits a faint jet emission stretching to the south-
east [53]. According to the ATCA Monitoring Observations of 202 Compact Radio
Sources at 16 epochs between 1996 October and 2000 February by Tingay et al.
[54], the variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6
GHz are 1.0%, 3.0%, 5.0%, and 15%, respectively. As can be seen from Figure
2.16, its flux density of ~ 3.6 Jy in 2009 decreased to ~ 3.3 Jy in 2011 at 2100
MHz. At 5500 MHz, three flux densities were measured between 2009 and 2012;
of which two of them had almost the same magnitudes of ~ 2.7 Jy, whereas the

third one was slenderly lower than the two having a magnitude of ~ 2.5 Jy.

F1GURE 2.16: The flux density versus time plot PKS J0405-1308 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0409-1757 - is a steep-spectrum quasar at redshift z=0.722. According
to the ATCA calibrator database (Figure 2.17), its flux densities in 2009 and 2011
were identical, each having ~ 1.6 Jy at 2100 MHz. Besides, its flux densities dis-
played nearly equal magnitudes of 0.7 Jy in 2009, 2011, and 2012 at 5500 MHz.
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FIGURE 2.17: The flux density versus time plot PKS J0409-1757 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0408-6544 - is a steep-spectrum quasar at redshift z=0.962. According to
the ATCA database plot shown in Figure 2.18, the three flux densities measured at
2100 MHz between 2007 and 2012 were nearly the same, each having a magnitude
of ~ 9.6 Jy. Additionally, the three flux densities measured at 5500 MHz between
2009 and 2012 were almost equal with a magnitude of ~ 2.7 Jy.

F1GURE 2.18: The flux density versus time plot PKS J0408-6544 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0420-6223 - is a steep-spectrum radio galaxy at redshift z=0.81. The
three flux densities measured at 2100 MHz between 2007 and 2012 had almost the
same magnitudes of ~ 2.2 Jy as shown in Figure 2.19. Likewise, the three flux
densities measured at 5500 MHz between 2009 and 2012 were almost invariable,

each having ~ 1.9 Jy.
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F1GURE 2.19: The flux density versus time plot PKS J0420-6223 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0440-4333 - is an extremely luminous quasar at redshift z= 2.863. Its
radio spectrum is complex in that it has a flat-spectrum at low frequency while
very steep-spectrum above 5GHz. VLBI observations of the source at 2.3 GHz
have revealed a core-jet structure. According to the ATCA Monitoring Observa-
tions of 202 Compact Radio Sources at 16 epochs between 1996 October and 2000
February by Tingay et al. [54], the variability indices of this source at 1.4 GHz,
2.5 GHz, 4.8 GHz, and 8.6 GHz are 2.0%, 5.0%, 10.0%, and 10.0%, respectively.
As shown in Figure 2.20, its flux density of ~ 3.9 Jy in 2009 slightly decreased
to ~ 3.3 Jy in 2012 at 2100 MHz. The five flux densities measured at 5500 MHz
between 2011 and 2013 had nearly equal magnitudes of ~ 1.9 Jy; but the flux
measured in 2009 had ~ 2.5 Jy, which was slightly higher.

FIGURE 2.20: The flux density versus time plot PKS J0440-4333 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).
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e PKS J0442-0017 - is a flat-spectrum quasar at redshift z= 0.844, and its spec-
trum peaks at 2 GHz [59]. According to the ATCA Monitoring Observations of 202
Compact Radio Sources at 16 epochs between 1996 October and 2000 February by
Tingay et al. [54], the variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8
GHz, and 8.6 GHz are 9.0%, 11.0%, 10.0%, and 11.0%, respectively. As shown in
Figure 2.21, its flux density ~ 2.7 Jy in 2009 slightly decreased to ~ 2.4 Jy in 2011
at 2100 MHz. The three flux densities measured at 5500 MHz fluctuated between
~ 2.4 Jy in 2009 and ~ 2.9 Jy in 2011.

F1GURE 2.21: The flux density versus time plot PKS J0442-0017 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0444-2809 - is a steep-spectrum FRII radio source at redshift z=0.147.
Its radio lobes have complex morphology. Moreover, it has a core without having
radio jets [60].

e 3C123 - is a radio galaxy at redshift z=0.218. It has an extended structure on
arcsecond scale, and it is not preferable to use it as a calibrator for high-resolution
interferometry. This structure is revealed in wide frequency intervals that range
from 25 MHz to 98 GHz [61]. It is mostly used as a calibrator at low frequencies.
The variability study on this source (see Figure 2.22) by Perley et al. [17] over 30
showed that it has approximately varied by less than 1.0 % at frequencies 1.465
GHz and 4.885 GHz.
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FicURE 2.22: The flux density versus time plot for 3C123 at frequencies 1465 MHz

(left) and 4885 MHz (right). Taken from [17].

e PKS J0453-2807 - is a flat-spectrum quasar at redshift z=2.559. It has a jet
structure [62]. According to the ATCA Monitoring Observations of 202 Compact
Radio Sources at 16 epochs between 1996 October and 2000 February by Tingay
et al. [54], the variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz,
and 8.6 GHz are 2.0%, 3.0%, 5.0%, and 9.0%, respectively. As shown in Figure
2.23, its flux density of ~ 2.3 Jy in 2009 slightly decreased to ~ 2.1 Jy in 2011
at 2100 MHz. The two flux densities measured at 5500 MHz in 2011 had almost
equal magnitudes of ~ 1.9 Jy.

FIGURE 2.23: The flux density versus time plot PKS J0453-2807 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0538-4405 - is a flat spectrum quasar at redshift z= 0.894. It showed a
significant variability in almost all electromagnetic spectra that had been detected.
According to the ATCA Monitoring Observations of 202 Compact Radio Sources
at 16 epochs between 1996 October and 2000 February by Tingay et al. [54], the
variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6 GHz are
22.0%, 24.0%, 30.0%, and 35.0%, respectively. The 5 GHz VLBI image showed
that it has an asymmetric core-jet structure [63]. Figure 2.24 reveals that the

source is highly variable. For instance, its flux density changed significantly from
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~ 4.0 Jy in 2006 to ~ 7.8 Jy in 2011 at 2100 MHz. The flux densities measured
at 5500 MHz between 2007 and 2013 clearly revealed its strong variability; where
its flux densities fluctuated between its peak value of ~ 10.9 Jy in 2011 and its

minimum value of ~ 4.9 Jy in 2013.

F1GURE 2.24: The flux density versus time plot PKS J0538-4405 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0534+1927 - is a steep-spectrum radio galaxy. No redshift information is

given about this source in the NED catalogue.

e PKS J0744-0629 - is flat-spectrum radio galaxy. No redshift information is
given about the source in the NED catalogue. It is categorized as GPS for show-
ing change in its spectrum around 1 GHz. As shown in Figure 2.25, the flux
densities of this source in 2009 and 2012 at 2100 MHz were identical and equal
to~ 6.07 Jy; Similarly, the five flux densities measured at 5500 MHz between 2009

and 2013 were nearly uniform, each having ~ 2.7 Jy.

F1GURE 2.25: The flux density versus time plot PKS J0744-0629 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).



Chapter 2. Known Properties Of The Sources 45

e PKS J0837-1951 - is a compact steep-spectrum radio galaxy at redshift z= 1.032.
The two flux densities measured at 2100 MHz between 2007 and 2009 had nearly
equal magnitudes of ~ 3.5 Jy. Similarly, the nine flux density measurements be-
tween 2009 and 2014 at 5500 MHz (Figure 2.26) had almost the same magnitudes
of ~ 1.4 Jy.

FI1GURE 2.26: The flux density versus time plot PKS J0837-1951 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J0943-0819 - is a flat-spectrum radio source at redshift z=0.228. It is iden-
tified as a GPS, which attains its peak around 0.5 GHz. Observations by VLBA
revealed that PKS J0943-0819 has a compact double structure [64]. The two flux
density measurements at 2100 MHz between 2007 and 2009 had nearly equal mag-
nitudes of ~ 2.2 Jy. Similarly, the nine flux density measurements recorded by the
ATCA database at 5500 MHz between 2009 and 2014 (Figure 2.27) showed that
they had almost identical magnitudes of ~ 1.1 Jy.

F1GURE 2.27: The flux density versus time plot PKS J0943-0819 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).
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e PKS J1130-1449 - is a flat-spectrum quasar at redshift z= 1.184. It is strong and
compact and shows steep spectrum at higher frequencies. It exhibits continuous
variability between low to high frequencies. According to the image obtained from
VLBA, the source displays jets that originate from the core and bend at a distance
about 3 mas into a direction of kilo parsec-scale radio structure [65]. As shown in
Figure 2.28, its flux density ~ 4.8 Jy in 2009 decreased to ~ 4.3 Jy in 2010 at 2100
MHz. It displayed a peak flux density of ~ 3.9 Jy in 2009 and attained nearly
uniform values of ~ 3.0 Jy between 2011 and 2014 at 5500 MHz.

FIGURE 2.28: The flux density versus time plot PKS J1130-1449 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1154-3505 - is a compact steep spectrum quasar at redshift z=0.258. Only
one flux density was measured in 2013 having a magnitude of ~ 7.0 Jy at 2100
MHz; see Figure 2.29.The ten flux density measurements recorded in the ATCA
calibrator database between 2009 and 2014 did not exhibit any significant change,
as shown in Figure 2.29; almost all flux densities between these years had ~ 2.8
Jy at 5500 MHz.

FIGURE 2.29: The flux density versus time plot PKS J1154-3505 from ATCA database
[44] at frequencies of 2100 MHz (blue point) and 5500 MHz (light magenta points).
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e PKS J1248-1959 - is identified as a CSS under the class of quasar with a redshift
2=1.275. It showed variability at low frequencies [66]. Only one flux density was
measured between 2009 and 2014 in the ATCA calibrator database with a magni-
tude of ~ 4.1 Jy at 2100 MHz; see Figure 2.30. The nine flux density measurements
at 5500 MHz between 2009 and 2014 did not show any significant variability; each
of the flux densities had nearly equal magnitude of ~ 2.2 Jy.

F1GURE 2.30: The flux density versus time plot PKS J1248-1959 from ATCA database
[44] at frequencies of 2100 MHz (blue point) and 5500 MHz (light magenta points).

e PKS J1311-2216 - is a steep spectrum radio galaxy at redshift z=0.800. Ac-
cording to the ATCA 6 km baselines observations at a frequency of 4.8 GHz, the
unresolved component holds 95% of the flux density [53]. Only one flux density
was measured between 2009 and 2014 in the ATCA calibrator database having
a magnitude of ~ 3.4 Jy at 2100 MHz; see Figure 2.31. The ten flux density
measurements at 5500 MHz between 2009 and 2014 did not show any significant
variability; each of them had nearly equal magnitude of ~ 1.0 Jy.

F1GURE 2.31: The flux density versus time plot PKS J1311-2216 from ATCA database
[44] at frequencies of 2100 MHz (blue point) and 5500 MHz (light magenta points).
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e PKS J1510-0543 - is a flat-spectrum quasar at redshift z=1.185. The three flux
densities measured at 2100 MHz between 2007 and 2013 had nearly equal magni-
tudes of ~ 2.8 Jy. The three flux density measurements in 2009, 2012, and 2013 at
5500 MHz were almost identical and equal to ~ 1.8 Jy, except its slightly higher
flux density (~ 2.9 Jy) in 2011.

F1GURE 2.32: The flux density versus time plot PKS J1510-0543 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1517-2422 - is classified as BL Lac object having a flat spectrum at redshift
2=0.049. It exhibits a core jet on arcsec scales. It shows a significant variability
in optical ranges [67]. However, the two flux densities measured at 2100 MHz be-
tween 2007 and 2013 had nearly equal magnitudes of ~ 2.3 Jy. Similarly, the four
flux densities measured at 5500 MHz between 2011 and 2014 were nearly identical
with each having a magnitude ~ 2.5 Jy.

F1GURE 2.33: The flux density versus time plot PKS J1517-2422 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PMN J1712-2809 - is a radio source having steep spectrum with an extended
morphology. Its flux density increased from ~ 1.3 Jy in 2011 to ~ 2.1 Jy in 2013
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at 2100 MHz, as shown in Figure 2.34. However, the three flux densities measured
at 5500 MHz did not show significant change between 2011 and 2014; each of them
had nearly equal magnitude of ~ 0.5 Jy.

FI1GURE 2.34: The flux density versus time plot PKS J1712-2809 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1819-6345 - is a radio source at redshift z = 0.064 having a CSS spectrum
with a basic double-lobed structure [68]. As can be seen from Figure 2.35, the two
flux density measurements taken at 2100 MHz between 2011 and 2013 had almost
equal magnitudes of ~ 9.7 Jy. Similarly, the seven flux density measurements
taken at 5500 MHz between 2010 and 2013 had nearly equal magnitude of ~ 4.2
Jy, except a slight decline to ~ 3.9 Jy in 2011.

FIGURE 2.35: The flux density versus time plot PKS J1819-6345 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1830-3602 - is a radio source at redshift z = 0.0120 having a steep spec-
trum. Its flux density significantly increased from ~ 0.03 Jy at the end of 2010 to
~ 4.3 Jy at the end of 2012 at 2100 MHz, as shown in Figure 2.36. However, the

four flux densities measured at 5500 MHz did not show significant change between
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2011 and 2013; each of them had nearly equal magnitude of ~ 1.0 Jy.

F1GURE 2.36: The flux density versus time plot PKS J1830-3602 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1833-2103 - is identified as a BL Lac object with flat radio spectrum at
redshift z=2.507. According to the ATCA Monitoring Observations of 202 Com-
pact Radio Sources at 16 epochs between 1996 October and 2000 February by
Tingay et al. [54], the variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8
GHz, and 8.6 GHz are 6.0%, 13.0%, 24.0%, and 39.0%, respectively. As shown in
Figure 2.37, its flux density of ~ 11.9 Jy at the end of 2010 increased to ~ 13.3
Jy at the end of 2012 at 2100 MHz. Moreover, the three flux densities measured
between 2011 and 2013 at 5500 MHz varied between ~ 11.2 Jy and ~ 9.7 Jy.

FIGURE 2.37: The flux density versus time plot PKS J1833-2103 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1924-2914 - is a quasar at redshift z=2.507. According to the ATCA
Monitoring Observations of 202 Compact Radio Sources at 16 epochs between
1996 October and 2000 February by Tingay et al. [54], the variability indices of
this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6 GHz are 5.0%, 9.0%, 16.0%,
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and 19.0%, respectively. As evident from Figure 2.38, the flux densities of the
source changed significantly at 5500 MHz between 2007 and 2014. For instance,
the source had minimum flux densities (~ 9.0 Jy) between 2007 and 2009, and
reached maximum (~ 17.4 Jy) in 2010; then it declined to ~ 10.6 Jy in 2013.
Moreover, the two flux density measurements at 2100 MHz also exhibited varia-

tion from ~ 11.6 Jy in 2011 to ~ 12.8 Jy in 2013.

FIGURE 2.38: The flux density versus time plot PKS J1924-2914 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J1941-1524 - is a quasar with a steep-spectrum property at redshift z=0.452.
It is a small source with two lobes. However, it has not been observed as having
any core or jets [60]. As can be observed from Figure 2.39, its flux density slightly
changed from ~ 2.4 Jy in 2011 to ~ 2.5 Jy 2012 at 2100 MHz. Regarding the
five flux densities measured at 5500 MHz between 2010 and 2013, there was a
significant flux density change from ~ 0.8 Jy in 2010 to ~ 1.6 Jy in 2012.

FIGURE 2.39: The flux density versus time plot PKS J1941-1524 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).
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e PKS J2129-1821 - is a flat-spectrum quasar at redhift z= 0.680. As shown in
Figure 2.40, the two flux densities measured at 2100 MHz between 2010 and 2012
had nearly equal magnitudes of ~ 1.3 Jy. Similarly, the four flux densities mea-

sured at 5500 MHz between 2010 and 2013 were almost equal to ~ 0.9 Jy.

F1GURE 2.40: The flux density versus time plot PKS J2129-1821 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J2131-2036 - is a quasar at redshift z=1.615. As shown in Figure 2.41, the
two flux densities measured at 2100 MHz between the end of 2010 and 2012 had
almost equal magnitudes of ~ 1.3 Jy. Similarly, the four flux densities measured

at 5500 MHz between 2010 and 2013 had nearly similar magnitudes of ~ 0.5 Jy.

FI1GURE 2.41: The flux density versus time plot PKS J2131-2036 from ATCA database
[44] at frequencies of 2100 MHz (blue points) and 5500 MHz (light magenta points).

e PKS J2151-3027 - is a flat-spectrum quasar at redshift z=2.345. According to
the ATCA Monitoring Observations of 202 Compact Radio Sources at 16 epochs
between 1996 October and 2000 February by Tingay et al. [54], the variability
indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and 8.6 GHz are 4.0%, 4.0%,

5.0%, and 8.0%, respectively. The fifteen flux density measurements observed at
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5500 MHz between 2010 and 2014 fluctuated between maximum and minimum

flux densities of ~ 1.7 Jy in 2013 and ~ 1.1 Jy in 2012; see Figure 2.42.

FI1GURE 2.42: The flux density versus time plot PKS J2151-3027 from ATCA database
[44] at frequencies of 2100 MHz (blue point) and 5500 MHz (light magenta points).

e PKS J2152-2828 - is a steep-spectrum radio galaxy at redshift z=0.479. As
shown in Figure 2.40, one flux density measurement (i.e. ~ 2.1 Jy) at 2100 MHz
was made at the end of 2010. The four flux densities measured at 5500 MHz be-
tween 2010 and 2013 had almost similar magnitudes of ~ 1.1 Jy.

F1GURE 2.43: The flux density versus time plot PKS J2152-2828 from ATCA database
[44] at frequencies of 2100 MHz (blue point) and 5500 MHz (light magenta points).

e PKS J2206-1835 - is identified as a quasar with a flat spectrum at redshift
2=0.618. According to the ATCA Monitoring Observations of 202 Compact Ra-
dio Sources at 16 epochs between 1996 October and 2000 February by Tingay et
al. [54], the variability indices of this source at 1.4 GHz, 2.5 GHz, 4.8 GHz, and
8.6 GHz are 2.0%, 3.0%, 2.0%, and 2.0%, respectively. The source is resolved and
extended in VLBI observations. However, it was found to be unresolved sources

as observed by the ATCA at 2.3GHz [61]. The two flux densities (see Figure 2.44)
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measured at 5500 MHz on Aug 29, 2011 and Oct 13, 2011 were found to be ~ 4.1
Jy and ~ 4.0 Jy, respectively.

FIGURE 2.44: The flux density versus time plot PKS J2206-1835 from ATCA database
[44] at frequency of 5500 MHz (light magenta points).

e PKS J2219-2756 - It is an inverted-spectrum radio galaxy at redshift z=0.657.
As shown in Figure 2.45, the source’s flux densities showed discernible change at
5500 MHz between 2012 and 2013, having a maximum and minimum values of
~ 0.41 Jy on April 22, 2012 and ~ 0.04 Jy on Feb 19, 2012.

FIGURE 2.45: The flux density versus time plot PKS J2219-2756 from ATCA database
[44] at frequency of 5500 MHz (light magenta points).
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2.5 Summary

This chapter dealt with the processes undertaken for the sample selections and observa-
tions. Given the key system specifications of the KAT-7, we could readily observe the
sources. We considered 10 observations that were carried out between Oct 13, 2012 and
February 23, 2013 as part of the KAT-7 commissioning phase. We selected those obser-
vations that included the flux density calibrator, PKS J1939-6342, so as to be consistent

while flux calibrating the sources.

Of the 48 sources, ~ 90 % of them lie in the southern sky. The estimated flux densities of
the sources at 1.83 GHz indicated that ~ 82% of the sources had flux densities between
1 Jy and 10 Jy. About 10% of the sources had flux densities between 10 Jy and 20 Jy.
3C123 is the strongest source where its extrapolated flux density at 1.83 GHz is about 39
Jy. The sample consists of ~ 46% quasars, ~ 50% radio galaxies, and two BL Lac object
(PKS J1517-2422 and PKS J1833-2103). According to their spectral indices, ~ 41%,
~ 43%, and ~ 8% of the sources showed flat, steep, and inverted spectra, respectively. 4
sources (~ 8%) were found to be Giga Hertz Peak Spectrum (GPS). Majority (~ 76%)

of the selected sources located at redshifts z < 1.

This chapter also rendered essential information about the characteristic of each source
on the basis of previous studies and different catalogues. The discussion mainly empha-

sised on the variability feature of each source’s flux density with time.



Chapter 3

Radio Data Reduction

The correlation of the electric field between each pair of antennas through the obser-
vation course gives a set of measurements, which are known as raw radio data. Data
reduction is the process of analysing these measurements to eventually obtain the actual
sky brightness along with its parameters. Data reduction is a very tedious process and
one needs to be very meticulous at each and every stage. The entire data reduction in
this thesis was exclusively carried out using Common Astronomy Software Applications
(CASA)! — a package prepared by National Radio Astronomy Observatory (NRAQO) for

the purpose of reducing radio data.

The following sections will present the data reduction procedures in CASA together
with the calibration formalism. A collection of lectures on synthesis imaging in radio

astronomy by Taylor et.al [16] is intensively used in the discussions.

3.1 The KAT-7 Radio Data Reduction

The raw data from the KAT-7 are initially stored and tabulated in Hierarchical Data
Format (HDF5) by an in-house software. The in-house conversion software applies some
flaggings, such as satellites as well as edge truncation due to the bandpass. Furthermore,
an elevation cut-off is also implemented to take all the scans located above 20° elevation.
This avoids some blockages due to the surrounding mountains. However, any elevation
cut-off would exclude some visibilities, which would make the beam slightly worse. The
HDF5 is then converted to Measurement Set (MS), which holds the necessary infor-
mation about antennas, sources, polarization, spectral or frequency, sets of observation

intervals, and others.

Lcasa.nrao.edu
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3.1.1 Flagging

We started the data reduction procedure by editing the visibility data. The editing or
flagging process mainly focuses on the identification and removal of extremely corrupted
data. Some of the main causes for the severe corruption are interference from terrestrial
sources, radio frequency interference (RFI), an unexpected fluctuation in the measur-
ing instruments, bad weather, malfunctioning receivers, antenna tracking inaccuracies,
incorrect observing parameters, data recording errors and others. These errors can be
identified in the preliminary stage of data reduction because of their highly scattered
appearance in the sampled data and their feasible contribution in unexpected phase

variation.

The flagging of data in CASA can be done by plotting the visibility data using the
task name ‘plotms’. The amplitude and phase can be plotted against several z-axis
options such as channel, antenna, baseline, frequency, time, and etc. The discrepant
points can easily be identified from the plot, so that we can remove them by selecting
the ‘flagging’ icon of the interactive window for both polarisations (Stokes XX and YY)
and cross-polarisations (XY and YX). By using this procedure, we properly flagged the
data collected from the KAT-7. It should be noted that unedited data in the visibility

domain will induce significant errors when Fourier transformed into the image plane.

3.1.2 Delay calibration

Geometric and instrumental differential time delays are common in radio astronomy. The
first one arises from the configuration of antennas, in which radio signals from the same
source will arrive at different times at the antenna pairs. This can be usually adjusted
by inserting an equivalent delay time in the system. The delay can be determined
by knowing the position of antennas, but there will be errors due to miscalculation and
miscalibration of the geometric delay when we insert it in the system. This consequently

induces instrumental delay.

In order to adjust the errors due to the delays, we need to analyse the signals in terms of
instantaneous bandwidths (Av) as it is difficult to receive a monochromatic frequency

in practice.

Noting that the frequency response should be coherent over the desired bandwidth, the
integrated visibility function over a continuum observation or finite bandwidth is given

by:
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FI1GURE 3.1: The time delay calibration taken from one of the data reductions. The
horizontal axis represents antenna index, where antenna number corresponds to antenna
index + 1. For example, Antenna INDEX = 0 is equivalent to antenna 1, and so on. In
all the data reduction processes, we used antenna 6 (Antenna INDEX= 5) as a reference
antenna. The point colors are arbitrary. The top and bottom plot describe the X and
Y gains of the antennas. The maximum (~ 2.3 ns) and minimum (~ 0.2 ns) delays
occurred for antenna 4 and antenna 2, they were both relative to antenna 6 (i.e. the
reference antenna).

o0 oo
Ve(t) = / [ / Ay (L m) 1 (1, m)e=2 Do didm | =2 AT B Ny, (3.1)
0 —00

The term enclosed by the square brackets represents the geometric delay, where AT,
describes the geometric delay time for k — [ baseline. By (v) is the complex gain as a

function of frequency, and AT, is the residual instrumental delay for the k& — [ baseline.

The phase difference A® between the ends of the band, that results from a net residual
delay A7y, — Ar,, is given by

A® =21Av(ATy — ATy), (3.2)

where Av the spanned bandwidth of the observations. If the phase difference between
the ends of the band is greater than about one radian, it will produce a recognizable loss
of coherence across the band. Therefore, the delay between signals must be less than
about (%) nanoseconds, where Av is given in MHz. For the KAT-7, the delay between
signals should be less than about 5.12 ns between the ends of the band. We checked the

delays in all data reductions were less than ~ 5 ns.
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The delay calibration in CASA can be performed by selecting the strong and discrete
source among the observed sources. In the data reduction process, we utilized the flux
calibrator, PKS J1939-6342, for delay calibration.

3.1.3 Bandpass Calibration

The purpose of bandpass calibration is to find out the relative gain of an antenna or
baseline as a function of frequency. It is dependent on the electronic devices used in an
individual antenna and the transmission systems connecting antenna to correlators. This
results in the slow change of gain with time while varying significantly with frequency.
Hence, once the bandpass gain is estimated at a certain time, it will be implemented for
all channels. Bandpass gain can be determined by observing a strong calibrator source

with flat spectrum over the span of the desired frequency band.

Theoretically, an ideal system is assumed to have a unit response between (vy— Av) and
(vp + Av) and otherwise zero. However, this assumption is not valid when we apply it
in real situations. The main reason is the impracticality of finding a system that rapidly
changes from 0 to 1 at the edges. In other words, there is an inevitable response around
the boundaries. Besides, it is difficult to produce a unit response along the desired
bandpass. So, bandpass gain solution is an important part of calibration when we deal

with real radio data.

Equation (1.9) in Section 1.3 is implemented for the purpose of bandpass calibration by
rewriting in the form:

Vkol(yv t) = Gk’l(ya t)Vk]l (t)> (3'3)
where Gy (v, t) is the baseline-based complex gain as a function of time and frequency.

The gain term can be separated into time dependent, Ak (t), and frequency dependent,

By (v), complex gains. This would make Eq.(3.3) to be written in the form:

V() = Aw(t) Bu(v) Vi (). (3.4)

The time-dependent gain mainly comes from atmospheric factors, where they strongly
affect the phase term. Comparing the two terms, the frequency-dependent gain varies

quiescently over the baselines.

For bandpass calibration, the calibrator reference source should approximately be flat
spectrum over the required frequency band. In other words, the VkIl has to be indepen-

dent of frequency.
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The bandpass calibration is determined so that one can average the data in frequency
[69]. Averaging the data not only reduces the size of the data but it enhances the
sensitivity for the determination of time-dependent gains. For the purpose of averaging,

we need to sum up the frequency-dependent terms in Eq.(3.4) over the frequency:

> Vil t) = A®)Vii(t) Y Bu(v). (3.5)

The time-dependent terms (i.e., A () and V() in Eq.(3.4) and (3.5) are eliminated
when we divide Eq.(3.4) by Eq.(3.5):

Bkl(”) _ Vkol(ya t)
>, Bulv) >, Vigw,t)

(3.6)

Equation (3.6) essentially avoids time-dependent gain due to atmospheric effects and
minimizes extra source structure. Moreover, it removes the spectral variable region,
where we are able to achieve flat spectrum portion for the bandpass solution. The
observed visibility summed over the frequency is usually assigned as the initial channel
(ie., >, V§(v, t)=channel-0).

The bandpass gain is strongly dependent on the antenna. Thus, the frequency-dependent

gain can approximately be written as a product of the gain term of each pair of antennas.

By (v) = By(v) B (v). (3.7)

Therefore, by combining the continuum-chopped visibilities from Eq.(3.6) with the
antenna-dependent bandpass gains from Eq.(3.7), we readily solve for the bandpass

gain of the observed radio data.

The averaging of the radio data over frequency [i.e., Eq.(3.6)] in CASA is performed
by using the task name ‘split’. We need to provide the necessary inputs for the task
so as to obtain the averaged data. Some of the main parameters necessary for the
splitting are the channel width, the number of channels, the time interval that the data
needs to be averaged. All these are calculated from the ‘Spectral Window’ file under the

measurement file (MS).

According to Figure 3.2, the gain amplitude of each antenna varies less than 10% across
the channels, and such variation is acceptable. In all our data reduction runs, we properly
checked the fulfilment of this condition. The red and blue colors in Figure 3.2 represent

the X and Y gains, respectively.
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FiGURE 3.2: Each plot shows the bandpass amplitude variation along each channel

iterated in terms of antenna, where the antenna number is written on the top of each

plot. The colors show the X gain (red) and Y gain (blue). The plots are excerpted from
one of the datasets reduced for this thesis.

The estimation of the calibration gain (Gj;) in CASA passes through certain procedures.
Initially, we need to set the proper flux density of the known calibrator source using the
task ‘setjy’. In our case, we considered the datasets or observations that contained
PKS J1939-6342 as our standard flux calibrator throughout the data reduction run.
This source was observed frequently in the observation runs compared to other known

flux calibrators, because it is southern declination source. Using only this source as
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flux-density calibrator has an advantage of reducing biases that may occur if we utilize
various flux-density calibrators. In addition to this benefit, elevation-dependent effects
causing errors in flux density determination would be minimized for using PKS J1939-
6342. Moreover, the study by Reynolds [70] via ATCA on this source over the frequencies
1.4 GHz to 8.6 GHz revealed that the source is a good flux density calibrator for the
southern observatories. Additionally, its variability in the given frequencies was found
to be less than 0.5% [70].

The task ‘setjy’ recognizes most of the standard flux-density (amplitude) calibrators,
and thus it sets the expected flux density of the source at the observing frequency. The
parameter ‘field’ should correctly contain the source name. In our data reduction, we
also set other parameters: ‘flurdensity=-1’ to search through flux calibrator and put
the standard value; ‘scalechan=True’ to scale the flux density on a per channel basis;
‘standard= Perley-Bulter 2012’ to set the flux density determined by Perley and Butler
in 2010.

After properly setting the amplitude of the flux-density calibrator, we proceeded to
solve for the bandpass using the task ‘bandpass’. To calculate the bandpass response,
we implemented temporary phase calibration along the selected channels. In our case,
we made the calibration using a subset of the central channels (3 to 5) out of the 9
available channels. It is preferable to select these channels as they are relatively free
from interference effects. As most of phase variations originate from the atmosphere,
all channels are affected equally. Hence, the calibration on the specific channels can be

implemented for the entire channels.

The flux-density calibrator (PKS J1939-6342) was used for the purpose of bandpass
calibration because of its high signal to noise ratio and its point-like property. Con-
sequently, the bandpass solution in CASA is processed by assigning the averaged file
name under the task ‘wis’, the field id of the flux-density calibrator under ‘field’, the
reference antenna (i.e. we used antenna 6 in all the data reduction processes) under
‘refant=ant6’. The minimum baselines per antenna set to be 4 under ‘minblperant’, and
the minimum SNR was adjusted to be 3 under ‘minsnr’. The SNR below 3 would be
rejected. Moreover, a complex gain in each channel would be solved by specifying ‘band-
type=B’. Under the parameters ‘caltable’ and ‘gaintable’, we put the appropriate table
name for the purpose of the output gain and the antenna dependent phase calibration

solutions, respectively.
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F1GURE 3.3: Each plot shows the gain phase solution on each antenna as a function of
time. The left panels from the top to the bottom represent the gain phase solution on
antenna 1, antenna 2 and antenna 3, respectively. The right panels from the top plot
to the bottom show the phase gain solution on antenna 2, antenna 4, and antenna 6,
respectively. X and Y gains of each antenna are plotted in blue and green, respectively.
The plots reveal that the phase gains in each antenna are almost constant in time. This
shows that the antennas are stable in phase. The gain phase on antenna 6 is a smooth
horizontal line along zero because antenna 6 is used as a reference antenna.

The next step is to determine the flux density of the sources using the flux-density
calibrator. This method is known as flux-density bootstrapping. Initially, we set the
source to have a flux density of 1 Jy. After solving for the time dependent complex
gain (GEl(t)) as given by Eq.(1.10), then we derive the flux density of the source by
comparing with the flux-density calibrator (PKS J1939-6342), where its flux density set
by CASA at 1.83 GHz is 1=13.249 Jy.

The flux densities of the sources in this thesis have been determined in the above way.
This assumption is justifiable because the flux-density calibrator we used, PKS J1939-
6342, has a known, stable flux density, and has no linear or circular polarization. How-
ever, the flux-density bootstrapping process causes residual calibration errors, where
the bootstrapping accuracy is not well known. We will determine the bootstrapping

accuracy for the KAT-7 later in chapter 4.

The gain solution in CASA was carried out using the task ‘gaincal’. In this case, we used
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the bandpass calibration table as an input to the ‘gaintable’ parameter under the ‘gain-
cal’. The parameter ‘field’ would take the phase calibrator field name. Other important
parameters under the ‘gaincal’ are ‘solint=inf’, describing the solution interval from
arbitrary value up to the scan boundary; ‘gaintype=G’, describing time-dependent gain;
‘calmode=ap’, indicating the solution for amplitude and phase; ‘refant=ant6’, describing

the reference antenna.

The gain calibration was followed by flux scale bootstrapping using the task ‘fluzscale’.
The essential inputs are the averaged MS file under ‘vis’, the calibration table under
‘caltable’, the name of the output table under ‘flurtable’, the field name that would be

bootstrapped under ‘transfer’, the flux calibrator under ‘reference’.

3.2 Selection Of Phase Calibrators And Target Sources

According to Perley et al. [71], the phase calibrator needs to be close to the target source.
The reason is that when the gap between the phase calibrator and the target source is
small (preferably within the range of 10° to 15° ), the phase perturbation caused by
atmosphere will be minimized significantly. We set out some criteria to categorize the
sources as phase calibrators and target groups. Thus, we implemented the following

standards in the data reduction run.

1. We initially separated the sources based on their cross-proximity along the Right
Ascension (RA) and Declination (Dec) (i.e. both are converted into degrees) using
their catalogued positions. After doing this, we calculated the mean position of RA
and Dec representing the sources’ center in a group. By taking the mean position
as a centre, we constructed a circle of radius 16° to identify which of the sources
would be inside the circle as phase versus target pairs. In this way, we identified

a cluster of sources confined in a particular group as shown in Figure 3.4.

2. The phase calibrator needs to be bright, should have an accurately determined
position, and shows a simple (preferably compact) radio structure [72]. In our case,
the brightest source among the sources in each group was identified by comparing
their extrapolated flux densities (refer Section 2.2 as well as Table 2.4 and 2.5) at
1.83 GHz using Eq.(1.39). After selecting the brightest source in the group, we
further probed the source’s structure and flux variability from different literatures
and catalogues. For this purpose, we had already studied the properties of the
sources (see Section 2.4) before starting the data reduction. If the source were
bright but had complex structure and significantly variable, we would select the

second brightest source with compact structure in the group. For example, we
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used this requirement for choosing PKS J0440-4333 and PKS J1941-1524 as phase
calibrators. By doing so, we identified 14 phase calibrators and 33 target sources

as presented in Table 3.1.

3. After selecting the phase calibrator, we calculated the angular distance (AD) be-

tween the phase and the target source using;:

AD = arccos(A + B) (3.8)

where A = cos(Decy) X cos(Deca) x cos(RA; —RAg) and B = sin(Dec;) X sin(Decs).
Dec; and Decy are the declinations of the phase and target source, respectively; RA;

and RAs are the right ascensions of the phase and the target source, respectively.

The AD would tell us whether the phase calibrator sources are far beyond the
desirable distance (10° to 15°) from the target source. In our case, 16 of the target
sources (~ 49%) are at angular distance of ~ 9° to ~ 15° from their respective
phase calibrators. Whereas the remaining target sources (~ 51%) are separated
from their phase calibrators between ~ 16° and ~ 29°, as shown in Table 3.1. Since
the atmospheric effect is quite stable at 1.83 GHz in small array configuration such
as the KAT-7, the relatively high AD value may not significantly affect the phase

calibration of the target sources [71].

FiGURE 3.4: Each circle represents a group that contains sources according to their

proximity. A maximum of 16° radius is drawn to inscribe all sources around the vicinity.

After putting together the sources according to their proximity, the one with highest

flux density and compact structure was selected as a phase calibrator. The last circle

in the right side inscribes 6 sources though two sources are invisible because of covering
one over the other due to their cross-proximity due to the scale of our plot.
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TABLE 3.1: The table comprises the phase calibrators and the corresponding target

sources. AD refers to the Angular Distance between the phase calibrator and the science

source. It is advisable AD to be in the range of 15° so as to minimize atmospheric effects.

In our case, some of the target sources are far from this limit. However, atmospheric

effects are known to be less erratic at a frequency of 1.83 GHz, so that the derived

positions of the target sources would not be highly affected if AD is larger than the
recommended limit.

Phase calibrators versus science targets and the angular separation.
Phase calibrators Target sources AD (deg)
PKS J0022+4-0014 PKS J00594-006 | 8.9
PKS J0010-4153 | 14.9
PKS J0025-2602 PKS J0042-4414 | 17.9
PKS J0044-3530 | 9.7
PKS J0351-2744 | 16.8
PKS J0240-2309 PKS J0405-1308 | 22.3
PKS J0409-1757 | 21.6
PKS J0303-6211 | 9.4
PKS J0309-6058 | 11.9
PKS J0408-1757 | 9.7
PKS J0420-6223 | 12.9
PKS J03234-0534 | 11.6
PKS J04424-0534 | 26.6
3C123 (0437+2940) | PKS J0534+1927 | 16.3
PKS J0538-4405 | 10.7
PKS J0440-4333 PKSJ0444-2809 18.6
PKS J0453-2807 | 17.5
PKS J0837-1951 | 19.0
PKS J0943-0819 | 28.8
PKS J1130-1449 | 22.3
PKS J1154-3505 PKS J1248-1959 | 20.5
PKS J1311-2216 | 21.8
PKS J1510-0543 PKS J1517-2422 | 19.9
PKS J1935-5509 | 20.5
PKS J1819-6345 PKS J1744-5144 | 16.4
PMN J1712-2809 | 19.3
PKS J1830-3602 | 14.6
PKS J1941-1524 PKS J1924-2914 | 14.4
PKS J2129-1821 | 8.8
PKS J2131-2036 | 8.3
PKS J2206-1835 PKS J2151-3027 | 124
PKS J2152-2828 | 10.3
PKS J2219-2756 | 9.9

PKS J0252-7104

PKS J0318+1628

PKS J0744-0629

PKS J1833-2103
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After setting out the above standards, we applied the calibration using the CASA task
‘applycal’. In this final stage of the calibration, we included all the calibration tables
(i.e., delay, flux, bandpass) under the parameter ‘gaintable’. For properly calibrated
sources, the flux density (amplitude) should lie around the phase center, as shown in
Figure (3.5); otherwise, there may be calibration error during the steps, and the whole

process of flagging and calibration needs to be rerun.

FiGURE 3.5: The plots explain that the visibility amplitudes are consistent across
baselines and times; the visibility phases are near 0, which are expected values for a
point source located at the phase center. They tell us whether the calibration proce-
dures have been done properly. The phase center is the point on the sky at which the
interferometer is pointed (phase tracking center). Note that antl, ant2, and etc refer
to antenna 2, antenna 3, and etc respectively according to the CASA convention. The
plots are taken from one of the reduced datasets of PKS J0010-4153 observed by the
7 antennas for XX polarization. We also checked for YY polarization in the same way
and found no discrepant results.
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The next step after finalizing the calibration is splitting of the entire data to analyse
each source individually. This is done by a task name ‘split’ by providing the correct
field name as initially given in the MS file, and assigning appropriate file name under

‘outputvis’.

After successfully splitting the data, the next step will be producing an image of each
source. The following section will discuss the basic idea and algorithm used in the

imaging of the sources.

3.3 Imaging and Deconvolution: CLEAN Algorithm

Equation (1.5) of Section 1.2 should be modified to correctly handle the actual radio data.
In actual situation, the observed visibilities are recorded at discrete points or (u;,v;),
where j = 1, 2,..., N. In the case of KAT-7 configuration, N may reach thousands while
scanning the desired sources. Having this in mind, we additionally put the practical
consideration of the inaccessibility of V' (u,v) everywhere. For this reason, we need to
sample in a particular place in the v — v plane, so the sampling function S(u,v) has to
be combined with V' (u,v) [16]. Such assumption would prompt us to write Eq.(1.5) in

the form:
Ip(l,m) = //V(u,v)S(u, v) exp (127 [ul + vm]) dudv. (3.9)

The intensity distribution Ip (I, m) in Eq.(3.9) is called dirty image. The relation between
the dirty image and the desired image or I(l,m) is alternatively written by convolution
theorem as:

Ip =1® B, (3.10)

where the symbol & refers to convolution operation and B is given by

B(l,m) = //S(u,v) exp (127 [ul + vm]) dudv. (3.11)

B is called the synthesised beam. Its alternative name is point spread function or
dirty beam, which arises as a result of the sampling function S(u,v). The point spread
function can be perceived the way a point source of light spreads in the spatial dimension
while passing through an aperture. An approximation to the true image is produced by
deconvolution (i.e., find solution to I in Eq.(3.10)) based on some added information

and assumptions.

With regard to a discrete set of baselines (uj,v;), the dirty image is defined as

Ip(l,m) = Z c;V(uj,v;) exp(2im(ul + vm), (3.12)
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where ¢; is an arbitrary coefficient modifying the sampling. Substituting the expression

of visibility function V' (u;,v;) given in Eq.(1.5) into Eq.(3.12) yields

Ip = //I(l/, m') Z cjexp(2im(u(l = I') + v(m —m')) | dl'dm/ (3.13)
J
The simplified form of 3.13 is written as

Ip = //I(l/, m")Bo(l —U';m — m/)dl'dm’ (3.14)

Equation 3.14 can be rewritten as a convolution of the true intensity I with the synthe-

sised beam Byg:

Ip =1x By and By(l,m) = Z cj exp(2im(ujl + vym)) (3.15)
J

Where By is the dirty beam centred at the origin. From the dirty image Ip and the

known dirty beam By, one can generate the real image by the deconvolution process.

In this thesis, we used a modified ‘CLEAN’ algorithm initially developed by Hogbom
[73]. It is a non-linear, iterative mechanism that removes artefacts due to insufficient
(u,v) coverage. The algorithm generally breaks down the intensity distribution into
point source responses, and then replaces each one with the corresponding response to

a clean ‘beam’.

We went through the following basic steps of the ‘CLEAN’ algorithm so as to obtain

the desired image of the source.

1. We determined the strength and location of the brightest pixel, I(l;,m;), in the
entire dirty image. The peak is assumed to be a result of a real signal, whereas

the contribution of sidelobe responses is minor to the real emission.

2. By translating the dirty beam, B(l,m) = F(S(u,v)), we made the central pixel
to be at the same location as I(l;,m;). Then, we scaled it with a factor C to get
I(l;,m;) = CB(l; + Al,m; + Am)

3. we subtracted from each pixel in the dirty image the corresponding value in the
dirty beam. In this case, we defined a loop gain value T < 1 to multiply the dirty
beam. Thus, the residual is calculated as R(l,m) = I(l;,m;) — CYB(l; + Al, m; +
Am).
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4. We repeated step 2 iteratively until we ensure the removal of all significant source

structure from the map.

5. We convolved the delta function in the cleaned model with the clean beam re-
sponse. In other word, we replaced each delta function with a clean beam function

of the corresponding amplitude.

6. Finally, we obtained the output by adding the residuals intensity from step 3 into

the clean beam map.

The algorithm is implemented in CASA using the task name ‘clean’. The CLEAN image
is expected to express a smooth version of the true image, though unavoidable noise and

distortion can exist in the cleaned image.

The two of the important inputs of ‘clean’ are image size (‘imsize’) in pixels of the
map and cell size (‘cell’) in arcseconds of a pixel. These two quantities calculated by
using the known values of the KAT-7 antenna. The primary beam (6,3), that depicts
the area of the sky observed with the telescope, is a pivotal parameter in determining
both parameters. Thus, the Full Width Half Maximum (FWHM) of primary beam of a

uniformly illuminated antenna is given by [74]:

1.22¢ 180
Opp = oD S (3.16)

where v = 1827 MHz and D= 12 m are the central frequency and diameter of the KAT-7,
respectively. Hence, the primary beam (6,;) of the KAT-7 is about 0.8°.

On the other hand, the FWHM of the synthesized beam (f,) of KAT-7 determines
the interferometers resolution, where it is calculated from the maximum baseline By,
in number of wavelength. For KAT-7, Bj,., ~ 200 m, and hence the synthesised is

calculated using

A
B ’

Hsy = (317)

where A = 16.4 c¢m is the wavelength corresponding to the central frequency. The central
lobe of the dirty beam has to be resolved not to be limited by the pixel size. In this
case, we need to choose the cell size to be about a quarter of the FWHM synthesized

beam. Therefore, the cell size (C;) can be given by

C, = (3.18)
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Substituting the corresponding value of By,q, in Eq.(3.18), the cell size approximately
becomes 0.68 arcmin. We set the dimension of the images to be six times larger than the
primary beam (~ 0.8°), and hence it is equal to 4.8°. Therefore, the associated image
size (IS) is

6 %60

I
> 0.68

= 529 pixels (3.19)

For convenience, we have reduced the image size to 512, and the images obtained from
KAT-7 are drawn in the square size of 512 x 512 as well as 0.5 arcmin x 0.5 arcmin of
cell size. Furthermore, we used a threshold of 1.5 mJy?, 2500 iteration cycles, natural

weighting and robust of 0.5 as parameters to create the image.

It should be noted that the CLEAN algorithm works well when the true brightness
distribution constitutes a few unresolved sources. Besides this constraint, the algorithm
requires narrow emission region and small field of view for its successful implementation.
In dealing with point sources, specially for AGNs as in this thesis, the algorithm is the

favoured one to find the necessary scientific output from the images.

3.4 Examining Confusing Sources

During the CLEANing process, we examined for confusing sources located inside the
KAT-7 FWHM of primary beam (~ 0.8°). Since the KAT-7 field of view is larger than
either ATCA or VLA, there are inevitable confusing emission surrounding the source.
Hence, reproducing and examining these sources in the image plane have to be performed
properly so that confusing emission towards the source will be minimized appreciably.
For this purpose, we extracted the whole lists of confusing sources located within 1° of a
given source from NVSS (includes sources with Dec > —30°) and SUMSS [75] ? (includes
sources with Dec < —30°) catalogues. In this way, we identified the confusing sources

surrounding our sample source properly.

After identifying confusing sources surrounding a given sample source, we generated
masks around them in the image plane. By repeated iteration, we CLEANed the con-
fusing sources until we obtained a residual image of noise-like distribution. In addition
to this, we checked for over CLEANing (i.e. whether negative flux density around the
field of view was produced) through the CASA’s interactive display (‘viewer’).

K
VN(N=1)(Nrp)Tiniov’
where K = 0'137&, N is the number of antennas, T;,: is the total on source integration time in hours,
Sv is the effective continuum band width, N;r is the number of spectral channels, Tsy, is the system
temperature , and 7, is antenna efficiency

3 www.physics.usyd.edu.au/sifa/Main/SUMSS

2 Using the KAT-7 parameters, the expected point source rms is given by AT =


http://www.physics.usyd.edu.au
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3.4.1 Self-Calibration In Phase

We have so far discussed about calibration of the visibilities when the gains from a phase
calibrator source are transferred to the target source. Observations for the calibrator and
the target source are made in different direction and time. As a result of this, the gains
for the calibrator may not be correct for the target source because the atmosphere may
change in time and has varying spatial structure. Thus, we implemented self-calibration
— which uses a model of the target source itself reconstructed from the data — to solve
for improved values of the complex antenna gains. The reader can also refer Section

1.3.2 for detailed discussions on the principles of self-calibration.

We carried out self-calibration in CASA by using the task ‘gaincal’. The calibrated MS
of each source was utilized as a model and put under the parameter ‘vis’. The gain
solutions were written in a table assigned under ‘caltable’. We set the solution interval
to be 5 minutes under ‘solint’. The minimum baseline per antenna ( ‘minblperant’) and
minimum SNR ( ‘minsnr’) were set to be 4 and 3, respectively. We also implemented

time dependent gain ( ‘gaintype=G").

In the previous calibration procedures (Section 3.2), residual errors in phase calibration
(i.e. causing coherence losses) induce significant errors (biases) in the measured flux
densities. So, self-calibration in phase is vital so as to improve the accuracy in measuring
the flux densities of the sources. This step is implemented by the CASA command
‘calmode=p’, which stands for self-calibration in phase. No amplitude self-calibration

was done.

We do not measure the absolute phase of a given source. Hence, self-calibration should
be carried out by setting a zero phase on reference antenna, where we used the same
antenna (‘refant=6") as the initial calibration (3.1.3). This procedure of self-calibration
in phase is causing the loss of all positional information about the source. As a result,
uncertainty in the position measurement will occur. This suggests that the position
measurement of each target source has to be derived from an image produced before
any phase calibration. It is important to note that the positions of the phase calibrators
are not measured independently, since it is assumed that their positions taken from the
catalogues are their actual positions. So, measuring their positions do not provide any
additional information, for they should be equivalent to their catalogue positions except
for small coherence errors. Generally, self-calibration is stopped when the root mean
square (rms) noise in the image stabilises. The flux density of each source was derived

from the self-calibrated image using the procedure discussed in the next section.
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3.5 Model Fitting To The ‘CLEAN’ Image

After successfully generating the ‘CLEAN’ image, we need to extract necessary param-
eters from each image. To do this, we implement a model that appropriately represents
the intensity distribution of the final image. Since the sources in this thesis are ex-
pected to be unresolved, we have utilized two dimensional elliptical Gaussian function
to estimate the desired parameters from the final ‘CLEAN’ images. In our case, the
elliptical Gaussian is essentially specified by six parameters; where S is the total flux
density; (lp, mp) are the cosine directions along the right ascension and declination with
the phase tracking center; (a,b) are the Full Width Half Maxima (FWHM) along the
major and minor axis; ¢gaj is the position angle of the major axis. By putting all
these parameters in the elliptical Gaussian function, the intensity distribution model,

Ina(I,m), is given by

1

Imd(l7 m) = Sexp D) (

A 2 N\ 2
V81n2 | ) . <\/81n2 m > | (3.20)

a b

where (l,, m/) are cosine directions along the major and minor with respect to the center

of the ellipse which is given by
l e — SiN Qraj  COS Ppaj -1 ' (3.21)
m COS Qraj SN Ppaj m—mo
If the actual image intensity distribution at each pixel is I(l;,m;), then the parameters
and error estimates in the target region are calculated from the method of maximum

likelihood. By supposing the noise to be Gaussian in image plane ((I,m)), the likelihood

of the model is expressed as a product of Gaussian terms. This is given by

M, My 2
1 I(l’um) _Im (li7mA;p07p17”'7pk)
LT[ ex [_2( i) = Jeall ()
i=1j=1

where M), is the number of independent pixels in the image, p1,...,p, are parameters
corresponding to the model image, and o is the standard deviation of the image assuming
that the errors are normally distributed. Multiplying Eq.(3.22) by negative logarithm
will give the residual between the ‘CLEAN’ and model image:

g

iy MG ) — d i,mj; yeeey P 2
X2 — ZZ <I(l“ z) Im (l D1 b )) ) (323)
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The best fit parameters are obtained at the minimum point of x2. This is equivalent to

taking the partial derivative of y? with respect to the parameters and set to zero.

o’ _

0, 3.24
oo (3.24)

where k = 1, ...,6n and p; are the parameters to be determined from the above condition.

By employing the above equations, the CASA task name ‘“mfit’ estimates the parameters
of a given CLEANed image. In other words, the ‘“mfit’ fits a 2-dimensional Gaussian to
the source of interest in the image plane to solve for the six parameters. The estimation
is done by drawing a rectangular box around the CLEANed image and choosing the
coordinates of the diagonal line (i.e., the bottom left and top right coordinates in terms of
pixel values) for the parameter ‘box’. Then, the ‘“mfit’ output would give us the required
quantities along with the uncertainties for a given source. In this way, the position,
intensity and the source’s emission size were estimated from the image. Nonetheless, the
fitting does not necessarily give the exact values of the parameters owing to the ideal
assumption that the noise related to the pixel has to be random and Gaussian. The
model is only useful for point-like sources, if the source has a more complex structure,

the model will not be appropriate.

3.6 Reliability Of The Parameters Determined By The
Model Fitting

After estimating the position and integrated flux density of each source using ‘imfit’,
we further rechecked the reliability of the values by comparing with SUMSS 4, and
NVSS  catalogues. By considering the flux density of each source at 1.4 GHz from the
catalogues, we extrapolated the respective flux density at the KAT-7 observing frequency
(1.83 GHz), as explained in Section 1.3.6.

The reliability check has several advantages. For instance, we were able to redo the data
reduction procedures when we encountered large offsets. This helped us to recognize
errors resulting from calibration procedures. When the offsets remained the same after
the redoing of the reduction, we compared the catalogue and derived images to check
the presence of blended sources and extended structures. The next section therefore

delivers a quantitative comparison between the catalogued and the KAT-7 positions.

4vizier.u-strasbg.fr/viz-bin/VizieR
Swww.cv.nrao.edu/nvss/NVSSPoint.shtml


http://vizier.u-strasbg.fr/viz-bin/VizieR
http://www.cv.nrao.edu/nvss/NVSSPoint.shtml
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3.7 Positional Accuracy

As shown in Table 3.1, 14 sources were utilized to phase calibrate 33 sources. The po-
sition of each target source was derived relative to its phase calibrator, assuming that
the chosen phase calibrator has accurately determined position. In this case, the cata-
logued positions of the selected phase calibrators are regarded as their true values. As
we mentioned in Section 3.4.1, self-calibration in phase makes the position measurement
uncertain. Hence, the positions of the target sources measured before self-calibration in

phase were used for the cross-check between the catalogued and the derived positions .

For the purpose of the reliability check, the concatenated MS was considered for those
sources which were observed more than once during the observation sessions. This
improves the accuracy of measuring the positions of the target sources due to increasing
the u-v coverage. Since the accuracies achieved for sources with concatenated MS and
sources with a single MS should not be the same, we performed the reliability check for

each category separately for consistency.

The Right Ascension (RA) and Declination (Dec) of each target source were derived from
the image produced before self-calibration in phase using “mfit’. The catalogue positions
were collected from online catalogues as discussed in Section 2.2 and summarized in
Tables 3.2. Finally, we estimated the offset for each target source (i.e. the difference
between the catalogue and derived position). The offsets along RA and Dec are presented
in Table 3.2.

The derived positions contain errors in RA and Dec due to the unavoidable existence
of noise in the images. These uncertainties (er and ep) are given in Table 3.2 with re-
spect to their the derived positions. The uncertainties given in the catalogued positions
for the target sources are identical, despite different values are presented in NVSS and
SUMSS® catalogues [75]. For example, for sources taken from NVSS (Dec > —30°),
their uncertainties in RA and Dec are 0.45” and 0.6”, respectively; whereas for sources
taken from SUMSS (Dec < —30”), their uncertainties in RA and Dec are 1.5” and 1.7,
respectively. Hence, the RA uncertainties for the catalogued positions lie between 0.45”
and 1.5”, whereas the corresponding Dec are between 0.6” and 1.7”. Comparing these
values with the position uncertainties of the KAT-7 images, ~ 61% of our sources’ un-
certainties in their RA scattered between 0.45” and 1.5”; whereas ~ 30% of the sources’
uncertainties scattered below 0.45”. The remaining ~ 9% displayed uncertainties in their
images above 1.5”. Similar comparison in Dec showed that ~ 46% of our sources had
uncertainties in their images between 0.6” and 1.7”. The remaining ~ 42% and ~ 12%

of the sources were found to have uncertainties below 0.6” and above 1.7”, respectively.

5 www.physics.usyd.edu.au/sifa/Main/SUMSS
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We analysed the offsets of the 33 target sources (see Table 3.2) by grouping them into
two depending on the number of observations. The first group consists of 11 sources,
representing only one observation. The second group comprises 22 sources, representing
more than one observations. The reliability analysis for the second group was carried

out based on the concatenated MS.

For the first group (the left panel of Figure 3.7), the offsets of 9 sources (~ 82%) rested
within a radius 5”. The remaining two sources, PKS J2219-2756 and PKS J1517-2422,
showed deviations about ~ 6” and ~ 12" respectively. For the second group (the right
panel of Figure 3.7), 16 sources (~ 73%) deviated by ~ 5”. The offsets of 4 sources
(~ 18%) were estimated between 10” and 20”. The remaining two sources, PKS J1311-
2216 and PKS J0444-2809, showed deviations ~ 8" and ~ 23", respectively.

By combining the two groups, we analysed the overall deviation along the RA and
Dec (see Figure 3.8). Accordingly, we found that the standard deviation along RA
and Dec are ~ 5.1” and ~ 5.0”, respectively. This indicates that the KAT-7 array can
approximately measure position to the accuracy of ~ 5”. This result is acceptable taking

into account the low resolution (~ 4’) of the KAT-7.

Two sources, PKS J0444-2809 (ARA ~ —6.2", ADec ~ 22.1”) and PKS J0351-2744
(ARA ~ 19.2”] ADec ~ 4.68"), showed exceptionally high positional offsets. We assume
that such positional offsets could be due to the structure of the sources. In order to
check the validity of our assumption, we compared the image of the KAT-7 with that
of the NVSS for each source (see Figure 3.6). For example, the concatenated KAT-7
CLEAN image (i.e. the image before self-calibrated in phase) of PKS J0351-2744 has a
synthesised beam 3.10/, 2.64’, and position angle (p.a)= 5.5°. By extracting the FITS
image of the same source from the NVSS catalogue, we convolved it with the given KAT-
7 parameters for this source by using the CASA task name ‘émsmooth’. The position
of the convolved NVSS image are: RA= 03:51:38.31 £5.92” and Dec= -0.27:44:13.85
+6.87". As a result, the offsets in RA and Dec of the convolved image reduced to 2.10”
and 4.78", respectively.
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FIGURE 3.6: The top left side is the original NVSS image of PKS J0351-2744, the top
right side is the same image from the KAT-7, and the bottom image is the convolution
of NVSS beam with the KAT-7 clean beam.

We performed the same procedure for PKS J0444-2809 using its synthesised beam 4.68,
2.90', and p.a= 151°. The position of the convolved NVSS image was found to be:
RA= 04:44:37.33 £0.41” and Dec= -28:09:46.071 +0.52”. The offsets in RA and Dec
changed to —10.05” and 1.6”, respectively. So, this analysis showed that the relatively
high offsets displayed in these two sources are not basically instrumental origin. Rather,
it reveals how the resolution can specifically affect the determination of positions for

extended sources.
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FIGURE 3.7: The left and right plots show the offsets of our target sources between the
catalogued and the KAT-7 positions. In the left plot, each source was observed for more than
one sessions and thus the offsets were evaluated for the concatenated visibilities. The sources’
offsets on the left plot are represented by the points within radii of 5”, 10", 20" and 25”. The
right panel depicts the offsets of the target sources that were analysed by one observation. The
points on the right plot located within radii of 5”, 10”, and 15” represent the sources’ offsets.

FiGURE 3.8: The bar charts depict how many of the sources exhibit small or large
positional offsets along the RA (left) and Dec (right). The standard deviation along
RA and Dec are ~ 5”.1 and ~ 5”.0

3.8 Flux Density Accuracy

We initially checked the suitability and flux density accuracy of KAT-7 using the well
known flux standard sources, namely 3C147 and 3C48. These sources were observed on
Oct 27, 2012, Nov 7, 2012, and Feb 5, 2013 along with the flux density calibrator, PKS
J1939-6342. After performing proper flagging and calibration as mentioned in Section
3.1, we determined their flux densities by bootstrapping with PKS J1939-6342 using the
task ‘flurscale’. We assumed their catalogued positions to be the true positions of the
sources. The calibrated images were self-calibrated in phase and then the flux densities
of the sources were calculated on the specified dates; where the results are given in Table
3.3.

In order to check whether their flux densities obtained from the KAT-7 were consistent

with other radio data, we compared their measured fluxes with the analytic expressions
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determined by the VLA between 500 MHz and 50 GHz. The analytic expressions for
3C147 and 3C48 as given by [71] are:

log(Sg) = 1.318 — 0.741 log(v) — 0.167log(r)? + 0.015 log(v)?, (3.25)

and

log(Sg) = 1.448 — 0.6731og(v) — 0.2111og(r)? — 0.041 log(v)?, (3.26)
where Sg is the expected flux density in Jy and v is the frequency in GHz. Thus, the
expected flux densities for 3C147 and 3C48 at the KAT-7 frequency, v = 1.83 GHz
become 18.03 Jy and 12.95 Jy, respectively.

In addition to the above two sources, we also checked the suitability and accuracy of
3C286 as measured by the KAT-7. This source was observed only once (i.e on Feb 11,
2013) along with PKS J1939-6342. Using the method described above, we derived the
flux density of 3C286 with respect to PKS J1939-6342. The measured flux density was
found to be 13.195 + 0.025 Jy. The spectral flux density of 3C286 as determined by
Perley et al [17] between 1 GHz and 50 GHz is given by:

log(Sg) = 1.252 — 0.461 log(v) — 0.1721og(v)? + 0.034 log(v)?, (3.27)

Thus, the expected flux density of 3C286 at 1.83 GHz is 13.176 Jy.

The comparison between their expected (Sg) and measured ((Sps)) flux densities is

calculated using a fractional difference equation:

Sms> - SE

AS/Sp = o (3.28)

TABLE 3.3: The table illustrates the flux densities of 3C147 and 3C48 (observed on the

same day) measured after self-calibration in phase by bootstrapping with PKS J1939-

6342. The flux fractional difference (AS/Sg%) is calculated by taking into account the
measured flux density, S,,s and the expected flux density, Sg.

Source| Sg Smst err (Jy)|[Smst err (Jy)|Smsterr (Jy)|AS/Se% AS/Se%  |AS/SE%

Jy  |(Oct 27 2012) |(Nov 7 2012) [(Feb 5 2013) |(Oct 27 2012)|(Nov 7 2012)|(Feb 5 2013)
3C147| 18.03 |18.24 + 0.03 [18.23 + 0.09 |17.78 £+ 0.01 1.16 1.09 -1.41
3C48 | 12.95 |13.22 + 0.04 (13.13 + 0.01 |13.15 £+ 0.01 2.04 1.39 1.52

The flux fractional deviations for 3C147 and 3C48 at each session were found to be less

than 2% as observed in Table 3.3. Whereas, the fractional deviation for 3C286 was
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found to be 0.15%. These results can be considered as initial proofs whereby the KAT-7

data is almost on the same flux scale as other radio data.

Similarly, we analysed the fractional flux density of the 47 sources. For these sources,
however, we used their expected flux densities estimated at the KAT-7 observing fre-
quency, as mentioned in Section 2.2. (S,,s) in Eq (3.28) for these sources represents the
average flux density (S) of a source taken at different times during the KAT-7 observa-

tions.

The fractional flux density differences calculated for these sources (as shown in Figure
3.9) indicated that 33 sources (~ 71%) deviated from the expected flux densities by less
than 10%. 9 sources (~ 19%) showed 10% up to 20% variation from the expected flux
densities, and 3 sources (~ 6%) strayed between 20% to 50% from the expected flux
densities. The remaining two sources, that showed more than 50% fractional deviation
from their predicted flux densities, are PKS J2151-3027 (~ 86.5%) and PKS J0538-4405
(~ 150%). The high deviations seem to be due to the flux variability characteristics of
these sources, and the literature reviews presented for these sources in Section 2.4 also

asserted the claim.

FIGURE 3.9: The left panel shows the fractional difference of the expected flux density

as a function of the measured flux densities. The number of sources against their

fractional difference is represented by the bar chart as shown on the right panel. The

flux density of the majority of the sources (~ 71%) deviated from the expected flux
densities by less than 10%.
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3.9 Spectra Of The Sample Sources

This section focuses on the spectral energy density (SED) properties of the sources by
considering the flux densities of the sources at different frequencies. As emphasised in
Section 1.3.6, the spectral index of the source comprises a crucial information about
the emission mechanism. In our case, the sources are assumed to follow the relation
S o v* because of their non-thermal emission mechanism. In order to prove whether
the sources are abided by the assumed power law relation, we excerpted the flux densities

and frequencies measured by various telescopes.

As the sources in this thesis were observed at a frequency of 1827 MHz, we included
frequencies that range from 843 MHz up to a maximum of 4885 MHz. Accordingly, we

collected the flux densities measured by:

e the Molongo Observatory Synthesis (MOST) at 843 MHz
e the NRAO VLA Sky Survey (NVSS) at 1400 MHz

e Parkes Radio Sources Catalogue (PKS) 2700 and 4850 MHz

The compiled values are found in SUMSS catalogues under the specific entry SPECFIND
7 for all our sources. Additionally, the flux at 1827 MHz obtained from the KAT-7 in

this thesis is included to complement the analysis.

After excerpting the multi-frequency data, we implemented the flux density versus fre-
quency relationship to fit the data. For convenience, we multiplied the relation S o v®

by logarithm to convert into a linear form:

log(S) = C + alog(v), (3.29)

where C' is an arbitrary constant which is determined along with the spectral index («)
by using the least square method. The method provides a best fit for the given data
with a minimum uncertainty while estimating the spectral index of each source. As can
be seen from Figure 3.10 through Figure 3.13, the relation given in Eq.(3.29) holds true

for most of the sources with a minimum deviation from the real data points.

vizier.u-strasbg.fr/viz-bin/VizieR
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F1GURE 3.10: The flux density versus frequency relation of the sources. The source’s

name is written on the top of each plot. We used the relation S o« v® to fit the flux

densities and frequencies extracted from the catalogues and the KAT-7 for each source.

The best fit to the data points using least square method is shown by red lines, and the

blue points are the actual data points measured by different interferometers, including
the KAT-7 at 1.83 GHz.
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F1GURE 3.11: The flux density versus frequency relation of the sources. The source’s

name is written on the top of each plot. We used the relation S o« v to fit the flux

densities and frequencies extracted from the catalogues and the KAT-7 for each source.

The best fit to the data points using least square method is shown by red lines, and the

blue points are the actual data points measured by different interferometers, including
the KAT-7 at 1.83 GHz.
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FIGURE 3.12: The flux density versus frequency relation of the sources. The source’s

name is written on the top of each plot. We used the relation S o« v® to fit the flux

densities and frequencies extracted from the catalogues and the KAT-7 for each source.

The best fit to the data points using least square method is shown by red lines, and the

blue points are the actual data points measured by different interferometers, including
the KAT-7 at 1.83 GHz.
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F1cUrE 3.13: The flux density versus frequency relation of the sources. The source’s

name is written on the top of each plot. We used the relation S o« v® to fit the flux

densities and frequencies extracted from the catalogues and the KAT-7 for each source.

The best fit to the data points using least square method is shown by red lines, and the

blue points are the actual data points measured by different interferometers, including
the KAT-7 at 1.83 GHz.
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3.10 Summary
The main points presented in this chapter are:

e We discussed a step by step data reduction procedures for the radio data observed
by the KAT-7 for this thesis. We explained how the flux densities of the phase
and target sources were estimated using the flux-density calibrator (PKS J1939-
6342). Similarly, the criteria for selecting phase calibrators and target sources were
discussed in detail. Based on the criteria, we identified 14 phase calibrators and

33 target sources.

e Confusing sources around a field of view of 1° were examined for the phase cal-
ibrators and target sources. We extracted the confusing sources surrounding a
particular source from the NVSS and SUMSS catalogues. The flux densities of
the phase and target sources were derived after examining for confusing sources
and self-calibration in phase. However, the positions of all the target sources were

determined before self-calibration in phase.

e The reliability check for position of each target source was carried out by comparing
with the catalogued value. The flux density of each source obtained from the KAT-
7 was also compared with the extrapolated flux density at 1.83 GHz.

e We examined whether the spectral energy density of each source follows the ex-
pected power law relation (S o v*). The flux density of each source measured
at 1.83 GHz for this thesis is included in the analysis along with the flux density

measured in other frequencies from different arrays.
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Results and Discussion

This section discusses the statistical methods applied to quantitatively determine the
flux density variability of the sources. After the statistical analysis, we will identify

which of the sources can be potential flux-density calibrator candidates.

4.1 Systematic Error Estimation

In order to study the flux density variability of our source, we initially extract the
flux density of each source (i.e. measured at a specific time) from the self-calibrated
CLEANed image using Gaussian fitting, as discussed in Section 3.5. In this regard,
the specific source at a certain time, t1, has a flux density along with its corresponding
measurement uncertainty. The uncertainty in this case is related to a random error
due to estimating a flux density of a source from its CLEANed image. The total error,
however, comes as a result of random error as well as systematic error during data
processing procedures. The estimation of the latter has no formal procedure, but we

apply the following flexible assumption.

Our assumption relies on the fact that the systematic error increases or decreases the flux
of a source by some percent of its measured flux taken at a specific time. The systematic
error is mainly caused by flux transfer (bootstrapping) from the flux calibrator to the
target source. The VLA calibrator manual prepared by Perley et. al ! noted that there

would be a systematic error of 3 to 5% of the measured flux due to bootstrapping.

To determine the systematic error in our case, we selected 3C123 because it has been
particularly well-studied and has been shown to have a very constant flux density over

time, as confirmed by Perley et. al [17] over 30 years of observations of 3C123. Hence,

"https://science.nrao.edu/facilities/vla/docs /manuals
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we use 3C123 as our reference source to predict the systematic error, assuming that any

apparent flux variability of this source is due to systematic error.

To estimate the systematic error we set the reduced y? to unity for our observations.
Perley et. al [17] found a relation between the spectral flux density (S in Jy) of 3C123
and its frequency (v in GHz):

log($S) = 1.8077 — 0.8018 log(vg) — 0.1157 [log(vg))* . (4.1)

Substituting vg= 1.83 GHz into Eq.(4.1) would give the expected flux density or S =
38.84 Jy. Nonetheless, the derived flux densities via the KAT-7 for this source were
found to be variable with time as shown in Table 4.1 which attribute to systematic error

in our observations.

TABLE 4.1: The table illustrates the flux densities of 3C123 measured at different times
along with the corresponding random errors by the KAT-7.

Date Oct 14 2012|Nov 6 2012|Nov 14 2012|Feb 16 2013|Feb 23 2013
Flux S; in Jy 37.31 39.07 38.13 34.22 38.13
Random error o; in Jy 0.47 0.24 0.19 0.23 0.28

The reduced Chi-square (x?) is:

N

2= Nl_ 1 Z |:(Sz' - 51.83)2} ’ (4.2)

2 2
oy +o;

i

where N is the number of observations, .S; is the measured flux at specific time, S7 g3 is
the expected flux at 1.83 GHz, o; is the random error while deriving a flux at a particular

time, and oy is the systematic error.

By setting this equation to one and solving for o we find o,= 1.98 Jy. This is equivalent
to 5.1 % of 38.84 Jy, which is the expected flux density of 3C123 at 1.83 GHz, slightly
larger than the systematic errors in the literature. Based on this result, we assign a 5%
systematic error of the measured flux density to all sources under consideration and add

this in quadrature with the statistical errors for all sources.
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FIGURE 4.1: Reduced Chi-square (x?) against systematic error square (02). The sys-

tematic error square given in Eq. 4.2 is estimated by numerical iteration. o2 converges

to 3.92 (05 = 1.98) at x2 =1. This means the systematic error is about 5% of 38.84 Jy
— the assumed flux density of 3C123 at 1.83 GHz as calculated by Eq. (4.1).

4.2 Weighted Flux Density, Mean Flux Density And Total

Error

Our flux density measurement for each source has the form S;(¢;) & d;; where S;(t;) for
i =1,2,..., N is the flux measurement of a particular source at a certain time ¢;; d.; is the
total error resulting from the five percent flux transfer (bootstrapping) uncertainty and
the random error. We estimate the total error by adding in quadrature the systematic

error (0.055;) and random error, o;, as

8ei = 1/(0.055;)2 4 o2. (4.3)

The weighted average flux density of a source for the N individual measurements is,

therefore, given by [76]:
>0 Sigr
(S)y = ——<=. (4.4)
I
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The inverse weighted average error corresponding to the weighted average flux density

for N individual measurements is given by [76]:

(4.5)

Hence, the flux density measurement for an individual source in this thesis is reported
as (S)y £ (0)w-

The mean flux density of a source is defined by:

(S) = 2i : (4.6)

Additionally, the spread of a flux density in each source about the mean (S) is defined

by a standard deviation:

U:¢ZW&—“W. (47)

4.3 Flux Variability Measures

The flux density variability of a source has been studied by applying a number of metrics

to quantify variability. In this thesis, we adopt three different metrics.

The first is the variability index [77] which is defined as:

yp _ Swax — Swin. 48

Snax + Snin
where Spax and Spip represent the maximum and minimum flux densities of a source
in the entire observations, respectively. The variability index VI provides a measure of
the maximum observed fractional variation of a source. However, this quantity cannot
capture all aspects of variability since it depends on only two flux values and ignores the

remaining measurements and is sensitive to outliers. However, we use VI in this thesis

as one summary of variability.

The second metric is the modulation index defined by [78, 79] and given by:

MI = <07>7 (4.9)
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where o and (S) are given by Eq (4.6) and Eq (4.7), respectively. The modulation
index quantifies the fractional variation of the peak flux density relative to the mean.
It is a good indicator of the strength of variability because it uses all the flux density
measurements of a source taken at different times. When we have only two flux densities

measured at two different times, then the source’s MI is equal to VI.

The third metric is the de-biased modulation index. It takes into account the random
and systematic uncertainties of a flux density measurement derived at a particular time.

According to Chen et al. [76], the de-biased modulation index, My, is defined as:

Mg = 1% ~1, (4.10)

where (o), and (S),, are given by Eq 4.4 and Eq 4.5, respectively. The Chi-square x?

is defined as

=Y (Si = (Shu)* (4.11)

My yields an imaginary value for x? when

X 1 < 1. This happens about 50% of the
time even when the error bars are correct (since if the model and errors are correct, the
expected value of the reduced x? should be unity). However, an imaginary My may also
signal that the errors have been overestimated. We will see that many of our sources

have imaginary My, as discussed below.

4.4 MI And VI Variability Metrics Result

We follow [79] in referring to an MI value of 0.05 as a flux variation of 5%. The analysis
based on MI (left panel of Figure 4.2) indicated that 30 out of 38 sources (~ 79%)
showed flux variation of less than 5%; 6 out of 38 sources (~ 16%) revealed 5% to
10% flux variation. The remaining two sources, PKS J0538-4405 and PKS J0351-2744,
displayed 11.67 % and 28.59% flux variation from their average value, respectively.

The VIs of 23 out of 38 sources (~ 61%) were found to be less than 5% (right panel
of Figure 4.2); whereas the VIs of 12 sources (~ 32%) extended from 5% to 10%. The
remaining three sources, PKS J0442-0017, PKS J0538-4405, and PKS J0351-2744, re-
vealed 12.83%, 17.82%, and 41.76% variation between their maximum and minimum

fluxes, respectively.
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FIGURE 4.2: The histogram describing the modulation index (MI) [left panel] and
variability index (VI) [right panel] of the sources. Majority of the sources (93 — 95%)
have MI and VI values < 10%.

4.5 M, Variability Metric Result

As stated by Chen et al. [76], the variability analysis based on My corrects for the obvious
bias in MI in the case of noisy measurements. The measurement uncertainties are the
most decisive parameters to find out a plausible M. As we can see from Eq.(4.10), Mg is

real when 2 > N — 1 and imaginary when x? < N — 1.

We estimated the systematic error, which is presumably the dominant error, by assuming
3C123 has constant flux densities over time (see Section 4.1). Then, we applied an
estimation of 5 % (of measured flux density) systematic error to all sources. In this
regard, the My of 3C123 has to be small because of the assumption that it is invariable
source or its x2 ~ N — 1 at 5% systematic error. However, calculating the Mgs of the

other sources with 5% systematic error yielded imaginary values for most of the sources.

From the unbiased variability metric (Mg) obtained at 5% systematic error, we can sum-

marize the following points.

e Out of the 38 sources analysed using My only 11 sources (~ 29%) had real Mys (see
Table 4.2 and 4.2).

e Four among the 11 sources were distinguished for having high magnitudes of
variabilities according to the three metrics. These sources are: PKS J0351-2744
(Mg = 32.8%, MI = 28.9%, VI = 41.8%), PKS J0442-0017 (My = 9.5%, MI = 8.7%,
VI = 12.8%), PKS J0538-4405 (Mg = 14.6%, MI = 11.6%, VI = 17.82%), and PKS
J1833-2103 (Mg = 12.4%, MI = 9.5%, VI = 9.5%). More specially, PKS J0351-2744

is a highly variable source according to the three metrics.
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e The metrics of 8 (~ 21%) out of 38 sources were calculated relying on only two
data points (see Table 4.3). Hence, their metrics may not sufficiently ensure their
flux variabilities. Hence, we need to incorporate more data so as to confidently

justify their variabilities.

4.6 Simulation Of Debiased Modulation Index, M,

To determine whether the observed imaginary My values were unexpected for each of our
sources, we simulate each source’s observations with Monte Carlo methods. Assuming
that each source truly is constant, and taking the dates and measured errors for our ob-
servations, we simulate for each source 30,000 Gaussian realizations of the flux densities
appropriate for each source, and hence this gives 30,000 measurements of My for each

source.

Thus, the simulated flux density, Ss,, for a given observation of a given source is given
by:

Ssm = (S)w + N(0,6ci), (4.12)

where N(0, d.;) describes a standard mean-zero normal distribution with standard devi-
ation d.;. For each source and observation we apply this 30,000 times and compute the
resulting My values that would result from these simulated observations in the obvious

way by computing the x? in each case.

The simulated Chi-square is:

=y (oSl (419

2
501'

Hence, the simulated de-biased modulation index Mgq would be:

Mgq = —1, (4.14)

In our simulation we made an assumption that the flux density of a source has a constant
flux density. Hence, the Gaussian distribution of Mg, describes the possible values of M4
if the source’s flux density is constant. According to this, if the source’s My is less than

the majority of the Mgy in the distribution, then it is compatibly with no flux variability
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since all the My were simulated from a non-variable model. To quantify this, we compute
the fraction, f, of simulations with Mgy > My for each source. Only if f < 0.05 is there
reasonable evidence of variability since in this case there is only a 5% probability of
seeing such a large value of My due to statistical fluctuations given that the source really

is constant and the errors are Gaussian.

4.7 Modulation Index Analysis: M; Versus My

In this section, we will focus on the comparison between the actual de-biased modulation

index, My, and the simulated set of indices, Mgy.

Of the 11 sources with real My, three sources (PKS J0351-2744, PKS J0442-0017 and
PKS J0538-4405) show statistically significant evidence for variability with less than
0.6% of the 30,000 Gaussian simulations in each case having M,y values as large as the

observed M, values.

All other sources were statistically compatible with being constant other than PKS
J1833-2103 which showed some evidence of variability with only ~ 5.3% of the simula-

tions having a large value of My; than the observed My.

FIGURE 4.3: The histogram of the real simulated de-biased modulation indices along with our

observed value (shown by the vertical red line) for 3C123 (left) and PKS J0351-2744 (right).

The fraction of simulated modulation indices, f, larger than the observed value, along with the

observed value is shown at the top of the figure. A value of f < 0.1 (0.05) suggest that the

source is variable since they correspond approximately to probabilities of 10% (5%) that the

source is actually constant but has a large Mg due to Gaussian error fluctuations. From this it
is clear that PKS J0351-2744 is a highly variable source according to this test.
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FIGURE 4.4: The histogram of the real simulated de-biased modulation indices along with

our observed value (shown by the vertical red line) for PKS J0442-0017 (left) and PKS J0444-

2809 (right). The fraction of simulated modulation indices, f, larger than the observed value,
along with the observed value is shown at the top of the figure.

FIGURE 4.5: The histogram of the real simulated de-biased modulation indices along with

our observed value (shown by the vertical red line) for PKS J0453-2807 (left) and PKS J0538-

4405 (right). The fraction of simulated modulation indices, f, larger than the observed value,
along with the observed value is shown at the top of the figure.

FIGURE 4.6: The histogram of the real simulated de-biased modulation indices along with

our observed value (shown by the vertical red line) for PKS J0744-0629 (left) and PKS J0837-

1951 (right). The fraction of simulated modulation indices, f, larger than the observed value,
along with the observed value is shown at the top of the figure.
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FIGURE 4.7: The histogram of the real simulated de-biased modulation indices along with

our observed value (shown by the vertical red line) for PMN J1712-2809 (left) and PKS J1833-

2103 (right). The fraction of simulated modulation indices, f, larger than the observed value,
along with the observed value is shown at the top of the figure.

FIGURE 4.8: The histogram of the real simulated de-biased modulation indices along with our

observed value (shown by the vertical red line) for PKS J1941-1524. The fraction of simulated

modulation indices, f, larger than the observed value, along with the observed value is shown
at the top of the figure.
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We wind up our discussion by summarizing the result of our simulation for the eleven

sources as follow.

1. 3C123: We employed this source as a reference to determine the systematic error,
as explained in Section (4.1) so by construction it has a small modulation index,

Mgy.

2. PKS J0351-2744: Referring to Table 4.2, we observe that the source’s VI, MI,
and My are remarkably high. These metrics undoubtedly tell us that the source
is highly variable. None of our 30,000 Monte Carlo simulations had a debiased
modulation index as high as the observed My; see the right side of Figure 4.3. So
the source is certainly variable, and hence we do not recommend the source to be

used as a flux-density calibrator.

3. PKS J0442-0017: Only 0.5% of our Monte Carlo simulations had a large value
of M4 than the observed one, as shown on the left side of Figure 4.4. This strongly
suggests variability of the source flux. The other two variability metrics of the
source (i.e. MI = 8.71% and VI = 12.83%) are relatively high, supporting this
conclusion. In addition to this, the literature review presented in Section 2.4
about this source confirmed its flux instability at various frequencies. The stated

reasons suggest that the source is not a good flux density calibrator candidate.

4. PKS J0444-2809: Approximately 31% our simulations for this source had large
debiased modulation indices than the observed value and hence the source is com-
patible with being constant in time. However, the summary given in Section 2.4
and the position analysis conducted in this research (Section 3.7) have indicated
the source’s complex morphology — which has also an impact on its flux behaviour.
Hence, we recommend further work to determine if this is a good flux-density cal-

ibrator candidate.

5. PKS J0453-2807: This source is consistent with having a constant flux since
approximately 38% of its Monte Carlo simulations had larger debiased modulation
indices than the observed value; see the left side of Figure 4.5. We recommend
further work so as to convincingly state its suitability as a flux-density calibrator

candidate.

6. PKS J0538-4405: The probability that the source to have a constant flux density
is zero; see the right side of Figure 4.5. The summary given in Section 2.4 also
stressed that the source is strongly variable. Thus, we do not recommend this

source to be used as a flux-density calibrator.
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10.

11.

PKS J0744-0629: This source is a good flux density calibrator candidate since
~ 93% of the simulations had larger debiased modulation index values. This is

supported by the summary presented in Section 2.4.

. PKS J0837-1951: The source seems a good flux-density calibrator candidate

since ~ 86% of the simulations had larger debiased modulation indices, as shown
on the right side of Figure 4.6. However, there is a confusing source about 30/,
having a flux density 33 % of that of PKS J0837-1951; see Figure 4.44 . Hence,

the source is unsuitable to be a good flux-density calibrator candidate.

. PMN J1712-2809: The My of the source is calculated from just two flux density

measurements that can make the result uncertainly reliable. The left side of Figure
4.7 shows the resulting My value was low compared to most of the Monte Carlo
simulations. We therefore classify this as a potential future calibrator to be checked

with more data.

PKS J1833-2103: This source has MI and VI values (refer Table 4.3) that are high
enough to point to strong variability. Only about ~ 5.0% of the simulations had
larger debiased modulation indices which also supports the variability hypothesis;
as shown on the right side of Figure 4.7 Furthermore, a survey conducted by
Tingay et al. [54] (see the summary given in Section 2.4) showed that the source’s
modulation indices at various frequencies are high. Therefore, PKS J1833-2103 is

not a suitable flux density calibrator candidate.

PKS J1941-1524: The My of this source is calculated from just two flux density
measurements that can make the result uncertainly reliable. The resulting My value
was low compared to most of the Monte Carlo simulations. We therefore classify

this as a potential future calibrator to be checked with more data.

As we mentioned earlier, the My values of 27 sources were found to be imaginary. For

these sources, we decide their suitability as flux density calibrator candidates based on

the MI and VI metrics into four categories. Accordingly, we set the following benchmarks

(classifying the sources A through D) for reasonable justification.

A.

B.

If both MI and VI of a source are between 0 and 0.05, then the source is highly
probable to be a good flux density calibrator candidate.

If either MI or VI of a source is between 0.05 and 0.09, then we need to carry
out further study on the source before deciding its suitability as a flux density

calibrator candidate (unconfirmed candidate).
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C. If a source is analysed based on only two observations or insufficient information
about the source is available in the literatures and catalogues about its flux char-
acteristic, then it is unpersuasive to justify its suitability from the limited data

and evidence (undecided candidate).

D. If either MI or VI of a source is greater than 0.09, then the source has high chance

of becoming a bad flux density calibrator candidate.

Based on the above criteria, we have identified the sources’ categories. In addition
to the 27 sources, we include the 11 sources, whose My are real numbers, into one of
the aforementioned categories looking at the explanation given under each source (see
Section 4.7). The summarized results about each source are presented in Tables 4.2 and
4.3.

Flux Density Calibrator Candidates

15

10

T
° A B C D

Class

w

FIGURE 4.9: The histogram demonstrate the number of sources (N) against flux calibrator

candidates. According to the requirement we set, 18 sources out of 38 ( ~ 47%) were identified

as good flux density calibrator candidates (class A); whereas 5 sources out of 38 (~ 13%)

showed significant flux variabilities, and hence they are bad calibrator candidates (class D).

The combination of unconfirmed flux density calibrator candidates (class B) and undecided
(class C) consist of 16 sources (~ 40%).
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4.8 The Radio Light Curve Plots

Each plot shown below depicts the flux density variation of a source with time (radio
light curve). The standard name of each source is written on top of each plot. The
metrics describing variability measures of the sources are presented in Tables 4.2 and
4.3.

The time parameter in each plot is represented by Modified Julian Day (MJD); where
MJD = JD-2400000.5. The Julian Days (JD) corresponding to each dataset are shown
in Table 2.2. Note that the JDs listed in Table 2.2 describe the mean of the starting

and final observation times.
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FIGURE 4.10: Each plot shows the flux variability of the source with time. The standard
name of the source is written on the top each plot. Each error bar incorporates a random error
and 5% (of the measured flux) as the systematic error.
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FIGURE 4.12: Each plot shows the flux variability of the source with time. The standard
name of the source is written on the top each plot. Each error bar incorporates a random error
and 5% (of the measured flux) as the systematic error.
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FIGURE 4.13: Each plot shows the flux variability of the source with time. The standard
name of the source is written on the top each plot. Each error bar incorporates a random error
and 5% (of the measured flux) as the systematic error.
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FIGURE 4.14: Each plot shows the flux variability of the source with time. The standard
name of the source is written on the top each plot. Each error bar incorporates a random error
and 5% (of the measured flux) as the systematic error.
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4.9 Image Morphology

We imaged the sources by combining all the visibilities if observed more than once.
We do not apply any weights on the visibilities while concatenating the MS files but
redo some flagging if required. We run a standard clark clean with 2500 iterations and
natural weighting (as discussed in Section 3.3) and stopping at a threshold flux of around
1 mJy. The root mean square (rms) in each image was calculated in a region free of
sources; where the rms and peak brightness of each image are written in the caption.
Accordingly, the contours are drawn considering the + 3x rms as the initial value and
increasing until 32 times of 3x rms. The negative contours are represented by dash

lines.

We fixed the dimensions of each image to be about 2° x 2° in order to show the confusing
sources scattered within the KAT-7 primary beam (~ 0.8°). We used pyBDSM 2 to
examine all sources within the image of each candidate. We set the threshold for the
source boundary to be 3 xo, and the source detection threshold to be 5 xo, where o
is the rms noise in the image. We found 36 (~ 95%) out of the 38 sources with a flux
density of not more than 10 % of the flux of the potential flux-density calibrator. The
two sources having confusing sources in the primary beam are PKS J0351-2744 and PKS
J0837-1951. We nominated the former one as a poor flux-density calibrator candidate
(class D) source based on its variability metrics (Section 4.7). Though the latter seems to
be a good flux-density calibrator candidate (class A) according to its variability metrics,
there is a strong confusing source or NVSS J083639-201658 (i.e. having a flux density
33 % of the candidate source about 30" to the south; see Figure 4.44) that makes it a

confusing flux-density calibrator candidate.

The following figures show the images of the candidates observed using the KAT-7. The

synthesised beam is shown as the filled red ellipse in the left bottom corner.

2www.lofar.org/wiki/doku/pybdsm
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e 3C48 (J0137+3309)

FIGURE 4.16: KAT-7 1.83 GHz radio image of 3C48. Contours are drawn at [-1, 1, 2, 4, 8, 16,

32]x 48.60 mJy/beam; where the image has a noise of 16.20 mJy/beam and peak brightness

of 13.20 Jy/beam. The synthesised beam is 6.95" x 2.87" and is shown in the left bottom with
a red filled ellipse.

e 3C147 (J0542+44951)

FIGURE 4.17: KAT-7 1.83 GHz radio image of 3C147. Contours are drawn at [-1, 1, 2,

4, 8, 16, 32]x 42.90 mJy/beam; where the image has a noise of 14.30 mJy/beam and peak

brightness of 18.19 Jy/beam. The synthesised beam is 6.94" x 3.17" and is shown in the left
bottom with a red filled ellipse.
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e 3C286 (J1331+3030)

FIGURE 4.18: KAT-7 1.83 GHz radio image of 3C286. Contours are drawn at [-1, 1, 2,

4, 8, 16, 32]x 66.90 mJy/beam; where the image has a noise of 22.30 mJy/beam and peak

brightness of 13.07 Jy /beam. The synthesised beam is 13.9' x 1.8’ and shown in the left bottom
with a red filled ellipse.
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FIGURE 4.19: KAT-7 1.83 GHz radio image of PKS J0010-4153. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 5.4 mJy/beam; where the image has a noise of 1.83 mJy/beam and

peak brightness of 3.64 Jy/beam. The synthesised beam is 2.65’ x 2.41" and shown in the left
bottom with a red filled ellipse.
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e PKS J00224-0014

PKS J0022+0014
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FIGURE 4.20: KAT-7 1.83 GHz radio image of PKS J0020+0014. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 3.24 mJy/beam; where the image has a noise of 1.08 mJy/beam and

peak brightness of 2.43 Jy/beam. The synthesised beam is 3.65" x 2.37" and shown in the left
bottom with a red filled ellipse.

e PKS J0025-2602
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FIGURE 4.21: KAT-7 1.83 GHz radio image of PKS J0025-2602. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 10.1 mJy/beam; where the image has a noise of 3.71 mJy/beam and

peak brightness of 7.32 Jy/beam. The synthesised beam is 2.73’ x 2.65" and shown in the left
bottom with a red filled ellipse.
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e PKS J0042-4414

PKS JO042—4414

18 [

45'

—44°

15'f

J2000 Declination

8

45 [

—45°

15

o1 5 I(J o ST e I A

aoh4g™

FIGURE 4.22: KAT-7 1.83 GHz radio image of PKS J0042-4414. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 4.35 mJy/beam; where the image has a noise of 1.45 mJy/beam and
peak brightness of 2.99 Jy/beam. The synthesised beam is 2.73" x 2.48" and shown in the left
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FIGURE 4.23: KAT-7 1.83 GHz radio image of PKS J0044-3530. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 4.89 mJy/beam; where the image has a noise of 1.63 mJy/beam and
peak brightness of 2.12 Jy/beam. The synthesised beam is 2.64" x 2.50" and shown in the left
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e PKS J00594-006

FIGURE 4.24: KAT-7 1.83 GHz radio image of PKS J0059+4006. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 12.51 mJy/beam; where the image has a noise of 4.17 mJy/beam and

peak brightness of 2.26 Jy/beam. The synthesised beam is 3.24" x 2.53’ and shown in the left
bottom with a red filled ellipse.

e PKS J0240-2309
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FIGURE 4.25: KAT-7 1.83 GHz radio image of PKS J0240-2309. Contours are drawn at [-1,

1, 2, 4, 8, 16, 32]x 8.49 mJy/beam; where the image has a noise of 2.83 mJy/beam and peak

brightness of 5.44 Jy/beam. The synthesised beam is 2.99" x 2.35" and is shown in the left
bottom with a red filled ellipse.
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e PKS J0252-7104
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FIGURE 4.26: KAT-7 1.83 GHz radio image of PKS J0252-7104. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 7.00 mJy/beam; where the image has a noise of 2.33 mJy/beam and
peak brightness of 4.56 Jy/beam. The synthesised beam is 2.67" x 2.40" and shown in the left
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FIGURE 4.27: KAT-7 1.83 GHz radio image of PKS J0303-6211. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 3.00 mJy/beam; where the image has a noise of 1.00 mJy/beam and
peak brightness of 2.28 Jy/beam. The synthesised beam is 2.67" x 2.49" and shown in the left

bottom with a red filled ellipse.
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e PKS J0309-6058
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FIGURE 4.28: KAT-7 1.83 GHz radio image of PKS J0309-6058. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 7.00 mJy/beam; where the image has a noise of 2.33 mJy/beam and

peak brightness of 1.31 Jy/beam. The synthesised beam is 3.70" x 3.13’ and shown in the left
bottom with a red filled ellipse.
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FIGURE 4.29: KAT-7 1.83 GHz radio image of PKS J0318+1628. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 13.00 mJy/beam; where the image has a noise of 4.33 mJy/beam and

peak brightness of 6.62 Jy/beam. The synthesised beam is 3.80" x 2.51" and shown in the left
bottom with a red filled ellipse.
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e PKS J0323+40534

FIGURE 4.30: KAT-7 1.83 GHz radio image of PKS J0323+0534. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 7.00 mJy/beam; where the image has a noise of 2.33 mJy/beam and

peak brightness of 2.21 Jy/beam. The synthesised beam is 3.73" x 2.43’ and shown in the left
bottom with a red filled ellipse.
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FIGURE 4.31: KAT-7 1.83 GHz radio image of PKS J0351-2744. Contours are drawn at [-1,
1, 2, 4, 8, 16, 32]x 6.10 mJy/beam; where the image has a noise of 2.10 mJy/beam and peak
brightness of 2.41 Jy/beam. The synthesised beam is 3.10’, 2.64" and shown in the left bottom
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e PKS J0405-1308
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FIGURE 4.32: KAT-7 1.83 GHz radio image of PKS J0405-1308. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 9.80 mJy/beam; where the image has a noise of 3.27 mJy/beam and
peak brightness of 3.51 Jy/beam. The synthesised beam is 3.31" x 2.32" and shown in the left

e PKS J0408-6544
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FIGURE 4.33: KAT-7 1.83 GHz radio image of PKS J0408-6544. Contours are drawn at [-1,
1, 2, 4, 8, 16, 32]x 36.00 mJy/beam; where the image has a noise of 12.00 mJy/beam and
peak brightness of 11.10 Jy/beam. The synthesised beam is 2.87" x 2.39" and is shown in the
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e PKS J0409-1757
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FIGURE 4.34: KAT-7 1.83 GHz radio image of PKS J0409-1757. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 5.00 mJy/beam; where the image has a noise of 1.67 mJy/beam and

peak brightness of 1.835 Jy/beam. The synthesised beam is 3.06’ x 2.38" and shown in the left
bottom with a red filled ellipse.
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FIGURE 4.35: KAT-7 1.83 GHz radio image of PKS J0420-6223. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 9.10 mJy/beam; where the image has a noise of 3.00 mJy/beam and

peak brightness of 2.73 Jy/beam. The synthesised beam is 3.02" x 2.43’ and shown in the left
bottom with a red filled ellipse.
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e 3C123 (J0437+2940)

FIGURE 4.36: KAT-7 1.83 GHz radio image of 3C123. Contours are drawn at [-1, 1, 2, 4, 8,
16, 32]x 0.11 Jy/beam; where the image has a noise of 0.037 Jy/beam and peak brightness of
37.1 Jy/beam. The synthesised beam is 6.21’ x 2.56" and shown in the left bottom with a red

filled ellipse.

e PKS J0440-4333
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FIGURE 4.37: KAT-7 1.83 GHz radio image of PKS J0440-4333. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 8.01 mJy/beam; where the image has a noise of 3.27 mJy/beam and
peak brightness of 3.66 Jy/beam. The synthesised beam is 2.79" x 2.36" and shown in the left

bottom with a red filled ellipse.
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e PKS J0442-0017

FIGURE 4.38: KAT-7 1.83 GHz radio image of PKS J0442-0017. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 21.60 mJy/beam; where the image has a noise of 7.20 mJy/beam and

peak brightness of 3.54 Jy/beam. The synthesised beam is 3.31" x 2.32" and shown in the left
bottom with a red filled ellipse.

e PKS J0444-2809

FIGURE 4.39: KAT-7 1.83 GHz radio image of PKS J0444-2809. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 19.10 mJy/beam; where the image has a noise of 6.37 mJy/beam and

peak brightness of 4.77 Jy/beam. The synthesised beam is 4.68 x 2.90" and shown in the left
bottom with a red filled ellipse.
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e PKS J0453-2807
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FIGURE 4.40: KAT-7 1.83 GHz radio image of PKS J0453-2807. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 4.10 mJy/beam; where the image has a noise of 1.37 mJy/beam and
peak brightness of 2.12 Jy/beam. The synthesised beam is 3.28" x 2.51" and shown in the left

bottom with a red filled ellipse.

e PKS J05344-1927

FIGURE 4.41: KAT-7 1.83 GHz radio image of PKS J0534+1927. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 38.40 mJy/beam; where the image has a noise of 12.80 mJy/beam and
peak brightness of 5.42 Jy/beam. The synthesised beam is 3.88' x 2.49" and shown in the left
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bottom with a red filled ellipse.
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e PKS J0538-4405

FIGURE 4.42: KAT-7 1.83 GHz radio image of PKS J0538-4405. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 8.10 mJy/beam; where the image has a noise of 2.80 mJy/beam and

peak brightness of 7.68 Jy/beam. The synthesised beam is 3.31" x 2.32" and shown in the left
bottom with a red filled ellipse.

e PKS J0744-0629
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FIGURE 4.43: KAT-7 1.83 GHz radio image of PKS J0744-0629. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 14.10 mJy/beam; where the image has a noise of 4.65 mJy/beam and

peak brightness of 6.85 Jy/beam. The synthesised beam is 3.31" x 2.32 and shown in the left
bottom with a red filled ellipse.



Chapter 4. Image Morphology 125

e PKS J0837-1951

FIGURE 4.44: KAT-7 1.83 GHz radio image of PKS J0837-1951. Contours are drawn at [-1,

1, 2, 4, 8, 16, 32]x 49.20 mJy/beam; where the image has a noise of 16.40 mJy/beam and

peak brightness of 3.71 Jy/beam. The synthesised beam is 3.31" x 2.38" and shown in the left
bottom with a red filled ellipse.

e PKS J0943-0891

FIGURE 4.45: KAT-7 1.83 GHz radio image of PKS J0943-0891. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 11.10 mJy/beam; where the image has a noise of 3.70 mJy/beam and

peak brightness of 2.35 Jy/beam. The synthesised beam is 3.74’ x 2.39" and shown in the left
bottom with a red filled ellipse.
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e PKS J1130-1449

FIGURE 4.46: KAT-7 1.83 GHz radio image of PKS J1130-1449. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 22.09 mJy/beam; where the image has a noise of 7.36 mJy/beam and
peak brightness of 4.38 Jy/beam. The synthesised beam is 3.64" x 2.47" and shown in the left
bottom with a red filled ellipse.

e PKS J1154-3505
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FIGURE 4.47: KAT-7 1.83 GHz radio image of PKS J1154-3505. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 15.00 mJy/beam; where the image has a noise of 3.00 mJy/beam and
peak brightness of 5.55 Jy/beam. The synthesised beam is 3.28' x 2.40" and shown in the left
bottom with a red filled ellipse.
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e PKS J1248-1959

FIGURE 4.48: KAT-7 1.83 GHz radio image of PKS J1248-1959. Contours are drawn at [-1,

1, 2, 4, 8, 16, 32]x 40.01 mJy/beam; where the image has a noise of 13.33 mJy/beam and

peak brightness of 4.23 Jy/beam. The synthesised beam is 4.05" X 2.53" and shown in the left
bottom with a red filled ellipse.

e PKS J1311-2216

FIGURE 4.49: KAT-7 1.83 GHz radio image of PKS J1311-2216. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 11.10 mJy/beam; where the image has a noise of 3.70 mJy/beam and

peak brightness of 3.94 Jy/beam. The synthesised beam is 3.81" x 2.43’ and shown in the left
bottom with a red filled ellipse.
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e PKS J1510-0534

FIGURE 4.50: KAT-7 1.83 GHz radio image of PKS J1510-0534. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 24.00 mJy/beam; where the image has a noise of 8.00 mJy/beam and

peak brightness of 3.11 Jy/beam. The synthesised beam is 7.17" X 2.19" and shown in the left
bottom with a red filled ellipse.

e PKS J1517-2422

FIGURE 4.51: KAT-7 1.83 GHz radio image of PKS J1517-2422. Contours are drawn at [-1,

1, 2, 4, 8, 16, 32]x 35.60 mJy/beam; where the image has a noise of 11.87 mJy/beam and

peak brightness of 2.33 Jy/beam. The synthesised beam is 5.17" x 2.62" and shown in the left
bottom with a red filled ellipse.
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e PKS J1744-5144

PKS J1744—-5144
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FIGURE 4.52: KAT-7 1.83 GHz radio image of PKS J1744-5144. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 8.58 mJy/beam; where the image has a noise of 2.86 mJy/beam and

peak brightness of 7.38 Jy/beam. The synthesised beam is 3.80" x 3.26" and shown in the left
bottom with a red filled ellipse.

e PMN J1712-2809

FIGURE 4.53: KAT-7 1.83 GHz radio image of PMN J1712-2809. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 98.89 mJy/beam; where the image has a noise of 33.33 mJy/beam and

peak brightness of 4.47 Jy/beam. The synthesised beam is 6.93" x 3.34" and shown in the left
bottom with a red filled ellipse.
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e PKS J1819-6345

FIGURE 4.54: KAT-7 1.83 GHz radio image of PKS J1819-6345. Contours are drawn at [-1,

1, 2, 4, 8, 16, 32]x 43.01 mJy/beam; where the image has a noise of 13.33 mJy/beam and

peak brightness of 10.68 Jy/beam. The synthesised beam is 3.80’ x 3.26" and shown in the left
bottom with a red filled ellipse.

e PKS J1830-3602
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FIGURE 4.55: KAT-7 1.83 GHz radio image of PKS J1830-3602. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 14.16 mJy/beam; where the image has a noise of 4.72 mJy/beam and

peak brightness of 5.07 Jy/beam. The synthesised beam is 4.28' x 2.81" and shown in the left
bottom with a red filled ellipse.
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e PKS J1833-2103

PKS J1833-2103
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FIGURE 4.56: KAT-7 1.83 GHz radio image of PKS J1833-2103. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 38.10 mJy/beam; where the image has a noise of 7.20 mJy/beam and

peak brightness of 12.91 Jy/beam. The synthesised beam is 5.71’ X 2.69" and shown in the left
bottom with a red filled ellipse.

e PKS J1924-2914

FIGURE 4.57: KAT-7 1.83 GHz radio image of PKS J1924-2914. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 15.27 mJy/beam; where the image has a noise of 5.09 mJy/beam and

peak brightness of 12.44 Jy/beam. The synthesised beam is 6.15" x 2.58" and shown in the left
bottom with a red filled ellipse.
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e PKS J1935-4620

FIGURE 4.58: KAT-7 1.83 GHz radio image of PKS J1935-4620. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 15.6 mJy/beam; where the image has a noise of 5.20 mJy/beam and

peak brightness of 9.42 Jy/beam. The synthesised beam is 4.86’ x 2.83" and shown in the left
bottom with a red filled ellipse.

e PKS J1941-1524

FIGURE 4.59: KAT-7 1.83 GHz radio image of PKS J1941-1524. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 20.40 mJy/beam; where the image has a noise of 6.80 mJy/beam and

peak brightness of 5.29 Jy/beam. The synthesised beam is 7.29" x 2.31" and shown in the left
bottom with a red filled ellipse.
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e PKS J2129-1821

FIGURE 4.60: KAT-7 1.83 GHz radio image of PKS J2129-1821. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 7.50 mJy/beam; where the image has a noise of 2.50 mJy/beam and

peak brightness of 1.33 Jy/beam. The synthesised beam is 6.65" x 2.11" and shown in the left
bottom with a red filled ellipse.

e PKS J2131-2036

FIGURE 4.61: KAT-7 1.83 GHz radio image of PKS J2131-2036. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 6.00 mJy/beam; where the image has a noise of 2.00 mJy/beam and

peak brightness of 1.52 Jy/beam. The synthesised beam is 6.34" x 2.10" and shown in the left
bottom with a red filled ellipse.



Chapter 4. Image Morphology

134

e PKS J2151-3027

PKS J21561-3027
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FIGURE 4.62: KAT-7 1.83 GHz radio image of PKS J2151-3027. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 7.53 mJy/beam; where the image has a noise of 2.51 mJy/beam and
peak brightness of 1.61 Jy/beam. The synthesised beam is 5.93" x 2.74" and shown in the left

bottom with a red filled ellipse.

e PKS J2152-2828

FIGURE 4.63: KAT-7 1.83 GHz radio image of PKS J2152-2828. Contours are drawn at
[-1, 1, 2, 4, 8, 16, 32]x 9.60 mJy/beam; where the image has a noise of 3.30 mJy/beam and
peak brightness of 2.44 Jy/beam. The synthesised beam is 5.90" x 2.28’ and shown in the left

bottom with a red filled ellipse.
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e PKS J2206-1835

PKS J2206-1835
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FIGURE 4.64: KAT-7 1.83 GHz radio image of PKS J2206-1835. Contours are drawn at

[-1, 1, 2, 4, 8, 16, 32]x 11.10 mJy/beam; where the image has a noise of 3.67 mJy/beam and

peak brightness of 5.75 Jy/beam. The synthesised beam is 6.69" x 2.13" and shown in the left
bottom with a red filled ellipse.

e PKS J2219-2756

FIGURE 4.65: KAT-7 1.83 GHz radio image of PKS J2219-2756. Contours are drawn at x

4.20 mJy/beam; where the image has a noise of 1.40 mJy/beam and peak brightness of 1.49

Jy/beam. The synthesised beam is 5.88" x 2.17" and shown in the left bottom with a red filled
ellipse.



Chapter 5

Conclusions And Future Work

Conclusion

In this thesis we have taken the first steps towards identifying good flux-density calibra-
tors for the prototype radio telescope KAT-7 and verified the capability of the KAT-7
array to track extragalactic sources with very good accuracy. The systematic error due
to bootstrapping accuracy for KAT-7 was found to be about ~ 5% of the measured
flux density. The calibrators we have found can be used for future science with the
KAT-7 telescope by providing standards for use in the data reduction procedures. For
this purpose, we recommend the good flux density calibrator candidates we identified;
namely the 18 sources that had values less than 0.05 in their Variability Index (VI)
and Modulation Index (MI) and all the sources in the field had less than 10% of the
peak flux density of the calibrator candidate ; see Table 4.2 and 4.3). One source (PKS
J0837-1951), which showed low variability and hence appeared to be a good flux-density
calibrator candidate (class A), was deemed to be not a good flux-density calibrator
candidate because a strong confusing source (NVSS J083639-201658) was found within
its primary beam. More generally, these sources may be useful flux density calibrator

candidates for interferometry arrays with short spacings.

On the other hand, five sources were identified as being variable source and hence inap-
propriate as flux density calibrators because they had VI or MI values greater than 0.09
(see Table 4.2 and 4.3). Other studies of these sources (see Section 2.4) supported this
conclusion that these sources are significantly variable. 16 sources, which we included

them under class B and class C, should be examined and studied further.

In addition we used another measure of variability, the de-biased modulation index Mg,

defined by Chen et al. [76]. We determined whether the observed variation in flux

136
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density could be due only measurement errors by simulating a large number of constant
sources with the observed error bars and observing cadence and asking what fraction of

the simulations had larger de-biased modulation indices larger than the observed value.

Future Work

During the due course of this research work, we have recognized some research points

we recommend be incorporated in future work:

e Only the flux variabilities of the sources at a single frequency (1.83 GHz) have
been studied in this thesis. However, it is very important to examine the flux
variabilities at different frequencies with sufficient data so as to obtain a complete
picture. In addition to this, polarization characteristics of the sources have to be
studied in order to fully declare their suitability as calibrators [80] and understand

their emission properties.

e We identified good flux calibrator candidates by statistically analyse their tempo-
ral flux variabilities. We note that the flux variability can either be intrinsic or
extrinsic, or a combination of both phenomenons (refer Section 1.3.7). We recom-
mend for future study which of the phenomenons contribute to the flux variability

in each source.

e The southern sky lacks suitable flux calibrator sources. Based on the method used
in this thesis, further observations can be performed in order to fill the southern sky
with enough calibrator sources. This is particularly vital during the commissioning

phase of radio telescope arrays around the southern hemisphere.

In this thesis, the flux densities and positions of the sources were extracted from
their “CLEAN” images (Section 3.3) by Gaussian fitting. Determining parameters

in this way can lead to biased estimations for the following reasons [16, 81].

1. During the process of deconvolution, inaccurate cleaning may occur. As a
consequence, we will get biased images that give us incorrect results of the

desired parameters.

2. Errors that are confined in the u-v plane will be dispersed throughout the
entire image while Fourier transformed. In this case, errors corresponding to
different pixels in an image will be correlated while measurements at different
points in the u-v plane are uncorrelated. As a result, quantitative analysis

and error estimations derived from the image may give unreliable results .
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3. In case of sparse u-v coverage, an image will have extensive sidelobes. In such
cases, identifying the desired source will be so uneasy and ambiguous that

estimating the parameters from the image will be problematic.

4. Images of a source produced by visibility data observed at different times
can show changes when compared each other. In such circumstance, it is
challenging to specifically determine whether the differences are associated

with real changes, or owing to the u-v sampling and image parameters.

Because of the above reasons, analysing the visibility data directly in the wu-v
domain is preferable so as to accurately determine the desired parameters. In
order to give possible solutions to the listed problems, an alternative approaches
can be implemented. Bayesian interference techniques are a promising method
for future work as they can be applied directly in the visibility domain and take
advantage of the rapidly increasing computational power available through Moore’s

Law.
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