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Abstract

I present an analysis of a new 120 deg? radio continuum image of the Large Magellanic
Cloud (LMC) at 888 MHz with a bandwidth of 288 MHz and beam size of 13”9 x 12”1,
from the Australian Square Kilometre Array Pathfinder (ASKAP). I constructed a
catalogue of 54,612 sources reaching down to < 0.2 mJy and explore the sources by
cross-matching with surveys at other wavelengths. I find sources are predominantly
extragalactic, display synchrotron emission associated with AGN, and star-forming
galaxies become more prominent below 3 mJy compared to AGN.

I employ machine learning to separate the stellar from the extragalactic in the
Magellanic Clouds. The t-SNE algorithm is used with multi-wavelength data from
Gaia EDR3, VISTA survey of the Magellanic Clouds (VMC), AIIWISE and ASKAP
to cluster similar radio sources together. This separates AGN, galaxies, blazars and
stellar sources. The probabilistic random forest classifier is trained on known sources
with data from optical to mid-IR. This yielded accuracies of 0.93 £+ 0.01 (SMC) and
0.91 £ 0.01 (LMC) when tested on known sources. I classify the 31,169,627 sources
in the VMC SMC field to find that classes distribute across colour-colour plots and
the SMC field as expected, except for in the highest density regions where there is an
over-density of AGN due to blending and photometry mismatches.

Following the discovery of SAGE0536AGN (z ~ 0.14), with the strongest 10-um
silicate emission ever observed for an AGN, I discovered SAGE0534AGN (z ~ 1.01),
a similar AGN but with less extreme silicate emission. Both originally mistaken as
evolved stars in the Magellanic Clouds. Lack of star-formation implies we are seeing
the central engine of the AGN without contribution from the host galaxy. They could
be a key link in galaxy evolution. I searched for more of these sources using the SMC t-
SNE clusters to find they are grouped with AGN (0.13 < z < 1.23) separated from the
rest, suggesting a rare class. Their host galaxies appear to be either in or transitioning
into the green valley, where AGN properties, such as the torus width, X-ray luminosity,

radio loudness/spectral index and Eddington ratio, appear to be tracing the transition.
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1 Introduction

Galaxies are massive, gravitationally bound systems of stars, stellar remnants, dust,
gas and dark matter that come in many different forms ranging from red elliptical
quiescent galaxies to blue active spiral-shaped galaxies. All these galaxies have at their
centre a supermassive black hole which, when undergoing accretion, becomes an active
galactic nucleus. These Active Galactic Nuclei (AGN) can produce emission across
the entire electromagnetic spectrum, and are some of the most luminous objects in the

universe and have the potential to affect the entirety of the galaxy it resides in.

1.1 AGN

AGN preside in the centre of some galaxies, resulting from the accretion of gas by a
supermassive black hole (> 10° solar masses). The mass of supermassive black holes
is known to correlate with the mass of the galaxy bulge, implying the formation and
evolution of bulges and supermassive black holes are intertwined (Magorrian et al.,
1998; Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Tremaine et al., 2002). It is
thought that AGN play a significant role in galaxy evolution by creating large outflows
that quench (Kormendy & Ho, 2013) and/or trigger bursts of star formation (Xue
et al., 2010; Mullaney et al., 2011; Rosario et al., 2015; Cowley et al., 2016), making
them an ideal laboratory for studying the evolution and formation of galaxies.

AGN can also be used to great effect as anchor points for an absolute astrometric
reference system for determination of the proper-motions of close-by sources (Cioni
et al., 2014). Due to their nature of being visible at great distances, this would mean
that from our point of view they would be fixed points on the sky to compare the
motions of the objects closer to us.

The first hints of the existence of AGN were the observations of quasars in the
early 1960s. Quasars (quasi-stellar radio sources) are a subset of AGN (see reviews by

Peterson (1997); Ho (2008); Padovani et al. (2017)) and they are systems in which the



host galaxy is not resolved and the AGN light completely dominates the detected emis-
sion. Though originally associated with radio emission, the detection in the radio is no
longer required for a source to be identified as a quasar. These quasars were star-like
objects but extremely distant (Schmidt, 1963), implying that they had luminosities
exceeding 10% times the typical luminosities of galaxies. In many cases, these sources
featured jets spanning from sub-pc to kpe, some of which showed (apparent) superlu-
minal motion, which can be explained by a jet pointing towards us and moving with
velocities close to the speed of light, ¢ (Rees, 1966). Another feature of these sources
was that they showcased time variability on time-scales of the order of weeks. All these
pieces of evidence pointed towards the possibility that these quasars were powered by
SMBHs (Salpeter, 1964; Lynden-Bell, 1969). Since then, a plethora of systems that
fall under the category of AGN have been observed at all wavelengths. Furthermore,
systems which were observed before the first quasars, such as Seyfert galaxies (Seyfert,
1943) were re-catalogued as AGN.

AGN emit across the entire electromagnetic spectrum. The diversity of observed
AGN can be explained by a small number of physical parameters, such as the mass of
the central supermassive black hole (SMBH), the rate of gas accretion onto the black
hole, the orientation of the accretion disk with respect to our line-of-sight, the degree
of obscuration of the nucleus by dust, and the presence or absence of jets. This is called
the unified model of AGN (Antonucci, 1993; Urry & Padovani, 1995) a diagram of which
can be seen in Figure 1.1. The AGN consists of an accreting black hole surrounded
by an accretion disk which feeds the black hole. The accretion subsequently also fuels
the disk where potential energy is converted into heat that we observe as emission in
the UV and optical, with decreasing temperatures away the central black hole. The
accretion disk and black hole are then surrounded by a cooler dusty torus which is
capable of obscuring the central engine (and therefore obscuring the UV and optical
emission) of the AGN depending on the orientation of the AGN with respect to our
line of sight. This model is however an oversimplification of the observed variety of
AGN evolving through cosmic time (see Cowley et al., 2016, 2018).

Emission from hot dust is associated with the torus of gas and dust surrounding
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Figure 1.1: The unified model of AGNs. Credit: Beckmann & Shrader (2012).

the central engine of the AGN and most often observed in the mid-infrared (mid-IR)
(Antonucci, 1982, 1984; Sanders et al., 1988). The distribution (smooth, clumpy or
polar) and kinematics (static, inflowing or outflowing) of this hot dust are however
still uncertain. For instance, at parsec scales in the polar regions there exist grains,
thought to be irradiated by the AGN almost directly (Raban et al., 2009; Honig et al.,
2012, 2013; Tristram et al., 2014; Asmus et al., 2016; Lopez-Gonzaga et al., 2016;
Leftley et al., 2018; Honig, 2019), which may be associated with an AGN-driven outflow

(Schartmann et al., 2014). The properties of these grains observed in the torus and



polar regions appear to be different from those observed in the interstellar medium
(ISM), with a dearth of smaller grains such as small graphite grains and/or polycyclic
aromatic hydrocarbon (PAH) nanoparticles, indicated by the absence of a 2175 A bump
(Czerny et al., 2004; Gaskell et al., 2004; Gaskell & Benker, 2007), whilst retaining

larger grains such as silicate.

1.1.1 Multi-wavelength view

With the ability to identify AGN in every band comes a plethora of different names
for AGN, dependent on what band they were first observed in. See Table 1.1 for an

overview of the most well-known names and a short description of each.

1.1.1.1  X-ray

The source of X-rays in AGN is thought to be inverse Compton scattering of the
accretion disk photons to X-ray energies via the accretion disk corona. Inverse Compton
scattering is when low energy photons become high energy photons by transfer of energy
from ultra-relativistic electrons. Lower energies of X-rays are due to thermal emission
from the inner regions of the accretion disk (Padovani et al., 2017). This X-ray emission
then interacts with matter in the nuclear region via processes such as reflection and
scattering.

X-ray emission is often separated into soft (0.5 — 2 keV) and hard (2 — 10 keV) X-
ray bands. Hard X-ray surveys appear to be near complete (Padovani et al., 2017), as X-
ray emission almost always implies the presence of an AGN, except at low luminosities
(Lx < 10% erg s71). This is believed to be due to hard X-rays being able to penetrate
through large densities of gas and dust and because X-ray emission from the host
galaxies is generally weak when compared to the emission from AGN. This means that

X-rays are sensitive to both unobscured and moderately obscured AGNs.



Table 1.1: The main classes of AGN and their properties. For a longer list of AGN
classes see Table 1 in Padovani et al. (2017).

| Class | Meaning/Properties |

Quasar Quasi-stellar radio source. Very distant and bright AGN.
The radio detection is no longer required.

Seyfert 1 Galaxies with an AGN that showcase emission lines with
FWHM > 1,000 km s~}

Seyfert 2 Galaxies with an AGN that showcase emission lines with
FWHM < 1,000 km s~}

QSO Quasar-like. Non-radio source. Interchangeable with Quasar.

QS0O2 High power Seyfert 2

RQ AGN Radio quiet AGN

RL AGN Radio loud AGN

Jetted AGN AGN with strong relativistic jets

Non-jetted AGN | AGN without strong relativistic jets

Type 1 Seyfert 1 and Quasars

Type 2 Seyfert 2 and QSO2

FR1 Fanaroff-Riley class I jetted radio core-brightened source

FR II Fanaroff-Riley class II jetted radio edge-brightened source

Blazar AGN whose relativistic jets point towards the Earth.
They produce both synchrotron and inverse Compton v rays
and are extremely variable over short timescales.




Contaminants in the X-ray band are mainly within the lower X-ray luminosity
AGNSs, where the host galaxy can start to contaminate the AGN emission. The main
source of this emission in the host galaxy is from X-ray binaries. Another source is
thermal emission from hot gas either from the host galaxy itself or a galaxy cluster
(e.g. Boroson, 2011). These can, however, be selected against by observing in a higher

energy (hard) X-ray band where these processes are not as significant.

1.1.1.2 UV and optical

Accretion onto a SMBH gives rise to high X-ray to optical luminosities, a characteristic
rest-frame UV /optical power-law continuum, that is distinguishable from the contin-
uum of non-active galaxies, as well as bump in the SED aptly called the “big blue
bump”. Optical photometric surveys are able to identify more AGN than those at
other wavelengths, however, this comes with a bias towards the brighter and unob-
scured versions of AGN, mainly quasars and type 1 galaxies. This is because in type
2 galaxies the optical (and UV) emission from the accretion disk is absorbed by the
dusty torus and re-emitted into the IR.

The main contaminants of the optical sources, despite AGN being bright in the
optical when not obscured, are stars. This is mainly due to stars far outnumbering the
numbers of AGN, as well as quasars being point-like just like stars. However, this is
dependent on the area of sky. Stars are mainly contaminants when looking through
the disk of our Milky Way or though close by galaxies, such as the Magellanic Clouds.

Optical spectroscopy is relied upon to provide confirmation that a source is an
AGN, and to determine its redshift. Unlike spectra of stars or galaxies, AGN spectra
cannot be described in terms of blackbody emission at a single temperature, or as a
composite over a small range in temperature. The presence of narrow emission lines
in the spectra of galaxies and their ratios are indicative of the presence of an AGN
(e.g. Feltre et al., 2016). Broad emission lines come from cold material close to the
central SMBH. They are broad because the material is revolving around the SMBH at
high speed causing a range of Doppler shifts of the emitted photons (Peterson, 1997).



Narrow optical emission lines come from cold material further away from the SMBH,
where they are less affected by the SMBH’s gravity, and so produce narrower lines.

The information provided by spectral lines is particularly rich. SMBH mass scal-
ing relations can be used to estimate the masses of SMBHs powering type 1 quasars
(e.g. Vestergaard & Peterson, 2006)). This requires emission line widths, the assump-
tion that this width is dominated by gravitational effects, having an estimate of the
characteristic radius of the emitting gas assuming R oc L~%? (Bentz et al., 2009) and
lastly to calibrate this information against the few dozen objects for which there are
"reverberation mapping” (Peterson, 1993) data.

In the optical band there are multiple emission lines that can be used to estimate
the masses of SMBHs (e.g. Vestergaard & Peterson, 2006; Trakhtenbrot & Netzer,
2012; Baron & Ménard, 2019), depending on the redshift of the AGN. The closest AGN
display Ha emission lines. For local AGN, which includes AGN up to z ~ 0.7, optical
spectra display HS emission lines. Mg II lines have been used to extend the relation
to SMBH mass up to z ~1.9. However, for higher redshifts either other emission lines

have to be used, or the spectrum could be observed at near-IR wavelengths.

1.1.1.3 IR

Studies into AGN in the infrared (IR) band have had a powerful impact on the un-
derstanding of the evolution of AGN over cosmic time, their place in galaxy evolution
and the overall structure of AGN. The infrared regime is often separated into near-IR,
(NIR: 1 - 3 pm), the mid-IR (MIR: 3 — 50 pm), and the far-IR (FIR: 50 — 500 pm).
As seen in Figure 1.1, AGN models predict the presence of a dusty torus sur-
rounding the accretion disk on scales larger than the broad line region. Emission from
the accretion disk is absorbed by this dust and then reprocessed into the IR, dominat-
ing the spectral energy distribution (SED) from the near-IR to the mid-IR. This IR
emission played an important role in the unification of AGN;, as it established, through
polarisation studies, that the difference between type 1 and 2 AGN is an effect of the

orientation of this dusty torus with respect to our line of sight.



At rest-frame near-IR wavelengths, the AGN emission is at the crossover point
between decreasing accretion disk emission and the beginning of the increase in emission
from the dusty torus (Padovani et al., 2017). The mid-IR is where the dusty torus
emission dominates. Star formation can be a contaminant in the IR regime; this
is because the AGN host galaxies also emit dust emission with luminosities to rival
that of an AGN, however this emission is more likely to dominate the far-IR (e.g.
Hatziminaoglou et al., 2010). Therefore, mid-IR is optimal for AGN identification.
Compared to optical wavebands, it is less sensitive to the obscuration of the central
engine of the AGN by dust, as dust opacity is lower at longer wavelengths, which makes
mid-IR better for identifying obscured AGN. Although, this does not apply to AGN
with increasing redshift (Assef et al., 2011).

Selection criteria for IR photometry observation rely on colours to separate AGN
from stars and inactive galaxies, as AGN are expected to be significantly redder in the
mid-IR bands (Stern et al., 2005a). The most popular selection criteria were developed
for data from satellites such as the Spitzer Space Telescope (Werner et al., 2004a) (for
example, see Stern et al., 2005a) and the Wide-field Infrared Survey Explorer (WISE,
Wright et al., 2010) (for examples see Stern et al., 2012; Mateos et al., 2012; Assef
et al., 2013).

The selection criteria are not perfect as there are a number of different sources
that can mimic the colours of AGN in the IR bands. At z ~ 0.2, star-forming galaxies
with powerful polycyclic aromatic hydrocarbon (PAH) emission can be red enough in
colour to be confused with AGN in some selection criteria (e.g. Stern et al., 2005a;
Assef et al., 2010). They are typically a minor contaminant, but they affect both deep
and shallow observations. A prominent contaminant in the deeper surveys are massive
galaxies that have z > 1. This is because at rest-frame 1.6 um there is a stellar bump,
which at z > 1 is redshifted into the mid-IR range, making the colour of the massive
galaxies red enough to be confused with AGN.

Contaminants, however, are not limited to only extragalactic sources. Brown
dwarfs, while only accounting for a small fraction of contaminants, could affect the

identification of high-redshift (z > 5) AGN (Stern et al., 2007). Young stellar objects



can also showcase colours that can be confused with AGN (Koenig et al., 2012). There
are also populations of stars that can be confused with AGN, such as carbon and
evolved stars.

Near-IR and mid-IR photometry are very important for the identification of the
earliest of quasars in the Universe, which are not observable in the optical, due to the
Lya forest absorption and the Lyman break being redshifted into the optical at these
redshifts. For example, 77 quasars with z > 5.6 were recently discovered (63 of which
were newly discovered) by using a combination of photometric near-IR and mid-IR
observations (Banados et al., 2016) from 2MASS (Skrutskie et al., 2006), UKIDSS
(Lawrence et al., 2007), VHS (McMahon et al., 2013) and WISE (Wright et al., 2010)
to select them for follow-up spectroscopic observations.

IR spectroscopy has become a powerful tool in identifying AGN. This is because
it allows the detection of AGN even when the spectrum is dominated by host galaxy
emission. This is because of strong spectral features such as the well known silicate
feature at 9.7 um, and Ha, HfB, etc. The number of objects studied through spec-
troscopy is however limited due to the significantly longer integration times compared
to photometry, and ground based observations are generally limited to the brightest

targets which are generally z < 1, due to the Earth’s atmosphere.

1.1.1.4 Radio

The first radio surveys of the sky, such as 3C (Edge et al., 1959) and Ohio (Ehman
et al., 1970), were the cause for the discovery of the first quasars. Most of the sources
that were detected at a high Galactic latitude were identified with resolved galaxies.
Radio-selected AGN are typically observed from A ~ 30 m (10 MHz) down to A ~ 1
cm (30 GHz) (Padovani et al., 2017). Synchrotron emission is the dominant process in
the radio band. It is the radiation caused by charged particles gyrating at relativistic
velocities through magnetic fields. This emission is usually parameterised by a power
law:

S, x v ® (1.1)
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where S, is the flux density at frequency v, and « is the spectral index, which is often

used to characterise the radio sources and can be calculated:

a = log,(S1 — S2)/ logo (11 — 1.) (1.2)

where S; and S are measures of flux density at frequencies v; and vy respectively.
The main sources of synchrotron emission in galaxies are the processes related to the
SMBH and supernova remnants, resulting in two galaxy populations, star forming
galaxies and AGN. Star forming galaxies, however, are generally weaker sources of
radio emission and only become more prominent at the faintest radio flux densities. A
class separation that is based on the spectrum produced by multiple radio continuum
frequency observations are the steep (o ~ 0.7) and flat (o ~ 0) radio spectrum sources
(Peacock & Gull, 1981), as well as sources with positive « that are generally due to
thermal emission and are fainter than the steep and flat spectrum sources.

The morphology of radio sources is generally divided into two classes, extended
and compact (Peterson, 1997). Extended sources are spatially resolved and usually
consist of two lobes of radio emission located roughly symmetrically on either side of
the centre of the galaxy. These lobes can extend up to lengths as large as megaparsecs.
Compact sources are unresolved at ~ 1” and their position generally coincides with the
centre of a galaxy. Compact sources are generally associated with flat spectrum sources
and extended sources are generally associated with steep spectrum sources. The steep
spectrum is caused when the plasma ejected from an active AGN loses energy through
synchrotron radiation (and inverse Compton scattering). A consequence of this is that
high energy particles that radiate the most at high radio frequencies lose their energy
fastest and the low energy particles that radiate the most at low radio frequencies lose
their energy the slowest, leading to a steep radio spectrum that evolves over time even
after the AGN has switched off.

Extended sources can be further divided into two separate classes based on lu-
minosity classes called FR I (type I) and FR II (type II) (Fanaroff & Riley, 1974). FR
I are weaker radio sources which are brighter in the centre, with decreasing surface

brightness towards the outer edges. FR II however, contrast this by being more lu-
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minous and being limb-brightened, often showing regions of enhanced emission either
within the jet structure or at the edges of it. See Figure 1.2 for examples of the FR I
and FR II galaxies.
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Figure 1.2: Radio contours of a FR I galaxy (left) and a FR II galaxy (right) from
Peterson (1997). From this figure it can be seen that the FR I galaxy is brighter in
the centre (contours closer together) and that the FR II galaxy is brighter at the outer
edge of the lobes.

Another popular radio AGN classification is into radio loud (RL) and radio quiet
(RQ). This classification has undergone some changes since it was first introduced as
a distinction between quasars dependent on some threshold value in either radio flux
density or luminosity (Peacock et al., 1986), or the ratio of radio to optical flux density
or luminosity (Schmidt 1970). Padovani et al. (2017) have since argued that RL and
RQ AGN represent intrinsically different objects, where RL AGN emit a large fraction
of their energy in the radio and are associated with powerful relativistic jets, whereas
RQ AGN emit multi-wavelength energy dominated by thermal emission related to the

accretion disk. The major physical difference between these classes is the presence of
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(or lack there of) strong relativistic jets, which imply that the two classes reach widely
different photon energies.

The last well known radio classification is the low-excitation galaxies (LEG) and
high-excitation galaxies (HEG) (Hine & Longair, 1979). In general, this classification
is based on optical spectroscopy properties, where objects with and without high-
excitation emission lines in their optical spectra are referred to as HEGs and LEGs,
respectively. Unlike most radio classifications, this also applies to AGN selected in
other bands which have a corresponding optical spectroscopy observation. Specifically,
quasars and Seyferts have been identified as belonging to the HEG class, while LINERs
and absorption line galaxies are classified as LEGs (Padovani et al., 2017).

There is some overlap between the classes, for example, almost all FR I AGN are
also LEGs, while most FR II are HEGs. However, whilst FR I HEGs are rare, FR II
LEGs are common and can even outnumber the FR II HEGs in deep surveys (e.g. Hine
& Longair, 1979; Baldi et al., 2010; Croston et al., 2018). Therefore, the classifications
are not one-to one.

Star-formation is the main contaminant to overall radio luminosity. In the local
Universe LEGS are found in the red sequence of galaxies, where little to no star-
formation is taking place. HEGs, however, occupy the blue sequence of galaxies
(Smolci¢ et al., 2009). Bluer galaxies implies higher star-forming rates, meaning that
any radio emission observed could be either partially or entirely due to synchrotron ra-
diation produced by supernova remnants throughout the host galaxy as opposed to the
central SMBH. This means that to be truly sure of an AGN classification, properties

that are seen in other wavebands must be relied upon.

1.1.2 Variability

AGN that display variability in luminosity have been found in every waveband. Some
varied over time scales of a few months, others were found to vary significantly on
time scales as short as a few days (e.g. Smith & Hoffleit, 1963). This meant that the

radiation must come from a region of order light days in size. When these variable
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AGN were first discovered, before AGN were realised to exist, this was perceived as a
major problem, since a source with size comparable to the Solar System was emitting
hundreds of times as much energy as an entire galaxy.

It has been found that AGN variability is erratic and aperiodic over a range of
timescales from minutes to years (Padovani et al., 2017). The speed of this variability is
dependent on the waveband it is being observed in, and therefore means it is dependent
on what part of the AGN it is being emitted from. The minimum timescale of variability
provides us with an estimate of the component size of the emitting source (e.g. Terrell,

1967).

1.1.3 Relation between supermassive black holes and their
host galaxies

A black hole has three properties in general relativity: mass, angular momentum and
electric charge. Electric charge is unimportant as it just oscillates around zero in the
manner of a negative feedback loop. Angular momentum measurements are few and far
between (Risalti et al., 2013) due to the difficulties in measuring it directly. However,
angular momentum can be measured indirectly as it results in a Kerr metric which
allows gas to orbit at much closer range, thus increasing inner disk temperature, that
then becomes measurable in X-rays (e.g. Martocchia et al., 2000; Reynolds, 2021).
This leaves the mass of the SMBH, Mgy, to be used for correlations. Several strong
correlations between SMBH masses and the properties of their host galaxies have been
observed. These relations imply that the SMBH influences the evolution of its host
galaxy or that they co-evolve together.

The most notable relation is the M-o relation, which connects the SMBH mass to
the characteristic velocity of the stars in the host galaxy. The characteristic velocity is
the velocity with which stars move within the spheroidal part of the galaxy. For spiral

galaxies this is the bulge component only, for an elliptical galaxy the entire galaxy is
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taken into consideration (Ferrarese & Merritt, 2000). The M-o relation is given by:

Mpgn o A
~ A —— 1.3
108 M, (200kms—1) ’ (13)

where A ~ 3 and 8 ~ 4 — 6. The value of S depends on the sample of galaxies being

investigated. See Figure 1.3 for a graphical view of this relation.
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Figure 1.3: Graph showing the relation between black hole mass Mpy and stellar
velocity dispersion o. Graph taken from McConnell & Ma (2013) whose sample was a
mixture of late and early type galaxies.

The gravitational influence of the SMBH extends only to the inner parts of the
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galaxy (~ several tens of parsecs), whereas the rest of the galaxy can extend to kilopar-
secs or more. This gave rise to the belief that the gravity of the SMBH cannot affect
the rest of the galaxy, yet this observed relation states otherwise. It implies that the
host galaxy is affected by the mass of the SMBH, or alternatively the growth of the
SMBH is governed by the same processes that govern the growth of the galaxy.

A number of mechanisms have been proposed to attempt to explain the origin
of the M-o and other observed correlations. They can be separated into roughly three
categories: no-connection explanation, where both the galaxies and SMBHs grow via
mergers (Peng, 2007); explanations based on the assumption that the host galaxy
controls the rate at which the gas is fed to the SMBH, where this rate depends on the gas
velocities in the galactic spheroid (Angles-Alcdzar, 2015); and feedback mechanisms,
based on the energy release by the accretion of matter onto the central SMBH, which

has the potential to affect the whole galaxy.

1.1.4 AGN feedback and galaxy evolution

In the context of galaxy evolution, the main importance of the effect of an AGN on its
host galaxy is its regulatory effect on its star formation rate, capable of both stopping
and starting star formation. AGN feedback has been observed in the form of radiative
winds (or outflows) that are generated from the accretion disks of the AGN, or from
radio jets that heat, expel or shock their surroundings (Fabian, 2011).

The Eddington luminosity, Leqq, is the maximum luminosity an object (assuming
spherical symmetry) can maintain if radiative forces (from the accretion) are balanced
by gravitational forces (of the supermassive blackhole). The Eddington luminosity is
found by equating the radiation force and the gravitational force and for an AGN is
defined as Leqq = 1.25 x 103 Mpy erg s=!, where Mpy is the mass of the supermassive
blackhole. From this we can see that the Eddington luminosity is proportional to the
mass of the object providing the luminosity. The accretion rate can be represented by
the Eddington ratio, which is defined as Ly (AGN)/Leqq, where Ly is the observed
AGN luminosity. The higher the observed luminosity compared to the Eddington
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luminosity, the higher the accretion rate. If an AGN exceeds its Eddington luminosity
the gravitational forces are overpowered by the radiative forces, and the AGN is unable
to hold on to the material in the outer layers, resulting in a radiation-driven outflow
that can then go on to affect its host galaxy.

AGN driven outflows have been observed from pc to kpc scales, traced mostly
using the ionised gas, observed from optical to X-ray emission absorption lines (King
& Pounds, 2015). They are a common feature of accreting systems, likely created
in AGN near the central black hole by a coupling between the magnetic field and
accreting material (Tchekhovskoy, 2015). AGN jets transport energy and mass from
sub-parsec central regions to Mpc-scale lobes (e.g. Fabian, 2011; Blandford et al., 2019),
transporting a huge amount of energy into interstellar and intergalactic space that is
capable of suppressing star-formation activity. More recent observations from new or
improved telescopes show that gas outflows are multi-phased, i.e. different phases of
the gas, detectable at different wavelengths, take part in the outflows.

One type of observed outflows are the Ultra-Fast Outflows (UFOs; Tombesi et al.,
2011). They are highly ionised outflows with v ~ 0.1 — 0.25 c¢. They are traced by
highly blue-shifted X-ray absorption lines in the iron K band (Pounds et al., 2003).
They have been shown to be present in 35% of Seyfert galaxies, and indirect arguments
indicate that their location is at scales of ~ 0.0003 — 0.03 pc, the inner regions of the
AGN outflows.

The more obvious feedback mechanism of AGNs are radio jets which are capable
of acting on larger scales than outflows, up to tens of kilo-parsecs. Combining radio
observations with X-ray observations has revealed bubbles/cavities in the hot gas, seen
in the X-ray, are filled with radio lobes, suggesting the hot gas is displaced by the radio
jets emitted by the AGN. This energy injected into the gas surrounding the galaxy
has been linked with suppressing gas cooling and therefore quenching star formation
(see McNamara & Nulsen (2007) for reviews). In low-powered AGN, radio plasma is
considered to be the dominant source of energy to prevent the gaseous atmosphere
from cooling back into the galaxy:.

Radio jets appear to be capable of producing more extreme gas outflows than
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accretion-disk winds/outflows. However, the relative importance of each feedback

mechanism, and the dependence on redshift, remains an open area of research.

1.1.5 An extreme AGN sample inspired by SAGE0536AGN

The originator of the strongest 10 um silicate emission of any known AGN, is the
hot dust near the SMBH of SAGE1C J053634.78—722658.5 (hereafter referred to as
‘SAGE0536AGN’) that was discovered serendipitously behind the Large Magellanic
Cloud (LMC) by Hony et al. (2011) in the Spitzer Space Telescope Survey of the
Agents of Galaxy Evolution Spectroscopic follow-up of IR sources seen towards the
LMC (SAGE-Spec: Kemper et al., 2010; Woods et al., 2011). It lies behind the LMC
and was found to be a type 1 AGN with a negligible amount of far-IR emission meaning
a lack of star formation, confirmed by spectra obtained with the Southern African Large
Telescope (SALT) (van Loon & Sansom, 2015). Finding more of these could provide
valuable insight into this stage of galaxy/AGN evolution.

My new spectroscopic observations using the South African Astronomical Ob-
servatory (SAAO) 1.9m telescope, reveals SSTISAGE1C J053444.17—673750.1 is one
such source that shows similarities to SAGE0536AGN. This source has also been re-
ferred to as 4XMM J053444.1—-673751, 2MASS J05344418—6737501, SHP LMC 256
or [KWV2015] J053444.17—673750.1 (identifier for post-AGB star candidate), in this
paper it shall be referred to as ‘SAGE0534AGN’. Both of these sources have been con-
fused as evolved stars, have silicate emission and a lack of star formation. Can more
be found? Are they an unusual type, or a short and therefore rarely seen stage of
galaxy /evolution?

As these sources mimic evolved stars in the Magellanic Clouds, I therefore needed
to adopt a more systematic approach in finding more of them. Unsupervised machine
learning has been used to great effect to cluster objects together and reveal patterns
in large datasets (e.g. Lochner et al., 2016; Anders et al., 2018; Reis et al., 2018b;
Zhang et al., 2020). This can be used to find objects with similar properties to those
already discovered, such as SAGE0536AGN and SAGE0534AGN. I am searching for
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more examples of these sources behind the Magellanic Clouds.

1.2 Magellanic Clouds

AGN are most readily identified within combinations of multi-wavelength photometric
survey data. The Magellanic Clouds span ~ 100 sq. degrees on the sky that have
been studied, in parts or as a whole, in the UV (e.g. Thilker et al., 2014), optical (e.g.
Gaia, SMASH; Gaia Collaboration et al., 2021; Nidever et al., 2017), IR (e.g. SAGE,
ANIWISE; Lacy et al., 2004; Cutri et al., 2021), radio (e.g. MOST, ATCA; Mauch
et al., 2003b; Murphy et al., 2010) and X-ray (XMM-Newton; Sturm et al., 2013),
which makes them an ideal location to search for AGN behind them. Furthermore,
they are also located away from the Galactic Plane and Galactic Centre, reducing
source confusion in the radio band and extinction at UV /optical /near-IR wavelengths.
The combination of all these data has great potential for discovery of the more unusual
and extreme cases of AGN, such as SAGE0536AGN. The new and deeper surveys
towards the Magellanic Clouds, such as the near-IR VISTA Magellanic Clouds (VMC;
Cioni et al., 2011) and radio Evolutionary Map of the Universe all-sky (EMU; Joseph
et al., 2019; Pennock et al., 2021) surveys greatly enhance such attempts.

At infrared frequencies we observe thermal emission from stars as well as from
dust that has absorbed emission at shorter wavelengths and re-emitted this emission
into the IR, such as in areas of star-formation. We also observe red-shifted emission
from distant objects such as AGN and galaxies. The Magellanic Clouds have been
observed multiple times over the years as part of all-sky surveys such as the near-IR
2MASS (Skrutskie et al., 2006) and mid-IR AIWISE (Cutri et al., 2013) surveys. Fur-
thermore, there have been Magellanic Cloud specific surveys, where depth and angular
resolution are an improvement over all-sky surveys. The include surveys observed with
Spitzer Space Telescope in the mid-IR as part of the Spitzer Agents of Galaxy Evolu-
tion (SAGE) survey of the LMC (Meixner et al., 2006) and SMC (Gordon et al., 2011),
and Herschel Space Observatory in the far-IR as part of the HERschel Inventory of
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The Agents of Galaxy Evolution (HERITAGE; Meixner et al., 2010). The most re-
cent Magellanic specific survey is the near-IR VISTA Magellanic Clouds (VMC; Cioni
et al., 2011) survey which showcases a great improvement in depth and angular res-
olution compared to previous IR surveys, and has detected stars encompassing most
phases of evolution such as main sequence stars, sub-giants, upper and lower red giant
branch (RGB) stars, red clump stars, RR Lyre and Cepheid variables, asymptotic
giant branch (AGB) stars, post-AGB stars, planetary nebule (PNe) and supernova
remnants (SNRs) populations (e.g. Gullieuszik et al., 2012; Ripepi et al., 2015; Zivkov
et al., 2018; Groenewegen et al., 2019; Zivkov et al., 2020; Groenewegen et al., 2020;
Cusano et al., 2021; Choudhury et al., 2021) that can be used to help assess the age
and metallicity within the Magellanic systems. This survey has also had success in
discovering background extragalactic sources (Cioni et al., 2013; Ivanov et al., 2016;
Pennock et al., 2022).

At radio frequencies, we typically observe free—free emission from ionized gas in
H 11 regions and planetary nebulse (PNe) and synchrotron emission from supernova
remnants (SNRs), as well as from active galactic nuclei (AGN) and star-forming galax-
ies in the background. These radio emitting sources have been observed multiple times
over the years by telescopes such as MOST (Molongo Observatory Synthesis Telescope;
e.g. Large et al., 1981; Mills, 1985; Mauch et al., 2003b), ATCA (Australia Telescope
Compact Array; e.g. Kim et al., 1998; Dickel et al., 2005; Hughes et al., 2007; Murphy
et al., 2010), MWA (Murchison Widefield Array; e.g. For et al., 2018) and Parkes
(Griffith & Wright, 1993; Filipovic et al., 1995, 1996, 1998a,b,c,d; Kim et al., 2003). A
new generation of radio telescopes, including the Australian Square Kilometre Array
Pathfinder (ASKAP; Johnston et al., 2008; Hotan et al., 2021) can improve upon the
resolution, sensitivity and speed of these observations. ASKAP studies of the Small
Magellanic Cloud (SMC) and LMC (Joseph et al., 2019; Pennock et al., 2021) provide
greater details on SNRs, PNe, (super)bubbles and their environments, young stellar
objects (YSOs), symbiotic (accreting compact object) binaries, AGN and star-forming
galaxies. Despite the increased stellar confusion in the direction of the Magellanic

Clouds, AGN and galaxies dominate the source counts at radio frequencies.
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Whilst much of the Magellanic Clouds are transparent enough to see through,
looking for AGN in the direction of the Magellanic Clouds has some challenges. For
example, looking in the direction of the Magellanic Clouds leads to an increase in
stellar contamination, more prominent at certain wavelengths than others, as well as
complex background and extinction (especially in star forming regions), that must be
separated from background sources. Therefore, a more systematic approach in finding

them needs to be adopted.

1.3 Machine learning

Machine learning algorithms are a use of artificial intelligence to automate tasks, such
as identification and classification, on large sets of data that would otherwise prove
time consuming. They can also replace subjective approaches that depend on user
choices by objective approaches that are data driven. In the field of astrophysics, due
to the increase in data size and complexity coming from the latest and future surveys,
machine learning has gained in popularity to detect, characterise and classify objects
within these datasets.

Machine learning algorithms are usually divided into two types, supervised and

unsupervised.

1.3.1 Supervised Learning

Supervised machine learning algorithms predict classifications/values based on example
data with known classifications/values. They do this by analysing a known dataset,
the training set, and producing a model from this dataset, which can then be used to
make predictions of the output of an unseen dataset. A disadvantage of supervised
learning is that it is only as good as the data it is trained upon, and is therefore not
best suited to finding new or unusual objects.

The most popular supervised machine learning algorithms used in astronomy
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are support vector machines, ensemble methods and neural networks. Support vector
machines take a dataset with N features, then finds a hyper-plane (boundary of (N—1)
dimensions) in the N-dimensional space that best separates the given classes (e.g. Qu
et al.; 2003; Huertas-Company et al., 2008; Kim et al., 2011; Malek et al., 2013; Cheng
et al., 2020). Ensemble methods combine several supervised learning techniques into a
single model, resulting in an overall improved performance compared to using a single
algorithm (e.g. Carliles et al., 2010; Pichara et al., 2012; Reis et al., 2018b; Vavilova
et al., 2021). Artificial neural networks are inspired by the biological neural networks
that make up the human brain, and consist of layers of connected neurons (or nodes)
where each neuron receives the weighted inputs from all the neurons in the previous
layer and applies a function to it, then passes the output onto all the neurons in the
the next layer. Their flexible, non-linear structure allows these algorithms to perform a
variety of supervised machine learning tasks such as classification and regression (e.g.
Brescia et al., 2013, 2014; Ellison et al., 2016; Bilicki et al., 2018; Kovacevi¢ et al.,

2020), as well as a variety of unsupervised machine learning tasks.

1.3.2 Unsupervised Machine Learning

Unlike supervised machine learning, unsupervised machine learning does not require
prior knowledge in the form of a training dataset. The input to these algorithms are
a list of objects with measured properties (features). These algorithms can be used to
detect clusters, complex relations, outliers or reduce the dimension of datasets.
Clustering algorithms group objects in a dataset, such that objects in the same
group/cluster are more similar to each other than to objects in other groups. Dimen-
sionality reduction algorithms reduce the number of features in the original dataset,
either by selecting a subset of the features that best describe the dataset, or by con-
structing a new set of features that provide a good description of the dataset. Both
clustering and dimensionality reduction algorithms can be used to visualize and in-
terpret complex high-dimensional datasets and uncover hidden trends and patterns in

large datasets (e.g. Lochner et al., 2016; Anders et al., 2018; Reis et al., 2018b; Zhang



22

et al., 2020).

1.4 Scientific questions and thesis outline

The Magellanic Clouds are a well documented part of sky with surveys that cover from
X-ray to radio. Finding more AGN within such a data rich resource would allow us to
see the larger picture of AGNs instead of only seeing them in the partial views from
the wavebands in which they were discovered. This means that we can better compare
them over cosmic time, whilst also comparing them with non-AGN galaxies. Here are

some of the scientific questions that will be explored:

What is the role of AGN in galaxy evolution?

How does IR emission relate to radio emission in AGN?

How does the timing of the switching off of star formation in galaxies relate to

the timing of the switching off of the AGN?

How does AGN dust content change over the life cycle of an AGN?

How do extreme silicate emitting AGN fit into the life cycle of an AGN and

the evolution of its host galaxy?

In Chapter 2 the data, both photometric and spectroscopic, used throughout
this thesis will be outlined in order to familiarise the reader with the benefits and
limitations these data provide. In Chapter 3 the methods and techniques used to
analyse and extract information from the data will be introduced and described.

Chapter 4 contains the exploration of the objects found in the radio ASKAP 888
MHz image of the LMC and the point source catalogue I created from it (the details of
the catalogue creation are shown in Chapter 3). First, I briefly discuss the Magellanic
and Galactic foreground sources. Then, I discuss the extragalactic sources seen beyond

the LMC and lastly, I determine and discuss the spectral indices of sources in the new
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catalogue. This data will be used in later chapters as part of a dataset to be run
through an unsupervised machine learning algorithm to find more radio detected AGN
and to compare radio properties against IR properties of AGN.

In Chapter 5, I use the unsupervised machine learning algorithm, t-SNE (de-
scribed in Chapter 3), on the photometric survey data of the SMC to discover a sam-
ple of AGN similar to the extreme silicate emitter SAGE0536AGN. In Section 5.1 I
describe the light curves and spectra, calculation of black hole masses, spectral energy
distribution (SED) fitting with CIGALE, X-ray observations and modelling of those
sources where we can see their host galaxies with GALFIT. In Section 5.2 I discuss
the selection techniques of AGN (Section 5.2.2) and where this sample and sources
mistaken for AGN fall within them. This is followed by a discussion of the sample
galaxies’ identity as either star-forming, quiescent or green valley galaxy and how their
properties change as they transition from star-forming to green valley. The radio prop-
erties and how they link to the evolutionary stage of the sample are then discussed
followed by a discussion of the AGN dust and its effect on observed properties such as
variability and the 10 pm silicate emission.

In Chapter 6 I further expand on the work done in previous chapters. Instead of
looking at only a small sample of sources, as in Chapter 5, I look at the entirety of the
Magellanic Clouds VMC fields. The t-SNE algorithm is used on the radio sources of the
Magellanic Clouds (where the LMC sources are from the work in Chapter 4) and the
distribution of different classes are analysed by comparing with photometric properties
and previous classifications made as part of the Gaia DR3 release. Following this I
explore the results of using the supervised machine learning algorithm, probabilistic
random forest, used on the SMC VMC field photometric data. The sources in the
direction of the SMC are separated into classes, the distribution and properties of
which are then further explored.

Chapter 7 discusses the results and conclusions from the previous chapters and

provides possible avenues for future work.
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2 Data

This chapter is split into three sections. The first section describes the photometric
survey data used in this work; the data are chosen as they are the current highest
quality datasets that also cover the entirety, or large parts, of the Magellanic Clouds.
The second section describes the spectroscopic data, obtained by me on observing runs
or from past literature, that are used to classify and characterise specific objects in
this research. The last section is on the data sets of spectroscopically classified stellar
and extragalactic sources in the direction of the Magellanic Clouds used to make up

the training data for the machine learning classifier.

2.1 Photometric Surveys

Photometric surveys record the intensity of light emitted over a specific wavelength
range, dependent on the filters used, over a large area of the sky. This allows for the
observation of thousands to millions of sources, depending on total area and depth of
the observation. The downside of photometric surveys is that the wavelength resolution
is only as good as how narrow the filter bandpasses are, meaning individual spectral
features are generally not observed like they would be in spectroscopic observations.

AGN SEDs typically display a distinct broad bump in the infrared, that repre-
sents the thermal emission from warm to hot dust in the torus, which is heated by the
emission from the accretion disk. However, star-formation from galaxies can also emit
in the IR, though this tends to be at longer wavelengths. Obscured and unobscured
AGN can both be detected in the IR making it an ideal wavelength regime to search
for AGN within. Radio emission also shares this feature of being able to detect both
obscured and unobscured AGN, though not all AGN emit strongly in the radio.

The photometric survey data used in this research was selected as the current
best quality data with the best coverage of the Magellanic Clouds. See Table 2.1 for

the photometric surveys used throughout this work.
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2.1.1 VISTA near infrared imaging

The Visible and Infrared Survey Telescope for Astronomy (VISTA; Dalton et al., 2006)
telescope is a 4.1-m near-infrared optimised telescope, which is combined with the
VISTA InfraRed CAMera (VIRCAM) and equipped with a large array of 16 infrared
detectors that fill about a 1.5 square degree field. It is capable of observing with broad
band filters ZY JH K and narrow band filters at 0.98, 0.99 and 1.13 um and designed
to work for seeing as good as ~ 0734.

A simple diagram of VISTA can be seen in Figure 2.1. After the incoming light
reflects off the primary and then secondary mirrors, the light enters through a 95-cm
entrance window and passes through three corrector lenses and the filter wheel, to reach
the detectors. The 16 detectors of VIRCAM produce 16 images of the sky, with equal
sized gaps between the 16 images, which are called a pawprint. In order to produce a
contiguous area of sky, multiple offsetted pawprints are combined to fill in the gaps.
The combined image is called a tile, and is obtained with a minimum of 6 exposures,
which gives a ~ 1.64 deg? field of view (FOV).

The VISTA Survey of the Magellanic Clouds (VMC; Cioni et al., 2011) is a near-
IR deep, multi-epoch and wide-field study of the Magellanic Clouds, covering an area
of about 184 deg?. VISTA observations for the VMC main survey started in November
2009 and ended in October 2018. It has a spatial resolution of 170 — 171, 079 — 1”0
and 0”8 — 0”9 in the Y JK filters, respectively, where the two values specified for
seeing indicate seeing for crowded and uncrowded regions, respectively. It also reaches
a sensitivity of about 22, 22 and 21.5 mag (Vega) in the Y J K bands, respectively. Its
depth and coverage can be compared to the VISTA Deep Extragalactic Observations
(VIDEO; Jarvis et al., 2013) survey, which was specifically designed to study galaxy
and cluster/structure evolution up to z 4 in a 12 deg? area, reaching depths of about
24.5, 24.4 and 23.8 mag (Vega) in the Y JK bands, respectively. The VMC data
provide an opportunity to expand on the effort of the VIDEO survey and cover more
volume and better overcome cosmic variance, and has already proven successful in

discovering more AGN (e.g. Ivanov et al., 2016). This however comes with the caveat
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Figure 2.1: Optical layout of the VISTA telescope from the Very Large Telescope
Paranal Science Operations VIRCAM/VISTA User Manual®>. M1 and M2 are the
telescope primary and secondary mirrors. The camera’s entrance window, the three
lenses L1, L2, and L3, the filter and the detector planes are also marked.

& https://www.eso.org/sci/facilities/paranal/instruments/vircam/doc/VIS-MAN-
ES0-06000-0002_v108.pdf
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of increased stellar confusion with the presence of the LMC and SMC.

From the images of the Magellanic Clouds the photometry can be measured.
Aperture photometry magnitudes are obtained by summing the observed flux within
a given radius from the centre of an object (the aperture), then subtracting the total
contribution of sky background within the aperture, estimated as an average from
each pawprint, leaving only the flux from the object. PSF photometry is best used
in crowded regions, such as the central regions of the Magellanic Clouds, and assumes
that point sources can be modelled by a point spread function (PSF). The PSF is
modelled on isolated point sources (stars), and is then used to fit and measure the flux
of other sources across the image.

The catalogues created from the VMC survey provide both aperture and PSF
photometry, where PSF photometry reaches sources on average 0.3 magnitudes fainter
than aperture photometry. The PSF catalogue is created as described in Rubele et al.
(2015). The magnitudes in each band are calculated from deep tile images, which
are a combination of single exposure images from different epochs. Due to the PSF
photometry’s increased depth and ability to distinguish sources in crowded regions, it

is the PSF photometry that is used in this work.

2.1.2 ASKAP

Radio telescopes operating at medium (~ 1 GHz) to high frequency consist of an
antenna, a parabolic dish that reflects the radio waves to a receiver, and amplifier,
that boosts the very weak radio signal to a measurable level, which is then directed
to a recorder to keep a record of the signal. The size of the parabolic dish determines
the size of the collecting area. The larger the collecting area the fainter the source
that can be detected and better the angular resolution. A telescope array is a group
of telescopes arranged so that when combined they function similarly to one giant
telescope, allowing for higher resolution data with greater sensitivity to faint signals
than a single telescope.

The Australian Square Kilometre Array Pathfinder (ASKAP; Johnston et al.,
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2008; Hotan et al., 2021) is an array of 36 12-m diameter dish antennas spread across
~ 6 square kilometres, and therefore an effective maximum baseline of ~ 6 km (where
the longer the baseline, the better the resolution and ability to resolve fine structures)
corresponding to a point spread function of ~ 10” (~ 1 GHz).

ASKAP’s antennas feature three-axis movement and use ‘phased array feeds’ (or
‘radio cameras’) with many separate, simultaneous beams for detecting radio waves
rather than ‘single pixel feeds’ that previous telescopes use, allowing ASKAP to survey
large areas of sky with unprecedented sensitivity and speed. Each dish antenna has
a phased array feed (PAF) that can be used to form 36 primary beams, giving each
dish a wide FOV of 30 square degrees each. Each PAF is comprised of 188 receiving
elements sensitive to radio frequencies from 700 — 1800 MHz. The wide field of the array
combined with high-speed digital processing systems and supercomputing facilities
allow for rapid survey observations.

The Evolutionary Map of the Universe (EMU; Norris et al. (2011)) is a wide-
field radio continuum survey which uses the ASKAP telescope. EMU’s primary goal
is to make a deep (rms ~ 10 pJy/beam) radio continuum survey of the Southern sky,
extending as far North as +30° declination, with a resolution of 10”. It is expected
to catalogue about 70 million galaxies, including AGNs up to the edge of the visible

Universe.

2.1.2.1 ASKAP ESP SMC image

Two radio continuum images from the ASKAP survey in the direction of the SMC
were taken as part of the EMU Early Science Project (ESP) survey of the Magellanic
Clouds (Joseph et al., 2019). The two source lists that were produced from these
images by Joseph et al. (2019) contain radio continuum sources observed at 960 MHz
(4489 sources) and 1320 MHz (5954 sources) with a bandwidth of 192 MHz and beam
sizes of 30" x 30” and 16”3 x 15”1, respectively. The median RMS noise values were
186 pJy beam™' (960 MHz) and 165 pJy beam™' (1320 MHz). The observations of
the SMC were made with only 33 per cent and 44 per cent (for 960 MHz and 1320
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MHz respectively) of the full ASKAP antenna configuration and 66 per cent of the final
bandwidth that was available in the final array, with which the LMC was observed.

2.1.2.2 ASKAP ESP LMC image

The LMC was observed at 888 MHz with a bandwidth of 288 MHz taken on 2019
April 20 using ASKAP’s full array of 36 antennas (scheduling block 8532). The LMC
was observed as part of the ASKAP commissioning and early science (ACES, project
code AS033) verification (DeBoer et al., 2009; Hotan et al., 2014; McConnell et al.,
2016) in order to investigate issues that were found in higher-frequency higher-spectral-
resolution Galactic-ASKAP (GASKAP:; Dickey et al., 2013) survey observations, as well
as to test the rapid processing with ASKAPsoft (Whiting, 2020). The observations
cover a total field of view of 120 deg?, with a total exposure time of ~12h40m. It is
compiled by four pointings (~3h10m each) with three interleaves® each to result in
more uniform depth across the field — effectively 12 pointings. The three interleaves
overlap by ~0.5° to improve the uniformity of sensitivity across the field. The ASKAP
ESP image of the LMC can be seen in Figure 2.2. Figures 2.3 and 2.4 show close ups
of well known LMC regions 30 Doradus (the Tarantula Nebula) and LHA 120-N 119, an
H 11 region near the kinematic centre of the LMC. The largest angular scales that can
be recovered in this survey are 25 — 50" (McConnell et al., 2020). The LMC exhibits
structure on scales larger than can be recovered by the shortest baselines available with
ASKAP (22 m). The missing short-spacing data results in negative bowls around some
regions, for example, this is particularly evident around the extended bright structure
in 30 Doradus.

Although the image noise levels are near to expected values in most areas, a
common feature of early ASKAP data has been the presence of some low-level artefacts

(at ~ 1 per cent peak brightness) very close to bright sources (a few hundred mJy and

linterleaves are overlapping pointings where the telescope slews between them at a more rapid
cadence.
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Figure 2.2: ASKAP ESP image of the LMC at 888 MHz. The beam size is 13”9 x 12”1
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above). These artefacts generally appear as radial stripes and rapidly fade away from
the source.

Data processing was performed using ASKAPsoft (Whiting, 2020) by the ASKAP
operations team and the resulting images are available on the CSTRO ASKAP Science
Data Archive 2. Bandpass calibration was done using observations of PKS B1934—638,
which establishes the flux scale and frequency-dependent complex gains for each of
ASKAP’s 36 beams. The bandpass-calibrated measurement set for each beam is imaged
independently using a phase-only self-calibration approach. The multi-scale, multi-
frequency CLEAN algorithm was used to deconvolve the array response, with two Taylor
terms representing spectral behaviour. Images for all beams were combined into a single
field using a linear mosaic, correcting for the primary beam response.

The absolute flux density calibration uncertainty is tied to PKS B1934—638
(ATNF Technical Document Ser. 39.3/040%), which differs by no more than 1 — 2
per cent compared to the Baars scale (Baars et al., 1977). Additional uncertainties
are introduced by PSF variation in a mosaic, generally ~ 1 — 2 per cent for long-track
observations such as this one. In later observations this is alleviated by convolving each
beam image to the smallest possible common PSF (McConnell et al., 2020). Uncertain-
ties are also introduced by the assumption that all beams have a consistent Gaussian
primary beam-shape. In reality holography has shown that they are somewhat non-
Gaussian (particularly edge and corner beams of the phased-array instantaneous field)
differing from a Gaussian shape by up to 8 per cent (McConnell et al., 2020). Therefore,

the overall absolute flux density calibration uncertainty is 8 per cent.

2.1.3 Magellanic specific surveys

There have been many observations made of the Magellanic Clouds, such as the optical

Survey of the Magellanic Stellar History (SMASH; Nidever et al., 2017), Spitzer SAGE

Zhttps://research.csiro.au/casda/
3https://www.atnf.csiro.au/observers/memos/d96783 1.pdf
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Figure 2.3: Region around 30 Doradus from the ASKAP ESP image of the LMC.
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Figure 2.4: LHA 120-N 119 from the ASKAP ESP image of the LMC. N 119 is an H11
region close to the kinematic centre of the LMC, and has a pronounced spiral shape
that is reminiscent of a barred spiral galaxy.
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Figure 2.5: Area of the sky covered by the VMC, EMU ASKAP, SMASH and SAGE
surveys of the SMC.

(Lacy et al., 2004), Herschel HERITAGE (Meixner et al., 2010) and XMM-Newton
(Sturm et al., 2013) X-ray imaging surveys. Figures 2.5 and 2.6 show the comparisons

between the area covered by the VMC, EMU ASKAP, SMASH and SAGE surveys of
the SMC and LMC, respectively.
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Figure 2.6: Area of the sky covered by the VMC, EMU ASKAP, SMASH and SAGE
surveys of the LMC.
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2.1.3.1 Optical SMASH

The Dark Energy Camera (DECam; Schumacher et al., 2010) on NOAQO’s 4-m Blanco
telescope was used as part of the Survey of the Magellanic Stellar History (SMASH;
Nidever et al., 2017) to map 480 square degrees of sky to depths of ugriz ~ 23.9, 24.8,
24.5, 24.2, 23.5 mag (Vega) at seeing of 1722, 1713, 1701, 0795, 0790. Its main goal was
to identify broadly distributed, low surface brightness stellar populations associated
with the stellar halos and tidal debris of the Magellanic Clouds. The catalogue contains
~ 360 million objects in 197 fields.

2.1.3.2 Infrared SAGE and HERITAGE

Spitzer Space Telescope (SST; Werner et al., 2004b) is an infrared space telescope, with
a primary mirror diameter of 85 cm, launched in 2003 and ending its operations in 2020.
Spitzer carried three instruments on board, the Infrared Array Camera (IRAC; Hora
et al., 2008) which operated simultaneously at 4 broad bands centred at 3.6, 4.5, 5.8
and 8.0 pum, the Infrared Spectrograph (IRS; Houck et al., 2004) which operated at
wavelengths 5.3 — 40 pum, and the Multiband Imaging Photometer for Spitzer (MIPS;
Rieke et al., 2004) which operated from the mid to far-infrared at broad bands centred
at 24, 70 and 160 pm.

The Magellanic Clouds were observed by Spitzer as part of the Spitzer Agents of
Galaxy Evolution (SAGE) survey of the LMC (Meixner et al., 2006) and SMC (Gordon
et al., 2011) which map 49 deg? and 30 deg? respectively. It produced a list of about
8.4 million sources taken with IRAC filters 3.6, 4.5, 5.8, 8.0 pm on the SST with an
angular resolution of 2”. The faint limits for SAGE are 18.3, 17.7, 15.7 and 14.5 mags
respectively.

The Herschel Space Observatory (Pilbratt et al., 2010) was a 3.5-m infrared
telescope that was active from 2009 to 2013 and was sensitive to the far infrared and
submillimetre wavebands (55 — 672 um). HERschel Inventory of The Agents of Galaxy
Evolution (HERITAGE; Meixner et al., 2010) used the Herschel’s Photodetector Ar-
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ray Camera and Spectrometer (PACS, 100 and 160 pm; Poglitsch et al., 2010) and
the Spectral and Photometric Imaging REceiver (SPIRE, 250, 350, 500 pm; Griffin
et al., 2010) bands to image the LMC, SMC and Magellanic Bridge. This survey is
complementary to the SAGE survey.

2.1.3.3 X-ray XMM-Newton

The XMM-Newton space observatory (Jansen et al., 2001) consists of three X-ray
telescopes designed to make long uninterrupted exposures over a large collecting area
(30") over a wide energy band, to provide highly sensitive observations. This allows for
observations in the 0.2 — 12.0 keV band with an angular resolution of 5" — 6”.

An SMC-survey point-source catalogue was created from archival XMM-Newton
data with additional newer data from XMM-Newton (Sturm et al., 2013), which covers
5.6 deg?, including the bar and eastern wing of the SMC. The catalogue contains 3053
unique X-ray sources with a median position uncertainty of 1”3 down to a flux limit
of ~ 107 erg ecm™2 s7!. The majority of the sources are expected to be AGN. One
limitation of this survey is that it only covers the central part of the SMC, and therefore

does not cover the same breadth as the VMC survey.

2.1.4 All-sky surveys

All-sky surveys used in this work include optical Gaia DR3 survey (Gaia Collaboration
et al., 2021) photometry and astrometry, as well as mid-IR WISE (Wright et al., 2010;
Cutri et al., 2013; Schlafly et al., 2019).

2.1.4.1 Optical Gaia all-sky survey

The Gaia mission (Gaia Collaboration et al., 2016) telescope was launched on 19 De-
cember 2013, with the aim of measuring the 3D spatial and velocity distribution of

stars, as well as determining their astrophysical properties. The Gaia on-board system
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is designed to detect point-like sources, but can detect extragalactic sources if their
central region is sufficiently bright and compact. The latest data release, DR3 (Gaia
Collaboration et al., 2022), is based on 34 months of Gaia operations. The catalogue
provides celestial positions, proper-motions, parallaxes, and broad band photometry
in the wide G (centred on 650 nm), blue-enhanced Gpp (centred on 360 nm), and
red-enhanced Grp (centred on 750 nm) pass-bands. This data release also includes

class probabilities (QSO, galaxy or stellar source) for 1.5 billion sources.

2.1.4.2 Infrared WISE

Wide-field Infrared Survey Explorer (WISE Wright et al., 2010), is a telescope launched
in 2009 to repeatedly map the entire sky in infrared. WISE mapped the whole sky
in four bands W1, W2, W3, W4 centred at 3.4 pum, 4.6 pum, 12 pm, and 22 pum,
respectively, using a 40-cm telescope feeding arrays with a total of 4 million pixels.
The sensitivities of W1, W2, W3 and W4 correspond to Vega magnitudes of 16.5, 15.5,
11.2, and 7.9, respectively, in the all-sky WISE survey.

The AIWISE (Cutri et al., 2013) programme extended the work of the WISE
survey mission by combining data from the cryogenic and post-cryogenic survey phases
to form the most comprehensive view of the mid-infrared sky currently available. The
ANIWISE Catalogue is more sensitive than the all-sky WISE survey in W1 and W2
because images from two WISE survey phases were combined, doubling the depth-of-
coverage in those bands. W3 and W4 measurements remain unchanged from the All-
Sky Release because no additional data were included in those bands. The catalogue
contains accurate positions, apparent motion measurements, four-band fluxes and flux
variability statistics for over 747 million objects detected on the deep AIIWISE images.

Further adding to the WISE mission, is the unWISE (Schlafly et al., 2019) cat-
alogue, which used the deep unWISE coadded images built from five years of publicly
available WISE imaging, as well as improved modelling of crowded regions. This re-
sulted in a catalogue of ~ 2 billion unique objects detected in the W1 and/or W2
channels, reaching depths ~ 0.7 mag fainter than those achieved by AIIWISE.
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2.2 Spectra

Spectroscopy is the technique of splitting light into its constituent wavelengths, in the
same way as a prism disperses light into a rainbow of colours. The absorption and
emission of electromagnetic radiation occurs at specific wavelengths, which is linked to
the quantised energy levels of electrons in specific atoms and molecules. Spectroscopy,
with good enough resolution, allows for these ‘lines’ of absorption or emission to be
observed. The lines not only reveal the presence of specific atoms/molecules in the
astronomical object, but also the motion of the object with respect to the Earth, and
therefore its distance from Earth in terms of redshift, as well as the motion of different
parts of the astronomical object itself, such as an outflow from an AGN.

Spectroscopy is obtained using a spectrometer. The basic components of a spec-
trograph are the entrance slit, a collimator, a grating or prism, a camera (a lens or
mirror), and a detector. A basic diagram of a spectrometer can be seen in Figure 2.7.
The width of the slit is chosen to balance between flux (wider slit) and spectral reso-
lution (narrower slit), where the maximum slit width, when observing a point source,
should be no more than the “seeing” width. Low resolution spectroscopy is often good
enough to detect and identify the strong emission lines from AGN, so a wider slit closer
to the “seeing” width can be used.

A prism can split light into its various wavelengths as the index of refraction of
the prism has a wavelength dependence. Another method of separating light into its
multiple components is via the use of slits, such as in Young’s Double Slit experiment,
which use diffraction to separate the wavelengths. A diffraction grating is a collection
of multiple slits that act to disperse light and are often used in astronomical spectro-
graphs. The slits of the grating are equally spaced parallel grooves on a surface, where
the distance between adjacent grooves and the groove angle determine the grating’s
dispersion and efficiency. The blaze angle, the angle at which maximum throughput is
achieved, influences what wavelength range the grating is best optimised for. Changing
the angle of the grating would shift the wavelength range being observed, but would

also decrease throughput. See Figure 2.8 for a basic diagram of a grating. Gratings
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Figure 2.7: Basic optical diagram of a spectrometer.
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Figure 2.8: Optical diagram of a grating that can be used in spectroscopy.

are generally an improvement over prisms as they are more efficient, do not suffer from
the absorption effects and provide a linear dispersion of wavelengths.

After passing through the grating, the camera (lens or mirror) collects the
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spectrally-dispersed beams, which are still collimated, and make them converge so
that the spectrum is imaged onto the detector, forming a spectrum where the direc-
tion along the slit is the spatial axis, and the direction along the spectrum is the
dispersion axis. The detector is usually a charged couple device (CCD), which is a
two—dimensional array of independent semi—conductors, known as pixels.

There are a plethora of lines that are associated with AGN. Some of these lines
can be found in emission or absorption depending on the orientation of the AGN with
respect to our line of sight. Typically when we are seeing an AGN face-on, we see
lines in emission and when we see an AGN edge-on, we see some lines disappear whilst
others remain, due to the dusty torus absorbing the emission from the central engine
of the AGN. Notable lines in the optical range (3000 — 10,000 A) that can be used to
identify and characterise AGN by are Ha (z ~ 0 — 0.52), HB (2 ~ 0 — 1.05), [Mg11] (=
~ 0.07 — 2.57).

Besides the astronomically relevant lines the astronomical objects, there are also
absorption and emission lines either from space or from the Earth’s atmosphere to

contend with.

2.2.1 SAAO 1.9m

I observed 174 new optical spectra (see A.1 for full list) at the South African Astro-
nomical Observatory (SAAQO) 1.9-m telescope with SpUpNIC (Spectrograph Upgrade:
Newly Improved Cassegrain; Crause et al., 2019) during observing runs in 2019 and
2021. Grating 7 (grating angle of 16°) and the order blocking ‘BG38’ filter were used,
delivering a resolving power R = ﬁ ~ 500 over a wavelength range of 3800 A — 9000
A. Dome-flats and bias images were taken at the beginning of each night. The CuAr
lamp was used for wavelength calibration. Three 600 s (300 s for sources brighter than
~ 16 mag) exposures were obtained for each source. The standard stars (EG 21, Feige
110 or LTT 1020; Hamuy et al., 1994) were observed on the same night under the same

conditions for 30 s.
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I processed the data using the standard IRAF* tools (Tody, 1986, 1993). Basic
CCD reduction was performed, this included trimming the 2D spectrum, removing bias,
flat-fielding and cosmic ray removal. The arc spectra emission lines of the CuAr lamp
were identified and used to wavelength calibrate the science images. The standard stars
were used to calibrate the flux of the science images. Then finally the 1D spectrum of
the sources on the slit were extracted. The steps and IRAF functions used can be seen

in Appendix B.

2.2.2 SALT

The Southern African Large Telescope (SALT) (Buckley et al., 2006) is located in
Sutherland, South Africa. SALT’s primary mirror is an 11-m diameter segmented
mirror, made up of 91 1.2 m hexagonal segments. Due to the primary mirror being
fixed at an angle of 37° with respect to the zenith, thus limiting the declination across
which observations can be made, and science observations being performed with a
‘tracker’ that follows targets across the sky, the telescope’s effective diameter is closer
to 7 — 9 m. SALT was used to observe AGN candidates that had the potential to be
similar to SAGE0536AGN. I used the Robert Stobie Spectrograph (RSS; Burgh et al.,
2003; Kobulnicky et al., 2003), a combination of three CCD detectors with total 3172
x 2052 pixels and spatial resolution of 071267 per pixel. I used the long-slit with width
175 or 1725, grating PG0300 or PG0900 and an Argon arc lamp. In some cases the
default blaze angle was changed to incline the grating, which sacrificed some efficiency,
to tune the wavelength range to, for example, avoid emission lines landing in a CCD
gap. Initial processing (basic CCD data reductions) was done automatically by the
SALT pipeline (Crawford et al., 2010). I processed (cosmic ray removal, wavelength
calibration and source extraction) these data also using the standard IRAF tools (Tody,

1986, 1993).

4TRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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The focus of the SALT telescope observations was to find and characterise more
AGN-dust dominated galaxies and characterise extragalactic radio sources with inter-
esting extended emission. The observations were done under programmes 2019-1-SCI-
032 (PI: Clara Marie Pennock), 2019-2-SCI-041 (PI: Jacco van Loon), 2019-2-SCI-045
(PI: Jacco van Loon), 2020-1-SCI-028 (PI: Clara Marie Pennock), 2020-2-SCI-025 (PI:
Clara Marie Pennock), 2021-1-SCI-029 (PI: Jacco van Loon), 2021-1-SCI-032 (PI: Jacco
van Loon), 2021-2-SCI-018 (PI: Jacco van Loon), 2021-2-SCI-017 (PI: Joy Anih), 2022-
1-SCI-022 (PI: Jacco van Loon) and 2022-1-SCI-023 (PI: Joy Anih). The list of sources
observed by SALT can be seen in Tables A.2 and A.3.

Prior to this study SAGE0536AGN had been observed with SALT by van Loon &
Sansom (2015). Further observations of SAGE0536 AGN were obtained with SALT RSS
in 2017 (programme 2017-1-SCI-001) but were unfortunately affected by focus issues.
These spectra covered ~534 to 623 nm, with PG2300 grating, including H3Z, Mg b
and Fe \5335 spectral features. Two of the five exposures (observed on 20/10/2017)
were of sufficiently good quality and high spectral resolution to attempt kinematic
measurements. Using Python PPXF® and INDO-US star spectral templates (Valdes
et al., 2004) the measured velocity dispersion was ~ 202 + 15 km s~ (Sansom et al., in
prep.), with overall errors from PPXF uncertainty and spectral resolution uncertainty
added in quadrature. This measurement was within the central ~ 1” along the major
axis of SAGE0536AGN and is larger than previously found, s ~ 123 & 15 km s}, in
van Loon & Sansom (2015). This may be because of the focus problems with the 2017
data but could also result from measurement in a better spectral range, less affected
by a particular (NaD) spectral feature and along the major axis. IFU data would be
needed to more accurately determine the kinematics across SAGE0536 AGN.

Shttps://www-astro.physics.ox.ac.uk/~cappellari/software/#ppxf
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2.2.3 Literature

Some of the sources studied had already been spectroscopically observed prior to this
study. The spectra of these sources were studied in Chapter 5, and the sample list for
which can be found in Table 5.1.

Three sources had been observed as part of the Magellanic Quasars Survey (MQS,
Koztowski et al., 2013) and one source as part of a search for variability-selected quasars
in the Magellanic Field (Geha et al., 2003).

Lastly, another source had been observed with European Southern Observatory’s
3.6-m telescope with EFOSC2 as part of a survey to find polarized quasars (see Kishi-
moto et al., 2008, Kishimoto et al. in prep.). For all frames, the CCD was read out
with 2 x 2 binning, giving a spatial sampling of 0”316 per pixel. The grism Gr#1 was
used at a dispersion of 13 A per pixel (after the binning). The target was observed
with a 175 slit width, giving a spectral resolution of ~ 60 A. The data were reduced
in a standard manner. The averaged bias frame was subtracted, and each frame was
flat-fielded. The wavelengths were calibrated using arc frames, and the spectra were

extracted within a 2”8 window and flux-calibrated.

2.3 Training sets for machine learning

To train a supervised machine learning classifier a training set of known sources is
required. The sources I observed with SALT and SAAO were added to these training
sets. The total number of sources for each class can be seen in Table 2.2.

Using spectroscopically observed sources, however, introduces bias into the train-
ing sample, since the sources observed tend to be chosen based on colour cuts that
similar previously observed objects conform to. Furthermore, there is also a bias in
magnitude, as the faintest sources would be too faint for spectroscopy. This therefore

leaves the rarer/unusual and fainter versions of each class to not be observed.
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Table 2.2: The number of sources for each class and the region of the Clouds they were
spectroscopically observed in, as well as the references of the literature they originated
from. (1) From own observations using SALT or SAAO’s 1.9m telescope; (2) Spitzer-
spec surveys (Ruffle et al., 2015; Jones et al., 2017); (3) From a Simbad (Wenger et al.,
2000) search of * PM’ stars in the VMC footprint that had listed spectral type and

reference given.

Class SMC | LMC | References

AGN 306 | 639 | (1); (2); Flesch (2019b); Kozlowski et al. (2012);
Koztowski et al. (2013); Geha et al. (2003);
Esquej et al. (2013); Ivanov et al. (2016);
Ivanov et al. in prep.

Galaxies 124 | 430 | (1); (2); Jones et al. (2009)

OB stars 417 | 1073 | (2); Walborn et al. (2014); Evans et al. (2015a,b);
Lamb et al. (2016); Grin et al. (2017);
Roman-Duval et al. (2019);
Dorigo Jones et al. (2020)

Em-line stars 5 563 | (1); (2); Reid & Parker (2012)

RGB stars 519 | 489 | (2); Cole et al. (2005); Neugent et al. (2020)
Parisi et al. (2009, 2010, 2022);
De Bortoli et al. (2022)

H11/YSOs 86 459 | (2); Seale et al. (2009); Oliveira et al. (2011, 2013);
Oliveira et al. (2019); van Gelder et al. (2020)

PNe 53 50 | (2); Shaw et al. (2001)

AGB stars 165 | 221 | (2); van Loon et al. (1998);
Groenewegen & Blommaert (1998);
van Loon et al. (1999a,b, 2005, 2006, 2008);
Kamath et al. (2014)

RSG stars 44 70 | (2); Neugent et al. (2020)

pAGB/RGB stars| 46 33 | (2); van Loon et al. (2008); Kamath et al. (2014)

PM stars 78 303 | (3)




47

2.3.1 SAGE-spec

The Infrared Spectrograph onboard the Spitzer Space Telescope was used to observe
the LMC and SMC in low and high resolution modes for the wavelength range of 5 —
38 pum. The resolving power varies between 60 — 130 for low resolution mode, and high
resolution mode has a resolving power of ~ 600.

All the spectra obtained by Spitzer within the SAGE footprint were looked at as
part of the SAGE-Spec project. In the SMC (Ruffle et al., 2015), this survey found
58 asymptotic giant branch (AGB) stars, 51 young stellar objects (YSOs), 4 post-
AGB objects, 22 red supergiants (RSGs), 27 stars (of which 23 are dusty OB stars),
24 planetary nebule (PNe), 10 Wolf-Rayet (WR) stars, 3 H1I regions, 3 R Coronee
Borealis (R CrB) stars, 1 blue supergiant and 6 other objects.

In the LMC (Jones et al., 2017), this survey observed ~ 800 sources in the SAGE
LMC footprint, the majority of which are YSO and H 11 regions and (post-)asymptotic
giant branch stars, PNe and massive stars. Also observed were two supernova remnants,

a nova and several background galaxies.

2.3.2 Extragalactic

There are 657 spectroscopically observed AGN, from the milliquas catalogue of Flesch
(2019a,b), in the field of the VMC footprint of the LMC. The highest contributions are
from Kozlowski et al. (2012, 2013), Geha et al. (2003), Esquej et al. (2013) and Ivanov
et al. (2016), contributing 547, 24, 23 and 10 objects, respectively.

There are 240 spectroscopically observed AGN, from the milliquas catalogue of
Flesch (2019a,b), in the field of the VMC footprint of the SMC. The highest contribu-
tions are from Koztowski et al. (2011, 2013) and Ivanov et al. (2016), contributing 194
and 10 objects, respectively.

Galaxies were taken from the 6dFGS survey (Jones et al., 2009). The observations
for this survey were carried out using the Six Degree Field (6dF) fibre-fed multi-object
spectrograph at the UK Schmidt Telescope (UKST) over 2001 May to 2006 January
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(Jones et al., 2005). Target fields covered the ~ 17 000 deg? of southern sky more than
10° from the Galactic Plane. This survey data, however, comes with the caveat that
it is limited to the brightest (it is complete to total extrapolated 2MASS magnitude
limits of (J, H, K) = (13.75, 12.95, 12.65) mag) and closest (median redshift of whole

survey is z ~ 0.053) of galaxies.

2.3.3 Galactic and Magellanic

For the training sample, sources that are often mistaken with AGN were needed, whilst
also including other sources that are more distinct from AGN that are prevalent through
the Magellanic Clouds. There have been many spectroscopic surveys of the LMC and
SMC, generally looking at specific types of stellar objects that can be found within the
Magellanic Clouds. This led to the accumulation of 1490 OB stars, 1008 RGB stars,
568 emission-line stars, 545 YSO or compact H1I regions, 386 AGB stars, 114 RSGs,
103 PNe, 79 pAGB/pRGB and 382 high proper-motion/foreground stars (references:
see Table 2.2). A large part of these sources were from the SAGEspec surveys (Ruffle
et al., 2015; Jones et al., 2017), which observed 209 and 862 sources in the direction of
the SMC and LMC, respectively.

The more mundane stars (e.g. main-sequence M stars), however, tend not to
get spectroscopically observed on purpose, this therefore leads to a lack of these for
training. They are, however, distinct from AGN, with a lack of emission in the IR,
so should not be mistaken for extragalactic sources, and be more associated with the

stellar sources based on proper-motions and colours.
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3 Methodology

This chapter is split into 4 sections. The first section is about the testing and use of a
source detection algorithm, AEGEAN on the ASKAP LMC image and comparing it to
a previous observation of the LMC with the SUMSS telescope, and the EMU ASKAP
observation of the SMC. The second section describes the usage of GALFIT to model
the light profiles of AGN with resolved host galaxies. The third section describes the
usage of CIGALE spectral energy distribution (SED) fitter to model the photometric
SEDs of a sample of sources. The final section describes the two machine learning

algorithms that were used to classify sources.

3.1 ASKAP ESP LMC Source Detection

I created the 888 MHz LMC ASKAP source catalog using the AEGEAN source finder al-
gorithm (Hancock et al., 2012; Hancock et al., 2018). Variable noise is present across the
image, from the combination of the multiple beams and artefacts from bright sources.
To ensure accurate source thresholds the variable noise must be parameterised before
source finding. The BANE (Background and Noise Estimation) routine in the Aegean-
Tools software was used, with default parameters, to create root mean squared noise
(RMS) and background level maps® (see Figure 3.1). The maps were then used, along-
side the LMC image, with AEGEAN, using default parameters to create initial source
lists. A cursory visual inspection of the sources was carried out to verify detections

from the initial source list.

'Tt does this via a sliding boxcar approach where it calculates the background and noise properties
of all pixels within a box centred on a given grid point, the resulting maps having the same pixel scale
as the input images.
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Figure 3.1: RMS map of the 888 MHz ASKAP observations, produced by BANE with
the default parameters. The image is of the same pixel scale as in Figure 2.2. Higher
RMS levels are found at the edge of the field (due to fewer beams present and because
of the primary beam shape of which the sensitivity falls off) and around the brighter
sources.
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3.1.1 Testing of Aegean

To ascertain the best AEGEAN parameters, I used the algorithm on subsamples of the
image with different values of SEEDCLIP (the number of o above the local RMS for
sources to be deemed detected, also known as the detection threshold) to find the best
SEEDCLIP value that obtains the least false positive detections without sacrificing too
many true positive detections. To quantify the false detection rate it can be assumed
that the noise in the image follows a symmetric, Gaussian distribution. This symmetry
means that the negative image (inverted) has the same noise properties as the non-
inverted image, meaning large noise troughs in the original image are now detected
as sources. Hence, the number of detected sources should be approximately equal to
the number arising from the false positive noise spikes in the true image. From this I

constrained the *

‘real” detections in an image by investigating how the false detections
vary with SEEDCLIP and then picked out the optimum value that successfully extracts
sources with minimal contamination from noise (Hale et al., 2019). The percentage of
real detections can therefore be calculated using

N, —N_

% Real Detections = 100 x
N,

(3.1)

where N, and N_ are the total number of sources detected with AEGEAN on the
original and inverted images, respectively.

The subsamples AEGEAN were tested on can be seen in Figure 3.2. A rectangular
region (area is 5000 x 14000 pixels) was chosen such that at one end there was an area
of bright, extended radio emission (the centre of the LMC), and at the other end is an
area of mostly isolated point sources (edge of ASKAP LMC image). This rectangle was
then split into 7 segments. To compare the difference in performance for using AEGEAN
on high and low source density regions at different values of SEEDCLIP, AEGEAN was
used on the first segment, M1 (LMC centre), then Equation 3.1 was used to calculate
the %Real Detections. This is repeated for different values of SEEDCLIP. Then the area
being tested on was expanded to the second segment to form a larger segment, M2,

and AEGEAN was used again and %Real Detections was calculated for varying values
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Figure 3.2: Regions AEGEAN was tested on for the ASKAP ESP image of the LMC
at 888 MHz. AEGEAN was tested by starting on a region at the centre of the LMC
where there is extended emission, M1, and a region away from the LMC where there
are mostly point sources, P1. Then the image size is extended (indicated by the arrow)
to P2 and M2, and AEGEAN was tested on the larger images. This is repeated for both
starting points until the full region is tested on as outlined in the figure.

of SEEDCLIP. This is repeated until the entire region outlined in Figure 3.2 is tested
on. Starting from the other end of the region, P1, this process is then repeated.
How the detection threshold (SEEDCLIP) affects the %Real Detections for different

areas of the ASKAP LMC image can be seen in Figure 3.3, where the left graph shows
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Figure 3.3: How % Real Detections varies with detection threshold for sources in the
centre of the LMC (left) and sources far from the centre of the LMC (right), where the
pink line in both graphs represent the same test area. The regions names are explained
in Figure 3.2. This shows that the % Real Detections plateaus at 50 for all image
sizes irrespective of whether they are in a region of bright highly extended sources or
a region of mostly isolated point sources.

the test starting from the centre of the LMC and the right graph shows the test starting
from the edge of the ASKAP LMC image. From this it can be seen that the % Real
Detections plateaus at ~ 50 for all tests. It should be noted that despite the lower
%Real Detections for the P1 start (most obvious at 30), that the number of sources
detected is higher than for the M1 start, where the large bright extended sources
would cause the flux corresponding to the detection threshold to be higher, so only the
brighter, more likely real points sources would be detected. Whereas further away from
the LMC, fainter sources can be picked up, and at a lower detection threshold (such

as 30) the variations in background are more likely to be detected as point sources.
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Overall, testing proved that for a large variety of regions, containing from compact

to large extended sources, the default value of 50 was appropriate.

3.1.2 Source lists

In total, I found 54,612 sources in the ASKAP 888 MHz image. I separated this source
list into a GoLD (30,866), SILVER (22,080) and BRONZE (1666) source list. Some sample
records of the GOLD source list can be found in Table 3.1. The PSF was generated
during image restoration, which means that the semi-major axis (13”9), semi-minor axis
(12”1) and position angle (—84°94) of the PSF are constant for all sources. The sizes
of the sources were determined during source finding. All sources have a designated
‘Island” number, and if multiple sources have the same ‘Island’ number then they are
considered components of the island and will have different ‘Source’ numbers. These
components of the islands can be spread across the different source lists. The isolated
(one component in an island) sources make up ~ 90 per cent of the entire catalogue.
Note that I find isolated sources have more reliable flux density errors than sources
that are components of islands, which tend to have unreasonably small flux density
errors calculated by AEGEAN.

To remove multiple detections of large/bright extended sources, a threshold of
the local RMS was used. This is because in the area of these large sources the value of
local RMS is higher than elsewhere. A cut of RMS < 0.12 mJy/beam was used and a
cursory visual inspection was undertaken of the sources removed (and not removed) to
verify the effectiveness of this cut. This cut also had the effect of removing sources close
to/surrounded by bright extended sources, as well as the sources along the outermost
edges of the image due to the poorer sensitivity in this part of the image.

The GoLD standard source list required an integrated flux density > 0.5 mJy
in order to give a spatially uniform distribution, so that the fainter sources, that are
not uniform in spatial distribution, are separated into a SILVER source list (see Figure
3.4 (left & centre)). This value was chosen because this is where the flux density

distribution of the ASKAP radio sources turns over, see Figure 3.5. The BRONZE source
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Table 3.1: Example of the catalogue created from the LMC ASKAP ESP image. In
the second part of the “EMU ID” the sources are labelled either as “ES” or “EC”,
where “E” stands for early science data, “S” stands for an isolated source and “C”
stands for a component of a source. The ¢ indicates the source-finding fitting error.
“Peak” indicates the peak flux density per beam and error. “Integrated” indicates
the integrated flux density, which is not fitted directly but is calculated from a, b and
peak flux density and the synthesised beam size. The a is the fitted semi-major axis,
b is the fitted semi-minor axis and PA is the fitted position angle. “Island” is the
number of the island from which the source was fit and the “Source” is the number
within that island, starting from zero for components of a source (EC) and always zero
for isolated sources (ES). “Background” is the flux density per beam measured from
the background map created with BANE at the source position. “Local RMS” is the
flux density per beam measured from the rms map created with BANE at the source
position. “Residual Flux” mean and standard deviation are the mean and standard
deviation of the residual flux remaining in the island after fitted Gaussian is subtracted.
Flags are 0 for a good fit, 2 indicates an error occurred during the fitting process (e.g.
the fit did not converge), 4 indicates a component was forced to have the shape of the
local point spread function.

Source List EMU ID RA (J2000) | Dec (J2000)
h m s o
GoLD EMU ES J063120.8—741322 | 06:31:20.8 —74:13:23
GoLD EMU ES J063111.1—741304 | 06:31:11.3 —74:13:04
GoLD EMU ES J062722.6—742301 | 06:27:22.6 —74:23:01
— peak — — integrated — a b
F o F o (//) o (//) (//) o (//)
(mJy beam™) | (mJy beam™) | (mJy) | (mJy)
6.20 0.11 7.60 0.14 | 1549 | 0.07 | 13.51 | 0.06
1.65 0.08 4.56 0.25 2727 0.39 | 17.28 | 0.23
1.46 0.11 1.67 0.14 16.18 | 0.32 | 12.05 | 0.22
PA — Island Source| Background | Local RMS | Residual Flux | flags
° o (°) (mJy beam™!)|{(mJy beam™!)| mean o
(mJy) | (mJy)
—87.07 | 0.10 1131 0 0.009 0.114 —0.038 | 0.146 0

—87.08 | 0.08 115 0.007 0.111 0.007 | 0.189
—86.66 | 0.19 117 0 0.015 0.118 —0.013 | 0.075 0

(a]
(a]
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list was created, which consists of the sources where the local RMS is > 0.12 mJy/beam,
which indicated noisy regions, either at the edges of the field or around bright sources.
Each source was individually visually inspected using SAOImageDS9 (Joye & Mandel,
2003), where a source was kept if it was clearly visible above the background noise
and was point-like or slightly resolved. This reclaimed some of the sources near the
edge of the image where the high noise removed them from the SILVER and GOLD lists,
as well as the sources that were near bright extended emissions, including well-known
bright sources such as the supernova SN 1987A. The sources that were not recovered
are those located in complex regions or blended with other sources that would require
higher angular resolution to disentangle. The flux densities of a few sources in noisy or
confused regions may be unreliable. Therefore, it is advised that for these sources the
user inspects the image and ascertain whether to trust the given flux density values. Of
the 4072 sources in areas where the local RMS is > 0.12 mJy/beam, 1666 were placed
in the BRONZE source list, the density map of which is presented in Figure 3.4 (right).
Note that the local RMS cut intrinsically leads to incompleteness in the GOLD sample
at the brightest flux densities, as the brightest sources cause a higher local RMS, thus

leading to their inclusion in the BRONZE source list instead of the GOLD source list.

3.1.3 Comparison with previous radio catalogues

The ASKAP ESP source lists were compared with various radio continuum catalogues
that cover the LMC. The number counts for our survey were compared with those from
the previous ASKAP ESP catalogue of the SMC (Joseph et al., 2019), for which the
full ASKAP array was not available. See Table 3.2 for a comparison of previous radio

surveys of the LMC.
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Figure 3.4: Density plots of the GOLD (left), SILVER (centre) and BRONZE source lists
(right). This shows that the GOLD source list is uniform across the LMC field, except
in the area of 30 Doradus, which is seen as a blank space. The SILVER source list is not
as uniform and showcases gaps where the brighter Magellanic sources are present. The

BRONZE source list covers the edges of the LMC field and the areas of the brightest
sources, where the local RMS is greatest.
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Figure 3.5: Histogram of integrated flux density at 888 MHz illustrating the GOLD,
SILVER, and BRONZE populations.
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3.1.3.1 SUMSS 843 MHz

The MOST telescope was used to carry out the Sydney University Molonglo Sky Survey
(SUMSS; Mauch et al., 2003b,a) at 843 MHz with a beam size of 45” x 45" to create a
catalogue that covers the whole sky South of DEC = —30 deg, including the LMC. The
positions in the catalogue are accurate to within 1 — 2 arcsec for the brighter sources
(> 20 mJy beam™!) and always better than 10 arcsec. This catalogue therefore makes
for a suitable comparison for the new 888 MHz ASKAP catalogue.

The new ASKAP 888 MHz source lists (GOLD and SILVER, 53,547 sources) were
cross-matched with the SUMSS 843 MHz catalogue (3829 sources), with a search radius
of 10 arcsec, yielding 3211 matches. The flux densities are compared in Figure 3.6; the
dashed blue line indicates the one-to-one relation and the red line indicates the line
of best fit. The sources that show higher than expected flux density from ASKAP
compared to SUMSS were found to be near bright point sources with nearby artefacts
which, when coinciding with a fainter source, increases their total flux density. The
sources that show lower than expected flux density from ASKAP compared to SUMSS
were found to be extended sources, that were seen as one source in SUMSS but multiple
components in ASKAP, hence the lower flux density. The correlation between the
calculated integrated flux densities of ASKAP 888 MHz and SUMSS 843 MHz source
lists is described by the Pearson Correlation Coefficient, » = 0.967 £ 0.004, showing a
strong positive correlation and that LMC ASKAP is well flux calibrated.

In Figure 3.6 the red line is slightly “above” the density ridge of the source distri-
bution, so could be interpreted by the expectation that the small frequency difference
from 843 to 888 MHz causes on average a lower flux density at 888 MHz. For a = —0.7
(typical of synchrotron emission) this would be (888MHz/843MHz) %7 = .96, whereas
the true mode of the integrated flux density ratio is (0.946 + 0.005), which is only a
little smaller than expected.

We compare the positional differences (ARA and ADEC) between our new
ASKAP catalogue and the previous SUMSS catalogue at 843 MHz in Figure 3.7. This

figure shows that the positional offsets are well centred, with the mean offsets calcu-
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Figure 3.6: Comparison between the integrated flux densities calculated for the ASKAP
888 MHz image, and those from calibrated archival data of SUMSS MOST 843 MHz
data. The blue dashed line indicates the one-to-one relation and the red line is the line
of best fit. This shows a tight correlation. The outliers in the lower part of the figure
are the single SUMSS sources that were resolved by ASKAP into multiple components.
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Figure 3.7: Figure of positional difference (MOST — ASKAP) of the 2949 radio sources
from the ASKAP (888 MHz) catalogue and the SUMSS (843 MHz) catalogue.

lated to be (0.189+0.054)” and (0.0884+0.054)" for RA and DEC, respectively. Overall,
the ASKAP LMC astrometry is well-calibrated.
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3.1.3.2 ASKAP SMC ESP

Two radio continuum images from the ASKAP survey in the direction of the SMC
were taken as part of the EMU Early Science Project (ESP) survey of the Magellanic
Clouds (Joseph et al., 2019). The 888 MHz observation of the LMC covers four times
the area of the ASKAP SMC ESP observations.

Figure 3.8 shows the number of sources as a function of flux density for ASKAP
LMC (888 MHz), ASKAP SMC (960 MHz and 1320 MHz) and SUMSS LMC (843
MHz). As expected, the number of sources is lower and the detection limit is higher in
the ASKAP SMC catalogue compared to the ASKAP LMC catalogue. This is due to
the smaller survey area, the differences in sensitivity for each image and the observing
frequency.

The comparison of the SMC (960 MHz) sources with the LMC sources (888 MHz)
where the SMC is scaled up to the same area size as the LMC (see Figure 3.9), shows
increased sensitivity with the array fully operational and that within the flux limits of
the SMC both LMC and SMC ASKAP fields show a similar source density. In contrast
to the SMC observation, the LMC observation goes deep enough to surpass the upturn
in the luminosity function and probes the radio-faint population (for more details see
section 4.2). Overall, this shows the improvement of using the fully operational ASKAP
array. Lastly, the LMC and SMC (the foreground sources) do not fill the area (at least
not at high source density) of the ASKAP images, which means that the Clouds do

not contribute a significant fraction to the predominantly extragalactic source density.

3.2 Galfit

GALFIT (Peng et al., 2002) is a well-known software used for galaxy decomposition and
by using it I hoped to shed some light on the structure of the sources with resolved
host galaxies. It uses parametric functions to model objects as they appear in 2D

images, i.e. modelling their light distributions. It can be used to determine the global
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Figure 3.8: Integrated flux density histograms of ASKAP LMC (888 MHz), ASKAP
SMC (960 MHz & 1320 MHz) and SUMSS LMC (843 MHz). The new ASKAP LMC

image shows a marked improvement in sensitivity for a radio survey of the LMC and
compared to the ASKAP SMC survey.
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Figure 3.9: Comparison between the integrated flux densities calculated for the ASKAP
images, of the LMC and SMC at 888 MHz and 960 MHz, respectively. The SMC
numbers have been scaled to the same as the LMC image for better comparison.
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morphology or to dissect a galaxy into its separate components such as bulge, disk,
bar, etc.

GALFIT is a non-linear least-squares fitting algorithm that can fit complex images
with multiple components and a large number of parameters. It determines goodness
of fit by calculating x? and then computes the adjustment of the parameters for the

next iteration, and then continues to iterate until 2 no longer decreases significantly.

3.2.1 Models

GALFIT uses radial profile functions to model galaxies, where a radial profile describes
the intensity fall-off of a model away from the peak. In general, early-type galaxies
have a steep radial profile, whilst late-type galaxies have shallower radial profiles near
the centre.

The Sérsic profile is a power law that has been frequently used to study galaxy

morphology, and has the functional form of
S(r) = Be exp[—r((r/r) Y™ — 1)] (3.2)

where Y. is the pixel surface brightness at r., the effective radius. n is the
concentration parameter, also known as the Sérsic index, and s is a variable that is
dependent on n. When n is small, it has a shallow inner profile and steep truncation
towards larger radii. When n is large, it has a steep inner profile with an extended
outer wing. Galaxy bulges can be described by a classical de Vaucouleurs profile, which
is a special case of a Sérsic profile with n = 4. The disk of a galaxy can be described
by the Exponential Disk profile, which is a Sérsic profile with n = 1. Another special
case of a Sérsic profile is the Gaussian profile which is when n = 0.5.

Another profile is the Modified Ferrer profile, which has a nearly flat core and
a sharp outer truncation, and is used mostly to fit galaxy bars and lenses. However,
since a Sérsic profile with n < 0.5 has a similar shape, the Sérsic profile is often used

instead.
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Other profiles include the Empirical (Modified) King profile, used to fit globular
clusters, and the Moffat profile, which describes the PSF of the Hubble Space Telescope
WEFPC2 images well, but otherwise is used less frequently for galaxy fitting than the
Sérsic profile. The Nuker profile is used to fit central light distributions of nearby
galaxies and the Edge-On Disk profile is used to describe a galaxy that is seen edge-on.
Lastly, the PSF profile is used to fit unresolved sources, but can be replaced with a
Gaussian profile with a small width.

Overall, the Sérsic profile and its counterparts at specific values of n are best used
to describe the images fit in this work, as most of the other profiles can be replaced
with a Sérsic profile and since the sources are all mostly face-on sources there is no
need for the Edge-On Disk profile. An example of Galfit use can be seen in Figure 3.10,
which is from Peng et al. (2010), where the three separate components of the model
can be seen, all of which are Sérsic profiles with different values of n.

For describing galaxies with a spiral shape a coordinate rotation can be applied
to a profile. The Power-law - Hyperbolic Tangent (a-tanh, see the appendices of Peng
et al. (2002) for the full functional form of this rotation function), can account for a bar
shape to a specified radius, after which the profile spirals outwards, and can describe

tightly and loosely wound spirals.

3.2.2 Method

The method of decomposing the AGN was split into two main parts. First the
PSF of the images had to be found. This was an input requirement needed to use
GALFIT. This was done in IRAF via identifying stars in the image and then using psf
noao.digiphot.daophot to create the psf image.

After the PSF image was generated, it could be inputted into GALFIT along
with the original science image in order for GALFIT to estimate the composition of the
galaxy. Another input into GALFIT is a text file with the models to be fitted, along
with the parameters of each model that will be varied by GALFIT until a solution is

reached. After the inputs were put through GALFIT, the program iteratively varies the
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Figure 3.10: Example of Galfit modelling taken from Peng et al. (2010). The original
image of the galaxy is shown in a), whilst b) shows the best fit model and c¢) shows
the residuals leftover from subtracting the model from the original image. f), g) and
h) show the three models used create the full model in b). f) is the bulge component,
g) is the edge-on disk component and h) is the extended halo component.
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parameters of each of the models to be fitted until the best fit model is found. If a
model cannot be found then the program times out and gives an error message. When
successful three outputs are given: the original image, the model and the residuals.

If there is a star close to the galaxy being fitted, then it causes GALFIT to wrongly
estimate the location of the galaxy. Therefore any close-by stars are removed by using
GALFIT to model the star with a PSF model and subtracting the model from the image
to remove the star.

It was found that starting with more than one model with no parameters fixed led
to GALFIT timing out and giving an error message. Therefore, one model was added
to freely iterate over. The parameters of this model would then be fixed and another
model would be added to freely iterate over. And so on until a good approximation of
the true source was found. After this, the parameters would no longer be fixed, but
their values would be close enough to the correct values that GALFIT would not time
out.

The first attempt at using GALFIT to model was done with a single Sérsic profile.
The image, PSF image and the list of parameters for the models to be fitted were
then inputted into GALFIT. The centre of the object was initially estimated from the
image and then the co-ordinates were inputted as a fixed parameter. Then GALFIT
was run on the image to get the nearest approximation of the object. Next, to account
for extended emission from the object an exponential function model was added. The
first model’s parameters were fixed and the parameters of exponential function model
were allowed to iterate freely over its parameters to get a rough approximation of the
extended emission. After this, if the residuals showed a circular area of light at the
centre of the object, another Sérsic profile model would then be added to the program,
the previous models parameters were fixed whilst the parameters of the new model
were allowed to be iterated over.

GALFIT was then allowed to look for a solution with no fixed parameters, but
provided with initial parameters from which to start its search from (which were found
previously). This then provided a relatively good solution, with only a few residuals

left over from the fitting.
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3.3 CIGALE

Code Investigating GALaxy Emission (CIGALE; Noll et al., 2009; Boquien et al., 2019;
Yang et al., 2020, 2022), is a versatile Python code for studying the evolution of galaxies
by modelling the X-ray to radio spectrum of galaxies and estimating their physical
properties such as star formation rate, attenuation, dust luminosity, stellar mass and
characteristics of an active nucleus. It does this by comparing modelled galaxy SEDs to
observed ones. Recently, Yang et al. (2022) developed an updated version of CIGALE,
which allows for the modelling of the X-ray emission to account for X-ray fluxes in
the fits of the SED. This version also includes a more recent AGN model, with a
clumpy two-phase torus model derived from a radiative-transfer method (SKIRTOR
model; Stalevski et al., 2012, 2016). This model also accounts for the presence of AGN
polar dust extinction that has been observed in type 1 AGN (Gandhi & Hoenig, 2015).
Furthermore, the radio models now account for radio emission from an AGN, not just
star formation as it did previously. It is this version of the code that I used in this

work.

3.3.1 Models

The CIGALE fit is made of a maximum of eight modules for which a selection of models
can be picked, each corresponding to a unique physical process or component. These
modules include the computation of: the star formation history (SFH) of the galaxy;
the stellar spectrum from the SFH and simple stellar population (SSP) models; nebular
emission lines and continuum from the Lyman continuum production; the attenuation
of the stellar and nebular emission; dust emission in the mid-IR and far-IR from the
galaxy; the emission from an AGN; the radio emission from star-formation and/or an
AGN; the X-ray emission from the galaxy and/or an AGN. Note that for the radio,

X-ray and nebular emission modules there is only one possible model each.
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3.3.1.1 AGN models

The first AGN model of CIGALE is from Fritz et al. (2006) and assumes that the dusty
torus is a smooth structure. However, more recent theoretical and observational works
find that the torus is mainly made of dusty clumps (e.g. Nikutta et al., 2009; Stalevski
et al., 2012). To account for this a newer model was added.

The SKIRTOR model is a library of AGN dusty torus emission models that were
calculated with SKIRT, a radiative transfer code based on a Monte Carlo technique.
In this model the dust distribution of the torus is modelled as a two phase medium.
This medium consists of a large number of high-density clumps embedded in a smooth
dusty component of low density. The advantage of this model is that it can produce
both attenuated silicate features and pronounced near-IR emission at the same time,
which both smooth and clumpy models find challenging. Since SKIRTOR'’s creation
evidence, both simulated (Roseboom et al., 2013) and observational (Ponti et al., 2013,;
Markowitz et al., 2014; Leighly et al., 2015), has shown that the dusty torus is a multi-
phase structure. It is the SKIRTOR model that is used in this work.

For the AGN model, modelled as a two phase torus (Stalevski et al., 2012, 2016),
[ set the extinction law of the polar dust to the SMC values (Prevot et al., 1984), the
temperature to 100 K (e.g. Buat et al., 2021) and the emissivity index of the polar dust
to 1.6 (Casey, 2012), default values that have been shown to work well for most AGN.
All other parameters have been allowed to vary, which include: AGN fraction, the
fraction of IR luminosity from the object that is due to the AGN; torus optical depth
at 9.7 um, 7; torus radial density parameter, pl and torus density angular parameter,
q, such that p oc r~Ple9130) where p is the torus density and r is the radius of the
torus; opening angle, oa, which is the angle between the equatorial plane and edge of
the torus; inclination angle, 4, which is the viewing angle, where ¢+ = 0° is face-on and
i = 90° is edge-on; the ratio between the maximum (Ryy) and minimum radii (Ry,)
of the torus, R; the extinction caused by polar dust, E(B — V). A schematic diagram
outlining some of these parameters can be seen in Figure 3.11.

The radio module is also included as all the sources have radio observations, as the
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Figure 3.11: Annotated schematic of the SKIRTOR AGN model from Stalevski et al.
(2012). Note that © represents the half opening angle in this diagram. Optional polar
dust regions above and below the plane of the torus have been added to this model in
the CIGALE version of this model.
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recent update to CIGALE (Yang et al., 2022) now models radio emission from an AGN.
Where there is only one radio observation, the spectral index, «, is set to the default
of —0.7, typical of synchrotron emission. Where the sources have X-ray observations

the X-ray module was implemented and allowed to vary over its parameters.

3.3.1.2 Galaxy component models

The first of the galaxy component models is the star formation history (SFH) module.
The model used here is the delayed SFH with optional exponential burst which provides
efficient modelling of early—type and late-type galaxies. The parameters that were
allowed to vary were the e-folding time of the main stellar population, 7., from 100
— 4000 Myr, and the age of the main stellar population in the galaxy, ¢, from 100 —
6000, which provided a wide range of galaxy ages to test. The rest of the parameters
were to do with the optional exponential burst in star-formation, which were set to
default, and therefore not included in the model.

After computing the SFH, the second step is the simple stellar population module
that combines a simple stellar population library with the SFH to compute the intrinsic
stellar spectrum. The stellar spectra of the young and old stellar populations are
computed separately in this module. There were two options for this module, both
with the same input parameters. For this I selected the standard Bruzual & Charlot
(2003) model. This model has three parameters: the initial mass function (IMF),
which was set to 0 (corresponding to the IMF model by Chabrier (2003)) after many
tests of the CIGALE algorithm showed that it was favoured over the other model; the
metallicity, which was allowed to vary over the full allowed range from 0.0001 — 0.05
(note that only specific values are allowed); and the age of separation between the old
and young stellar populations, which was allowed to vary from 1 — 10 Myr (where 10
Myr is the default value).

The modified dust attenuation law from Calzetti et al. (2000) is our third module,
which controls the UV attenuation with the colour excess E(B—V), and also the power-

law slope (§) that modifies the attenuation curve. For this the only parameter changed
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was the extinction law for the foreground reddening to use for attenuating the emission
line flux, which was set to ‘LMC’ for sources behind the LMC and ‘SMC’ for sources
behind the SMC.

We included the nebular emission module. Nebular emission is caused by ionisa-
tion of gas, which re-emits the energy in the form of continuum and emission lines that
extend into the radio regime. However, nebular emission generally contributes little to
broadband fluxes of quiescent star-forming galaxies, therefore I kept default parameters
of the ionisation parameter (-3), fraction of Lyman continuum photons escaping the
galaxy (0) and those absorbed by dust (0) and lastly the line width (300 km/s).

The module to model the dust emission in the SED uses a modified blackbody
spectrum following Dale et al. (2014), which was chosen for its simplicity (the other
models would have created a larger parameter space to iterate over and higher compu-
tation costs). This model has two parameters, the AGN fraction of the dust emission
which was set to 0 (as the AGN emission is accounted for in a different model), and
value 8 in d Mgyt < UPdU, where d Mgy, is the dust mass and U is the radiation field
intensity. 8 was allowed to vary across the full breadth of the allowed values, 0.0625
— 4. Where there were no observations (or were all upper limits) for the far-IR regime
(such as in SAGE0536AGN, which has shown no far-IR emission), this model was left
out as it could not be fit well.

For the galaxy components of the radio and X-ray models the default parameters
were kept as the majority of the radio and X-ray emission is expected to be from the

AGN and not the host galaxy.

3.3.2 Inputs

The known redshifts and photometry from SMASH, Gaia EDR3, VMC, SAGE, All-
WISE and HERITAGE (Meixner et al., 2013) were used to model the SEDs of 17
objects (see Chapter 5 for details) that are known and candidate AGN similar to
SAGEO0536AGN, discovered using the t-SNE machine learning algorithm (see Section
3.4.1). Not all sources had far-IR fluxes, due to either being outside of the HERITAGE
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survey field of the Magellanic Clouds or the fluxes being too faint. Where far-IR fluxes
were not found in images an upper limit on the flux was measured from the HERITAGE
images. For Source 8, where there was no spectroscopically determined redshift, the
photometric redshift, measured by Flesch (2015, 2021) was used.

Models used and the parameters that were varied over the fit are shown in Table
3.3. Each AGN was initially fit without extragalactic dust model and where the models
did not fit in the far-IR and showed fagn< 0.99, where fagn is the fraction of the
total dust that is due to the AGN, the extragalactic dust model was then added, which
is the case for five of the AGN.

3.4 Machine learning

3.4.1 t-SNE

In order to find sources similar to SAGE0536AGN and SAGE0534AGN in a large
dataset with ill defined properties, I employ machine learning, which has been used to
great effect to separate sources into different classes (e.g. Lochner et al., 2016; Anders
et al., 2018; Reis et al., 2018b; Zhang et al., 2020).

t-SNE (t-distributed stochastic neighbour embedding; van der Maaten & Hin-
ton, 2008) is an unsupervised machine learning dimensionality reduction algorithm.
It can visualise any high—dimensional dataset by projecting each data-point onto a
low—dimensional map, which reveals local as well as global structure of the data at
many different scales. t-SNE has been shown to be adept at separating sources into
different classes with no prior information about the source nature (e.g. Steinhardt
et al., 2020).

t-SNE uses hyperparameters (perplexity, early exaggeration, learning rate and
number of steps) and is a non-linear and non-deterministic (output is different each
time it is used) technique. It embeds the points from a higher dimension into a lower

dimension whilst trying to maintain the neighbourhood of that point, preserving the
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Table 3.3: Modules and parameter values used to model the sample in CiIGALE. For
the parameter values not listed the default values were used.

’ Parameter

| Model/Values

\ Description

Star formation
history

delayed SFH with

optional exponential burst

Separation age

1, 5, 10

Tmain 100 — 4000 e-folding time of main stellar
population model (Myr).

t 100 — 6000 Age of oldest stars in galaxy (Myr).

Simple stellar | Bruzual & Charlot (2003)

population

IMF 0 Initial Mass Function from
Chabrier (2003)

Metallicity 0.0001, 0.01, 0.02, 0.05 Metallicity, where solar metallicity

~ 0.02.
Separation between young and old
star populations (Myr).

Galactic dust

Modified Calzetti et al. (2000)

lines

attenuation attenuation law
E(B-V) 0.4 Colour excess of nebular lines (mag).
Ext. law em. LMC, SMC Extinction law for attenuating

emission lines flux (Pei, 1992).

Galactic dust

Dale et al. (2014)

0, 10, 20, 30, 40, 50, 60, 70,
80, 90

emission

6 0.0625 — 4 Slope in dMgys o< U PdU

AGN SKIRTOR UV-to-IR, from

Stalevski et al. (2012, 2016)

T 3,5,7,9, 11 Optical depth at 9.7 pum.

pl 0,0.5,1,1.5 Torus radial density parameter, such
that p oc rPle=9150) where p is the
torus density and r is the radius of
the torus.

q 0,0.5,1,1.5 Torus density angular parameter.

oa 10, 20, 30, 40, 50, 60, 70, 80 Angle between the equatorial plane
and edge of the torus.

R 10, 20, 30 Ratio of the outer to inner radii of

the dust torus, Rou/Rin-
Viewing angle where face-on: ¢ = (0°,
edge-on: 7 = 90°
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’ Parameter \ Model /Values \ Description

facn 0.6, 0.7, 0.8, 0.9, 0.999 | AGN fraction, fagy = Ldust,ALGdﬁfﬁfﬁ:t,galaxy’
where Laust,acn and Lust galaxy are AGN
and galaxy dust luminosity integrated
over all IR wavelengths, respectively.

) —0.36 — 0.36 Power-law modifying the optical slope of
the disk.

Lawpolar SMC Extinction law of polar dust.

E(B - V)polar

0, 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, 1.0

Polar-dust colour excess (mag).

Toolar 100 K Temperature of polar dust.

Emissivitypolar | 1.6 Emissivity index of polar dust
(see equation (10) of Yang et al., 2020).

X-ray

r 1.5-2.0 Photon index, I', of the AGN intrinsic
X-ray spectrum.

o —1.9, —=1.8, —=1.7, —=1.6, | UV/X-ray slope calculated at i = 30°.

—1.5, —-14

Radio

Qsp 0.8 Slope of the power-law synchrotron
emission related to SF, which is a free
power-law slope.

QAGN 0.01 -2 Slope of the power-law AGN radio
emission, defined as L, agn o¢ v~ *AGN,

RagN 0.1 — 300 Radio-loudness parameter, defined

as L L o, where L and
I/,5GHZ/ y72500A7 v,6GHz

- are the monochromatic AGN
v,2500A

luminosities per frequency at rest-frame

5 GHz and 2500 A.
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local structure of the data. More specifically, the t-SNE technique minimizes the di-
vergence between a probability distribution that measures pairwise similarities of the
high-dimensional data and a probability distribution that measures pairwise similarities
of the low-dimensional points in the embedding. Unlike the linear Principal Compo-
nent Analysis (PCA) algorithm, t-SNE cannot preserve global structure (variance) but
can preserve the local structure, allowing fine structures to be found, which PCA is
incapable of.

I searched for SAGE0536AGN and SAGE0534AGN analogues to further explore
this AGN class. I used the t-SNE algorithm on a clean dataset (no error/missing values)
of 1359 sources that was the combination of VMC, Gaia EDR3 (Gaia Collaboration
et al., 2021), AIWISE (Cutri et al., 2021) and EMU ASKAP 960 MHz (Joseph et al.,
2019) and 888 MHz (Pennock et al., 2021) photometry, colours and astrometry in
the area of the SMC. Where there were no proper-motions, usually an indication of
an extragalactic extended source, the proper-motion value was assumed and set to 0.
Surveys of the SMC have also been performed in the X-ray (e.g. Sturm et al., 2013),
UV (GALEX; Martin et al., 2005) and mid to far-IR (SAGE/HERITAGE; Meixner
et al., 2006, 2013). These were not used because they lack the same coverage of the
Magellanic Clouds as the VMC survey, as well as having missing values for many of
observed sources, which would have caused the sample to be explored to be reduced
significantly. We focus on the SMC because the VMC Point-Spread Function (PSF)
photometry and ASKAP radio survey were available for the SMC first.

The perplexity parameter of t-SNE is related to the number of nearest neighbours
that is used in the algorithm, where larger datasets usually require a larger perplexity.
Perplexity was chosen by creating multiple maps and choosing the value of perplexity
that created the most obvious clustering. Figure 3.12 shows what a range of perplexity
values does to the outputted t-SNE map. A low perplexity value leads to too much
separation between sources, whilst a large perplexity leads to little separation between
sources. A value of around perplexity = 50, seemed to show good clustering.

This technique reduced the high-dimensional dataset down to two dimensions,

producing a t-SNE map seen in Figure 3.13.
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Figure 3.12: t-SNE maps created from a combination of VMC, Gaia EDR3, AIIWISE
and ASKAP data. Different values of perplexity were used for each map, where (left)
used a perplexity of 5, (centre) used a perplexity of 50, and (right) used a perplexity of
500. This shows that a high perplexity gives less distinct clustering and a low perplexity
gives too much clustering/separation.
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Figure 3.13: t-SNE map created from a combination of VMC, Gaia EDR3, AIWISE
and ASKAP data. Blue dots represent known AGN that have been spectroscopically
confirmed. Red indicates the dusty AGN SAGE0536AGN and SAGE0534AGN.
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3.4.2 Machine learning classifier

3.4.2.1 Decision Trees

Decision trees (James et al., 2017) are a non-parametric supervised machine learning
method that can be used for both regression and classification tasks. A decision tree
predicts the value/class of a target variable by creating a model that has learnt simple
decision rules inferred directly from the data features it is trained upon. It is a model
that is easily visualised (see Figure 3.14). It consists of nodes where a condition is given
that is either true or false. The answer to this condition leads down a “branch” to the
next node and condition, where either another split happens or the output variable is
given. In training, the “branches” split when only one target class/value of the training
data remains at the end. If there is more than one class it keeps splitting the data
until that is no longer the case. This is called the stopping criterion.

An advantage to using decision trees is that they require very little data prepa-
ration. Most machine learning algorithms usually require the data to be normalised
first, dummy variables to be created and blank values removed. Though most decision
trees do not support missing/blank values, this can be worked around by replacing
the blank value with a value far away from the range of values in a particular feature
variable. Decision trees, unlike other algorithms, can also perform both classification
and regression tasks. They are able to handle multi-output problems (more than one
output for each single input) and use a white box model, which means results are easier
to interpret as they can be explained by a condition that uses Boolean logic, as opposed
to a black box model where you can only observe the input and output.

Disadvantages to using decision trees include being biased if some classes domi-
nate in the training set, so the dataset would need to be balanced prior to fitting the
decision tree. Over-complex versions can be created which do not generalise the data
well and cause overfitting. Overfitting occurs when a machine learning model gives
accurate predictions for training data but not for new data. This can be avoided by

minimising the number of samples required in a node, and /or setting a maximum depth
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Figure 3.14: Decision Tree example: A non-parametric model. The machine learning
algorithm creates the model during the training phase. X represents the input data
with features which are used to separate the data. The y represents the output (pre-
dicted) class/value. It is described by a tree-like graph, where each split in the tree
separates the data based on a condition involving one feature. It can be used for both
classification and regression tasks. In training the stop criterion for a “branch” is that
only one class remains.

of the tree, so fewer branches are produced, reducing the complexity. They can also
be unstable, meaning that small variations in the data, or even choosing a different
subset to train upon, could lead to vastly different trees being generated. Most of
the disadvantages of decision trees can be mitigated by using decision trees within an

ensemble, i.e. multiple decision trees used together.
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3.4.2.2 Random Forests

One such ensemble of decision trees is called the random forest algorithm (Breiman,
2001), which can also be used for both classification and regression problems. The
algorithm builds several decision trees independently and then averages the predictions
of these to obtain the final prediction (see Figure 3.15). This reduces variance over using
a single estimator and creates an overall more stable model. It is called a random forest
because randomness is injected into the training process of each individual tree via a
method called ‘bagging’. This method splits up the training set into randomly selected
subsets, and each decision tree is then trained on one of those subsets. Furthermore,
at each node of the decision tree, only a randomly selected subset of the features is
considered.

Examples of where random forests have proven to be particularly effective are
in classification tasks such as photometric classification of type la supernovae (Moller
et al., 2016), classification of variable stars (Masci et al., 2014) and creating a catalogue
of quasars from survey data (Nakoneczny et al., 2019).

Advantages of the random forest include all the advantages of using a decision
tree. Also, it constructs a non-linear model during training, which is advantageous as
most problems require non-linear solutions. In its simplest form, it has very few free
parameters and can handle numerous features and numerous objects. It can produce
classification probabilities, showing you how certain the model is for each classification
it has made, simply calculated by counting the fraction of trees in a forest that vote
for a certain class. It produces feature importance, showcasing which features have
more bearing on the classifications it had made. Lastly, it generalises well to unseen
datasets due to the inclusion of randomness, and therefore reduces overfitting.

The main disadvantage of a random forest is that it cannot handle measurement

uncertainties, but this is true for most machine learning algorithms.
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Figure 3.15: Random Forest example: A model consisting of multiple decision trees.
The final result is based on the output of all the trees in either a voting system (classi-
fication), where the most often predicted class is the output, or via averaging (regres-
sion), where the final output is an average of all the values predicted by the decision
trees.

3.4.2.3 Probabilistic Random Forest

The Probabilistic Random Forest ? (PRF; Reis et al., 2018a) is a random forest algo-
rithm that can handle and take into account measurement uncertainties and missing
data. Compared to an ordinary random forest it has been proven to provide an up
to 10% increase in classification accuracy with noisy features and proven to be more
accurate than the original random forest when up to 45% objects in the training set
are misclassified. Thus this would prove helpful and would allow for the inclusion of

AGN in the training set that have been classified as AGN but not via spectroscopy.

2Python code can be found here: https://github.com/ireis/PRF
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This algorithm was created in Python and requires the Python module Scikit-
learn Pedregosa et al. (2011) to run.

3.4.3 Creating the multi-wavelength dataset

The base of the multi-wavelength data set is the near-IR VMC PSF survey catalogue.
All coordinate matchings were made to the VMC coordinates. Through the use of
TOPCAT (Taylor, 2005) the VMC catalogue was matched with SMASH (Nidever
et al., 2017), Gaia DR3 (Gaia Collaboration et al., 2022), SAGE (Meixner et al., 2006;
Gordon et al., 2011), UnWISE (Schlafly et al., 2019) and AIWISE. The parameters of
different surveys in the dataset can be seen in Table 3.4.

Some of the parameters had to be calculated. For instance, the unWISE cata-
logue only used fluxes and not Vega magnitudes like the rest of the catalogues. For
consistency the fluxes were converted using the method recommended in the notes
of the table on CDS. The fluxes in Vega nanomaggies (nMgy; Finkbeiner et al.,
2004) were converted to Vega magnitudes using m = 22.5 — 2.5log( flux). These fluxes
showed slight discrepancies with the AIIWISE values and a correction was provided (see
Schlafly et al., 2019) of subtracting 0.004 mag and 0.032 mag from unWISE W1 and
unWISE W2, respectively. The discrepancies, using the SMC training set of sources,
between unWISE W1 and AIIWISE W1, as well as unWISE W2 and AIWISE W2 can
be seen in Figure 3.16. This shows that the differences for both bands is, as expected,
centred around 0. Differences beyond this could be explained by variability.

Other parameters that had to be calculated were colours between all photometry
bands and their corresponding errors, which were calculated with standard propagation
of errors. Note that if, for example, Y — J was calculated, the reverse, J — Y, would
not be calculated and added as a feature. This led to a total of 237 features.

Different surveys have different ways of designating sources that were unob-
served /missing for a particular parameter. For example, in the VMC survey they use
an extremely negative value far from the expected range, -9.99999ES8, and in SMASH

they use the positive number 99 instead. The SAGE survey tends to leave missing
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Table 3.4: Parameters taken from various surveys to act as features in the PRF algo-
rithm. For each parameter the error on the values is also taken from the corresponding
surveys. New features were created by subtracting each feature from all the other fea-
tures to create colours. This did not include the sharpness (a measure of the difference
between the observed width of the object and the width of the PSF model, where
stars should have a sharpness value of 0 and resolved objects shaprness values of >0.
Sharpness values < 0 indicate artefacts such as bad pixels or cosmic ray impacts.) and
proper-motions in RA and DEC (pmRA and pmDEC, respectively).

Parameter Units Survey

Y PSF mags (Vega) | VMC

J PSF mags (Vega) | VMC

K, PSF mags (Vega) | VMC

Y sharp PSF | - VMC

J sharp PSF | — VMC

K sharp PSF | — VMC

u mags (Vega) | SMASH
g mags (Vega) | SMASH
r mags (Vega) | SMASH

i mags (Vega) | SMASH
z mags (Vega) | SMASH
sharp - SMASH
pmRA mas/yr Gaia DR3
pmDEC mas/yr Gaia DR3
G mags (Vega) | Gaia DR3
Ggp mags (Vega) | Gaia DR3

Gaia DR3
SAGE
SAGE

Grp mags (Vega
IRAC 3.6 um | mags (Vega
IRAC 4.5 pm | mags (Vega

IRAC 5.8 um | mags (Vega) | SAGE

unW1 mags (Vega) | unWISE
unW2 mags (Vega) | unWISE
W1 mags (Vega) | AIWISE
W2 mags (Vega) | AIWISE
W3 mags (Vega) | AIWISE

(Vega)
(Vega)
(Vega)
(Vega)
Ve
IRAC 8.0 um | mags (Vega) | SAGE
(Vega)
(Vega)
(Vega)
(Vega)
(Vega)
(Vega)

W4 mags (Vega) | AIIWISE
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Figure 3.16: Histogram showing the differences between W1 (blue) and W2 (orange)
magnitudes for the unWISE and AIWISE surveys.

values blank, but in some instances there are values of 0 instead. Before this dataset
can be used with the PRF these designations needed to be homogenised. This was
done by setting these designations to “NaN", so the PRF can treat them correctly as

missing values.
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3.4.4 Training

3.4.4.1 Inputs

The data were put in three configurations, individual ‘LMC’ and ‘SMC’ datasets, as
well as a further ‘MC’ (LMC and SMC) data set. Each configuration had two versions,
one with no colour features and another with colour features.

For the training the datasets were split into features, X, errors on features, d.X,
and class, .

To ascertain the accuracies of the trained classifiers each dataset was split into
training and testing sets, where 75% of the data were trained on and 25% were retained
to test the classifier on. For each of the training runs the data split was randomised.
Note that when testing a machine learning model a training dataset is often split into
training, validation and test set. A validation set is used to tune the parameters of the
model, whilst a test set is used to test the final model. Both of the datasets are not
trained upon. In the interest of not splitting the different sets into too small groupings,
and therefore not providing a good overview of how well the trained classifier works, I
combined the validation and test sets together for both tuning the model and testing

the final model into an overall ‘test’ set.

3.4.4.2 PRF parameters

The probabilistic random forest classifier has parameters that can be varied. Most
parameters are set to default.

There is the probability threshold parameter. In an ideal PRF all objects propa-
gate to all branches of the tree, this requires a higher amount of computation time, and
for any given object there may be nodes with small propagation probability. Stopping
the propagation at these nodes reduces the run time without decreasing overall impor-
tance. The probability threshold parameter, p,, determines the probability threshold
at which to stop propagating along a branch. In an ideal PRF, py, = 0, where all

objects propagate along all branches to all terminal nodes. Whereas py, = 1 denotes
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a classical RF, where each object propagates to only one terminal node. In Reis et al.
(2018a) they found that reducing the probability threshold below a value of py, = 0.05
does not improve prediction accuracy, so this is the value that was used in this work.

The number of trees/estimators, nNgees, is another input. The value of this is

determined in section 3.4.4.3.

3.4.4.3 Determining the number of trees

To determine the optimum number of trees for the PRF, for each of the datasets, the
dataset was split into training and testing and then the classifier was trained on this
at Nyees = 1, 5, 10,25, 50, 100, 200, 500, and then the score (average class accuracy) was
calculated. Next the whole dataset was split randomly again and then the classifier
was trained again on the different number of trees. This is done for five iterations for
each nyees and then the score is averaged for each value of nyees. The results of this
can be seen in Figure 3.17.

From this it can be seen for all dataset configurations that after 7n.ees > 100 the
score for each classifier plateaus. Therefore the value of the number of trees will be set
t0 Nirees = 100. It can also be seen that the overall accuracy is greater when colour

features are included.

3.4.4.4 Dataset configuration test

From the test to determine the optimum number of trees, see Figure 3.17, we can see
the overall accuracy of the classifiers. This shows that the SMC-trained classifier tested
on SMC data has the greatest overall accuracy and the LMC-trained classifier tested
on LMC data has the lowest overall accuracy. The overall accuracy does not tell one
how the classifier performs on individual classes, this can be shown through the use of
confusion matrices.

A confusion matrix shows the comparison between the true labels (y-axis) vs

the predicted labels (x-axis). A perfect classifier would show a value of 1 (100%) in a
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Figure 3.17: Plot of score (average accuracy) against number of trees used in training
classifier for the SMC, LMC and MC datasets with colour features included (left) and
not included (right). For each value of the number of trees the classifier was trained
and tested five times and averaged. The black lines represent the average and the
coloured lines represent the individual runs.

diagonal line from top left to bottom right of the confusion matrix, with all the other
values as 0 (0%). This would show that all classes have been predicted correctly. The
values for an entire row should sum to 1, showing the distribution of class predictions
for each class. In Figures 3.18, 3.19 and 3.20 are the confusion matrices of SMC, LMC
and MC datasets, respectively.

For extragalactic sources, the recall (the ratio of —2Z—, where tp is the number

tp+fn?
of true positives and fn is the number of false negatives) of AGN is better for the
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Figure 3.18: Confusion matrix of classifier trained 75% of the SMC dataset and tested
on the remaining 25%.

LMC-trained classifier, where recall ~ 0.97, and worst for the SMC where recall is
~ 0.94. The SMC-trained classifier has the most false positives for AGN, this is most
likely due to the smaller training set. The recall of the galaxies is marginally greater
for the SMC. Most misclassified AGN tend to be classified as galaxies and vice versa,
which is expected as there is not a fine line in parameter space between galaxy and
AGN, especially at lower redshifts.

For the stellar sources, the SMC, if one discounts the emission line stars for which

there were only five to train and test on, the SMC generally did better on classifying
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Figure 3.19: Confusion matrix of classifier trained 75% of the LMC dataset and tested
on the remaining 25%.

stellar sources. Most confusion amongst the stellar sources tends to be with other

classes of stellar sources.

3.4.5 Emission-line stars — help or hindrance

Emission-line stars tend to be a mixed bag of sources, and telling the difference between
them and other sources such as OB stars, PNe and YSOs, is not an easy endeavour.

The SMC classifier has only five available emission-line sources to train and test on,
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Figure 3.20: Confusion matrix of classifier trained 75% of the MC dataset and tested
on the remaining 25%.

so it is no surprise that these sources are all misclassified. However, the rest of the
classifications do not seem to suffer for it.

The majority of the emission-line stars are in the LMC dataset, so testing the
effect of the removal of emission-line stars from the training set will be done with this
dataset. I ran the classifier five times on the LMC dataset, for a dataset with and
a dataset without emission-line stars included. Using the remainder of emission-line
stars in the dataset after training (in the case of the classifier trained on the dataset

without emission-line stars, this would be the full list) I then predicted the average
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probability for each class for the all the emission-line stars, averaged over the five runs.
This returned Figure 3.21. This shows that when the emission-star class is removed
the emission-line stars tend to be classified as OB stars, with only a slight average class

probability increase for Hir/YSO, PNe and AGN classifications.

+ Not trained on Em. stars

08 - + Trained on Em. stars

0.6

0.4 1

Average prediction probability

00 - L & L s -

AGN Galaxy OBstar RGB AGB HII'YSO PN pAGB/pRGBRSG Em star PM star
Predicted label

Figure 3.21: Average prediction probability per class of the LMC-trained classifier used
on emission-line stars. Blue shows the prediction probabilities of a classifier trained on
a dataset that included emission-line stars, whilst orange shows the prediction proba-
bilities of a classifier trained on a dataset that did not include the emission-line stars.
This shows that on average, removing emission-line stars does not affect the average
probability of these sources predicted as AGN by much.

However, for a source to be classified as a particular class, the probability only
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has to be the highest, not above a certain probability threshold. Across the 5 runs for
the classifier not trained on emission-line stars there were only 24 out of 562 (emission-
line star dataset multiplied by 5) sources that had an AGN class probability > 0.5.
Therefore, setting a prediction probability threshold for a source to be classified as a
specific class will most likely remove most misclassifications. Therefore, emission-line
stars can be removed as they will most likely be predicted to be a stellar class, and

among those that are not, the majority can be removed with a prediction probability

threshold.

3.4.5.1 Testing classifier on the other Cloud

The SMC-trained classifier was tested on the LMC data, and vice versa, to determine
if the sources in one region can be used to ascertain the classification of the sources in
the other region. This was done by training the classifier on the entire dataset of one
Cloud and then testing on the entire dataset of the other Cloud. This was repeated
five times for each cloud, and then the average values of the confusion matrix were
then calculated. The confusion matrices can be found in Figures 3.22 and 3.23 for the
SMC-trained classifier tested on the LMC data and the LMC-trained classifier tested
on the SMC data, respectively.

The overall accuracy of the SMC-trained classifier used on the LMC dataset was
~ 0.79 = 0.10 and the overall accuracy of the LMC-trained classifier used on the SMC
dataset was ~ 0.68 4+ 0.10. This follows the trend of the SMC-trained classifier being
more accurate than the LMC-trained classifier from Figure 3.17. AGN and galaxies
have similar recall for both classifiers, no matter what dataset it is tested upon, which
shows that the extragalactic sources can be combined together to be trained upon for
both regions. The stellar sources however are not classified as well as they are by the
classifiers trained on the same data, most likely due to the different stellar populations
of the LMC and SMC.

Note that when emission-line stars were included, the accuracy of the SMC-

trained classifier tested on the LMC dataset dropped to ~ 0.69 and the accuracy of
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Figure 3.22: Confusion matrix of classifier trained on entire SMC dataset and tested
on the entire LMC dataset.

the LMC-trained classifier tested on the SMC dataset dropped to ~ 0.52. This shows

that removing emission-line stars was the correct choice overall.

3.4.5.2 Balanced vs imbalanced datasets

A balanced dataset would have all classes roughly equal in size. An imbalanced dataset
would have large differences between class sample sizes. This unbalance can cause a

poor predictive performance for the minority classes as most machine learning algo-
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Figure 3.23: Confusion matrix of classifier trained on entire LMC dataset and tested
on the entire SMC dataset.

rithms operate under the assumption of an equal sample size for each class.

Ensemble methods such as random forests can mitigate the effects of imbalanced
datasets by training each tree on an independently randomly selected subset of the
training set and then combining the results of all the trees together. However, for
extremely imbalanced datasets, when randomly selecting a subset to train a tree on, if
a minority class is too small then only a few or even none at all of the minority class
may be selected for a particular tree, meaning there will be trees that have not seen

the minority class at all, so will not know how to classify them. This effect can be
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mitigated by balancing the dataset.

Balancing the dataset can either be done by downsampling, which reduces all
the class sizes to the smallest class size, or upsampling, which increases/augments
the minority class with synthetic data so that all the class sizes are the same as the
largest class size. Downsampling, however, comes with the caveat of potentially losing
important information and therefore will not be used here. Upsampling maintains the
same amount of information, so this is what I used.

Upsampling can be done in one of two ways. Either by using machine learning
on the minority class to generate synthetic data points based on the real data of the
minority class sample; or by randomly copying objects from the minority class sample
to increase the sample size. The latter method was used as it maintains that only
real data is used whilst balancing the dataset so that each tree will randomly sample
sources from each class. To do this the 'resample’ function of Python’s Scikit-learn
module (Pedregosa et al., 2011) was used to upsample all the class samples to the same
size as the majority class.

The SMC and LMC training samples were upsampled to the size of the AGN and
OB classes, respectively. This was only done after the training sample was split into
training and test sets, and only on the training set. This was so that the same objects
did not end up in both the training and test set. This was done three times and then
averaged. This produced confusion matrices for the SMC and LMC that can be seen
in Figures 3.24 and 3.25, respectively. This yielded overall accuracies of 0.89 £ 0.01
and 0.87 4 0.01 for the SMC and LMC, respectively, averaged over three runs.

Comparing the confusion matrices for the classifiers trained with the upsampled
training sets with the classifiers trained on training sets that have not been upsampled
(see Figures 3.18 and 3.19) it can be seen that the misclassifications are slightly reduced,
and correct classifications improved.

Note that an imbalance in the dataset can also be caused by bias within the classes
themselves. In this case, it would be selection bias of the sources being bright enough
in the optical to be spectroscopically observed. One way this could be improved upon

is by finding suitable, brighter targets in the Milky Way for some classes, for example,
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Figure 3.24: Confusion matrix of the classifier trained and tested on the SMC dataset,

where each of the class
the largest size. This

training sets have been upsampled to the size of the class with
dataset configuration includes extragalactic sources from both

the LMC and SMC, but stellar sources only from the SMC.

RGB stars of SMC metallicity in the globular cluster 47 Tucanae.

3.4.5.3 Final data

The final dataset confi
LMC and SMC, where

configuration

guration to be trained upon was for separate classifiers for the

both datasets will share extragalactic sources from both regions,

whilst keeping stellar sources specific to the Cloud they are from. The PRF has 100
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Figure 3.25: Confusion matrix of the classifier trained and tested on the LMC dataset,
where each of the class training sets have been upsampled to the size of the class with
the largest size. This dataset configuration includes extragalactic sources from both
the LMC and SMC, but stellar sources only from the LMC.

trees. The classifier was trained and tested on the dataset 10 times to create 10
confusion matrices. The values were then averaged to create an ‘average’ confusion
matrix. The confusion matrix for the SMC-trained classifier tested on SMC data can
be found in Figure 3.26, and the confusion matrix for the LMC-trained classifier tested
on LMC data can be found in Figure 3.27.

The overall accuracy of the SMC classifier is found to be 0.90 £ 0.01, and the
overall accuracy of the LMC classifier is found to be 0.87 4+ 0.01. For both classifiers
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Figure 3.26: Confusion matrix of final classifier trained and tested on the SMC dataset.
This dataset configuration includes extragalactic sources from both the LMC and SMC,
but stellar sources only from the SMC.

the AGN class has one of the highest recall, ~ 93% and ~ 95% of all AGN in the test set
are classified correctly for the SMC and LMC, respectively. For the AGN misclassified
as other sources, they are most often misclassified as galaxies, which is not unexpected,
and a smaller fraction are misclassified as RGB stars, OB stars, post-RGB/AGB stars
or Hir/YSOs. The precision of the AGN class is not as great, as other sources are
misclassified as AGN. For the LMC ~ 12.4% of Hi1/YSOSs and ~ 6.7% of PNe are
misclassified as AGN. Whereas for the SMC, 5% of all sources are misclasified as
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Figure 3.27: Confusion matrix of final classifier trained and tested on the LMC dataset.
This dataset configuration includes extragalactic sources from both the LMC and SMC,
but stellar sources only from the LMC.

AGN. Overall, the classifiers will get most of the AGN correct, but there will be some
interlopers.

For the SMC classifier, the recall of the post-AGB/RGB is the worst, and for
the LMC classifier the Hir/YSO sources have the worst recall. For the SMC, post-
AGB/RGB stars are mostly misclassified as other stellar sources, with only ~4% mis-
classified as AGN. For the LMC-trained classifier, however, ~12.4% of Hi1/YSO sources
are misclassified as AGN. It is not surprising that post-AGB/RGB have the lowest re-
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call, since they have one of the lowest number of sources, and therefore do not represent
all the possible variations, to train on: 46 and 33 (trained on 75% of this) for the SMC
and LMC, respectively. What is unexpected is that the LMC classifiers recall of RSG
stars is lower than the SMC classifiers, since the LMC has 70 RSGs to train on com-
pared to the SMC’s 44. A similar trend can be seen for the recall of Hir/YSO, where
the total number of LMC sources is 459 compared to the SMC’s 86, and yet the LMC
has a recall of ~48.2% for these sources whilst the SMC has a recall of ~88.9%. This
could potentially be due to a wider variety of sub-classes in a larger pool of sources for
the LMC compared to a smaller more easily defined group of sources for the SMC.
The misclassification of stellar sources as AGN, and AGN as stellar sources,
reflects what has been found anecdotally in the Magellanic Clouds. Classifications
based on photometry have led to stars masquerading as AGN and vice versa in the
Magellanic Clouds, such as SAGE0536AGN (Hony et al., 2011) and SAGE0534AGN
(see Chapter 5), two AGN which were first thought to be evolved stars in the LMC, and
Source 5 and Source 8 from the study of a small sample of AGN in Chapter 5, which
were revealed to be stars in the SMC instead. These sources are within the datasets to
be trained upon, which increases the likelihood the PRF would classify similar sources
correctly, but their small number could lead similar sources to be misclassified instead.
Overfitting of a machine learning model can generally be spotted by using the
classifier on the training set, and if the performance is much better than on the test set,
then the model is overfitting. For the SMC classifier used on the SMC training set, the
average accuracy was 0.92 £ 0.01, and for the LMC classifier used on the LMC training
set the average accuracy was 0.88 £ 0.01. Both classifiers only performed marginally
better on the training sets compared to the test sets (0.90 £+ 0.01 for the SMC and
0.87 £ 0.01 for the LMC), meaning the machine learning model is not overfitting.

3.4.5.4 Feature importance

The PRF algorithm can calculate overall feature importance for the entire classifier.

This level of importance is calculated as “mean decrease impurity”, which is defined as
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the total decrease in node impurity (weighted by the probability of reaching that node,
which is approximated by the proportion of samples reaching that node), averaged
over all trees over the ensemble (Breiman, 2001). In other words, how well does each
feature separate the sample into the expected classes (the decrease in class impurity).
The values of the feature importances are then normalised, such that they all sum to
one.

The classifiers are trained on the full datasets for SMC and LMC, from which
the feature importances were calculated. This was then repeated 10 times and the
feature importances were then averaged for each feature. The top 15 ranked feature
importances for both the SMC and LMC classifiers can be seen in Figure 3.28, the full
list can be seen in Appendix C. For both the SMC and LMC classifiers the top 15,
whilst in a different order, only have one feature difference between them.

VMC photometry and colours rank high amongst the feature importance, most
likely due to all sources having at least one observation in the Y J K bands. However,
it is unlikely that is the sole reason for their high importance, so therefore the colours,
photometry and sharpness values are providing good distinction between the sources
as well.

Because all of the sources used for training have classifications based on spec-
troscopy, this means that they tend to be bright enough to be observed with Gaia,
hence why the Gaia colours and photometry rank quite highly. SMASH, despite cover-
ing a similar wavelength range and increased depth compared to Gaia is not ranked as
highly, which could be due to the lack of coverage for some parts of the VMC footprint
(see Section 2.1.3). However, despite this high dependence on Gaia photometry and
colours, the proper-motions in RA and DEC do not rank nearly as high, at ranks 117
(0.0012 £ 0.0002) and 64 (0.0031 £ 0.0007) for proper-motion in RA for the SMC and
LMC, respectively, and at ranks 58 (0.0036 + 0.0014) and 79 (0.0023 + 0.0002) for
proper-motion in DEC for the SMC and LMC, respectively. This is unexpected since
proper-motions would be the most obvious way of separating the high proper-motion
stars and extragalactic sources from the Magellanic stellar sources.

The worst features are most likely due to an abundance of missing values for
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Figure 3.28: Top 15 important features for the SMC (left) and LMC (right) classifier.
Note that, while the top 15 features are in a different order, they are almost all the

same features for both the SMC and LMC classifier.

these features, brought upon by either a lack of coverage in certain areas and/or a lack

of depth, such as for colours, SMASH u — any AIIWISE photometry. Leaving these

features in should not affect the accuracy of the classifiers as they have been deemed

unimportant, and therefore unlikely to be relied upon to make a classification.
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4 The extragalactic radio sky behind the
LMC — a new deep and detailed map
from ASKAP

This chapter describes the sources detected with the AEGEAN source finder algorithm in
the EMU ASKAP radio image of the LMC. Section 4.1 briefly describes the foreground
and Magellanic sources that obscure the extragalactic sources from our view and how to
differentiate between the stellar and the extragalactic. Section 4.2 looks at the sources
behind the LMC, the galaxies and AGN, with comparisons between the extended radio
emission in ASKAP and other radio surveys taken with other instruments, as well
looking at the properties of the spectroscopically confirmed AGN and their spectral
indices.

The work in this chapter is published as Pennock et al. (2021) including additional

analysis of non-background sources.

4.1 Magellanic and Galactic sources

I discuss a few types of Magellanic and Galactic sources in the appendices (Section D).
That work was done mostly by/with scientific collaborators, the full list of which can
be seen in the published paper.

These Magellanic and Galactic sources were found by cross-matching with various
catalogues using TOPCAT! (Taylor, 2005) with an initial search radius of 10” (to
allow for inaccuracies in both the ASKAP and literature positions), after which visual
inspection was used to determine whether they are true counterparts. All quoted flux
densities from the comparison catalogues are integrated flux densities unless stated

otherwise.

Thttp://www.star.bris.ac.uk/~mbt/topcat/
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Examples of radio sources in the LMC are planetary nebule (PNe), young stel-
lar objects (YSOs), supernova remnants, neutron stars, emission-line stars and star-
forming regions, which, when emitting sufficiently bright and extended radio emission
(see Figures in Section 2.1.2.2 and Appendix D), can obscure the extragalactic sources
behind them, and partially obscure the sources near them.

These stellar sources can also appear as point-like (unresolved) sources, which can
be mistaken for AGN. One way of separating the AGN from the stellar radio sources
would be to look at their spectral indices, «, which is defined as F, o v®, where F),
is the integrated flux density at frequency v. A flatter spectral index close to zero
indicates free—free emission, and a steep negative spectral index, ~ —0.7, indicates
synchrotron emission. Stellar sources are more likely to show free—free emission and
AGN are more likely to emit synchrotron emission. In order to use this to differentiate
all the point sources in the ASKAP survey this would require another survey of the
LMC at a different frequency with a similar (or better) depth/resolution. An example
of a future survey that will allow for measurement of spectral indices is the MeerKAT
(Jonas, 2009) survey of the LMC, which has already been observed and is currently
being processed for the LMC, which uses a much wider band which allows for in-band
spectral index measurements.

Another way to differentiate between stellar and AGN radio sources is to cross-
match with surveys at different wavelengths, such as the IR and optical. Not all
sources will have a counterpart, due to being too faint at other wavelengths, which
could point to a distant QSO, where the radio jet is pointing directly towards us. For
those with optical counterparts in the Gaia DR3 survey, proper-motions in RA and
DEC that indicate a foreground or LMC source can remove the most obvious stellar
sources. However, there could be cases of stellar sources having a chance superposition
in front of the true extragalactic radio source, though these also could be potentially
interesting discoveries of rare radio stars (e.g. Wang et al., 2022). For those with IR
counterparts colour—colour and colour-magnitude diagrams can differentiate the most
obvious sources (e.g. Lacy et al., 2004; Stern et al., 2005b; Mateos et al., 2012; Donley

et al., 2012; Cioni et al., 2013), however confusion can still be found. For an example
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of a sample of high confusion sources see Chapter 5.

However, these simple assumptions used to differentiate sources, even about spec-
tral index, may also lead to rejection of background sources. Hence, I am looking at
machine learning (next chapters) as well as spectroscopic followup of interesting cases

where feasible.

4.2 Background sources

Here 1 discuss the extragalactic sources seen behind the LMC, which dominate the
source counts. The radio emission from these sources is due to synchrotron radiation

from relativistic electrons in magnetic fields and free—free emission from H 11 regions.

4.2.1 Radio galaxies

The ASKAP LMC image features some spectacular radio galaxies, showcasing a clearer
morphology of these sources than has been seen before. Figure 4.1 shows a few examples
of these radio systems.

Figure 4.1, (a). The NW quadrant shows a Fanaroff-Riley II (FR II) sys-
tem (Fanaroff & Riley, 1974), which are luminous radio systems brighter near their
extremities than near their centres. This is a known radio source, PMN J0449—7219
(Filipovic et al., 1998¢) and is seen as three islands (islands 14012, 13945 and 13724) in
our ASKAP catalogue. The jets originate from galaxy WISEA J044917.77—721843.7
(a.k.a. 2MASS-6X J04491744—7218434, VISTA J044917.454—721843.85) for which Bil-
icki et al. (2016) give an extinction-corrected R-band magnitude of 19.62 and a pho-
tometric redshift of 0.47. With a radio size of 5’5, this makes it a giant radio galaxy
of projected linear size of ~1.9 Mpc. A similar source in the SE corner of the im-
age is most likely hosted by the galaxy VISTA J045013.036—722036.25 (K, = 15.45
mag, a.k.a. WISEA J045013.00—722036.0, 2MASS-6X J04501307—7220362), for which
Bilicki et al. (2016) give an extinction-corrected R-band magnitude of 19.68 and a pho-
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Figure 4.1: Four examples of radio emission from galaxies. The structure of the four
radio sources is shown by the cyan contours that are drawn at equally spaced values in
brightness. The beam size for ASKAP 888 MHz is ~ 13”9 x 12”1, which is represented
by the cyan ellipse. (a) Two examples of jets originating from a less bright central source
(FR II systems) where contours span from 0.2 — 29 mJy beam™!. (b) Galaxy cluster
at 2 ~ 0.06. Low surface brightness at lower right is 0.25 — 0.45 mJy beam~!. The
contours span from 0.2 — 19 mJy beam™!. (c) A jetted system that reveals interesting
morphology in the jets. Contours span from 3.7 — 28 mJy beam™!. (d) A central radio
source from which two jets originate. These jets are bent as they come into contact

with the intra-cluster medium. The contours span from 3 — 19 mJy beam™!.
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tometric redshift of 0.35. With a radio size of 3’4, this makes it another giant radio
galaxy of projected linear size of ~1.0 Mpc. Whilst the radio emission from the ends
of the jets can be seen in the SUMSS 843 MHz image, the fainter, central part of this
source, where the radio jets most likely originate, has not been seen before.

Figure 4.1, (b). This is likely a wide-angle tailed (WAT) radio galaxy hosted
by LEDA 257123 (EMU EC J043753.4—731437), one of the members of galaxy clus-
ter Abell S0485 with a mean spectroscopic redshift of 0.061 based on seven galaxies
from the 6dF redshift survey (Jones et al., 2009). Neither the host galaxy of the
WAT nor LEDA 257043 (EMU EC J043740.1—731508) or [CAC2009]S0485b (a.k.a.
2MASX J04373976—7315056), apparently superposed on the SW tail of this WAT,
have a spectroscopic redshift, and the host galaxy LEDA 257123 is not among the
three brightest galaxies (Coziol et al., 2009). Assuming the cluster redshift for the
host, the radio size of the WAT of 6’2 corresponds to a projected linear size of 440 kpc.

Figure 4.1, (c). ASKAP 888-MHz image reveals that this known radio source
(PMN J0603—7325) has an S-shaped morphology indicating precessing jets. The strong
radio core is coincident with the galaxy 2MASX J06030694—732529 (EMU EC J060306.4
—732529) for which Bilicki et al. (2016) give a corrected R-band magnitude of 16.32
and a photometric redshift of 0.156. With an angular extent of 3’5 this corresponds to
a projected linear size of 570 kpc.

Figure 4.1, (d). This radio source (PKS 0458—720, PMN J0458—7156, EMU EC
J045804.2—715635) shows an even more extreme S-shape likely due to projection along
the line of sight. Its radio core coincides with 2MASX J04580433—7156347 (a.k.a.
SMSS J045804.30—715635.0, Tpetro = 17.07 mag, Wolf et al., 2018) , but no (photo-
metric) redshift is available.

These galaxies provide examples of the potential for exploring the morphologies in
greater detail than previously, and for locating the host galaxies of these extragalactic
marvels. I provide more in-depth analysis using high-resolution IR images and optical

spectroscopy in Chapter 6 and a followup paper (Pennock et al., in prep.).
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4.2.2 Comparison with the GLEAM 4-Jy sample

The Galactic and Extragalactic All-sky MWA 4-Jy sample (G4Jy; White et al.,
2020a,b), from the Murchison Widefield Array (MWA), provides flux-densities across
the range 72 to 231 MHz at DEC < 30°). G4Jy is a complete sample of the brightest
radio sources, I’ > 4 Jy, which are expected to be mainly AGN with powerful radio-jets
(strong optically-thin synchrotron emission). Six of the sources from this sample lie
within the ASKAP LMC field, all of which were detected in the ASKAP observations.
These are shown in Figure 4.2 and show the large improvement the ASKAP image
offers in resolution, which allows the identification of the optical/infrared counterpart
of these radio sources, and while almost all host galaxies are identified in the WISE
image, some are very faint. These GLEAM sources, which appear at first glance to
be one source, are revealed to be multiple sources by ASKAP. The majority of these
sources have the appearance of FR II sources. For the sources G4Jy 482, G4Jy 553
and G4Jy 596, ASKAP shows that they are double sources not resolved in SUMSS.

Figure 4.2, top-left. Contours of G4Jy 595 (a.k.a. GLEAM J060849—655110)
from ASKAP reveal that the tear drop shaped radio source seen in GLEAM is in fact
two sources. The southern source is an extreme bent tailed source hosted by the galaxy
2MASX J06085498—6552559 (a.k.a. WISEA J060854.94—655255.6) with z = 0.03752
(Jones et al., 2009). The northern one is a radio point source hosted by the galaxy
ESO 086-G062 (a.k.a. WISEA J060852.00—654350.2), with z = 0.037 (Wegner et al.,
2003), which appears to be part of a galaxy group that the bent tailed radio source
has moved through. In fact, Saulder et al. (2016) lists the group of three galaxies
2MRS 3198 at z = 0.03774. The third member galaxy is 2MASX J06090657—6544539
(a.k.a. LEDA 310538) with z = 0.03828 (Huchra et al., 2012), which lies ~ 2’ SE of
ESO 086-G062 and is also detected as a radio point source.

Figure 4.2, top-right. ASKAP reveals that G4Jy 453 (GLEAM J042358
—724601) comprises multiple sources. The western-most ASKAP radio source features
an X-shaped radio galaxy known as PKS 0424—728 at a redshift of ~0.19 (inferred from
photometry; Subrahmanyan et al., 1996). With more recent photometric redshifts of
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Figure 4.2: Comparison between ASKAP (magenta contours), SUMSS (cyan contours)
and GLEAM (yellow contours) that represent logarithmically spaced brightness levels
in the ASKAP image, the minimum and maximum of which are annotated in their
respective colour. The background image is the WISE W3 band. The beam size for
ASKAP 888 MHz is ~ 1379 x 12”1 and is represented by the magenta ellipse. The beam
size for SUMSS 843 MHz is ~ 43" x 43" and is represented by the cyan circle. The
beam size for GLEAM 72 — 231 MHz is ~ 2’ x 2’ and is represented by the yellow circle.
The sources are (top-left) G4Jy 595, GLEAM J060849—655110, (top-right) G4Jy 453,
GLEAM J042358—724601, (lower-left) G4Jy 587, GLEAM J060239—644324, (lower-
right) G4Jy 482, GLEAM J043709—645853.
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Figure 4.3: Comparison between ASKAP (magenta contours), SUMSS (cyan contours)
and GLEAM (yellow contours) that represent logarithmically spaced brightness levels
in the ASKAP image, the minimum and maximum of which are annotated in their
respective colour. The background image is the WISE W3 band. The beam size for
ASKAP 888 MHz is ~ 13”9 x 12”1 and is represented by the magenta ellipse. The
beam size for SUMSS 843 MHz is ~ 43" x 43" and is represented by the cyan circle.
The beam size for GLEAM 72 — 231 MHz is ~ 2’ x 2’ and is represented by the yellow

circle. The sources are (left) G4Jy 553, GLEAM J053248—634820 and (right) G4Jy
596, GLEAM J061014—743159.
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0.229 and 0.214 from Bilicki et al. (2014) and Bilicki et al. (2016) its angular size of 4’3
gives it a projected linear size of 880 kpc. An unresolved source at 888 MHz is hosted
by WISEA J042434.02—724241.3 with an even fainter 888 MHz source ~ 24” SW with
no optical/IR counterpart and the X-ray source 1RXS J042432.7—724253 in between
them. The central source is revealed as a double radio source of size ~ 33" hosted by
WISEA J042501.60—724700.3 with no optical counterpart. Two ASKAP point sources
at the E edge of the radio complex can be identified with WISEA J042549.29—724330.8
(NE) and WISEA J042600.47—724828.9 (SE).

Figure 4.2, lower-left. This is G4Jy 587 a.k.a. PKS0602—647 or GLEAM
J060239—644324. At the centre of this radio structure is a pair of galaxies, the
brighter of which, LEDA 319866 with z = 0.045 (Burgess & Hunstead, 2006), is
likely the host. Nearby galaxies with known redshifts show similar redshifts, such
as the galaxy NW of the host that lies on the edge of the ASKAP contours, which is
2MASX J06023279—6442344 with z ~ 0.048 (photometric; Bilicki et al., 2014).

Figure 4.2, lower-right. The central source is G4Jy 482 (GLEAM J043709
—645853) and the NE source is GLEAM J043738—645400 (not in the G4Jy sam-
ple). The former is MRC 0436—650 a.k.a. PKS 0436—650 hosted by the galaxy DES
J043708.39—-645901.9 (r = 17.97 mag, 2y, = 0.360, Burgess & Hunstead, 2006). The
NE double source is hosted by the QSO candidate DES J043738.82—645402.1 (r =
21.53 mag, no zphet available, Abbott et al., 2018) a.k.a. CWISE J043738.83—645402.0
(Marocco et al., 2021). The source ~ 27 SE of G4Jy 482 is DES J043724.19—650105.6
a.k.a. WISEA J043724.19—650104.9 with high stellarity, i.e. likely a QSO.

Figure 4.3, left panel. The central source is G4Jy 553 (GLEAM J053248
—634820), also known as PKS0532—638 and MRC 0532—638 or ATPMN J053246.7
—634820 (McConnell et al., 2012), hosted by the QSO candidate SMSS J053247.95
—634818.1 (gpetro = 19.89 mag, Wolf et al., 2018) a.k.a. WISEA J053247.87—634816.7
with typical QSO colors (W12 ~ 1.0 mag, W23 ~ 3.0 mag), suggesting a redshift of
z > 1 (see e.g. Fig. 2 of Krogager et al., 2018).

Figure 4.3, right panel. Thisis G4Jy 596 (GLEAM J061014—743159, PKS 0611
—745), which was identified by White et al. (2020a) with WISEA J061013.90—743201.6
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and is not detected in the optical.

4.2.3 IR properties of radio sources

The ANWISE catalogue (Cutri et al., 2013) is a well-explored all-sky survey with
photometry from 3.35 to 22.1 pm. This wavelength regime allows for a selection of
both obscured and unobscured AGN, which makes it a great catalogue to cross-match
to discover extragalactic sources. Selection criteria for different types of AGN /galaxies
are well documented (e.g. Wright et al., 2010; Jarrett et al., 2011; Mateos et al., 2012;
Stern et al., 2012; Assef et al., 2013; Nikutta et al., 2014) and the criteria from Wright
et al. (2010) will be used here to discuss the radio population.

Cross-matching the AIWISE catalogue with the new ASKAP catalogue with a
search radius of 5” and a maximum magnitude error in the W1 (3.4 ym), W2 (4.6 um)
and W3 (12 pm) bands of 0.2 mag yielded a total of 14,333 sources (combined GOLD
and SILVER, which contain 7413 and 6920 sources, respectively). This search radius
was used as the density of coincidences drops off sharply, approaching that of chance
coincidences (tested by applying a large offset in RA and DEC and then cross-matching
again) beyond a search radius of 5”, and coincidences found between 6 — 10" of stellar
sources (including PNe) almost invariably turned out to be implausible associations.
As a comparison with ASKAP detected sources, the sources within the LMC field that
had no ASKAP detection (no ASKAP emission above 50 of the local RMS) within 5"
were considered. This amounted to 253,533 AIIWISE non-ASKAP detected sources.

I plotted the ASKAP detections and non-detections on the W1 — W2 vs. W2 —
W3 colour—colour diagram (Figure 4.4), based on Figure 12 of Wright et al. (2010). The
majority of the radio detections are extragalactic sources. The stellar AGB sequence
seen in the non-ASKAP detected diagram (right) is clearly not visible in the ASKAP
detected diagram (left). The BRONZE source list also shows a similar colour—colour
diagram to the combined GOLD and SILVER source lists and therefore the majority of
sources are extragalactic.

Dust emission from the LMC ISM can be detected at WISE wavelengths, as well
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Table 4.1: Classifications of known AGN that have been detected with ASKAP and
those that have not. Q = QSO, type-I broad-line core-dominated; A = AGN, type-I
Seyfert /host-dominated; B = BL Lac object; N = narrow-line AGN (NLAGN), type-
IT Seyfert/host-dominated (includes unknown number of legacy narrow emission line
galaxies (NELGs)/emission line galaxies (ELGs)/ low-ionization nuclear emission-line
region (LINERs)); R = radio associated ; X = X-ray associated.

Total | A| Q |[N|B| R | X
Radio 202 |67 | 117 | 5 | 1| 12 48
Non-radio | 453 |80 | 368 | 5| 0| 0] 110

as at radio frequencies, affecting what we observe of background extragalactic sources
in these regions. Extinction caused by dust within the LMC would also affect the
optical brightness of background AGN and galaxies. The vast majority of the ASKAP
field is affected only by low or modest levels of such extinction (A, < 1 mag), judging
from extinction maps such as those produced by Skowron et al. (2020), which would
not cause major difficulties for optical spectroscopy and certainly not lead to any bias

between the extragalactic populations with and without such spectroscopy.

4.2.3.1 Spectroscopic AGN

There are 657 spectroscopically observed AGN, from the milliquas catalogue of Flesch
(2019a,b), in the field of the ASKAP LMC image. The highest contributions are from
Koztowski et al. (2012, 2013), Geha et al. (2003), Esquej et al. (2013) and Ivanov et al.
(2016), contributing 547, 24, 23 and 10 objects, respectively.

This list of spectroscopically observed AGN was cross-matched with the combined
GoLD and SILVER ASKAP LMC source lists with a search radius of 5”. This gave a
total of 190 known AGN with radio detections, only 14 (< 8%) of which had known
radio detections prior to the present ASKAP observations. As expected, all known
radio associated AGN are in the new ASKAP catalogue. The classifications of the
known AGN that were radio detected and non-radio detected are described in Table

4.1.
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The spectroscopically observed AGN have a selection bias. All had been chosen
first and foremost because they are optically bright enough to take a spectrum of,
which leads to a surplus of lower redshift AGN. Whether they are bright enough in
the optical and a candidate AGN or not is determined from photometric surveys. The
AGN has to dominate over the host to be selected as an AGN candidate, based on
colour selections. If selected in the optical, optical emission from AGN comes from
the accretion disk and the broad line region (BLR), which introduces a bias towards
unobscured AGN, typically type 1 AGN. IR provides a selection that is sensitive to
both obscured and unobscured AGN, providing a more isotropic selection than in the
optical. In this regime the dust obscuring the central AGN re-emits the absorbed
optical emission into the IR. Most of the AGN behind the LMC were spectroscopically
observed in the optical, even if they were selected in the IR, which lends the bias
towards the more unobscured AGN yet again.

The redshifts of the known radio AGN range from z = 0.001 — 3.46. The dis-
tribution of integrated radio flux densities for spectroscopically observed radio AGN
compared to all radio sources (shown in Figure 4.5 left) reveals only a slight bias to-
wards the brightest radio sources having more spectroscopic follow-up, which is not
unexpected, since the radio brightness would have made them targets for spectroscopy.
The slope of the histogram of flux density of known AGN detected is similar to the
slope of the combined GOLD and SILVER source lists; below ~ 10 mJy the shape of the
flux density functions are indistinguishable.

The redshift distributions for radio-bright, radio-faint and non-radio sources (Fig-
ure 4.5 right) are similar, with a slight bias towards lower redshift AGN being radio
sources. While one might expect a bias towards higher redshift for radio sources com-
pared to the overall distribution of galaxies, observational bias in the spectroscopy most
likely negates that. The SILVER source list (Fggs < 0.5 mJy) overall redshift distribu-
tions seem to be half way between the GOLD source list (Fggg > 0.5 mJy) distribution
and the non-radio distribution. Non-radio detected spectroscopically observed AGN
are generally at higher redshift, this could be because at higher redshift the optical will
in fact be the UV restframe, thus making AGN brighter and easier to obtain an optical
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Figure 4.5: (Left) Normalised histogram comparing integrated flux densities of spec-
troscopically observed radio AGN vs. all radio AGN in the LMC field. This shows
that the spectroscopically observed radio AGN tend to brighter flux densities than
the overall radio population. (Right) Normalised histogram comparing the redshift
of spectroscopically observed radio AGN (separated into GOLD and SILVER) vs. all
spectroscopically observed AGN in the LMC field. This shows that radio-detected
spectroscopically observed AGN tend more towards lower redshift compared to non-
radio detected spectroscopically observed AGN.

spectrum of. Furthermore, at higher redshift one gets a higher fraction of radio-quiet
AGN, which will be detectable in the optical but too faint for ASKAP.

Figure 4.6 compares, using AIWISE colours, the radio and non-radio detected
AGN. Radio detected AGN overall appear redder in W2 — W3 than those not detected
in radio. A Kolmogorov—Smirnov test of the radio and non-radio detected populations
in the W2 — W3 colour band shows that the radio detected population is redder at a
significance level of 10% 2.

We compare the redshift distributions of ASKAP and non-ASKAP detected AGN
using the same ANIWISE colours as before and colouring based on redshift. (Figure
4.7) shows that both the detected and non-detected AGN show a general gradient in

redshift as a function of WISE colour, with a few outliers.

2the probability of the null hypothesis in the Kolmogorov—Smirnov test that these two samples are
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Figure 4.6: AIWISE colour—colour diagram of spectroscopically observed AGN, where
those detected in the radio with ASKAP (red crosses) are compared with those not
detected with ASKAP (blue circles).
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Figure 4.7: (Left) AIIWISE colour—colour diagram of ASKAP detected AGN, where the
colour indicates redshift. Grey dots indicate the non-ASKAP detected AGN. (Right)
ANIWISE colour—colour diagram of non-ASKAP detected AGN, where the colour indi-
cates redshift. Grey dots indicate the ASKAP detected AGN. Both the detected and
non-detected AGN show a general gradient in redshift as a function of WISE colour,
with exceptions.



122

Figure 4.8 (top-left and right) shows a WISE colour—colour diagram for the
ASKAP detected sources and the known AGN in the GOLD and SILVER samples. Us-
ing the outlined regions for “Seyferts” to represent the AGN population and “Spirals”
to represent the star-forming galaxies population, in the GOLD list ~ 445 out of 4852
(~ 9.2%) are predicted to be AGN (from AIWISE colours; Wright et al., 2010) and in
the SILVER ~ 270 out of 5050 (~ 5.4%) are predicted to be AGN. As expected, there are
more spirals compared to AGN in the SILVER list, since spirals tend to be star-forming
and that is where the radio emission comes from, which tends to be fainter than the
radio emission from an AGN and therefore a higher fraction of AGN are expected in
the GOLD list.

The upturn towards the fainter flux densities at Fggs ~ 3 mJy can be seen in the
overall flux distribution (see Figure 3.5) representing the beginning of the faint galaxy
population. T thus separated the catalogue into a bright sample (Fggs > 3 mJy) and a
faint sample (Fggg < 3 mJy). Cross-matching this with the AIIWISE catalogue provides
806 and 13,414 sources, respectively, with a maximum magnitude error in the W1, W2
and W3 bands of 0.2 mag. In Figure 4.8 (lower panels) I plot these two samples on a
colour—colour diagram, which shows the distributions of the source types in the bright
and faint samples, with regions of expected classifications annotated. From the colours
shown in the plots the number of spirals in the faint population is greater than the
number of AGN, whereas in the bright sample the ratio of spirals to AGN is lower. As
expected the spiral galaxies are more prevalent in the faint population. Cross-matching
with the spectroscopically observed AGN list gives 123 radio-faint AGN and 24 radio-
bright AGN. The fraction of AGN is larger in the bright sample (~ 3%) than in the
faint sample (~ 0.9%) as expected.

drawn from the same parent sample.



123

)s -- S.tars .° *. GOLD . _.SILVER 102
D 1-="Ellptical .
9 |- Spirals n .
< =
g L3 Seyfertse . . . ";
§| 14 ZTRN . 10'E
0.5 s - S
) \
o [ {‘, .
-0.5- t 73;. .
"o. Lo°
-- ULIRGs/LINERs/Stasburst
1 102
1. R
= =
| g
= I 10'E
= 0. 3
O
®
-0.51
i BRIGHT 10°
0 1 2 3 4 5 6

W2 -W3

Figure 4.8: LMC ANIWISE colour—colour diagram comparing the populations of the
GOLD (top-left), SILVER (top-right), Bright (lower-left; Fygs > 3 mJy) and Faint (lower-
right; Fggs < 3 mJy) source lists. The stars represent the spectroscopically observed
AGN in their respective source list.
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4.3 Spectral indices

We define the spectral index « by F, o« v, where F, is the integrated flux density
at frequency v. A flatter spectral index close to zero indicates free—free emission, and
a steep negative spectral index, ~ —0.7, indicates synchrotron emission. Archival
ATCA data at 1.384 GHz (Hughes et al., 2007) cover a similar area as the ASKAP
image, though with a larger beam size of 40”. I cross-matched the ASKAP LMC 888
MHz catalogue (GOLD, SILVER and BRONZE) with the ATCA 1.384 GHz source list
described in Filipovi¢ et al. (2021) with a search radius of 5”. Limiting the sources to
those with a < 1% error in ASKAP and ATCA integrated flux densities (determined
by AEGEAN) provides 1869 sources.

The histogram of spectral indices (Figure 4.9) is dominated by an extragalactic
population of synchrotron sources (o < 0). This is confirmed by the small sample
of 25 spectroscopically confirmed AGN — it is not unusual for some AGN to show
a flatter spectrum or even to peak at a few GHz. On the other hand, two YSOs
(SAGE 053054.2—683428.3 from Table 4, and [BE74]615 from Table 3) and an Hu
region ([RP2006] 1933 from Table 3) have a ~ 0 consistent with their free—free emission
spectrum. The two “candidate PNe” (SMP LMC 32 and [RP2006] 338, Table D.1) at
a ~ —0.8 are in fact among the few PN candidates that were rejected on the basis
of the large (in these cases ~ 9”) distance from the radio position — their synchrotron
nature confirms that they are instead background sources.

We suspect that sources with |a| > 3 are the result of variability between the
epochs at which the ATCA and ASKAP data were obtained. It should be noted that
due to the closeness of the two spectral bands, order-of-magnitude changes are not
needed to get an extreme value of a. The most extreme case with a = 5.3, EMU EC
J041753.5—731556 has a spectral index of —0.69 based on SUMSS instead of ASKAP,
while EMU EC J054929.5—703545 with o = 3.2 has spectral index —1.28 when using
SUMSS. The second-most extreme case, EMU EC J052029.2—680051 with o = 3.9
sits at the edge of H11 nebula LHA 120-N 41 associated with emission-line star AL 139

making the comparison with ATCA data problematic. The other six radio point sources
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with |a| > 3 generally have faint or no visible optical /IR counterparts in DSS, 2MASS
and WISE. These could be extreme radio-variable sources at high redshift. It should
be noted that at these frequencies there is the possibility of free—free absorption, which
can rapidly absorb the power-law synchrotron emission spectrum towards lower radio
frequencies (Clemens et al., 2010). This would cause the radio spectrum to turn-
over/peak, which could lead to rapid changes in spectral index, such as those seen
here. Another option of a variable radio source could be a variable steep-spectrum
pulsar such as the one found recently in the LMC (Wang et al., 2022) using ASKAP
data. Lastly, due to the different resolutions of ASKAP, ATCA and SUMSS, extended
emission that, for example, would be observed as part of the source in one survey could
be resolved out in a higher resolution survey, leading to a lower flux density for the

source, and therefore a steep .

4.4 Conclusions

I present the 888 MHz ASKAP EMU ESP radio continuum survey of the LMC. Our

findings can be summarised as follows:

e This new ASKAP survey is a significant improvement (factor of ~ 5 in the
median RMS) compared to previous ATCA/MOST surveys of the LMC, and
compared to the ASKAP survey of the SMC observed with a partial array
(factor of ~ 3 in the median RMS). The improvement in angular resolution

has also allowed for greater detail of radio structure to be observed.

e [ extracted 30,866, 22,080 and 1666 sources at 888 MHz separated into GOLD,
SILVER and BRONZE source lists, respectively, with the majority of these

sources detected above the 5o threshold.

e Exploring the GLEAM 4-Jy sample (White et al., 2020a,b) in the ASKAP
field of the LMC revealed six GLEAM sources, showcasing that the ASKAP

is an improvement in angular resolution (from ~ 2’ to < 14”), allowing for
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radio sources to be better traced to their optical /IR counterparts and revealing
morphology associated with jets and likely interaction with the intra-cluster

medium.

e Cross-matching the new LMC ASKAP source catalogue with AIIWISE reveals
14,333 sources with photometry errors < 0.2 mag. Comparing the radio and
non-radio sources reveals that the majority of the radio sources are extragalac-

tic.

e Cross-matching the new LMC ASKAP source catalogue with the milliquas
catalogue (Flesch, 2019b,a) reveals 190 radio detections out of 657 spectro-
scopically confirmed AGN. More than 92% of these are newly detected here.

e A higher fraction of AGN is found within the bright population (Fggg > 3 mJy)
than within the faint population (Fggs < 3 mJy). As expected there is a higher

fraction of spirals in the faint population compared to the bright population.

e Cross-matching the new ASKAP 888 MHz data with archival ATCA 1.4 GHz
data reveals a spectral index distribution peaking at & = —0.6 (where F,, o< v%).
This corroborates that the majority of sources are extragalactic synchrotron

emitters. Extreme spectral indices (|a| > 3) can be explained by variability.

The study of the foreground and Magellanic sources can be found in the Ap-
pendices, where a more detailed description can be found in Pennock et al. (2021).
From this 114 out of 1334 PNe listed in Simbad (Wenger et al., 2000) were found to
have a counterpart in ASKAP within 10”. Only 37 of these detections are likely true
PNe, with the remaining sources being emission-line stars, candidate post-AGB ob-
jects, YSOs and compact H1I regions. Furthermore, the YSOs detected with Herschel
(Oliveira et al., 2019) were discovered to show a strong correlation between integrated
radio flux densities and gas temperature, with those with 7" > 700 K detected in
radio and those with T" < 700 K not detected in radio. This suggests a strong rela-

tion between the line emission from the photo-dissociation regions at the interfaces of
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neutral and ionized gas, and the free—free emission from the ionized regions surround-
ing the nascent, presumed massive O-type stars. Lastly, of 46 SNe listed in Simbad,
most associated radio detections could not be unequivocally ascribed to the SN itself
and are more likely emission from a background host galaxy. Only SN 1978A and
Nova LMC 1988 b are securely detected with ASKAP.

Future work will include more comprehensive analyses of the radio variability. I
am employing machine learning to classify a combined multi-wavelength data set and
study the radio—IR relation for galaxies and quasars, which can be seen in Chapter
6. The background population seen in the ASKAP image shows the potential for

large-scale Faraday rotation and H1 absorption measurements throughout the LMC.
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5 Search for more AGN like SAGE0536AGN

This chapter explores a small sample of sources found to be similar to SAGE0536AGN,
a source dominated by nuclear dust emission. This sample was discovered using the
machine learning algorithm, t-SNE, on a combination of photometric VMC, Gaia,
ANIWISE and ASKAP EMU survey data. The first section describes the sample, the
light curves and the spectra newly observed and from the literature, as well as the
modelling of the photometric SEDs to estimate properties of the AGN and their host
galaxies. In the next section IR, radio and AGN dust properties are discussed, as well
as the samples place in the green valley.

This chapter is published as Pennock et al. (2022), but here includes additional

analysis as obtained /performed since publication.

5.1 The sample

The sample is chosen from the t-SNE map that resulted from the use of the t-SNE
algorithm on a clean dataset of a combination of VMC, Gaia EDR3, WISE and ASKAP
data of the SMC, see Figure 5.1 (left). SAGE0536AGN and SAGE0534AGN are shown
to be close to each other in an area containing few sources, implying a rare class of AGN.
I focused on the group of 18 sources that include SAGE0536 AGN and SAGE0534AGN,
see red box in Figure 5.1 (right), that are also separate from the large clusters of sources,
in order to find more such objects. A list of these sources, with their identifiers and
co-ordinates, can be seen in Table 5.1. The other objects in this t-SNE map are to be
explored in Chapter 6 that makes use of more than one machine learning technique and
a wider range of multi-wavelength data, which will classify the sources in the direction
of the SMC and LMC.

The sample (including SAGE0536AGN and SAGE0534AGN) is made up of 18
sources, 16 of which are spectroscopically confirmed extragalactic sources (see next

subsection).
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Table 5.1: Sample of similar sources identified through a t-SNE analysis.

Source Name Identifier RA DEC
(J2000) (J2000)

SAGE0536AGN | SAGE1C J053634.78—722658.5 | 5:36:34.78 | —72:26:58.5
SAGE0534AGN | SAGE1C J053444.17—673750.1 | 5:34:44.17 | —67:37:50.1
1 WISEA J003617.01—-743131.3 0:36:16.99 | —74:31:31.3
2 WISEA J011337.10—742755.3 1:13:37.08 | —74:27:55.3
3 WISEA J003156.88—733113.6 0:31:56.89 | —73:31:13.6
4 WISEA J002602.54—724718.0 0:26:02.54 | —72:47:18.0
5 OGLE SMC-LPV-7107 0:48:25.71 | —72:44:02.8
6 WISEA J011408.02—723243.1 1:14:07.99 | —72:32:43.3
7 [MCS2008] 11 0:55:51.51 | —73:31:10.0
8 [MA93] 1895 1:22:36.94 | —73:10:16.7
9 MQS J012108.42—730713.1 1:21:08.43 | —73:07:13.1
10 MQS J011534.10—725049.3 1:15:34.09 | —72:50:49.3
11 WISEA J003910.76—713409.9 0:39:10.78 | —71:34:09.9
12 [VV2006] J005116.9—721651 0:51:16.95 | —72:16:51.5
13 2E 238 0:57:32.75 | —72:13:02.3
14 WISEA J013604.46—721315.3 1:36:04.46 | —72:13:15.4
15 NAME SMC B0031—-7042 0:34:05.26 | —70:25:52.3
16 WISEA J004952.56—692956.4 0:49:52.53 | —69:29:56.4
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Figure 5.1: (Left) t-SNE map created from a combination of VMC, Gaia EDR3, All-
WISE and ASKAP data. Blue dots represent known AGN that have been spectroscop-
ically confirmed. Red indicates the dusty AGN SAGE0536AGN and SAGE0534AGN.
(Right) Zoom in on area containing the dusty AGN. The 16 sources (blue and grey
dots) within the red box in this plot represent the sample explored in this paper. The
numbers correspond to the source names in Table 5.1.

Source 5 is a near-superposition of a carbon star in front of the true extragalactic
radio source, which can be seen from the spectrum and the annotated spectral lines
(Barnbaum et al., 1996; van Loon et al., 1998), which can be seen in Figure 5.2. The
flux of this spectrum has not been calibrated due to no standard star being observed.

Source 8 has been previously identified as a potential Ha emission line star
(Meyssonnier & Azzopardi, 1993, identified an emisson line and no underlying con-
tinuum), a far-infrared (far-IR) object (Boyer et al., 2011; Srinivasan et al., 2016) and
an emission line object (Groenewegen et al., 2020). After this work was published
Source 8 was spectroscopically observed and revealed to be an emission-line star in the

SMC, but the work presented here in Section 5.1 will continue as originally presented.
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Figure 5.2: Spectrum of carbon star Source 5 where main spectral features are an-
notated. It was observed with SALT under program 2021-1-SCI-029 (PI: Jacco van
Loon). I used the RSS, a combination of three CCD detectors with total 3172 x 2052
pixels and spatial resolution of 071267 per pixel. I used the long-slit with width 175,
grating PG0300, filter PC03400 and an Argon arc lamp. The data was processed us-
ing the standard IRAF tools. This spectrum is not flux calibrated, the y-axis shows
normalised flux.
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Table 5.2: t-SNE selected sample variability amplitudes and mean magnitudes in the

K band.

Source Name

K Amplitude (Vega mag)

Mean K (Vega mag)

1

00 3 O U = W I

11
12
13
14
15
16

SAGE0536AGN
SAGE0534AGN

0.09+0.01
0.05£0.01
0.18£0.02
0.16£0.02
0.02£0.02
0.02+0.01
1.20+0.13
0.03£0.03
0.16£0.03
0.55£0.07
0.09+0.02
0.17+0.02
0.22£0.01
0.25£0.01
0.27£0.01
0.26+0.02
0.09=£0.02
0.12+0.01

13.4940.01
13.98+0.03
15.83+0.05
15.34£0.05
14.79£0.02
15.65%0.03
11.45+0.36
15.95+0.04
15.10£0.06
13.19+£0.14
15.30£0.03
14,53+0.05
14.56+0.07
15.344+0.10
15.49£0.08
14.13+0.32
14.70+0.03
13.70£0.08

5.1.1 VMUC light curves

The VMC survey is comprised of multi-epoch observations, which allows for the de-

tection of variability. The light curves of the sample can be seen in Figure 5.3. The

amplitudes of variation in K were calculated between the highest/lowest daily me-

dian values.For some of these sources we are not seeing the full amplitude, such as for

Source 14, where the source becomes brighter without reaching a noticeable peak. The

amplitudes calculated from the VMC light curves in K can be seen in Table 5.2.

Source 5 shows large-amplitude, semi-regular variability that corroborates its

identity as a carbon star. The variability of the other sources combined with their

extragalactic spectroscopic confirmation, confirms the presence of an AGN. However,



134

1392} SAGE0536AGN 12.80 Source 8
1396 . " 13.00
" D - 1 13204 ome
14.00 : : 1340l o |
; _ .
. . SAGE0534AGN - ) Source 9
13.46 15.20 ,
. 15.25 )
'13.48 3 T ‘
L i 1 1530 Beoog
13.50 R 1535} & 1
. 3 Source 1 . Source 10
15.80 . 14.50 g &
Y 14.35 :
21590} 1 X
14.60 £
16.00 i 1465 :
15.45 . Source 2 14.40 ) Source 11
15.50} P P r i 1
. %
15,55 1450 "
15.60( S 1 1460} L o
15.65 : LI :
o+
. Source 3 L Yok Source 12 |
14.75} . 11530 £
i | i‘:: :ul s - I } )
14,80 R ; 15.40 - .
14.85 ' I ' ’
15.50 §
o Source 4 15.40 i" ource 13 !
15.66} ¢ 1 F ¥ )
w . . 1550 ) ' 3
<1567 : . by
| . .1 1560} M 1
15.68 . -
- : ' S 5 .
10.80 - - , . :?urce 13.90 : Source 14 |
1120 . : 14.00f s .
. . L ;- . Lo
160 5 14.10 e
ool . 14.20
| . Source 6 1 1458} Source 15
15.80 1462+ 1
w : i - . 5 = g
£ 15.000 o : | 1466 L.
i : ¢ | 1470 - 1 .
16.00 A 1474} P
15.00 I . e I ISmm:;e I? I N Source 16
3 t . 1365 !
1510} LY f :
1590l g 1 13.70 % ’
15.30t 1 13.75 %
55000 56000 57000 58000 59000 55000 56000 57000 58000 59000
MID MID

Figure 5.3: Light curves from the VMC survey of all sources in our t-SNE selected
sample. Note that typical uncertainties in the K band are < 0.01 mag.
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Sources 3, 4 and 6 show little variability.

5.1.2 Optical line identifications and spectral analysis

The spectra of SAGE0536 AGN, SAGE0534AGN and 14 out of 16 t-SNE sample sources
that were observed with SALT, SAAO’s 1.9m telescope or with other facilities prior to
this study are shown in Figure 5.4. Sources that were observed as part of other surveys
are also shown in Figure 5.4. Only Sources 5 (Star) and 8 (was not observed before
this work was published) are not shown. The spectra of Source 5 and sources with
multiple available spectra that are not shown in Figure 5.4 can be found in Appendix
E. Observations details are listed in Table 5.3. Redshifts are listed in Table 5.4. The
redshift for Source 8 was estimated from photometry (Flesch, 2015, 2021).

The Full Width at Half Maximum (FWHM) is calculated by modelling the
continuum surrounding the emission line and then subtracting the continuum from
the spectra. After this the half maximum height of the emission line is calculated
from the line profile and then subsequently the width of the emission to get the
observed FWHM. The intrinsic FWHM is then calculated from FWHM; i insic =
\/ (FWHMpservea)? — (FWHMinstrument )2, where FWHM;gtrument 1S the FWHM of the

instrument used to obtain the spectrum.
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Table 5.3: Table of sources investigated /observed in this work. (1) This work; (2) van
Loon & Sansom (2015); (3) Kozlowski et al. (2013); (4) Flesch (2015, 2021); (5) Geha
et al. (2003); (6) Kishimoto et al. (in prep.).

Source Name Telescope Date Observed Ref.
SAGE0536AGN | SALT 08-09-2012 )
SAGEO0534AGN | SAAO 1.9m 16-11-2019 (1)
SAGE0534AGN |  SALT | 01-11-2021/17-03-2022 | (1)
1 SAAO 1.9m 24-11-2019 (1)
2 SAAO 1.9m 31-10-2019 (1)
3 SAAO 1.9m 05-11-2019 (1)
4 SAAO 1.9m 22-11-2019 (1)
5 SALT 17-07-2021 (1)
6 SAAO 1.9m 29-10-2019 (1)
6 SALT 20-07-2022 (1)
7 02-2012 - 01-2013 | (3)
8 N/A (4)
9 02-2012 — 01-2013 (3)
9 SALT 09-09-2022 (1)
10 02-2012 - 01-2013 | (3)
11 SAAO 1.9m 02-11-2019 (1)
12 10-1999 — 01-2001 (5)
13 SAAO 1.9m 19-11-2019 (1)
13 SALT 24-07-2021 (1)
14 SAAO 1.9m 30-10-2019 (1)
14 SALT 07-09-2022 (1)
15 22-08-2004 (6)
16 SALT 01-09-2021 (1)
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Table 5.4: Table of sources investigated in this work. Redshifts are calculated from
spectroscopy, except for source 8 (indicated with an *) for which the redshift was
calculated from photometry. Source 5 was found to be a carbon star in the SMC
dominating in the optical/IR.

Source Name z Emission Lines — FWHM (km s!) —
Ha HpS Mg 11
SAGE0536AGN (0.1428+0.0001 Ha 3900+ 450
SAGE0534AGN | 1.009+0.002 Mg11 103104300
1 0.77£0.01 Mg11 23004250
2 1.12+0.01 Mg11, Ci1x 5100£550
3 1.240.01 Mg11 38004350
4 1.234+0.02 Mgii, C1t 61004200
5 _
6 1.06+£0.01 | Mg, Ci1, C11x 32504160
7 0.186+0.005 Ha, HS
8 0.5%
9 0.98540.005 Mg11 62804160
10 0.20140.005 Ha, HS 3050+1000(3700+1000
11 0.4+0.01 HpB, Hy, Mg11 1900+ 250, 2200£250
12 0.49+0.005 | Mgi1, Hv, HS, 57504500
O 111

13 0.81£0.02 Mgi1, HB 63004350
14 0.41£0.01 | Mg, Hy, HB, 3210+ 100

Ha, O1r
15 0.3634+0.005 | Mgi1, Hy, HB, 450+ 9006150+ 300 6450+500

Ha, O 111
16 0.1254+0.01 | Hea, HB, O1r 2050+ 4502800+ 300
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The continuum of the optical spectra was modelled using Python’s Astropy mod-
ule (Astropy Collaboration et al., 2013, 2018). This facilitated the use of a low order
polynomial to model the continuum. The most notable emission line is the Mg 11 A2798

line, observed in all but four of the sources.

5.1.2.1 Black hole masses

The sample showcases emission lines from either Mg 11 A2798, Ha \6563 A or HS A4861
A. From these we can calculate the black hole masses (Mpy). The black hole mass
was not calculated for Sources 6 and 14 due to their spectra being too noisy, and
Sources 1, 7 and 11 had FWHM that were too close to the instrumental FWHM to be
disentangled. These measurements could, however, be used to set an upper limit on
the black hole mass.

The calibrations used for calculating the black hole masses from the Mg 11 (Trakht-
enbrot & Netzer, 2012), H5 (Vestergaard & Peterson, 2006) and Ha (Baron & Ménard,

2019) emission lines are:

L 0.620 FWHM 2
My = 100748 ( 290 —— T Mell) oy 5.1
i 10*erg /s 103km/s © (5.1)
I 0.500 FWHM 2
Mgy = 106910 ( 5100 — B )y 5.2
i 10*erg/s 103km /s © (52)
I 0.54 FWHM 2.06
Mgy = €10%9 [ 222 — e}y 5.3
B =€ (1044erg/s 103km/s © (5:3)

where Lsggo and Lsio0 are the monochromatic continuum luminosities at rest-frame 3000
A and 5100 A respectively in erg s derived from SED fitting (see Section 5.1.3 for
more information). Calculated black hole masses are shown in Table 5.5. The constant
¢ = 1.075 (Reines & Volonteri, 2015) was adopted. Errors on the monochromatic
continuum luminosities were calculated by the SED fitter, errors on the FWHM are
the standard error of the mean measurement from the line profile and error of the black

hole mass is propagated from these two errors.
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SAGE0536AGN’s black hole mass was previously reported as Mgy = (3.5 +
0.8) x 103Mg, and Ly = (5.5+1.3) x 10% erg s (= 12 % of the Eddington luminosity
(van Loon & Sansom, 2015). In this work the black hole mass of SAGE0536AGN is
calculated from the Ha line to be Mpgp=(5.5 & 1.3)x 107 My, with an Eddington ratio
of ~6 %. This mass combined with the calculated velocity dispersion, o ~ 202 4 15 km
s71, puts SAGE0536AGN in agreement with the known correlation between velocity
dispersion and black hole mass (e.g. Graham, 2008).

5.1.3 Cigale modelling

5.1.3.1 Cigale models for SAGE0536AGN and SAGE0534AGN

CicALE SED fits of SAGE0534AGN and SAGE0536AGN are shown in Figure E.3 and
the calculated parameters can be found in Table 5.6.

The fit of SAGE0536AGN shows that the emission from this object is not solely
due to the AGN, as expected from the visible galaxy seen in survey images (see top
left in Figure 5.6), ~ 11% is from the host galaxy. Extinction due to polar dust is the
highest for SAGE0536 AGN compared to the rest of the sample. Accretion power is
smallest for SAGE0536AGN.

The fit of SAGE0534AGN, however, shows that the emission is almost solely due
to the AGN. Compared to SAGE0536AGN, SAGE0534AGN shows similar 7, ¢ and
R (radial thickness of torus) values. Extinction in polar dust is minimal compared
to SAGEO536AGN. The opening angle is expected to be ~ 40° from observations
(e.g. Stalevski et al., 2016). SAGE0534AGN has the expected opening angle, whilst
SAGEO0536 AGN has the largest opening angle of the sample, implying a thinner torus.

5.1.3.2 Cigale models of the t-SNE sample

The CiGALE models of the other sources can be seen in Appendix E. The majority of
sources show a lack of host galaxy contribution, fagn > 70%, which implies differences

in the dusty torus (shape, density, etc.) are causing the differences. This is shown by



142

102 SAGE0536AGN
reduced y? = 2.9
z = 0.143

+ (Obs-Mod)/Obs

Relative
Intensity
o
L]

1l
h
1
1
1
.?
1
1
4
]
!

-1 00 10?1 102 103 10*

1
__Sfeffar attepuated , SAGE0534AGN

N Stgsston ¥ ) V‘f redyced y? = 3.2-
éo SF thermal s =ho

e ectrum O

I'ME eJ] ux » .
51071 b uw /

Relative
Intensity
o

1
[a—

10-2 10° 102 10° e
Observed A (um) @

Figure 5.5: CIGALE best fits of SAGE0536AGN (left) and SAGE0534AGN (right). SED
fits of the rest of the sample can be found in the Appendix E. Source 8 is included
despite being revealed as a star due to its identity being uncertain at time of fitting.
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Table 5.6: AGN properties calculated with CiIGALE. AGN fraction is the fraction of
IR luminosity from the object that is due to the AGN. 7 is the torus optical depth
at 9.7 pm. The inclination angle, i, is the viewing angle, where ¢ = 0° is face-on and
1 = 90° is edge-on. R is the ratio between the maximum and minimum radii of the
torus. The opening angle, oa, is the angle between the equatorial plane and edge of
the torus. pl is the torus radial density parameter and ¢ is the torus density angular
parameter, such that p oc 7 Ple4sO)l where p is the torus density and r is the radius
of the torus. E(B — V) is the extinction caused by polar dust. Accretion power is the
intrinsic AGN disk luminosity averaged over all directions. AGN luminosity is the sum
of the observed AGN disk luminosity (some might be extincted) and the observed AGN
dust re-emitted luminosity. AGN torus fraction is the fraction of the AGN luminosity

that is re-emitted by the torus dust. (Continued on the next page.)

Source AGN T 1 R oa pl
fraction (degrees) (degrees)

SAGE0536AGN | 0.904+0.01} 3.0+£0.1] 3.4+ 4.7 | 29.1£2.9 | 79.5£2.2 | 0.54+0.2
SAGE0534AGN | 0.9940.01] 4.0£1.00 4.5+ 4.9 | 26.24+4.9 | 40.1£1.0 | 1.2£0.3
Source 1 0.98+0.02 7.4+1.5( 10.3+ 7.9 | 23.0+6.5 | 65.9£7.7 | 1.240.2
Source 2 0.99+0.01] 4.14£1.0f 21.94& 9.5 | 16.6x7.5 | 40.3+1.6 | 0.6+0.3
Source 3 0.91£0.01] 3.3£0.7 5.7+ 5.0 | 29.043.1 | 50.040.1 | 1.440.2
Source 4 0.99+0.01] 4.7£1.6) 10.7£ 9.0 | 27.1£4.6 | 54.9£5.0 | 1.2+0.3
Source 6 0.94+0.01] 3.7£0.9 244+ 7.0 | 29.0£3.0 | 53.9£4.9 | 1.2£0.2
Source 7 0.72£0.01] 5.8+1.4] 49.3+ 2.5 | 24.846.3 | 40.7£2.5 | 0.940.2
Source 8 0.89+0.01] 4.6£0.8 21.84+ 3.9 | 28.14+3.9 | 68.24+3.9 | 1.440.2
Source 9 0.984+0.02 3.8+1.00 4.6+ 5.0 | 26.5+4.8 | 53.3£4.7 | 0.4£0.3
Source 10 0.70+0.0210.1+1.3 2.5+ 4.5 | 29.4+2.4 | 74.0£6.0 | 0.6£0.3
Source 11 0.96+0.03 5.4£1.9 21.8£ 9.6 | 28.1£3.9 | 52.6£4.5 | 1.2£0.2
Source 12 0.99+£0.01] 9.1£1.6/ 19.1+11.5 | 24.7+6.0 | 46.7+4.8 | 0.6+0.3
Source 13 0.93£0.03 8.5£1.6| 5.7+ 6.4 | 23.846.2 | 62.74+6.5 | 0.510.2
Source 14 0.98£0.02 5.7£1.3] 12.3+£ 9.7 | 25.84+5.5 | 50.6£2.7 | 0.9+0.3
Source 15 0.904+0.02 7.842.20 0.4+ 2.0 | 26.4£5.5 | 79.5+£2.2 | 0.1£0.2
Source 16 0.95+0.02 5.1£1.6] 27.4+ 7.0 | 20.4£8.0 | 46.0£4.9 | 0.7£0.6
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Source q E(B—V) | Accretion AGN Torus
power luminosity | fraction
(103" W) (103" W)
SAGE0536AGN | 1.2£0.3] 0.96+0.01 2.7+ 0.2 4.4+ 0.2 0.7240.05
SAGE0534AGN | 1.0£0.4] 0.00+£0.01| 772.1£38.6|2375.94+118.8| 0.1740.01
Source 1 0.240.20 0.104+0.01| 69.4+ 6.9 171.4+ 8.6| 0.52+0.04
Source 2 1.240.2) 0.00£0.01| 358.1£29.2| 953.6+ 47.7| 0.17+0.02
Source 3 1.3£0.2) 0.04+0.01| 738.9436.9(1850.24+ 92.5 0.30£0.02
Source 4 1.0£0.4) 0.00+0.01| 233.1+17.4| 774.8+ 38.7| 0.2840.03
Source 6 0.6+0.4 0.304+0.01| 124.3+14.1| 329.7+ 16.5 0.33£0.03
Source 7 1.3£0.2 0.22+0.03 5.7+ 0.3 5.9+ 0.3 0.434+0.04
Source 8 1.5+0.1) 0.084+0.01| 117.6+12.4| 223.1+ 11.2| 0.5840.04
Source 9 1.3£0.2 0.00£0.01| 136.5+ 6.8| 447.7+ 22.4| 0.2440.02
Source 10 0.5+0.4 0.3040.01 2.7+ 0.1 6.4+ 0.3 0.65+0.05
Source 11 1.1£0.4) 0.08+0.01| 38.3+ 4.9 82.6+ 5.2| 0.414+0.03
Source 12 0.44+0.4] 0.1240.02| 24.0+ 3.4/ 50.6+ 2.5| 0.40£0.04
Source 13 1.04£0.4/ 0.10+0.02| 119.3+13.5| 276.7+ 22.9| 0.524+0.06
Source 14 0.44+0.4 0.00£0.02| 29.9+ 2.2| 98.6+ 4.9| 0.28+0.02
Source 15 0.0+0.1 0.004£0.01| 16.4+ 0.8 64.8&= 3.2| 0.35£0.03
Source 16 1.0+£0.4) 0.50+0.07 3.9+ 0.5 5.7+t 0.3| 0.43£0.06

the ranges of the other parameters such as R, 7, pl, ¢ and polar dust extinction. All
the sources, except Source 7, show an inclination angle between 0 < ¢ < 45°, implying
the central engine of the AGN is seen for all sources. All the sources, except Source
2, show R > 20, implying a sample with a thick torus, some of which may be thicker
than the models allow (10 < R < 30).

5.1.4 X-ray observations

Seven of these sources have been detected at X-ray energies with the XMM-Newton
telescope (Jansen et al., 2001) (Table 5.7).

Comparing with the CIGALE parameters calculated, the overall luminosity of
the AGN increases with X-ray luminosity as expected. Also, the X-ray luminosities

decrease with both the AGN inclination angle, polar extinction and AGN dust percent-
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Table 5.7: The average, error-weighted 0.2 — 12 keV X-ray flux and the corresponding
luminosity and their identifications from Maitra et al. (2018).

Source 0.2 — 12 keV flux Luminosity | Designation

Name | (1075 erg s™! em™2) | (10%¢ W)

6 0.76 £+ 0.09 47.27£5.59 | J011408.02—723243.1
7 2.58 £ 0.14 2.56+0.14 | J005551.53—733110.1
8 0.16 £+ 0.07 1.57+0.69

9 1.13 £ 0.11 58.49+5.69 | J012108.43—730713.1
10 0.50 £+ 0.20 0.59+0.24

12 6.94 £+ 0.30 64.85£2.80 | 208.16034.100

13 1.72 £ 0.18 54.83£5.74 | J005732.73—721302.1

age, as expected, as when the central engine becomes more obscured, X-ray emission
decreases. Overall, from looking at Table 5.6, the X-ray luminosities of the sources

with faany <90% are in general lower than for fagn >90% sources.

5.1.5 The host galaxies

The host galaxy of SAGE0536AGN is resolved in VMC images, giving the appearance
of a red galaxy. The fits of CIGALE also show that ~ 11% of this object’s total dust
emission is due to the host galaxy. CIGALE also calculated Sources 7, 8, 10, 15 and
16 to have emission contributed by the host galaxy. Of these, only Sources 10 and 16
have host galaxies that are resolved in the VMC images.

The appearance of the host galaxies provides insight into what step of evolution
they are in, be they red dead elliptical, blue and star-forming, or intermediate as a
green valley galaxy (Salim, 2014).

The host galaxies were fitted with GALFIT. I used the Sérsic profile function, as
varying the Sérsic exponent (which determines the light profile) can match the other
available functions in GALFIT. The GALFIT modelling was done using VMC K band
images. The models used are shown in Table 5.8. Each AGN was fit with three

Sérsic functions, one for the host galaxy (largest component) and two for the central
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component that includes the AGN (smallest component) and the bulge of the host

galaxy. The models are shown in Figure 5.6.
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The host galaxies of Sources 10 and 16 display rotation as a function of radius,
as is seen in spiral galaxies. GALFIT allows for coordinate rotation in the light profile,
and in this case I use the power law spiral function in conjunction with the Sérsic
function to account for the spiral arms. The residuals of SAGE0536AGN also suggest
the presence of spiral arms, though they were not fitted here.

When the Sérsic exponent, n, is large, it has a steep inner profile (cusp), and
a highly extended outer wing. When n is small, it has a shallow inner profile (core)
and a steep truncation at large radius. For the host galaxies of these three AGN,
SAGEO0536AGN has n = 0.62, implying a form between a Gaussian function (n ~ 0.5)
and an exponential disk (n ~ 1). Source 10 has n = 0.71 and Source 16 has n = 0.70,
implying host galaxies closer to an exponential disk than SAGE0536 AGN.

Combining the AGN and bulge components of each source provides a total mag-
nitude brighter than the host galaxy, as expected. The AGN appears unresolved in
the images, so the R, calculated by GALFIT for the Sérsic profile are not true values.
A Sérsic exponent, n ~ 0.5 gives a Gaussian component, and a Gaussian component
with R, ~ 0.5 pixels is an alternative for fitting a PSF profile and therefore an un-
resolved source, such as an AGN. Source 10 AGN has R, ~ 0.5 pixels, showing it is
as expected an unresolved source. SAGE0536AGN and Source 16 both have R, ~ 1.5
pixels, implying the bulge is slightly resolved.

All three galaxies are brighter at redder wavelengths, implying dust and/or lack
of star formation. However, these three galaxies also have the appearance of spiral
galaxies. This could imply a recent shut-down of star formation and that the galaxy
has yet to transition morphologically into an elliptical galaxy. This could mean green-

valley galaxies.
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SAGEO0536AGN

la_k—pc

Source 10

Source 16

Input Model Residuals

Figure 5.6: GALFIT models of SAGE0536AGN (top), Source 10 (centre) and Source
16 (bottom). The cyan line represents 10 kpc based on the respective redshift of each
source. The input images are K¢ band VMC images.



150

SR T —— Source 8§, z=0
8,
6_
5
&
4_
21 MW
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength (pm)

Figure 5.7: The spectrum of Source 8 observed with SALT, showing a redshift of near
zero and emission lines at Ha and Hf.

5.2 Discussion

5.2.1 Source 8’s true nature

Since this research was published I observed Source 8 with SALT. The spectrum can
be seen in Figure 5.7 , and reveals the source as an emission line star in the SMC.
Whether the X-ray and radio emission is from this star, making it active source such
as a symbiotic binary, or from a background extragalactic source is still unclear.
Work after this point has been updated to account for the new observations of

Source 8.

5.2.2 IR properties and selection criteria

The infrared has proven to be an effective wavelength regime to select AGN in and
therefore many selection criteria for AGN have been created for IR wavebands based
on previously spectroscopically identified AGN.

AGN selection criteria have been created for Spitzer IRAC and WISE wavebands
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Figure 5.8: (Left) AIWISE colour—colour diagram of the sample. The sample is
clumped together in the AGN region, apart from Source 5, a carbon star, which is
to the left of AGN region and within the region populated by AGB stars. The red
dashed line indicates the Mateos et al. (2012) AGN selection criteria. Spectroscopi-
cally observed AGB stars in the Magellanic Clouds have been added to both plots as
grey points and show how the two classes can be mistaken for the other. (Right) IRAC
colour—colour diagram for the sample. The red and the blue dashed lines indicates the
Lacy et al. (2004) and Donley et al. (2012) AGN selection criteria, respectively.

by Lacy et al. (2004), Stern et al. (2005b), Mateos et al. (2012) and Donley et al.
(2012). The Donley et al. (2012) wedge, shown in Figure 5.8 (right), was designed
to be an improvement on the Lacy et al. (2004) and Stern et al. (2005b) wedges, as
it excludes high-redshift star-forming galaxies whilst incorporating the best aspects of
the previous AGN selection wedges. All but SAGE0536AGN fall within the Donley
et al. (2012) wedge. SAGEO0536AGN, however, does still fall within the Lacy et al.
(2004) wedge. This implies that sources similar to SAGE0536AGN could potentially
be missed by the Donley et al. (2012) wedge.

The Mateos et al. (2012) wedge, shown in the left panel of Figure 5.8 (left) shows
that all sources fall well within the expected area in the colour—colour diagram. Also,

as expected, Source 5 (the carbon star) falls outside this area. All the sources fall well
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within the criteria from Stern et al. (2005b), except SAGE0536AGN which is only just
within its bounds.

Cioni et al. (2013) created AGN selection criteria which are shown in Figure
5.9. They separate the colour—colour space into four regions. Regions A and B are
where most known AGN are found where point-like AGN dominate region A and AGN
with visible host galaxies dominate region B. The average redshift was found to be
z = 1.22 £ 0.25 in region A and z = 0.44 £ 0.25 in region B. Region C was found
to contain reddened Magellanic sources and region D was found to contain stars and
low-confidence AGN. As expected, none of our sources are found in region C. Source 9,
however, was found unexpectedly in region D, where stars dominate. The three sources
with clear host galaxies, Source 10, 16 and SAGE0536AGN are found, as expected, in
region B. All sources that have CIGALE fits with fagny < 0.90 are found in region B and
all of the sources found in region A have fagn > 0.90. Sources 11, 13 and 14 are also
found in region B, despite the predicted fagn > 0.90. Source 5 is found at Y — J =
1.4 and J — K = 4.6 (not on the diagram), when it would be expected to be found in
region C or D. From the sample the average redshifts for A and B are, z ~ 1.02 and
z ~ 0.35, respectively, as expected.

AGB and post-AGB/RGB stars, classes known for being confused with AGN,
have been added to the plots. These stars have all been spectroscopically observed
(Groenewegen & Blommaert, 1998; van Loon et al., 1998, 1999a,b, 2005, 2006, 2008;
Kamath et al., 2014) and are all in the Magellanic Clouds. In Figure 5.8 (right) the
locus of the AGB stars is outside the two AGN selection criteria, however some are still
found within the Lacy wedge, some of which are avoided with the Donley wedge. In
Figure 5.8 (left) most of the stars are outside the Mateos wedge. Of those that encroach
on the AGN criteria, AGB stars are in the top of the wedge, whilst post-AGB/RGB
stars are at the bottom of the wedge. In Figure 5.9 AGB stars can be mostly found in
region B, whilst post-AGB/RGB stars can be found in region A. For all colour—colour
diagrams AGB and post-AGB/RGB stars can be found amongst the AGN sample. It
is known that combining near-IR and mid-IR selection techniques can efficiently select

a high number of AGN (Bornancini et al., 2022), and the combination of WISE and
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Figure 5.9: VISTA colour—colour diagram of the sample. The regions A, B, C and D
were devised by Cioni et al. (2013). Regions A and B are where most known AGN
are found and are well matched by the models. Region C is dominated by reddened
Magellanic Cloud sources and region D is populated by stars and low confidence AGN.
See Figure 5.8 for the sample identifications.

VMC colour selection techniques has the potential to efficiently remove the AGB and
post-AGB/RGB sources.
Note that Source 8, despite being revealed as an emission-line star, appears well

within the selection criteria for AGN in VISTA, SAGE and AIIWISE colour selections.

5.2.3 Green valley

To determine whether the sources of the t-SNE selected sample are blue star-forming,
green-valley or quiescent galaxies, they can be plotted on a diagram of star-formation

rate (SFR) versus stellar mass of the host galaxy (e.g. Chen et al., 2016; Belfiore
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et al., 2018).
The SFR was calculated using the CIGALE best fits (after subtracting the AGN

components) by using the correlation between total luminosity between 8 gum and 1000

pm and SFR as shown in Bell (2003):

157X 1079 Lrr(1 + +/A2) | Lpgg > 10M
SFR(Muyr~!) = iR Lo > LTm (5.4)

1.17 x 1070 Lpyg (1 + /LlffR) , L < 1011

where Ly is the total luminosity between 8 pm and 1000 pm in solar luminosities.
The stellar mass was calculated by using the correlation between black hole mass and

stellar mass as described in Héring & Rix (2004):
log(Mgy) = —4.12 + 1.121log(M,) (5.5)

where M, is the stellar mass. The resulting diagram can be seen in Figure 5.10 (centre).
The CIGALE output for SFR was not used as most of the sources are dominated by
the AGN, meaning the host galaxy, and therefore the SFR, could not be modelled
accurately. For these sources the calculated SFR is an upper limit.

This plot shows that 12 out of 17 of the sources are green-valley galaxies. How-
ever, the far-IR fluxes from these galaxies are upper limits, meaning the SFR could
possibly be lower and therefore in the quiescent region. SAGE0536AGN and Source
16 show spiral arm structure, meaning star formation shut off recently and they are at
least more likely to be green-valley galaxies rather than quiescent.

Of the sources in the star-forming region, Source 6 may be a green-valley galaxy
as its SFR is an upper limit. Of the other galaxies it is possible that the far-IR emission
is not due to star formation. The far-IR from these galaxies could instead be accounted
for by dust heated by the AGN beyond the torus. It has been shown that for torus
opening angles of 20 — 70° (Zhuang et al., 2018) the AGN emission will heat dust
in the narrow-line region (where the polar dust is) if the black hole accretion disk is
aligned with the galaxy plane (Baron et al., 2016), or the dust in the host galaxy if the
accretion disk and the galaxy plane are misaligned (Viaene et al., 2020).

We compare other observed characteristics of these sources and CIGALE model

outputs with the distance along the potential evolutionary sequence, which is defined
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Figure 5.10: (centre) The position of the t-SNE selected sample on a SFR versus stellar
mass diagram. The blue and red dashed lines are an approximation of the boundary (at
the 1o level in scatter from the main trend lines of the star-forming (SF') and quiescent
galaxies) of the star-forming main sequence and the quiescent sequence, respectively,
taken from Chen et al. (2016). Those with blue error bars are sources with known black
hole masses to calculate stellar mass from. Those with grey error bars are those with
no known black hole mass, set at the average black hole mass of the sample. (top) How
Eddington ratio changes with M,. (left) How R changes with SFR. This shows that
green-valley (GV) galaxies tend to have smaller tori than star-forming galaxies. (right)
How X-ray luminosity changes with SFR. This shows that higher X-ray luminosities
are seen in the green valley. (bottom) How the torus and polar dust emission fractions
of the AGN change with M,. Accretion disk emission is the remaining fraction of AGN
not plotted here.
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as the distance of the source in the host mass versus SFR plane from the 1o scatter
from the star-forming galaxies main sequence line.

From this it can see that the AGN fraction increases along the potential evolu-
tionary sequence, which is expected as the host galaxy star formation reduces and the
AGN becomes more prominent. Also as expected, the BH mass increases along the
potential evolutionary sequence.

Source 3 is the furthest above the star-forming main sequence and has the largest
Eddington ratio. The upper limit to Eddington ratio seems to decrease along the
potential evolutionary sequence, this could imply its running out of fuel at later stages.

X-ray observed AGN are more likely to be found in the green valley than in the
star-forming region (e.g. Treister et al., 2009; Povié¢ et al., 2012, 2013). This is corrob-
orated by the most X-ray luminous of the AGN being found in the green valley. X-ray
luminosity increases along the potential evolutionary sequence, which could correspond
with decreasing R (ratio of outer torus radii to inner torus radii) and torus fraction,
implying a thinning torus, which would mean that there is less dust and gas to absorb
the X-ray emission. However, in this sample the majority of sources are being seen
close to face-on, meaning the torus thickness is less likely to affect the X-ray emission.
Source 7 is predicted to have an inclination angle of 49°, which would mean the torus
would be affecting the X-ray emission, and yet it has the second highest X-ray lumi-
nosity. Another possible interpretation is that the X-ray emission is tracing the AGN
activity, and we are seeing the AGN activity increase as the sources move from the

star-forming region to the green valley region.

5.2.4 Radio analysis

5.2.4.1 Radio morphology

From the radio continuum images taken with ASKAP of the SMC and LMC, all 18
sources appear compact (unresolved at ASKAP resolutions) apart from three: Sources

6, 15, 16, which are shown in Figure 5.11. Sources 6 and 16’s extended nature could
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Figure 5.11: ASKAP 1320 MHz radio flux of Sources 6, 15 and 16 shown as contours
on top of the VMC K band images. Source 6 has five linearly spaced contours from
0.18 — 1.1 mJy. Source 15 has eight linearly spaced contours from 1 — 70 mJy. Source
16 has five linearly spaced contours from 0.3 — 0.72 mJy. Source 6 could potentially be
an FR II source, with an offset radio peak and a counter-lobe at the other side. Source
15 is an FR II source. Source 16 radio emission extends towards the West most likely
due to the point source to the West of it also being a radio source.

be caused by radio emission from nearby sources blending with the main source.
Source 15’s radio lobes would imply we are not observing the source close to
face-on. The CIGALE model predicts ¢ ~ 0.4°, and therefore very close to face-on.
However, the radio image in Figure 5.11 also shows a bright centre to the source. This
could mean that the lobes are old relics, since then the source has rotated, and is now

emitting a face-on radio jet.

5.2.4.2 Spectral Indices

We define the spectral index « by F,, o< v, where F), is the integrated flux density at
frequency v. A flatter spectral index close to zero indicates free—free emission, and a
steep negative spectral index of approximately —0.7, indicates synchrotron emission.
Table 5.9 shows the radio luminosity and radio MHz spectral indices, «.

Figure 5.12 shows the distribution of spectral indices for our sample compared to
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Table 5.9: Radio luminosities and spectral indices for the t-SNE selected sample from
ASKAP (888 MHz for LMC, 960 MHz for SMC).

Source Name Luminosity (10% W) a
888/960 MHz | 1320 MHz
SAGE0536 AGN 0.5+ 0.1 - -
SAGE0534AGN 0.1&£ 0.1 - —
1 0.1+ 0.1 0.1&£ 0.1 | —0.34
2 99.7+14.2 69.8+ 5.0 | —1.05
3 123.1+£24.8 778t 7.6 | —1.46
4 179.8+18.0 1421+ 7.2 | —0.69
6 115.1£ 9.6 | 109.9+ 5.3 | —0.1
7 0.6£ 0.2 0.4+ 0.1 ] —1.12
8 6.4+ 1.6 3.6+ 0.6 | —1.73
9 113.9+10.4 89.6+ 3.1 | —0.69
10 0.9+ 0.2 0.9+ 0.1 | —0.38
11 7.5+ 1.7 5.9+ 0.5 | —0.67
12 18.7+ 1.9 11.44+ 0.8 | —1.58
13 44.6+15.9 35.1£ 6.4 | —0.93
14 11.0£ 1.8 6.5+ 0.6 | —1.67
15 - 340.3£ 4.8 -
16 - 0.6+ 0.2 -
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Figure 5.12: Spectral indices of the sample compared to other spectroscopically ob-
served AGN behind the Magellanic Clouds.

the spectroscopically observed AGN behind the Magellanic Clouds. This shows that
whilst there is a peak at a ~ —0.7, coinciding with the expected value for synchrotron
radiation, there is also an unexpected peak at more negative values, where the most

extreme radio spectral slope belongs to Source 8.

5.2.4.3 Radio properties across the green valley

We compare the radio properties of our sources with the distance along the potential
evolutionary sequence, which is defined as the distance of the source in the host mass
versus SFR plane from the 1o scatter from the star formation main sequence line

(Figure 5.13).
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From Figure 5.13 (top) it can see that the spectral index is steep at the start
of the potential evolutionary sequence, is flattest at the beginning of the green-valley
section and then steepens again. Removing Source 8 from this graph has improved the
trend at the beginning of the potential evolutionary sequence with respect to spectral
index, as Source 8 has a more negative index than Source 3 (first source on the left) but
was estimated to be slightly further along the potential evolutionary sequence, causing
a dip in the trend. Figure 5.13 (bottom) shows that radio loudness, Ragn (see Table
3.3), is lowest at the start of the potential evolutionary sequence, reaches a peak at the
beginning of the green-valley section, and then reduces again.

Sources 3 (source on the far left of Figure 5.13) could be a Compact Steep Spec-
trum (CSS) source, which are young sources that could go on to become large-scale
Fanaroff-Riley II (FR II) objects (Fanti et al., 1995), such as Source 15. Further-
more, an observational signature of an AGN “switching-oft” is also a steep spectrum
(v < —1.5). This is due to plasma ejected from the AGN losing energy causing high en-
ergy particles that radiate mostly at high radio frequencies to lose their energy fastest,
making radio emission strongest at lower frequencies and causing a steep spectrum
to be observed. This could imply that the AGN of the sources at the beginning of
the potential evolutionary sequence have just switched on, explaining their steep radio
spectrum. As the sources transition into the green valley the sources are at their ra-
dio loudest and have spectral indices ~ —0.7, implying steady synchrotron emission,
after which the AGN, and subsequently the radio emission switches off, causing the
radio loudness to decrease and the spectral index to steepen. The overall implication is
that the AGN trace the transition from star-forming, across the green valley and into
quiescence.

Another interpretation of these results could be that AGN triggered in quiescent
galaxies have a different nature to those triggered in star-forming galaxies.

It should be noted that these interpretations are based on visual appearance
rather than statistical tests. Statistical tests will be implemented at a later date once
data from the LMC had been added to these plots, which will increase the sample size

significantly, and from which more certain conclusions can be drawn. Furthermore, once
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the LMC sample has been added, an analysis comparing the timescales for evolution
of the radio properties with the timescales for colour evolution of galaxies after star-

formation ceases would be worth exploring.

5.2.5 AGN dust properties

5.2.5.1 Variability

All the sources show some variability. From those with a known Eddington ratio it can
seen that high Eddington ratio sources tend to have little variability, while those with
decreasing Eddington ratios tend to include sources with larger variability (Figure
5.14). This relation holds true for black hole mass in place of Eddington ratio, so
therefore smaller black holes (with smaller tori) vary the most whilst larger black holes
(with larger tori) tend to vary less.

There is a general increase in variability with an increase in optical depth, im-
plying the more emission from the accretion disk that is absorbed by the torus, the
greater the variability. The Eddington ratio also decreases with increased optical depth
and torus fraction. This implies Eddington ratio increases with less attenuation by the
torus, as expected, but also that variability decreases with less attenuation by the
torus, implying the torus could be playing a part in the variability of the AGN that we
observe. This could mean we are seeing variability in the attenuation of the emission
from the accretion disk, instead of the variability of the accretion disk emission, which
could mean high variability is caused by a “clumpy” torus moving around the accretion
disk causing the amount of attenuation of the emission to increase and decrease.

High Eddington ratio sources vary the least. In general the highest Eddington
ratios are at the start of the potential evolutionary sequence, whilst the lowest Edding-
ton ratios are at the end of the green valley. This could imply that the sources at the
beginning, where the AGN is just “switching on” and have the greatest amount of fuel
and a high accretion rate, have the lowest variability, whilst the AGN that are starting

to “switch off” and have the lowest amount of fuel and a lower accretion rate, have the



163

10
a
w
0.25 - o
9
0.20 - R
=
= °
r=h .
E 0.15 - !
_E'." [
= +
E i)
5 0.10 4
:"EE +8 %
5
0.05 - *
+ 4
+* *
0.00 - 3
0.0 0.2 0.4 0.6 0.8 1.0

Eddington Ratio

Figure 5.14: The comparison of variability with Eddington ratio and optical depth, 7,
of the t-SNE selected sample.



164

highest variability. This could be due to the erosion of the dusty torus surrounding the
AGN leading to a more porous torus and therefore increased variability. This would

however be dependent on inclination angle of the AGN.

5.2.5.2 Cigale model components

CIGALE provides the separate models that make up the overall best-fit model. These
models can be seen in Figure 5.16. In the optical, the sources where the host galaxy
dominates over the AGN disk are SAGE0536AGN and Source 7.

Polar dust contribution varies from source to source. Source 7 has the highest
polar dust fraction at ~ 53%. This source also has one of the lowest AGN fractions of
~ 72%. However, the source with the lowest AGN fraction of ~ 70%, only has polar
dust fraction of ~ 3%. Those with < 1% polar fraction can all be found in the green
valley. These could be those where no outflows are present to push out the polar dust,
and the AGN is starting to turn off.

As expected, we see a negative correlation between accretion disk fraction and
torus disk fraction (Figure 5.15), where SAGE0534AGN has the highest disk fraction
and SAGEO56AGN has the highest torus dust fraction, bracketing the sample. The
opening angle also follows this trend, increasing with torus dust fraction (and decreasing
with accretion disk fraction). However, Source 16, and to a larger extent, Source 7, veer
off from these correlations due to their increased polar dust fraction. Their decrease
in opening angle leads to an increase in polar dust fraction, which could be due to the
increased space available at the poles with a smaller opening angle, as well as the poles
being less obscured by the torus.

In general polar dust fraction increases with decreasing R and oa, and increases
with ¢. Note that Table 5.6 shows that Sources 7 and 16, that have the highest polar
dust fraction, also have the highest values for 7, which implies a link between the narrow-
line region and polar dust fraction. The relation with R could imply the presence of an
outflow. This outflow would push out polar dust to become observable, increasing the

polar dust fraction, as well as erode the dusty torus, decreasing R, which then in turn
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reveals more of the polar dust. The polar dust fraction would then also be expected
to increase with i: as the accretion disk becomes more obscured by the dusty torus,
then the torus dust and polar dust being pushed out by an outflow would become more
prominent. As oa decreases the view into the centre of the AGN opens, increasing the

space over which polar dust can be found, thus increasing polar dust fraction.

5.2.5.3 Silicate 9.7um dust

The prominence and peak wavelength of the silicate emission of AGN varies. To quan-
tify the strength of this emission it is defined as the silicate peak relative to the con-
tinuum, at the wavelength where the silicate feature peaks (Hao et al., 2007):

fo.7um(peak)
fo.7um (continuum)

The silicate strength of SAGE0534AGN is calculated to be 0.24 £+ 0.04. In
comparison, SAGE0536AGN yields a silicate strength of 0.85 4+ 0.13.

CIGALE models the silicate dust as part of the AGN modelling. Calculating
the silicate strength for all the sources as done previously with SAGE0536 AGN and
SAGE0534AGN revealed that silicate strength seems to increase with redshift. How-

SiQ.?um =In (56)

ever, while the model correctly predicts that the silicate 9.7-um feature is in emission
for SAGE0536AGN and SAGE0534AGN, the model underestimates SAGE0536AGN
(low-z source) as Sig7um ~ 0.54 and overestimates SAGE0534AGN (high-z source) as
Sig 7um ~ 0.72. This could imply the modelling of the silicate feature strength is not
accurate or missing something.

The model predicts that all sources in this sample show silicate 9.7-pm emission.
This could mean that the t-SNE selection separates those sources in emission from

those in absorption. Confirming this requires follow-up mid-IR spectroscopy.

5.2.5.4 Comparison to other silicate emitting AGN

SAGE0534AGN and SAGE0536AGN are not alone in their emission of silicate features.

Comparing the two with more common less extreme versions of silicate emitting AGN
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may lend a clue to how these came about, whether they be extreme versions of an
already established class of AGN or exist in a class of their own. To compare, a sample
of local (# < 0.1) type 1 AGN with silicate emission were taken from Martinez-Paredes
et al. (2020). They are a sample of 67 local (z < 0.1) type 1 AGN. Another comparison
was made with a sample from Dicken et al. (2014) which include 46 2Jy radio galaxies
(0.05 < z < 0.7) and 17 3CRR FRII radio galaxies (z < 0.1) nuclei (AGN) with Spitzer
spectra dominated by non-stellar processes. The sources in this sample have silicate
strength calculated using Equation 5.6.

The silicate strength of SAGE0534AGN, SAGE0536AGN and the silicate emit-
ting AGN sample were compared with their far-IR colour (WISE 4 (23 pm) — IRAS
60 pum). For the sources in these samples that had no IRAS 60-um measurements,
a limit on the flux was calculated from the IRAS images. For the t-SNE selected
sample the IRAS 60-um magnitudes were estimated from the CIGALE best fit models.
This comparison is shown in Figure 5.17. The AGN sample are all to the right from
SAGEO0536AGN, SAGE0534AGN and the t-SNE selected sample. The higher redshift
galaxies tend to be further to the right, but this could be because high-z galaxies are
most likely biased towards star-forming galaxies to make them bright enough. The
limits on W4 — IRAS60 could suggest there are already interesting sources observed.
SAGE0536 AGN however, remains apart due to its high silicate strength.

SAGEO0536AGN is the strongest 10-pm silicate emitter currently known. In terms
of torus properties predicted by CIGALE, SAGE0536 AGN has one of the highest values
for R, the largest values for oa and torus fraction, lowest value for optical depth, 7 and
one of the lowest values for inclination angles. All this together could have provided
the necessary environment for strong silicate emission. In contrast, SAGE0534AGN’s
silicate strength was overestimated. CIGALE predicts SAGE0534AGN has a similar
inclination angle and optical depth to SAGE0536AGN, but the smallest values for oa
and torus fraction. Both of these sources also have very little polar dust, the presence
of which correlates with weak or absent silicate emission (e.g. Tazaki & Ichikawa, 2020).
This could imply that the increased silicate emission strength is due to a thicker torus

with little to no polar dust to obscure the centre of the AGN. Of the rest of the t-SNE
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selected sample, the closest to SAGE0536AGN in terms of oa, torus fraction, polar
fraction and inclination angle is Source 15, however the values for 7 and R are not

as close. This could mean that the silicate emission of this source may rival that of
SAGEO0536AGN.

5.3 Conclusions

In this work I used unsupervised machine learning, t-SNE, with Gaia EDR3, VMC, All-
WISE and EMU ASKAP photometric data, to find sources similar to SAGE0536AGN,
the strongest 10-pm silicate emitter known, and SAGE0534AGN, a similar source with
weaker silicate emission. This provided 16 sources to add to the sample. I took op-
tical spectra of 15 of these sources and found that all but one were extragalactic in
nature. From these spectra I calculated black hole masses and Eddington ratios. I
used CIGALE to model the SEDs and characterise these sources, and GALFIT to model
the morphology of the three nearest sources.

From this investigation I discovered most of the sources (12 out of 17) are in the
green valley transitional phase, with the potential for some of these to be quiescent. I
find that as sources move away from the star-forming phase and through the green val-
ley phase the properties of the AGN change, such as the torus depletes, the Eddington
ratio decreases, signalling the AGN is running out of fuel, and the X-ray luminosity
increases as the material that would absorb it has depleted. Radio properties also
change across this potential evolutionary sequence. The radio spectral slope starts off
steep in the star-forming phase, before flattening to the expected value of a ~ —0.7
at the beginning of the green valley, and then steepening again as the sources move
further into the green valley. Radio loudness also follows this trend, starting off quiet
in the star-forming phase, becoming loudest at the beginning of the green valley, be-
fore quietening again. This implies the “turning on” of the AGN to transition from
star-forming to green valley, and then the AGN “turns off” again, before transition to

quiescence.
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All sources are variable and this variability decreases when there is less attenua-
tion by the torus, implying the torus is playing a part in the variability.

SAGEO0536 AGN remains the most extreme 10-pm silicate emitter, which is not
modelled well with CIGALE, which predicts weaker emission for SAGE0536AGN and
stronger emission for SAGE0534AGN. CIGALE predicts all sources have silicate in
emission. This needs to be verified by spectroscopic observations in the mid-IR, such

as with the James Webb Space Telescope.
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6 Machine learning identification and clas-
sification of sources in the VISTA survey
of the Magellanic Clouds

This chapter expands on the work done in previous chapters, but instead of looking
at a small sample of sources, like in Chapter 5, looks at the entirety of the Magellanic
Clouds that were observed in the VMC survey. The t-SNE algorithm is used on the
radio sources of the Magellanic Clouds, as done in Chapter 4, and the different source
classifications are observed. The PRF algorithm (see Section 3.4.2.3) is used on the
entire VMC SMC data set cross-matched with other surveys (the PRF will be used on
the LMC data set in a future paper).

6.1 t-SNE analysis of the Magellanic Clouds

In Chapter 5 I explored a small sample of sources dominated by nuclear dust emission,
discovered using a machine learning algorithm, t-SNE, on a combination of photometric
VMC, Gaia, AIWISE and ASKAP EMU survey data. Now that I also have a radio
map of the LMC (see Chapter 4) I can proceed to do the same for the LMC. In this
section I explore the rest of the SMC t-SNE map, as well as the t-SNE map produced
from LMC data using the same photometric surveys as for the SMC. The LMC t-SNE

map can can be seen in Figure 6.1.

6.1.1 Comparing the SMC and LMC t-SNE maps

In this section I compare how the t-SNE algorithms cluster the sources in the SMC
and LMC t-SNE maps.
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Figure 6.1: t-SNE map of the LMC.
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Figure 6.2: t-SNE map of the SMC. The highlighted regions show the general area of
certain classifications of sources.

6.1.1.1 Spectroscopically confirmed classifications

Using classifications from the literature we can loosely classify the rest of the t-SNE
map of the SMC and LMC. To do this I used classifications from Simbad (Wenger
et al., 2000). From the map of SMC and LMC, see Figure 6.2 and Figure 6.3, we can
loosely classify regions of sources.

High proper-motion stars are outlined in black and are an isolated group of
sources in both maps. These are all most likely stellar sources in front of the true
radio sources. This result shows that this technique could be a good way to remove

false cross-matches between radio surveys and shorter wavelength photometry surveys.
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Some of these, however, could possibly be one of the rare radio active stars (e.g. Wang
et al., 2022).

In the region outlined by orange, there is a small island of YSOs, PNe, evolved /dusty
stars, emission-line stars, etc, sources that are often misclassified as AGN and vice
versa. Source 5 and Source 8, from an area of transitioning galaxies hosting AGN
on the SMC map, and whose true classifications turned out to be emission-line and
evolved dusty stars, are found on the edge of the sample closest to the small island of
YSOs, PNe, evolved/dusty stars, emission-line stars, etc. If some of the stellar sources
can be found on the outskirts of the AGN section of the map, this could imply the
opposite, that some transitioning galaxies hosting AGN are on the edge of the small
stellar island closest to the sample investigated in this work.

AGN that have been spectroscopically observed can be found roughly along the
centre of the map, y ~ 0 for the SMC and x ~ 0 for the LMC. Blazars can be found
to the far right of the AGN sequence in the SMC and to the far bottom of the AGN
sequence of the LMC map.

Low-z galaxies, with obvious galaxy shape in survey images, can be found from
the AGN region to up towards the top of the map in the SMC, and to the far right in
the LMC. There is a redshift gradient in both maps of increasing redshift towards the
AGN sequence (down and to the left in the SMC and LMC, respectively).

The LMC map, unlike the SMC map, separates SAGE0534AGN from SAGE0536
AGN. These two sources can be found on two separate points that reach towards the
island of YSOs, PNe, evolved stars and emission line stars, which is similar to the SMC
map. SAGE0534AGN can be found among the AGN sequence and SAGE0536AGN
can be found among the low-z galaxies, which makes sense with respect to the redshift

gradient in the map.

6.1.1.2 Photometry survey measurements

The Gaia survey provides proper motions measurements, and from the distribution of

proper motions across the t-SNE maps shown in Figure 6.4 it can be seen that most
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Figure 6.4: Comparison of the distribution of proper motions of the sources in the

t-SNE maps of the SMC (left) and LMC (right).

sources show Magellanic proper motions or lower. The lowest proper motions can be
matched with known AGN and galaxies, as expected. Where there are no data for the
proper motions is where most of the galaxies can be found. Where the galaxies can be
found also matches up with the greatest difference between Gaia G and the average
of Grp and Ggp bands, as seen in Figure 6.5. This shows that the difference between
Gaia G and the average of Grp and Ggp can be used to locate extended objects. This
magnitude difference identifies extended objects because the value of G for a point
source is expected to roughly equal the average of Grp and Ggp. Therefore, the value
would be around zero, which can be seen is true for areas where known stars and higher
redshift sources are found. The larger magnitude differences are caused by the way the
flux is measured for G (broad pass band filter) compared to Grp and Ggp (prism and
colour filter, creating low-resolution spectra in broad blue and red pass bands).

High proper-motion (foreground) stars can be found in the isolated bottom and
top left islands of the SMC and LMC t-SNE maps, respectively. These sources have

the potential to be radioactive stars. Further inspection of these sources in the radio
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Figure 6.5: Comparison of the distribution of Gaia DR3 colour G minus the average of
Ggrp and Ggp of the sources in the t-SNE maps of the SMC (left) and LMC (right).

have shown that they are a mixed bag. Some of the sources match up with artefacts
around bright radio sources that have made their way into the radio catalogues, some
are so faint they could be part of the background variation and others have matched
up with jets/lobes/extended emission of true radio sources. Some do match up with
point sources, so have the potential for the radio emission to belong to the foreground
star. This requires further investigation as I did identify some foreground cool dwarf
systems with radio emission in the LMC ASKAP image (see Appendix D and Pennock
et al., 2021). It is possible there lies a large population of radio stars just below or
around the sensitivity of the ASKAP survey.

The VISTA parameters that show the greatest difference across class positions on
the map are the colour J — K and the J sharpness parameter. The distribution of J
— K across the maps can be seen in Figure 6.6. The distribution of J sharpness across
the maps can be seen in Figure 6.7. The J — K colour is highest, and therefore reddest,

where the extragalactic sources can be found. The J sharp parameter is highest to the
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Figure 6.6: Comparison of the distribution of VMC PSF colour J — K of the sources
in the t-SNE maps of the SMC (left) and LMC (right).

far right where the lowest redshift galaxies, which would be seen as extended in the
VMC survey, reside so this is as expected. Note that the distributions of both J — K
and the J sharpness are very similar, most likely because redder sources are generally
associated with extended sources such as galaxies and star-forming regions.

The WISE parameter that shows the greatest difference across class positions on
the map is the W1 — W2 colour. This distribution can be found in Figure 6.8. The
highest values can be seen where the known AGN are, showing that this WISE colour
is good for selecting AGN.

In Figure 6.8, the area highlighted in light green/yellow only stands out in the
W1—W?2 colour, where this colour is more negative than the rest of the sources, and
W2 mag, where they tend to be fainter than the rest of sources. The identity of these

sources and why they stand out in this way requires further investigation.
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6.1.1.3 Gaia classifications

The Gaia DR3 (Gaia Collaboration et al., 2022) catalogue includes three columns
that give probabilities that the source is a QSO, a galaxy or a stellar source. When
comparing the Gaia classifications to the true classifications of the t-SNE selected
sample of dusty AGN (see Table 6.1) we see that the majority of sources are correctly
predicted as QSOs, though this also includes Source 5, which was identified as a carbon
star. Only two sources were classified by Gaia as stellar sources, Source 8, whose
true identity turned out to be an emission-line star, and SAGE0534AGN, an AGN.
SAGE0536 AGN was strongly predicted by Gaia to be a galaxy, which is not unexpected
due to the host galaxy being slightly resolved, but there was also a ~ 5% chance of being
a star. Source 7 was predicted to be ~ 70% QSO and 30% galaxy, which interestingly
matches with the AGN fraction from CIGALE.

Looking at the rest of the SMC t-SNE map, as well as the LMC t-SNE map we can
see how the Gaia classification probabilities are distributed across the map. Looking
at the distribution of Pqyso (see Figure 6.9) it can be seen that the Gaia classifications
match up with most of the known AGN, though do not manage to get the AGN that
are within the low redshift galaxy region (see Figures 6.2 and 6.3).

Looking at the distribution across the SMC and LMC t-SNE maps of Pg, (see
Figure 6.10) it can be seen that this matches up with the areas where known galaxies
can be found. Unexpectedly, in the LMC map, there is an area of high probability
galaxies in the centre of the t-SNE map (at x ~ —13, y ~ 9), to the left of the AGN
sequence, which also matches up with high values of J sharp, indicating extended
sources (see Figure 6.8). These sources require further investigation.

Looking at the distribution across the SMC and LMC t-SNE maps of Psg (see
Figure 6.11) it can be seen that stellar source probabilities are highest away from where
extragalactic sources are found (below y ~ —10 for SMC and to the left of x ~ 0 for
the LMC; also see Figures 6.2 and 6.3). However, some sources with high probabilities
as a stellar source can also be found within the extragalactic areas of the t-SNE maps.

For instance, the blazar sequence identified in Figures 6.2 and 6.3 are shown to be
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Table 6.1: Gaia classification probabilities of QSO (Pqso), galaxy (Pga) and stellar
sources (Psg) for the t-SNE selected AGN sample.

Source Name PQSQ PGal PSS
SAGEO0536AGN | 0.0002 | 0.9471 | 0.0527
SAGEO0534AGN | 0.0015 | 0.0000 | 0.9985
1 1.0000 | 0.0000 | 0.0000
2 1.0000 | 0.0000 | 0.0000
3 1.0000 | 0.0000 | 0.0000
4 1.0000 | 0.0000 | 0.0000
) 0.9952 | 0.0000 | 0.0048
6 0.9939 | 0.0000 | 0.0061
7 0.7073 | 0.2911 | 0.0016
8 0.0001 | 0.0001 | 0.9998
9 1.0000 | 0.0000 | 0.0000
10 0.9958 | 0.0033 | 0.0009
11 1.0000 | 0.0000 | 0.0000
12 1.0000 | 0.0000 | 0.0000
13 1.0000 | 0.0000 | 0.0000
14 1.0000 | 0.0000 | 0.0000
15 1.0000 | 0.0000 | 0.0000
16 0.8864 | 0.1136 | 0.0000
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Figure 6.9: Comparison of the distribution of Gaia DR3 probabilities of a sources being
a QSO in the t-SNE maps of the SMC (left) and LMC (right).
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Figure 6.10: Comparison of the distribution of Gaia DR3 probabilities of a sources
being a galaxy in the t-SNE maps of the SMC (left) and LMC (right).

predicted as mostly stellar sources in Figure 6.11, though a few are identified as AGN
in Figure 6.9.

6.2 PRF classifications of the SMC field

In this section I explore the performance of the PRF classifier trained on the SMC
training dataset (see Section 3.4.2) used on the entirety of the SMC VMC dataset.
The LMC will be explored in a future paper (Pennock et al. in prep.).

The SMC consists of 31,169,627 sources in the VMC catalogue. After removing
possible duplicates (identified as sources that are closer than the expected resolution
of the survey) between overlapping observations this reduced to 28,598,800 source.
Due to the size of the data it was classified in batches of one million at a time. The
probabilities for each specific class were calculated by the classifier, and from this the

overall predicted class was the class with the highest probability.
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Figure 6.11: Comparison of the distribution of Gaia DR3 probabilities of a source being
a stellar source in the t-SNE maps of the SMC (left) and LMC (right).

A sample of the table of probabilities and classes I created can be found in Table
6.2.
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6.2.1 Stellar sources

One way to ascertain the performance of the classifier in separating extragalactic from
stellar sources is to test it on classes it has not seen before. The classifications from
SAGE-spec (Ruffle et al., 2015) were used as part of the training set for the classifier.
Not all the classes in this dataset were added to the training set as they were deemed
too few in number for training purposes and/or not a well defined class (e.g. emission-
line stars). The SAGE-spec dataset for the SMC has 18 sources that were not used.
The predicted probabilities and classes of these 18 sources were extracted from the full

SMC dataset and can be seen in Table 6.3.
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Overall, all of the sources were classed as stellar sources. All sources are predicted
to have a < 10% probability of being an AGN and < 5% probability of being a galaxy.
This implies that similar stellar sources of these natures would most likely not be
predicted to be extragalactic.

R Coronae Borealis variable stars (RCrB) are often associated with post-AGB
stars so it is not surprising that two out of three were classed as AGB stars. Wolf-Rayet
stars (WR) can be similar to O type stars so would be expected to be predicted as an
OB star, which all but one are. The WR star predicted as an RGB star could possibly
be a case of a dusty WR star. The blue supergiant (BSG) star is also predicted to be
an OB star, which is not unexpected since OB stars are also blue in colour.

These results are promising for AGN classifications, though the testing of the

PRF showed that emission-line stars are still likely interlopers.

6.2.2 t-SNE radio sources

The SMC t-SNE map explored in Section 6.1 and Chapter 5 were cross-matched with
the probabilities calculated for the SMC sources with a class probability >50%.

The classifications distribution across the SMC t-SNE map are shown in Figure
6.12. The AGN and galaxy classes shown are those with a secondary extragalactic
classification, and the stellar classes shown are those with a secondary stellar classifica-
tion. This map matches up with expected known sources (as seen in Figure 6.2), where
extragalactic sources are in the top half of the map, with more galaxies towards the
top and more AGN towards the bottom. The small island to the top left where sources
such as YSOs, PNe, dusty evolved and emission-line stars are known to reside, which
are often confused with AGN, show a mix of OB (potentially have emission lines), PNe
and YSO classes, as expected.

The bottom half of the t-SNE map is dominated by RGB stars. RGB (as well
as PM, AGB, OB and RSG) stars are unlikely to have radio emission associated with
them. These could be cases of chance superpositions of stars in front of the true radio

source, or a case of the true radio source being too faint at shorter wavelengths, causing
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Figure 6.12: PRF classifications of the sources with class probability >50% in the SMC
t-SNE map. The grey crosses represent sources with overall class probability <50%.
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a mismatch to the nearest (within 5”) visible source. The blazar sequence at x ~ 20 —
40 and y ~ 0 includes RGB stars as well, which is unsurprising since blazars are often

mistaken as stars and vice versa.

6.2.3 PRF on whole SMC

The full SMC VMC dataset consists of 28,598,800 sources, where ~ 94% are classed
as stellar and ~ 6% are classed as extragalactic. Table 6.4 shows the distribution of
classes for the entire SMC field, as well as for sources with class probabilities > 50%
and > 75%. This shows that the majority of sources in the SMC field are classified as
stars, as expected. OB and RGB stars have the highest number, which could be caused
by similar stellar sources being classed as these classes, such as other main sequence
stars. The majority of extragalactic sources are expected to be galaxies not hosting
an AGN, however, galaxy counts tend to be lower than AGN. This could be explained
by the host galaxies used to train the PRF being all low redshift sources, which could
mean the higher redshift galaxies are being predicted to be other classes, possibly AGN
or even PNe, which has an unexpected high count even at probability > 75%. The PNe
class numbers do not reduce to the expected amount (similar to the Hir/YSO number)

until probability > 80%.

6.2.3.1 Extragalactic in the radio

Separating the extragalactic sources into AGN and galaxies, and cross-matching with
the radio ASKAP SMC catalogue with a 5” search radius, gives 216 and 366 sources
for AGN and galaxies, respectively, that have a probability >50%. Looking at the
radio flux density distribution at 960 MHz and 1320 MHz, and the ratio of AGN to
galaxy counts in Figures 6.13, 6.14, it can be seen there are more AGN compared to
galaxies at brighter (>10 mJy) radio flux densities, as expected. It can also be seen
that towards fainter radio flux densities galaxies become more favoured.

From my work in Chapter 4, it was seen that there was an upturn towards the
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Figure 6.13: (Upper panel) Radio ASKAP 960 MHz flux density distribution of the
predicted AGN and galaxy sources in the SMC. (Lower panel) Ratio of AGN to galaxy
counts across the observed ASKAP 960 MHz flux density range.
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Figure 6.14: (Upper panel) Radio ASKAP 1320 MHz flux density distribution of the
predicted AGN and galaxy sources in the SMC. (Lower panel) Ratio of AGN to galaxy
counts across the observed ASKAP 1320 MHz flux density range.
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Table 6.4: Distribution of the classifications of sources in the SMC field for all sources,
sources with class probability > 50% and sources with class probability > 75%.

Class All > 50% Class | > 75% Class

Probability | Probability
All 28,598,800 2,085,277 422 564
AGN 1,716,273 3837 1033
Galaxy 93,803 3333 818
OB 17,191,315 488,647 102,943
RGB 7,089,264 941,945 309,556
PNe 1,827,123 629,697 5511
Post-AGB/RGB 397,674 1585 1
AGB 168,122 8307 1924
Hii/YSO 74,317 83 6
PM 36,048 6368 412
RSG 4861 1475 360

fainter flux densities at Fggg ~ 3 mJy representing the beginning of the faint galaxy
population. Therefore, it is expected that the number of radio detected galaxies will
have increased towards the fainter fluxes. This appears to be what we are seeing,
however, to see if the trend continues towards fainter flux densities a comparison with
the LMC PRF classification will be needed, as the LMC ASKAP observation at 888
MHz reaches fainter flux densities than the SMC ASKAP observations.It should also
be noted that the AGN and galaxies being compared here only represent the more
confident classifications of the PRF, a fraction of the true number in this field that will

have been detected with ASKAP.

6.2.3.2 PRF classification distributions across the SMC field

The distributions of each of the classes across the SMC field can be seen in Figures 6.15
— 6.19. Note that the most confident class predictions tend to be in the areas where
all the photometric surveys overlap (see Figure 2.5 for comparison), and therefore the

PRF had the least amount of missing data to classify with. Most of the sources in
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these distributions have class probabilities > 75% in order to show the more confident
classifications. For PNe sources the probability threshold is increased to > 80% because
at the 75% threshold 5511 sources are predicted to be PNe, which is unlikely due to
their rarity. The probability threshold for post-AGB/RGB stars and Hir/YSO sources
has been lowered to > 50% to increase the source count.

The distributions of the extragalactic sources are expected to be homogeneous
when not looking through a nearby galaxy. In the presence of the SMC the distribution
is expected to be highest away from the centre of the SMC, and decrease as the stellar
density increases towards the centre of the SMC, as stellar sources are more likely
to be in the way of the background extragalactic sources. The distribution of the
sources classed as AGN and galaxies, seen in Figure 6.15, is as expected, the number of
sources decreasing towards the centre of the SMC. Note that at the > 50% probability
threshold the distribution becomes more homogeneous for both AGN and galaxies
across the SMC field.

The RGB stellar distribution, seen in Figure 6.16 (Upper panel), concentrates
nicely in the centre of the SMC, with fewer sources predicted towards the edges of the
SMC field. At the very centre of the dense region of RGB stars the density decreases,
which matches with where other stellar classes (OB, AGB, post-AGB/RGB and RSG
stars) seem to concentrate. The OB stellar distribution, seen in Figure 6.16 (Lower
panel), also concentrates nicely in the centre as expected with fewer sources at the edge
of the SMC. The SMC is known to have a bar structure with an extension towards
the East, which is what we are seeing here with the OB distribution. Emission-line
stars were seen to most likely be classed as OB stars and the slight increase in sources
towards the lower left might include emission-line stars from the Bridge.

The AGB stellar distribution can be seen in Figure 6.17 (Upper panel), where it
can be seen that the AGB sources are centred on the SMC, with the density of sources
increasing towards the centre of the SMC as expected. Figure 6.17 (Lower panel)
shows that the post-AGB/RGB also generally lie where expected. Like the OB class,
the post-AGB/RGB seems to also loosely follow the SMC’s bar shape. However, from

the confusion matrix of the classifier (see Figure 3.26), whilst little of the other classes
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were misclassified as post-AGB/RGB sources, the majority of known post-AGB/RGB
sources were misclassified as other classes, mainly RGB stars (~ 30%) and OB stars (~
19%). This means that while the sources seen here are most likely true post-AGB/RGB
stars, a lot of the post-AGB/RGB stars will have been misclassified as something else.

For the PNe class a low number of sources being classified is expected due to
PNe being hard to classify, as well as the small number of sources in the training set
from which the classifier can learn from would restrict and bias the classifier to a small
sample of sources. This, however, only becomes true if using a probability threshold
of > 80%. Below this threshold the distribution nicely concentrates on the SMC but
PNe classed sources can be found across the entirety of the SMC field, which is not
expected, so these classifications must be used with more caution. The distribution of
PNe, with a probability threshold of > 80%, can be seen in Figure 6.18 (Upper panel).
Most of the PNe can be found towards the centre of the SMC as expected. In Figure
6.18 (Lower panel) it can be seen that sources classed as PM stars are roughly evenly
distributed across the SMC field as expected.

The distribution for RSG sources can be found in Figure 6.19 (Upper panel) and
appears to be tracing the SMC bar and extension towards the East, as well as reaching
towards the Bridge. The YSO class is expected to be, just as the PNe, hard to classify,
and only comprises a small number of confident classifications. This is found to be
true even with a lower probability threshold of > 50%, the distribution for which can
be seen in Figure 6.19 (Lower panel), where the sources appear to be tracing the bar

and the extension towards the East.

6.2.3.3 IR selections of PRF classified sources

Here T focus on the sources with class probabilities > 75% (> 80% for the PNe and
> 50% for the post-AGB/RGB and Hi1/YSO classes). The classifications of the lower
probability sources will be explored at a later date.

The distributions of extragalactic and stellar sources are plotted in AIIWISE
colour—colour diagrams like those in Chapters 4 and 5 (Wright et al., 2010). The
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extragalactic sources can be seen in Figure 6.20 (Upper panel) where both AGN and
galaxies occupy expected regions in colour—colour space. The galaxy class occupies the
region expected for both star-forming and elliptical galaxies, whilst AGN occupy the
region of QSOs and Seyferts.

The distributions of the stellar sources across the AIIWISE colour—colour diagram
can be seen in Figure 6.20 (Upper panel). The AGB sequence can be clearly seen (sim-
ilar to what was seen in Chapter 4 (Figure 4.4, right panel) and the PM stars are nicely
centred on (0,0) as expected. The populations of RGB, OB, RSG and post-AGB/RGB
stars tend to concentrate below W1 — W2 ~ 0, unlike the extragalactic sources which
tend to concentrate above W1 — W2 ~ (0. The PNe and YSO are the classes that
show the most cross-over with the extragalactic classes, which is not unexpected as
they are known to be hard to differentiate from extragalactic sources in colour—colour
diagrams. It is noted that sources below W1 — W2 ~ —1 mag are only found within
the higher density regions (centre of the SMC). This could be WISE photometry af-
fected by blends, making the longer wavelength, poorer angular resolution data appear
brighter.

I cross-matched the sources classed as AGN with the ASKAP SMC 960 and 1320
MHz catalogues and separated them into radio and non-radio detected AGN. This was
plotted on an AIIWISE colour—colour diagram, seen in Figure 6.21, alongside the t-SNE
selected AGN sample from Chapter 5. There is not much difference seen between the
radio and non-radio detected AGN. The t-SNE selected AGN are shown to be clearly
in the centre of the AGN distribution.

The radio detected AGN, non-radio detected AGN and t-SNE selected AGN are
also plotted on VISTA Y — J vs J — K, and J — K, vs K diagrams in Figures 6.22
and 6.23, respectively. For both plots the overall distributions of radio detected vs
non-radio detected are very similar. In Figure 6.22 there is a slight difference between
the regions of highest density of sources for the radio and non-radio detected AGN.
The highest concentration of radio detected AGN appear to be in region B, whilst
non-radio detected AGN concentrate highest in region A. Region A is where the more

point-like sources can generally be found, whilst region B is where the extended sources
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Figure 6.21: AIIWISE colour—colour diagram of sources classified as AGN that have
(blue) and have not (orange) been detected in the radio. The t-SNE selected AGN sam-
ple from Chapter 5 were also plotted. The contours represent a probability distribution

which are in intervals of 0.2.
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are more likely to be found. The higher concentration of radio detected AGN in region
B could be attributed to radio emission coming from the host galaxy instead of, or
alongside, radio emission from the AGN, whereas the non-radio detected AGN are not
close enough to detect star-formation from their host galaxies, and so would appear
more point-like. Radio detected AGN also appear to reach redder/higher values of
VISTA Y — J, where AGN are known to occupy. However, Cioni et al. (2013) shows
that YSOs also can be found here, and it is possible that these radio sources might
actually be misclassified YSOs. The-t-SNE selected sample, that are all radio detected
AGN, seem to spread out across the distributions for both radio and non-radio detected
AGN. Figure 6.23 shows a larger difference between radio and non-radio detected AGN,
mostly in the K band, where radio detected AGN tend to be brighter than non-radio
detected AGN. Radio detected AGN also have a slightly higher tendency to be redder
in J — K colour. The t-SNE selected sample appear to follow the trend of the radio
detected AGN, though at even brighter values of K¢ band than the majority of the
radio detected population.

The AGN sources show clearer differences between radio and non-radio observed
sources in the near-IR bands than in mid-IR bands. The mid-IR emission is dominated
by torus emission that can be seen irrespective of the angle of the AGN respective
to our line-of-sight. Near-IR emission, however, is more likely related to the hot dust
emission from the centre of the dusty torus that can only be seen at angles that are (or
close to) face-on. The strongest radio sources also tend to be AGN that are face-on,
where the radio jet is heading straight towards us and is Doppler boosted. This could
lead to the larger differences seen between radio and non-radio detected AGN in the

near-IR than in the mid-IR.

6.3 Conclusions

In this work I used the unsupervised machine learning algorithm t-SNE with Gaia

EDR3, VMC, AIIWISE and EMU ASKAP photometric data of the SMC and LMC to
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Figure 6.22: VMC colour-colour diagram of sources classified as AGN that have (blue)
and have not (orange) been detected in the radio. The t-SNE selected AGN sample
from Chapter 5 were also plotted. The contours represent a probability distribution
which are in intervals of 0.2. The regions A, B, C and D are as described Figure 5.9.
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cluster similar sources together on a t-SNE map. In this work:

e [ plotted known sources on the generated t-SNE maps of the SMC and LMC
to identify clusters of AGN, low-z galaxies, blazars, high proper-motion stars
and stellar sources that are often misidentified as AGN such as YSOs, PNe

and dusty evolved stars.

e I showed how the properties (from Gaia, VMC and AIIWISE) of these sources
changed across both the SMC and LMC t-SNE maps, such as Gaia G— the
average of Ggp and Ggrp, which is found to be highest in the areas where

extended objects such as galaxies are found.

e [ compared the classifications made as part of the Gaia DR3 survey with the
identified classes across the t-SNE maps to find that the Gaia classifications of
QSO, galaxies and stellar sources mostly match up with the expected areas on

the t-SNE map.

I also used the supervised machine learning algorithm, probabilistic random for-
est, with Gaia DR3, SMASH, VMC, SAGE, unWISE and AIIWISE photometric data
of the SMC. I used a sample of sources with known classifications to train the PRF
classifier on, after which the classifier was then used on the entire VMC field of the

SMC. In this work:

e [ created and trained PRF classifiers on a data set of known sources of AGN,
galaxies, RGB, OB, AGB, YSOs, PNe, post-AGB/RGB, RSG and PM stars
separated into SMC and LMC sources. When trained on 75% of the data and
tested on the remaining 25% of the data the classifiers yielded accuracies of

0.90 £ 0.01 and 0.87 4 0.01 for the SMC and LMC classifiers, respectively.
e [ used the PRF classifier on the 28,598,800 sources in the VMC SMC field.

o | tested the classifier on classes of 19 stellar sources that were not used in
training and found that all the sources were predicted to be stellar classes.

13/19 were predicted to be OB stars.
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e [ compared the PRF classifications with the SMC t-SNE map to find that the

majority of classifications line up with t-SNE clustering of source classes.

e [ displayed the distributions of the different classes across the VMC SMC field
that have the most confident classifications. The distributions of the stellar
sources concentrate in the area of the SMC as expected. The density of AGN

and galaxy sources decreases towards the centre of the SMC as expected.

e IR selections techniques in the near-IR and mid-IR show the majority of PRF
classed sources match up with these selections. The t-SNE selected sample
from Chapter 4 is shown not to match up strongly with either the radio or

non-radio detected AGN.

Future work will include an exploration of the classifications of the LMC, as
well as the fainter and the most confused sources in both the SMC and LMC. Other
features will also be considered for use in the PRF, for example contextual information
which could increase the likelihood of being something based on neighbouring sources.
Furthermore, predictions of the photo-z of the extragalactic sources will be made using
a machine learning estimator that trains on the same group of extragalactic sources as

used in the training of the classifiers for the SMC and LMC.
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7 Conclusions and outlook

In this chapter I summarise the main conclusions that have been made in this work and
how they relate to each other and in a wider context. Then I outline possible avenues
for future work and improvements to better understand the role of the unusual AGN

found in this work in the evolution of AGN and their host galaxies.

7.1 Summary

In this thesis I set out to explore the AGN population in the direction of the Magellanic
Clouds, which has been well documented by photometric surveys from X-ray to radio.
This multi-wavelength view would help to place AGN in the context of galaxy evolution.
The Magellanic Clouds have been most recently observed in the near-IR and radio, with
great improvements in depth and angular resolution, and it is these wavelengths that
I have focused my attention on.

In Chapter 4 I presented the most recent radio continuum survey of the LMC,
observed at 888 MHz by ASKAP. This new survey showed an improvement in the
depths reached by a factor ~ 5 (in the median RMS) over previous radio surveys
of the LMC, such as those done with ATCA and MOST, allowing for fainter and
higher redshift extragalactic sources to be detected. ASKAP also shows significant
improvement in angular resolution which allowed for greater detail of radio structures,
such as radio jets/lobes from AGN and their interactions with the intra-cluster medium,
to be observed. The improved angular resolution also allows for radio sources to be
better traced to their optical/IR counterparts, so that a multi-wavelength view of
different source classes can be obtained.

Cross-matching the catalogue of 54,612 radio point sources with mid-IR AIIWISE
survey data and comparing with the non-radio detected sources, and using IR selection
techniques, revealed that the majority of radio sources are extragalactic. This result is

corroborated with the spectral index distribution peaking at a = —0.6, indicating the
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majority of radio sources (that are detected with both ASKAP and ATCA) are extra-
galactic synchrotron emitters. Cross-matching the radio catalogue with known AGN
in the ASKAP field revealed 190 out of 657 known AGN, > 92% of which are newly
detected here, showcasing the increase of AGN that can be detected with ASKAP. This
would mean that radio detections can be used to remove the majority of stellar sources
in the Magellanic Clouds optical /IR survey datasets, though with the caveat of also
removing the extragalactic sources with no radio detections.

Furthermore, through separating AIIWISE detected radio sources into separate
extragalactic sub-classes using IR selection techniques, it was found that a higher
fraction of AGN is found within the brighter radio population (Fggg > 3 mJy), which
is not unexpected as they are some of the brightest sources in the Universe. This
also revealed that a higher fraction of spiral galaxies is found in the faint population
(Fgss < 3 mJy), implying that at these depths we are potentially starting to see the
radio emission due to star formation.

The distribution of radio spectral indices also revealed extreme spectral indices
(la] > 3). This can be explained by variability in the radio emission between when
ATCA and ASKAP were observed. These sources, if revealed to be extragalactic, could
potentially be related to the sample of sources found in Chapter 5, where the more
negative spectral indices were an indication of an AGN that had just turned on or off,
and the radio activity traced the path of the host galaxy from star forming and into
quiescence.

In Chapter 5 I used the unsupervised machine learning algorithm, t-SNE, with
Gaia EDR3, VMC, AIWISE and EMU ASKAP photometric data of the SMC VMC
field to cluster similar sources together on a t-SNE map. This was done to find
sources similar to SAGE0536AGN, the strongest 10-um silicate emitter known, and
SAGE0534AGN, a similar source with weaker silicate emission. Making it neces-
sary that all sources had a radio ASKAP detection removed the majority of stellar
sources and allowed me to concentrate on the mostly extragalactic sources left over.
This revealed a small sample of 16 sources clustered together with SAGE0536AGN
and SAGE0534AGN, two of which were revealed (with optical spectroscopy) to be an
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evolved dusty star and an emission-line star, sources often mistaken for AGN and vice
versa. The rest of the sources were revealed to be AGN from optical spectroscopy I
observed myself or from past literature.

Calculating the black hole masses and Eddington ratios from spectra, and using
CIGALE to model the photometric SEDs to better characterise these sources, led to the
discovery that 12 out of 16 sources are in the green valley transitional phase. However,
this was based on upper limits on star-formation, therefore these sources could be
quenched instead. Furthermore, as these sources move away from the star-forming
phase and through the green valley phase towards quiescence, the properties of the
AGN change, such as the torus depletes and Eddington ratio decreases, signalling the
AGN is running out of fuel. The X-ray luminosity also increases as the material that
would absorb it has depleted.

Radio properties also change across this potential evolutionary sequence. The
radio spectral slope starts off steep in the star-forming phase, before flattening to
the expected value of @ ~ —0.7 for synchrotron radiation at the beginning of the
green valley, and then steepening again as the sources move further into the green
valley. Radio loudness also follows this trend, starting off quiet in the star-forming
phase, becoming loudest at the beginning of the green valley, before quietening again.
This implies that the radio activity of the AGN may be tracing the evolution of the
host galaxy from star forming to quiescent. As this is a small sample more of these
transitioning sources need to be found to ascertain whether this radio trend holds true.

The silicate strength of these sources and how it relates to the evolutionary
stage of the galaxy still remains uncertain. This is partly due to lack of observations to
detect if these sources have silicate emission, and partly due to not being modelled well
by CIGALE, which underpredicts SAGE0536AGN and overpredicts SAGE0534AGN,
putting the modelled silicate strength of the rest of the sample into question.

If the remaining AGN properties predicted by CIGALE are assumed to be true
then the extreme silicate emission of SAGE0536AGN could be the result of the torus
environment. SAGE0536AGN was predicted to have a lack of polar dust and the

largest values for the ratio of the outer to inner radii of the dust torus, opening angle
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and torus fraction, and one of the lowest values for optical depth and inclination angle.
This implies that an AGN seen close to face on with a thick and wide torus, with little
to no polar dust to obscure the centre of the AGN, could be the cause of the extreme
silicate emission.

In Chapter 6 I expanded on the work done in Chapter 5 by investigating the rest
of the sources in the SMC t-SNE map, as well as using the t-SNE algorithm on the
LMC (using the same surveys) to create an LMC t-SNE map.

Using previously classified sources, I identified clusters of AGN, low-z galaxies,
blazars, high proper-motion stars and stellar sources that are often misidentified as
AGN (such as YSOs, PNe and dusty evolved stars) in both the LMC and SMC t-SNE
maps. | compared these cluster locations with optical and IR properties and showed
that the optical colour, Gaia G minus average of Ggp and Grp, can be used to find
extended sources such as galaxies, similar to how VMC sharpness values can be used
to do the same. I also show how higher values of IR colours such as VMC J — K and
ANIWISE W1 — W2 match up with areas of extragalactic sources.

As done with the SMC t-SNE map in Chapter 5, I identified the locations of
SAGEO0536AGN and SAGE0534AGN on the LMC t-SNE map. Just as in the SMC t-
SNE map, these sources were found close to the stellar sources most often misidentified
with AGN. However, unlike in the SMC map these sources were split up between two
branches. One branch was mostly made up of AGN (SAGE0534AGN) and the other
branch was mostly (active) galaxies and other extended objects (SAGE0536AGN),
such as those associated with star formation in the LMC. The sources nearby to
SAGE0536 AGN and SAGEO0534AGN require further investigation in order to ascer-
tain their place in galaxy evolution.

In order to separate stellar sources without excluding the non-radio detected
extragalactic sources, I used a supervised machine learning algorithm called a proba-
bilistic random forest, with Gaia DR3, SMASH, VMC, SAGE, unWISE and AIIWISE
photometric data of the SMC. This was trained on known classes of stellar (RGB,
OB, AGB, YSOs, PNe, post-AGB/RGB, RSG and PM stars) and extragalactic (AGN,

galaxies) sources so that the algorithm can find more of these sources in the SMC. A
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caveat of this is that the algorithm is biased towards finding sources that have been
found before.

The SMC classifier yielded an overall accuracy of 0.89 4+ 0.01, with the highest
recall for the AGN and galaxy classes. Testing the classifier on stellar classes it has
never seen before showed that the all of the sources were classed as stellar, with < 10%
proabailities of being an AGN or galaxy.

Comparing the SMC t-SNE clustering of sources with the PRF classifications,
this showed that the two methods — clustering and classifications — match up.

The distributions of the stellar classes across the VMC SMC field concentrate as
expected in the area of the SMC, with some sources matching up with the direction to
the Magellanic Bridge. The distribution of the source density of the AGN and galaxy
sources decreases towards the centre of the SMC as expected.

Using the same IR selection techniques used in Chapters 4 and 5 it can be shown
that the majority of PRF classifications of the VMC field match up with expected IR
cuts. Though there are some overlap between stellar and extragalactic sources, mainly
from the PNe and YSOs, which is expected as they are notoriously hard differentiate
from extragalactic sources. Separating the AGN further into radio and non-radio de-
tected shows that the clearest differences between radio and non-radio detected AGN
are in the near-IR, where hot dust emission from the centre of the dusty torus is ob-
served at angles that are close to face-on. As the strongest radio sources also tend to be
AGN that are face-on, this could have resulted in the population of radio sources that
represent some of the brightest VMC K band sources of the AGN classified sources.

The t-SNE selected sample from Chapter 5 is not shown to strongly match up
with either the radio or non-radio detected AGN populations. The brighter magnitudes
in the K band are expected as CIGALE models predict low inclination angles for these
AGN, which means that we are seeing more directly the hot dust emission from the
inner torus, therefore making for brighter magnitudes in the VMC K band. However,
whilst of a similar VMC J — K colour, 12/16 of the t-SNE selected sample are brighter
in VMC K band than the majority (> 80%) of the radio detected (and non-radio

detected) sources. This marks them still as extreme sources.
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7.2 Future work/improvements

Future research would include continuing to search for extreme and unusual AGN, such
as SAGEO0536AGN, and placing them in the context of galaxy evolution. Finding more
of these, as well as other types of unusual AGN, could provide valuable insight into
rarely seen stages of galaxy/AGN evolution. Telescopes such as JWST would help
in this endeavour as it is capable of spectroscopic observations from 4.9 — 28.8 um,
which would allow for the silicate emission to be observed up to z ~ 1.8. JWST is
also capable of multi-object spectroscopy in the range 0.6 — 5.3 pm, which would also
allow for the detection of multiple higher-z AGN whose emission lines (such as Ha and
Hp) have redshifted into the near-IR. This would allow us to determine where these
unusual AGN are placed in galaxy evolution, such as whether they are restricted to
green valley galaxies, or can they be seen throughout all stages of galaxy evolution?
Future work would also include further exploring AGN and their role in galaxy
evolution by, for example, investigating the relationship between radio loudness/spectral
index and the host galaxies state of evolution, to see if this relationship was unique
to the small sample of AGN I studied in detail in Chapter 5, or is a more general
trend. The unsupervised machine learning algorithm t-SNE has proven that it can be
used to find these transitioning galaxies hosting AGN. The t-SNE map of the LMC
and the placement of SAGE0536AGN and SAGE0534AGN on this map are currently
being used to find more similar AGN in the VMC LMC field. These AGN have been
put in the queue to be spectroscopically observed by SALT. These sources will then
be analysed and plotted alongside the SMC sources to see if the AGN radio properties
continue to trace the evolutionary state from star forming to quiescent. To calculate
the radio spectral indices of the sources in direction of the Magellanic Clouds would
require a second radio observation of similar or better quality at a higher/lower fre-
quency than the current observation. This investigation will benefit from the recent
MeerKAT (Jonas, 2009) observation of the LMC, which is currently being processed.
This work could also be further expanded to include AGN away from the Magellanic
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Clouds.

In regards to the work done in Chapter 6, future work will include an exploration
of the classifications of the LMC, as well as the fainter and the most confused sources in
both the SMC and LMC. The X-ray population of sources classed as AGN will also be
explored to ascertain a relationship between X-ray, near-IR, mid-IR and radio emission.
The double sources found where VMC tiles overlap will also be removed as it causes
these sources to not be matched with the full array of photometric measurements that
they should have.

Other features will also be considered for use in the PRF. For example, con-
textual information which could increase the likelihood of being something based on
neighbouring sources. Flux measurements from a H1 map, such as the one produced by
GASKAP (Dickey et al., 2013; Pingel et al., 2022), that trace neutral hydrogen could
be used to indicate areas of star formation associated with Magellanic stars. Source
density averaged over a specified area around a source could increase the likelihood a
source is stellar (high density) or extragalactic (low density).

Furthermore, predictions of the photo-z of the extragalactic sources will be made
using a machine learning estimator that trains on the same group of extragalactic
sources as used in the training of the classifiers for the SMC and LMC. A comparison
between template fitting methods and machine learning regression algorithms will need
to be made to ascertain the best method.

The PRF and t-SNE algorithms show great potential for separating the stellar
from the extragalactic in complex fields, though confusion still exists in the most stellar
dense fields. These algorithms could be adapted for use on similar high density stellar
fields, such as for searching for AGN near the equatorial plane of the Milky Way, where
the Gaia DR3 proper-motions would be more reliable than they are at the distances of

the Magellanic Clouds.
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A Sources spectroscopically observed

I list the sources I spectroscopically observed with SAAO 1.9m telescope in 2019 and
the sources observed on my behalf in 2021 in Table A.1.

I list the sources that were spectroscopically observed with SALT in Table A.2 and
A.3, where I list the proposals under which they were observed and the classifications

that have been made and redshifts that have been measured.
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Table A.1: Sources spectroscopically observed using the SAAO 1.9m telescope during
observing runs in 2019 and 2021.

Target Name | RA DEC Date Observed
C031 01:34:22.9 | —73:18:11 23-24/10/2019
C034 00:25:00.0 | —72:33:01 25-26/10/2019
C014 01:38:23.4 | —72:36:53 25-26/10/2019
C132 01:34:20.5 | —73:18:07 25-26/10/2019
C010 00:20:23.9 | —73:20:21 25-26/10/2019
€023 04:17:53.6 | —73:15:56 25-26/10/2019
C139 20:35:00.3 | —62:34:54 26-27/10/2019
C136 00:08:22.9 | —73:52:52 26-27/10/2019
MQ120 00:08:37.88 | —72:33:46.2 26-27/10/2019
C141 01:46:29.7 | —72:48:45 26-27/10/2019
B009 00:58:21.53 | —72:25:02.5 26-27/10/2019
A129 00:24:46.29 | —74:50:13.5 26-27/10/2019
MQ118 05:32:06.08 | —66:30:23 26-27/10/2019
C092 05:25:25.3 | —67:29:24 26-27/10/2019
C124 06:10:06 —66:11:33 26-27/10/2019
C122 23:06:53.8 | —34:39:09 29-30/10/2019
A056 00:33:24.08 | —74:13:57.9 29-30/10/2019
C032 00:26:12.6 | —72:37:05 29-30/10/2019
C045 01:03:10.2 | —71:51:54 29-30/10/2019
A244 01:14:07.99 | —72:32:43.3 29-30/10/2019
C012 01:04:50 —70:21:06 29-30/10/2019
€028 04:23:57.3 | —72:47:02 29-30/10/2019
C101 05:27:56 —67:25:35 29-30/10/2019
C137 20:39:42.1 | —59:57:32 30-31/10/2019
A288 00:44:54.39 | —74:17:50 30-31/10/2019
A060 00:38:57.67 | —72:48:57.9 30-31/10/2019
A023 00:50:57.44 | —73:12:49.0 30-31/10/2019
A053 01:36:04.46 | —72:13:15.4 30-31/10/2019
C138 20:39:51.1 | —59:57:48 | 31/10-1/11/2019
A148 01:15:04.9 | —73:28:16.4 | 31/10-1/11/2019
A075 01:13:37.08 | —74:27:55.3 | 31/10-1/11/2019
C158 03:40:08.52 | —12:49:05.9 | 31/10-1/11/2019
MQ108 05:12:55.5 | —72:53:10.6 | 31/10-1/11/2019
C127 06:10:51.4 | —65:24:08 | 31/10-1/11/2019
C128 06:09:49.9 | —65:28:03 | 31/10-1/11/2019
€042 00:36:01.6 | —72:21:12 1-2/11/2019
A133 (red) 00:51:39.93 | —72:38:17.6 1-2/11/2019
A213 01:37:07.45 | —74:23:39.2 1-2/11/2019
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Target Name | RA DEC Date Observed
MQ115 04:26:57.52 | —68:46:15.6 1-2/11/2019
C026 04:17:45.8 | —73:15:08 1-2/11/2019
C030 06:07:55 —65:52:31 1-2/11/2019
C126 06:08:57.8 | —65:46:01 1-2/11/2019
C140 20:36:03.1 | —58:10:13 2-3/11/2019
A142 00:52:45.52 | —72:44:01.1 2-3/11/2019
A152 00:39:10.78 | —71:34:09.9 2-3/11/2019
A314 00:31:25.48 | —71:50:03 2-3/11/2019
C157 01:53:51.51 | —50:31:37.7 2-3/11/2019
C059 05:50:38.5 | —69:55:41 2-3/11/2019
C063 06:03:27 —72:48:36 2-3/11/2019
C133 00:06:29.2 | —74:01:33 3-4/11/2019
A103 00:39:53.96 | —72:24:08.3 3-4/11/2019
Alll 01:17:32.64 | —74:39:34.9 3-4/11/2019
Al124 01:02:42.18 | —73:24:41.6 3-4/11/2019
D006 04:24:15.7 | —70:34:15.4 3-4/11/2019
D001 05:31:20.6 | —71:31:22.7 3-4/11/2019
C130 06:08:49.5 | —65:44:41 3-4/11/2019
C134 00:06:45.9 | —72:08:01 4-5/11/2019
C147 00:51:16.8 | —73:40:02 4-5/11/2019
C009 00:20:43.4 | —73:21:26 4-5/11/2019
C025 04:17:59.3 | —73:16:58 4-5/11/2019
C125 06:08:42.4 | —65:47:14 4-5/11/2019
C029 06:08:52 —65:43:50 4-5/11/2019
Co11 00:19:56.9 | —73:22:17 5-6/11/2019
A036 00:31:56.89 | —73:31:13.6 5-6/11/2019
A045 00:59:34.14 | —72:09:43.2 5-6/11/2019
MQO31 01:27:17.35 | —71:04:10.2 5-6/11/2019
C058 05:12:05.4 | —70:32:04 5-6/11/2019
C062a 05:44:24 —72:51:07 5-6/11/2019
C129 06:11:17 —66:09:22 5-6/11/2019
C135 00:06:48.3 | —72:22:52 13-14/11/2019
C148 00:55:53.5 | —72:42:01 13-15/11/2019
A039 00:43:12.46 | —73:46:46.8 | 14-15/11/2019
C150 00:57:35.4 | —73:46:30 | 14-15/11/2019
A043 00:47:08.38 | —74:30:09.5 | 14-15/11/2019
C152 00:59:09.7 | —74:02:37 14-15/11/2019
C124 06:10:06 —66:11:33 | 14-15/11/2019,

23-24/11/2019
C174 05:08:11.4 | —68:06:11 14-15/11/2019




Target Name | RA DEC Date Observed
Al144 00:41:25.33 | —70:57:43.8 | 15-16/11/2019
co47 01:13:18.3 | —72:25:19 15-16/11/2019
A038 00:58:38.17 | —73:34:49.6 | 15-16/11/2019
C155 01:13:40.6 | —71:32:19 15-16/11/2019
C171 04:17:28.3 | —68:37:30 15-16/11/2019
C184 05:34:44.18 | —67:37:50.1 | 15-16/11/2019
C162 05:19:42.4 | —65:02:16 15-16/11/2019
C1r7 06:23:36 —64:34:41 15-16/11/2019
A138 00:26:02.54 | —72:47:18 16-17/11/2019
A040 01:17:34.7 | —72:50:42.5 | 17-18/11/2019
A030 01:06:00.03 | —73:31:25.9 | 17-18/11/2019
Al11 01:17:32.64 | —74:39:34.9 | 17-18/11/2019
C182 04:55:01.5 | —64:49:57 17-18/11/2019
C202 05:15:09.8 | —63:46:07 17-18/11/2019
C209 05:25:04.4 | —64:40:50 17-18/11/2019
A045 00:59:34.14 | —72:09:43.2 | 18-19/11/2019
A021 00:35:18.24 | —73:18:26 18-19/11/2019
C201 04:52:49.8 | —64:46:23 18-19/11/2019
C186 05:05:24.35 | —67:34:35.4 | 18-19/11/2019
C168 06:08:21.8 | —65:11:44 18-19/11/2019
C208 05:25:02.9 | —64:40:15 18-19/11/2019
C123 23:52:40.1 | —55:35:23 19-21/11/2019
A201 00:57:32.75 | —72:13:02.3 | 19-20/11/2019
MQO77 01:26:10.53 | —71:14:10.1 | 19-20/11/2019
MQ123 00:39:49.40 | —66:07:26.3 | 19-20/11/2019
C187 04:51:38.41 | —71:02:06 19-20/11/2019
MQ119 05:20:34.68 | —68:35:18.2 | 19-20/11/2019
C216 06:17:24 —70:40:49 19-20/11/2019
C208 05:25:02.9 | —64:40:15 19-20/11/2019
C019 00:52:47.9 | —71:15:32 20-21/11/2019
C185 04:38:31.19 | —68:12:00.4 | 20-21/11/2019
C169 06:11:46.5 | —65:59:02 20-21/11/2019
C196 04:35:22.5 | —64:26:29 20-21/11/2019
MQ112 00:53:27.4 | —73:45:48.9 | 21-22/11/2019
C036 00:24:07.8 | —72:41:13 21-22/11/2019
C035 00:26:17.2 | —72:33:02 21-22/11/2019
C178 04:33:04.1 | —67:52:56 21-22/11/2019
C113 05:27:56.9 | —67:24:09 21-22/11/2019
C167 05:14:17.9 | —72:20:19 21-22/11/2019,

23-24/11/2019
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Target Name | RA DEC Date Observed
€061 06:02:12.8 | —72:27:36 21-22/11/2019
A201 00:57:32.75 | —72:13:02.3 | 22-23/11/2019
A286 00:21:08.27 | —72:17:42 22-23/11/2019
A138 00:26:02.54 | —72:47:18 22-23/11/2019
C200 04:51:36 —63:54:56 22-23/11/2019
C176 05:58:43.2 | —65:15:53 22-23/11/2019
C199 04:48:14.7 | —64:10:45 22-23/11/2019
A062 00:53:56.22 | —70:38:04.4 | 23-24/11/2019
MQO044 00:32:25.73 | —73:59:08.3 | 23-24/11/2019
MQ121 01:02:48.28 | —72:06:16 23-24/11/2019
C023 04:17:53.6 | —73:15:56 23-24/11/2019
C166 05:30:41.1 | —66:05:35 23-24/11/2019
C159 05:06:47.96 | —19:36:50.7 | 23-24/11/2019
A310 00:36:16.99 | —74:31:31.3 | 24-25/11/2019
A089 00:41:05.74 | —70:14:34.8 | 24-25/11/2019
A300 01:02:37.76 | —75:05:30.7 | 24-25/11/2019
C172 04:14:04.9 | —69:34:11 24-25/11/2019
C210 05:26:13.5 | —64:31:41 24-25/11/2019
C170 04:17:31.5 | —68:37:40 24-25/11/2019
C212 05:29:07.3 | —63:58:38 24-25/11/2019
LO1 04:37:48.48 | —73:15:13.0 | 13-14/01/2021
P11 04:55:06.6 | —69:17:02.5 | 13-14/01/2021
P23 05:41:13.13 | —64:11:53.6 | 13-14/01/2021
P47 05:58:46.46 | —74:59:05.2 | 13-14/01/2021
P12 06:15:04.4 | —66:17:16.3 | 13-14/01/2021
P11 South 04:55:06.6 | —69:17:02.5 | 14-15/01/2021
L05 05:58:49.49 | —67:08:00.0 | 14-15/01/2021
C008 (mouse) | 06:08:55.55 | —65:52:55.0 | 14-15/01/2021
P51 04:21:16.16 | —67:10:25.2 | 15-16/01/2021
528 04:35:02.2 | —65:19:48.0 | 15-16/01/2021
P16 05:33:53.53 | —66:43:24.5 | 15-16/01/2021
C184 05:34:44.44 | —67:37:50.1 | 15-16/01/2021
P14 05:53:42.42 | —66:52:43.1 | 15-16/01/2021
P21 04:36:58.58 | —66:22:50.6 | 16-17/01/2021
LO3 04:37:40.40 | —73:15:06.0 | 16-17/01/2021
LO2 04:37:55.55 | —73:14:32.0 | 16-17/01/2021
L04 06:03:07.7 | —73:25:29.0 | 16-17/01/2021
C131 06:09:07.7 | —65:44:54.0 | 16-17/01/2021
562 06:10:41.41 | —65:06:59.0 | 16-17/01/2021
S15 06:13:55.55 | —66:03:33.0 | 16-17/01/2021




Target Name | RA DEC Date Observed
P26 04:29:38.38 | —65:26:36.5 | 17-18/01/2021
P05 04:38:51.51 | —72:17:12.5 | 17-18/01/2021
C192 04:53:05.5 | —69:41:06.4 | 17-18/01/2021
C218 05:20:57.57 | —70:24:53.9 | 17-18/01/2021
C219 05:34:49.49 | —66:08:57.2 | 17-18/01/2021
520 05:50:17.17 | —66:02:18.0 | 17-18/01/2021
S11 05:53:51.51 | —67:33:40.0 | 17-18/01/2021
P39 04:50:09.9 | —68:25:33.2 | 18-19/01/2021
P53 04:50:53.53 | —62:38:54.0 | 18-19/01/2021
P31 05:00:08.8 | —73:37:49.5 | 18-19/01/2021
P38 05:09:53.53 | —69:14:36.4 | 18-19/01/2021
P02 06:15:00.0 | —72:56:42.7 | 18-19/01/2021
PO1 06:21:06.6 | —74:09:26.1 | 18-19/01/2021
P34 06:23:16.16 | —69:27:36.5 | 18-19/01/2021
P37 05:05:59.59 | —69:39:53.5 | 19-20/01/2021
P27 05:08:44.44 | —64:28:31.6 | 19-20/01/2021
P24 05:33:58.58 | —64:20:24.8 | 19-20/01/2021
P45 05:43:34.34 | —64:22:58.3 | 19-20/01/2021
P10 05:44:05.5 | —68:27:21.4 | 19-20/01/2021
P20 05:49:13.13 | —64:29:29.1 | 19-20/01/2021
P36 05:51:23.23 | —70:03:13.8 | 19-20/01/2021
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Table A.2: SALT observations made over the course of this work.

Name

Proposal

Date observed

LMCtSNE2
LMCtSNE1
LMCtSNE3
LMCtSNE4
Source 9
Source 14
Source 6
Source 8
SAGE0534AGN
SAGE0534AGN
OGLE source
C217
C175+FRII
C175+PAGB
TSNE16
TSNE12
TSNE11
TSNE10
TSNE13
Source 5
TSNE15
ER1
ERG
SA12
Helicopter
FuzzyOrange
Mouse
Blazar
FuzzyOrange
2MASS 01260512-7055408
(companion)
2MASS 01260512-7055408
(jets)

2022-1-SCI-022
2022-1-SCI-022
2022-1-SCI-022
2022-1-SCI-022
2022-1-SCI-022
2022-1-SCI-022
2022-1-SCI-023
2022-1-SCI-023
2021-2-SCI-017
2021-2-SCI-018
2021-2-SCI-017
2021-2-SCI-017
2021-1-SCI-029
2021-1-SCI-029
2021-1-SCI-032
2021-1-SCI-032
2021-1-SCI-032
2021-1-SCI-032
2021-1-SCI-029
2021-1-SCI-029
2021-1-SCI-032
2020-2-SCI-025
2020-2-SCI-025
2020-1-SCI-028
2019-2-SCI-045
2019-2-SCI-041
2019-2-SCI-045
2019-2-SCI-041
2019-2-SCI-041
2019-1-SCI-032

2019-1-SCI-032

07,17/10/2022
05,/10/2022
04/10/2022
27/09/2022
09/09/2022
07/09/2022
20,/07,/2022
20,/07,/2022
17/03,/2022
20/11/2021
15/11/2021
12/11/2021
23,25/09/2021
23,24/09/2021
01,09/2021
01,09/2021
01,09/2021
01,09/2021
14,23/07/2021
17/07/2021
13/06,/2021
25,/11,/2020
09,/11,/2020
29,/06,/2020
12/01,/2020
05,07/12/2019
04/12/2019
03,/11/2019
02/11/2019
20,/09/2019

20/09/2019
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Table A.3: Coordinates of the SALT observations made over the course of this work.

Name RA (J2000) | Dec. (J2000) | Notes

LMCtSNE2 06:15:04.01 | —66:17:16.4 | AGN, z ~ 0.18

LMCtSNE1 05:58:48.50 | —67:08:00.1 | AGN, z ~ 1.26

LMCtSNE3 05:33:57.69 | —64:20:24.9 | AGN, z ~ 0.063

LMCtSNE4 05:01:10.84 | —73:36:35.0 | AGN, z ~ 1.37

Source 9 01:21:08.43 | —73:07:13.1 | AGN, z ~ 0.99

Source 14 01:36:04.20 | —72:13:15.4 | AGN, z ~ 041

Source 6 01:14:08.00 | —72:32:43.4 | AGN, z ~ 1.06

Source 8 01:22:36.94 | —73:10:16.7 | Emission-line star

SAGE0534AGN 05:34:44.17 | —67:37:50.1 | AGN, z ~ 1.01

OGLE source 05:49:30.13 | —70:35:43.6 | Variable M-type star
(oxygen-rich AGB)

C217 06:08:43.60 | —70:50:07.7 | AGN, z ~ 0.60

C175+FRII 05:19:00.90 | —68:01:58.0

C175+PAGB 05:19:00.90 | —68:01:58.0

TSNE16 00:49:52.50 | —69:29:56.0

TSNE12 01:13:37.10 | —74:27:55.0

TSNE11 01:35:05.10 | —75:07:03.0

TSNE10 01:27:17.30 | —71:04:10.0

TSNE13 00:57:32.8 —72:13:02.0

Source 5 00:48:25.70 | —72:44:03.0 | Carbon star

TSNE15 01:19:13.4 —71:08:51.0

ER1 00:36:59.04 | —71:38:10.9 | AGN, z ~ 0.46

ER6 01:36:34.37 | —71:38:38.7 | AGN, z ~ 0.60

SA12 00:36:59.25 | —71:38:13.6 | AGN, z ~ 0.46

Helicopter 06:02:54.1 —71:03:10.0 | Galaxy, z ~ 0.08

FuzzyOrange 01:21:28.50 | —73:20:04.0

Mouse 06:08:54.7 | —65:52:55.0 | Galaxy, z ~ 0.037

Blazar 00:57:16.0 —70:40:46.0 | Not a blazar.
AGN, z ~ 0.59

2MASS 01260512-7055408 | 01:26:05.12 | —70:55:40.8 | Stars.

(companion)
2MASS 01260512-7055408 | 01:26:05.12 | —70:55:40.8 | Star. ”Jets” too faint.

(Jets)
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B IRAF

Here I outline the commands used in IRAF to reduce the spectroscopy data observed

with the SAAO 1.9m and SALT telescopes:

1.

10.

NOAO IMRED CCDRED : Library of functions to deal with general CCD reduc-

tion.

ZEROCOMBINE : Used to combine the bias files into one .fits file.

CCDPROC : Used to bias correct the science, arc and flat files. Where ‘overscan’,

‘trim’ and ‘zerocor’ are set to ‘yes’ and ‘darkcor’, ‘flatcor’, ‘illumcor’ are set to

¢ 9

no’. ‘trim’ is optional and is used to remove bad data from the edges of the

image, the boundaries to cut are specified with ‘biasec’ and ‘trimsec’.

FLATCOMBINE : Used to combine the flat files into one .fits file.

RESPONSE : Used to normalise the spectroscopic flat. Requires a function to

be fit to the response curve.

CcCDPROC : Used for flat fielding the science and arc files. Set ‘flatcor’ to ‘yes’.

STSDAS LACOS_SPEC : Used to remove the cosmic rays in the science files.

TWODSPEC LONGSLIT : Library of functions for dealing with 2D longslit spec-

troscopy reduction.

IDENTIFY : Used to identify the wavelength the emission lines are at in the

arcs and their corresponding image coordinates.

REIDENTIFY : Used to identify the same features found with IDENTIFY across

the entire 2D image, as well as in other arc files.



11.

12.

13.

14.

15.

16.

17.

18.
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FITCOORDS : Fit a transformation function to the image coordinates of fea-
tures identified with IDENTIFY and REIDENTIFY and their corresponding wave-

lengths.

TRANSFORM : Use the transformation function to calibrate the wavelength of

the science images.

SETAIRMASS : Used to set the airmass of the science images to correct airmass.

Set ‘observa’ to ‘saao’.
STANDARD : Used to assign the correct light profile to the standard star.

SENSFUNC : Used to create a response curve from the standard star and its

expected light profile.

CALIBRATE : Used to flux calibrate the science images using the response curve

from the standard star.

APALL APEXTRACT : Used to extract the 1D spectrum from the calibrated 2D

image.

ONEDSPEC wspectext : Used to write the 1D spectroscopy file to a readable

.txt file that can be manipulated by other programs, such as Python.

When more than one science image was available the 2D science images could be

combined with IMCOMBINE.

Note that SALT spectroscopy data is received with steps 1 — 6 already done by
the SALT pipeline (Crawford et al., 2010). The SALT RSS fits files had two headers,
which IRAF cannot handle. Therefore the first step for using the SALT files was to

use IMCOPY in IRAF to make a copy with a specified header. Due to no standard

stars being observed alongside the SALT observations (to maximise the signal-to-noise

obtained for the science observations), steps 13 — 16 were not undertaken.
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C PRF Feature Importances

Here I plot (in Figures C.1, C.2, C.3 and C.4) the feature importances, in order of im-
portance, of the SMC and LMC probabilistic random forest machine learning classifiers

described in Chapter 3, Section 3.4.5.4.
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Figure C.1: Feature importances of the SMC (left) and LMC (right) probabilistic
random forest classifier. Features ranked from 1st to 60th.
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Figure C.2: Feature importances of the SMC (left) and LMC (right) probabilistic

random forest classifier. Features ranked from 61st to 120th.
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Figure C.3: Feature importances of the SMC (left) and LMC (right) probabilistic
random forest classifier. Features ranked from 121st to 180th.
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D ASKAP Magellanic and Galactic sources

I discuss a few types of Magellanic and Galactic sources here. These sources were
found by cross-matching with various catalogues using TOPCAT! (Taylor, 2005) with
an initial search radius of 10” 2, after which visual inspection was used to determine
whether they are true counterparts. All quoted flux densities from the comparison

catalogues are integrated flux densities unless stated otherwise.

D.1 Planetary Nebul® and other emission-line ob-
jects

Leverenz et al. (2017) (see also Filipovi¢ et al., 2009) presented radio detections of
28 PNe in the LMC, but these were mostly detected at 4.8 GHz (26) with only 14
detected at 1.4 GHz as the radio emission is dominated by free—free emission. Simbad
(Wenger et al., 2000) lists 1334 objects within the ASKAP footprint that have at one
time been classed as a PN or candidate PN. Of these, 114 have counterparts in our
ASKAP catalogue within 10 arcsec. An example of this list of objects is shown in
Table D.1 (the full table is available online as a supplementary material to Pennock
et al., 2021). Note that in some cases we believe the (candidate) PN is not the radio
counterpart, especially for positional differences of > 6 arcsec.

However, only 43 of these have a primary Simbad class of PN (or candidate
PN) and two of these turn out not to be PNe (extended radio emission) and another
four have highly uncertain radio detections (a noise spike in one case, two cases of
blends, and HD 269404 described below), leaving 37 good radio detections of likely
PNe. Another 23 are classed as candidate post-asymptotic giant branch (post-AGB)

thttp://www.star.bris.ac.uk/~mbt /topcat/
2to allow for inaccuracies in both the ASKAP and literature positions.
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Table D.1: Example of ASKAP 888 MHz radio detections within 10 arcsec of sources

at one time classed as potential PNe.

The positions are those of the radio source,

and the distance (A) is that between the radio source and the coordinates listed in
Simbad. The most likely classes are Planetary Nebula (PN), candidate post-AGB
object (pAGB), emission-line star (emx), Young Stellar Object (YSO) or H1l region
(H1r). See comments where there is doubt. The full table is available online in the
supplementary material to Pennock et al. (2021).

Name EMU ID RA (J2000) | Dec (J2000)
h m s o/ N
SMP LMC104 | EMU ES J042437.3—694221 | 04 24 37.4 | —69 42 21
SMP LMC 6 EMU ES J044738.8—722821 | 04 47 38.8 | —72 28 21
SMP LMC 5 EMU ES J044808.4—672606 | 04 48 08.4 | —67 26 07
SMP LMC7 EMU ES J044829.6—690813 | 04 48 29.6 | —69 08 13
SMPLMC10 | EMU ES J045108.7—684904 | 04 51 08.7 | —68 49 05
Sk —7010 EMU EC J045325.9—703541 | 04 53 25.9 | —70 35 42
Name —— peak — — integrated — A | Class | Comments
F (mJy) | ¢ (mJy) | F (mJy) | o (mJy) | "
SMP LMC104  0.31 0.06 0.34 0.06 09| PN?
SMP LMC 6 0.80 0.05 0.78 0.05 09| PN
SMP LMC 5 0.39 0.05 0.34 0.04 0.7 | pAGB
SMP LMC7 0.45 0.05 0.48 0.05 0.5 PN
SMP LMC 10 0.45 0.05 0.47 0.05 1.3 PN
Sk —7010 0.44 0.09 1.45 0.30 3.1 Hm Contains
BOIII[e]
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objects, of which one has an uncertain radio detection (and is discarded) and another
one is classed as a carbon-rich Wolf-Rayet star.

This radio sample of 114 radio sources also includes 31 emission-line stars and
(three) YSOs, of which two are discarded because of their large positional differences
>9 arcsec, and another 19 compact H 11 regions or other extended and/or bright radio
sources that are likely also H 11 regions. It is unclear whether there are any post-AGB
objects among the emission-line stars.

Among the more interesting sources are HD 269404 = IRAS 05216—6753 (Fygs =
3.77£0.11 mJy) — still listed in Simbad as a PN but probably a young, massive dust-
enshrouded star (van Loon et al., 2001, 2010); and LMC SySt-23 (Fggs = 0.37 4+ 0.05
mJy) — a confirmed D-type symbiotic binary (van Aarle et al., 2011; Akras et al., 2019).
One of the most interesting true PNe is SMP LMC 83 (Fggs = 1.36 = 0.07 mJy) — with
a nitrogen-rich Wolf-Rayet type central star ([WN4.5:]) betraying a massive AGB star
progenitor commensurate with it being the radio loudest PN in this sample.

The cumulative histogram of integrated flux densities of the PNe (Figure D.1)
rises rapidly towards the faint end. The turnover of the distribution at Fggg ~ 0.5 mJy
can be attributed to incompleteness; a similar turnover can be seen in the integrated
flux density distribution of candidate post-AGB objects. However, the candidate post-
AGB distribution is less steep at the faint side of the turnover, compared to the PNe.
This may reflect the evolutionary timescale, with a low-mass post-AGB system evolving
more slowly and therefore not ionizing its circumstellar envelope as efficiently. Possibly,
the brighter sources descend from massive AGB progenitors and are surrounded by
a larger ionized envelope and/or a higher electron density compared to lower-mass
systems. The distinction between post-AGB and PN is not sharply defined, though,
and some of the post-AGB objects may well be considered to be PNe.

The emission-line star integrated flux densities function (Figure D.1) resembles
that of the candidate post-AGB stars at the faint end. At the bright end, however,
there is a clear excess of emission-line stars over PNe/post-AGB candidates. Given that
the H 11 sources within this compilation of 114 radio sources also often had emission-line

stars associated with them, it is likely that those bright emission-line stars are massive
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stars. It is not clear whether these are young or evolved, but one could speculate
that young sources are more often associated with extended radio emission from an
H1r region and evolved stars are more often isolated and thus unresolved. This is
somewhat corroborated by the fact that of all stars with supergiant luminosity class (I
or II, according to Simbad), five are unresolved by ASKAP and only one is found in
extended radio emission, versus a ratio of 20:11 for luminosity classes I1I-V. Forbidden
line emission (“[e]”) is marginally more prevalent among unresolved radio sources (15
out of 27) as well, compared to stars associated with extended radio emission (5 out of

11).

D.2 Young stellar objects

YSOs become radio continuum sources once they ionize a sufficient amount of gas and
free—free emission yields a relatively flat continuum emission spectrum extending from
the near-IR far into the radio regime. They are also found in complex star-forming
regions that are often embedded in H1r regions that exhibit bright free—free radio
emission. As seen in the previous section, some YSOs have been mistaken for PNe.
We here examine the ASKAP radio detections of a small sample of particularly well
characterised YSOs from the groundbreaking Herschel Space Observatory spectroscopy
sample of Oliveira et al. (2019).

Of the seventeen YSOs (within the LMC), three had initially been associated with
one compact region of star formation and would be blended in our radio survey. These
were not detected; among the remainder, nine were detected (within a search radius of
10 arcsec; all were found within < 6 arcsec) including all three YSOs from the unique
star-forming region LHA 120-N 113 in which complex organic molecules were discovered
with the Atacama Large (sub-)Millimetre Array (ALMA) by Sewilo et al. (2018). Table
D.2 lists their properties. They span a range in radio integrated flux densities from 0.45
to 47 mJy, and all but two are brighter than the PNe distribution (Figure D.1). Because

they are among the more extremely luminous, massive and consequently radio brighter
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Table D.2: ASKAP 888 MHz radio detections within 10 arcsec of sources from the
Herschel spectroscopy of the YSO sample (Oliveira et al., 2019). The names are as in
Oliveira et al. (2019), the positions are those of the radio source, and the distance (A)

is that between the radio source and the YSO coordinates (IR-based).

Name EMU ID RA (J2000) | Dec (J2000)
h m s o/ N
IRAS04514—6931 EMU ES J045111.7—692647 | 04 51 11.7 | —69 26 48
LHA 120-N 113 YSO-1 EMU EC J051317.6—692223 | 05 13 17.6 | —69 22 24
LHA 120-N 113 YSO-4 EMU EC J051321.4—692239 | 05 13 21.4 —69 22 40
LHA 120-N 113 YSO-3 EMU EC J051324.7—692245 | 05 13 24.8 | —69 22 46
SAGE 051351.5—672721.9 EMU ES J051351.4—672719 | 0513 51.4 | —67 27 19
SAGE 052202.7—674702.1 EMU ES J052202.7—674658 | 0522 02.7 | —67 46 59
SAGE 052212.6—675832.4 EMU EC J052213.3—675834 | 0522 13.4 | —67 58 34
SAGE 053054.2—683428.3 EMU ES J053054.5—683422 | 05 30 54.6 | —68 34 23
STO01 EMU EC J053931.0-701216 | 0539 31.0 | —70 12 16
Name —— peak — — integrated — | A | Comments
F (mly)| o (mly)| F (mly)| o (mJy)| "
IRAS04514—6931 0.50 0.07 0.45 0.06 |19
LHA 120-N 113 YSO-1 39.0 0.6 44.5 0.6 1.2
LHA 120-N 113 YSO-4 40.7 0.6 47.0 0.7 1.9
LHA 120-N 113 YSO-3 11.2 0.6 14.2 0.7 2.0
SAGE051351.5—672721.9  3.37 0.17 4.53 024 |28
SAGE 052202.7—674702.1]  1.20 0.06 3.8 0.2 3.4 | extended
SAGE 052212.6—675832.4 30.2 1.1 72.4 2.8 4.7 | extended
SAGE 053054.2—683428.3  9.17 0.08 14.90 0.13 | 6.1
STO1 2.43 0.08 3.18 0.11 | 1.1

YSOs they appear relatively isolated and unresolved against the ambient emission,
except for two clearly extended sources both in the LHA 120-N 44 region.

The most striking result is the sharp-cut division between those YSOs detected
with ASKAP and those not, in terms of the measurement of the gas temperature
based on far-IR emission lines of CO detected with Herschel (Oliveira et al., 2019, their
Table 6). All sources with temperatures 7' > 700 K are detected, and all sources with

T < 700 K are not. This suggests a strong relation between the line emission from the
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photo-dissociation regions at the interfaces of neutral and ionized gas, and the free—free
emission from the ionized regions surrounding the nascent, presumed massive O-type
stars. The brightest radio source, LHA 120-N 113 YSO-4 did not have a temperature
determined from CO but it is one of the two brightest [O111] 88 pm emitters (Oliveira

et al., 2019) and thus hosts a highly ionized compact or ultra-compact H 11 region.

D.3 Novee and supernoveae

Of 46 nove listed in Simbad within the ASKAP footprint, two are recovered in our
ASKAP catalogue (both in the GoLD list) within ~ 2”: NovaLMC 1988b (Fygs =
2.81 £ 0.06 mJy) and Nova candidate LHA 120-S 162 (Fggs = 0.46 & 0.05 mJy). While
the latter was designated Nova LMC 2001 it is a Galactic mid-M type main-sequence
emission-line star (Morgan et al., 1992; Shafter, 2013). The former, Nova LMC 1988 b
was a fast nova and the first neon nova discovered in the LMC (Sekiguchi et al., 1989).
This implies the eruption occurred on a massive O—Ne—-Mg white dwarf. Neon novee
are energetic and not rare, so it is not immediately clear why this should have been
the only nova detected with flux density > mJy.

SN 1987A is detected as a bright point source, with Fggg = 1.1432 + 0.0013 Jy.
It is listed as EMU ES J053527.8—691611 in the BRONZE source list. Its proximity
to 30 Doradus prevented its original inclusion in the catalogue due to the complexity
of the surroundings even though SN 1987A itself stands out clearly; it was reinstated
subsequently. The radio emission primarily arises from the 1”6-diameter torus, which
was resolved at 92 GHz for the first time by Lakicevi¢ et al. (2011). The integrated
flux density at 888 MHz have continued to increase by ~ 27% since 2013-2014 when
it was ~ 0.90 Jy (Callingham et al., 2016), but at the slower pace observed after an
initial exponential growth until 2009 (day ~ 8000, Ng et al., 2013).

While radio detections are made at the locations of at least two dozen SNe in
background galaxies, in none of the cases could we unequivocally ascribe the radio

emission to the SN and in most cases the host galaxy dominates.
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D.4 Supergiants

Various classes of massive supergiant stars could be detectable at low radio frequencies,
including Luminous Blue Variables (LBVs), Wolf-Rayet (WR) stars — especially if in
colliding-wind binaries — and Be or Ble| stars (massive B-type stars showing permitted
emission lines from an excretion disk and/or forbidden emission lines from a more
tenuous envelope, respectively).

Nine such sources from the far-IR study of van Loon et al. (2010) were pursued,
resulting in the detection of four of these: (a) the dusty Ble] star IRAS 04530—6916
(van Loon et al., 2005) seen on the image as a point source with a peak flux density
~ 0.9 mJy ? though it had not made the cut for the catalogue, (b) the Of/Of?p-
WR transition object Brey 3 (IRAS 04537—6922; Heydari-Malayeri & Melnick, 1992) at
Fyss = 5.2540.06 mJy, (c) emission-line object IRAS 05047—6644 at Fggg = 12.27+0.06
mJy and (d) IRAS05216—6753 at Fygs = 3.77 & 0.11 mJy — likely a massive early-
type star illuminating a dusty envelope (Chen et al., 2009). It is likely the nature of
the 888 MHz radiation mechanism in these sources is free—free emission from ionized
circumstellar gas.

LBV SDor may have been detected as a point source with a peak flux density
~ 0.19 mJy, but it is blended with much brighter adjacent emission from the N 119 H11
region. The radio emission near R 71, at ~ 12 arcsec distance (~ 3 pc at the distance
of the LMC) to the South-West in an otherwise sparse field, is unresolved and peaks
at ~ 0.21 mJy. R71 had also not been detected within a 3¢ level of 24 pJy at 5 GHz
in 2015 (Mehner et al., 2017). While no circumstellar nebula appears to be present
around R 71 (based on HST Ha imaging before the recent eruption of R 71), there is a
hint for a very small (less than 1 arcsec or 0.25 pc) circumstellar nebula around S Dor
due to the [N 11| emission lines detected in a long-slit échelle spectrum (Weis, 2003).
Unfortunately, the possible nebula is not detected in HST Ha imaging (Weis, 2003).

LBV nebulee have been detected at higher radio frequencies before, for in-

3radio emission had been detected by Filipovic et al. (1995)
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stance, R127, R 143, S61 and S119 (Agliozzo et al., 2012, 2017a,b, 2019). Cross-
matching these sources with the ASKAP LMC 888 MHz catalogue revealed inte-
grated fluxes for R127 (EMU ES J053643.4—692947) of Fggg = 2.69 £ 0.18 mJy, S61
(EMU EC J054551.8—671426) of Fggs = 2.31+£0.06 mJy and S119 (EMU ES J053125.5—
690537) of Fggs = 1.09 £ 0.11 mJy, all point-like sources.

D.5 X-ray binaries

Simbad lists 66 X-ray binaries within the ASKAP footprint. With the only exception
of LMCX-2 (a low-mass X-ray binary), these are high-mass X-ray binary (HMXB)
systems formed by a compact object (in most cases a neutron star) accreting matter
from a massive companion star (Antoniou & Zezas, 2016). From about 20 systems
X-ray pulsations were discovered, which identify the spin period of the neutron star.
In many of the others cases the nature of the X-ray source is less clear; low statistical
data quality and/or uncertain X-ray position do not allow identification of the optical
counterpart.

Four of the 66 (candidate) X-ray binaries were successfully recovered in the 888
MHz catalogue — three in the GOLD and one in the SILVER source list. They are all
well detected, coincident and isolated in the radio.

The radio-brightest of the four at Fggsgs = 9.15 £+ 0.05 mJy correlates with
RX J0457.2—6612, a little-known X-ray source, listed in the ROSAT PSPC X-ray cata-
logue of the LMC region by Haberl & Pietsch (1999a) and proposed by Kahabka (2002)
as X-ray binary. However, there is no star within 20” brighter than V' = 18.8 mag,
which most likely excludes an HMXB nature. The X-ray source is probably identified
with a QSO listed in Bailer-Jones et al. (2019), which is further supported by the
ASKAP radio detection.

The second brightest (EMU ES J050123.5—703329, Fgss = 3.25 + 0.05 mJy) co-
incides with Finstein source Cal9 (Cowley et al., 1984), which was identified with
ROSAT source RX J0501.6—7034 by Schmidtke et al. (1999). The authors list as pos-
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sible optical counterpart HV 2289 — an early-B type supergiant with an orbital period
of P = 6.94 d (Bianchi & Pakull, 1984). X-ray positions from Einstein and ROSAT
are not precise enough to allow a secure optical identification, but the source was also
detected by XMM-Newton (4XMM J050123.3—703333 in the 4XMM-DR9 catalogue;
Webb et al., 2020) with a position error of 1”5 (10). This position is 2”4 from the
Gaia DR2 position (Gaia Collaboration et al., 2018) of HV 2289, consistent within the
uncertainty. Also the radio position is consistent within errors with the 4XMM source.
Negueruela & Coe (2002) give B0 Ve for the spectral type, which suggests a classical
Be/X-ray binary instead of a supergiant system. On the other hand, the orbital period
of 6.94 d would be too short for a Be/X-ray binary (e.g., Haberl & Sturm, 2016) and
favour a supergiant system. The radio detection of this system makes it even more
puzzling.

The two faintest radio detections are associated with RX J0535.8—6530 (Fgss =
0.57 + 0.05 mJy) and [SG2005] LMC15 (0.40 + 0.05 mJy). The former was found to
be a variable X-ray source by Haberl & Pietsch (1999b); an optical counterpart was
suggested to be a star by Grazian et al. (2002), and it is also detected with Spitzer and
WISE. The GLADE catalogue (Délya et al., 2018) and Bailer-Jones et al. (2019) list a
background galaxy with redshift 0.05. The radio detection supports this identification.

The latter, [SG2005] LMC 15 was proposed as an HMXB candidate by Shtykovskiy
& Gilfanov (2005), but the optical counterpart is not coincident with the XMM-Newton
and Spitzer source and the real counterpart of the X-ray and radio source is likely
the QSO MQS J054433.81—682813.7 given in the Million Quasars catalogue (Milliquas
V6.3, Flesch, 2015).

The most famous X-ray binaries in the LMC, LMC X-1 (a black hole 4 supergiant
system) and LMC X-4 (a neutron star accreting from a Roche-lobe filling supergiant)
were not detected. However, we do detect a radio arc with LMC X-1 in its focus (Figure
D.2), peaking at 4” due South (1 pc in projection at the distance of the LMC). If this is
a bow shock (Hyde et al., 2017) ahead of the supersonic motion of LMC X-1 then this
means the binary must have originated from outside the prominent star-forming region

LHA 120-N 159 into which it would seem to be heading. The system may have run
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Figure D.2: X-ray binary LMC X-1 seen in the focus of a radio arc in the 888 MHz
ASKAP LMC image. The beam size for ASKAP 888 MHz is ~ 1379 x 12”1 and is

represented by the white ellipse in the bottom right.

away from N 159 and subsequently received a lateral kick when the supernova created

the black hole.

D.6 Galactic active stars

Galactic stars seen in the direction of the Magellanic Clouds are at high Galactic

latitude and radio-loud stars among them are most commonly nearby (~100 pc) flare

stars (M-dwarfs) or interacting tight binaries.
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We detect the hierarchical young active system ABDor (Pakull, 1981; Collier
Cameron et al., 1988; Wolter et al., 2014; Azulay et al., 2015, 2017) and resolve the
emission coming from the main (K-type) component and the B component (Figure
D.3) — the latter of which itself is a spectroscopic M-dwarf binary. White et al. (1988)
had ruled out 8-GHz emission coming from component B, but the system was later
resolved at 5 GHz by Beasley & Cram (1993) and Lim (1993), with the latter work
showing the highly polarized and variable nature of component B. The system has
another component, C, which is a late-M dwarf with a sub-stellar companion (Climent
et al., 2019) close to the main component but on the side of component B, so we cannot
discard the possibility that some of the radio emission originates from it. The ASKAP
emission is heavily blended, with a peak and integrated flux density of Figgpeak =
2.80 £ 0.05 mJy and Fgsgtotar = 3.57 £ 0.07 mJy, respectively. Slee et al. (1984)
detected it at 5 GHz (5.2 mJy); Vaughan & Large (1986) subsequently detected it at
843 MHz at a similar level (4 mJy) and our measurement confirms the flat spectrum
(in F,). Collier (1982) characterised its activity as that of an FK Com system, which
is associated with rapid rotation and evolution off of the main sequence (Oliveira &
Foing, 1999). Rucinski (1983), however, argued for youth and a post-T Tauri status
and their detection of lithium seemed to prove that. Innis et al. (1986) (see also Ortega
et al., 2007) determined the association of the AB Dor system with the Pleiades moving
group (later revisited as the AB Dor moving group — see, e.g., Barenfeld et al., 2013),
confirming its relative youth. The activity of AB Dor is usually associated with coronal,
magnetic activity (e.g., Donati & Collier Cameron, 1997; Donati et al., 1999; Jardine
et al., 2002; Sanz-Forcada et al., 2003). AB Dor is at the same distance of 15 pc as the
eruptive pair of M dwarfs CD —38°11343, which was detected with ASKAP by Riggi
et al. (2021) at essentially the same integrated radio flux densities (at 912 MHz) as
AB Dor.

The RS CVn system AE Men is detected, at Fggg = 1.51 +0.06 mJy. At a Gaia
distance of d = 288 pc this corresponds to a radio luminosity of 2 x 107 erg s™! Hz ™1,
placing it among the top 10% integrated radio flux densities of this kind of system
(Morris & Mutel, 1988; Giidel, 2002). This system is of K2 III+F /G spectral type and
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it is suggested to exhibit non-thermal (gyrosynchrotron) emission. What makes this
object unusual compared to the ~ 100+ known population of RS CVn type systems is
its X-ray (ROSAT), Ha and especially IR (AIIWISE) detection. AE Men was observed
on several occasions with MOST and ATCA (Slee et al., 1987; Vaughan & Large, 1987,
Wendker, 1995) but this is its first radio continuum detection. We reprocessed the
ATCA observations from 1994 and confirm that it was not detected.

The [ Lyree-type eclipsing binary BK Dor (= CD —67°435) is also detected for
the first time at radio frequencies, with Fgggs = 0.90+0.07 mJy. With the Gaia distance
of 279 pc this yields a radio luminosity of 8 x 10'¢ erg s™! Hz™!, not as high as AE Men
but still luminous. It was discovered as a variable X-ray source by Fuhrmeister &
Schmitt (2003) before being associated with the G7III star by Torres et al. (2006) and
found to be a short-period (P = 2.2 d) eclipsing binary by Szczygiel et al. (2008). In

such a system the two stars are highly distorted and exchange mass.
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Figure D.3: LMC ABDor, a hierarchical young active system detected in the 888
MHz ASKAP LMC image where emission coming from the main component and the
B component contribute. ASKAP 888 MHz beam size is ~ 13”9 x 12”1, represented
by the white ellipse in the bottom left.
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E Supplementary data for search for more
AGN like SAGEO0536AGN

E.1 Photometry

Here I show all the photometry used for the t-SNE selected sample shown in Figure
E.1.

E.2 Additional spectra

Here I show the additional spectra of SAGE0534AGN that were not shown in the main
text. SAGE0534AGN observation by SALT is seen in Figure E.1 and the observation
by SAAO 1.9m telescope is seen in Figure E.2. All of the spectra are provided as
online supplementary material. Note that those observed with SALT have not been
flux calibrated and those that have been observed with SAAO 1.9m telescope have

been flux calibrated.

E.3 CIGALE best fits

Here I show the CIGALE best fit models for the t-SNE selected sample. The sources
with no X-ray observations are shown in Figure E.3 and E.4, and those with X-ray
observations are shown in Figure E.5. Source 8 was fit without X-ray due to the best
fit having x? > 10, but without including the X-ray the best fit has y? = 2.9. This fit

was done before it was known Source 8 was a star.
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Table E.1: Table format of the table of photometry of all sources in t-SNE selected
sample. The table of photometry is available as online supplementary material. Note
that if there is no value for the flux density error, this means that the corresponding
flux density is an upper limit calculated from the survey image.

Column(s) Format Description

1-11 All ID. Source name.

13-20 E8.2 XMM-Newton 0.2 to 10 keV flux density (mJy).
22-29 E8.2 XMM-Newton 0.2 to 10 keV flux density error (mlJy).
31-38 E8.2 XMM-Newton 0.2 to 12 keV flux density (mJy).
40-47 E8.2 XMM-Newton 0.2 to 12 keV flux density error (mlJy).
49-54 F6.4 SMASH u band flux density (mJy).

56-61 F6.4 SMASH u band flux density error (mJy).

63-68 F6.4 SMASH g band flux density (mJy).

70-75 F6.4 SMASH g band flux density error (mlJy).

77-82 F6.4 SMASH r band flux density (mJy).

84-89 F6.4 SMASH r band flux density error (mlJy).

91-96 F6.4 SMASH i band flux density (mJy).

98-103 F6.4 SMASH i band flux density error (mJy).

105-110 F6.4 SMASH z band flux density (mJy).

112-117 F6.4 SMASH z band flux density error (mJy).

119-123 F5.3 Gaia bp band flux density (mJy). From Gaia EDR3.

125-129 F5.3 Gaia bp band flux density error (mJy). From Gaia EDR3.

131-135 F5.3 Gaia g band flux density (mJy). From Gaia EDR3.

137-141 F5.3 Gaia g band flux density error (mJy). From Gaia EDR3.

143-147 F5.3 Gaia rp band flux density (mJy). From Gaia EDR3.

149-153 F5.3 Gaia rp band flux density error (mJy). From Gaia EDR3.

155-159 F5.3 VISTA Y band flux density (mJy). From VMC survey.

161-165 F5.3 VISTA Y band flux density error (mJy). From VVMC survey.
167-171 F5.3 VISTA J band flux density (mJy). From VMC survey.

173-177 F5.3 VISTA J band flux density error (mJy). From VMC survey.
179-183 F5.3 VISTA Ks band flux density (mJy). From VMC survey.

185-189 F5.3 VISTA Ks band flux density error (mJy). From VMC survey.
191-196 F6.2 Spitzer IRAC 1 band flux density (mJy). From SAGE survey.
198-201 F4.2 Spitzer IRAC 1 band flux density error (mJy). From SAGE survey.
203-208 F6.2 Spitzer IRAC 2 band flux density (mJy). From SAGE survey.
210-213 F4.2 Spitzer IRAC 2 band flux density error (mJy). From SAGE survey.
215220 F6.2 Spitzer IRAC 3 band flux density (mJy). From SAGE survey.
222-225 F4.2 Spitzer IRAC 3 band flux density error (mJy). From SAGE survey.
227-231 F5.2 Spitzer IRAC 4 band flux density (mJy). From SAGE survey.
233-236 F4.2 Spitzer IRAC 4 band flux density error (mJy). From SAGE survey.
238-243 F6.2 WISE 1 band flux density (mJy). From AIIWISE survey.

245-248 F4.2 WISE 1 band flux density error (mJy). From AIIWISE survey.
250-255 F6.2 WISE 2 band flux density (mJy). From AIIWISE survey.

257-260 F4.2 WISE 2 band flux density error (mJy). From AIWISE survey.
262-267 F6.2 WISE 3 band flux density (mJy). From AIWISE survey.
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0.20 022 024 026 028 030 032 034 0.36
Rest Wavelength (gm)

Figure E.1: Spectrum of SAGE0534AGN observed with SALT under program 2021-
2-SCI-017 (PI: Joy Anih). We used the RSS, a combination of three CCD detectors
with total 3172 x 2052 pixels and spatial resolution of 0.126700” per pixel. We used
the long-slit with width 17.5, grating PG0900, filter PC03850 and an Argon arc lamp.
The data was processed using the standard IRAF tools. This spectrum is not flux
calibrated.
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A Fi(Wm=2x10-15)
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Figure E.2: Spectrum of SAGE0534AGN observed with SAAO 1.9m telescope with
SpUpNIC. Grating 7 (grating angle of 16°) and the order blocking ‘BG38’ filter were
used, delivering a resolving power R = ﬁ ~ 500 over a wavelength range of 3800A —
9000 A. The CuAr lamp was used for wavelength calibration. Three 600s exposures
were obtained. The standard star EG 21 (Hamuy et al. 1994) was observed on the same

night under the same conditions for 30s. The data was processed using the standard
IRAF tools.
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Figure E.3: CIGALE best fits of Sources without X-ray observations.
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Figure E.4: (cont.) CIGALE best fits of Sources without X-ray observations.
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