THE INCIDENCE OF POLAR RING
GALAXIES IN WALLABY PILOT
FIELDS

L’INCIDENCE DES GALAXIES A
ANNEAU POLAIRE DANS LES
CHAMPS PILOTES WALLABY

A Thesis Submitted to the Division of Graduate Studies
of the Royal Military College of Canada
by

Reanna L. Palleske, BEng
Second Lieutenant

In Partial Fulfillment of the Requirements for the Degree of
Master of Science in Physics

May, 2023
(©) This thesis may be used within the Department of National Defence
but copyright for open publication remains the property of the author.



To Megatron & Grimlock

i



Acknowledgements

I would like to first express my gratitude to my incredible supervisor and
mentor, Dr. Kristine Spekkens, for her guidance and patience while I ex-
plored the field of space science. I'd also like to thank Dr. Nathan Deg for
tirelessly answering my questions about complex programs and offering his
advice whenever my code malfunctioned. On a personal note, I would like
to acknowledge the unwavering support of my parents, Cyndy and Loring, as
well as my siblings, Rowan, Gaelen, and Saige. Finally, I would like to thank
Jessica Perigo, Elizabeth Ricker, Brianna Lane, Mina Lee, Avery Stover, and
all of my other close friends for their constant encouragement and unshakeable
faith in my academic competence.

All members of the WALLABY survey include the following acknowledge-
ment in their work: This scientific work uses data obtained from Inyarrimanha
Ilgari Bundara / the Murchison Radio-astronomy Observatory. We acknowl-
edge the Wajarri Yamaji People as the Traditional Owners and native title
holders of the Observatory site. The Australian SKA Pathfinder (ASKAP) is
part of the Australia Telescope National Facility (https://ror.org/05qajvd42)
which is managed by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO). Operation of ASKAP is funded by the Australian
Government with support from the National Collaborative Research Infras-
tructure Strategy. ASKAP uses the resources of the Pawsey Supercomputing
Centre. Establishment of ASKAP, the Murchison Radio-astronomy Observa-
tory and the Pawsey Supercomputing Centre are initiatives of the Australian
Government, with support from the Government of Western Australia and
the Science and Industry Endowment Fund.

i


https://ror.org/05qajvd42

Statement of Co-Authorship

The data analyses and results included in Chapter 5 were entirely the work of
the author.

The work conducted in Chapter 3 was collaborative with the authors of
Deg et al. (2023), “WALLABY Pilot Survey: The Potential Polar Ring Galax-
ies NGC 4632 and NGC 6156” Monthly Notices of the Royal Astronomical
Society, in Press. The two polar ring galaxy candidates found in WALLABY
Public Data Release 1 were discovered by Dr. Nathan Deg. The tilted ring
best fit models of NGC 4632 and NGC 6156 were created by Dr. Nathan Deg.
In addition, the matrix formalism presented in Chapter 4 that was used to
project polar ring galaxies into the sky plane was first derived by Dr. Nathan
Deg. Further information regarding related analyses can be found in Chapters
3 and 4, as well as in Deg et al. (2023).

iv



Abstract

Polar ring galaxies with two distinct atomic gas (HI) components are some
of the most unique objects in the local Universe, but their rarity remains dif-
ficult to ascertain. This thesis presents an investigation of polar ring galaxy
detectability, using detections from the pilot phase of the Widefield ASKAP
L-band Legacy All-sky Blind surveY (WALLABY) on the Australian SKA
Pathfinder (ASKAP) telescope. This analysis used HI detections in conjunc-
tion with mock data cubes, created to model a variety of observation condi-
tions, to estimate the universal incidence of polar ring galaxies. Kinematic
models of two polar ring galaxy candidates from WALLABY’s Public Data
Release 1 (PDR1) were projected at different orientations and resolutions to
constrain the incidence of polar ring galaxies from detection statistics. The
morphology and kinematics of Public Data Release 2 (PDR2) detections were
then studied to determine which among them showed signs of these gaseous
misalignments. Three potential polar ring galaxies were identified in PDR2,
which implied an overall incidence of ~1.5%, consistent with the estimate
made using PDR1 data alone. These results suggest that gas-rich polar ring
galaxies could be significantly more common in the local Universe than pre-
viously estimated.



Résumé

Les galaxies a anneau polaire avec deux composantes distinctes de gaz atom-
ique (HI) sont parmi les objets les plus uniques de 'univers local, mais leur
rareté reste difficile a déterminer. Cette these présente une étude de la détecta-
bilité des galaxies a anneau polaire, en utilisant les détections de la phase pilote
du «Widefield ASKAP L-band Legacy All-sky Blind surveY> (WALLABY)
sur le télescope australien SKA Pathfinder (ASKAP). Cette analyse a utilisé
des détections HI en conjonction avec des cubes de données fictifs, créés pour
modéliser une variété de conditions d’observation, afin d’estimer 'incidence
universelle des galaxies a anneau polaires. Les modeles cinématiques de deux
candidats de galaxies a anneau polaire de la Publication de Données Publiques
1 (PDR1) de WALLABY ont été projetés a différentes orientations et résolutions
pour estimer l'incidence des galaxies a anneau polaire a partir des statistiques
de détection. La morphologie et la cinématique des détections de la Publica-
tion de Données Publiques 2 (PDR2) ont ensuite été étudiées pour déterminer
lesquelles d’entre elles présentaient des signes de ces désalignements gazeux.
Trois galaxies a anneau polaire potentielles ont été identifiées dans PDR2,
ce qui impliquait une incidence globale d’environ 1,5%, qui correspond a
I’estimation faite en utilisant uniquement les données de PDR1. Ces résultats
suggerent que les galaxies & anneau polaire riches en gaz pourraient étre beau-
coup plus fréquentes dans 'univers local qu’en était estimé auparavant.
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Introduction

Polar ring galaxies (PRGs) are unusual systems that have a ring of gas, stars,
and dust rotating in a plane perpendicular to the galaxy’s main body. Polar
disk galaxies are the same concept applied to a disk of orthogonally rotating
material, rather than a ring. The only difference between the two is the lateral
thickness of the polar component and the size of the gap between the displaced
gas and the main galaxy body. Examples of both polar structures are included
in Figure 1.1. Both polar rings and polar disks must be rotating in a plane
offset from that of the galactic disk by an angle very near to 90° in order
to be considered stable. Kinematically misaligned components with planes of
rotation too close to the main galaxy body are in an unstable, transitioning
state. The misaligned component will eventually be torqued to align with the
angular momentum generated by the primary plane of rotation, assimilating
its axis to align with the rest of the galaxy’s matter. In Figure 1.1, NGC
4650a is likely stable while the lower offset angle of NGC 660’s polar ring may
indicate the beginning stages of transition.

It has been theorized that polar rings/disks are part of an evolutionary
sequence that leads to warped disks (Brook et al., 2008; Combes, 2006), and
that all symmetrical kinematically misaligned components likely have similar
origins. This theory essentially means that polar rings slowly transition to
align with the galaxy, eventually forming an extreme warp in the main galaxy
disk rather than a separate ring/disk component. Then it assimilates fur-
ther, becoming only a slight warp, before conforming entirely with the main
galactic disk. Warped disks are kinematically misaligned gaseous components
that exhibit a smooth transition from the main galaxy body to its plane of
rotation, whereas polar disks have a clear and distinct discontinuity between
the components.

There are no confirmed formation methods for galaxies with polar struc-
tures. Due to their rarity (Reshetnikov et al., 2011) and variety, it is difficult
to categorize all PRGs into a single method of creation. Some theories posit
that they form through cold gas accretion from the surrounding intergalactic



(a)

Figure 1.1: Comparative example of a polar ring galaxy (a) and a polar disk
galaxy (b). The polar ring galaxy, NGC 660 (Rector, 2014), displays more
space between the polar component and the main galaxy body than the polar
disk galaxy, NGC 4650a (Laustsen and West, 1980). The polar disk appears
to be offset from the main galaxy body by nearly 90° while the polar ring
appears to be slightly less perpendicular.

medium (Brook et al., 2008; Spavone et al., 2011; Snaith et al., 2012; Maccio
et al., 2006; Stanonik et al., 2009), the same way the main galaxy body was
formed. These theories are supported by cosmological simulations (Brook
et al., 2008; Maccio et al., 2006) and have gained traction more recently than
those regarding galactic interactions. In the context of polar structure forma-
tion mechanisms, the galactic interactions deemed most plausible are the tidal



stripping of material from a passing galaxy or a galaxy collision (Schweizer
et al., 1983; Taniguchi et al., 1990; Reshetnikov et al., 1996). Tidal stripping
occurs when the gravity of a larger galaxy pulls the matter from a second
galaxy or object because of the differential force at the object’s edge relative
to its centre. If this object, for example a small galaxy infalling into a larger
one, were to be passing the other over its poles, the tidally stripped material
could begin its orbit of the galactic centre in an entirely different plane. The
collision of two galaxies could also create a polar structure through an orthog-
onal collision (Bekki, 1998). A smaller galaxy colliding with a larger one at
a near-90 degree offset could manifest in the larger galaxy as a polar disk in
itself. Each PRG discovered provides further insight into potential formation
theories, making it an ever-changing field of study.

There are three general classes of kinematic misalignments in galaxies:
gas-star misalignments, star-star misalignments, and gas-gas misalignments.
The vast majority of detected misalignments are between the main stellar
body of a galaxy and an offset gaseous component. The next most common
form of misalignments are between two stellar components, but even these
have an incidence of only ~2% (Cao et al., 2022). The third type of kinematic
misalignment does not have an established incidence estimate because there
is less available data on gas-gas displacements, but the most recent literature
value is ~0.1% (Reshetnikov et al., 2011). Estimating the incidence of gas-gas
polar misalignments is a focus of this thesis.

An effective way to explain PRGs is through the use of canonical examples.
Figure 1.1b shows a Hubble Space Telescope image of NGC 4650a. This image
depicts the morphology of a typical PRG, although it would be classified as a
star-star, or gas-star, misalignment due to the age and depletion of the main
galaxy body. NGC 660, shown in Figure 1.1a, is a better representation of
a gas-gas misalignment due to the relatively gas-rich main body (Van Driel
et al., 1995). Technically, NGC 4650a is a polar disk galaxy, but it displays
a near-orthogonal plane of rotation that is not replicated by NGC 660. NGC
4650a also provides evidence in support of the theory that polar components
are not formed at the same time as the rest of the galaxy (Bournaud and
Combes, 2003). Some astronomers believe that when a galaxy forms, it could
accrete cold gas from the intergalactic medium both in its main galactic plane
as well as in a polar configuration. Since PRGs exist in a variety of forms and
each possess their own unique qualities, it is difficult to disprove any theory
entirely. However, NGC 4650a clearly demonstrates that at least not all polar
components are formed during the galaxy’s birth. As can be seen in Figure
1.1b, the main galaxy body is a faded, orange and yellow lenticular galaxy.
There is very little gas, dust, or newer blue stars to be found. The polar disk,

3



conversely, contains a plethora of gas and very many blue stars. This indicates
that the polar disk was formed much later in the galaxy’s evolution than the
main body, and was thus accreted over time or created through some form of
galaxy interaction that occurred separately from its original formation.

The difficulty with observing and identifying gas-rich PRGs is that the
observation conditions can easily mask the presence of the polar component.
Limited spatial resolution alone is capable of completely obscuring the mis-
alignment in both the morphological and kinematic maps, to a degree that will
be investigated further throughout this thesis. Resolution in extragalactic ra-
dio astronomy can be measured in terms of the number of beams across (BA),
which is the number of telescope resolution elements that can fit edge-to-edge
across the major axis of an observed object. The more beams that can fit, the
more detail can be observed. An object observed at 10 BA is considered very
well resolved, while an object observed at 3 BA is considered to be poorly
resolved.

The sky projection of both the main body and the polar ring can also pose
a challenge to the identification of gas-rich PRGs. Throughout this thesis,
the detectability of the polar component was examined when the inclination
and position angle of the main galaxy were projected differently on the sky.
The inclination refers to the angle between the edge of the galaxy and the
line-of-sight of the observer. An inclination of 0° corresponds to a face-on
galaxy, and an inclination of 90° corresponds to an edge-on galaxy (from the
perspective of the observer). The position angle refers to the angle between
the galaxy’s major axis and the north celestial pole. Essentially, the position
angle indicates the galaxy’s orientation on the sky.

Figure 1.2 depicts a rendition of one of the gas-rich PRG candidates that
was discovered during the first pilot phase of the WALLABY survey that is
underway on the Australian SKA Pathfinder telescope (see Figure 1.3). The
optical component is the main galaxy body, and the ring that was detected
in the radio regime was superimposed over the image to demonstrate the
orientation. The optical image of the main galaxy indicates that NGC 4632 is
a spiral galaxy with many blue-shaded star forming regions. This means that
there is still gas being converted into stars within the main disk (the associated
atomic neutral Hydrogen (HI) is not shown in Figure 1.2), classifying this
galaxy as a gas-rich PRG or a gas-gas polar misalignment.

In order to identify gaseous polar rings, the HI morphology and kinematics
of galaxy observations had to be studied. Some radio astronomers focus their
studies on the neutral Hydrogen present within an object, or the 21-cm HI
line. This is a common radio wavelength for astronomers to observe due to the
“spin-flip” transition: the atomic transition of electrons between two hyperfine
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Figure 1.2: A composite g, 7, and z-band image of NGC 4632 from the Hy-
per Suprime-Cam Subaru Strategic Program (HSC-SSP, Aihara et al. (2018))
overlayed with its HI polar component. The trend in the HI towards purple
denotes relatively blueshifted gas (near the bottom) and the trend towards
yellow denotes redshifted gas (near the top). The misaligned HI gas clearly
has a different orientation from that of the main galaxy body. This figure was
created for the first public data release PRG research paper; Deg et al. (2023).

levels of the atom’s ground state. This transition emits electromagnetic energy
that can be observed from large distances. The “spin-flip” transition happens
relatively rarely, however there is such a large quantity of atomic gas in galaxies
that it becomes a reliable method of observation. The research conducted in
this thesis used atomic hydrogen observations from a radio telescope array
located in Western Australia.

Radio astronomy is the observation of electromagnetic radiation emitted



by objects across the Universe on frequencies between 10 MHz and 300 MHz
(Marr et al., 2016) which corresponds to wavelengths between approximately
one and 30 metres. The main differences between optical astronomy and ra-
dio astronomy are simply the mechanisms used and the wavelengths being
observed. The visible spectrum, for comparison, is on the scale of hundreds
of nanometres. The wide range of radio frequencies allowed for the discovery
and further study of a variety of astronomical phenomena that had not been
available with the much smaller range of visible emissions. Objects too cold
to emit light can be observed through spectral-line emission and thermal con-
tinuum emission (Marr et al., 2016), which includes the interstellar medium
in the Milky Way and other galaxies. The cosmic microwave background does
not produce visible light, but it is detectable through the long wavelengths ob-
served by radio astronomers. Supernova remnants and quasars (quasi-stellar
radio sources) were able to be studied for the first time through a phenomenon
called synchrotron emission, which is also detectable in the radio frequency
range. Synchrotron emission is the electromagnetic radiation emitted through
accelerated electrons (Ballet, 2006).

Radio astronomy is not in competition with optical astronomy, and one
is often used to complement the other. Objects that are faint in the optical
spectrum may be well-illuminated in the radio spectrum, allowing for a more
in-depth study when the two methods are combined. Radio astronomy offers
observations that are complementary to a variety of wavelength regimes, such
as X-rays, gamma rays, ultraviolet (UV) light, and infrared (IR) light (Marr
et al., 2016). Astronomy at wavelength regimes outside of the radio or visible
ranges must be done from space, however, because the atmosphere of the Earth
is not transparent to those emissions. Due to the cost of launching telescopes
into space and the wide range of wavelengths still observable through radio
astronomy, most telescopes are located on the ground (Marr et al., 2016).

Presently, radio astronomy has reached the same level of operation as
optical astronomy which allows for astronomers worldwide to utilize a suite of
relatively new radio telescopes for their research.

One such radio facility is ASKAP, the Australian Square Kilometre Ar-
ray (SKA) Pathfinder, a radio telescope array located in a radio quiet zone in
Western Australia. ASKAP consists of 36 x 12 metre dishes that are equipped
with Phased-Array Feeds (PAFs), a novel technology that increases the inter-
ferometer’s field of view and is able to achieve extremely high survey speeds
(Koribalski et al., 2020). An interferometer, or radio telescope array, is an
instrument that uses the interference of radio waves to make precise mea-
surements. This makes ASKAP one of the best instruments in the world for
mapping the sky in the radio regime (Hotan, 2022). In the next five years,
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Figure 1.3: Image of the Australian Square Kilometre Array Pathfinder lo-
cated in a radio quiet zone in Western Australia (Hotan, 2022). The radio
antennas are able to operate effectively during both the day and night, unlike
optical wavelength telescopes.

ASKAP will carry out a host of widefield radio surveys to study objects rang-
ing from our own Milky Way to distant quasars. WALLABY is the largest of
those surveys, and stands for the Widefield ASKAP L-Band Legacy All-sky
Blind surveY (Koribalski et al., 2020). The WALLABY research team consists
of international collaborators that investigate the gathered data for different
scientific purposes.

The nature of WALLABY is important to the incidence calculations that
were conducted in this study. Having an all-sky untargeted survey meant that
no specific galaxies were selected for observation, allowing for a data set that
represents the diversity of gas-rich objects in the local Universe. In the context
of this thesis, the local Universe extends to redshift z ~0.1. z is the variable
for the redshift of radio astronomy detections, where the larger the z value
the longer the waves have been travelling towards the observer. This is also
a good indication of the object’s distance, such that z ~0.1 corresponds to a
distance of approximately 1.4 billion light years. Using the Australian SKA
Pathfinder to examine and document a microcosm of the Universe provides
high quality observations to be assessed and categorized without the bias of
expectation. With a targeted study, the galaxies would have had to be chosen



for a reason and likely would have been at higher resolutions. This would have
skewed the incidence calculation and altered the results.

Through galaxy modelling, WALLABY data, and statistical extrapola-
tion, this thesis determined the incidence of gas-rich PRGs across the local
Universe for the first time. This number was generated from the first phase
of the WALLABY pilot survey, and was reinforced when the study was con-
ducted a second time using data from the second phase of the WALLABY
pilot survey. Knowing the quantity of these polar kinematic misalignments
will allow astronomers to refine formation theories for all types of PRGs, and
potentially provide a new perspective from which to study galaxy interactions.
The dynamics of gas-gas misalignments could also be used to examine any cor-
relations between the characteristics of a polar component and the galaxy’s
dark matter halo (Khoperskov et al., 2014a,b; Combes, 2006).

The outline of this thesis is as follows: Chapter 2 presents background
information from previous studies that was deemed relevant to the analy-
ses conducted in the following chapters. Chapter 3 discusses the work done
by Deg et al. (2023) regarding gas-rich PRGs in WALLABY, as well as any
work conducted collaboratively with other WALLABY members. Chapter 4
presents the moment panel plots used to determine the resolution-dependent
detectability fraction of PRGs and explains the analyses undertaken to de-
termine the incidence of gas-rich PRGs in WALLABY Public Data Release
1 (PDR1). Chapter 5 discusses the PRG candidates that were identified in
WALLABY Public Data Release 2 (PDR2), and uses this information in order
to estimate the incidence of gas-rich PRGs in PDR2. Chapter 5 also includes
a discussion section that compares the results from the PDR1 and PDR2 in-
cidence calculations, and details the limitations of this thesis as well as areas
for future study.



Literature Review

Chapter 2 presents a review of relevant topics from previously published stud-
ies that will provide sufficient background information to enable the compre-
hension of future chapters. The Literature Review aims to summarize the sup-
porting research that contributes to the study of polar ring galaxies (PRGs).
Section 2.1 presents an overview of PRGs, including their history and the the-
ories surrounding formation mechanisms. Subsection 2.1.1 discusses gas-rich
PRGs specifically. Section 2.2 provides a brief introduction to the methods of
modelling PRGs, focusing on the most relevant example: tilted ring modelling.
Section 2.3 discusses previous incidence estimates that have been generated
through numerous studies. Section 2.4 presents additional detail with respect
to the WALLABY survey, and Section 2.5 outlines the goals of this thesis.

2.1 Polar Ring Galaxies

PRGs first began to be studied in the 1980s, when astronomers began to
note the presence of these strange objects in sky surveys. Their methods of
formation were also speculated upon, and the first formation theories that
involved galaxy interactions were developed. The tidal stripping of gas from a
passing galaxy was at the forefront of early PRG formation theories (Schweizer
et al., 1983), involving no merger but rather a close pass of two galaxies. After
a variety of PRG identifications Whitmore et al. (1990) catalogued images
of PRGs and related objects, including kinematically confirmed PRGs, good
morphological candidates, possible candidates, and possibly related objects.
Whitmore et al. (1990) proposed that PRGs formed from mergers between
two galaxies, and that this mechanism is fundamental to the comprehension
of galactic behaviour. The authors also proposed that PRGs could offer insight
into the behaviour of dark matter and dark matter halos.

Figure 2.1 shows a model PRG at various orientations projected onto a
sky plane from Whitmore et al. (1990), which partially inspired the work
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presented in this thesis. This was done for five different ring rotations («)
and five subsequent disk rotations (f), and only depicted the projected sky
morphology. For the optical identification of PRGs, this figure was especially
useful as it allowed astronomers to extrapolate how many PRGs may exist that
cannot be identified due to their orientation. For example, at an orientation
of a = 45°, B = 0° the polar component is completely obscured by the angle of
the main galaxy’s projection. It also demonstrated the different presentations
of the polar configuration, which may not always be perfectly orthogonal.
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Figure 2.1: Sky-plane morphology of the same model PRG projected at dif-
ferent orientations (Whitmore et al., 1990). This diagram demonstrates the
variety of appearances that PRGs can have, some of which make the polar
structure exceedingly difficult to identify.

PRGs continued to be studied in terms of their structure and methods
of formation, and began to be modelled through gas dynamical simulations
(Reshetnikov and Sotnikova, 1997) in attempts to explain what galaxy fea-
tures, if any, determine the shape and size of the polar component. Reshet-
nikov and Sotnikova (1997) determined that galaxies with massive dark matter
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halos and main galaxy bodies, such as spiral galaxies, form rings that are wider
and more extended than those formed around SO type galaxies. SO galaxies are
lenticular galaxies, classified as an intermediate stage between spiral galaxies
and elliptical galaxies. They have very little gas remaining and consist mostly
of dust and older stellar populations.

Other formation theories emerged and gained support, such as the galaxy
merger theory (Bekki, 1998). This theory posited that the polar component is
formed through the orthogonal collision of two galaxies, wherein the smaller
galaxy effectively forms the polar component. In the effort to classify PRGs,
gas-gas misalignments were often ignored due to their difficulty to detect.
Wakamatsu (1993) defined PRGs as S0 galaxies that possess perpendicularly
rotating gaseous rings. Sparke and Cox (2000) described PRGs as objects
with an early-type inner galaxy (i.e. lenticular or elliptical), that were likely
the result of incomplete galaxy mergers rather than a potentially stable con-
figuration.

Gas-star misalignments were the basis for many further studies, which led
to new formation theories in the 2000s. Based on the assumption that PRGs
are typically low-mass systems, as is the case with most gas-star and star-star
misalignments, numerical simulations, cosmological simulations, and theoret-
ical work supported the theory that cold gas accretion plays a major role in
polar ring formation (Maccio et al., 2006; Brook et al., 2008). The argument
against galactic interactions as a formation mechanism was that those theories
did not self-consistently explain the large gas mass that is commonly found in
polar structures, nor the ring’s extended nature and the spatial coincidence of
stars within the gas (Brook et al., 2008). There was also insufficient evidence
of interaction-induced starbursts, which would be expected during a merger
of two galaxies (Brook et al., 2008).

More recent studies turned their focus towards the dark matter halo present
in PRGs, and found that the shape of the dark matter distribution in these
objects varies strongly with radius (Khoperskov et al., 2014b,a). PRGs offer a
unique opportunity to study the spatial distribution of gravitating matter in
three dimensions, due to the two perpendicular planes of rotation (Khoperskov
et al., 2014a; Combes, 2006), which could reinforce or refine dark matter pre-
dictions. While PRGs may be used to study dark matter, the opposite is also
true. Moiseev et al. (2015) determined that the flattening of the dark mat-
ter halos varied with each PRG, which they suggested may be an indication
that there is no singular method of formation across all PRGs. This theory
is consistent with the Spavone et al. (2011) study, which found that one PRG
formed through cold gas accretion but could not rule out tidal interactions for
the second PRG. Khoperskov et al. (2013) contradicts flattened dark matter
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halos in polar rings with a preference of oblate and triaxial dark matter halos,
while other studies posit that the dark matter halos may be a combination
of an oblate central portion with a prolate outer region (Khoperskov et al.,
2014b; Combes, 2006). Due to the poor sample of PRGs with well-measured
dark matter halo properties (Khoperskov et al., 2014b), this hypothesis can-
not be confirmed. Identifying PRG candidates from WALLABY pilot fields
could provide new gas-rich objects to study, and understanding the incidence
of these systems in the local Universe will offer additional evidence as to how
often these dark matter halos may be forming.

The Sloan Digital Sky Survey (SDSS) was used to find 31 new PRG can-
didates with the ring components found to have a larger scatter in their
luminosity-size relation when compared to ordinary galaxies, which may be the
result of a secondary origin (Reshetnikov and Mosenkov, 2019). This finding
once again supports an acquisition event theory, rather than the slow accretion
of gas from the surrounding intergalactic medium. These SDSS galaxies also
exhibited a ring component within 20 degrees from a perfectly perpendicular
orientation to the main disk in at least half of the candidates (Reshetnikov and
Mosenkov, 2019). This supports the theory that perpendicular orientations
are more stable, since they are observed most often and are therefore likely
the longest lasting when compared to other misaligned geometries.

2.1.1 Gas-Rich PRGs

Gas-rich PRGs are objects where the ring or disk contains a reservoir of HI.
In order to detect both components accurately through a radio telescope,
the main galaxy body must be gas-rich as well. These tend to be spiral
galaxies, rather than the quenched, gas-poor elliptical or lenticular galaxies
that are commonly observed with rings in the optical (Stanonik et al., 2009).
Many formation theories for gas-rich PRGs are based upon the assumption
that the main galaxy body is an early-type galaxy - either elliptical or SO.
Observing younger galaxies that have not yet exhausted their gas content
and discovering that some possess a kinematically misaligned tilted ring of
HI gas provides a new perspective on polar ring formation theories. Some
astronomers argue that the lack of stellar counterpart to the gas-rich rings
indicate the cold gas accretion method is in its early stages, where the gas
has not yet cooled enough to form stars (Stanonik et al., 2009). Others have
simulated the formation of these gas-rich objects through tidal interactions
(Bournaud and Combes, 2003), which was then opposed with the argument
that any galaxy interactions would transform the main galaxy body into an
elliptical remnant without the rotation observed in disk and lenticular galaxies
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(Bournaud et al., 2005; Stanonik et al., 2009). The formation theory debate
continues despite numerous simulations, and gas-rich PRGs have instigated a
new avenue of research for the topic.

2.2 Modelling PRGs

To zeroth order, the disks of spiral galaxies are flat. While their dynamics over
time can be self-consistently simulated (Bournaud and Combes, 2003; Bour-
naud et al., 2005), including galactic interactions and star formation, it is also
possible to approximate their kinematics as flat rotating disks. PRGs present
unique modelling challenges due to their polar component, which rotates in
a plane perpendicular to that of the main body. This component introduces
a structural complexity which requires the galaxy to be separated into a se-
ries of tilted rings. Figure 2.2 demonstrates a tilted ring model, where each
ring comprises a radial section of the galaxy. These rings are nested, meaning
they do not overlap, and are concentric, meaning they share the same centre.
Each individual ring can be modelled at its own orientation, which allows the
morphology of a polar ring to be replicated.

The kinematics of a polar component must be separate from that of the
main galaxy component. Both can be modelled in the sky plane using the
velocity of tilted rings that follow:

Vios(r,0) = Veys + Vit (1) sin [i(r)] cos(8), (2.1)

where Vzpog is the disk or ring model’s line of sight velocity, Vi, is the
object’s systemic velocity, Vo (r) is the rotational velocity, i(r) is the incli-
nation as a function of radius, and 6 is the cylindrical coordinate of a parcel
of gas relative to the major axis in the plane of the disk. So, this nested
ring model is a useful technique to replicate tilted rings in galaxies due to its
ability to account for unique sets of geometric and kinematic parameters for
each component.

There are a few algorithms that use the titled ring modelling method to
generate three dimensional models, including TiRiFiC (J6zsa et al., 2007),
FAT (Kamphuis et al., 2015), and 3DBAROLO (Teodoro and Fraternali,
2015). These codes primarily focus on modelling existing data, rather than
generating tilted-ring models. For that, the MockCubeGenerator Suite (MCG-
Suite) set of programs was developed (Deg and Spekkens, 2022). MCGSuite,
or MCG, functions through tilted ring modelling as well. Each ring is popu-
lated by a set of tracer particles that are projected onto the ‘sky’ and ‘observed’
according to the parameters input by the user. Figure 2.3 shows the process
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Figure 2.2: Tilted ring modelling consists of a series of nested rings that can
be inclined at individual angles to create realistic galaxy disks. This figure
demonstrates the nested ring concept (Rogstad et al., 1974).

of creating a data cube using a tilted ring model. MCG accepts a variety of
inputs from the user, including the number of rings, the ring dimensions, the
inclination and position angle of each ring, the desired noise value, the beam
size, the systemic velocity, and the velocity of each ring. The radial position
of tracer particles is selected such that the particle density is constant across
each ring (Deg and Spekkens, 2022). This process can generate a realistic
model that can be used to study the kinematic and morphological profile of
these unique objects.
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1) Define a set of nested rings  2) Fill each ring with a set of tracer particles  3) Project the particles onto the sky
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4) Project the particles into a data cube 5) Fill & Smooth the data cube

Figure 2.3: An illustration from Deg and Spekkens (2022) that demonstrates
the process of generating a data cube using a tilted ring model. The coloured
particles and cells in steps 3-5 represent the line of sight velocity of each
component, with red receding and blue approaching.

2.3 Estimating the Incidence of PRGs

The first PRG incidence estimate was conducted by Whitmore et al. (1990),
who determined that roughly 0.5% of all nearby SO galaxies appeared to have
polar rings. This paper also attempted to extrapolate based on detectability
due to the galaxy’s orientation, and amended that selection effects could in-
crease the percentage to approximately 5% of nearby SO galaxies. The larger
estimate was generated when Whitmore et al. (1990) corrected their detected
incidence to account for nonoptimal viewing orientation, after noting that less
than half of the viewing orientations in Figure 2.1 were conducive to the effec-
tive identification of the system as a PRG. For every obvious polar ring, they
estimated that there existed two other polar rings that could not be accurately
observed. Whitmore et al. (1990) also corrected for the possible dimming, as
well as the limited lifetime, of the ring by assuming that the ring is only visibly
present for one third of the galaxy’s lifetime. This accounted for any galaxies
that had a polar ring in the past that no longer exists. The study’s estimate
applied only to SO galaxies, which generally exhibit star-star and gas-star
misalignments due to their relatively gas-poor nature. These misalignments
are estimated to be far more common than the gas-gas misalignments being
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examined in this thesis (Stanonik et al., 2009).

Moiseev (2014) determined that 18% of nearby luminous blue compact
dwarf galaxies, in a sample of 28 objects, possessed inner and external polar
structures. These galaxies were gas-rich late-type galaxies, meaning the polar
rings being observed were gas-gas misalignments. Serra et al. (2012) estimated
a PRG incidence of only 1.8% in their considerable sample of 166 exclusively
early-type galaxies. Despite the early-type main galaxies being relatively gas-
poor, the polar rings were detected in HI. Therefore, the Serra et al. (2012)
study was primarily focused on gas-star misalignments. Both of these studies
were examining specific types of galaxies, either luminous blue compact dwarf
galaxies or early-type galaxies, which precludes an accurate incidence estimate
for gas-rich PRGs across the local Universe. The canonical literature value to
which the findings of this thesis will be compared is the ~0.1% determined in
2011 (Reshetnikov et al., 2011). This value is the most recent estimate for the
incidence of gas-rich PRGs, although not an exact comparison for the analysis
being conducted in this thesis. Reshetnikov et al. (2011) use a luminosity
function to estimate the incidence of gas-rich PRGs, and do not conduct a
detectability analysis specific to HI observations to extrapolate the genuine
incidence from the identifiable incidence.

A luminosity function is essentially the distribution of galaxies across lu-
minosity intervals (Blanton et al., 2001), and is one of the basic descriptions
of galaxy population (Smirnov and Reshetnikov, 2022). Smirnov and Reshet-
nikov (2022) recently published a luminosity function of PRGs and found that
polar structures occur approximately twice as frequently around bright and
red galaxies rather than blue ones. They also determined that the volume
density of PRGs increases with redshift. While this study provides detail re-
garding the nature of PRGs and the conditions under which they are more
commonly observed, it does not take the observational obstacles associated
with identifying PRGs into account. This thesis is the first instance of a gas-
rich PRG incidence estimate, using data from an untargeted radio astronomy
survey, that accounts for the orientation and resolution of PRG detections.

2.4 WALLABY

WALLABY (Koribalski et al., 2020) is an untargeted survey that will observe
the HI gas distribution within over 200,000 galaxies in the Southern Hemi-
sphere out to redshift z ~0.1. The first phase of the WALLABY pilot survey
observed three fields, and the second phase focused on five fields. Each field is
centred on an object or cluster and covers 30 square degrees of the Southern
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sky. These 30 square degrees are constructed from two adjacent tiles which
themselves consist of two interwoven ASKAP footprints that are 36 beams
across (Koribalski et al., 2020). This methodology provides a relatively con-
sistent noise level across each field, ~1.67 mJy/beam, with a beam that is 30
arcsec across (Koribalski et al., 2020). The actual noise levels in each field vary
slightly. Once the cubes are constructed, the SoFiA source finder (Serra et al.,
2015; Westmeier et al., 2021) is used to catalogue individual HI detections in
all fields.
A radio telescope defines resolution through the Rayleigh criterion:

A
0= 1.25 , (2.2)
where 6 is the angular resolution, A is the wavelength being observed, and
D is the diameter of the aperture (Rayleigh, 1879). This criterion specifies
the minimum separation between two celestial sources that can be resolved
as individual objects, or the best obtainable resolution. This resolution is
equivalent to the beam size, and is 30 arcsec for the WALLABY survey.

WALLABY Public Data Release 1 (PDR1) (Westmeier et al., 2022) was
focused on three fields: the Hydra and Norma clusters as well as the NGC
4636 group. The PDR1 catalogue included 301 detections in Hydra, 144 de-
tections in Norma, and 147 detections in NGC 4636. The majority of these are
marginally resolved, with only 190 objects having a resolution greater than
~4 beams across (BA). WALLABY Public Data Release 2 (PDR2) focused
on five fields that were centred on the NGC 4808 group, the NGC 5044 group,
and the Vela cluster. The data distribution to the WALLABY team from the
NGC 5044 group was broken into three phases (DRs, or Data Releases) due
to its size, and there were some detections that were released in two different
phases. The internal PDR2 catalogue included 231 detections in NGC 4808,
353 detections in NGC 5044 DR1, 630 detections in NGC 5044 DR2, 1326 de-
tections in NGC 5044 DR3, and 203 detections in Vela, with a public release
of the PDR2 data planned for later this year.

Figure 2.4 shows a plot of WALLABY detections from PDR1 (Deg et al.,
2022) created by a WALLABY collaborator. The circles represent the sources
from the Hydra cluster, the stars represent the sources from the Norma cluster,
and the triangles represent the sources detected in the NGC 4636 field. The
colours on this plot depict which objects had kinematic modelling attempted
on them, which included most of the detections with an ell_maj value above
two beams. ell_maj represents the resolution of the detection and is approxi-
mately equal to the resolution in BA divided by two. Kinematic modelling was
not attempted for objects with log(S/Nyps) < 1.25. S/Nyps is the integrated
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Figure 2.4: Size (as estimated by ell.maj) as a function of integrated S/N
of WALLABY PDRI1 detections (Deg et al., 2022). This plot includes the
sources from the Hydra (circles), Norma (stars), and NGC 4636 (triangles)
fields. Coloured points represent all detections with ell.maj > 2 beams or
log(S/Nops) > 1.25, for which kinematic models were attempted. Models that
were successful are shown in blue, and unsuccessful models are shown in red.

observed signal-to-noise ratio of the detection. Objects that were able to be
successfully modelled were shown in blue, while objects that were unable to be
modelled were shown in red. The larger open symbols in the figure represent
objects for which kinematic plots were included in the source paper. The pur-
pose of Figure 2.4 is to demonstrate that most WALLABY detections occur
in the marginal-low resolution and low S/N regime, which makes determining
unique features challenging.
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Despite the majority of WALLABY detections being marginally resolved,
two PRG candidates were detected in PDR1 (Deg et al., 2023). NGC 4632
and NGC 6156 were identified from their morphologies and kinematics during
the standard analysis of PDR1 detections. Their identification prompted this
study, since the nature of WALLABY offered a unique opportunity to investi-
gate the detectability of PRGs among marginally resolved objects. The survey
also collected data from a wide variety of objects such that it better represents
the genuine incidence of extragalactic systems. This thesis is the first PRG
incidence estimate from an untargeted HI survey, which could provide a more
accurate insight into their prevalence in the local Universe.

2.5 Thesis Goals

The aim of this thesis is to investigate the incidence of gas-rich polar rings us-
ing the pilot phase of the WALLABY survey. Two PRG candidates were iden-
tified in PDR1, which were then used to generate two 3D PRG models (Deg
et al., 2023). These model galaxies were used to simulate different observation
conditions through modifications of the ring orientation angle (see Section 4.1)
as well as the galaxy’s inclination. Their dimensions were also altered in order
to account for the effect of resolution on detectability, and these parameters
were input into MCG to create mock observations. The mock observations
were assessed for whether they could be reasonably identified through their
kinematics and morphology. Using the weighted detectability of the model
objects in conjunction with data from PDR1, the universal incidence of polar
gaseous kinematic misalignments was able to be estimated with a greater de-
gree of accuracy. PDR2 detections were examined and PRG candidates were
identified. The incidence calculation was then applied to PDR2 data in order
to reinforce the findings from PDRI.

Understanding the frequency of PRG occurrence across the local Universe
will be useful in future studies of formation theories and galaxy interactions.
Identifying potential gas-rich PRGs from their morphology and kinematic pro-
files in HI studies will allow radio astronomers to target these objects for fur-
ther research. Gas-rich PRGs can be studied from the perspective of various
fields, offering insight into subjects such as dark matter halos and potentially
continual cold gas accretion from the galaxy’s surroundings. This thesis finds
that gas-rich PRGs are more common than historical literature values, and
are as accessible to radio astronomers as PRGs have been to astronomers who
study objects at visible wavelengths.
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Polar Rings in WALLABY
PDR1

This chapter describes the polar ring galaxy (PRG) candidates discovered in
WALLABY PDRI1, and how those galaxies were modelled. Section 3.1 dis-
cusses the format of WALLABY data, and introduces moment maps. Section
3.2 presents PRG candidates NGC 4632 and NGC 6156 as well as a brief

overview of the creation of their best fitting kinematic models.

3.1 Survey Data

3.1.1 Data Cubes

WALLABY observations deliver 3D detections of HI in galaxies, which can be
represented as three-dimensional data cubes that contain thousands of pixels
representing the HI within the galaxy. The x- and y-axes are the dimensional
coordinates of right ascension (RA) and declination, as would be expected in
a cartesian plane. The z-axis is the Doppler frequency axis, which can be
converted to a recessional velocity using the rest wavelength of the HI line.

Figure 3.1 demonstrates the data cube structure using three frames from
a data cube, which can be viewed in slices. Data cubes can be difficult to
visualize since the z-axis is Doppler frequency rather than another dimensional
coordinate. The brightness indicates the density of HI atoms in each pixel,
and the grainy foreground is Gaussian random noise. The galaxy in Figure
3.1 is one of the models created for NGC 4632, a PRG candidate discovered
in PDR1 that will be discussed further in Section 3.2. This mock galaxy has
an angular resolution of 10 BA, so the images are much clearer than those
presented in Figure 3.2. At lower resolutions, the noisy foreground obscures
the HI detections when the cube is being visually examined.

Figure 3.2 shows frames from a data cube at a considerably lower angular
resolution. Not only is the viewing area often smaller when the file is opened,
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Figure 3.1: Velocity slices from the data cube for an NGC 4632 model galaxy
at a resolution of 10 BA, an inclination of 30° and a ring orientation angle
of 30°. Each frame is ~35.6 km/s apart to best demonstrate the different
presentations of a galaxy in a data cube.

Figure 3.2: Slices from the data cube for an NGC 4632 model galaxy at a
resolution of 3 BA, an inclination of 30° and a ring orientation angle of 30°.
Each frame is ~35.6 km/s apart and corresponds to the subfigure with the
same letter in Figure 3.1.

but there is considerably more noise obscuring the galaxy’s features. These
sections are from the data cube for an NGC 4632 galaxy model resolved at 3
BA. The SoFiA masks applied to this type of data cube are less precise, since
most of the galaxy observations are nearly as faint as the noise. Noise can
be erroneously included in the galaxy’s borders, creating a morphology that
is not entirely accurate. The static visible in Figure 3.2 is a good depiction
of what the masking program is trying to filter. Some of the slices show the
galaxy as a bright spot, but most of the slices also contain unrelated bright
spots that could easily be mistaken as part of the object. These regions of
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noisy data, when included in low resolution moment plots, can be extremely
misleading with respect to polar ring signatures in morphology and kinematics.
Nevertheless, low resolution cubes can still offer a considerable amount of
valuable information.

3.1.2 Moment Maps

In order to analyze the data cubes created by WALLABY, a code was written
to generate two plots for each detection. Galaxy files with resolutions less
than 3 BA were discarded. This was due to the detectability fraction at this
resolution, as is seen in Figure 4.17 and will be discussed further in Section
4.4. A model PRG’s detectability fraction at 3 BA was determined to be
zero, therefore any detected PRGs with resolutions less than 3 BA would be
essentially impossible to identify at this stage. Due to the improbability of
a reliable identification, poorly resolved objects were filtered out of further
analysis. The remaining galaxies were then analyzed by the Python program
SoFiA (Serra et al., 2015), which generated masks for each detection that
identified where the galaxy emission was located in the data cube.

The mask was then applied to the data cubes and the files were processed
into two diagrams: moment zero and moment one. Moment zero maps depict
the morphology of the detected galaxy. They plot the position and density
of HI particles such that the shape of the galaxy can be studied. Moment
one is the first derivative of moment zero, and it depicts the kinematics of the
detected galaxy. It plots the velocity of each particle such that the motion of
the gas can be studied. The maps for each detection were examined closely
for polar ring signatures. Looking for polar component morphology in the
moment zero panel was difficult at low angular resolutions. Galaxies exist in
a variety of shapes with distortions, misalignments, warps, and other forms of
anomalous gas that could be mistaken for a polar disk. At higher resolutions,
these unique structures are typically able to be observed and recognized more
reliably. At lower resolutions, the identification of PRG candidates relied
heavily on the moment one map.

Figure 3.3 shows the morphology and kinematics of a reasonably symmet-
rical, regular galaxy. This is WALLABY J101232-451408, detected in the Vela
cluster at approximately 7 BA. The morphology is perhaps unusually smooth
and consistent, even for a regular galaxy. Many galaxies have bits of gas that
are slightly detached, or elongated features. At lower resolutions, the moment
zero maps can have a lot of anomalies due to noise. The moment one panel
demonstrates a typical velocity gradient for a galaxy without kinematically
misaligned components. The colours transition smoothly from red, to yellow,
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Figure 3.3: The moment zero (left) and moment one (right) maps for a galaxy
without ostensible kinematic misalignments detected at a resolution of ~7 BA.
The morphology is exceptionally round, and the kinematic velocity gradient
is consistent across the galaxy body.

to green, to cyan, and then finally to blue. This is what would be expected
from regular moment one maps, with some leeway for morphological anomalies
and noise.

When examining the kinematics of PRGs there are a variety of signature
features that suggest the presence of a kinematically misaligned gaseous com-
ponent, but these cannot confirm the presence of a polar ring independently.
Further research may consist of similar studies for other types of kinematic
anomalies in order to better discern the specifics of which indicators are unique
only to polar components. Depending on the resolution and the qualities of
the polar component, the moment maps can vary considerably. Section 4.2
will demonstrate the effect of angular resolution on the moment maps of model
PRGs.

3.2 PRGs in PDR1

WALLABY PDR1 was released last year, and an analysis was run on its
galaxies by a WALLABY collaborator. Among the 592 galaxies that were
observed in WALLABY PDRI1, two candidates were identified as potential
PRGs from their moment maps. Their candidacy was supported by the 3D
rendering of their data cubes, which clearly demonstrated polar components.
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3.2. PRGs in PDR1

NGC 4632 was detected at a resolution of ~10 BA, allowing the ring
features to be seen clearly in its morphology. Figure 3.4 includes the moment
zero and moment one maps for this PRG candidate from PDR1. It is clear
that there is a misaligned gas-rich ring surrounding the main galaxy body in
the moment zero panel. The moment one panel, however, does not possess
any evident signatures associated with polar components. This is due to the
orientation of the ring, as will be discussed further in this thesis.
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Figure 3.4: NGC 4632 moment zero (left) and moment one (right) maps. The
morphology from the moment zero map clearly depicts a polar ring surround-
ing the main galaxy body, while the kinematics do not offer much insight (Deg
et al., 2023).

NGC 6156 was not as well resolved as NGC 4632 with an observation
resolution of ~6 BA. Figure 3.5 includes the moment zero and moment one
maps for this galaxy. In moment zero, the morphology of the galaxy does not
provide any insight with respect to the presence of a polar component. The
moment one map, in this case, was what suggested the potential presence of
a kinematically misaligned gas ring. The velocity field is far from the smooth
gradient consistent with a gas disk, and suggests that the observed object
contains multiple components.

Table 3.1 provides a brief comparison between the two PDR1 detections.
The number of rings in each model will be discussed further in Section 3.2.1.
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Figure 3.5: NGC 6156 moment zero (left) and moment one (right) maps.
The morphology does not demonstrate the existence of a polar component,
however the kinematics provided sufficient evidence to flag this galaxy for
further investigation (Deg et al., 2023).

Parameter NGC 4632 | NGC 6156
Detection Resolution 10 BA 6 BA
Number of Rings in Model 9 5
Systemic Velocity (km/s) 1725 3270
HI Mass (log(Mpur/Mg)) 9.37 9.92

Table 3.1: PRG properties of NGC 4632 and NGC 6156 from WALLABY
PDR1 data. The detection resolution and systemic velocity are rounded to
the nearest whole number, and the mass of atomic hydrogen in each galaxy
was calculated by Deg et al. (2023).

3.2.1 MCGSuite & Tilted Ring Models

The NGC 4632 and NGC 6156 models used throughout this thesis were gen-
erated using an approximation of the two observed PRGs in PDRI1 and a
program from MCGSuite (Deg and Spekkens, 2022). MCG accepts inputs for
a galaxy’s size, inclination, and position angle through a series of nested rings.
It then populates a cube with particles and applies noise to mimic observation
conditions experienced by radio astronomers (see Section 2.2). These mock
cubes can then be processed to generate moment maps comparable to those
found during the data analysis of WALLABY galaxies.

The two observed galaxies first had to be fitted with models that ap-
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3.2. PRGs in PDR1

proximated their dimensions and features as best as possible. This was done
through a modelling program called 3DBAROLO (Teodoro and Fraternali,
2015) by a WALLABY collaborator (Deg et al., 2023). Figure 3.6 shows a
comparison between the best fitting model and the genuine observation for
both the moment zero and moment one panels for NGC 4632, and Figure 3.8
depicts the same comparison for NGC 6156 and its best fitting model. These
are flat-disk tilted ring models, with the outermost ring designed to be per-
fectly polar. It is clear that the models are quite close to the observed object
but are rather idealized in their shapes. NGC 6156’s ring became relatively
noticeable in the model’s moment zero map, but overall these models were
determined to approximate the observed galaxies well enough to be used for
future analyses. The rings were simplified to be perfectly circular as well as
precisely polar, and each model was assigned a number of rings to accurately
reflect the morphology.

Figure 3.7 shows the rotation curve, inclination, surface density, and po-
sition angle for NGC 4632’s best fitting model. Figure 3.9 shows the same
plots for NGC 6156’s best fitting model. Each point in each plot respresents
one of the model’s rings; five in NGC 6156’s model and nine in NGC 4632’s
model. The point that is separate and also shaped like a star represents the
polar ring, detached from the main galaxy body rings and noticeably off-trend
in inclination and position angle. The polar ring is rotating perpendicular to
the main galaxy body, so this was to be expected.

With models for NGC 4632 and NGC 6156 already created, it was then
possible to project those models onto the sky plane at different orientations in
order to explore how the detected moment zero and moment one maps would
change. These different projections would then allow for the estimation of the
incidence of these objects from the WALLABY PDRI detection statistics. A
few additional calculations were necessary before a code could be developed
that would generate these galaxy models at various observation conditions.
These calculations will be discussed in Section 4.1.
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Figure 3.6: The best fitting HI PRG model of NGC 4632 (Deg et al., 2023).
Panel A shows the observed moment zero map and panel C shows the observed
moment one map, while panel B shows the model moment zero map and panel
D shows the model moment one map. The moment zero maps use a linear
stretch which explains the difference in size of the moment zero and moment
one components.
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Figure 3.7: Best fitting model parameters for NGC 4632 (Deg et al., 2023).
The left panels show the rotation curve (top) and surface density (bottom),
while the panels on the right show the inclination (top) and position angle
(bottom). The polar ring parameters are indicated by stars and are the last
radial point in each panel.
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Figure 3.8: The best fitting HI PRG model of NGC 6156 (Deg et al., 2023).

The panels have the same layout as in Figure 3.6.
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Figure 3.9: Best fitting model parameters for NGC 6156 (Deg et al., 2023).
The panels have the same layout as in Figure 3.7.
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3.3. Summary

3.3 Summary

Chapter 3 presented a brief overview of data cubes, as well as an introduction
to the moment maps that will be analyzed in future chapters. Moment zero
maps depict the galaxy’s HI morphology, and moment one maps depict the HI
kinematics within a galaxy. The two PRG candidates that were discovered in
PDR1, NGC 4632 and NGC 6156, were discussed and their best fitting models
were presented. This information provides sufficient background for Chapter
4, which will use the best fitting models to generate PRGs at a variety of sky
projections and angular resolutions in order to explore their detectability and
estimate their incidence.
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Polar Ring Galaxy Incidence
in PDR1

Chapter 3 introduced the two PRG candidates identified from WALLABY
PDRI1 data, NGC 4632 and NGC 6156, as well as their best fitting models.
This chapter aims to determine the incidence of gas-rich PRGs using the data
from PDR1 in conjunction with numerous mock galaxy detections. Section
4.1 presents a formalism that was derived in order to alter the observation
conditions of the model PRGs, and introduces the moment panel plots that
were generated in order to determine the detectability fraction of PRGs at
different orientations and resolutions. Section 4.2 discusses the effects of an-
gular resolution on detectability, and Section 4.3 identifies some of the PRG
signatures evident in the moment panel plots. Section 4.4 presents the de-
tectability fraction of PRGs at different angular resolutions, and Section 4.4.1
uses these fractions along with PDR1 data statistics in order to estimate the
incidence of gas-rich PRGs in the local Universe.

4.1 Moment Panel Plots

In order to determine the detectability of PRGs at different observation con-
ditions, mock galaxy detections were generated through MCG. These cubes
resembled real detections from the WALLABY survey, such that they could
be reliably used alongside PDR1 data statistics. MCG accepts a series of pa-
rameters and specifications regarding the mock observation (see Section 2.2),
which were able to be altered in order to examine the NGC 4632 and NGC
6156 best fitting models at different orientations and angular resolutions.

It was difficult to calculate what ring inclination angle (with respect to the
main galaxy body) would be generated using the MCG input files, which only
accepted values for inclination (i) and position angle (PA) on the observational
plane. In order to translate the ring’s 90 degree offset from the main galaxy
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4.1. Moment Panel Plots

body into MCG’s coordinates, the matrix included in Equation 4.12 had to be
developed and applied to relate the sky-plane coordinates to the galaxy-plane
coordinates and determine the ring’s projection on the galaxy plane.

These equations were first derived by a WALLABY collaborator through
a rotation matrix applied to three planes: the sky plane, the galaxy plane,
and the ring plane. The general relation between the sky plane and the galaxy
plane is:

xs = R(0g) Re(ig)%g (4.1)

where x, are the sky plane coordinates (x5 = (zs, ys, 2s)), X4 are the galaxy
plane coordinates (x4 = (24, yq, 24)), R:(6y) is the rotation about the z, axis
by the main disk position angle 6, (6, = PA;+90°), and R, (i4) is the rotation
about the x4, axis by the main disk inclination ¢,. A similar relation translates
the coordinates in the ring plane into points on the sky plane:

xs = R.(0,) Ry (ir)Xy , (4.2)

where the rotations are the same as in Equation 4.1 except the galaxy
coordinates are replaced with the ring plane coordinates (x, = (xy, yr, 2,)).
Expanding this into matrices gives:

Cor —Sor 0 1 0 0
Xs = | Sor cor O 0 cir —sir | X, (4-3)
0 0 1 0 Sir Cir

where c is the cosine function and s is the sine function, and the subscript
indicates the variable. For example, ¢; = cos(i,). This matrix multiplication
can be simplified into:

Cor —SorCir  SorSir
Xs = | Sor CorCir —CorSir | Xy - (44)
0 Sir Cir
This same rotation matrix can be used to translate the galaxy plane points
into the sky plane if the galaxy’s angles are used instead of the ring’s (i.e.
substitute the 7’s for g’s).
In order to project the ring perpendicularly to the galaxy body, there must
be a relation between the galaxy plane and the ring plane:

xy = Ra(B)Ry(6) Re(0)x, . (4.5)
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4.1. Moment Panel Plots

Where a few new variables are introduced. R, () is the rotation about the
x, axis by a, which is the orientation of the ring relative to the galaxy plane.
For the modelling of PRGs in this thesis, the ring was assumed to be perfectly
polar such that & = 90°. Ry(¢) is the rotation about the y, axis by ¢, which is
the vertical angle between the ring’s major axis and the galaxy plane. This is
mostly useful for elliptical rings and is not typically applicable for the circular
rings that are being modelled, but it is necessary for further rotation into the
sky plane coordinates. R, (/) is the rotation about the z, axis by (3, which is
the angle between the ring plane and the side of the galaxy approaching the
observer (+xz4 axis). Figure 4.1 illustrates the angle 3 as viewed in the galaxy
plane.

Next, expanding the matrices in Equation 4.5 gives:

cg —sg 0 cy6 0 sy 1 0 0

Xg=|sg ¢cg 0 0 1 0 0 cg9 —s90 | %, (4.6)
0 0 1 —S¢ 0 C¢ 0 S90 C90
cg —sg 0 cy 0 sg 1 0 0
xXg=|sg ¢cg O 0 1 0 00 —-1]x,. (4.7)
0 0 1 —s4 0 ¢y 01 0
Which can now be simplified as:
cg —sg 0 ¢y Sy 0
Xg=\|s3 c¢cg O 0 0 —-1]|x, (4.8)
0 0 1 -S4 ¢y O
CCy CBS¢y S8
Xy = | sgcy 5854 —cp | X, . (4.9)

—S¢ Cop 0
The position angle of the galaxy does not affect the detectability of the

polar component, so for simplicity 6, can be set to zero. This means that
Equation 4.1 simplifies to:

1 0 0
xs= |0 cig —sig | Xg - (4.10)
0 Sig Cig
The ring can be rotated into galaxy plane coordinates before being pro-

jected into the sky plane coordinates by substituting Equation 4.9 into Equa-
tion 4.10:
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4.1. Moment Panel Plots

1 0 0 CgCy CBSy S
Xs= |0 cig —Sig sgcy Sgs¢ —cg | %, , (4.11)
0 sy cig —s4 ¢ 0

which can be expanded into:

€sCe €B5¢ 58
Xs = | CigSgCy + SigS¢  CigSBSs — SigChp —CigC | X . (4.12)
SigSBCH — CigS¢  SigSBSe + CigCyp  —SigCB

Since the sky projection from the ring-galaxy plane must be the same as the
projection from the ring’s plane, the matrices in Equation 4.4 and Equation
4.12 can be directly compared. Using the 33 elements of the matrices in
Equation 4.4 and Equation 4.12 (i.e. comparing the value in the third row,

third column) implies the relation:

Cir = —SigC3 - (4.13)
Similarly, dividing the 13 elements by the 23 elements gives:

S@TSiT — Sﬁ (4 14)
—CorSir  —CigCB
which can be simplified to:
S
tor = —2— (4.15)

CigCp
where the ¢ is a tan function. Note that the sine and cosine terms were not
simplified to tan on the right hand side. This was done in order to preserve
the 6, range between 0° and 360°.
Setting 0, = PA, + 90° allows the position angle of the polar ring to be
calculated at PA, # 0 through:

PA, =0, — 90 + PA, (4.16)

These relations indicate that a polar ring has a limited number of inclina-
tions and position angles that are possible for a given galaxy orientation. For
a face-on galaxy, the ring must be edge-on, but its position angle can vary
widely (determined by (3). For an edge-on galaxy, the ring could be either
face-on or edge-on depending on 3, but must be inclined ~90° to the galaxy’s
surface.
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4.1. Moment Panel Plots

Figure 4.1: Polar ring diagram depicting the angle 8 (Deg et al., 2023). The
yellow circle represents a top-down view of the galaxy, where the dotted red
line represents the polar ring viewed edge-on. [ is the angle between the
approaching side of the galaxy (+z4) and the polar ring.

In order to provide further insight into the detectability of PRGs in HI
surveys, numerous plots were generated of model galaxies at different inclina-
tions and observation angles. These moment panel plots were created using
the NGC 4632 and NGC 6156 models that were discussed in Section 3.2.1
as a baseline for parameter manipulation. The resolution was altered as well
as the inclination and position angle for each ring, using Equation 4.15 and
Equation 4.16.

A code was created to generate numerous systematic input files, pass them
to MCG, and return mock cubes for seven different inclinations and seven
different ring orientation angles. These cubes were created for both model
galaxies at resolutions of three, four, six, eight, and ten beams across (BA).
These were then processed into moment zero and moment one plots. The main
calculation that needed to be conducted to generate a moment zero plot was

36



4.1. Moment Panel Plots

converting the units from Jy/beam to Mg /pc?, which was done by dividing
each element in the moment zero matrix by a series of conversion factors.

In order to create the moment one matrix, the moment zero matrix had to
be slightly altered. Since each value in moment one was going to be divided
by the corresponding value in moment zero, the extremely small moment zero
values had to be removed. They would create non-infinite extremely large data
points that would impede the display of features at regular galaxy values. Any
moment one value less than 0.1 was set to zero, since the infinity values created
by a denominator of zero would not be included in the moment one plot.

The two moment maps are essential to determining whether a galaxy has
any unique features, such as polar rings. The panel plots are included in Ap-
pendix A in their entirety, but a few examples for each PDR1 PRG candidate
model are included in Figures 4.2 to 4.9 for reference. The ring orientation
angle on the y-axis is the angle between the rotational plane of the polar com-
ponent and the approaching side of the galaxy with respect to the observer.
These figures were intended to be similar to Figure 2.1, however these panel
plots do not use the same angles nor the same axes. Figure 2.1 is therefore
not a suitable optical comparison for the plots created in this section and in-
cluded in Appendix A. Each angular resolution produced 49 different mock
galaxy observation data cubes that could then be processed for morphology
and kinematics.

Figures 4.2 and 4.3 show the moment panel plots for the NGC 4632 model
at its detection resolution of 10 BA. This was the highest angular resolu-
tion that the moment panel plots were created at, and in the moment zero
panel the morphology is exceptionally clear. This is due in part to the high
resolution of NGC 4632’s original observation, which allowed a model to be
generated with more distinct features and greater detail. The moment one
panel demonstrates the wide range of potential kinematic plots that could be
generated depending on the orientation of the PRG. The panels vary widely,
supporting the production of these plots and their use as a detection tool.
Cross-referencing these plots during galaxy analyses would allow PRG candi-
dates to be selected more reliably, although at this resolution the morphology
panel should clearly show signs of a polar component.

The moment panel plots for NGC 6156 (Figures 4.4 and 4.5) show the
galaxy modelled at its detection resolution of 6 BA, which begins to demon-
strate the effects of decreased resolution on the morphology panels. The indis-
tinct features of NGC 6156’s polar component are due in part to the resolution
of the galaxy’s original observation. The model was based off of the observa-
tions that were unable to resolve the ring in the greater detail of NGC 4632.
There are a variety of galaxy asymmetries and distortions that could cause
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Figure 4.2: Moment zero panel plot for a galaxy model of the PDR1 PRG
candidate NGC 4632 at its detected resolution of 10 BA. The colour bar on the
y-axis depicts the HI density, pgr, in units of Mg /pc?. The ring morphology
is clearly visible in all panels.

a slightly irregular galaxy morphology in the moment zero panels, so only
around half of the panels in this plot could be reasonably identified as a PRG.
The kinematics plot contains around the same amount of identifiable panels,
but when combined with the morphology panels around 75% of orientations
are identifiable at this resolution. This percentage is higher for galaxies with
more distinct polar rings, such as NGC 4632.

In the bottom left corner of each panel in the moment panel plots, there is
a small magenta circle. This represents the beam size for each of the panels.
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Figure 4.3: Moment one panel plot for a galaxy model of the PDR1 PRG
candidate NGC 4632 at its detected resolution of 10 BA. The colour bar on the
y-axis depicts the line of sight velocity, V7og, in units of km/s. The kinematics
panels all contain evidence of a polar component, with the exception of the
panel located at i=45°, 5=0°.
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For the panel plots, the circles are the same across every panel in the same
figure. In other plots, such as the resolution comparison figures (Figure 4.14
and Figure 4.16), these circles may change depending on the panel. A larger
circle indicates a larger beam, and therefore a lower resolution because the
galaxy width is fewer beams across.
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Ring Orientation
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Figure 4.4: Moment zero panel plot for a galaxy model of the PDR1 PRG
candidate NGC 6156 at its detected resolution of 6 BA. The colour bar on the
y-axis depicts the HI density, pgy, in units of My /pc?. The morphology does
not provide many polar ring identifiers, and only approximately half of these
panels are identifiable as a PRG.
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Figure 4.5: Moment one panel plot for a galaxy model of the PDR1 PRG
candidate NGC 6156 at its detected resolution of 6 BA. The colour bar on
the y-axis depicts the line of sight velocity, V7og, in units of km/s. Only
approximately half of the kinematics panels contain strong evidence of a polar
component.
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4.2 Effects of Angular Resolution

The angular resolution for each mock galaxy was changed by simulating an
observation made across greater distance. Using the dimensions for each ring
in the MCG input file, a ratio between the original resolution and future
resolution was developed. The size of each ring was reduced or increased by
the same factor in order to decrease or increase the mock galaxy’s resolution.
The noise levels remained at ~1.67 mJy/beam for each mock observation, and
each MCG pixel was set to a value of 6 arcsec?. The following equation was
used to determine the size of the galaxy required to achieve a resolution in
beams across:

res(wy) = Rout » (4.17)

where R,y is the radius between the outer ring and the centre of the
galaxy, res is the resolution in BA, and wy is the beam width (which was
always 30 arcsec for mock WALLABY observations). Then:

1
Routi = Tmid + irwid ) (418)

where 7,,;4 is the distance from the ring to the galaxy’s centre, and 7,4
is the lateral width of the ring. R, is the initial value of the exterior ring’s
radius. A fraction was then calculated in order to quickly alter the value for
each separate ring within the tilted ring model input parameters:

Rout
Routi

This fraction was multiplied with the r,,;4 and r,;q values for each ring,
changing the dimensions by the same ratio in order to scale the entire galaxy
equally. R, changed for each iteration, because it was based on the the goal
resolution in terms of BA. R,,, remained the same through all the resolutions
for each galaxy individually, as it was the initial value of the galaxy model’s
outermost radius. The initial galaxy values were the ones multiplied by the
fraction for each new resolution:

=

(4.19)

Tmid = Tmid; (f) . (420)

The new dimensions were submitted as the ring parameter input file into
the MCG program, and the orientation code proceeded to alter the observation
angles.
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4.2. Effects of Angular Resolution

Figure 4.6 and 4.7 are the moment zero and moment one panel plots, re-
spectively, for the NGC 4632 model galaxy at a resolution of 6 BA. This is
included as a quick reference when compared to the plots at 10 BA (Figures
4.2 and 4.3) and 3 BA (Figures 4.8 and 4.9). The effects of resolution on
identifiable features is undeniable, even for a galaxy with a ring as defined as
NGC 4632. Just under 60% of the panels in Figure 4.6 were deemed identi-
fiable when examined by three different astronomers who were familiar with
PRGs. The ring orientation angle of 90° is identifiable at every inclination,
and the inclination angle of 0° is identifiable at every ring orientation angle.
Beyond that, each panel is unique in its ability to depict the existence of the
polar component. As for Figure 4.7, approximately 80% of its panels contain
identifiable features of a polar component. This is why kinematics panels are
integral to the detection of gas-gas polar misalignments. The general regions
of low identification are the panels at middle inclination angles and low ring
orientation angles, where the velocity gradient of the ring is aligned with the
main galaxy body.

Figure 4.8 shows the NGC 4632 model galaxy moment zero panel plot at
a resolution of 3 BA. It is clear at this resolution that none of the moment
zero panels depict an identifiable polar component. Some panels demonstrate
unusual morphologies, but even NGC 4632’s clearly defined ring cannot be
discerned at this resolution. Figure 4.9 shows the NGC 4632 model galaxy
moment one panel plot at a resolution of 3 BA, which also contained no
identifiable PRG panels. Most of the velocity profiles were relatively consistent
with typical red, yellow, green, cyan, blue transitions. The panels at a galaxy
inclination of 0° only displayed the systemic velocity (green), and the panels
at an inclination of 15° barely differed with a hint of yellow in the bottom
portion. Both the moment zero and moment one panel plots for the NGC
4632 model at a resolution of 3 BA had no positively identifiable panels, and
the ring for this galaxy was very clearly defined. This is not always the case
in PRG detections, which indicates that the moment maps for other galaxies
would be equally deceptive at this angular resolution. The moment panel
plots for the NGC 6156 model demonstrate this effect, and are included in
their totality in Appendix A along with the panel plots for the NGC 4632
model.

It is evident from the moment panel plots that while the models from NGC
4632 and NGC 6156 both demonstrate a polar phenomenon, they look notably
different from one another in their moment maps. This represents the diverse
presentation of polar components in HI detections. Despite this, there were
some features in the moment one maps that seemed to be consistent among
the PRG models and were used to identify PRG candidates in PDR2.
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Ring Orientation

0° 15° 30° 45° 60° 75° 90°

Galaxy Inclination

Figure 4.6: Moment zero panel plot for a galaxy model of PDR1 PRG candi-
date NGC 4632 at a resolution of 6 BA. The colour bar on the y-axis depicts
the HI density, pgy, in units of Mg /pc?. The morphology is much clearer
than the corresponding moment zero panel plot for the NGC 6156 model, due
to the initial observation resolutions and the nature of the polar components.
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Figure 4.7: Moment one panel plot for a galaxy model of PDR1 PRG candidate
NGC 4632 at a resolution of 6 BA. The colour bar on the y-axis depicts the
line of sight velocity, Vzog, in units of km/s. The majority of these kinematics
panels are identifiable as polar ring candidates.
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Ring Orientation
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Figure 4.8: Moment zero panel plot for a galaxy model of PDR1 PRG candi-
date NGC 4632 at a resolution of 3 BA. The colour bar on the y-axis depicts
the HI density, pgr, in units of Mg /pc?. It is clear that none of the morphol-
ogy panels provide reliable evidence of a polar component at this resolution.
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Figure 4.9: Moment one panel plot for a galaxy model of PDR1 PRG candidate
NGC 4632 at a resolution of 3 BA. The colour bar on the y-axis depicts the
line of sight velocity, Vzog, in units of km/s. These kinematics panels do not
provide reliable evidence regarding the presence of a polar component.
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4.3 PRG Signatures

One of these signatures was a green main galaxy body with two dots on the
edges, coloured red and blue. This pattern is exhibited by a galaxy being
viewed from directly above, such that its velocity does not vary across the
main component and only the systemic velocity is able to be observed. If there
is a polar component, the ring in this orientation would be levelled edge-on and
appear on the kinematic diagram with a redshifted and blueshifted section.
Examples of this signature are included in Figure 4.10.

) - =
_—

p O
(a) NGC 4632 at 4 BA,i  (b) NGC 4632 at 8 BA,i  (c) NGC 6156 at 10 BA,
=0° 3 =0°. =0° 8 = 60°. i=0°8=150°.

Figure 4.10: Moment one panels that show a low galaxy inclination PRG
signature. The neutral green represents the main galaxy body travelling at
systemic velocity while the red and blue circles represent the approaching and
receding arms of the polar ring. The yellow and cyan dots in (c) are the same
concept, except observed more faintly.

Another signature that was used to identify PRG candidates was the jux-
taposition of two velocities in a symmetrical manner. At galaxy inclinations
between 30° and 60°, and ring orientation angles between 120° and 180°,
these contradictions occur. The velocity gradient that had been smooth in
the main galaxy body suddenly reverses without any intermediate sections.
The gas that was observed moving towards the observer undergoes a nearly
instantaneous shift and moves away from the observer. This indicates that
there is a ring on the edges of the main galaxy body that is moving in a fashion
kinematically opposed to that of the main galaxy body. This feature strongly
indicates the presence of a kinematically misaligned polar component of HI
gas, and some examples of this signature are included in Figure 4.11.

An evident feature of a polar ring is the space between the main galaxy
body and the gaseous ring. This is typically only a viable method of identifying

48



4.3. PRG Signatures

=

=) E O

(a) NGC 4632 at 4 BA, i = 60° 3 = (b) NGC 4632 at 8 BA, i = 45° 8 =
180°. 180°.

Figure 4.11: Moment one panels that show velocity juxtaposition as a PRG
signature. Velocity juxtaposition is where the gradient is broken by an oppo-
site colour, i.e. blue transitioning immediately into red or vice versa.

PRG candidates at higher resolutions that possess polar rings rather than
polar disks, since the low resolution observations are unable to detect the
space between the gaseous disk and the main galaxy body. When this space
can be resolved, it provides a convincing feature in the moment maps that
supports the presence of a polar component. These features can sometimes be
erroneously recreated by masking errors, so their reliability depends heavily
on the resolution of the detection and the symmetry of the identifying feature.
Some examples of the ring shape in moment one maps are included in Figure
4.12. This feature would reflect the morphology displayed in the moment zero
plot.

Another PRG indicator is when the kinematics plot resembles an addition
sign at a ring orientation angle of 90°, as shown in Figure 4.13. At higher
resolutions, the horizontal component can have a velocity gradient as well as
the vertical component. At reduced clarity conditions the horizontal compo-
nent tends to display in green. NGC 6156 has a green horizontal component
because the model was created to be accurate at a lower resolution where the
galaxy was observed. Even at higher resolutions, the quality of the original
observation weakens the features being mapped. This addition sign feature is
difficult to rely upon at low resolutions because of noise and masking. Since
the galaxy observation is so small, minimal noise could be included in the
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(a) NGC 4632 at 8 BA, i = 75° 8 = (b) NGC 6156 at 10 BA, i = 90° 8 =
120°. 0°.

Figure 4.12: Moment one panels that a show ring structure PRG signature.
These diagrams clearly depict the main galaxy body with a separate ring
component, which is not expected to be a common observation in real data
given how easily noise could obscure the vacant areas near the centre.

mask and form the horizontal component in a convincing manner. Future
analyses could model regular galaxies at low resolutions across the different
orientations in order to demonstrate which features are truly unique to PRGs
within that observation range.

Even at high resolutions, there are panels in the moment panel plots that
are not identifiable as PRGs. NGC 4632 was a well resolved galaxy, so the
model was better defined than the NGC 6156 model. Despite this, there re-
mains an unidentifiable kinematics panel in the highest resolution panel plot.
At a galaxy inclination of 45° and a ring orientation angle of 0°, the velocity
dispersion resembles a normal gradient. Without the use of the correspond-
ing morphology panel, that system orientation obscures the evidence of a
kinematic misalignment. At lower resolutions, the morphology becomes less
reliable and that panel may not be identifiable at all.

Figure 4.14 shows a resolution comparison for both NGC 4632 and NGC
6156 at this orientation that offers very little kinematic evidence of a polar
component. In the NGC 4632 moment maps (top), the galaxy could not be
identified from its morphology or kinematics panels below 8 BA. Even the
moment zero at 8 BA would be difficult to confirm as a PRG when examined
beside the moment one panel that indicates a normal velocity dispersion. This
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O O
(a) NGC 4632 at 4 BA,i  (b) NGC 4632 at 8 BA,i  (c) NGC 6156 at 10 BA,
= 60° 8 = 90°. = 75° B = 90°. i = 90° B = 90°.

Figure 4.13: Moment one panels that show the addition sign PRG signature.
At high galaxy inclination angles and 90° ring orientation angles, both the ring
and the main galaxy body contain velocity gradients that intersect through
their centres. NGC 6156’s ring component in (c) is a cyan-green-yellow gra-
dient because of the original ring’s fainter observation.

orientation in NGC 6156 (bottom) is perhaps easier to identify because of the
kinematics panels. None of the moment zero maps are conclusive, although the
high resolution panels support a PRG theory when viewed in conjunction with
the moment one maps. The redshifted and blueshifted elements in the centre
of a systemic velocity component is an indicator of a kinematic misalignment.
NGC 6156’s less distinct gas ring is easier to identify at this orientation than
the more detailed ring detected on NGC 4632.

4.3.1 Colour Map Selection

The moment maps taken from Deg et al. (2023) are a different set of colours
than those in the rest of this thesis. This is due to the different applications
of the plots. In the Deg et al. (2023) paper, the black and grey moment
zero map appears more binary and shows exactly where the gas is present
or absent. The colour scheme for the moment one map was also specifically
designed for reader perception. The red tones were made cooler and the blue
tones were made warmer such that the red toned parcels give the impression
of moving into the paper and the blue toned parcels give the impression of
moving towards the reader. Since this is the motion of the gas relative to the
observer, these colour maps were used when the galaxies were being presented.

These were not the colour maps used in this analysis because those figures
prioritize demonstration rather than identification through the accentuation
of individual features. In Figure 4.15, it is clear that the ‘plasma’ colour map
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4.3. PRG Signatures
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3BA 4BA 6BA 8BA 10BA
Resolution

Figure 4.14: Resolution comparison of NGC 4632 and NGC 6156 models at the
orientation of i = 45° and 8 = 0°. The NGC 4632 model was not identifiable
in moment one at this orientation across any of the resolutions, and was only
identifiable in moment zero at a resolution of 8 BA.

shows more details of the diffuse gas in the ring component. These details
are integral to the identification of polar signatures, so the ‘gray’ colour map
was discarded. The custom kinematics maps were very useful for the reader
to visualize the motion of the gas particles in Deg et al. (2023), however it
did not have the same detailed range of colours as the ‘jet’ colour map. The
multiple colours and clear gradient across shades allowed for specific features
in the moment one map to be identified. Since the target was to identify
kinematic anomalies, the colour map with the more obvious velocity changes
was selected.
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Figure 4.15: Comparison of colour maps for the moment zero diagrams. ‘Gray’
(a) did not show as much of the HI gas as ‘Plasma’ (b) was able to, which is
why it was selected for PRG analyses.

4.4 Detectability Fraction

Figure 4.16 shows each galaxy at the same orientation observed at different
angular resolutions in order to demonstrate that the lower resolution plots are
not reliable indicators of polar morphology or kinematics. The red X’s mark
the panels that could not be positively identified as PRGs, and the green check
marks were given to panels that were able to be identified as potential PRGs.

The moment panel plots at each resolution were assessed for PRG de-
tectability by three WALLABY collaborators including the author, and the
moment maps for each inclination and orientation were given a pass or fail
grading on whether they could be identified as a PRG. The detectability esti-
mates were done conservatively, with the intentions of imitating the detection
fraction that would be found by unfamiliar astronomers as closely as possi-
ble. This meant that panels with slightly questionable identifiers were given
a fail grade. Figure 4.17 demonstrates the detectability fraction that was cal-
culated using these plots on the bottom panel. The dotted lines represent
the detectability fraction generated from the moment zero panels, and the
dashed lines represent the detectability fraction generated from the moment
one panels, when each were viewed independently. The solid lines represent
the detectability fraction generated at each orientation when the moment zero
and moment one maps were viewed together, which best replicates the gen-
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Moment 0
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Figure 4.16: Resolution comparison plot for the galaxy models of both PDR1
PRG candidates at a constant orientation (Deg et al., 2023). The galaxies
are depicted at the i=45° $=30° orientation with moment zero in the top
row and moment one on the bottom row for each candidate. The red X’s
indicate panels that could not be identified as PRGs, and the green check
marks indicate panels that provided sufficient evidence to be identified as
potential PRGs.

uine process of PRG identification. Despite the detectability fraction for each
galaxy model varying considerably during individual moment panel assess-
ments, the solid lines demonstrate that the identification of polar rings is
relatively consistent when the moment zero and moment one maps are ex-
amined together. The black line in Figure 4.17 represents the average of the
solid lines for both PRG models, and was used to interpolate the intermediate
detectability fraction values at the untested resolutions of five, seven, and nine
beams across.
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Figure 4.17: Detectability fraction of PRG models at different angular resolu-
tions (bottom), with separate dashed lines for each galaxy model’s morphology
and kinematics. The solid lines represent the combined examination of panels
from both moment zero and moment one, and the black solid line represents
the average total between both galaxy models. The galaxy resolution distri-
bution (top) demonstrates how many objects were detected in PDR1 at each
resolution in order to determine the weighted incidence.

The top panel in Figure 4.17 shows the number of galaxies detected in
PDRI1 at each resolution, as listed in the WALLABY Data Release catalogues.
The detection bins are aligned with the detectability fraction of that resolution
on the bottom panel. It was clear from this figure that the majority of PDR1
objects were detected in the 3 BA range, which had a detectability fraction of
zero. None of the moment maps at any orientation demonstrated clear signs
of a polar component that could be positively identified when detected at 3
BA. This figure depicts how many existing PRGs cannot be identified due to
the resolution of their detections.
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4.4.1 PDRI1 Incidence Calculations

The incidence of PRGs in each phase of the WALLABY survey was calculated
using the following equation:

f’ _ Ndetected
C Dy
where f; is the incidence of PRGs, Ngetectea i the number of PRGs iden-
tified in the data set, IV} is the number of elements in each bin, Dy is the
detectability fraction at each bin’s resolution, and ), sums the product of
the last two variables across all the bins.

(4.21)

Resolution (BA) | Detectability Fraction | Number of Detections | Product

3 0/49 212 0

4 18/49 115 41

5 30/49 52 32

6 38/49 22 17

7 43/49 16 14

8 46/49 14 13

9 47/49 6 6

10 48/49 7 7
Sum 130

Table 4.1: Incidence fraction calculations for PDR1. The detectability frac-
tion (as displayed in Figure 4.17) was multiplied by the number of detections
in order to determine the product, which was then summed to generate the
denominator for Equation 4.21. The product column is rounded to the near-
est integer. Some of the detectability fractions may have had a non-whole
numerator due to the averaging of NGC 4632 and NGC 6156 data, and the
interpolation of intermediate data points. In this table, the numerators of the
detectability fraction are also rounded to the nearest integer.

Using the values in Table 4.1, the incidence of PRGs in PDRI1 could be
calculated as:

2
Fi= T390

which translates to a gas-rich PRG incidence of ~1.5%. If the methodology

is accurate, a similar incidence percentage should be calculated with the data
from PDR2.

= 0.0154 , (4.22)
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4.5 Summary

This chapter presented the sequence and methodology of the PRG incidence
calculations used with WALLABY PDR1 data. The moment panel plots were
described and included in Section 4.1, and the effects of angular resolution
were demonstrated in Section 4.2. Some of the PRG signatures that were
used to identify PRG candidates from their moment maps were highlighted
in Section 4.3, before the detectability fraction was calculated in Section 4.4.
The incidence of gas-rich PRGs in PDR1 of the WALLABY pilot survey was
estimated to be ~1.5%. The methodology outlined in this chapter is applied
to WALLABY PDR2 data in Chapter 5.
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Application to PDR2

Chapter 4 introduced the moment panel plots and detectability fraction that
are integral to the weighted incidence estimate of gas-rich PRGs in WALLABY
pilot fields, and estimated this incidence to be ~1.5% in PDR1. This chapter
applies the same methodology to PDR2 data after examining the detections to
identify PRG candidates. Section 5.1 introduces three PRG candidates from
the PDR2 data, and compares their morphology and kinematics to panels from
the moment panel plots introduced in Section 4.1. Section 5.2 calculates the
incidence of gas-rich PRGs in WALLABY PDR2, which is compared to the
incidence found using PDR1 data in Section 5.3. Section 5.3 also discusses the
results and limitations of this thesis while highlighting areas for future study.

5.1 PDR2 PRG Candidates

There were many galaxies in PDR2 that had unique morphology and kinematic
markers that suggested the presence of misaligned features. In order to assess
the moment plots of the PDR2 detections, potential PRG candidates were
compared to the moment panel plots of the models for PDR1 PRGs NGC 4632
and NGC 6156 that corresponded to their observation resolution (see Section
4.1). A PRG candidate was identified if there were similarities between the
observed galaxy and the modelled galaxy at a certain orientation or orientation
range. The orientation had to match for both the moment zero and moment
one plots before it could be deemed a reasonable comparison. Three PDR2
galaxies exhibited significant features of polar rings, to varying degrees of
certainty. These galaxies were selected as polar ring candidates until further
research can be done that examines them more closely. Note that the moment
maps of the PDR2 detections are slightly compressed in Figures 5.2, 5.5, 5.8,
and 5.11 in order to facilitate comparison to the PRG model moment maps.
The PDR2 PRG candidate galaxies also had their position angles altered by
90° in Figures 5.8 and 5.11 to accentuate the similarities between their moment
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5.1. PDR2 PRG Candidates

maps and those of the PRG models.

The first candidate, WALLABY J125548+4-041805 (W1255), is the most
convincing and its moment maps are presented below in Figure 5.1. Due to
the galaxy’s orientation and the position of the ring, the moment one map
shows a regular velocity gradient. The moment zero map, however, shows a
main galactic body with a displaced ring of gas surrounding it. At a resolution
of 17 beams across (BA), as listed in the PDR2 detection catalog, this ring of
gas is relatively distinct. At a lower resolution, this galaxy may not have been
able to be identified as a PRG candidate due to the absence of signatures in
the moment one map.

WALLABY J125548+041805

|

MomO Mom1

Veas (kmy's)

Figure 5.1: WALLABY galaxy J1255484-041805, a PRG candidate from
PDR2, detected at a resolution of ~17 BA. The moment zero plot (left)
demonstrates a clear gaseous misalignment while the moment one plot (right)
shows little evidence of anomalous gas.

Figure 5.2 shows the moment zero plot for W1255 compared to a panel
from the NGC 4632 model at a resolution of 10 BA. This galaxy was deter-
mined to approximate the model galaxy’s plots at an inclination of ¢ = 30°
and a ring orientation angle of 5 = 0°. Figure 5.2 also shows the moment one
plot from the same candidate beside the moment one panel from the NGC
4632 model at the same observation conditions. The observed galaxy may be
tilted compared to the modelled plots because the position angle of the sys-
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5.1. PDR2 PRG Candidates

Figure 5.2: Comparison of moment zero (top) and moment one (bottom) maps
for W1255 (left) and a panel from the NGC 4632 model’s moment zero panel
plot (Appendix A) at a resolution of 10 BA (right) with i = 30° and § =
0°. Both moment zero maps depict a bright central component with a fainter
ring that extends in an oblong shape beyond the main galaxy body, leaving a
gap above and below. Both moment one maps depict a relatively consistent
velocity gradient without compelling evidence of a polar component.

tem does not affect its morphology or kinematics. This comparison strongly
supports the presence of a kinematically misaligned gaseous polar component
in W1255.

W1255 cross-matches to the well-known galaxy NGC 4808, and the Legacy
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Survey DR10 (Dey et al., 2019) image of the object is included in Figure
5.3. It is clear that NGC 4808 is a spiral galaxy, rich with blue star forming
regions in its arms and a yellow central component indicating an older star
population. Recall that the polar rings being investigated in this study are
gas-gas misalignments, which are invisible in the optical wavelength range
unless the gaseous ring begins forming stars. The lack of polar components
in the Legacy images suggest that if a stellar counterpart to the HI ring is
present, it is very faint.

Figure 5.3: NGC 4808 (W1255) as viewed in the optical by DECaLS (Dey
et al., 2019).

The second PRG candidate is slightly less convincing, but nonetheless ex-
hibits reasonably clear signatures of a kinematic misalignment. Moment zero
and moment one maps for WALLABY J130056-135640 (W1300) are presented
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5.1. PDR2 PRG Candidates

in Figure 5.4. In the moment zero panel, a ring-like structure can be seen
around a main galaxy component. The resolution being 10 BA supports that
the observations are accurate, and that this galaxy does possess a misaligned
component. The kinematic diagram supports the presence of a kinematically
misaligned gas ring as well. The green component in Figure 5.4 (gas near
the systemic velocity) has a ring-like shape, and appears to be rotating in a
plane separate to the main galaxy that shows its own velocity gradient in the
East-West direction. However, there are gaseous shreds above and below the
ring that could indicate that the features being observed are simply noise.

WALLABY J130056-135640

a

MomO Mom1

g
Vias (km/s)

Dy (M /pc?)

250

Figure 5.4: WALLABY galaxy J130056-135640 from PDR2, detected at a
resolution of ~10 BA. The moment zero plot (left) shows a nearly complete
ring structure surrounding the main galaxy body, and the moment one plot
(right) demonstrates that the ring structure is rotating in a different plane
than the main galaxy body.

The ring of W1300 was less well defined, as was the case for NGC 6156, so
the moment map comparison was better suited to the NGC 6156 model galaxy
at 10 BA. Figure 5.5 compares the moment maps for W1300 to moment maps
from the NGC 6156 model’s panel plot at an inclination of 90° and a ring
orientation angle of 60°.

It was expected that the model panels would not match the observations
exactly, for a variety of reasons. The models have smooth, circular rings
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Figure 5.5: Comparison of moment maps for W1300 (left) and panels from
the NGC 6156 model’s moment panel plots (Appendix A) at a resolution of
10 BA (right) with i = 90° and 5 = 60°. Both moment zero (top) maps depict
a bright central component surrounded by a wide oval ring, leaving gaps on
both sides of the main galaxy body. Both moment one (bottom) maps depict a
central component consisting primarily of blue and red sections, with a neutral
green shaded ring component that trends slightly towards yellow on one side.

inclined at precisely 90° with a uniform dispersion of gas. There is a constant
level of noise, and no other objects that could hinder observation. In the
WALLABY detections, a certain amount of deformation does not indicate the
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lack of a polar component. Many polar rings are elliptical rather than perfect
circles, and they are not always inclined at exactly 90° from the main galaxy
body. Real data cubes are not always as cleanly masked as the galaxy models
were, since there could be varying gaseous interference or abnormalities during
observation.

W1300 cross-matches to NGC 4899, and an optical image from the Legacy
Survey is shown in Figure 5.6. The optical image clearly depicts a spiral
galaxy with a yellow centre and blue arms, indicating active regions of star
formation similar to NGC 4808.

The third candidate is the least convincing, but contains sufficient po-
tential to be considered a PRG candidate. The moment zero and moment
one maps of WALLABY J130943-163617 (W1309) are presented in Figure
5.7. The kinematics of this galaxy are definitely unusual and possibly con-
sistent with a polar disk. There is evidence of green systemic velocity gas
with redshifted and blueshifted components superimposed, which indicates
two separate planes of rotation. The tail-like portions of the red and blue
components were deemed a unique feature that is neither evidence for nor
against the presence of a polar disk. The misaligned portion also fades from
green to yellow on the side with the red component, and from green to cyan
on the side with the blue component. This small detail indicates that there
may be something more than simple noise or interference occurring in this
observation. In the morphology panel, there is a dense central component
surrounded by a sparse disk of gas. This could be noise, however a resolution
of 11 BA is typically reliable in terms of PRG detections (see Figure 4.17).
Future studies and a more in-depth observation of W1309 could confirm the
presence of a polar component.

Despite being observed at 11 BA, W1309’s misaligned gaseous component
was much less complete during its observation which made finding an exact
comparison difficult. It also has some unique features that extend outward
from the main galaxy that alters its appearance. Nevertheless, Figure 5.8
shows the third PRG candidate compared to the NGC 4632 model at a res-
olution of 10 BA, an inclination of 75°, and a ring orientation angle of 0°.
W1309 likely possesses a polar disk, so the ring features in the model PRG
panels were used as a reference for extrapolation. Recall that the primary
difference between a polar ring and a polar disk is the space between the
misaligned component and the main galaxy body. By extending the patterns
observed in the modelled ring towards the galaxy body, the presentation of
a polar disk at this orientation can be estimated. The moment zero map for
this galaxy depicts a sparse gaseous component, perhaps due to the mask
that was applied, which makes the moment one maps a far more compelling
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Figure 5.6: Optical image of NGC 4899 (W1300) from DECaLS (Dey et al.,
2019).

comparison.

Since W1309 is relatively consistent with modelled PRG signatures and
orientations, it was able to be included as a PRG candidate. Figure 5.9 shows
the Legacy Survey DR10 image of W1309, which cross-matches to IRAS 13070-
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WALLABY J130943-163617
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Figure 5.7: WALLABY galaxy J130943-163617, a PRG candidate from PDR2,
detected at a resolution of ~11 BA. The moment zero plot (left) shows faint
evidence of a potential disk structure surrounding the main component, while
the moment one map (right) indicates that the dispersed gas may be rotating
in a different plane from the galaxy body.

1620. While it is difficult to discern any details from this saturated image, the
general shape of the galaxy body is consistent with the disk galaxy that was
expected from the HI data.

Poorly resolved galaxies were also identified that show some evidence of
having a polar component, but the reliability of the detections was insufficient
for them to be considered PRG candidates for the purposes of estimating
incidence. The moment zero and moment one plots for all of these tentative
PRG candidates are included in Appendix B, with one discussed below for
illustrative purposes.

WALLABY J131649-133623 was observed in DR3 of the NGC 5044 group
at a resolution of approximately 3.7 BA. Individual pixels can be seen in
the moment zero and moment one maps, Figure 5.10, which demonstrates
the low resolution before even knowing the beams across value. There is
an oblong central component that trends towards yellow on the side canted
slightly towards the redshifting component, depicted by a red circle on the
Eastern side of the galaxy. The blueshifting component on the Western side
of the galaxy neighbours the portion of the central component that shifts
towards cyan. The middle element averages the green of the object’s systemic
velocity, which could indicate a kinematically misaligned component. Despite
the hints of PRG signatures in the moment one map, this galaxy was not
considered a candidate because at this low resolution the abnormalities could
stem from instrumental effects or noise. This will be demonstrated further
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Figure 5.8: Comparison of moment maps for W1309 (left) with the PA rotated
90°, and a panel from the NGC 4632 model’s (right) moment panel plots
(Appendix A) at resolutions of 10 BA with i = 75° and § = 0°. Both moment
zero maps (top) depict a bright central component with a fainter widespread
ring/disk of diffuse gas. Both moment one maps (bottom) demonstrate a
nearly neutral polar component that trends towards yellow on one side and
cyan on the other, as well as strong blue and red sections found relatively close
together in the centre of the maps.

with 3D cube projections in Section 5.1.1. The moment zero map has no
discernible abnormalities, only a brighter central component that is typical
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5.1. PDR2 PRG Candidates

Figure 5.9: IRAS 13070-1620 (W1309) in the optical from DECaLS (Dey
et al., 2019).

for most detections at this resolution. It was compared to the NGC 6156
model at 3 BA in Figure 5.11.

These plots look ostensibly similar, down to the ring of yellow around the
inner edge of the red circles in both moment one maps, but with the low
resolution of the data and the lack of a normal galaxy panel for comparison it
is not feasible to include candidates like this into the incidence calculations.
The incidence calculations have an uncertainty of plus or minus one galaxy,
to account for the potential PRGs included in Appendix B that were detected
at low angular resolutions and could not be supported by 3D rendering.
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WALLABY J131649-133623

By (Mo fpci)
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Figure 5.10: WALLABY galaxy J131649-133623, detected at a resolution of
~3.5 BA, which exhibits some PRG signatures. The moment zero map (left)
shows no evidence of a polar component, but the moment one map (right)
depicts an elongated central portion, travelling predominantly at the object’s
systemic velocity, that could indicate a kinematically misaligned gaseous com-
ponent.

PRG Candidate | Angular Resolution
NGC 4808 17 BA
NGC 4899 10 BA
W1309 11 BA

Table 5.1: PRG candidates from PDR2 of the WALLABY pilot survey and

the angular resolutions of their detections.

5.1.1 3D Visualization

In order to further narrow the PRG candidates from PDR2, a three-dimensional
FITS file viewer called Slicer (Fedorov et al., 2012) was used. Slicer’s 3D ren-
dering and rotation capability allows the form of both the main galaxy and
polar components to be seen much more clearly amid the noise. In Figures
5.12 to 5.16, individual frames were selected at orientations that best exem-
plified the polar component for each of the PRG candidates identified above.
A Slicer image of the tentative PRG WALLABY J131649-133623, among the
objects given in Appendix B but not considered in the incidence calculation of
Section 5.2, was also included in order to demonstrate why the features seen
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5.1. PDR2 PRG Candidates

Figure 5.11: Comparison of moment maps for WALLABY J131649-133623
(left), with the PA rotated 90°, and panels from the NGC 6156 model’s panel
plot (Appendix A) at a resolution of 3 BA (right) with i = 60° and g = 90°.
Neither moment zero map (top) exemplifies sufficient evidence to be identified
as a PRG, although they are similar in that the central component is a circle
with slightly elongated bits of gas. Both moment one maps (bottom) depict
a red and blue dot on either side of an elongated central component with
a neutral green velocity colour. The elongated component on both galaxies
trends towards yellow on one side and cyan on the other.

in the moment plots cannot be entirely relied upon at lower resolutions.
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Figure 5.12: NGC 4808, for which moment maps are shown in Figure 5.1,
viewed in Slicer at a noise threshold of approximately 1.85 mJy/beam. The
elongated blue component is the central galaxy, and the green circle surround-
ing it is the ring component. The denser portions of the ring are seen in blue.

Figure 5.12 shows a 3D view of W1255. The rendering threshold value for
this image was set to ~1.85 mJy/beam. This is a relatively high threshold
compared to the other cubes that were examined, but acceptable because of
the clarity of the ring component. The green gas forms the ring structure, and
is sufficiently well-defined as to even contain some blue, brighter emission. It
is clear from this image that the galaxy contains some form of tilted ring
structure. The y-axis in this 3D view reveals a blue hook-like structure that
connects the main galaxy body with the polar component. This suggests that
perhaps the tilted ring is an extreme warp rather than a wholly separate polar
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ring.

Figure 5.13 shows W1300 in 3D. While it is not as clear as NGC 4808’s
ring in Figure 5.12, there is still clear evidence of a polar component. There
are a few especially dense clumps in the ring that reveal themselves in blue,
but the misaligned component is primarily represented through defined green
clumps forming a nearly complete circle. Even through the noise, it is clear
that there exists a secondary component that is offset from the main galaxy
body, reinforcing this galaxy as a PRG candidate.

Figure 5.13: NGC 4899, for which moment maps are shown in Figure 5.4,
viewed in Slicer at a threshold of approximately 1.31 mJy/beam. The elon-
gated blue component is the central galaxy, and the tilted ring can be discerned
among the noise as a partially complete dense green circle. The more translu-
cent green specks within the image represent noise.
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Figure 5.14: W1309, for which moment maps are shown in Figure 5.7, viewed
in Slicer at a threshold of approximately 1.54 mJy/beam. The elongated blue
component is the central galaxy, and the ring can be partially seen through a
pattern of thicker and brighter green flecks. A second 3D orientation for this
detection is shown in Figure 5.15.

Figures 5.14 and 5.15 show different 3D projections of W1309, the least
convincing PRG candidate in PDR2. The two figures show this galaxy at
different orientations, because the ring structure is more difficult to see without
the benefit of live cube rotation. Figure 5.14 shows a side view where portions
of the ring component can be seen. They appear as green clumps that are
slightly brighter than the noise surrounding them. Note that there is a slice
of empty space visible through the model on the —z axis, which cuts through
the blue main body in Figure 5.14 and is caused by flagged pixels in the
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Figure 5.15: W1309 viewed in Slicer at a second orientation with the same
threshold value as in Figure 5.14. The main galaxy remains visible as the
elongated blue component, but the ring is evidenced more clearly when viewed
edge-on. The clumps of green that intersect the blue component in a dense
line represents the ring, and the more translucent green flecks represent the
noise.

PDR2 data cube. While Figure 5.14 may not be convincing on its own, it is
supported greatly by the second projection of the same dataset in Figure 5.15.

At this projection, the ring in W1309 is viewed edge-on. There is clearly
an amalgamation of green gaseous elements that are located in a plane offset
from the main galaxy component. At the relatively high resolution of this
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observation, this is unlikely to be coincidental and constituted the deciding
factor in including this detection in the list of PRG candidates in PDR2.

\

Figure 5.16: WALLABY J131649-133623, for which moment maps are shown
in Figure Appendix B, viewed in Slicer at a threshold of approximately 0.96
mJy/beam. The patchy blue component represents the main galaxy body,
and if a polar component is present it cannot be discerned amongst the green
clumps of noise at this resolution.

For completeness, Figure 5.16 shows a 3D view of WALLABY J131649-
133623. The Slicer views of the other objects in Appendix B were a large
contributor to their omission from the list of PRG candidates. In this image,
even with the very low noise threshold value allowing all faint emission to
be rendered, there is no discernible ring structure. Thus while the hints of a
polar structure in its moment maps (Figure 5.10) may indicate a tilted ring of
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gas in this galaxy, at this resolution there is marginal evidence for one in 3D.
The signatures seen in the moment maps may therefore be caused by masking
artifacts due to the local noise fluctuations.

5.2 PDRZ2 Incidence Calculations

The detectability fraction that was determined while studying PDR1 (Section
4.4) was used again in the PDR2 study since it was based on observation con-
ditions unspecific to any particular PRG. These fractions were determined by
examining each panel in the moment panel plots (Section 4.1) at five different
resolutions. The fraction of identifiable PRG orientations was recorded for
both galaxy models, as was discussed in Section 4.4.

Two PRG candidates were identified in the first phase of the WALLABY
study, and three were identified in the second phase. PDR1 only contained
592 objects, compared to PDR2’s 2743 objects. Figure 5.17 demonstrates
how PDR1 detected far fewer objects at lower resolutions than PDR2, but
how the objects detected have relatively higher angular resolutions. At res-
olutions where PRGs are consistently identifiable, PDR1 and PDR2 yielded
similar sample sizes. This is important when considering the incidence of
PRGs weighted by the detectability fraction at the observation’s resolution
(see Figure 4.17). At 3 BA, the detectability fraction is zero. That means
that for the purposes of the incidence calculations, none of the galaxies in
that bin were counted for PDR1 or PDR2. The low weight of low resolu-
tion detections puts PDR2 nearly equal to PDRI1 in terms of constraining the
incidence of PRGs from WALLABY’s pilot survey phase.

The equation used to calculate the incidence of PRGs in PDR1 (Equation
4.21) was used again to calculate their incidence in PDR2 using the data in
Table 5.2:

fi = 153 331 = 00151 . (5.1)

which translates to an incidence of ~1.5%, essentially identical to the
incidence of PRGs calculated using the PDR1 data (see Section 4.4.1).

Note that the detectability fractions in Table 5.2 are the same as those
in Table 4.1, as a detectability analysis using PRG models of the PDR2 can-
didates was not within the scope of this thesis. Since the two PRG mod-
els from PDR1 varied greatly in their individual detectability fractions but
yielded very similar results when the moment zero and moment one maps
were viewed together, it is unlikely that additional modelling would cause
the average detectability fractions to differ significantly. Future studies could
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Figure 5.17: Comparison of detections and resolutions between PDR1 (light
green) and PDR2 (dark green). PDR2 had more detections overall, but they
were heavily weighted towards lower resolutions where PRG signatures are

unreliable.

refine the results generated in this analysis by creating moment panel plots
and detectability fractions for the PDR2 candidates. This would reinforce
the average detectability fraction values and create a more reliable incidence
estimate for gas-rich PRGs.

In order to account for uncertainties in the identification of PRGS, Nyetected
(the number of PRGs identified in the data set) was varied by one galaxy in
both directions. This created an incidence range of ~1% to 2% for both PDR1
and PDR2 when rounded to the nearest percent. These ranges are consistently
larger than literature values for gas-gas polar kinematic misalignments, and
are relatively consistent with each other. The PDR2 results support the con-
clusions drawn from the PDR1 data, now with a larger sample.
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5.3. Summary

Resolution (BA) | Detectability Fraction | Number of Detections | Product

3 0,/49 719 0

4 18/49 210 76

5 30/49 68 42

6 38/49 36 28

7 43/49 26 23

8 46,49 20 19

9 47/49 6 6

10 48,49 6 6
Sum 200

Table 5.2: Incidence fraction calculations for PDR2. The detectability fraction
(see Figure 4.17 and Table 4.1) was multiplied by the number of detections
in order to get the product, which was then summed in order to get the de-
nominator for Equation 4.21. The product column is rounded to the nearest
integer. Some of the detectability fractions may have had a non-whole nu-
merator due to the averaging of NGC 4632 and NGC 6156 data, and the
interpolation of intermediate data points. In this table, the numerators of the
detectability fraction are also rounded to the nearest integer.

5.3 Summary

This chapter applied the analysis conducted on the PDR1 data to the detec-
tions from WALLABY PDR2. Section 5.1 introduced the PRG candidates
that were identified from PDR2 data and compared them to panels from the
moment map panel plots generated using the NGC 4632 and NGC 6156 mod-
els (see Section 4.1). Section 5.2 calculated the incidence of gas-rich PRGs in
WALLABY PDR2 to be ~1.5%, essentially identical to that estimated from
PDR1 data but using a significantly larger sample.
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Discussion & Conclusion

By using the detectability fraction to calculate the genuine incidence of gas-
rich PRGs, the suspected number of these objects increased dramatically.
Only five PRG candidates were discovered in a combined survey of 3335 ob-
jects. That would imply an incidence of ~0.15% for gas-gas polar misalign-
ments if resolution effects were ignored, which is a lot closer to the accepted
literature value of ~0.1% (Reshetnikov et al., 2011). It is clear that the ori-
entation and resolution of radio astronomy detections is more than capable of
obscuring the necessary evidence to identify PRGs, which is why the incidence
of PRGs may have been consistently underestimated. Future studies may ex-
tend this analysis to other unique objects found throughout the Universe in
order to determine how the observation conditions affect their predicted in-
cidence. There may be a variety of phenomena that occur more often than
previously estimated, due to the difficulties associated with identification, the
effects of resolution, and the orientation of the object.

The incidence analysis conducted for PDR1 of the WALLABY survey fol-
lowed the exact same procedure as the PDR2 analysis, the only difference
between the two being the data sets. There were more galaxies in PDR2, but
most of those galaxies were observed at lower resolutions. There was only one
additional PRG candidate in PDR2 than was found in PDR1, but with the
weighted summation of galaxies based on their resolution, this extra galaxy
was sufficient to maintain balance. Having an incidence estimate that was
essentially identical in both data sets is encouraging. Even if the least con-
vincing candidate is not included in the calculations, an incidence of ~1% is
still much greater than earlier estimates.

Discovering the true incidence of gas-gas polar kinematic misalignments
is important to extragalactic astronomy (Whitmore, 1984) and the study of
dark matter (Khoperskov et al., 2014b; Whitmore et al., 1990; Moiseev et al.,
2015). There have been many incidence estimates of gas-star PRGs that were
much greater than the ~0.1% (Reshetnikov et al., 2011) allotted to gaseous
components and younger galaxies. While this is reasonable, given the base
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statistics of older galaxies having had more opportunities to interact with
other galaxies or accrete gas from their surroundings, it has caused gas-gas
PRGs to be overlooked. Many formation theories were based off of elliptical
galaxies with an exhausted main body and a polar component that was rich
with gas and star forming regions (Moiseev, 2014; Sparke and Cox, 2000;
Wakamatsu, 1993). This is not the case for all polar misalignments, and the
results of this thesis support the presence of a competitive number of gas-rich
PRGs in the local Universe. PRGs with ample amounts of HI gas in both the
main galaxy body and the polar component imply a polar ring formation at
a relatively young age, and are perhaps not as rare as astronomers believe.

This analysis contained some limitations that must be acknowledged when
referencing the true incidence of gas-rich PRGs in the local Universe. First,
the models used to create the moment panel plots were very idealized with
respect to their shape and inclination. The ring was assumed to be both
perfectly circular and perfectly polar, inclined at 90° exactly for consistency
and simplicity. PRGs can exist with a wide range of inclinations, which may
look quite different in the morphology and kinematic diagrams. Transition-
ing rings were also not accounted for during the analysis, as their moment
maps may closely resemble that of the PRGs at various orientations. Further
studies could investigate low inclination kinematic misalignments at various
observation conditions in order to test the results gathered in this study or to
research how other phenomena present in moment maps. The rings, polar or
otherwise, are also not likely to be a perfect circle, and could extend laterally
in thicker disk-like components that would alter the way they are observed.
Future analyses could model polar disk galaxies with thicker polar compo-
nents and create similar moment panel plots for them. This could also be
undertaken for misshapen rings and polar components inclined slightly offset
from perfectly polar; somewhere between 70° and 110° from the major axis of
the galaxy body.

The detectability fraction at each resolution was determined through vi-
sual examination from only three scientists that were well-versed in the area.
In order to reinforce the specific detectability fraction of PRGs, it may be
useful to circulate the panels to subject matter experts on a wider scale. This
would provide a more reliable average detectability fraction among extragalac-
tic radio astronomers, however it may also skew the fraction when astronomers
who are unfamiliar with PRGs are considered. Applying fresh perspectives to
the various observation conditions would provide a more realistic detectability
fraction outside of the PRG community. The panel plots themselves contain a
detectability paradox: since the observer knows that the object being modelled
is a PRG, they will be more likely to discern identifiable features. Perhaps

80



when they are circulated among astrophysicists, the panels could be presented
as individual galaxies. This way, observers would not know that every panel
is in fact a PRG and it would simulate more closely the process of detecting
polar components among real galaxy observations.

Future studies could alternatively focus on automated methods of identify-
ing PRGs. Computing programs running kinematic analyses on detected ob-
jects may fail consistently when a PRG is encountered, or the polar component
may be identified as an asymmetrical feature of the gas dispersion. Anomalous
results from galaxy identification programs may be a faster method of narrow-
ing detections down to only the most likely PRG candidates. Furthermore, the
detectability analysis in this thesis generated the first set of predictive plots
for the presentation of PRGs in HI data at different orientations. These plots
could be used as the basis for future machine learning projects surrounding
gas-rich PRG identification.

The noise in data cubes from widefield surveys such as WALLABY can be
included in the SoFiA mask inadvertently, which can cause there to be spuri-
ous PRG markers. It could also erase PRG signatures if they are too faint or
if there happens to be too much noise in that region. The interference experi-
enced by radio telescopes adds another layer of uncertainty into this anaylsis
that is difficult to account for. Future analyses could use three-dimensional
modelling programs, like Slicer, to view the data cubes and understand where
the observations are coming from. This was done for the WALLABY PDR2
PRG candidates, and was integral to narrowing down which candidates were
viable and which candidates were too poorly resolved to be included in the
incidence estimate.

It should also be acknowledged that this incidence calculation relied on
PRG candidates from both PDR1 and PDR2 of the WALLABY survey. These
galaxies have not yet been confirmed as PRGs through kinematic modelling
(Deg et al., 2022), only targeted as strong contenders that should be researched
further. Some of these candidates have moment maps that are very convincing
on their own, while others have moment maps with indicators that are not
quite as unquestionable. This is why an uncertainty of one galaxy was included
in the incidence calculations, in order to account for the potential PRGs still
being in their candidacy phase of discovery. Even if the incidence is at the
lower end of the estimated scale, ~1% is still significantly greater than the
literature value of 0.1% estimated by Reshetnikov et al. (2011) and worth
noting for future studies.

The PRG incidence being approximately ten times greater than previ-
ous estimates indicates that galaxies are experiencing acquisition events more
frequently than was previously believed. This is an important detail in the
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study of galactic interactions as well as the formation mechanisms of PRGs
themselves. It will also be useful in future radio astronomy surveys that may
contain galaxies with polar features in their morphology and kinematics dia-
grams. The moment panel plots can be used as a reference in future scientific
endeavours when a PRG candidate has been discovered, and the updated in-
cidence of these objects can be used to support future candidates as well.
Cosmological simulations (Maccio et al., 2006; Brook et al., 2008) can also be
refined with the knowledge that polar gas acquisition events occur approxi-
mately ten times more often in gas-rich galaxies than previously believed.

To summarize this thesis, three PRG candidates were identified in WAL-
LABY PDR2. NGC 4808 is the most promising candidate, presenting with a
clear HI ring surrounding its main galaxy body when examined in its moment
zero map. Its moment one map does not offer many details regarding a polar
structure, but is consistent with the moment maps of model PRGs at low ring
orientation angles. NGC 4899 is the next most convincing candidate from the
morphology and kinematics analyses that were conducted in this thesis. It
possesses an HI ring-like structure that is visible in the moment zero map,
with only a few gaps on the left side of the ring. The moment one map de-
picts a ring shape as well, where the gas particles are moving at the systemic
velocity. This indicates that the plane of rotation for the misaligned section
of the galaxy is different than that of the main galaxy body. The left side
of the ring either does not exist, was erroneously removed by the mask, or
was unable to be resolved even at 10 beams across. W1309 is the third and
final PRG candidate from PDR2. It is the least convincing due to the patchy
observations of the gaseous disk as well as the anomalous shape seen in the
moment one map. There are two arms reaching out of the main galaxy body
which do not necessarily negate the existence of a polar component, but they
do suggest the possibility of some other phenomenon.

Through the examination and evaluation of ~980 individual moment pan-
els, a resolution dependent detectability fraction for PRGs was able to esti-
mated. The panels consisted of moment zero and moment one maps for an
NGC 4632 model galaxy and an NGC 6156 model galaxy at 49 different ori-
entations. The model galaxies’ inclinations were observed at seven different
angles, and their ring orientation angles were altered to seven different posi-
tions. The dimensions of each ring within the tilted ring model were adjusted
in order to simulate observation at five different angular resolutions. The de-
tectability of each galaxy was expressed as a fraction for each of the resolution
settings, and plotted in order to observe the trend. The trend that was found
across the tested resolutions of three, four, six, eight, and ten beams across
was extrapolated such that detectability fractions could be used for the in-
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termediate resolutions of five, seven, and nine beams across. These values
were used in conjunction with over 3000 detections from the pilot phase of
the WALLABY survey in order to determine the amount of PRGs that could
have been identified in each resolution range if they existed. The number of
PRG candidates in PDR1 and PDR2 were used with this weighted detectabil-
ity value such that the total gas-rich PRG incidence in each phase could be
estimated.

The difference between the PDR1 and PDR2 results was effectively neg-
ligible, as both data sets estimated a gas-rich PRG incidence of ~1.5% and
an incidence range including uncertainties of ~1%-2%. The lower limit alone
indicates that PRGs are approximately ten times more abundant than the
canonical literature value of ~0.1% (Reshetnikov et al., 2011). These results
could be further supported by future studies using WALLABY data, or de-
tections from another untargeted radio survey. This analysis manipulated the
tilted ring models of two previously identified PRG candidates from PDRI,
evaluated ~980 mock observation moment panels, and identified three PRG
candidates in WALLABY PDR2. This thesis estimates the weighted incidence
of gas-rich polar displacements in WALLABY pilot fields to be ~1.5%, pro-
viding new insight into the nature of these unique systems and the challenges
associated with their study.
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A Moment Panel Plots
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Figure A.1: Moment zero panel plot for the NGC 4632 model galaxy at a
resolution of 3 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.2: Moment one panel plot for the NGC 4632 model galaxy at a
resolution of 3 BA. The colour bar on the y-axis depicts the line of sight

velocity, VLos, in units of km/s.
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Figure A.3: Moment zero panel plot for the NGC 4632 model galaxy at a
resolution of 4 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.4: Moment one panel plot for the NGC 4632 model galaxy at a
resolution of 4 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.5: Moment zero panel plot for the NGC 4632 model galaxy at a
resolution of 6 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.6: Moment one panel plot for the NGC 4632 model galaxy at a
resolution of 6 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.7: Moment zero panel plot for the NGC 4632 model galaxy at a
resolution of 8 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.8: Moment one panel plot for the NGC 4632 model galaxy at a
resolution of 8 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.9: Moment zero panel plot for the NGC 4632 model galaxy at a
resolution of 10 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.10: Moment one panel plot for the NGC 4632 model galaxy at a
resolution of 10 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.11: Moment zero panel plot for the NGC 6156 model galaxy at a
resolution of 3 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.12: Moment one panel plot for the NGC 6156 model galaxy at a
resolution of 3 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.13: Moment zero panel plot for the NGC 6156 model galaxy at a
resolution of 4 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.14: Moment one panel plot for the NGC 6156 model galaxy at a
resolution of 4 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.15: Moment zero panel plot for the NGC 6156 model galaxy at a
resolution of 6 BA. The colour bar on the y-axis depicts the HI density, prr,

in units of Mg /pc?.
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Figure A.16: Moment one panel plot for the NGC 6156 model galaxy at a
resolution of 6 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.17: Moment zero panel plot for the NGC 6156 model galaxy at a
resolution of 8 BA. The colour bar on the y-axis depicts the HI density, prr,

in units of Mg /pc?.
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Figure A.18: Moment one panel plot for the NGC 6156 model galaxy at a
resolution of 8 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Figure A.19: Moment zero panel plot for the NGC 6156 model galaxy at a
resolution of 10 BA. The colour bar on the y-axis depicts the HI density, prr,
in units of Mg /pc?.
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Figure A.20: Moment one panel plot for the NGC 6156 model galaxy at a
resolution of 10 BA. The colour bar on the y-axis depicts the line of sight
velocity, VLos, in units of km/s.
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Tentative PDR2 PRG
Candidates

The following candidates displayed signatures that were deemed too unreli-
able to be included in the incidence analysis, primarily due to low resolution.
They are presented nonetheless to demonstrate some of the challenges that
accompany PRG identification in HI surveys.

WALLABY J131113+065134
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Figure B.1: WALLABY J131113+065134 detected at a resolution of ~3.5 BA.
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WALLABY J131649-133623
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Figure B.2: WALLABY J131649-133623 detected at a resolution of ~3.5 BA.

WALLABY J125516+025347
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Figure B.3: WALLABY J125516+025347 detected at a resolution of ~9 BA.
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WALLABY J130719-161334
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Figure B.4: WALLABY J130719-161334 detected at a resolution of ~3 BA.
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Figure B.5: WALLABY J130857-153100 detected at a resolution of ~6 BA.
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WALLABY J133103-160750
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Figure B.6: WALLABY J133103-160750 detected at a resolution of ~5.5 BA.
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