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Abstract

Very Long Baseline Interferometry (VLBI) has significant advantages in disentangling active
galactic nuclei (AGN) from star formation, particularly at intermediate to high-redshift due
to its high angular resolution and insensitivity to dust. Surveys using VLBI arrays are only
just becoming practical over wide areas with numerous developments and innovations (such
as multi-phase centre techniques) in observation and data analysis techniques. However,
fully automated pipelines for VLBI data analysis are based on old software packages and are
unable to incorporate new calibration and imaging algorithms. In this work, the researcher
developed a pipeline for VLBI data analysis which integrates a recent wide-field imaging
algorithm, RF| excision, and a purpose-built source finding algorithm specifically developed
for the 64k x64k wide-field VLBI images. The researcher used this novel pipeline to process
6% (~ 9 arcmin? of the total 160 arcmin?) of the data from the CANDELS GOODS-
North extragalactic field at 1.6 GHz. The milli-arcsec scale images have an average rms of
o ~ 10 uly/beam. Forty four (44) candidate sources were detected, most of which are at
sub-mJy flux densities, having brightness temperatures and luminosities of >5x10° K and
>6x10%2! W Hz~! respectively. This work demonstrates that automated post-processing
pipelines for wide-field, uniform sensitivity VLBI surveys are feasible and indeed made more
efficient with new software, wide-field imaging algorithms and more purpose-built source-
finders. This broadens the discovery space for future wide-field surveys with upcoming arrays
such as the African VLBI Network (AVN), MeerKAT and the Square Kilometre Array (SKA).
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Chapter 1

INTRODUCTION

Astronomical surveys of the sky often lead to discoveries of new objects, promote their
investigation and consequently provide new insights into their morphology and astrophysical
properties. Radio surveys of extragalactic sources provide additional unique information
on the nature of astronomical and astrophysical phenomena in AGN. Very Long Baseline
Interferometry (VLBI, see Section 1.3) has significant advantages in this regard due to its
high angular resolution. Traditional VLBI observations, however, have comparatively small
fields of view, which has largely restricted VLBI to targeted observations of bright sources

in the half century that the VLBI technique has been used.

Surveys using VLBI arrays have only just become more practical (through innovation in
correlation techniques) however, the software used to image such datasets still depends on
a few decade-old algorithms and software packages. This project is focused on using new
algorithms and techniques in calibration and imaging to develop a wide-field VLBI pipeline

for current arrays, as well as the upcoming African VLBI Network and eventually the SKA.

In this chapter, a brief introduction to radio astronomy and the fundamental concepts of
flux density and brightness temperature is provided. The sections that follow include a brief
discussion on emission mechanisms, followed by a summary of the types of sources observed
in radio astronomy. A detailed overview of the radio interferometry and aperture synthesis is
reviewed after that. The researcher then proceed to give an overview of VLBI, review of past

and future VLBI surveys and VLBI science. Lastly, the objectives for this work is presented.

1.1 Introduction to Radio Astronomy

Radio Astronomy is the study of radio emission from celestial objects or sources. The range

of radio frequencies spans from approximately 1 MHz to 1 THz, which corresponds with

1



Chapter 1. Introduction 2

the low end of the electromagnetic spectrum. All objects emit some sort of radio waves
through various mechanisms (Rohlfs & Wilson, 2013). As these radio waves travel through
one point to the other they interact with the surrounding medium through the electric and
magnetic fields. The regularly repetitive changes in these fields produce radio waves. The
radio waves transport energy from one point to the other through space at the speed of light

(in a vacuum).

Figure 1.1 shows the electromagnetic (EM) spectrum. It can be seen that radio waves cover
a wide range of wavelengths compared to the others in the EM spectrum, however, can in

principle be divided into mm,sub-mm, cm and m astronomy.

Figure 1.1: Electromagnetic spectrum. Credit: Miller (1998).

Radio waves have the longest wavelengths in the electromagnetic spectrum. Radio telescopes
probe different astrophysical phenomena when compared to other wavelengths. These include
lowest to highest energies, lowest to highest densities and among the weakest to the strongest

magnetic fields.

Definitions of terms in fundamental radio astronomy is presented in the next section.
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1.1.1 Brightness Temperature and Flux Density

Let’s consider bundles of rays travelling on a linear path through a medium. These rays
subtend an infinitesimal solid angle dQ, through an infinitesimal area element dA across an
infinitesimal frequency width, dv. The energy carried through dA by the bundle of rays as

can be seen in Figure 1.2 is given by

dE = IvdAdtdQdyv , (11)

where |v is the intensity (brightness) with units of Wm-2sr-1Hz-1.

Figure 1.2: Schematic demonstration of intensity or brightness of a solid angle and a
surface area. dA is normal to the source.

The specific intensity, | v defines the measure of radiated energy flow per unit area A, with
time t, solid angle Q and spectral frequency v. Note that | v is also the power density, defined

as the power per unit area, per unit solid angle, per unit bandwidth.

The flux density Sv is defined as the quantity of incoming radiation energy through a cross-
section of unit area, per unit frequency bandwidth, and per unit time. If a source subtends

a well-defined angle then its flux density integrated over the solid angle is defined as

Sv = Iv(0,")eos0dQ , (1.2)

source

where 0 is the angle between a ‘ray’ of radiation.
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Given that the angular size of the source is # 1 radian, then cosO « 1 and so Equation 1.2

can be simplified to

Sv « Iv(0, 0)dQ (1.3)

source

The distinction between the specific intensity or brightness and flux density of a source is that
intensity is an intrinsic property of the source and is independent of the source’s distance,
whereas the flux density is dependent on the distance (Sv a d-2) of the source and the

observer.

In observational cosmology, the most important relationship is that between flux density and

luminosity.

The specific luminosity of an astronomical object is defined as the amount of energy emit-
ted by an astronomical object in a fixed time per unit bandwidth at a specified frequency
interval. In contrast, the bolometric luminosity of an object is the specific luminosity (en-
ergy emission) integrated over all frequencies (or wavelengths). Luminosity alone can be an
essential discriminant as to the astrophysical nature of a given radio source. For example,
most sources with luminosity cores (L14ghz > 2.0 x 1021 W/Hz) are classified as AGN,
while those with lower radio luminosity cores are classified as starburst, as stated by Condon
et al. (2002). Astronomers sometimes prefer to quote the luminosity by comparing it to the

Sun’s luminosity, which is ~ 3.9 x 1026 Watts.

In more general terms, for sources at cosmological distances, the full expression for radio
luminosity (Sadler et al., 2002), assuming the emission is isotropic (Pracy et al., 2016), is

given by

4nDL Sv

Lv 1+ z)ka , (2.4)

where z is the redshift and a is the spectral index (a = 0.7, see Equation 1.5) . The above
formulation (Equation 1.4) is as a result of the expansion of the Universe taken into account

when calculating cosmological distances.
The spectral index (Randall et al., 2012) of a source is defined as

Sv2 = (VzV
Vi

o (1.5)

where Svl and Sv2 are the flux densities at frequencies v1 and v2 respectively.
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The spectral index of the source gives an indication of its properties and the type of emission
mechanism ofthe source. Inthe Rayleigh-Jeans regime, most non-thermal radio sources have
spectral index in the range - 0.5 < a < - 1.5 while that of thermal radio sources are typically
a > 0 (Sasao & Fletcher, 2005; Kraus, 1966). In other words, for thermal sources, the flux
density of the radio sources increases or stays constant (especially when considering ionised
sources) with increasing frequency (decreasing wavelengths), whereas for non-thermal radio

sources, the reverse is true.

The brightness temperature, Tb, of a source with intensity lv, is defined mathematically as

2
Tb (1.6)

2kv2lv ,
where Vv is the frequency, ¢ is the speed of light, Kk is the Boltzmann’s constant and |v
is the source intensity. The expression of the brightness temperature (Equation 1.6) is an

approximation to the Planck’s Law, and is only valid where hv ~ KT.

A blackbody is a body which absorbs all radiation incident upon it. The brightness temper-
ature is defined as the equivalent or effective temperature of a blackbody which radiates the

same monochromatic intensity as the object at a given frequency (Miller, 1998).

If incoming radiation emanates from a sufficiently hot (Tb 1 K) thermal source, without
absorption or emission along the path of propagation, then Tb must correspond to the
physical temperature, however, if the source is non-thermal, then Tb has little relevance to
any real temperature. For example, non-thermal sources, such as masers and synchrotron
sources, can have very high brightness temperatures (from 109 K for methanol masers to
6 x 1012 K for OH masers, and 1015 K for water masers.). In pulsars, for example, the
brightness temperature can reach > 1026 K (Kardashev & Slysh, 1988), whereas quasars at
5 GHz can have Tb of ~ 1012 K (Tingay et al., 2001; Lister et al., 2011). High-resolution
VLBI observations of Cygnus-A measures brightness temperature of 1010 K at 43 GHz
(Krichbaum et al., 1998).

To put this into a more practical perspective, the brightness temperature in the rest-frame

is related to the flux density by the relation

Tb g"a 'ZAIL 1.7)

where Qa is solid angle of the source and A is the wavelength the emitted wavelength which

is dependent on redshift. Since the values of Ais fixed and K is a constant, for a given
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observation it can be formulated from Equation 1.7 the relation

Tb a 2;_ (1.8)
_ 2In(2) c2Sv(1 + 2)
= 0k vo (1.9)

where Tb has units of Kelvin, v is the observing frequency in Hz, Sv represents the flux
density measured in Jy, a and b are the major and minor axes of the beam, respectively, in
milli-arcseconds, and (1 + z) accounts for the cosmological effect on the brightness temper-

ature.

From the above formulation, the brightness temperature for an AGN can be deduced if the

angular sizes (solid angle, Q), redshift (z) and the flux density are known.

It is however pertinent to mention that there is a brightness temperature limit of Tb ~
1.0 x 1022 K (Kellermann & Pauliny-Toth, 1981; Kellermann et al., 1998) known as inverse
Compton limit (Readhead, 1994) in radio cores which occur as a result of inverse Compton
cooling. The observation of compact radio cores with Tb exceeding the inverse Compton
limit on the basis of their time variability is direct evidence of relativistic beaming (Readhead,
1994; Agudo et al., 2006) and this results in an Inverse Compton Catastrophe (Readhead,
1994).

Conversely, for a given flux density, the brightness temperature, Tb, is proportional to (]) 2.
This is because the resolution, 0, is proportional to [@. Therefore the maximum brightness
temperature that can be measured by an interferometer depends only on the flux density and
the baseline (Kellermann & Moran, Kellermann & Moran). Thus, the minimum detectable

brightness temperature using the derivation by Thompson et al. (2017) is given by

(Tb)min nka 2(Sv>m|n , (1.10)

where D isthe minimum baseline length of the array.

Given the limitations of the brightness temperature sensitivity, observations of thermal phe-
nomena occurring in stars, compact regions of HIl and molecular clouds are generally not
feasible in VLBI (Walker, 1999). Typically, the brightness temperature sensitivity, (Ts)min,
for a ~8 hr observation with the VLBA at a wavelength of 18 cm, with a baseline of 8000

km, and with an image sensitivity of 11 ~Jy beam- 1 is (T8)min ~ 105 K.
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One importance of brightness temperature is that it is a good diagnostic for determining

the type of emission process in compact radio sources. Next, a discussion on the types of

emission mechanisms is given.

1.1.2

Emission mechanisms

Electromagnetic radiation is typically produced as a result of accelerated charged particles-

that is to say, they change either the speed and/or direction of their motion. There are two

types of emission that result from their motion, namely, continuum emission and spectral

line emission.

Continuum emission: this is emission over a vast range of frequencies due to the
acceleration of charged particles moving with a wide range of energies. Examples of
continuum emission are thermal Bremsstrahlung, synchrotron radiation and thermal

emission from galactic dust.

Spectral line emission: this is produced as a result of emission of radiation at frequen-
cies which correspond to the photon energy of the atoms or molecules that constitute
the object observed. Examples of these types of emission are neutral hydrogen (HI) line
or 21 cm hyperfine line, recombination lines of ionised hydrogen and heavier atoms.
Specifically, radio line emission is useful in giving diagnostic analysis in the astro-
physical properties of the radio sources. This is because the line strength, widths and
emission profiles are powerful tools which are used to determine the physical conditions
(e.g., density and relative abundance) and the kinematic state of the gas associated

with the astrophysical objects (Garrett, 2015; Chevalier & Fransson, 2016).

This thesis will focus on a continuum survey. Sources of continuum emission can be sub-

classified into thermal and non-thermal processes. Brief descriptions of these emission pro-

cesses is presented in the following subsections.

1.1.2.1 Thermal Emission

In general, accelerating charged particles (e.g., electrons in atoms) emit electromagnetic

radiation, thus all objects with temperatures above zero 1 emit thermal radiation. Thermal

emission is the emission of electrons which are dependent only on the temperature of the

emitting object (black body radiation). In thermal emission processes, the energy distribution

1Absolute Zero =0 K = —2730C
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of the electrons involved can be described by the Maxwell-Boltzmann law (Garrett, 2015).
The radiation from a black body in thermal equilibrium can thus be described by the Planck
law (De Becker, 2007):

2hv3s 1

Bv(T) cz gnr 1W-m 2sr LHz 11, (111)

where Bv is the intensity, v is the observing frequency, T is the temperature, c is the speed

of light and h is the Planck constant.

In the radio spectrum, where hv ~ kT, Planck’s law reduces to the Rayleigh-Jeans approx-
imation:

2v2kT
Bv(T) (112)

The intensity of the radiation is completely described by T and so kT has units of energy.

Hence, the intensity of the radiation emitted by a black body is given by Sv = Bv(T).

The major type of thermal emission is free-free or thermal Bremsstrahlung. The thermal
Bremsstrahlung mechanism involves the emission of photons by electrons due to acceleration
caused by electrostatic interactions between electrons and ions. Details of the mathematical
derivations are found in (Rohlfs & Wilson, 2013). Bremsstrahlung emission accounts for
nearly 10% (Condon & Ransom, Condon & Ransom) of the 1 GHz continuum luminosity in
most spiral galaxies and is the strongest component in the frequency range 30 GHz< v <

200 GHz (Condon & Ransom, Condon & Ransom).

1.1.2.2 Non-thermal Emission

Non-thermal emission is emission whose emitted radiation is not dependent on the temper-
ature of the sources or emitting body. In the next two subsections, details of the nature of

these types of emission is given.

1.1.2.2.1 Synchrotron Emission

Synchrotron emission is generated by charged particles gyrating around magnetic field lines
at relativistic speeds (Burke & Graham-Smith, Burke & Graham-Smith). Larmor’s formula

gives the total emitted power from the charged particles

292,. 2

Ps 5o M

(113)
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where q is the charge of the particle, v is the acceleration in the instantaneous rest-frame.

In the relativistic scenario, the energy emitted does not only depend on the magnetic field
alone but also on the energy of the particles (Kellermann & Pauliny-Toth, 1981; Petrosian
et al., 2008). This type of radiation is not only important at radio wavelengths, but it is also
observed in AGN at infrared (IR), optical, ultraviolet (UV) and X-ray wavelengths. Thus, a

knowledge of synchrotron emission is essential for the study of AGNs.

Synchrotron emission is observed in astronomical sources such as supernovae and supernovae
remnants (e.g., the Crab Nebula in the Milky Way- Garrett, 2015), jets of compact radio

sources, galaxies and cluster halos.

1.1.2.2.2 Inverse Compton Scattering

In this emission process, higher-energy photons are produced by relativistic electrons through
a scattering of lower-energy photons by higher-energy electrons. The process is called inverse
Compton scattering because the relativistic electrons lose their energy rather than gaining
while the low energy photons rather gain energy. Thus, the emitted power in this process is

given by

Pic) = 4~ 7YV o | (1.14)

where urad is the energy density of the radiation field, y = E/m c2 is the Lorentz factor,
ft = v/c, v is the speed of the electrons, C is the speed of light and at is the Thomson

cross-section.

For instance, in a compact synchrotron source, emitted photons can be inverse Compton
scattered by the relativistic electrons. This process gives the photon a boost in energy
by a factor of y2. The emergent radiation is therefore termed synchrotron self-Compton
emission. Thus, as long as there are available relativistic electrons, photons generated by
the synchrotron process can be scattered into the optical region and beyond by the inverse
Compton process. This activity eventually leads to the inverse Compton catastrophe if

Tb > 1012 K (if the power of inverse Compton emission exceeds the synchrotron emission).

The above-stated emission mechanisms are essential for the study of the most exotic regions
of the Universe. The understanding of these mechanisms enables researchers to probe their
behaviour, analyse the spectrum from distant astronomical sources and obtain the detailed
information regarding the astrophysical conditions present in the regions of the Universe

where this radiation traversed from. Moreover, the emission processes provide a fundamental
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explanation for continuum spectrum of most galactic and extragalactic sources observed in

the radio spectrum.

In the next section, summary of the sources which emit some of the emission mechanisms

described in this section is presented.

1.1.3 Astrophysical Radio Sources

Radio sources are astronomical objects that emit radio waves. This radio emission is emitted
from a wide range of sources. A summary of some of the radio sources; supernovae and

supernovae remnants, radio galaxies, blazars and Seyfert galaxies are thus given below.

1.1.3.1 Supernovae and Supernovae Remnants

A supernova (SN) is simply the explosion of a star, which is one of the most energetic
single events in the Universe as stated by Bartel (2009). Supernovae result in the emission
of vast amounts of various types of radiation: ultraviolet, infrared, X-ray, gamma-rays and
radio waves. In general, there are two main types of supernova, namely, Type | and Type
Il supernovae. Earlier observations by Greenstein & Minkowski (1973) and Kirshner et al.
(1973) postulated that there are two major optical spectroscopic distinguishable differences

between these supernovae:

» Type | supernovae (SN ) exhibit no hydrogen lines in their optical spectra, whereas
in Type Il supernovae (SN Il), these hydrogen lines are present (van den Bergh &

Tammann, 1991),

» Type | supernovae are typically the only type observed in elliptical galaxies, while Type
Il supernovae only occur in spiral and irregular galaxies (van den Bergh & Tammann,

1991).

There were, however, doubts about the classification scheme outlined above. This is because
some Type | supernovae show many of the characteristics of Type Il supernovae (e.g., Type
Ib and Type Ic). Secondly, the classification was challenged on the basis that two types of
supernovae could produce three distinct kinds of young supernovae remnants, as stated by

van den Bergh & Tammann (1991).

Recent research has led to the refinement of the types of supernovae based on the types of

stars that give rise to the supernovae. It is now accepted that there are two main types of
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explosion mechanisms that produce supernovae, namely, core-collapse (Woosley & Weaver,
1986; van den Bergh & Tammann, 1991) and thermonuclear explosion (Woosley et al.,
2002). Type Il (Bietenholz et al., 2012), Type |b (has strong He | absorption) and Type Ic
supernovae (no He | and absent or weak Si | absorption; Bietenholz et al. 2010) are produced
as a result of a catastrophic collapse of the core of a massive star. The Type la supernova
(strong Si | absorption; Hillebrandt & Niemeyer 2000; Maoz et al. 2014) is produced as a
result of athermonuclear explosion that disintegrates a white dwarf star (Woosley & Weaver,
1986) . Details of these two explosion mechanisms can be found in (Woosley & Weaver, 1986;

Weiler et al., 1986; Weiler & Sramek, Weiler & Sramek; Weiler et al., 2007).

A supernova remnant is a structure resulting from the explosion of a star in a supernova.
The explosion occurs when a supernova triggers a shock wave which ejects and heats the
surrounding circumstellar material (CSM) and interstellar medium (ISM), forming a super-
nova remnant. There are distinct prototypical examples of the different supernovae that
have been observed in our own Galaxy in the last millennium- SN 1006; SN 1054 which
gave rise to Crab Nebula; SN 1181, which is associated with the supernova remnant 3C58;
Tycho’s supernova of 1572 (Minkowski, 1964; Woltjer, 1972); Kepler's supernova of 1604

and Cassiopeia A.

Radio emission in a supernova is generated by the shocks formed as a result of the interaction
of the ejecta with the CSM. Radio emission, therefore, traces the fastest ejecta, unlike the
optical emission, which traces massive but slowly-moving bulk ejecta (Bietenholz et al.,
2010). Secondly, radio observations can be used to determine the distribution of supernovae

remnants through the Galaxy?2.

Numerous supernovae that are observed in external galaxies resolving the supernovae in
the first few decades of their life, however, require milli-arcsecond (mas) resolution. Thus,
VLBI observations provide the most direct way of measuring the expansion velocity of the
shock front which is a fundamental characteristic for distinguishing different supernovae
(Bietenholz, 2008; Bietenholz et al., 2012). Secondly, the size and perhaps the geometry of
the radio emission region of supernovae can be measured and this can only be done using

VLBI (Bietenholz et al., 2012).

It is noteworthy that only supernovae with relatively dense CSM produce detectable radio
emission and so far, only core-collapse supernovae; Type Ib/c and Type Il, can be studied

with the VLBI (Bartel, 2009; Bartel & Bietenholz, 2003).

Additionally, VLBI studies of supernovae is a unique tool for directly measuring the super-
novae rate, and thus star formation rate, in star-forming regions, which typically are highly

obscured in the optical spectrum of the EM (Bietenholz, 2005, 2008). Specifically, the

2The Galaxy is composed of a massive collection of stars, planets, and other astronomical objects.
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observed rate at which massive stars (M> 8 M©;Woosley & Weaver 1986) die due to core-
collapse supernovae (CCSNe), can be used as a direct measure of the current star formation
rate (SFR) in galaxies and provides unique information on the initial mass function (IMF) of
massive stars (Perez-Torres et al., 2009; Wang et al., 2015). This is made possible because
VLBI, which provides high angular resolution of few milli-arcsecond at cm-wavelengths, can

detect individual radio supernovae at vast distances in the local Universe.

No radio emission has yet been detected from Type la supernovae (Wang et al., 2015).
Potentially, the increased sensitivity of the SKA in addition to a global VLBI array, particularly
in the southern hemisphere, will allow detection of many more supernovae and also conduct

follow-up of individual supernovae for much longer (Bietenholz, 2008; Wang et al., 2015).

Having described the radio source (supernovae; Section 1.1.3.1) above, the dominant type
of extragalactic radio sources detected with current VLBI arrays; AGNs, are summarised in

the next sections.

1.1.3.2 Active Galactic Nuclei

An AGN is a compact region located at the centre of approximately 10% of active galaxies
(Treister et al., 2012). An AGN contains a massive (> 105M®©) accreting black hole (BH)
whose luminosity (Lbol > 1046 erg/s) rivals or even surpasses its host galaxy, and sometimes
dominates the emission such that the host galaxy is obscured. An AGN is believed to be the
most luminous persistent source of electromagnetic radiation in the Universe, as stated by
Loh (Loh). AGNs emit largely non-thermal radiation from the BH accretion disk (Kormendy
& Ho, 2013). Another characteristic of an AGN is that the supermassive black hole (BH)
at its centre has gravitational potential energy which is the ultimate source of its luminosity.
AGNs are powerful energy sources and principal probes of the Universe, hence understanding
them is essential to studying the formation and evolution of the Universe. AGN can be
classified into two physically distinct classes; radio-loud (RL) and radio-quiet (RQ). The

observed distinctions between them are:

1. radio-loud objects are large jets and lobes, with kinetic power of the jet being a
significant fraction of the bolometric luminosity of L5GHz > 105 Wsr-1Hz-1 (Klock-
ner et al.,, 2009) while radio-quiet objects have weak radio ejecta (L5GHz < 1024

Wsr-1Hz-1) and are energetically insignificant (Fanaroff & Riley, 1974)2

2. radio-loud AGN are typically associated with elliptical galaxies which have undergone
recent mergers (Chiaberge et al., 2015) while radio-quiet AGN are typically associated

with spiral galaxies and
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3. the space density of radio-quiet AGN at a given optical luminosity is « 10 times higher

than that of a radio-loud AGN (Heckman & Best, 2014).

Despite the differences between the radio-loud and radio-quiet AGN, both are associated
with non-thermal emission (Chiaberge et al., 2015). An AGN is typically classified using the

unified model. The unified model of the AGN is shown in Figure 1.3.

Observer sees blazar

Observer sees
radio loud quaser

Observer sees
radio galaxy

Gas clouds m narrow
line region
fne regt . SMBH

Observer sees
Seyfert 2 galaxy

Accretion disk

Broad line region

Observer sees
Seyfert 1 galaxy

Figure 1.3: This shows the main features of a "unified model” for active galactic nuclei.
Image Credit: Robert Findlay.

According to Netzer (2013) an object is classified as AGN if it fulfils at least one of the

following criteria:1

1. It contains a compact nuclear region much brighter than a region of the same size in

a normal galaxy.

2. It shows clear signature of non-stellar (non-thermal) continuum emitting process in its

centre.
3. It shows strong emission lines.
4. It shows variability in line and/or continuum emission on relatively short timescales.
Based upon the viewing angles from the unified model, the observed spectra will appear dif-

ferent leading to the different classification of these objects. The sub-classification of radio

sources as AGNs in the unified model presented in Figure 1.3 into various groups is directly
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related to one of the preceding four criteria. For example, radio galaxies are AGNs because
of point 2, LINERS and blazer are AGNs because of point 3 and point 4 respectively. A

summary of these objects is given in the next four subsections.

1.1.3.2.1 Radio Galaxies

Radio galaxies are radio emitters driven by non-thermal emission. Local Universe archetypes
include Centaurus A (Muller et al., 2011, 2014) and Messier 87 (Chang et al., 2010). The
host galaxies are typically large elliptical galaxies. Radio galaxies are sometimes defined as
galaxies with luminosity or power, L 1l4gHz > 2 x 102 WHz 1 (Fanaroff & Riley, 1974;
van Velzen et al., 2014). There are varieties of morphologies of radio galaxies but the basic
division in structure types of Fanaroff and Riley classification (Fanaroff & Riley, 1974) has
stood the test of time.The underlying principle of the Fanaroff and Riley classification is that
radio sources have two basic morphological types, which is based entirely on radio structures
that exist on large-scale radio morphology, from few to several hundred kilo-parsec to Mega-
parsec. The basic types are the FR | and FR Il galaxies, and the following are the essential

differences between them:

e Edge-darkened FR | type radio galaxies have lower radio luminosities (L 14GHz<102%5
W Hz-1) whereas the edge-brightened FR Il type radio galaxies have higher radio
luminosities. The value of the radio luminosities transition is dependent largely on the
host galaxies as it tends to increase with the host optical luminosities (Saripalli, 2012;

de Gasperin, 2017).

» The orientation of the magnetic field of FR | galaxies is often perpendicular to the jet
apart from the inner regions while that of FR Il galaxies have a magnetic field which

is parallel to the jet (Bridle, 1984).

 The jets in FR Il radio galaxies are generally smooth, mostly one-sided and have
hotspots at the ends in well-separated lobes; FR | galaxies, however, are two-sided
with radio structures which are often distorted and plum-like (Kembhavi & Narlikar,
1999). The smooth FR Il jets are thought to be indicative of highly supersonic flows,
while FR | jets have subsonic flows, which makes them susceptible to distortions in
interaction with the ambient medium (Laing & Bridle, 2013). This problem arises
because the jets in the radio galaxies are postulated to be produced in similar central
engines, which emerge with supersonic speeds from the engine and are then slowed

down to subsonic speeds when there is sufficient interaction.
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Although there are other source morphological classification types, they are understood
within the Fanaroff-Riley classifications as stated by Saripalli (2012). For example, the tax-
onomic classification approach to radio morphological classification attempts to recognise
recurrent patterns that could provide useful phenomenological information about the emis-
sion mechanisms involved, as stated by Miley (1980). The taxonomic classification approach
to studying the morphological difference in radio galaxies is based on three gross structure
properties, namely; bending at the outer extremities, edge-brightening and rotational sym-

metry (Miley, 1980).

1.1.3.2.2 Blazars

Blazars are radio-loud AGN which are highly polarised, have high luminosity, and show
highly variable time characteristics. Blazars are also compact, flat-spectrum 3Aradio sources
with continuum emission distinguished by relativistic jets orientated close to the observer
(Sambruna et al., 1996; Urry, 1999; Giroletti et al., 2004). Blazars show luminosity variations
across the electromagnetic spectrum (Ojha et al., 2010; Piner et al., 2010; Taylor, 2010)
and are one of the most energetic objects found in the Universe (Karamanavis et al., 2016).
The main classes of blazars are BL Lacertae and Flat-spectrum radio quasars (FSRQs). A
brief description of the differences between the FSRQs and BL Lacertae groups will be given

in the next paragraph.

The distinguishing characteristic of FSRQ from BL Lac objects is that they have strong and
broad optical emission lines, while the BL Lac objects reveal no emission lines or have weak
emission lines. Secondly, FSRQs have higher luminosities than the BL Lacs (Sambruna et al.,
1996). Also, on average, FSRQ have a lower polarised radio and optical emission than the

BL Lac objects (Padovani, 2016).

VLBI monitoring of blazars provide the only direct measure of relativistic motion in AGN jets,
and this allows calculation of intrinsic jet properties like jet speed, doppler factor, opening
and inclination angles (Ojha et al., 2010). Secondly, VLBI monitoring of blazars provides
the possibility of identifying the location and extent of emission regions (Ojha et al., 2010),

specifically concerning gamma-rays (e.g., Taylor 2010; Agudo et al. 2011).

1.1.3.2.3 Seyfert Galaxies

Seyfert galaxies are low luminosity (M B > -21.51 + 5loghod4) AGN with quasar-like nucleus

3A flat spectrum is defined as satisfying a > -0.5, with Sva:v
4ho = 10, where d is the luminosity distance in parsec.
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except that the host galaxy is detectable. Seyfert galaxies are characterised by spiral-like
morphologies with point-like nuclei in the centre and show non-thermal continuum. Seyfert
galaxies form about 10% of galaxies and are among some of the most studied astronomical
objects in astronomy (Maiolino & Rieke, 1995). Seyfert galaxies have supermassive black

holes at their centres and are classified into two subclasses;

» Type 1 Seyfert galaxy typically have two sets of emission lines, superimposed on each
other and has lower luminosities (L < 2 x 10n L©®) and ais seen nearby, where its host
galaxies can be resolved (Urry & Padovani, 1995). These are the ‘broad lines’ and
‘narrow lines’. These two sets of emission stem from the broad and narrow line regions
respectively. The former is closer to the SMBH (size of BLR5 is #10-100 light days;
Wandel et al. 1999; Kaspi et al. 2000) and has high velocities (2000-10,000kms-1;
Netzer 2013) but is more easily obscured by the central torus. The latter extends
further away from the black hole (size of NLR is ~1000-5000pc; Bennert et al. 2006),
beyond the dusty torus and is therefore mostly unobscured and has a narrower emission
line width due to lower velocities (1200 kms-1; Netzer 2013). Type 2 Seyfert galaxies

have narrow lines.

» Type 2 Seyfert galaxy has weak continuum and no broad emission lines because the
broad line region is obscured from view by a dust torus or by absorbing clouds (Urry

& Padovani, 1995).

Seyfert galaxies provide avenues to study the interplay between AGN activity and their host
galaxy properties, since the host galaxy is visible in these systems (LaMassa, 2011) and have

comparable luminosity.

1.1.3.2.4 Quasars

Quasars are visible at large cosmological distances and so they have high luminosity (L >
2.0 x 1011L©). The flux densities of quasars have short timescale variability (as short as
hours) and this indicates that their enormous energy output originates from a compact region.
Quasars are strong emitters at almost all wavelengths, have strong and broad emission lines
of highly ionised elements (e.g., Mg, O, Ca) and these are the most distinct observational
characteristics from stars and normal galaxies. Quasars also have optical spectra which are
similar to Seyfert 1 galaxies while their morphology is similar to FR-Il sources. The host
galaxies of quasars are observed to be spirals or ellipticals. The radio emission from quasars

is due to synchrotron emission from relativistic particles moving through a weak magnetic

5BLR is acronym for broad-line region.
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field (Kellermann & Verschuur, 1988). Moreover, quasars are typically classified into radio-
loud (RLQ) and radio-quiet (RQQ). Summary of these sources is found in (Antonucci, 1993;
Netzer, 2015; Blandford et al., 1990) and will not be discussed here.

It is worth mentioning that understanding the nature of energetic cores of sources such as
guasars and galaxies are crucial for unravelling the origin and evolution of the objects in
which they reside (Preston et al., 1985). High-redshift quasars (HRQs) have significant
importance for galactic studies and cosmology because they provide essential information on

supermassive black hole growth and accretion processes of AGNs (Zhang et al., 2017).

1.1.3.3 Star-Forming Galaxies

A galaxy is defined by and observed through its stellar content. The conversion of gas
into stars forms an important fundamental for galaxy formation. Stars then become the
building blocks for galaxy formation and this involves various astrophysical processes. In an
extragalactic radio (cm) continuum survey, there exists two main populations of sources,
namely, star-formating galaxies and AGN. The evolution measure of both AGN and star

formation in galaxies deepens our understanding of galaxy evolution.

The past decade has seen an unprecedented number of observations which were planned
towards understanding star formation on all scales. A significant number of facilities such
as the Spitzer Space Telescope, Herschel Space Observatory, the Galaxy Evolution Explorer
(GALEX), Hubble Space Telescope (HST); and a host of ground-based telescopes in the
optical, infrared (IR), submilliter and radio have been involved in this quest. These new
facilities provide detailed study of the major physical and evolutional process that lead to

the formation of stars in the interstellar clouds.

Radio observations, in particular, provide information on star formation in the form of atomic
and molecular gas, respectively revealed by 21-cm and cm-to-submillimetre radio observa-
tions. At frequencies of 1.4 GHz, flux densities > 50 mJy, about 95% of sources are identified
as AGN (classical radio galaxies), while below this flux density, there is an increasing number
of star-forming galaxies as stated by Condon (1989). High angular resolution instruments
such as the VLBI, therefore holds a unique advantage to disentangle AGN from star formation

emission particularly at high redshifts.

Star-forming galaxies can be classified using the type of emission. The radio luminosity of
star-forming galaxies can be typically be explained by synchrotron radiation from supernovae
remnants which are produced at the rate less than about . Most of the episodic bursts of
star formation are apparently triggered by galaxy-galaxy interaction. Star-forming galaxies

are also strong radio surveys in bright spiral galaxies. Radio continuum observations such as
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the VLBI can thus provide key information on star formation, particularly via an unbiased

unobscured dust measurement of star formation rate.

These quests to unearth the formation of stars in the interstellar clouds also extends the study
to reach integrated measurements of star formation rates (SFR) of a significant number of
distant galaxies (Kennicutt Jr et al., 2012). Star formation rate is defined as the total mass
of stars formed per year, often measured in solar masses per year (M©yr-1). Based on
observations over the past years, it has been accepted generally that the total SFR of a
galaxy is determined by its ability to form dense molecular clouds (Mo et al., 2010). There

is a tight correlation between SFR from FIR and radio continuum.

For radio continuum, SFR is calculated using equation:

L14
MOyr 1,
SFRi4 g x 102wHz1 Y (115)

where M© is the solar mass.

This relation (Equation A) by Condon (1992) is dervied from supernovae rate, hence the

SFR can be derived directly from the radio luminosity.

Following the above outline of the types of AGN sources radio telescopes detect, a descrip-
tion of how these radio sources are observed and the techniques involved are presented in

the next section.

1.2 Radio Interferometry and Aperture Synthesis

Radio signals from astrophysical objects or EM waves are measured with radio telescopes,
which are designed to study the radio frequency portion of the EM spectrum in the same
manner as optical telescopes, are used to study optical waves from astronomical objects.
Radio telescopes are typically parabolic dishes, though other types exist, such as the Low-
Frequency Array (LOFAR, van Haarlem et al., 2013) and the Precision Array for Probing
the Epoch of Re-ionization (PAPER, Pober et al., 2013; Ali et al., 2015) which are quasi-

omnidirectional antennas has been introduced for observation at low frequencies.

In the past, radio astronomy was conducted using single dish telescopes with angular res-
olution of order ~ 1 degree. Building larger telescopes with increased angular resolution
is impractical given the longer construction time, higher cost and increased complexity in
operating such large telescopes. A practical way to achieve higher angular resolution is then
to build many smaller telescopes separated by distances much larger than the size of an

individual antenna, which can then be connected as an interferometer array.
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In simple terms, a radio interferometer consists of pairs of radio telescopes (elements) whose
voltage outputs are cross-correlated. The telescopes in the array can be widely separated and
connected via coaxial cables, optical fibres or transmission lines. Most of these antennas are
physically connected (connected-element) whereas others such as VLBI are not. A simple
example of a radio interferometer is presented in Figure 1.4. Some examples of existing
connected-element interferometers are Karoo Array Telescope-7 (KAT7), MeerKAT, Very
Large Array (VLA), Westerbork Synthesis Radio Telescope (WRST), and the upcoming
highly sensitive Square Kilometre Array (SKA). Some VLBI arrays include the European
VLBI Network (EVN), Korean VLBI Network (KVN), Very Long Baseline Array (VLBA),
and the upcoming African VLBI Network (AVN).

Figure 1.4: A two-element array demonstrating the key components of radio interferom-
etry.

Figure 1.4 demonstrates a simple two element interferometer. As previously stated, radio
telescopes detect electromagnetic radiation from various astronomical sources in the sky,
which can be cross-correlated to form visibilities. By making the following assumptions, we

can derive mathematical equations for the output of the above two-element interferometer:

» the distance d, to the sources is much larger than the physical separation b between

antenna 1 and 2;

» the bandwidth Av is much smaller than the observing frequency v; and
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» the wave is monochromatic (electromagnetic wave with a single frequency).

The signal from the astronomical sources is represented by electric fields, E("T). The
voltages vi and v2 are deemed proportional to the electric field produced by the astronomical
source multiplied by the complex voltage gains of antenna 1 and antenna 2. The plane

electromagnetic wave of amplitude v1 induces a voltage Vi, at antenna 1 given by

Vi « viei2nvt , (1.16)

while inducing another voltage V2 at antenna 2 given by

V2 « V2ei2nv(t-Tg) , (1.17)
where Tg = is known as the geometric delay.

Equations 1.16 and 1.17 can be rewritten in trigonometric form as

V1(t) = vicos(2nvt), (1.18)

V2(t) = v2cos[2nv(t —Tg)] . (1.19)

These signals are then amplified, down-converted and then digitised. The signal is down-
converted to a lower frequency before correlation because it is more computationally efficient
to process electronic signals at lower frequencies. The digitised data are then correlated

yielding

Vi2(t)

Vi(t).V2()

(vi cos[2nvt]) . (v2cos[2nv(t —Tg)]) (1.20)

1lv2cos(2nvTg) .

Denoting the radio brightness or intensity by I(s) in the direction of the unit vector s at a
frequency v, then the total (signal) power received in bandwidth ~ v, from the source solid
angle dQ is given as A(s)1(s)dQ, where A(s) isthe effective collecting area of both antennae
in the direction s of the source. Hence, the correlator output for the signal in terms of solid

angles can be represented by

dr = A(s)1(s)" v cos(2nvTg) , (121)
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Integrating and writing Equation 1.21 in terms of baseline and source position will yield

r= A(s)J(s) cos 2nvs'b dQ , (1.22)
c

S

Denoting the baseline coordinates b by (u,v,w) and the angular coordinates of the sky which
are the direction cosines measured with respect to the axesu andv bys= (I, m, vT —F —m2),
then the response of the narrow band phase-track to spatially incoherent electromagnetic
radiation from the far field can be expressed by the relation between the visibility function

V(u, v,w) and the radio brightness, J(1,m) (?) as

A(1, m)J (@, m) *-2ni(«i+vm+w (" -12—m2

V (u, v,w) )) dldm , (123)
sVI—I2—m2
where V| —I2—m2 is the third direction cosine measured with respect to the w axis and
didm . ; ;
V'id2-m 2 is equal to dQ in Equation 1.22.

Since the observation is typically confined to the uv plane, w = 0. This leads to

V(u,v)= A(1,m)J(1,m)e—=2ni(ul+vm) didm, (1.24)
s | —I2—m2

The primary beam is typically limited to a small region of the sky (small solid angle), this

implies VI —I12—m3 ~ |. Hence Equation 1.24 is modified to

V(u,v)= A(1,m)J(l,m)e—2ni(ul+vm) dldm, (1.25)

The Fourier transform relation, therefore, suggests that the radio brightness J(1,m) can
be recovered from the visibility function V(u, v) by merely applying the inverse Fourier

transform. The inverse Fourier transform (FT) of equation 1.25 is

J(,m) =JJ -1 V(u, v)e=2ni(ul+vm) dldm . (1.26)

The above (Equation 1.26) isthe fundamental relationship between the visibility function and
the source brightness distribution which is the basis of radio interferometry. In the optical
regime, this relationship is referred to as the van Cittert-Zernike theorem (McCutchen, 1966;

Ostrovsky et al., 2009).
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The visibilities obtained (equation 1.25) are functions of the source structure, source distri-
bution, and the interferometer baseline. Secondly, each given observation of the source with
a given baseline corresponds to two measures of the visibility because the sky brightness is a
real function and symmetric, so a measure gives the conjugate (i.e., V(u, v) = V (—u, —v))

thereof as well.

The principle behind the technique of interferometry is to estimate as accurately as possi-
ble the sky brightness distribution by measuring the amplitudes and phase of the visibility
function at different points of the uv-plane by increasing the uv-coverage. The uv-coverage
is increased when the earth’s rotation continuously changes the relative orientation through
the uv-plane, building up an elliptical uv-track to sample the sources. The method by which
this is achieved is called aperture synthesis (Guyon & Roddier, 2001; Rohlfs & Wilson, 2013;
Carozzi & Woan, 2009). Details of aperture synthesis can be found in (Hogbom, 1974;
Levanda & Leshem, 2010; Garrett, 2012; de Vaate et al., 2014).

Thus far, interferometers and aperture synthesis where individual antennae are connected in
real time by optical fibres, cables, and microwave links have been described. An extension of
this scenario is VLBI, where because of the large separation of the antennae, it is impractical

for physical connection.

1.3 Very Long Baseline Interferometry

Very Long Radio Interferometric (VLBI) is one of the many techniques used to observe
astrophysical sources through the ‘radio window’. The observations of these sources are
simultaneously performed by all the radio telescopes, synthesising a telescope with the size

equivalent to the maximum separation.

In VLBI, multiple radio telescopes separated by up to thousands of kilometres at different
locations of the earth collect radio signals from astronomical objects. The received radio
signals are recorded at each participating telescope. All the recorded data are then time-
stamped using very stable and precise time signals obtained from hydrogen maser clocks
at each participating station and are additionally locked onto a GPS time standard. These
time-stamped data are then sent to a correlation centre by shipping or e-shipping them over
secured network links for cross-correlation. The majority of electronic transfer of the raw
VLBI data is transmitted from each participating station to the correlator to determine the
instrumental delays and to check that each piece of equipment is working properly. At the
correlator, all the recorded data from each participating stations are played back. The values

of the a priori delay, Tg and delay rate, ~Tg are then applied to the stations’ data stream.
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Here, the correlator performs calculations using the cross-correlation function R (rg,Tm,t)6
or Equation 1.20 to produce the visibilities. The cross-correlation can be performed using

various types of correlators such as FX, XF (Romney, 1999).

1.3.1 VLBI And Connected-Element Interferometry

The two distinctions of VLBI from the more typical connected-element radio interferometers
are (a) independent clocks at each station; and (b) (inter-)continental, rather than few

kilometre baselines lengths.

Secondly, the independent atmospheres of the antennas involved in VLBI can give rapid phase
variations and large gradients compared to connected-element interferometers. This problem
is even exacerbated by low source elevations in VLBI compared to connected-element inter-
ferometers, given the large baseline lengths. A comparison of the differences in atmospheric

effect between VLBI and connected-element interferometers is shown in Figure 1.5

(a) (b)

Figure 1.5: (a) connected-element interferometer illustrating that each antenna is af-

fected by the same atmospheric (b) Large separation distance between the antennas in

VLBI affected by different atmosphere over each antenna. The atmospheric fluctuations

over each antenna cause delay errors which are more difficult to deal with in VLBI. In com-

parison, the delays in connected-element interferometers are minimal because almost all the
antennas suffer from the same atmospheric delays.

There are also large correlation model uncertainties in VLBI when compared to connected-
element interferometry on a relative scale. These uncertainties include source positions,

station locations, and the earth orientation parameters (EOPSs).

There are also no real absolute flux density and polarisation calibrators in VLBI in comparison
with connected-element interferometers. This problem exists because most VLBI calibrator

sources are resolved and more importantly, variable.

6The cross-correlation function, R, is given by R(rs) = lim T 2t /+t E (t)E (t — Tg)dt
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Having described the fundamental VLBI operational concepts, an overview of past and fu-
ture VLBI surveys and the science objectives that can be achieved with the VLBI in the next

three subsections is given.

1.3.2 Science With VLBI

One of the main scientific goals of VLBI observations is the study of AGN, given their high
brightness temperature (Tb > 106 K) and their high luminosity (L 14GHz > 2 x 1021l Wm 2
Hz-1; Kellermann et al., 1998; Padovani, 2016; Kellermann et al., 1998) in the core. This
can be broken down into areas of VLBI research, such as the study of jets and its associated

phenomena around AGN and collapsed stars (Walker, 1999).

VLBI observations can be used for cosmological evolution of galaxies, black holes (BHs)
and AGN feedback. For example, radio jets are known to be associated with supermassive
accreting black holes, which play a pivotal role in the evolution and formation of galaxies
through feedback processes (Britzen et al., 2008) and feedback of AGNs in the early Universe.
The evolution of AGN is important for understanding the mechanism of accretion onto
SMBHs (Tremaine et al., 2002; Falcke et al., 2004; Croton et al., 2006; Giroletti et al.,
2015; Lu et al., 2016) and the corresponding evolution of the host galaxy (Raimundo &
Fabian, 2009; Dotti et al., 2012).

VLBI can be used to study the radio evolution of gamma-ray sources at mas resolution, such

as structural changes of AGN jets (Pohl et al., 1995).

VLBI observation can also be used to study low redshift absorption lines of compact radio
sources of which most are either FR-I or FR-Il (Tingay et al., 1996; Readhead et al., 1996;
Venturi et al., 1996) in distant galaxies and to study the ISM and circumnuclear gas (Tilanus

et al., 2014).

Additionally, VLBI can be used to study transient sources (Lu et al., 2016; Paragi, 2016)
such as supernovae, gamma-ray burst (GRB, Mesler et al., 2012; Taylor et al., 1999), fast
radio bursts (FRB, Takefuji et al., 2016) and micro-quasars such as X-ray binaries (XRB) to
study behaviour and parallaxes (Gwinn et al., 1986; Paragi et al., 2012) especially at higher

frequencies (mm-wave and submm-wave).

Furthermore, VLBI can is used for testing cosmology. The compact jets of high-redshift
qguasars, in particular, can be used for cosmological tests by probing the apparent proper

motion and angular size relations as stated by Zhang et al. (2017).
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Absolute positions of sources (to ~ 10 “arcsec accuracy) can also be recovered by astrometric
methods of VLBI (Bartel et al.,, 1986; Lanyi et al., 2005; Ros, 2005; Deller, 2009; Dodson
& Rioja, 2009).

Science with VLBI also involves the study of positions and movements of objects on earth and
in the solar system for the international celestial reference frame (ICRF) (Ojha et al., 2004).
Researchers can also study the proper motions, the parallax of pulsars and the interstellar

scattering and emission region sizes of pulsars (Paragi et al., 2014).

Gravitational lens systems can be observed (Porcas & Patnaik, 1996; Ros et al., 2000; McK-
ean et al., 2015) with VLBI. This observation was done by Porcas & Patnaik (1996) wherein
they made a detailed study of the mas structures of these lens systems using multi-wavelength
data. Studying the gravitational lensing can be used to perform an unbiased probe of dark
matter substructures using VLBI (Blandford & Narayan, 1992; Deane, 2017). VLBI can also
be used to perform studies of SMBHs at high redshifts using gravitational lensing (McKean

et al., 2015).

VLBI techniques can be used to test the fundamentals of high energy physics (Kopeikin,
2003). These include testing of gravity (Hees et al., 2016) using pulsar binary systems and
testing black hole event horizon (Goddi et al., 2017; Blecher et al., 2017).

Magnetic field orientation can also be estimated in the radio regime with the VLBI if it
is observed in the linear and circular polarisation mode (Gabuzda & Gomez, 2001; Pollack

et al., 2003).
Several physical quantities in AGN can also be measured directly using VLBI. These include:
» obtaining luminosity directly from flux densities of sources using the relation in Equa-
tion 1.4;

» computing redshift-corrected brightness temperature (Condon et al., 1982, 1991; Klock-
ner et al., 2009) directly using the flux density (Sv) of sources and the interferometer

resolutions (Ros, 2012; Lee et al., 2016) using the expression in Equation 1.8; and

* measuring the difference in position angles of jets in parsec-and kiloparsec-scales.

The next section is a summary of some past VLBI surveys.
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1.3.3 Past VLBI Surveys

VLBI observations have been performed since 1967. The first was performed using a 26-meter
radio telescope at the Dominion Radio Astrophysical Observatory located at south-west of
Okanagan Falls, British Columbia, Canada and another telescope at the Algonquin Radio
Observatory located in Ontario, Canada with a maximum baseline of 3074 km (Clark, 1999).
Nearly two decades after, the VLBA was constructed to augment the existing VLBI array
with much more higher sensitivity and resolution. The EVN, the Long Baseline Array (LBA),
the KVN, etc. were added to the arrays above after that. VLBI has been used to observe
most of the sources described in Section 1.1.3 in the past. A summary of some of these

surveys is given in the paragraphs below.

In the past decades, wide-field post-processing applications to VLBI was a computationally
expensive task to perform due to the resulting large datasets. These large VLBI datasets
were thus averaged in both time and frequency. This averaging meant that the processed
field of view was restricted to only regions of about a few arcsec away from the phase
centres of these fields of interest, which does not typically impact the scientific output for
short observations, given the VLBI sky source density (NVLBI ~# 1 ~ deg.-2 for Svibi * 1
~mJy). These challenges were, however, abated by new developments in data analysis,

enhanced computing processing and increased data storage capabilities.

Garrett et al. (1999) took advantage of these developments to make wide-field VLBI imaging
possible. In their work, Garrett et al. (1999) used the EVN to survey the VLA Faint Images
of the Radio Sky at Twenty-cm (FIRST) field at A = 18 cm and detected two faint radio
sources with an image sensitivity of ~ 0.4 mJy/beam. These pioneered the path toward more
wide-field VLBI surveys. Notwithstanding the successes achieved, there were still challenges
with the field of view of the VLBI interferometer and problems with the image fidelity when
performing data averaging in both time and frequency as stated by Garrett et al. (1999).
A follow-up study was then performed on the Hubble Deep Field (HDF) using the EVN to
study AGN and starburst galaxies at higher redshifts. In their work, Garrett et al. (2001)
detected three sources. Their results demonstrated clear potential for future VLBI imaging of
sub-mJy beam-1 source populations. This paved the way for more wide-field VLBI surveys
to be conducted. Other VLBI wide-field studies similar to that of Garrett et al. (1999) and
Garrett et al. (2001) were also conducted (Pedlar et al., 1999; Muxlow et al., 1999; Leisawitz

et al., 2001; Garrett et al., 2005; Cornwell et al., 2008; Chang et al., 2010).

Although there were significant improvements in the above mentioned wide-field surveys,
data sets were still correlated in single phase centre mode with high temporal (2 seconds) and
frequency resolution (0.5 MHz) which allowed imaging of significant fraction (10-4) of the
entire primary beams (Garrett et al., 2001). However, these methods resulted in massive data

volumes. This problem was, however, solved by Deller et al. (2011), by developing a more
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flexible, efficient and robust software correlator called the Distributed FX (DiFX) correlator
(details in Chapter 2). The DiFX which uses the FX type of correlator architecture runs
with a generic multiprocessor computing environment (Deller et al., 2007), and this makes
it easy to interface it to modern hard disk-recording systems (e.g., Mark5, Mark5a, Mark5b,
Mark5c systems), replacing the old tape-based recording systems. Deller's work made it
possible to correlate a large number of phase centres in a single correlation pass and even
allows cost-effective upgrading capabilities of the correlators with new and wider recording

systems (Deller et al., 2011).

Even though the DiFX was implemented successfully by improving the temporal and spectral
resolution which allowed somewhat wider fields of view (Deller et al., 2011), this resulted
in increased cost of expanded data volume, as stated by Deller et al. (2011). A solution
to this problem is provided by Morgan et al. (2011) who imaged small areas around known
sources, by a process called ‘uv-shifting’ (see Section 2.2.4). In their work, Morgan et al.
(2011) implemented and tested for the efficiency of imaging the large VLBI datasets by
using the DiFX software correlator to generate high time and frequency resolution datasets,
transformed and then averaged these large datasets multiple times to generate smaller data
sets, each with different phase centres. In their work, a four-station VLBI observation of 8.4
GHz in afield containing multiple sources was performed. They used the observations of the
calibrator source 3C346 for the preliminary tests of the shifting algorithm and detected one
source (1320+299A) which was subsequently used as a phase-reference calibrator to search
for more sources in this field. There were, however, no other detections of sources aside from
the quasar, 1320+299A (Morgan et al., 2011). These results confirmed the interpretation
by Cornwell et al. (2008), who suggested that the source is a head-tail galaxy. The study
by Morgan et al. (2011) demonstrated the accuracy of the method and predicted that this
method could drastically increase the number of sources which can be studied using the

uv-shifting method.

Following the success of previous works by Deller et al. (2011) and Morgan et al. (2011),
Middelberg et al. (2011) took advantage of this progress to conduct studies on the Chandra
Deep Field South (CDFS). In their work, Middelberg et al. (2011) conducted a 9-hour
VLBA observation of all 96 known (i.e., detected at arcsec scale) radio sources in this field.
The survey was carried out at a frequency of 1383 MHz with a baseline sensitivity of 3.3
mJy using 256 Mbps data recording rate. This survey design resulted in a phase centre
image rms of about 32 Jy/beam. A new version of the DiFX which included the new
multi-field capability was used for the correlation of the data. Naturally weighted images
of 8192x8192 pixels were made yielding a resolution of 28.6x9.3 mas2. Middelberg et al.
(2011) were able to detect 20 sources with the VLBA owing to the calibration using wide-
field observation technique and extensions made to the DiFX. An additional source was also

tentatively detected by Middelberg et al. (2011).
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Middelberg et al. (2013) conducted yet another wide-field survey of the Lockman Hole/
XMM. This observation was carried at 1.4 GHz at four (4) different epochs (June 3, July 5
and July 16 and September 3 of 2010) with a data recording bitrate of 512 Mbps yielding
a normalised sensitivity of 24 ~Jy/beam towards the pointing centre of the antenna. The
DiFX software in its multi-field centre mode was used to perform the correlation of the
data which resulted in ~320 datasets per each epoch. Multi-field self-calibration, primary
beam correction in addition to standard VLBI calibration was performed. Image sizes of
8.192x8.192 arcsec2 were made using natural weighting and resolution of 1 mas using the
CLEAN algorithm (details in Chapter 3). The images were made centred on pre-selected
sources (known position of VLA-detected sources) from arcsec radio maps having flux densi-
ties >100 ~Jy and using ancillary data from other wavelengths. The multi-wavelength data
includes GMRT 610 MHz data, providing spectral indices, deep Spitzer/SWIRE data, deep
XMM-Newton data and optical coverage with the Large Binocular Telescope and the Subaru
telescope. In all, sixty five (65) sources were detected and classified using the sources’ mor-
phology, spectral index and ancillary data. It was concluded from this work that the novel

multi-field self-calibration scheme greatly improved the coherence of data significantly.

Rampadarath et al. (2015) and Ruiz et al. (2016) also conducted wide-field surveys using
multi-phase centre technique. Ruiz et al. (2016) set out to search for RQQs in the Cosmolog-
ical Evolution Survey (COSMOS) using the VLBA at 1.4 GHz and obtained mas resolution
images at 10 "Jy/beam in the centre of the COSMOS field. In their work, Ruiz et al. (2016)
observed ~3000 radio sources to statistically study the AGN components of the radio pop-
ulation. They detected 468 radio sources with a signal-to-noise (SNR) higher than 5.5. At
a later stage of the project, Ruiz et al. (2016) searched for RQQs on the (Schinnerer et al.,
2010) COSMOS field to investigate if they could detect any of these sources with the VLBA.
Out of the 18 RQQs found by Schinnerer et al. (2010), Ruiz et al. (2016) were able to detect
3 using the VLBA with a high SNR of 16.4, 8.2 and 7.5 respectively. They concluded that
the compact radio flux present in the three detected sources are consistent with the notion
that radio emission of RQQ cores provide the dominant contribution to sub-mJy radio source
population and that in some RQQs the radio emission come from non-thermal AGN activity

as stated by Padovani et al. (2011).

All of the work on imaging larger fractions of field-of-view for other standard VLBI observation
contribute to a strong foundation to move to wide-field VLBI surveys in the future. The

next section is a summary of some upcoming surveys of VLBI.
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1.3.4 VLBI Surveys Of The Future

To perform VLBI surveys in the Southern Hemisphere, the radio community requires a
dedicated VLBI array, such as the future AVN (Gaylard et al. 2014; Loots 2015; Copley
et al. 2016). The Southern Hemisphere arrays will dramatically improve the long baseline
coverage (Figure 1.6) when combined with the EVN for equatorial and northern sources;
and will enable surveys of the southern extragalactic fields/targets. Ghana, together with
its South African partners, has completed the conversion of a previously decommissioned
32 m telecommunications antenna into a radio telescope to join global VLBI arrays such as
the EVN (Wild, 2017). The locations of the stations across Africa, such as Ghana, would
significantly improve the image fidelity of VLBI observations as their geographical location
will enhance sensitivity to angular scales on the sky that are not typically sampled using
current global configurations available (Copley et al., 2016; Wild, 2017). The improved uv-
coverage with the addition of Ghana’s station is shown in Figure 1.6. Another station that

will extend VLBI coverage in the Southern Hemisphere when added to the AVN is MeerKAT.
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Figure 1.6: The diagram on the top left corner shows locations of identified large Satellite
Earth Station antennas in Africa which were initially considered for conversion to join the
AVN for radio astronomy (Gaylard et al., 2014). The right top corner is Ghana's 32-meter
antenna that is in the final stage of conversion to a radio telescope. On the bottom of this
image is European VLBI Network uv-coverage improvement when two of the AVN telescopes
in Ghana and South Africa were added. The blue arcs at the centre of the diagram represent
the European-only and Hartebeesthoek Radio Astronomy Observatory (HartRAO) baselines.
The uv-coverage is further improved (see the red arcs) by the addition of the Ghana station
at Nkutunse (Credit: Michael Bietenholz).

MeerKAT is an array of 64 interlinked receptors whose configuration is determined by its
scientific goals. It is expected and highly anticipated that MeerKAT will participate in global
VLBI surveys in the future. This is poised to add significant sensitivity to existing VLBI
networks, especially on the longest baselines (>7000km, Deane, 2017). MeerKAT will add
this sensitivity to the EVN and the Australian LBA, and this will strengthen the contribution
of HartRAO in regards to gaining higher sensitivity in this part of the uv-plane (Deane, 2017).

A few of the VLBI surveys that the MeerKAT telescope will be involved in is discussed next.

MeerKAT International GigaHertz Tiered Extragalactic Exploration (MIGHTEE) is a Large
Survey Project with MeerKAT to create deep images of the extragalactic sky to explore the
cosmic evolution of galaxies at an observing frequency of 1.4 GHz and aims to probe much
fainter flux densities (0.1-1 ~Jy/beam rms, Norris et al., 2013) although it will hit the natural

confusion limit of ~ 2Jy/beam. A component ofthe MIGHTEE survey isto carry out VLBI
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observations which are known as the MIGHTEE-VLBI survey of the relevant extragalactic
fields. The following are some of the key scientific contributions of the MIGHTEE-VLBI

survey:

» multi-epoch imaging to select astronomical sources based on their mas flux variability

as stated by Deane (2017); and

* VLBI polarimetry which will contribute immensely to the MIGHTEE radio continuum
and polarimetry surveys by providing detailed information on the sub-kiloparsec mag-

netic fields and jet physics (Agudo et al., 2015; Deane, 2017).

The involvement of MeerKAT in the MIGHTEE-VLBI observations would, therefore, be
enhanced by matched sensitivity VLBI observations across a fraction of the selected field, as

stated by Deane (2017).

Potential MIGHTEE-VLBI observations could be commensally carried out with other surveys,
such as the Looking at the Distant Universe with the MeerKAT Array (LADUMA; Holwerda
et al., 2012; Baker, 2015; Baker et al., 2017). The LADUMA, which is an ultra-deep survey
to detect neutral hydrogen gas as a function of redshift and stellar mass will include a deep,

albeit confused continuum surveys (Deane, 2017).

VLBI using the SKA has been discussed in previous works by Garrett et al. (1999),200
(2000), Paragi et al. (2014) and Agudo et al. (2015). Their studies outlined the distinctive
and remarkable benefits VLBI would add to radio astronomy and the broader astronomical
community. With the advent of real-time electronic VLBI operations (e-VLBI, Giroletti et al.
2011), the SKA can be involved in the pursuit of VLBI observations with baselines exceeding
10,000 km as suggested by Norris et al. (2013). In this pursuit, the SKA long baselines
and the VLBI, will play a major role in surveys ear-marked to distinguish between AGN
(Falcke et al., 2004; Frey et al., 2011, 2012; Dotti et al., 2012; Deane et al., 2014, 2015)

and star-forming galaxies (Croton et al., 2006).

The SKA will also be involved in measuring the flux densities and polarisation properties of
compact sources and will be used as VLBI calibrator sources, as the availability of calibrator

sources has been a challenge to VLBI surveys (Paragi et al., 2014).

This thesis is relevant to these upcoming arrays and surveys, particularly the use of arcsec-
scale algorithms which will increase and introduce significant adaptability to standard VLBI

post-processing (Deane, 2017).
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In the next sections, the research problem, the motivation for the thesis, the objectives of

the thesis and the relevance of this work is stated.

1.4 Statement of the Research Problem

The Cosmic Assembly Near-infrared Deep Extragalactic survey (CANDELS) is an HST legacy
survey spread across five different fields of the sky to study the distant Universe. One of these
five fields is the Great Observatories Origins Deep Survey (GOODS)-North field. Previous
VLBI observations of the GOODS-North (details in Section 2.1) field, had highly non-uniform
sensitivity across the field and chose to focus on pre-selected sources, either detected with
arcsec-scale radio observations or at other wavelengths. It is, however, known that ‘radio
emission is a relatively unbiased tracer of star formation and can, therefore, probe heavily
obscured active galactic nuclei (AGN) - objects that are missed by even the deepest X-ray
surveys' as stated by Morrison et al. (2010b). Radio observations of this field will, therefore,
allow us to fully exploit the wealth of data taken at X-ray-through-millimeter wavelengths
and ultimately expect a significant scientific yield from this uniform sensitivity ‘wide' and
‘deep' survey. This survey will provide a unique extinction-free probe of galaxy evolution and

growth through the detection of starbursts and AGN (Morrison et al., 2010b).

To survey such a wide and deep field like the GOODS-North field requires the use of wide-
field imaging which is useful for efficiently conducting large-area VLBI surveys. There are,
however, challenges associated with performing wide-field VLBI surveys of the GOODS-North
field

e processing challenges to alleviate time and bandwidth smearing (Bridle & Schwab,

1989);
» data processing is generally computationally expensive;

» alack of the required efficiency in wide-field imaging in standard data reduction pack-

ages; and

» current source finding algorithms are not efficient for 64kx64k wide-field images and

do not include multi-wavelength information.

The time and bandwidth smearing were mitigated by the survey design using the multiphase
centre technique (details in Chapter 2) where each phase centre represents independent visi-
bility data are phase-rotated to user-specified locations and then averaged down (Middelberg

et al., 2011; Deller et al., 2007; Middelberg et al., 2013). The time and bandwidth smearing
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mitigation was solved by the principal investgator, Dr. Roger P. Deane.

1.5 Thesis Objectives

The thesis objectives are drawn from the challenges of performing wide-field VLBI survey.
Hence, a proposed solution to the post-processing challenges of this wide-field VLBI survey

are to:

» develop a wide-field VLBI data reduction pipeline including imaging, source find-
ing, cataloguing and multi-wavelength cross-identification. We will incorporate third-

generation calibration approaches (Smirnov, 2011); and

« verify the results of the pipeline using the twelve detections from the work of Chi et al.

(2013) by comparing the flux values and positions from both surveys.

It is anticipated that solutions proposed will accurately and efficiently enhance the perfor-
mance of post-processing of wide-field and high sensitivity VLBI radio observations. This is
because current VLBI data reduction are still AIPS-based and there is no existing pipeline

with a modern software package like CASA.

In this thesis, an attempt is made to demonstrate methods to perform the post-processing
of wide-field VLBI data more efficiently and so open discovery space. This is in preparation
for more wide-field VLBI programmes with existing and future VLBI arrays en route to the

full SKA.

1.6 Scientific Motivation

To conduct VLBI studies of the GOODS-North, the VLBA has been chosen because it is a
dedicated VLBI array which provides a continuous operational mode (observations are carried
out all year round) unlike EVN or LBA. On a longer term, this makes it possible regarding
time domain for structures and evolution of AGNs to be well studied. Secondly, the VLBA
has a wider FOV (Field of View) than all the three major VLBI arrays (VERA, EVN and
LBA) and its antennas are homogeneous. The homogeneity makes VLBI calibration easier

and straightforward.

The GOODS-North field was chosen for this study due to the wealth of multi-wavelength data
(Simmons et al., 2011) available, previous VLBI observations, and declination well-suited to

the VLBA (+620).
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This is the first survey of an extragalactic field with quasi-uniform sensitivity over the entire
field. Two of the primary advantages of such a ‘uniform field" approach are the potential to

detect highly variable AGN and to use stacking techniques.

1.7 Thesis Layout

Chapter One of this thesis gives a background to this work. Chapter Two is a description of
the VLBA survey of the GOODS-North field and a literature review of VLBI survey design.
In Chapter Three, a description of the calibration and imaging methods used and a host of
descriptive details of the algorithms used in this work are given. A description of a newly
developed source finder for wide-field VLBI is also mentioned. Chapter Four presents the
primary results of this work. Radio images of the known detections and new VLBI candidate
sources are also presented. A brief discussion of the candidate sources comparison with
multi-wavelength ancillary data is presented. Chapter Five is a summary of the work done
and future work to be undertaken. A summary of the detections and what it means for the

future of wide-field VLBI is also discussed in Chapter Five.
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The VLBA SURVEY

The supervisor for this work, Roger Deane was the principal investigator (PI) for this survey.
Except for the design and planning of the survey and the development of the purpose-built

source finder, all the actual work presented in this thesis was done by the author.

Past VLBI surveys were limited by astrophysical challenges such as biases introduced by
bright flat-spectrum radio sources (Wrobel et al., 2001) and limited ‘field of view' (FOV).
The limited FOV issue was addressed using wide-field techniques proposed by Garrett et al.
(1999). Using the wide-field technique, Garrett et al. (1999) surveyed the HDF-N and HFF
and detected two sources (details in Section 1.3.3). Another wide-field VLBI observation was
performed on the HDF-N and HFF by Chi et al. (2013) and they detected 12 sources above
5a level (details in Appendix A). These two wide-field VLBI observations were however
conducted in a conventional VLBl mode and were thus limited by spectral and temporal
resolution. Another limitation to these surveys was the primary beam which could only be

partially imaged.

Challenges faced by Garrett et al. (1999) and Chi et al. (2013) have been addressed with
development of new observational techniques, imaging algorithms, calibration, data correla-
tions techniques (DiFX, Deller et al., 2007, 2010, 2011) as well as improvements in hardware
such as antenna sensitivity proposed by Deller et al. (2010). In this work the multi-phase
centre approach that makes use of the advanced capabilities of the DiFX correlator was used.
The multi-phase method makes it possible to image the entire primary beam of the VLBA.
In this way hundreds of previously-unidentified sources can be studied in a single wide-field

VLBI observation at mas resolution, without generating extremely large datasets.

Secondly, the key observational difference between this survey and previous wide-field VLBI
surveys using multi-phase centre correlation approach such as the Chandra Deep Field South

survey (Middelberg et al., 2011), the Lockman Hole/XMM survey (Middelberg et al., 2013),

35
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the Cosmic Evolution Survey (COSMOS, N et al., 2017) and GOODS-North survey (Radcliffe
et al., 2016) is that the phase centres for this survey were not pre-selected based on any
previous radio or X-ray detections. Phase centres for this survey were, however, placed on a

regular grid across the field (see Figure 2.1) and the entire survey area is imaged.

This chapter deals with the VLBI survey of the CANDELS GOODS-North field using the
VLBA and how it was conducted to achieve a quasi-uniform sensitivity over the entire field.
A summary of the CANDELS GOODS-North field is discussed in Section 2.1. Next, in
Section 2.2, a discussion of the details of the key technical concepts used in designing this
survey is presented. Section 2.3 describes the specific VLBI array used for the survey and
the data acquisition techniqgue. A summary of the survey strategies used in order to achieve

the quasi-uniform sensitivity across the GOODS-North field is provided in Section 2.4.

2.1 CANDEL’s GOODS-North Field

The VLBA survey of the CANDELS (Koekemoer et al., 2011; Grogin et al., 2011) GOODS-
North field is a deep and a wide field survey covering ~160 arcmin2 centred on the Hubble
Deep Field (HDF;Williams et al. 1996)1 at 1.6 GHz down to 10 "Jy/beam by utilising
205 uniformly spaced phase centres (details in Section 2.2.4). The area covered by the
deep CANDELS survey encompasses five well-studied extragalactic fields namely; the All-
wavelength Groth Strip International Survey (AEGIS; Davis et al. 2007; Noeske et al. 2007)
field, the COSMOS field, the United Kingdom Infrared Telescope (UKIRT 2) Infrared Deep
Sky Surveys (UKIDSS3) Ultra Deep Survey (UDS) field and the GOODS Northern and

Southern fields.

The GOODS (Giavalisco et al., 2004; Momijian et al., 2010) Survey unites extremely deep
observations from NASA's space telescopes (Spitzer, Hubble, and Chandra, ESA’s Herschel
and XMM-Newton), and the most powerful ground-based telescopes, to survey the distant
universe to the faintest flux limits across the electromagnetic spectrum (Morrison et al.,
2008). This survey presents a high resolution uniform sensitivity VLBI observation of faint
sub-mJy radio sources within the CANDELS GOODS-North which is one of the most data-
rich survey areas on the sky (Giavalisco et al., 2004). The VLBA GOODS-North field is

shown as Figure 2.1.

1The Hubble Deep Field covers a relatively large area of A5 arcmin2.
2http://www.ukirt.hawaii.edu/
3http://www.ukidss.org/
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Figure 2.1: HST F105W (Dressel, 2012) on-sky chip positions for the CANDELS

GOODS-North Deep (white rectangle) and wide (dark grey) fields. The red numeric labels

indicate the proposed configuration of the 205 phase centres chosen to optimise uniform

sensitivity. The over-plotted red circles indicate the distances of ~35 arcsec at which 10%

cumulative time and bandwidth smearing occurs. (Credit:Dr. Roger Deane, Rhodes Uni-
versity.)

The primary objective of this survey is to compare the host galaxy of VLBI-selected AGNs to
those of X-ray-selected sources in order to probe the cause of radio-jet triggering in relation
to AGN activity. Several studies have used the resolving power of the HST to examine host
morphologies of X-ray selected AGN at higher redshifts (z~1.3). Results from Kocevski et al.
(2011) indicate that most major merger traits are likely to be untraceable by an onset of
AGN activity, or at least by the time an X-ray emission that indicates AGN activity becomes
observable. Numerical simulations by Hopkins et al. (2006) however suggest that initial AGN
activity may be Compton-thick which give an indication of what stage the AGN cycle can be
observed. Thus, this deep VLBI observation of the GOODS-North field presents a possibility
to observe the AGN activity closer to the initial triggering, which will allow observations
of host galaxies at a more relevant time. Secondly, understanding the impact of AGNs on
their host galaxies will provide answers to key questions in observational cosmology. Mergers
which are known to play important roles in triggering AGN activity, are obscured and may
be missed by even the deepest X-ray surveys (Kocevski et al., 2011). These obscured
quasars remain an elusive population in other multi-wavelength surveys as well, despite their
significant cosmological importance. Results from Middelberg et al. (2011) shows that 7%
(7 radio cores) of the total number of AGN in the CDFS were not previously detected as
AGN at other wavelengths. These 7 objects represented 35% of the total VLBA-selected
detected AGN. Thus, their results strongly advocate for a deep, uniform sensitivity VLBI

survey to search for obscured systems not traced at other wavelengths.

Additionally, it is only such deep and wide-field VLBI observations which provides the ca-
pability to discern between radio emission generated by star-forming processes and AGN
activities in distant dust-obscured systems (Middelberg & Bach, 2008). Moreover, VLBI
is still the only interferometer technique capable of imaging sub-parsec structures in extra-

galactic radio sources and to spatially resolve its associated jets on parsec scales (Middelberg
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& Bach, 2008).

The details of the multi-wavelength observation of the CANDELS GOODS-North is given in
Appendix A.

2.2 Key Technical Concepts in VLBI Survey design

In this section, a summary of the key technical concepts considered in designing our VLBI

experiment is given.

2.2.1 Phase Referencing

In order to produce images using aperture synthesis, it is optimal that the amplitude and
phases of the visibility at different points in the uv-plane is sampled and then Fourier inversion
and deconvolution of the data (Beasley & Conway, 1995) is performed thereafter. These
visibility phases are corrupted by short-time scale atmospheric variations leading to loss of
signal to noise over the course of an observation especially when observing weak sources
(Radcliffe et al., 2016). The factors affecting the visibility phases can be classified as phase
errors, delays and delay rates. The interferometer phase (Cotton, 1995) is related to the

delay by the relation

Vtv = 2nvrt , (2.1)

where, 0t,v isthe interferometer phase, v and t are observing frequency and time dependence

respectively, while Tt is the interferometric delay.

After differentiating Equation 2.1, the first order expansion of the error in the interferometer

phase can be written as

Aty = Vo+ ( + drt) (2.2)

where 0o is the phase error at the reference frequency, dv is the delay and * is the delay

rate.

One way of dealing with the effects of phase, delay and delay rate errors is by estimating
and removing them from the data using the method of fringe fitting and/or self-calibration
(Asaki et al., 2007). However, the absolute positions are lost during self-calibration and

self-calibration procedures also require sufficient SNR (SNR~ 7 per baseline; Beasley &
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Conway, 1995) to find/fit accurate solution in delay/delay-rate space. We thus employ

phase referencing as an initial approach.

The technique of phase referencing involves applying determined phase corrections from a
frequent observation of a nearby calibrator to the target visibility data in order to compensate

for any phase variations due to the atmosphere (Asaki et al., 2007).

By correcting for time variable errors, the SNR in long integration improves and, therefore,

weak sources can be detected.

The process of phase referencing technique involves :

» observing a sufficiently strong calibrator source near a target in the sky which lies
within ~ 7°; (Beasley & Conway, 1995) of the target source typically when observing

at > 10 cm wavelength;
» solve for the atmospheric and instrumental complex gains using the calibrator source;
« apply the solutions derived from calibrator to the target source; and

 finally, the target dataset is Fourier transformed to produce a phase-referenced map.

For instance, if the calibrator source is observed at time ti, the target source is observed
at time t2, and then the calibrator source is observed again at time t3, then the measured

phase from any of these observations can be written mathematically as

“mea —“"Vis + %inst + Vpos + "ant + “ono + “atmo , (2.3)

where Wis is the phase due to the visibility; Vinst is the instrumental phase error due to the
independent frequency standards, transmitting electronics cables, etc.; Viono is the phase
error due to dynamic components of the ionosphere; Vpos is phase error due to uncertainties
in the a priori source position in the sky; Vant is the phase error from thermal noise in the

antenna; and Vatmo is the effect of the atmosphere.

In order to correct the phase of the target source, the measurements on the calibrator at t1
and t3is interpolated to estimate the value of the calibrator phase as if it was measured at
t2. The interpolated phase is then subtracted from the measured phase for the target source.
By assuming that the positions of the target and calibrator sources are adequately close on
the sky, the visibility phase is zero and calibrator source is marginally resolved (Thompson

et al., 2017), then the corrected phase of the target reduces to

V - 0°= VMis+ Qéos- Vpos) |, (24)
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where the superscripts ¢ and t represents the calibrator and target sources respectively and

the tilde (') represents the interpolated values.

There were two calibrator sources observed in this survey, J1234+619 and J0927+390. Two
scans of J0927+390 was observed, each for a period of ~ 5 minutes. The calibrator source
and the target source experience similar corruptions if the angular distance is kept small
(< 7°, at > 10 cm wavelength). Even though J0927+390 was a stronger source it was
undesirable to use as a phase calibrator because it is ~ 42° away from the VLBA target
region, otherwise its phase solutions cannot be transferred accurately to the target source
due to differential atmospheric propagation effects. J0927+390 was selected as a fringe-
finder. A fringe-finder which is also referred as a delay calibrator, is a strong source (> 1
Jy) which is typically used to fit the excess residual delay and delay rate after applying the

correlator model at correlator time.

J1234+619 was used as a phase referencing calibrator as it was only ~ 0.4° away from
the antenna pointing centre. Target observations were interspersed by ~ 2 minutes long
observations of J1234+619 and last ~ 4 minutes, giving a 6 minute switching cycle time
(see Figure 2.2). The phase referencing in this work was carried out by alternating the scans
of the target field and the calibrator for two (2) hours. This alternate scanning of the target
and the calibrator is termed switching cycle time4, Tswt (Fomalont & Kopeikin, 2002) and
this process reduces the residual temporal phase variations sufficiently. Two main advantages
of this method is that it allows imaging of sources fainter than the baseline sensitivity limit
specified and it also helps to preserve the absolute sky position information, especially if the

position of the calibrator is well known.

Figure 2.2 is a diagrammatic representation of phase referencing showing alternate scans of

the target source and the phase calibrator.4

4The switching cycle time is the observation period from the beginning of the calibrator scan to the target
scan and then back to the beginning of the calibrator scan.
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Figure 2.2: Schematics of phase referencing showing alternate scans made on the target

and phase referencing calibrator. The broken line depicts the slewing of the antenna from

the calibrator to the target field and the thick continuous lines represent a scan of either the

target source or the phase reference calibrator. The observation period from the beginning

of the calibrator scan to the target scan and then back to the beginning of the calibrator
scan is referred to as the switching cycle time, Tswt.

2.2.2 Sensitivity

In radio interferometry and especially for homogeneous interferometers, the image sensitivity
is thus determined as the combined sensitivity of all the interferometer combinations of the
array integrated over the full time on target. An in-depth knowledge of the sensitivity of the
antenna array is therefore key to determining what can be observed in any VLBI survey. The
higher the sensitivity of an array, the better it’s ability to detect details of fainter sources

such as stars, galaxies, etc.

Sensitivity is defined mathematically as

1 SEFD
njn(n - 1)AvTint ’

(2.5)

where AV is the bandwidth in Hz; n is the number of antennas involved in the observation;
SEFD isthe antenna system equivalent flux density; Tint is the on-source integration time in

seconds; and ns is the antenna efficiency, which accounts for various losses in the electronics
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and digital equipment. The definition of sensitivity (Equation 2.5) is for homogeneous

interferometers.

The SEFD is defined as the flux density of a radio source required to produce an antenna tem-
perature equal to the system temperature (Thompson et al., 2017). The system equivalent

flux density (SEFD) can be defined mathematically as

SEFD = %Hyi , (2.6)
Aeff

where k isthe Boltzmann’s constant, Tsys is the system temperature and Adf isthe aperture

efficiency.

SEFD is a useful and meaningful measure of the sensitivity of a radio telescope (Ellingson,
2011).

To obtain a uniform sensitivity over as wide a field as possibly intended in this work, the

phase centres were laid out with partial overlap as can be seen in Figure 2.1.

2.2.3 Time And Bandwidth Smearing

Intrinsically, visibilities in radio interferometry are sampled at some interval in time and
frequency. But since we are always limited by increasing data storage capabilities, these
visibilities are averaged over time and frequency bins. The averaging of the visibilities typically
leads to ‘decorrelation’5 which translates itself in the image domain as smearing especially if
the visibilities are not appropriately calibrated. In deep and wide-field observations, smearing
becomes a limitation because it smears out emission from a target into the images and this
effect reduces the observed amplitudes of off-phase-centre sources (Cotton, 1989; Atemkeng

et al., 2016; Thompson et al., 2017).

There are two main types of smearing, namely, time-average and bandwidth smearing. The-
oretical estimates of the magnitude of these effects can be found in Thompson et al. (2001).
A brief description of these two effects and their solutions will be given in the next two
sections.

5A ‘decorrelated’ visibility is a visibility which has been averaged over a too long time/frequency interval
which leads point source sensitivity loss especially when visibilities are over-averaged as stated by (Morgan
et al., 2011).
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2.2.3.1 Bandwidth Smearing

When observations are performed with a finite bandwidth A v, the visibilities are usually
averaged over a finite region of the uv-plane. Smearing of sources occur when there are
significant visibility changes in the region over which this averaging is done. An example of

the schematics of the effect of this is presented as Figure 2.3.

Effects of bandwidth averaging, VLA-C

c
(7]
©
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> - Av=125kHz
Ail=1250kHz
0 ¢ Ai/=2500kHz
-X  Ai/=5000kHz
Ai/=6250kHz
0.0

0 1 2 3 4 5 6 7
Distance from the phase centre [deg]

Figure 2.3: Effects of bandwidth averaging as seen by the VLA-C at 1.4GHz; showing the

apparent intensity of a 1 Jy point source, as a function of distance from the phase centre

with a time interval fixed at 1 s and with varying frequency intervals (Credit: Atemkeng
et al., 2016).

As can be seen from Figure 2.3, finite channel width causes loss of coherence at large angles,
because the amplitude of the interferometer fringes are decreased with increasing angular
distance from the phase centre. There are, however, computational methods which allow us
to predict the level of sensitivity loss, but it cannot be recovered. The practical solution isto
observe with a small channel width, however this will increase the data volume. The effect

of bandwidth smearing can be parametrised by the relation

Av 9
“Whds < 1

where Av/v isthe fractional bandwidth and 9/9res is the source offset in units of the fringe

2.7)

separation, X/B.

The best solution is to observe with lots of narrow channels which can be achieved with

modern correlators like the DiIFX (details given in Section 2.2.4).
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2.2.3.2 Time-Average Smearing

Time or time-averaging smearing is defined as the degradation of the reconstructed image of
any observed celestial body by an interferometer that occurs as a result of large integration

time. The effects of time-average smearing is shown in Figure 2.4.

Figure 2.4: Effects of time averaging as seen by the VLA-C at 1.4GHz; showing the
apparent intensity of a 1 Jy point source as a function of distance from the phase centre at
125 kHz with a varying time intervals (Credit: Atemkeng et al., 2016).

For example, to achieve a desirable processed6 FoV of 20 across with the VLA in C config-
uration at 1.4 GHz (Figure 2.4), we can only use an integration time of At < 10 seconds,
else we achieve an undesirable smearing of >10%. One solution is to reduce the integration

time but this results in large datasets, more 1/O7 time and more processing. The condition

for minimal time loss is given as

t < X D 2.8
weB9 WeB , (2.:8)

where we is the fringe rotation rate about the centre and B the given baseline.

A proven strategy used in observations to curb time averaging and bandwidth smearing of

the 160 arcmin2 field can be shown in Figure 2.5.

6The processed FoV is also known as the Field of Interest (Fol), which is defined as the fractional
region/portion of the primary beam of interest.
7Input/Ouput
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Figure 2.5: Schematics of factors considered for continuum observing strategy- a sug-
gested decision tree (Credit: Bridle, 1989).

The effect of smearing is exacerbated in VLBI because it limits the usable FOV which is
smaller than the primary beam as in the case of the VLBA or homogeneous interferometers
or of the largest telescope in the array in the case of heterogeneous interferometers. For
example, imaging an entire primary beam of about 30 arcmin with a 25 m dish at 1600 MHz
at VLBI resolution is computationally impractical to achieve because it requires 10s or 100s
of TB of visibilities to be produced but majority of the images would be empty (Deller et al.,
2011). But that is not desirable, hence, for practical reasons, the typical VLBI correlator
will produce visibilities with time resolution of a few seconds and a frequency resolution of

~100s of kHz. Thus, the visibilities produced are much smaller- a few Gigabytes.

In this work, we resorted to using multi-phase centre technique during correlation which
drastically reduces the large datasets to sizable visibilities which can then be imaged using
less computational processing. This was achieved using the DiFX correlator (Deller et al.,

2011).
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2.2.4 DiFX Correlator

In radio astronomy a correlator is basically a digital device that combines Nyquist-sampled
two-station baseline pair voltage time series and computes the cross-correlation function
(footnote 7 in Section 1.3) as a function of time lag to produce sets of complex visibilities,

Vj. An example of a correlator is shown in Figure 2.6.

Figure 2.6: Schematics of a simple FX correlator: Signals from the pair of antennas are
first Fourier transformed, cross-multiplied (blue symbol) and thereafter integrated.

The Correlator used in this survey is the DiFX correlator as already mentioned in Chapter 1.
DiFX is a Distributed FX software correlator written by Deller et al. (2007) in C++. It uses
the FX fundamental operation in correlation as shown in Figure 2.6. Detailed descriptions

of the FX are found in (Thompson et al., 2001; Romney, 1999).

The procedure implemented by the DiFX correlator is given as Figure 2.7.
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Figure 2.7: DiFX procedure for Correlation of Observed data. vex2difx takes .v2d file as

input and produces .input and .calc files, then calcif2 takes .calc file as input and produces

model files (.uvw, .delay etc.), mpifxcorr writes output files to .difx directory and finally
difx2fits converts the output to FITS (credit: Whitney 2006).

In this work, to convert hundreds of TB of baseband data into ~4 TB of visibilities, the
dataset is read into memory first and once from disks. Then vex2difx (Deller et al., 2010;
Brisken, 2010; Deller et al., 2011) is used to specify the number of phase centres to be
correlated. The correlation is initially carried out with high frequency resolution which is also
sufficient to minimise bandwidth smearing and high time resolution periodically to minimise
sensitivity loss due to smearing across a larger field of view. A model of each of the phase
centres is then computed and passed to the correlator and then a uv-shifting is subsequently
performed. A uv-shifting (Morgan et al., 2011) requires a rotation of the visibility phases
of each baseline by an amount which is equal to the difference in geometric delay between
the final and initial source directions, multiplied by the sky frequency (Middelberg et al.,
2011). The phase rotation is performed repeatedly for each desired source direction. After
the phase shifting is applied, the visibilities are then averaged in frequency and time. The
DiFX correlator in its multi-phase mode then produces independent FITS (Hanisch et al.,
2001) or FITS-IDI (Greisen, 2009) files containing different phase centres. In a single pass
205 independent phase centres were generated for each epoch, each of which were written
out as independent data files, just as if the correlator has been run 205 times. Consequently,
this results in an array of ‘normal-sized’ visibility datasets, for each of which there is a 10%

loss at a radius of 35 arcsec.
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The first FITS-IDI file of each schedule block (SB) contains the first phase centre (PC000)
together with the gain calibrator and the fringe-finder. The subsequent FITS-IDI files of
each epoch however, contain only the respectively listed phase centres (PC001 to PC204).
In addition to the visibility function measurements and its associated meta-data, the FITS-
IDI files include amplitude and phase calibration measurements, weather data (WX), and

editing flags that are logged at the VLBA station (Ulvestad, 1999).

A diagrammatic comparison between traditional VLBI and multiphase centre approach is
shown as Figure 2.8. Here we illustrate that multiple phase technique leads to a dramatic
decrease in the amount of data stored when compared to a single pointing of the same field
at very fine time and frequency resolutions. The values in the caption of Figure 2.8 were

calculated using the online EVN wide-field calculator8.

Multi-Phase Centre Observation of a

Widefield
(a) (B)
Figure 2.8: |lllustration of the differences between traditional VLBI and Multi-phase

centre approach. The FoV of the VLBA with an 8-hour observation time (48 mins on-
source integration time) at a frequency of 1.6 GHz, maximum baseline of 9000 km, 2
seconds integration time (equivalent of using 108 channels to obtain the same FoV limited
by bandwidth-smearing), 2048 Mbits/s aggregate bit rate and a 2 bit sampling rate will
produce ~10.93 GB of output data after correlation. (a) To conduct a survey using the
traditional VLBI observation of a total field of 160 arcmin2 for this same 8-hour run will
produce >500 TB of data. (b) Using a multi-phase centre approach on the other hand to
process about 533 phase centres to cover the entire 160 arcmin2, for an 8-hour run will
yield a correlated data size of 533 X 10 GB = ~ 5.33 TB. Note that all the parameters
for both scenarios are the same except for the integration time and the values for the data
outputs are calculated for 10% loss in the response of the point source sensitivity using the
EVN calculated.

FoV of 30 sq. arcmin specified in Figure 2.8 represents the FoV of every 25 m antenna

http://www.evlbi.org/cgi-bin/EVNcalc
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2.3 VLBA

The Very Long Baseline Array (Frey, 2006) is an array of 10 dishes, each with a diameter
of 25 meters, distributed across North America from Mauna Kea (MK) in Hawaii to St.
Croix in the Virgin Islands. Its maximum baseline is #8600 km and it operates between 0.3
and ~87 GHz achieving an angular resolution between 25 and ~0.08”" arcsec respectively.
To put this in a more practical perspective, for an 8-hr duration observation at 18 cm, the
VLBA is easily able to detect signals from sources with sensitivity of ~ 10 "Jybeam-1 which
corresponds to brightness temperatures above Th > 105K (Dodson & Rioja, 2009; Romney
et al., 2010; Deller & Middelberg, 2014). The VLBA has a 3.5 m diameter Cassegarian
sub-reflector. Moreover, the VLBA is a dedicated VLBI instrument which offers sufficient
observing time in a continuous operational mode (Walker, 1995). The VLBA observations
are scheduled using the program SCHED9 10 (Walker, 2015). It uses the DiFX correlator
for its correlation. The VLBA uses a Polyphase Filter Bank (PFB) back-end which provides
sixteen 32 MHz channels with a fixed recording rate of 2048 Mbps. These channels can be
selected between two VLBA Intermediate Frequency (IF) inputs and the area restricted to

32 MHz steps. The observational parameters used in this survey are given in Table 2.1.

Table 2.1: Observational configuration.

Observing Parameter Details
Observation Date 13 Oct 2013 to 02 Nov 2013
Frequency 1.6 GHz

Bandwidth 32 MHz

Channels per spectral window 128

Spectral Window 8

Pointing Centre RA, DEC= 12h36m55.0s, +62d14m15.0s
Polarisation Dual

Sensitivity 10 NJy/beam

Back-end system PFB system

Aggregate bit rate 2048 Mbits/sec

Next, a summary on the survey strategy used by the VLBA on the CANDELS GOODS-North

field is presented.

9The SCHED program is a program for planning and scheduling the VLBA and most VLBI observations.

10The SCHED program is used, among other tasks, to determine Green Sidereal Time (GST) range during
which time the VLBI target sources are visible at the participating stations and it can also be used to evaluate
the uv-plane coverage and synthesised beam.
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2.4 Observational Strategy

The observation for this work was carried out at 12 epochs, from September 13, 2013 to
November 2, 2013 using a standard VLBA continuum observing setup with a frequency at
1392 MHz to 1744 Mhz centred on RA=12:36:55.0 and Dec=+62:14:15.0. A total of 24
hours observing time was split into twelve 2-hour runs. The observational strategy was to
observe the same field at the 12 different epochs in order to obtain a better uv-coverage.
Eight spectral windows, bandwidth of 32 MHz and 128 MHz channels were used in this
observation, both with the right and left circular polarisation and aggregate bit rate of 2048
Mbps, assuming 2 bit sampling. An integration time of ~2.05 seconds was used in order
to reduce time smearing. The distance between each phase centre (~35 arcsec) was also
calculated in order to limit the cumulative band and time-smearing losses to 10%. The
angular offset (~35 arcsec) was chosen as a recompense between the data volume of the
raw VLBI visibility datasets, subsequent image processing requirement, correlator capacity
and the sensitivity loss within a given phase centre. Secondly, the maximum image size was
a key consideration. A first calibrator source, J0927+390 11 (Krips et al., 2007) with a flux
density of S17 ~2.37 Jy/beam (Fey et al., 2015) was used as fringe-finder. The calibrator
source, J1234+619 which is a well-known source from the novel VLBI observation of HDF-
North with a flux density of S1.4 ~20 mJy/beam (Chi, Garrett & Barthel, Chi et al.; Chi
et al., 2013) was used as the phase gain calibrator as well as a nodding on 10-minute duty

cycles.

All observations were performed in continuum mode. On the average 9 out of 10 antennas
were operational in all 12 observations (epochs), while in 2 of the observations all 10 antennas
were in full operation. The observation of the HDF-North field was performed in a phase
referencing mode as described in Section 2.2.1 while the data was correlated at the Pete V.
Domenici Science Operations Center (SOC) in Socorro, New Mexico. The correlation of the
data was performed in the multi-phase centre mode using the DiFX correlator at SOC as

described in Section 2.2.4.

The survey of the CANDELS GOODS-North produced a total of 2460 individual datasets
for the total duration of 24 hours for the entire 12 epochs/SBs. The raw data set size for
each phase centre is ~1.5 GB, yielding about ~ 390 GB per epoch. The total amount of
raw data from our observation is ~4 TB, for all 12 epochs, indicating significant amount
of computing effort in the data processing stage. In VLBI, because of the high brightness
requirement, most of the primary beam field will principally be empty but may significantly
contain a number of compact sources (Thompson et al.,, 2017). One unique attribute of

this survey is the use of the multi-phase centre technique to achieve quasi-uniform sensitivity

11Flux density for J0927+390 at 2.771 Ghz was given as 2.37 Jy/beam (Fey et al., 2015) and found to be
Si.6 N2 Jy/beam in this work respectively.
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across the entire field as already stated. The calibration and imaging of the datasets is

discussed in the next chapter.



Chapter 3

VLBI CALIBRATION PIPELINE

The data calibration pipeline aside, the development of the purpose-built source finder was

developed by the student.

It is factual that few data reduction pipelines for VLBI have already been developed and
some are still being developed. However, none of these pipelines are able to meet all the

calibration demands.

For example, the VLBI data processing pipeline developed by Reynolds et al. (2002) to
automate data reduction for VLBI experiments at the Joint Institute for VLBl ERIC1 (JIVE)
for EVN2 run entirely within AIPS (using AIPS tasks and facilities) but it is not completely
automated, although it greatly speeds up the calibration process. Secondly, the VLBI data
reduction pipeline developed by Sjouwerman et al. (2005) for VLBA projects runs only in
AIPS and does not include automatic flagging of observing conditions such as high levels
of radio-frequency interference. The pipeline does not process data from correlators aside
VLBA and does not perform interactive flagging. Moreover, other pipelines such as those
developed by Hodgson et al. (2016) are only able to handle single polarisation KVN data,
while that developed by Zhang (2016) does not incorporate multi-wavelength data. All the
above-mentioned pipelines fall short of meeting all the data calibration demands for future

wide-field VLBI surveys.

In this chapter, we present the wide-field VLBI data reduction pipeline that we developed
for calibration, imaging, source finding and analysis for the VLBA GOODS-North data. The
wide-field VLBA pipeline is loosely based on an existing pipeline developed by Sjouwerman
et al. (2005) but also implements several additional features compared with a standard AIPS-
based pipelines such as the EVN pipeline. Additionally, the wide-field VLBA pipeline uses
more efficient and current algorithms for calibration, imaging, source finding, and incorpo-
rates multi-wavelength data.

1European Research Infrastructure Consortium
2European VLBI Network (http://www.evlbi.org/)
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The data processing strategy developed for this work is shown in Figure 3.1.

Figure 3.1: Flowchart of data processing strategy: All initial processing of data including
fringe-fitting is performed in AIPS (data in FITS-IDI format) whiles post fringe-fitting is
performed using newly developed algorithms (data in the MS format).

3.1 General Calibration

In radio astronomy, calibration is defined as the process of solving and removing instrumental
and atmospheric effects embedded in the signal during its propagation toward and within
the interferometer. The instrumental propagation effects consist of transmission errors ac-
cumulated in the signal processing system, while the atmospheric effects include ionospheric

and tropospheric errors, along with effects, such as antenna pointing errors.

In the absence of any propagation effects, the visibilities measured by a radio interferome-
ter are given by Equation 1.25. However, in practice, because of propagation effects, the
measured visibilities must take propagation effects into account. This can be done in the

framework of the RIME3 (Smirnov, 2011; Hamaker et al., 1996) formulation as

Vebs = Jp | Be- 2n(upd+vpgm dl dm | Jf 8.1

Im

where Vp”s is the observed visibility, B is a 2 x 2 brightness matrix which describes the
brightness distribution as a function of the direction I,m, Jp and Jq are the Jones matrices
associated with antennas p and q which encode the propagation effects that affect the signal
on its path to antennas p and g respectively.

3RIME is the radio interferometer measurement equation.
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Equivalently, the RIME can be written as

(003 VTrue jH
Vg IpVig 79 (3.2)
where VTrue = V(upq, vpqg) is the ‘true’ visibility as e.g. given by Equation 1.25.
We can break Jp into a chain of propagation effects:
V@ - gpepPptmpz pvmuez_y td—| pd-| ed-| gH + rfi , (3.3)

where, Gp is a diagonal matrix representing electronic gains, Ep are the effects introduced by
the optical components of the telescopes, such as the collecting area’s elevation dependence,
Pp is parallactic angle rotation, Tp are the tropospheric phase delays, Zp are the ionospheric
phase delays caused by excess pathlength as a result of refraction and RFI represents addictive
noise from radio frequency interference (RFI). The order of the RIME represents the causal

order of effects.

The Jones terms are determined via a non-linear fit of the measured visibilities to the model
visibilities. The corrected visibilities can then be obtained by applying the inverse of the

estimated Jones matrices to the measured or observed visibilities as:

Vi'" = (Jp)-1(Vobs)(JH)-1, (3.4)

where ()-1 denotes a matrix inverse.

The rest of this chapter is dedicated to the post-processing pipeline developed for this work.

3.2 VLBI Calibration Pipeline

In this section we describe the initial calibration performed using the Astronomical Image
Processing System (AIPS) software to correct for phase errors and perform fringe-fitting
along with data flagging. Further calibration was done using the Common Astronomy Soft-
ware Applications (CASA). Imaging was done with both CASA and WSCLEAN. Lastly,

we describe the source finding algorithm implemented.

3.2.1 Data Calibration In AIPS

The first stage of calibration was carried out using the Astronomical Image Processing Sys-

tem (AIPS; Wells 1985; Palmer 1996; Fomalont 1981; Greisen 1990). AIPS is a data
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reduction software developed by NRAOA4 for interactive data calibration, editing and imaging
of interferometric data using Fourier synthesis. It is the primary data package for VLBA

observations performed in both continuum and spectral line modes (Greisen, 1990).

Figure 3.2 is a flowchart describing the calibration procedure.

Figure 3.2: Flowchart of the initial calibration in AIPS. The phase centre PC0O00 contain
the calibrator sources while the phase centres PC001-PC204 are just phase centres within
the FoV centred on GOODS-North.

We developed the initial pipeline in AIPS which is composed of python programs based on
the AIPS interface, POPS (Kettenis et al., 2006), to perform the calibration up to fringe-
fitting when the data is exported to a UVFITS format. POPS is an inbuilt AIPS language

that permits basic routines to be performed instead of laborious manual repetitions.

To use the already existing procedure in AIPS for the wide-field VLBA pipeline, we first
activate the AIPS task VLBAUTIL (Sjouwerman et al., 2005). The VLBAUTIL task
uses a procedure called VLBARUN which usesthe VLBA calibration procedures to calibrate
VLBA data5. The data are then loaded into AIPS with the task VLBALOAD by specifying
the path to the directory of the stored raw data. The VLBALOAD task calls FITLD,
TACOP, TAMRG and INDXR tasks. The FITLD task uploads the corrected output

4http://www.nrao.edu/
5The out data from the correlator for this work are in Flexible Image Transport System Interferometry
Data Interchange (FITS-IDI;Greisen 2009) format.
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FITS-IDI data into AIPS. Then the task TACOP is used to copy the gain curve (GC),
pulse-cal (PC), weather (WX) and system temperature (TY) tables which are read in by
the AIPS ANTAB and sent to the line data file. The task TAMRG merges the GC, PC
and TYe tables and removes redundant calibration (CL7) table entries and sorts the data
by time and baseline. The task INDXR is then used to make an index (NX)s table and a

calibration file (CL) where no calibration has been applied.

It is essential to inspect the details of the data before beginning the actual calibration; this
is done using the task LISTR which gives information for each observed band about the
names of the sources, coordinates and integration time. The first step of manual flagging is
then performed on the fringe finder source, which was observed for a short scan. This was
achieved by inspecting the dataset using the AIPS task EDITR and FLAGR interactively

to remove any outliers.

After inspecting the data, the uv-coverage is plotted to have a further look of the visibilities,
and especially the calibrator sources. The uv coverage for the gain calibrator, J1234+619 is

shown in Figure 3.3.

Figure 3.3: UV coverage of the gain calibrator of the 12 epochs concatenated together
in order to attain a better uv-coverage for imaging.

6T Y is the system temperature tables. The system temperature is used to determine the sensitivity and
the SEFD which are used for amplitude correction.

7CL: calibration table containing all the current calibration information that is intended to be applied to
the data.

8\ X is an index table which contains various information about each scan and a summary of the data.
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After the initial inspection of the data, the actual calibration process then follows. The next

sections deals with the main AIPS calibration.

3.2.1.1 ionospheric Corrections

The atmosphere typically contains water vapour which is poorly mixed with trace gases
(O2,N2). Given that there is a different troposphere (water vapour at an altitude of about
6-10 km) over each VLBI antenna, tropospheric delays and turbulence are typically a problem
at higher frequencies (> 8 GHz). However, ionospheric (free electrons at 100-1000 km
altitude) delays dominate at low frequencies (2 GHz and lower) and this can cause large
unmodelled dispersive delays, which is seen as rapid phase wrapping. This is of particular
importance in phase referencing observations, which is implemented in this work, where

phases must be interpolated over weak sources (Thompson et al., 2001).

An electromagnetic wave with frequency v passing through the ionosphere undergoes a phase
shift given by
TEC % -1

A0 -8.45 1TECU 1GHz rad , (3.5)

where TEC is the integrated electron density in TEC units (1 TECU =1016 electrons m 2).

The Total Electron Content (TEC) is defined as the total number of electrons present along

a path between a radio telescope and a source.

An interferometer measures phase differences and so the signal measured is distorted if the

ionospheric electron content above its antennas differs (Mevius et al., 2016).

One method of removing the mean ionospheric phase error is by applying a global ionospheric
model derived from Global Position System (GPS) measurements taken simultaneously with
the radio observation. In AIPS the ionospheric phase correction is achieved using the task
VLBATECR.VLBATECR uses a global model of the total electronic content to correct
ionospheric dispersive delays by automatically downloading the needed IONEX (IONosphere
map EXchange) files from the Crystal Dynamics Data Information System (CDDIS9) archive
by using the task TECOR. TECOR corrects and calculates dispersive delays and then creates

a calibration table (CL).

An example of the phase corrections derived from the TEC information contained in the

IONEX file is shown in Figure 3.4.

9http://cddis.nasa.gov/
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Dispersive delay vs UTC time for MULTI.LUVDATA.1
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Figure 3.4: lonospheric delay corrections (CL2) applied to the first calibration table (CL1)

of phase centre PC000, for the VLBA antennas Brewster (BR) , Fort Davis (FD), Owens

Valley (OV) and Mauna Kea (MK). The plot only show the corrections applied to one

spectral window and an RR polarisation, however, in reality we applied the corrections to
all the antennas, spectral windows and the two polarisations.

3.2.1.2 Corrections To The Earth Orientation Parameters

The rotation of the Earth is not even and so any motion can cause a retardation or acceler-
ation of the rotation, or a change in the Earth’s axis. Such movements sometimes result in

noticeable changes which cause errors in radio astronomy observations.

An accurate determination of the Earth’s rotation is therefore important to mitigate incorrect
source positions and to prevent smearing of the target sources in phase referencing experi-
ments like the one applied in this work. The Earth Orientation Parameters (EOP) describe
irregularities of the Earth’s rotation. These parameters include polar coordinates, universal
time and nutation. Details of the description of these parameters can be found in (Thaller
et al., 2007).

The EOPs change slowly with time and therefore the EOPs used by the correlator must be
continually updated. To correct for the effect of the EOP we used the AIPS task VL-
BAEOPS. The VLBAEOPS task automatically downloads EOP file and runs the task
CLCOR which applies the corrections to the EOP using the CT (CALC table) . This ensures
that the position of the target source is maintained and there is no smearing of the target
source. CT calculates the difference between the old EOPs and the new EOPs and then

applies it to the data.
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3.2.1.3 Parallactic Angle Corrections

When using antennas with multiple feed systems, there is a need for a correction angle which
is required to maintain a constant orientation with respect to the equatorial coordinate
system. This correction angle is referred as the parallactic angle. Parallactic angle thus
describes the rotation of the feeds of an ALT-AZ 10 telescope (such as the VLBA), with
respect to the celestial sphere as the telescope tracks an astronomical object across the sky.
This rotation is purely a geometric effect and can be fixed by adjusting the phases (assuming

R/L feeds).

The parallactic angle feed rotation which is the P-Jones in the RIME formulation (see

Equation 3.3) is given as

(3.6)

where j = \f—1 and a is the parallactic angle.

The parallactic angle for an alt-az mount antenna is

cos(lat)sin(ha)
a tan 1 . ) 3.7
sin(lat)cos(dec) —cos(lat)sin(dec)cos(ha)
where lat is the antenna latitude, dec is the declination of the source and ha is the hour

angle of the source.

The orientations of the VLBA feeds are mechanically adjusted and the exact values of
the parallactic angles may not be known and thus it must be determined using calibration

methods (Cotton, 1999).

For full or partial polarisation experiments, the parallactic angle contribution to the phase is
typically removed at the very beginning of the phase calibration. This correction is important
in phase referencing experiments, because the parallactic angle difference between the cali-
brator and target is different at different stations which leads to an extra phase error which
must be corrected (Thompson et al., 2001). In this work the parallactic angle corrections
were performed with the AIPS task VLBAPANG. VLBAPANG procedure uses the task
CLCOR to copy the CL table versions and applies the phase correction using Equation 3.7.

1A LT-AZ means Altitude-Azimuth mount type telescope. Also known as Az-El mount type telescope
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3.2.1.4 Absolute Amplitude Calibration

In amplitude calibration, a source with known parameters (source position, flux density,
source structure) is used to convert the measured signal into physical units such as Janskys.
This approach is possible with connected-element interferometry, but is very difficult to
implement in VLBI. This is because of the unavailability of appropriate calibrator sources,
since most VLBI sources are variable, and/or resolved and with no simple polarisation position

angles.

The amplitudes of the visibility obtained in a VLBI observation in a baseline between the
telescopes i and j has a form of a normalised cross-correlation coefficient and is calibrated

using the formula below

S = PA I TsiTsj (3 0)
Sij = Pns SEFDISEFDj (38)
where Sijj is the flux density on baseline i —j, p, the measured correlation coefficient, A is

the correlator scaling factor, ps is system efficiency including digitisation losses, Ts is the
system temperature, which includes receiver, spillover, atmosphere and blockage, SEFDi

and SEFDj are the system equivalent flux density at each antenna (see Section 2.2.2).

In this work antenna gain curves (measured every few months or years) and system noise tem-
peratures measured during the observation were used to perform the amplitude calibration.
The task ANTAB reads and creates gain curve (GC) and system noise temperature (TY)
tables, which are used in VLBACALA procedure to apply a-priori amplitude corrections
to the VLBA data.

The VLBACALA task determines amplitude corrections for digital sampling effects and
applies a-priori corrections using TY, WX and GC tables. The VLBACALA task removes
any outliers in the data and then applies these derived corrections to the highest numbered
CL table. The VLBACALA procedure uses the tasks ACCOR, APCAL, SNSMO and
CLCAL. Here, ACCOR corrects amplitudes in cross-correlation, then APCAL generates
calibrated solutions (SN) using a default correction faction (APARM[1]=B) to correct any
unwanted amplitude visibility offsets. SNSMO then smooths and filters these solutions.
Outliers in the derived amplitude corrections are clipped and then finally CLCAL applies
the smoothed solutions to the selected entries of the appropriate CL tables. An overview of
the procedure contained in VLBACALA for the amplitude calibration steps applied in this

work is shown as Figure 3.5.
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Figure 3.5: Block diagram of the steps involved in amplitude calibration of continuum
data in AIPS.

The system temperature information for one of the epoch for this survey is presented here as
Figure 3.6. Once the corrections are applied, the final Tsys values are then used to convert

the data values from arbitrary units into Janskys (Jy).

Figure 3.6: The plot shows the different system temperatures for an entire observation

run for one of the epochs of four selected antennas, Brewster, Fort Davis, Owens Valley and

Mauna Kea (BR , FD, OV, MK). The different temperatures are related to the amplitude

calibrators, whereas the small ripple during the run is the change of Tsys between the target

and the phase-reference source. The systematic errors (strange jumps) are smoothed and
flagged out by the AIPS task SNSMO.

The successful implementation of the amplitude calibration is shown in Figure 3.7.



Chapter 3. VLBI Calibration Pipeline 62

Figure 3.7: Comparison of the gain curves (KJy-1) before and after amplitude calibration

of the gain calibrator on some selected antennas. (a) Uncalibrated amplitude of the gain cal-

ibrator source. (b) Increased amplitude of the scattered visibility demonstrating a successful

implementation of amplitude calibration using the weather tables, system temperature and
gain curves of the gain calibrator.

It can be seen from Figure 3.7 that as APCAL corrects amplitudes of the visibilities, the
resultant scatter of the amplitudes has also increased by the scaling factor *B.

3.2.1.5 Delay And Rate Calibration

One of the methods used for phase calibration is phase referencing which has been described
in Section 2.2.1. There are however other methods used for the phase calibration, namely,
fringe-fitting and delay calibration. The next two subsections give details of these methods.

3.2.1.5.1 Instrumental Delay Calibration

Radio signals captured at the antenna receivers traverse through chains of electronic sys-
tems before they are finally correlated. These signals are transmitted through a range of
different radio-electric devices (e.g. amplifiers, mixers, waveguides, cables) of which are
neither identical nor at the same temperature across the different VLBI sites. These non-
identical components and temperatures cause instrumental delays between IFs, polarisations
and stations. There are two ways to estimate these instrumental delay:

* using pulsed phase-cals; and
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» solving for delay only using bright sources.

Typically, the pulsed phase-cal systems injected into the signal path should correct for all the
delays the signal undergoes during its transmission but in practice the phase-cal system itself
is affected by spurious signals which can cause additional phase distortions. Mismodelling the
phase distortion may cause major downstream phase error budgets as stipulated by Petrov
(2000). The pulsed phase-cal system consists of a pulse generator and a sine-wave detector
which are injected into the signal path at the receiver to correct phase offsets between the
two station or oppositely polarised signal channels (Thompson & Bagri, 1991; Fomalont &
Perley, 1999). The phase-cal system generates short pulses which are injected into a feed
horn every microsecond. The phase of these phase-cal signals in the individual channels of

the radio-electronics device is then used to measure the delay.

The second method used for estimating the instrumental delay is by using the AIPS task
VLBAMPCL. The VLBAMPCL task calculates and applies manual instrumental phase
calibration. This task also uses FRING and CLCAL and prepares the data for the actual
fringe-fitting.
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3.2.1.5.2 Fringe-Fitting

In a VLBI correlator, the recorded data are time-stamped and the correlator model (which
is made up of a number of geometric corrections) determines which timestamps from the
different stations are cross-correlated. Any remaining phase residuals or delay offsets due to
an imperfect model are corrected for in post-processing. These imperfections are typically

caused by:

» independent clocks with non-zero Allan variance (AVAR);
» tropospheric and ionospheric delays;
» imperfect antenna positions in the correlator model; and

+ errors associated with the source positions.

Fringe-fitting is the process of solving the delay and/or rate residuals that may result from
the above mentioned sources of errors. Simply put, fringe-fitting is performed by solving
Equation 2.2, to obtain the errors via observation of a bright calibrator (phase referencing).

The methods used for fringe-fitting are:

» baseline-based fringe-fitting; and

» global fringe-fitting.

Global fringe-fitting is a calibration technique for minimising the difference between model
phases and the measured phases for station-based instrumental phases, its time slope (fringe
rate) and the frequency slope (delay) (Schwab & Cotton, 1983; Cai et al., 1993). In this

work we used global fringe-fitting. The motivations for choosing global fringe-fitting are:

» global fringe-fitting method preserves closure of the derived instrumental delays and

rates whereas baseline based fringe-fitting does not; and

» global fringe-fitting approach lowers the threshold for flux density of the minimum

detectable point source.

The general method of global fringe-fitting uses Equation 2.2 and all data to jointly estimate
the antenna-based phase, delay and rate (Cotton, 1995). There are two methods involved in
global fringe-fitting; a least square formulation method (Walker, 1995; Pearson, 1995) and
Fourier transform method. The Fourier transform method uses a standard correlator-based

fringe search approach to generate a starting guess for the least squares method (Schwab &
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Cotton, 1983). The Fourier transform method also involves calibration of the phases within

the intermediate frequencies.

The least-square formulation of this is to minimise

S(x) =7 A Wijki\\V °bs(tfcv) - aaj'f o ,v)Eijkiw, (39)
o<k<nti<i<j<n (.)
o<l<nv

where x is the column vector of the unknown parameters given as
x = cof(ai...,an,$i0,..., $no,ri,... ,rn,Ti,... ,Tn), the prime denoting an omission of

antenna-based parametersit; Wijkl denotes weight factors.

In this work, phase slopes were fitted in both frequency and time using the AIPS task
FRING which utilises a global fringe-search method. This is achieved by setting an appro-
priate solution interval (SOLINT) and selecting a reference antenna 12 (REFANT) that
is mostly present all of the time over the entire observation and close to the geographical

centre of the array (Cotton, 1995).

The delay and rate results from FRING are typically stored in an AIPS solution table
(SN)13. The solution tables are then either edited or smoothed (using the task SNSMO)
in a variety of ways and then applied (using the AIPS task CLCAL) to the data. The

schematics of the various steps used for fringe-fitting in this work are shown in Figure 3.83

11The antenna parameters are antenna phases, rates and delays.
12Reference antenna, which by definition, is assigned, a zero phase (and delay) gain
13Solution table:contains solutions from AIP S tasks-e.g.,, FRIN G
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Figure 3.8: Block diagram of the steps involved in continuum VLBI fringe fitting. The
details of the fringe fitting task can be found in Greisen (2003).

Figure 3.9 shows cross-power spectra of the raw phases and corrected phases in the data of
the phase calibrator source from some selected baselines before and after implementation of

fringe-fitting of one of the schedule blocks of the observation.
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(A)

Plot file version 2 created 15-NOV-2015 22:57:14
J0927+390 MULTI.UVDATA.1

0000000000000000
Channels
Lower frame: Ampl Jy Top frame: Phas deg
Vector averaged cross-power spectrum Several baselines displayed
Timerange: 00/11:44:59 to 00/11:49:56

(b)

Figure 3.9: Fringe-Fitting: the plots of VLBI observation performed with 8 IFs of some
selected VLBA baselines of the gain calibrator. The upper panels shows phase variations
with frequency in degrees while the lower panels are the uncalibrated amplitudes in Jy. (a)
The upper frame plot shows uncalibrated phase variations with frequency, within each IF.
There are small phase slope caused by residual delay errors in the correlator model. (b) The
upper frame plot shows the same data after a successfully corrected delay and fringe rate.
The phases as a function of frequency are aligned around zero as expected although a few
issues remain (e.g., IF8, PT-SC).

67
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The waterfalli4 plots of the phases and amplitudes of the gain calibrator for one of the
schedule blocks (C3) are shown in Figure 3.10. An inspection of Figure 3.10 reveals that

the phases and amplitudes are uniform across all baselines.

(a) (b)

(c) (d)

Figure 3.10: Waterfall plots of the fringe finder. (a) Waterfall plot of phase of the

calibrator before fringe-fitting. (b) Phases of the calibrator sources after fringe-fitting. (c)

Original amplitude of the calibrator sources before fringe-fitting. (d) Increased amplitude
of the calibrator sources after fringe-fitting.

Figures 3.9 and 3.10 demonstrates how fringe-fitting corrects for delay and rate errors for on

the phase calibrator(J0927+390).

3.2.1.6 Bandpass Calibration

Bandpass calibration is the process of solving and correcting for the frequency-dependent
term of the complex gains in Equation 3.3. Any variations in the antenna gains must be
corrected before averaging the different frequency channels. A good bandpass calibration
is key for accurate measurement of spectral features in sources. Bandpass is dependent on

electronic devices in individual antennas and their transmitting systems.

14N aterfall plot is a plot of time baseline sample versus channel numbers
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Bandpass calibration is performed by observing a bandpass calibrator, whose spectral prop-
erties are well known. A good bandpass calibrator source is bright (* 1 Jy) with a flat
spectrum. The bandpass gains are computed from the bandpass calibrator and then trans-

ferred to the target data.

In this work a bandpass source, J0927+390, was used as bandpass calibrator. The AIPS
task BPASS was used to perform the bandpass calibration. After inspection and examina-
tion of the bandpass solutions, we discovered that there were too many failed solutions and
the phases of the visibilities had worsened. In view of this, the bandpass solutions were not

applied to the datasets.

3.2.1.7 Applying The Solutions

The final step of calibration in AIPS was to apply the full accumulated calibration solutions
and tables from Section 3.2.1.1 up to Section 3.2.1.5.2 using the task SPLIT. The task
SPLIT was used to split the multi-source files by applying the derived calibration tables
into single-source uv files. Finally, the datasets are exported into UVFITS format using the
task FITTP in preparation for further processing. This ends the calibration in AIPS. Next

we describe post fringe-fitting calibration.

3.2.2 Post Fringe-Fitting Processing

In this section we describe all post fringe-fitting data processing. The data processing consists
of self-calibration, RFI excision, wide-field imaging and source extraction. We also give a
detailed description of the wide range of new algorithms and software packages used for the

purpose of efficient post fringe-fitting processing.

The first step in the post fringe-fitting data processing is to convert the data from UVFITS
format to measurement set (MS) format using CASA. The CASA task importuvfits
was used to achieve this. All subsequent processing of the visibilities (e.g. self-calibration,
imaging) is performed in the MS format. Initial imaging of the gain calibrator and known
VLBI sources is performed using CASA. WSCLEAN is then used to make wide-field
images. The flow chart of the post fringe-fitting calibration of the data from self-calibration,

through primary beam correction to imaging and source extraction is shown below
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Figure 3.11: Post fringe-fitting calibration strategy.

3.2.2.1 RFI Excision

Radio Frequency Interference (RFI) is defined as unwanted signals in the radio spectrum
picked up by a radio telescope, that typically interfere with the often weak astronomical
signals. The major contributing factor to RFI is man-made sources of radio signals, such as
wireless networks, satellites, cell phones, etc. RFI can suppress weak astronomical signals
that are being studied (Rohlfs & Wilson, 2013) and thus have a detrimental impact on

astronomical observations.

To detect RFI during scans of the gain calibrator and the target sources, we used AOF lag-
GER (Offringa, 2010) which operates on visibilities in the MS format. Comprehensive details
of the steps involved in AOFlagger are found in (Offringa et al., 2010, 2012, 2015). The
various steps for the flagging are combined into one automated strategy which may be per-

formed multiple times and with different combinations of the steps. We used the default
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flagging strategy for all the datasets in this work since there is currently no specific RFI

strategy for VLBA in AOFlagger.

An overview of the AOFI1agger flagging implementation is presented in Offringa et al.
2010. The flagger is executed on the available amplitude information in the MS of each

polarization of a single sub-band of each baseline (Offringa et al., 2010).

Figure 3.12 shows the implemented AOFlagger strategy for a single baseline during a
scan of the fringe finder (J0927+390).

(a)

FDLX'HN2 o0

(b)

Figure 3.12: Comparison of an unflagged and flagged visibility of the phase centre PC000.

(@) Unflagged visibility of the calibrator source with frequency on the y-axis and time on

the x-axis. (b) Successfully flagged visibility of the target field PC000. The pink samples
were set by the SumThreshold algorithm and flagged appropriately.

The statistics of the data flagged in two selected epochs of the twelve selected phase centres

is shown in Table 3.1.
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Table 3.1: Comparison of RFl strategy in both polarisations for selected schedule blocks.
The percentages represents the amount of data which were flagged by AOFlagger.

Percentage of RFI Flagged

Phase Centre RR Polarization (%) LL Polarisation (%)
Schedule block A2 C3 A2 C3
PC049 11.1 6.4 10 54
PCO055 11.2 5.3 9.9 4.2
PC081 10.7 5.3 10.2 4.2
PC085 10.6 5.3 9.9 4.2
PC097 10.5 5.2 9.3 4.1
PC110 10.5 5.2 9.4 4.2
PC111 10.7 5.2 9.6 4.1
PC156 10.9 5.2 10.3 4.1
PC160 10.7 6.8 10.1 5.7
PC164 11.1 6.9 9.8 5.8
PC182 11.1 55 10.2 4.4
PC183 11.0 6.2 10.2 5.1

Schedule blocks ABCDE represents elevations during the observation. Schedule block C hes the highest elevation. The next higher
elevation are schedule blocks B and D, while A and E have the lonest.

Schedule block A has lower elevation15, and has a higher probability of being affected by

RFI and this reflects in the higher fraction of flagged data as can be seen from Table 3.1.

3.2.2.2 CASA Self-Calibration

VLBI visibilities obtained directly from correlators are of very little use in making images of
astronomical sources (Pearson & Readhead, 1984) because even after fringe-fitting, aver-
aging and RFI removal, calibration errors on sub-scan intervals remain. One method used
to solve for this phase variation is self-calibration. Self-calibration is the process of using
available source structure information to improve the antenna phase and amplitude gain so-
lutions. The visibility data set, corrected with the improved gains, isthen used to produce an
updated model of the source. This typically results in decreasing image rms. Self-calibration
is based on the assumption that all the errors in the visibility phase can be described as
antenna based (Pearson & Readhead, 1984). This is generally valid because each baseline
gives independent information about the sources: using this information allows us improve
the gain estimates. One approach for improving the gain estimate isthe least-square method.

The least-squares procedure involves fitting for the complex antenna gains:

i=]
E E w lvep(ir) Ji(tk)V jodel(tk)I*(tk)1f2 (3.10)
kK i

15The elevation values can be inferred from the source coordinates, station coordinates and the time, al
recorded as meta-data in the MS.
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where V™odel(tk) are the model visibilities at time tk, V°bs(tk) are the observed visibilities,

and Wj denotes a-priori weight of each data point at time tk.

It is good practice that solution intervals are kept relatively short so as to track atmospheric
phase changes with a high degree of accuracy (Walker, 1995). This also means there will
be more free parameters and it becomes easier for the solver to find best fit solutions, if

sufficiently high SNR is available (Cornwell & Fomalont, 1989a).

The algorithm used for the self-calibration in this work is shown in Figure 3.13.

Initial image/model

“clean™

Measurement Set (MS)
With its associated model

Self-Calibrate to minimise residuals
“gamcal” Phase

&
Amplitude calibration tables

*

Inspect and apply the new calibration

“applycal” MS with Improved
corrected data column

Re-Image the calibrated data

“clean”

Improved imege

Figure 3.13: Self calibration procedure used on the gain calibrator J1234+619.

The details of the self-calibration approach in Figure 3.13 are summarised by the following

steps:

1. A well-resolved calibrator source with a known flux of 17 mJy (measured in this work
and Chi et al., 2013, survey) was used as an starting model, Vmodel (by setting the
parameter smodel = 17 mJy in gaincal16) to find a gain matrix Jo, that minimises

Equation 3.10 by a least square method and then computes the corrected data usingf

16Gaincal is a task in CASA that determines temporal gains (time-dependent or frequency-independent
complex gains) from a calibrator source
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Equation 3.4 by applying the gain solution using the CASA task applycal. A so-
lution interval of 15 minutes is chosen for the initial phase-only self-calibration (using
the Gaincal parameters calmode=‘p’ and SOLINT=‘15mins’) because solution in-
tervals greater than 15 minutes did not improve the image as the true phase variations

are on significantly shorter time scales.

2. An improved model, V™odel is extracted from the corrected visibilities by making
CASA CLEAN image of the calibrator source.

3. The improved model from Step 2, V™dlel, is then used in another round of calibration

step and a new gain matrix, Ji-1, then compute the corrected visibilities.

4. Steps 2 and 3 is repeated by performing a phase-only calibration (by setting calmode=
and SOLINT= ‘5mins’) and then repeatedly decreasing the solution interval to 2 min,
1 min and finally to 30 sec in order to re-calibrate with the improved image as model.

The number of iterations was set to 100 (niter=100) to avoid artefacts in the model.
5. The procedure from Step 1 to Step 4 is then repeated for all 12 epochs.

6. After removing the instrumental phases, the improved visibilities are used to generate
an updated model using all the corrected visibilities of the calibrator source from
all epochs. The updated model was obtained by making a clean image of the gain

calibrators with the full datasets from all 12 epochs.

7. A new, improved model for each epoch is then made by using the updated model in

Step 6. This was achieved by making images from each epoch.

8. Step 1 to Step 4 is also repeated for each epoch using two cycles of a 10 min and 5

min solution intervals for the amplitude & phase solutions.

9. Finally, the derived phase calibrator gains from Steps 1 to 8 are then applied to the

target source datasets.

Images of the gain calibrator are shown below
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(a)

12h34ml 1.76s 11.75s 11.74s 11.73s

Right. Ascension (J2000)
(b)

Figure 3.14: Comparison of the initial and final step of self-calibrated images of the gain

calibrator.(a) Image of the initial step self-calibration of the gain calibrator, J1234+619

with peak flux of 9.48 mJy/beam and an rms of 83.63 "Jy/beam (b) Image of the final 5

minutes amplitude and phase self-calibration of the gain calibrator, J1234+619 with peak
flux of 17.64 mJy/beam and an RMS of 20.10 "Jy/beam.

As demonstrated in Figure 3.14, we see that the gain calibrator is a point source as it appears
resolved and there is also a significant improvement of the noise (see Table 3.2).

The statistics of the self-calibration cycles used on the gain calibrator source are shown in

Table 3.2.
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Table 3.2: Calibrator statistics during self-calibration.

Self-calibration statistics of the gain calibrator

Solution Interval  Free Parameter Integrated Hux Integrated Hux Pesk Hux Pesk Hux RMS

(min) (mdy) RMS (1J (mJy/beam) (NJy/beam)

5 phese 109 142 95 183.6

5 phese 187 175 173 1+34.6

2 phese 187 175 174 +34.4

1 phese 188 175 174 +34.3

05 phese 191 175 178 +34.4

10 amplitude” 187 +44 17.7 +19.3
prese

5 amplitude® 185 +46 17.7 +20.1
phese

Here, we see from Table 3.2, that there was an increase in flux density (column 5) and a
considerable decrease in the rms (column 6) as the solution intervals were decreased using
the phase-only gain solution. Secondly, the rms of the gain calibrator images decreased

further (~ 42%) after self-calibration with amplitude and phase as free parameters.

3.2.2.3 Imaging

The visibilities as mentioned in Section 1.2 are represented by Equation 1.25 and the van
Cittert-Zernike theorem (McCutchen, 1966; Carozzi & Woan, 2009), where Ib (I, m) =
A(l,m)I(l,m) is the modified sky brightness distribution.

These visibilities are measured at discrete points of the sky (u,v) and so we only sample a
percentage of the total visibility, thus the measured visibility consists of the total visibility

multiplied by a sampling function

V'(u,v) = S(u,v) J j Ib(l,m)e—2n(ul+vm) dldm , (3.112)

where S(u,v) is the sampling function.

This translates to a convolution in the Fourier domain where the true image is convolved
with the Fourier transform of the sampling function (also known as point spread function,
PSF17). This combination is generally called the dirty imaging. The dirty image is the

sensitive pattern obtained by Fourier transforming the points in the uv-plane. Hence, one

17Point spread function is defined as the response of an imaging system (array) to a point source.
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of the fundamental steps in radio astronomy imaging is deconvolution where we attempt to

separate the true image from the PSF. This is illustrated with Equations 3.12

ID(l,m) = V (u,v)S(u,v)el2n(ul+vm) dudv, (3.12a)
— 00 — 00

ld = | ® PSF, (3.12b)

PSF = S(u,v)ei2n(ul+vm) dudv, (3.12¢)

where 1D(l,m) is the dirty image, V' denotes noise-corrupted observed visibility data, ® is

the convolution operator and | is the true sky.

In this work, the implementation of the CLEAN algorithm in CASA (Hogbom, 1974) was
used for the deconvolution. CLEAN considers the sky intensity to consist of a collection
of point sources. Thus the dirty image can be represented by multiple scaled and centred

point spread functions. The principal steps in the CLEAN algorithm are summarised as:

1. The image and the response to a point source are computed by Fourier transforming

the visibility and the weighted transfer function in Equation 3.10.

2. The highest intensity point of the image is then located and the dirty beam multiplied
by the peak amplitude and the loop gain factor,7 is subtracted from the dirty image

at this location. We choose 7 =0.1 for this work.

3. The position and amplitude of the component removed in Step 2 are recorded by
inserting a deltaig function component into a model that would become the cleaned

image.

4. Next, return to Step 2 and repeat the process iteratively until the given iterative value
limits are reached. Dirty images (niter=0 and npercycle= 30) were made in order

to avoid artefacts in the model.

5. The delta functions in the cleaned model is now convolved with an idealised CLEAN-
beam response.The CLEAN beam is usually an elliptical Gaussian with a half-amplitude

width equal to the dirty beam.

18A delta function is defined as a function which is zero everywhere except at a single point, while at
that point it is infinite in such a way that its integral over the real line is equal to one and given as

f(a) = f (x)S(x - a) dx.
(a) —t-t()( )
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6. Finally, the residuals from Step 3 are then added to the CLEANed beam image which

is then the final output of the process.

There are variants of the CLEAN implementation but the basic algorithm is almost always
the same. The basic structure is presented in (Hogbom, 1974). In order to make images to
compare with the sources detected by Chi et al. (2013), we made 256x256 images centred
on the RA (Right Ascension) and DEC (Declination) positions of the detected sources using
the CASA imager. These images were made using pixel size of 0.5 mas. A summary of the
survey details by Chi et al. (2013) is presented in Appendix A. The results of the detected

sources from the CASA imaging is presented in Section 4.1.

3.2.2.4 WSCLEAN Wide-field Imaging

Wide-field (64k x 64k pixel) images were made using WSCLEAN (Cornwell & Fomalont,
1989hb; Offringa et al., 2014), which is a wide-field astronomical imaging tool for radio
interferometric data, written in C++ language. The 64k x 64k pixel images are of the
target field, while the 256 x 256 pixel images are of the calibrator. WSCLEAN stands
for ‘w-stacking clean’ which is an alternative to the w-projection algorithms (Cornwell et al.,
2008). The core principle of w-projection is to multiply the intensity distribution by a w-
dependence phase screen (Cornwell et al., 2008). In WSCLEAN, visibilities are read from
MS and they are output as images in FITS file format or optionally as CASA image files
(Offringa et al., 2014).

WSCLEAN imaging tool was chosen because it provides better processing/computing
speed for the wide-field imaging when compared to other imaging tools like CASA which

runs out of memory when used for the 64k x 64k pixel wide-field imaging.

A full derivation of the w-stacking method used in WSCLEAN can be found in (Offringa
et al., 2014; Cornwell & Fomalont, 1989b).

In this work, the default number of w-layers (nwlayers = 128) was chosen for the imaging.
The size of the image was chosen to be 64kx64k pixels (-size = 216), while the cell size
was chosen as 1.2 mas (-scale = ‘0.0012arcsec’). ‘Natural’ weighting was used and a dirty
map (-niter = 0) was made because most of the sources have sub-mJy flux densities and
their sidelobes would not affect detection of other sources. WSCLEAN default values were
used in addition to the above parameters. After successfully imaging the datasets, primary

beam gains are applied to correct for amplitude attenuation.
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3.2.2.5 Primary Beam Correction

The primary beam of an antenna is defined as the gain of the antenna as a function of its
direction. The primary beam is also the Fourier Transform (FT) of the aperture illumination
function. Typically, parabolic dishes have the maximum sensitivity at the pointing centre

and the sensitivity drops off radially.

Fundamentally, the field of view in a VLBI observation is limited only by the primary antenna
beams of the participating antennas (Keimpema et al., 2015). Primary beam attenuation
is negligible in standard VLBI observations, as typically only a small fraction of the FoV is
processed (Middelberg et al., 2011). The reason for the primary beam correction for this
work is because we image a significant fraction of the primary beam. The observation of
the survey of the GOODS-North field was performed within 80% of the primary beam of the
VLBA and this is well approximated by analytical functions such (Gaussians, Sinc, Airy Disk

models), which suffices for this thesis.

In this work, two analytic models for the primary beam corrections were considered, namely,
Gaussian and Airy Disk models. Using a Gaussian model to correct the primary beam was
implemented by Middelberg et al. (2013). This model was found to effectively model the
main lobe of the antenna’s power pattern response because it provided good approximation
and is conveniently described by a single parameter to represent its properties; which is the
full width at half maximum (FWHM; Middelberg et al. 2013). The Gaussian model, however,

deviated beyond the first null of the antenna power pattern.

In this work, we used the more accurate model, the Airy Disk (Harrison et al., 2012) which
is a Bessel function of order one and is also known as the Fraunhofer illumination pattern.

The Airy Disk is given by Equation

Lo I 2J1(j Dsin9) 2 313
@ =lox  ibsinog , (3.13)
where D isthe diameter of the dish, J1 isthe Bessel function of first order, A is the wavelength

of the observation and 9 is the angular distance of which the intensity is to be determined.

lo is set to unity since we are only interested in the deviations from the on-axis gain.

Figure 3.15 isthe beam attenuation as a function of radial distances from the pointing centre
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Figure 3.15: Plot showing a comparison of the Airy Disk model and the Gaussian. The

dashed line corresponds to the maximum angular distance of £9.6 arcmin (x0.16 degrees)

between the most farthest phase centre (PC204) and the antenna pointing centre and this

means that an image of PC204 will have the greatest primary beam attenuation of all the

phase centres. Thus the space within the dashed lines shows where most of the sources
were detected within the primary beam.

The primary beam correction strategy used in this work has been detailed in (Morgan et al.,
2011) and has also been implemented by Middelberg et al. (2013). An application of this
method is used to derive the primary beam gain and to correct for the attenuated flux density.

Figure 3.16 is a plot of peak brightness and the corrected flux of the eleven (11) detected
sources.
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Figure 3.16: A comparison of the apparent flux versus primary-beam corrected flux of
the 11 known sources detected in this work.

The table below (Table 3.3) is a comparison of the flux values and rms of the 11 known

detections before and after application of the primary beam corrections.

Table 3.3: Comparison of apparent flux and RMS before and after primary-beam correc-
tion of the Known detected sources in this survey.

PC
Number

049
055
085
097
110
111
156
160
164
182
183

1Angular distances were calculated using the source positions and the pointing centre of the VLBA.

Source Name

J123623+621642
J123716+621733
J123716+621512
J123652+621444
J123642+621331
J123646+621404
J123644+621133
J123721+621129
J123608+621035
J123700+620909
J123714+620823

2PB denotes Primary Beam

Peak Flux

Jy/beam)
129+13
60+12
5313
52+11
57+6
81+12
156+13
120+13
67+12
65+12
442427

Compare
Integrated  Angular
Flux Distancel

nJ (arcmin)
301+12 441
25512 4.16
114+13 2.67
60+11 0.54
626+12 1.67
188+11 1.02
227+12 2.97
270+12 4.11
12611 6.57
180+12 5.12
2065+28 6.31

Primary
Beam
Gain

0.90

0.911
0.963
0.998
0.985
0.994
0.954
0.913
0.790
0.867
0.805

PB2
Flux

~)

143+15
66+13
56114
52+11
57+9
82+12
163+13
132+15
84+15
74+14
549+33

Peak

PB Inte
grated Flux

(Ny/beam)
335+14
280+£13
119423
60+11
636+12
189+12
238+11
296+13
159+15
208+14
2565+34

After applying the primary beam correction to the visibilities we then go forward with source

extraction in the image domain.
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3.2.2.6 Source Extraction

Source extraction was performed using PyBDSM (Mohan & Rafferty, 2015) and the
purpose-built source finder. The python blob detection and source measurement (PyBDSM)
software is a tool designed to decompose radio interferometry images into sources and make
their properties available for further use (Mohan & Rafferty, 2015). The former is used to
extract source parameters in the 512x512 postage-stamp images of the known sources while
the latter is used to search for candidate sources in the 64kx64k wide-field images. Details

of the source finders are discussed in the next two sections.

3.2.2.6.1 Purpose-Built Wide-Field Source Finder

The numpy-based source finder was developed by Dr Roger Deane.

Initial implementation of source finding for the wide-field images (64kx64k) was attempted
using PyBDSM. It was concluded that the standard source finding packages were too
computationally expensive for 64kx64k images particularly, given the low source density of
the VLBI sky. Secondly, inclusion of ancillary multi-wavelength data is not possible in the
existing source finders. This led to the development of a new purpose-built source finder

written in python that included the multi-wavelength data.

For computing efficiency and calculation of the local rms, the 64kx64k images are sub-
divided into 64 sub-images, with 1.2 mas pixel size and image size of 1024x1024 (ie,
65536/64=1024) pixels. The source extraction strategy used in this work is illustrated

in Figure 3.17.
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Figure 3.17: The source extraction schematics used for the wield-field imaging. Each

small rectangular box represents a 1024x1024 pixel image. This was devised in order to

optimise the array size in the maximum pixel and standard deviation calculation of the
64kx64k pixel images, while incorporating local noise level.

The standard deviation of the sub-images are the local rms of the sub-images. The maximum
SNR is computed as flux density of the maximum pixel divided by the local rms flux density

ofthe 1024x1024 sub-image. The maximum SNR for one of the sub-images of the wide-field
is shown in Figure 3.18.

Figure 3.18: A 1024 x 1024 pixel map, where each pixel represents the maximum local

SNR from 64kx64k VLBI image of phase centre PC110. As can be seen in this image, the

small black dot in the above image has a higher likelihood to be classified as a real source
because it has a high SNR.
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The sub-images are then convolved with a 2-D Gaussian Kernel function (smoothingl9).
The Gaussian Kernel function were used as matched filters (Turin, 1960) to optimise the
SNR by lowering the PSF sidelobes, optimising edge detections and removing high spatial
components from the images. In this work, three iterative smoothing cycles were performed

to optimise the detection probability of extended sources.

The results of the smoothing as can be seen in Figure 3.19, demonstrates improved SNR

due to the applied smoothing iterations.

Figure 3.19: The image on the left is the original VLBI detected candidate while the
image on the right is an optimally smoothed imaged of the same VLBI detected candidate
showing an increase in SNR.

Next, multi-wavelength catalogues and the positions of sources from Chandra (X-ray; Weis-
skopf et al. 2000; Alexander et al. 2003; Brandt et al. 2001), Spitzer (NIR; Pilbratt et al.
2010; Elbaz et al. 2011; Ashby et al. 2015a) , 3D-HST (optical; Momcheva et al. 2013;
Davis 2006; Ashby et al. 2015b) and VLA 1.4 GHz (radio; Morrison et al. 2010b,a) data are

loaded in.

Counterparts to the VLBI candidate sources were searched using catalogue from Momcheva
et al. (2016), Alexander et al. (2003), Morrison et al. (2010b) and Ashby et al. (2015a) of the
GOODS-North field. The VLBI candidate sources of the GOODS-North extragalactic field
are then compared with the positions of the multi-wavelength catalogue. The catalogues are
then cross-matched to the GOODS-North data by calculating the angular distance of the
locations of the radio, optical, X-ray and NIR positions to ensure that the emissions originated
from the same astronomical objects. This is because of the depth of the available data and
the high astrometric accuracy of the VLBA observations. This means that a simple match in
coordinates will enhance the plausibility of a VLBI candidate source. A brief overview of these

multi-wavelength catalogues and surveys that were used to complement the VLBI results are

19The Gaussian smoothing is an approximation to model the PSF to the image pixels, to obtain a new
image with the probability that each pixel has the likelihood to be part of the object been searched for (Masias
et al., 2012).
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found in Appendix A. By using the catalogues from the surveys described in Appendix A,

the conditions under which a VLBI candidate source is considered as a candidate source are:

« VLBI SNR > 7a. This is because any peak brightness with SNR ~ 7a is more likely to
be a source rather than a noise spike, assuming its only real sources that could make

the distribution non-Gaussian (Rampadarath et al., 2015); and

e 55a N VLBI SNR< 7a and the VLBI position is within 0.5 arcsec of a multi-

wavelength source.

These two SNR threshold criteria stated above were chosen based on the large nhumber of
pixels per the 64kx64k images in this work because a threshold of 5a would correspond to
A729 false positive sources (see Figure 4.22). A small postage stamp (1024 x 1024) image

centred on the VLBI candidate source is then made.

The postage stamp around the image (as insert) produced from the maximum SNR (Figure

3.18) map is shown as Figure 3.20.

42.40s 42.20s 42.00s 12h36m41.80s
RA 02000)

Figure 3.20: Clear Detection: The centroid of the greyscale image is the centre of the

galaxy, whereas the contours around the source is a VLA detection position range. The

greyscale image is an HST F814W image of the GOODS-North field. The orange + symbol

in the greyscale image is the VLBI candidate source centroid, while the positions of the

X-ray, NIR and optical counterparts are indicated by red x, blue square, green + symbols
respectively.

Next, the closest known source in arcsec in the NIR, HST, X-ray and VLA catalogues re-
spectively are determined. Then an image clip is made out from the lower resolution (* 1.5

arcsec) VLA map of the GOODS-North. Finally, a multi-wavelength image is made, centred
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on the VLBI candidate source and a catalogue of the source is saved. Furthermore, infor-
mation about the source, such as the peak flux, photometric redshifts, angular distances
and SNR values are extracted from the source. Next, PyBDSM is conveniently run on the

postage stamp images to extract other needed source information.

3.2.2.6.2 Source extraction using PyBDSM

In order to extract the sources and basic statistics from the snapshot images (512 x 512
pixels) from CASA and the postage stamp images (1024 x 1024 pixels) from the wide-
field, we used the PyBDSM source finder. Source finding algorithms like those employed
in PyBDSM conventionally searches and groups pixels in an image that is considered to

belong to an astronomical object. The major steps involved are:

» background estimation and subtraction;
* source identification;
« source characterisation and measurement; and

 cataloguing.

Details of these mentioned steps above are found in (Mohan & Rafferty, 2015).

For the 512 x 512 pixel images, we choose a 7a threshold as the island peak and 5a as the
source detection threshold which is also the limit at which the flux is included in the source
fitting. The 7a threshold corresponds to a relatively small number (< 10- 6) of false positive
sources per the 512 x 512 images and so sources detected at these thresholds are real rather
than spurious. Similarly, athreshold of 5a and 3a were respectively chosen as island peak and
detection thresholds for the 1024 x 1024 pixel images from the wide-field imaging. We chose
a source list (catalog_type= ‘sH’) which is formed by grouping Gaussians as the output
catalog type because we want to compare the total source flux densities of the VLBI candidate
sources from the wide-field snap shot images with other catalogues (Mohan & Rafferty,
2015). The uncertainties on the fitted parameters are computed following derivations from

Condon (1997).

The figure made by the PyBDSM task process_image for an interactive extraction of a

source from an image is shown in Figure 3.21.
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Figure 3.21: A snapshot of the interactive source extraction by PyBDSM, showing

the original image with and without sources, the model image, background rms and mean

images and the residual (original minus model) image. Boundaries of the island of the

emission found by PyBDSM are indicated by light blue colour, while the fitted Gaussian
for the island is shown as a purple ellipse.

The results of the calibration as well as the candidate sources detected from the CASA and

WSCLEAN imaging are presented in Chapter Four.



Chapter 4

RESULTS AND DISCUSSIONS

This chapter focuses on the investigation of the known VLBI sources from Chi et al. (2013)
and then comparing their positions and flux densities to this work. In the second part of this
chapter, the results of the new candidate sources from this wide-field survey are presented,

having processed 12 out of the total 205 sub-fields in the full survey.

4.1 Known VLBI Candidate Sources

In this section, the wide-field data was used to images of the known sources, by making
on-the-fly phase rotated small (512x512 pixel) images. The known sources hereafter refers
to the 12 detected sources by Chi et al. (2013). A comparison is then made between these
known sources from the survey of the HDFN and HFF which has been described in Section
3.2.2.3 with the wide-field VLBI detections as a method of validation. The validation was
carried out by making images centred on the positions of the known sources. The source
finder Pybdsm was then used to fit single Gaussians of the sources in this work in order
to compare with the Chi et al. (2013) values. For this purpose, the peak and integrated
flux densities were primary-beam-corrected based on the angular distance between each
source and the antenna pointing centre, assuming a Bessel function model as described in
Middelberg et al. (2013) (see Section 3.2.2.5). There was no detection in the sub-field
PCO081. It is important to note that the source J123642+621545 (or PCO081 in this work)

detected by Chi et al. 2013 was classified as an ‘unclear identification’.

The positions of the known sources in the GOODS-North field which were imaged in order

to perform initial tests of the calibration pipeline are shown in Figure 4.1.
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Figure 4.1: Plot of the HST coverage of the GOODS-North field and the positions of the

Chi et al. (2013) detections: The colourscale image is a mosaic made from the HST F105W

filter images from the GOODS-North field. The orange + symbol is the VLBI candidate

source centroid within the phase centre (the red square symbols). The red squares are

72x72 arcsec in extent of the 64kx64k images, each with a pixel size of 1.1 mas. The big

dashed circle is the VLBA 80% antenna gain while the red x symbol in the centre of the
image is the antenna pointing centre. Image credit: Roger Deane.

The eleven detections from the pipeline using the CASA imaging task CLEAN are shown
as Figure 4.2.
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Figure 4.2: Automated pipeline images of the GOODS-North field made with the VLBA

at 1.6 GHz- The central image is a repeat of Figure 4.1. The inserted greyscale 512x512

pixel images are the known detected sources in the validation step which were made with
CASA CLEAN using the source positions of the survey by Chi et al. (2013).

As can be seen from Figure 4.2, many of the sources appear resolved and all lie well within
the primary beam of the VLBA, but a future application of multi-source self-calibration
(MSSC; Radcliffe et al., 2016) may lead to improved phase calibration and more compact

appearance of the sources.

A comparison of the flux values obtained by Chi et al. (2013) and the survey of the GOODS-
North field in this work are presented in Table 4.1. As can be seen from Table 4.1 and Figure
4.5, the flux densities of four (4) sources are consistent within uncertainties, four (4) are
above with > 1a significance and three (3) sources are lower with > la significance. The

flux values presented here are primary beam corrected.



Chapter 4. Results And Discussions

Table 4.1: Comparison of flux values from previous surveys of the HDF.

PCN  Nane

049 J123623+621642
06 J123716+621733
08l  J123642+621545
086  J123716+621512
097  J123652+621444
110  J123642+621331
111 J123646+621404
1% J123644+621133
1600 J123721+621129
164 J123608+621035
182 J123700+620909
183 J123714+620823

RA

12:36:23.5436
12:37:16.6811
12:36:42.2123
12:37:16.3740
12:36:52.8839
12:36:42.0908
12:36:46.3321
12:36:44.3870
12:37:21.2539
12:36:08.1195
12:37:00.2480
12:37:14.9414

Conpare
Dec

62:16:42.7%4
62:17:33.327
62:15:45.521
62:15:12.343
62:14:44.076
62:13:31.425
62:14:04.693
62:11:33.145
62:11:20.954
62:10:35.898
62:09:09.778
62:08:23.208

1 Sviba is flux density of the sources in this work.

1918
1146
0857
0561
0321
4424
0.961
1050
156

0681
1.68

0847

SLA S/v srt
& %
36 302
150 88
187 166
163 237
467 439
10 187
120 1190
33 K311
27 190
4 236
130 183

S:hi

o

177425
343+101
110+25
83+13
227+26
24714
30927
254151
140+30
147+34
645+80

91

S/Ibal

+14
280+13

119+13
60+11
636+12
189+11
238+13
296+14
159415
208+14
2565+34

The differences in flux values of the sources previously detected by Chi et al. (2013) and

those in this work might be attributed to the fact that many compact sources are variable

(most AGNs are variable at all wavelengths at which they have been observed as stated by

Strotjohann et al. 2016).

In Figure 4.3, the source position comparison between Chi et al. (2013) and this work is

presented.

Figure 4.3: RA and DEC offsets between the known Chi et al. (2013) detections and this
work. The positional uncertainties associated with the VLBA 1.6 GHz candidate sources
are 1-<r error on the peak flux density of the candidate sources in yUJly beam-1. There were,
however, no RA and DEC uncertainties associated with Chi et al. (2013) detections and so
were calculated using Equation 4.1. The blue ellipse is a centred PSF of the VLBA which
puts the offset in context. The RA and DEC offsets are within 30 mas. Reconciliation of
the position offsets including VLBI synthetic data simulations is a topic of future work.
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The RA and DEC uncertainties for the sources detected by Chi et al. (2013) were calculated

using:
(0.5 x (b/c))

FWHM (4.1)
where b are the integrated flux densities of the detected sources, while ¢ are the 1-a error
on the integrated flux density of the candidate sources in sub-mJy/beam and FWHM is

full width at half maximum in arcsec.

noindent The positional offsets between that of Chi et al. (2013) and this work on the
GOODS-North is shown in Figure 4.4.
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Figure 4.4: Positional offset between this work (VLBA observations at 1.6 GHz) and those of Chi et al. (2013) detections. The vectors show the magnitude of

the positional offsets of the eleven detections. The orange + symbols indicate the source positions of Chi et al. (2013). The alphanumeric numbers represents

the phase centres where the sources were detected. The colourscale image is a deep HST F814W image of the GOODS-North field. The scale bar represent
the angular scale of the vectors and not that of the background.
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These position offsets may be due to either calibration errors which are independent of the
sources flux density (Condon, 1997) or they may be noise-like errors which are largely caused
by low SNR of the source detections as discussed by Condon (1997); Condon et al. (1998)

and will have to be systematically explored in future work.

Figure 4.5 shows a log-log scale plot of the integrated flux densities for the eleven known
candidate sources detected in this work and that of Chi et al. (2013). The solid line is a

one-to-one relation and not a straight line fit to the data points.

Figure 4.5: Flux density comparison between this work (VLBA observation at 1.6 GHz)

and those obtained by Chi et al. (2013). The solid magenta line is a one-to-one plot of

the flux densities while the red arrow is the 5a upper limit of the 'missing' or undetected

source (J123642+621545) in this work. Note that although the centre frequencies of the

two observations differ by 200 MHz, a direct comparison was made rather than assuming

a spectral index to compare them at a common frequency. This in effect assumes a flat
spectrum for all sources.

There is a reasonable agreement in the flux densities and source positions given the ~ 10-
year time baseline between the two surveys and the differing Fourier coverage of the VLBA

and the EVN, as well as possible intrinsic source variability.
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Since the results of the VLBA-detected known sources were in reasonable agreement with
previous surveys, this then gave us the confidence to carry out wide-field imaging to search
for previously unknown sources. In the next Section, the results of these candidate sources

from the wide-field imaging techniques used are presented.

4.2 New VLBI Candidate Sources

Images of the 12 phase centres (as seen in Figure 2.1 and 4.1) we made and then run the
purpose-built source finder through these images for new candidate sources which includes
multi-wavelength positions. Even though there was no source detection in the subfield
PC081 in this method of validation in this work, we still made wide-field images of the
PC081 subfield. The candidate sources here are selected using the criteria described in
3.2.2.6.1. Emphasis is placed on the fact that the sources presented here also includes the

eleven known sources shown in Figure 4.1.

All the 44 candidate sources have luminosity values above the 5a sensitivity limit and hence
are considered detections, but of course, other astrophysical processes need to be determined
alongside other statistic considerations such as Likelihood ratio test (LR1; Sutherland &

Saunders 1992; McAlpine et al. 2012, 2013).

The VLBA candidate source positions, flux densities, redshifts, angular distances and SNR
of all the 44 candidate sources from the wide-field imaging using WSCLEAN are shown in

Table 4.2.

IThe likelihood ratio, LR, is the ratio of the probability that a given source and counterpart are related
to the probability that they are unrelated (Sutherland & Saunders, 1992; McAlpine et al., 2012).



PCN Source Name RA DEC Siecr: ¢ | Liscuz b | z Lig® SNR o€ Ts /
(uJy/beam) (udy) (W Hz™h) (arcsec) K

049 VLBA J123625+621701 | 12:36:25.894 | +62:17:01.720 66+£15 186+20 | 1.05 | 9.42e+423 | 5.67 0.36 3.13E4-06
049 VLBA J123625+621717 | 12:36:25.000 | +62:17:17.300 69+10 594411 | 1.51 | 4.49e+424 5.6 0.42 3.97E4-06
049 VLBA J123623+621642 | 12:36:23.554 | +62:16:42.750 116+12 1071413 0.0 11.16 0.11 2.64E4-06
049 VLBA J123620+621701 | 12:36:20.882 | +62:17:01.680 78+£17 276421 | 1.73 | 2.19e4+24 | 5.96 0.29 4.90E+4-06
055 VLBA J123716+621733 | 12:37:16.684 | +62:17:33.320 57+9 626+10 | 1.15 | 3.59%+24 | 6.73 0.08 2.83E4-06
055 VLBA J123715+4621647 | 12:37:15.228 | +62:16:47.070 66+13 147418 | 0.61 | 2.62e+23 | 5.72 0.26 2.45E4-06
055 VLBA J123714+621648 | 12:37:14.793 | +62:16:48.480 63+11 205+14 | 051 | 2.48e+23 | 5.61 0.4 2.18E4-06
055 VLBA J123712+4621649 | 12:37:12.019 | +62:16:49.170 67+12 239415 | 1.21 | 1.47e+24 6.04 0.15 3.41E4-06
055 VLBA J123710+621646 | 12:37:10.049 | +62:16:46.680 67+12 225416 | 0.09 | 5.68e+21 | 5.52 0.33 1.67E+06
055 VLBA J123709+621641 | 12:37:09.235 | +62:16:41.610 103+21 491425 | 1.69 | 3.87e4+24 | 5.68 0.01 6.31E4-06
085 VLBA J123716+621545 | 12:37:16.207 | +62:15:45.450 63+12 197416 | 1.22 | 1.22e+24 5.6 0.28 3.22E4-06
085 VLBA J123709+621524 | 12:37:09.941 | +62:15:24.040 23+4 1481427 0.0 5.62 0.44 5.35E4-05
097 VLBA J123657+621415 | 12:36:57.417 | +62:14:15.500 39+3 902+4 | 2.89 | 3.57e+24 | b.53 0.25 3.47E4-06
097 VLBA J123651+621459 | 12:36:51.317 | +62:14:59.490 567 488+8 | 4.46 1.8e+23 5.55 0.02 7.04E4-06
097 VLBA J123648+621416 | 12:36:48.825 | +62:14:16.210 66+t14 289417 | 0.65 | 5.86e+23 | 5.75 0.46 2.49E4-06
097 VLBA J123648+621436 | 12:36:48.275 | +62:14:36.330 7617 190+23 | 1.95 | 1.47e+24 | 5.59 0.09 5.15E4-06
110 VLBA J123642+621331 | 12:36:42.102 | +62:13:31.410 40+4 846+4 | 442 | 3.35e+423 7.22 0.1 5.01E4-06
111 VLBA J123650+621357 | 12:36:50.829 | +62:13:57.440 42+6 43747 0.8 | 1.38e+24 | 5.77 0.34 1.73E+06
111 VLBA J123646+621404 | 12:36:46.338 | +62:14:04.670 6616 597+7 | 0.96 | 2.61le+24 | 8.65 0.06 2.96E4-06
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111 VLBA J123645+621409 | 12:36:45.440 | +62:14:09.910 5848 339+10 | 0.73 | 8.77e+23 55 0.24 2.32E4-06
156 VLBA J123646+621055 | 12:36:46.484 | +62:10:55.060 4616 384+6 | 1.46 | 2.84e+24 | 5.63 0.29 2.61E406
156 VLBA J123644+621047 | 12:36:44.567 | +62:10:47.080 5447 65448 1.4 | 4.68e4+24 | 5.55 0.46 3.00E+-06
156 VLBA J123644+621133 | 12:36:44.393 | +62:11:33.160 145+10 1094+11 | 1.01 | 5.21e424 | 18.08 0.03 6.66E+4-06
156 VLBA J123644+621136 | 12:36:44.320 | +62:11:36.220 477 339+8 | 1.74 | 2.69e+24 | 5.63 0.18 2.97E4-06
160 VLBA J123721+621105 | 12:37:21.497 | +62:11:05.110 69£13 184418 | 1.7 | 1.46e+424 | 5.52 0.04 4.31E+06
160 VLBA J1237214-621129 | 12:37:21.261 | 4+62:11:29.960 103+7 993+7 | 1.87 | 7.8e+24 | 11.61 0.08 6.74E4+06
160 VLBA J123717+621109 | 12:37:17.106 | +62:11:09.970 65+14 147+£20 | 1.19 | 8.85e+23 | 5.59 0.33 3.27E4-06
160 VLBA J123715+621057 | 12:37:15.629 | +62:10:57.400 67£15 203+19 | 0.86 | 7.36e4+23 | 5.65 0.25 2.86E+4-06
160 VLBA J1237144-621149 | 12:37:14.986 | +62:11:49.140 80£13 553+15 | 0.86 | 1.98e+24 | 5.79 0.35 3.42E4-06
164 VLBA J123608+621035 | 12:36:08.111 | +62:10:35.900 61£9 605+10 | 0.68 | 1.36e+24 | 5.94 0.11 2.34E4-06
164 VLBA J123607+621007 | 12:36:07.450 | +62:10:07.770 4143 759+3 | 0.64 | 1.49e+24 | 5.68 0.26 1.54E4-06
164 VLBA J123606+621017 | 12:36:06.136 | +62:10:17.030 55411 470£12 | 1.12 | 2.61e+24 | 5.73 0.45 2.68E4-06
182 VLBA J123702+620905 | 12:37:02.966 | +62:09:05.560 58+10 519+£12 | 1.74 | 4.11e+24 | 5.78 0.31 3.67E+4-06
182 VLBA J123701+620950 | 12:37:01.591 | +62:09:50.320 5247 629+7 | 1.02 | 3.02e+24 | 6.08 0.4 2.41E4-06
182 VLBA J123700+620909 | 12:37:00.248 | +62:09:09.780 5448 603+9 | 1.61 | 4.71e4+24 | 6.29 0.1 3.22E4-06
182 VLBA J123659+620918 | 12:36:59.828 | +62:09:18.810 4547 52517 0.2 7.6e+4-22 5.74 0.31 1.24E4-06
182 VLBA J123658+621007 | 12:36:58.723 | +62:10:07.090 86£16 290+20 | 1.4 | 2.08e+24 | 554 0.38 4.75E4-06
182 VLBA J123658+620926 | 12:36:58.128 | +62:09:26.910 72£15 192421 | 1.93 | 1.5e+424 5.63 0.42 4.80E4-06
182 VLBA J123656+620929 | 12:36:56.959 | +62:09:29.860 78£17 302+21 | 1.67 | 2.38e+24 | 557 0.18 4.78E4-06
183 VLBA J1237134-620922 | 12:37:13.413 | 4+62:09:22.930 4948 4168 | 143 | 3.04e+24 | 5.76 0.45 2.74E4-06
183 VLBA J123712+4620946 | 12:37:12.085 | +62:09:46.240 58+10 401+£11 | 511 | 4.12e+22 | 5.99 0.18 8.16E+4-06
183 VLBA J123711+4620918 | 12:37:11.285 | +62:09:18.120 70£14 27017 | 1.24 | 1.72e+24 | 554 0.19 3.62E4-06
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183 VLBA J123710+620935 12:37:10.798 +62:09:35.240 23+5

183 VLBA J123708+620925 12:37:08.310 +62:09:25.630 89+15

1891+43
403+18

1.42

Table 4.2: VLBI Detections in the eleven sub-fields

aPCN is phase centre number or field number.

bS16GHz is the primary beam corrected peak flux of the sources. The uncer-
tainties associated with the fitted Gaussians in PyBDSM are computed using
1-a error on the peak flux density of the candidate sources in *Jy beam-1.

cl L6ghz is the primary beam corrected integrated flux of the candidate sources.
Uncertainties quoted here are directly from the images on which Gaussian
smoothing has been performed. The uncertainties associated with the inte-
grated flux densities are determined by calculating 1-a error on the total flux
density of the candidate sources in ~Jy. Thus for a source composed of n-
Gaussians with uncertainties in flux densities of S1,52,S3, ..., $h, the uncertainty
in the integrated flux Sint is given by Sint = V£1 + &+ £ + ... + bn.

dL 16 is the continuum Luminosity calculated using Equation 1.4. We assumed
a 3D-HST redshift of z, and a flat A cold dark matter (ACDM) with cosmolog-
ical parameters; Hubble constant at z=0 of HO = 70 km- 1s- 1tMpc-1, Omega
matter of = 0.3

eAngular separation (0) is the distance between the detected source positions
and the nearest multi-wavelength candidate source.

fTb is peak brightness temperature estimated using Equation 1.8.

1.37e+25

5.66
5.52

0.26
0.32

1.28E+06
2.05E+06
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All the known sources detected in the eleven (11) phase centres are presented in Figure 4.6a
through to Figure 4.16e. The source positions of the 3D-HST sources are indicated with
green + symbols, those of the X-ray positions are denoted with red x symbols. The contours
plotted indicate the total radio intensity of 0.05 mJy/beam, 0.1 mJy/beam, 0.2 mJy/beam,
0.4 mJy/beam, 8.0 mJy/beam, 1.6 mJy/beam of the GOODS-North 1.4 GHz VLA map
while that of the NIR are represented by a square blue box symbols in the greyscale images
below. A brief description of the multi-wavelength catalogue from which the data shown in

the VLBI candidate images were taken from is given in Appendix A.

The candidate sources are shown as the inserted zoomed-in images on the bottom right
corner of each image (e.g., Figure 4.6a). The candidate sources are presented in Section

4.2.1 through to Section 4.2.11.

4.2.1 VLBI Candidate Sources in Phase Centre PC049

(a) VLBA J123623+621642 (b) VLBA J123620+621701

(c) VLBA J123625+621701 (d) VLBA J123625+621717

Figure 4.6: Candidate sources in the subfield PC049.

4.2.2 VLBI Candidate Sources in Phase Centre PC055
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(a) VLBA J123716+621733 (b) VLBA J123709+621641
(c) VLBA J123712+621649 (d) VLBA J123715+621647
(e) VLBA J123710+621646 (f) VLBA J123714+621648

Figure 4.7: Candidate sources in the subfield PC055.

4.2.3 VLBI Candidate Sources in Phase Centre PC085

100
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RA (12000) RA 02000)

(a) VLBA J123716+621545 (b) VLBA J123709+621524

Figure 4.8: Candidate sources in the subfield PCO085.

4.2.4 VLBI Candidate Sources in Phase Centre PC097

(a) VLBA J123651+621459 (b) VLBA J123648+621436

(c) VLBA J123657+621415 (d) VLBA J123648+621416

Figure 4.9: Candidate sources in phase centre PC097

4.2.5 VLBI Candidate Sources in Phase Centre PC110

101
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Figure 4.10: Candidate sources in the subfield PC110.

4.2.6 VLBI Candidate Sources in Phase Centre PC111

(a) VLBA J123646+621404 (b) VLBA J123645+621409

(¢) VLBA J123650+621357

Figure 4.11: Candidate sources in subfield PC111.
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4.2.7 VLBI Candidate Sources in Phase Centre PC156

(a) VLBA J123644+621133 (b) VLBA J123646+621055

(c) VLBA J123644+621136

(d) VLBA J123644+621047

Figure 4.12: Candidate sources in phase centre PC156.
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4.2.8 VLBI Candidate Sources in Phase Centre PC160

(a) VLBA J123721+621129 (b) VLBA J123721+621105

(c) VLBA J123717+621109 (d) VLBA J123714+621149

(e) VLBA J123715+621057

Figure 4.13: Candidate sources in the subfield PC160.

4.2.9 VLBI Candidate Sources in Phase Centre PC164

104
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(a) VLBA J123608+621035 (b) VLBA J123607+621007

(c) VLBA J123606+621017

Figure 4.14: Candidate sources in the subfield PC164

4.2.10 VLBI Candidate Sources in Phase Centre PC182
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(a) VLBA J123700+620909 (b) VLBA J123659+620918
(c) VLBA J123702+620905 (d) VLBA J123658+621007
(e) VLBA J123701+620950 (f) VLBA J123658+620926

(g) VLBA J123656+620929

Figure 4.15: Candidate sources in the subfield PC182.
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4.2.11 VLBI Candidate Sources in Phase Centre PC183

(a) VLBA J123711+620918 (b) VLBA J123710+620935

(c) VLBA J123708+620925 (d) VLBA J123712+620946

(e) VLBA J123713+620922

Figure 4.16: Candidate sources in the subfield PC183.
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In total there are 44 candidate sources in the 12 processed sub-fields, each with a sky area of
~70.4 arcsec2. The flux density uncertainty of the candidate sources is ~3 - 43 "Jy/beam.
The rms uncertainties of the flux densities are fitted rather than local. This is because three
iterations of smoothing were carried out on the images before carrying out source extraction

and so this might have an effect on the rms values.

A summary of the cross-matched multi-wavelength sources from the wide-field imaging is
given as Figure 4.17. The summary results assume all sources are real, which is unlikely
to be true, caution is thus raised in over-interpreting the veracity of all these candidate
sources. In Section 4.3, further discussion on some of the statistical considerations that
need to be understood will be mentioned. The goal here is simply to perform initial tests of

this wide-field imaging technique and the purpose-built source finder.

A summary of the candidate sources in shown in Figure 4.17.

Figure 4.17: Summary of the candidate sources: ZN is the number of candidate sources
with both optical counterparts and NIR counterparts; ZXNR represents the number of
candidate sources which has optical counterparts, X-ray counterparts, NIR counterparts
and VLA counterparts; ZNR are VLBI candidate sources with photometric redshifts and
has NIR and Radio counterparts; NR represents the number of candidate sources with only
NIR and radio counterparts , ZXR are the candidate sources with optical counterpartss,
X-ray and VLA radio counterparts and Z represents the number of candidate sources with
only optical counterparts.

Classification of these candidate sources are beyond the scope of this thesis. As stated earlier,
11 out of the 44 candidate sources have been detected in previous VLBI surveys (i.e., Chi
et al. 2013) while the rest of the 33 sources are new candidate sources detected in this work.
The 6 VLBI candidate sources labelled ZXNR (Figures 4.7a, 4.10, 4.11a, 4.12a, 4.13a and
4.14a), NR (Figure 4.6a), two of ZN (Figures 4.16c, 4.8a), one of ZNR (Figure 4.15a) and
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one of Z (Figure 4.9b) in Figure 4.17 are all previously known detections from corresponding

positions of the multi-wavelength counterpart of every source.

In Figure 4.18 we present the VLBI SNR as a function of angular separation from the

corresponding position of the multi-wavelength counterpart of every source.

Figure 4.18: A plot of VLBI SNR and angular separation of all the 44 VLBI candidate

sources from the eleven phase centres (sub-fields). The angular separation is the angular

distance between the candidate source positions and their nearest multi-wavelength coun-

terpart. Given the cross-matching area increasing as the square of angular separation, if

these candidate detections were all spurious, one would expect a dramatic increase in the

total number towards angular separations of 0.5 arcsec, which is not observed (see Figure
4.19).

Thirty-nine (39) of the candidate sources have a SNR between 5.5~ SNR < 7, whereas 5
of the candidate sources were detected at a SNR * 7 with corresponding angular separation

of A 0.11 arcsec.

The likelihood that theses VLBI candidate sources are spurious would be seen if most were
detected towards the angular separation of 0.5 arcsec. Five sources were detected at angular

separation of 0.26 arcsec as seen in Figure 4.19:
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Angular Separation (arcsec)

Figure 4.19: Histogram of the angular separation of the VLBI candidate sources from
their multi-wavelength counterparts.

In Figure 4.20, plot of the luminosity of the candidate sources as function of redshift is

presented.

Figure 4.20: A plot of radio luminosity against redshift. The radio luminosity values are
calculated by inserting the flux density, redshift and an assumed spectral index ofa = -0.7
into Equation 1.4. The luminosity sensitivity limit was calculated using a 5a detection limit.

The strong correlation between radio luminosity and morphology type of radio galaxies is
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essential for observational cosmology as stated by (Fanaroff & Riley, 1974). Secondly, be-
cause of the redshift-luminosity correlation, any effect directly related to redshift could also
be regarded as a luminosity-dependent effect and vice-versa (Baum et al., 1995). The lu-
minosity values in this survey can, thus, be used to estimate the type of morphologies (eg.,
star forming galaxies, AGN, supernovae) of the VLBI candidate sources. An inspection of
Figure 4.20 reveals that all the VLBI candidate sources are above the luminosity sensitivity

limit of the VLBA in this survey.

The linear relationship between the star formation rate (SFR) and luminosity is presented

as:

Figure 4.21: A plot of linear relationship between the radio luminosity of the VLBI
candidate sources and the SFR.

Here, it is incorrectly assumed that most of the candidate sources are AGN and there is a
direct relationship between the local radio luminosities derived and the SFR (Condon, 1992;

Bell, 2003). In Figure 4.21, it has been shown that there is a linear relationship between
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luminosity and star formation as theoretically expected (Bell, 2003). The reason for the

assumption is to bolster the assertion that most of these candidate sources are indeed AGN.

The investigation of the relationship between the 1.6 GHz luminosity and the SFR rate over
a broad luminosity and redshift range from this work can be used for future exploitation
of surveys from the SKA and its precursors to measure the cosmic star formation history
and to provide reliable predictions for future deep radio surveys (Bonato et al., 2017). The
preceding assertion is only true after classification of the sources and therefore by studying

only the relation on star-formating galaxies.

From the literature, it has been demonstrated that a VLBI detection with brightness temper-
ature exceeding 10s K is interpreted as being a strong indicator of non-thermal synchrotron
emissions, and this can unambiguously be used as an AGN indicator, as stated by Condon
(1992); Kewley et al. (2000); Cao et al. (2014). The brightness temperature (see Table 4.2)
of a large sample of the candidate sources in this work are > 106 K and so are likely to be
considered as AGN. This assertion is only true after classification of these candidate sources.
Hence, astrophysical parameters such as optical depth, morphology and spectral index would

be considered for the classification.

Next, a brief description of the statistical analysis that would be performed on the detected

sources is given.

4.3 Statistical Considerations

Each 64kx64k pixel map has atotal of 4.3 Giga pixels, and so the typically used 5a threshold

is not good enough as this will produce ~ 1231 false positive using the relation

FP =5i1- erf(72)) » 4 2)

where erf is the error function, FP is the calculated number of false positive (FP) sources

and x is an observation from normally distributed random variable.

Without the additional multi-wavelength criteria, about 13,541 false detections for all the
eleven 64kx64k images would have been detected by the purpose-built source finder. In
view of this, false positive rate based on NIR, X-ray, and source density of the candidate
sources would be calculated and added to the purpose-built source finder. The calculated
source densities for the Spitzer, X-ray, HST-3D and the VLA sources per sg. arcmin are

respectively 73.1, 1.8, 214.0 and 1.9.
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Figure 4.22: Number of false positives as a function of detection threshold without

the multi-wavelength criteria. Sources with threshold <5.5a were not considered as the

maximum number of false positives that would be produced are >105 considering the

number of pixels per the 64kx64k image. Using a threshold between 5.5a and 7a would

result in a maximum of ~82 false positives without the multi-wavelength criteria. This, of
course, is under the assumption of pure Gaussian noise.

Figure 4.22 shows that the number of false positives decreases as the detection threshold
(SNR) increases. Given the relatively small number of false positive (0.01) sources per the
64kx64k pixel image at a threshold of 7a, all detections with SNR ~ 7 are considered real,
since this SNR is high enough to neglect the false positive rate and therefore additional
multi-wavelength criteria were not considered for such sources. The 5.5a and 7a thresholds

clearly need to be optimise, but this is the subject of future works.

The number of false positive sources at thresholds of less than 5a are too high (729.82),
whereas for threshold of 7a is almost null (0.001) but some real detections would be missed.
Hence, only sources with threshold of 5.5 (82 false positives) and 7 were considered, together
with a multi-wavelength criterion to constrain and lower the number of false positives. The
added criteria of course does not mean the 33 candidates are true sources. Detailed statisti-
cal considerations will thus be carried out to investigate the number of false positives in this
sample space. These considerations will, however, be dealt with in their entirety in future

work.
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CONCLUSIONS AND FUTURE
WORK

5.1 Summary

This thesis presents a data post-processing pipeline of a deep (10 "Jy/beam) and wide
(160 arcmin2) VLBA survey of the CANDELS GOODS-North field. The full GOODS-North
field was surveyed using the multi-phase centre technique (205 phase centres), achieving

guasi-uniform sensitivity at mas resolution over this well-studied multi-wavelength field.

The wide-field VLBA pipeline is split into components, first part is written in POPS to
perform initial calibration in AIPS, while the remainder of the pipeline was performed in
MS format using several software that have previously not been used for VLBI (particularly
flagging using AO Flagger and wide-field imaging using WSCLEAN) as this significantly
improves computational performance. This, therefore, demonstrates the pipeline’s ability to
automatically reduce a dual polarisation VLBA continuum dataset with minimal human
intervention. The importance of this pipeline isto perform these major tasks with speed and

repeatability given the wide-field application.

Twelve (12) out of the 205 phase centres, which were chosen because they contained known
sources have been processed. A total of 44 sub-mJy radio sources which includes eleven
known sources and 33 candidate sources in a 24-hour observing time at 1.6 GHz have been
reported. The positions and flux densities of the known sources are consistent with published
values from Chi et al. (2013), despite the fact that these sources are relatively far away from

their respective phase centres.

The candidate sources, if real, are likely AGN given the brightness temperature sensitivity

limits of the survey. Moreover, the calculated radio luminosities of the candidate sources
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exceeding L 16ghz > 2 x 1021 WHz 1 would support AGN origins if they are verified as real
detections (Kewley et al., 2000; Middelberg et al., 2010, 2011).

Nine out of the eleven of the known sources were found at centres of galaxies and this
presupposes they are highly likely to be AGNs. It is highly likely the astronomical source
(J123642+621545) which was detected by Chi et al. (2013) and Morrison et al. (2010b)
but which was undetected in this work is either fully or marginally resolved at this wide-field
VLBI resolution or the source is time-variable. This is because the elapsed time of the survey
by Chi et al. (2013) and this VLBA observations of the GOODS-North field is significant,
given that this survey was carried out almost a decade after that of Chi et al. (2013) and
Morrison et al. (2010b). Moreover, the missing source, J123642+621545 was also missed
by Radcliffe et al. (2018) and had been found to have an e-MERLIN integrated flux density
of 60 A Jy and an integrated flux density value of 343 * Jy by Chi et al. (2013) at the same

period of observation confirming its variability.

Finally, by using these new tools for the analysis of massive VLBI data on wide-field surveys,

these preliminary results suggest discovery spaces may be opening up.

5.2 Remainder Of The Survey

Future work involves conducting a detailed statistical analysis of the candidate sources and
processing the rest of the field. The calibration could be improved by performing multi-source
self-calibration (MSSC). This will be achieved by using the positions of the known detections
to uv-stack and self-calibrate further (Radcliffe et al., 2016), where the multiple target
sources that are detected (the known sources) in this field via the standard phase referencing
mode are modified so that each data set approximates to a point source (Middelberg et al.,
2013; Radcliffe et al., 2016) because this method is highly likely to improve the SNR of the
snapshot images (1024 x 1024 images). The technique of MSSC may significantly increase

the number of these candidate sources in this survey (Radcliffe et al., 2016).

Likelihood ratio (LR) test (Sutherland & Saunders, 1992; McAlpine et al., 2012) which
combines information about the brightness distribution of the higher resolution data (VLBI)
and positional errors in both the radio source catalogues (VLBI candidate sources) and the
multi-wavelength data set (e.g., NIR, X-ray) to would be used to determine the most likely

counterparts (McAlpine et al., 2012).

Young sources often have inverted flux densities. That isto say that the higher the frequency,
the higher the flux density of the sources. This means sources that might have been missed by
the VLBA 1.6 GHz survey have a higher probability of being detected at higher frequencies.
This is because there is less RFl at a 5 GHz VLBI survey compared to a VLBI survey at 1.6

GHz and there are also higher identification rates than lower frequencies. Secondly, since the
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impact of the ionosphere is inversely proportional to frequency (Middelberg & Bach, 2008),
a VLBI survey at 5 GHz will be less affected by the ionosphere. Moreover, re-observing the
CANDELS GOODS-North field will allow better estimation of false positive ratio and missed
candidate source ratio at different levels of detection significance (Deller & Middelberg,
2014). With this in mind, a 5 GHz survey of the CANDELS GOODS-North is proposed to

be carried out in the future.

5.3 Conclusion

The GOODS-North field was previously surveyed by (Chi et al., 2013) using conventional
wide-field VLBI observational method and detected 12 radio sources. This pilot project
involved observing the same GOODS-North using a new wide-field VLBI technique (multi-
phase centre correlation method). Secondly, the phase centres in this work were not chosen
based on pre-selected positions. Data for twelve phase centres were processed and forty-four
sources were detected across a redshift of 0.09 - 5.11. Eleven of these detected sources
in this work are previously known. The flux densities and positions of these sources are
consistent with previously published works except for one source. One known source was
undetected in this work, which suggests high variability of the source as it was also missed

in other surveys (eg., Radcliffe et al., 2016, 2018).

It should also be mentioned that the pipeline developed in this pilot survey was only tested
on VLBA datasets, but it could in principle be applied to other homogeneous arrays. It
has, however, not been tested on datasets from heterogeneous arrays which add significant
complexities (refer to Radcliffe et al., 2018). It is also pertinent to say that the pipeline is
not fully automated, thus, human intervention is needed, especially when running the first
part of the pipeline implemented in AIPS. The implementation of the code in AIPS is a bit
laborious and needsto be fully automated. The purpose-built source finder is computationally
expensive but can however be optimised. The 5.5 sigma and 7 sigma thresholds clearly need
to be optimised by implementing the false positive probability as an additional criterion
to the purpose-built source finder. The code is not currently available to the general user.
Validation and verification tests need to be conducted before it can be released to the general

user.

The pipeline developed in this pilot survey could be used towards processing the MIGHTEE-
VLBI survey data when available. This is because MIGHTEE-VLBI will be focused on galaxy
observations in the continuum where synchrotron emission and free-free emission are abun-
dant and this will help in the study of AGN versus star formation emission separation and

evolution of accretion activities over cosmic time as indicated in Section 1.3.4. As predicted
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by Garrett et al. (1999), ‘VLBI sensitivity approaches the sub-mJy level, a wide-field ap-

proach to data analysis becomes inevitable’ and this work supports his assertions.



Appendix A

Multi-wavelength Catalogue of
GOODS-North Field

Purpose-built Source Finder credited to Roger Deane.

The multi-wavelength catalogue used for the purpose-built source finder in Chapter 3.2.2.6.1

is presented in the paragraphs below:

The catalogue from the 3D-HST survey was obtained via a 248-orbit Hubble Space Tele-
scope treasury program by Momcheva et al. (2016). The 3D-HST covers an area of 625
arcmin 2 of CANDELS. The survey obtained Wide Field Camera 3 (WFC3) G141 (IR Grism
calibration files with a resolution power of 130@1400 nm and a wavelength of 1075-1700
MHz) spectroscopic data which is augmented with data from GO-1600 in GOODS-North.
The WFC3 G141 grism has spectral coverage from 1.1 to 1.65 “m and a peak transmission
of 48% at 1.45 “m (Momcheva et al., 2013). In their work, Momcheva et al. (2016) cata-
logued 98,668 with measured redshifts and line strength down to JHir ~ 261 and 22,548
with JHir ~ 24, where emission continuum were detected. Of these, 5,459 of the sources
were classified as galaxies at z > 1.5 and 9,621 at 0.7 < z < 1.5 with a redshift precision of
0z & 0.003(1 + z) and with a 30 limit for emission line flux values of point sources given as

15 x 10- 17 ergs cm- 2 s- 1 (Momcheva et al., 2016).

The X-ray catalogue used for this work consists of point sources for the &2 Ms exposure
of the Chandra Deep field North survey. This happens to be one of the Deepest X-ray
observations of the universe in the 0.5-8.0 keV band (Alexander et al., 2003). The on-axis
sensitivity limits for the 0.5-2.0 keV and 2.0-8.0 keV bands are & 2.5 x 10- 17 ergs cm-2 s- 1
and & 1.4 x 10- 16 ergs cm- 2 s- 1 respectively whiles the average backgrounds in the 0.5-2.0

keV and 2.0-8.0 keV bands are reported to be 0.056 and 0.135 Ms- 1 pixel- 1, respectively.

1JH: J Band and H band
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Alexander et al. (2003) reported that out of the 503 X-ray detections over the entire &448
arcmin2 in and up to the defined X-ray bands, twenty (20) of these sources lie in the &5.3
arcmin2 Hubble Deep Field North (HDFN; 13.600+3000 sources deg-2). Majority of the de-

tected sources were reported by Alexander et al. (2003) to be starburst and normal galaxies.

The radio data catalogue used for this work is a wide-field radio continuum survey covering a
region of 40' x 40' of the GOODS-North field. The survey was conducted in November 1996
with the VLA at 1.4 GHz by Morrison et al. (2010b), centered at 12:36:49.4, +62:12:58,
total integration time of 50 hr and at an integrated time of 5 s. Resultant maps with syn-
thesized beam size of ~ 1.7" with r.m.s. noise of ~ 3.9 +Jybeam- 1 near the centre were
produced. About 1,230 discrete radio emitters were catalogued within the field above 50-

detection threshold of ~ 20 Jy at the field centre.

The data from NIR is a Spitzer deep extragalactic survey which is a cycle 8 exploration survey
to detect galaxies at very high redshifts. This survey was carried out within five widely sep-
arated extragalactic field including the HDFN by Ashby et al. (2015a). The survey covered
a total area of 0.16 deg2 in both of the warm Infrared Array Camera (IRAC) dual-band of
36 + 45 and. The Spitzer-Cosmic Assembly Deep Near-Infrared Extragalactic Legacy
Survey S-CANDELS covered a depth of 26.5 AB mag (3a) with total exposure time of 50
hrs. The survey of the S-CANDELS by Ashby et al. (2015a) catalogued a deep IRAC counts

of 135, 000 galaxies which was consisted with models based on known galaxy populations.

A summary of the survey by Chi et al. (2013) which we used for the comparison of our initial

resulsts is given in the next paragraph:

The survey of the HDFN and flanking field (HFF) by Chi et al. (2013) was observed at 1.4
GHz on 20-22 February 2004 with the global VLBI array consisting of sixteen (16) telescopes
in Europe and USA. In their work, Chi et al. (2013) used wide-field imaging technique which
was previously introduced by Garrett et al. (1999) to image out the entire HDF-N and HFF.
The entire field they survey was 201 arcmin2 and with an array sensitivity of 7.3 J y / beam
and with a 4 mas angular resolution in the central 0-2” part. They reported twelve detections

of AGN-driven sources of which most had X-ray detected counterparts.
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