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Neutral hydrogen (H I) makes up a significant portion of cold gas in galaxies, and is
an important component within galaxy formation and star formation. Environmen-
tal effects within cosmological overdensities such as galaxy clusters and groups are
known to dramatically influence galaxy evolution, and H I content and morphology
are important diagnostics thereof. This thesis reports the discovery of an H I galaxy
group of 32 galaxies at z ∼ 0.041, as well as detail the H I and multiwavelength prop-
erties. The group, being H I-rich and spatially-resolved, allows for a detailed study
of the role of the environment in the early stages of transforming its members’ gas
content. Star formation rate (SFR) for individual galaxies is derived from near and
mid-infrared photometry, and host galaxy study is done using sub-arcsecond imag-
ing with Dark Energy Survey. The group appears to have a Mpc-scale filamentary-
like structure. The data used in this project was observed as part of the MeerKAT
Galaxy Cluster Legacy Survey (MGCLS), a radio continuum survey, but shows the
potential for commensal spectral line and continuum science with modern radio in-
terferometers.
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Chapter 1

Introduction

This chapter is structured as follows: Section 1.1 introduces the reader to the con-
cept of galaxy evolution through giving an overview of galaxy formation, feedback
mechanisms, environmental effects, and star formation. Section 1.2 describes the
four primary components of the large-scale structure of the universe (filaments, clus-
ters, groups, and voids) as well as introducing tendrils. In Section 1.3 we explore
how H I can be used to better our understanding of galaxy evolution. A thesis out-
line is given in Section 1.4, summarising the work done in this thesis and briefly
describing each chapter.

1.1 Galaxy evolution

1.1.1 Galaxy formation

Galaxy evolution and cosmology are intertwined since galaxy observations span
cosmological time and spatial scales. Most modern cosmologies assume that the uni-
verse consists of three components: baryonic matter, which includes electrons, pro-
tons, and neutrons and makes up the visible universe; dark matter, which does not
interact with the electromagnetic force but does interact with gravitational force and
so evidence thereof has been inferred from observations of galaxy rotation curves,
velocity dispersions, and gravitational lensing; and dark energy, of which the exis-
tence is also inferred by using tools such as observations of supernovae (SN) and
the cosmic microwave background (CMB). Supernovae observations give indepen-
dent distance measures which become more apparently distant with an increase in
distance, this is used to infer the cosmological parameters. The latter two compo-
nents are still poorly understood as the exact nature of dark matter and dark energy
still eludes us. In the currently prevailing cosmology of Lambda cold dark mat-
ter (ΛCDM) the ratios are as follows: ΩΛ = 0.6911, Ωm = 0.3089, Ωb = 0.0486, and
Ωc = 0.2589 (Planck Collaboration et al., 2016). Where the parameters represent the
densities of the dark energy, matter, baryonic matter, and dark matter respectively.

Gravitational instabilities are thought to be a key starting point in the formation
of galaxies. The term gravitational instabilities describes the situation where, in the
early universe, small matter overdensities would attract nearby matter more so than
the average to low matter density regions and so would become more over-dense.
Similarly low density regions would not have sufficient attraction of surroundings
when compared to the average density regions and so would become progressively
under-dense. The expansion of the universe slows accretion onto these perturba-
tions to where the density growth is described by a power law (Jeans, 1902). These
perturbations grow in size as accretion occurs in the early universe, in the linear
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regime where dark matter can be treated as a pressureless fluid. The shift to the non-
linear regime signifies the point at which a perturbation has achieved a significant
overdensity and starts to succumb to gravitational collapse, in this case the linear
and pressureless fluid approximations can no longer be used and the full Newto-
nian theory of gravity needs to be applied. The result of this collapse depends on
the matter composition of the perturbation and plays an important role in the for-
mation of galaxies. The first possible outcome of this collapse is a dark matter halo,
this occurs when the perturbation consists of dark matter, i.e. collision-less mat-
ter. In this case the perturbation will collapse without any shocks into a quasi-static
equilibrium state in a process known as violent relaxation. In the event that the per-
turbation consists of baryonic matter, the collapse will result in shock heating, and if
the radiative cooling is too slow, or inefficient, the matter will collapse into a hydro-
static equilibrium between gravitation collapse and radiative pressure. The ΛCDM
cosmology stipulates that the universe, and so too the perturbations, consist of part
baryonic and part dark matter (and part dark energy), thus the collapse results in
baryonic matter in hydrostatic equilibrium within a dark matter halo (in the event
that radiative cooling is inefficient). This baryonic proto-galaxy in the potential of a
dark matter halo then forms the basis for galaxy formation (Mo, van den Bosch, and
White, 2010).

Galaxies are generally classified into two types: early-type and late-type. Early-
type galaxies are older, massive, elliptical galaxies where often star formation has
quenched and the stellar population is more red than in late-type galaxies. A red
stellar population refers to stars that emit red light and are older, dimmer, and much
cooler at 3000 K than their blue counterparts which are young bright stars that have
temperatures of up to 50 000 K. Additionally observations have found early-type
galaxies to be considerably more gas deficient. Late-type galaxies are younger, less
massive, disk galaxies. Late-type galaxies are found to be much more gas rich on
average and thus have higher star formation activity, this causes late-type galaxies
to have blue stellar populations. The timing of star formation in relation to the col-
lapse of the baryonic gas cloud is thought to play a role in the type of galaxy that
forms from the collapse (Eggen, Lynden-Bell, and Sandage, 1962; Larson, 1974). If
star formation occurs during the collapse, the stars begin to exhibit random motion
as is characteristic of an early-type elliptical galaxy. On the contrary, when the cloud
remains gaseous during the collapse, shocks effectively dissipate the gravitational
energy resulting in a shrinking of the cloud to the point where it is supported by
angular momentum, this manifests itself in the disk-like structure.

It has been shown in numerical simulations that, alternatively, elliptical galaxies
could form from mergers of disk galaxies in a hierarchical manner (Steinmetz, 1999,
and references therein). More recently this theory was further reinforced with mod-
ern semi-analytic and hydrodynamical models as shown by Somerville and Davé
(2015).

1.1.2 Internal feedback mechanisms

The study of feedback processes first emerged when astronomers predicted (using
CDM models) that the majority of baryonic matter cools to form cold gas, then cools
further to form stars. This contradicted the observational results heavily, as it was
clear that only a small percentage of all baryonic matter took the form of cold gas
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and stars. This raised the question: are the baryons being reheated in some man-
ner? It is now understood that there exists an intricate internal feedback cycle be-
tween supernovae, active galactic nuclei (AGN), and star formation within galaxies
(Cortese, Catinella, and Smith, 2021). Supernovae occur when sufficiently massive
stars go through their final evolutionary phase, undergoing gravitational collapse
and resulting in a neutron star, black hole, or being destroyed entirely based on the
progenitor mass. The explosion results in shock waves that reheat cool gas and can
push star forming gas out of the galaxy, this decreases star formation significantly
(Larson, 1974). Similarly, AGN produce powerful jets that dissipate large amounts
of energy, reheating cool gas and removing star forming fuel. These mechanisms
are self regulating to a certain extent, for example when supernovae reheat cool gas
and prohibit star formation, this leads to lower stellar population and less super-
novae and thus allowing gas to cool once more. The contribution of the various
feedback mechanisms are dependent on the mass of the galaxy in question. For low
mass galaxies SN provide an accepted solution for gas disruption, while for massive
galaxies SN are often inefficient and AGN are generally accepted as the dominant in-
ternal feedback mechanism (Silk and Mamon, 2012). Although there has been much
recent progress in understanding internal feedback mechanisms, much work is still
needed to truly comprehend these feedback mechanisms which are clearly funda-
mentals in galaxy evolution. This is illustrated in Figure 1.1.

FIGURE 1.1: The role that internal feedback mechanisms play in mod-
ifying the galaxy luminosity function. Figure credit: Silk and Mamon,

2012.

1.1.3 Environmental effects on galaxies

Galaxy environment has been shown to have a major impact on factors of galaxy
evolution such as color, morphology, and star formation. For instance, the number
of late-type blue galaxies residing within a cluster increases as a function of redshift
(Butcher and Oemler, 1978a). This has been confirmed by subsequent spectroscopic
studies such as Dressler and Gunn, 1982, that found the blue galaxies in question
were in fact cluster members and not line-of-sight interlopers. Additionally Dressler
(1980) famously found the correlation between morphology and local density within
low redshift clusters, known as the morphology-density relation (which is claimed
to hold even in non-cluster environments (Geller and Beers, 1982)) see Figure 1.2.
Interestingly, in later work Dressler investigates this correlation at higher redshift
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(z ∼ 0.5) and find that it holds for regular, highly concentrated clusters, however
the correlation is absent in irregular clusters. This could be interpreted as the mor-
phological separation being a hierarchical process that affects high density groups
of galaxies before affecting lower density groups (Dressler et al., 1997).

Simulations again provide us with a tool to confirm theories that originate from
observations. Somerville and Davé (2015) illuminates the convergence of various
models and methods at correctly predicting a set of core physical processes that in-
clude but are not limited to: suppression of star formation within galaxies by su-
permassive black hole feedback, galaxy evolution through hierarchical merging ac-
companied by environmental effects, and the influence of stellar winds on galaxy
evolution. As computational limitations are reduced with modern technology ad-
vancements, simulations will play an increasingly important role in linking galaxy
evolution on different scales and probing the environmental effects that contribute
at these scales.

FIGURE 1.2: Fraction of galaxies present in clusters versus log of pro-
jected density in Mpc−2 for elliptical, lenticular, and spiral or irreg-
ular galaxies. The number distribution of the galaxies over the pro-
jected density bins is shown in the histogram. Figure credit: Dressler,

1980.

1.1.4 The star formation main sequence

The star formation main sequence (SFMS), or galaxy main sequence is the term used
to describe the relationship between stellar mass and star formation rate (SFR). There
exists a tight correlation between the stellar mass and the star formation rate of nor-
mal star forming galaxies (Daddi et al., 2007; Elbaz et al., 2007). The galaxies below
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the main sequence are normally quenched, which means star formation has ceased.
The mechanisms behind quenching within galaxies are a topic of ongoing study with
mechanisms such as starvation (halted cold gas accretion), tidal stripping (removal
of cold gas by tidal interactions), and AGN or supernovae (removal/heating of cold
gas) being promising solutions (Cortese, Catinella, and Smith, 2021, and references
therein). On the other end, galaxies that are above the main sequence with unusu-
ally high star formation rate with respect to their stellar mass are often starburst
galaxies. Generally the rapid star formation in starburst galaxies is associated with
dust that obscures optical wavelengths. However, young blue stars that form have
their radiation absorbed and re-emitted by the dust in the far-infrared wavelengths.
Starburst galaxies are typically defined as galaxies that go though a period of ex-
tremely high star formation after a disruptive interaction such as a gas-rich merger
that would causes star forming gas to compact at higher than normal rates (Mo,
van den Bosch, and White, 2010). Variations within the main sequence could pos-
sibly be attributed to the internal feedback cycle discussed earlier, with AGN and
supernovae periodically altering the gas content of the galaxies (Tacconi et al., 2013).
Finally the redshift of a galaxy also plays a role in where it fits into the star formation
main sequence, with higher redshift galaxies typically having higher star formation
rates out to z = 2.5 as expected from the Butcher-Oemler effect (Whitaker et al.,
2012). See Figure 1.3 for an illustration of the star formation main sequence.

FIGURE 1.3: Left: A cartoon schematic showing galaxy content, SFR,
and type on the SFMS. Right: Observed view of how the SFMS plane
is populated with galaxies. 54 per cent of galaxies reside on the
star formation main sequence. The amount of dust increases (higher
LIR/LUV ratios) as one moves up the SFMS. The shallower slope in-
dicates a lower specific star formation rate (sSFR) at the high end of
the stellar mass. 7 per cent of galaxies have blue colors and high dust,
putting them in the upper grey envelope. 11 per cent of galaxies have
low dust and red colors and fall into the lower grey envelope. Figure

credit: Whitaker et al., 2012

1.2 Large-scale structure

1.2.1 Overview

The large-scale structure (LSS) of the universe consists of filaments that interconnect
to form the cosmic web as well as voids, see Figure 1.4 for a depiction of the large
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scale structure of the universe observed by Sloan Digital Sky Survey (SDSS1). The
term LSS is used to describe Mpc scale structure including filaments and clusters
as well as less extensive structure such as groups. Classification methods differ in
the way that they define filaments, clusters, groups, and voids using various dif-
ferent local density values to classify LSS. This creates a situation where there is an
overlap in definitions for different methods, see Libeskind et al. (2018) for a review
and comparison of various methods. The current LSS of the universe is thought
to have initially formed from overdensities in the early universe (Bond, Kofman,
and Pogosyan, 1996). The prevailing theory that provides the needed initial condi-
tions required for overdensities and underdensities to form is that of cosmic infla-
tion, wherein it is proposed that the universe was supercooled through exponential
growth resulting in huge expansion (Guth, 1981). Inflation addresses two problems:
The horizon problem and the flatness problem. The horizon problem arises because
we observe the CMB at the same temperature at all locations in the universe, how-
ever there are parts of the universe that are too far for a signal to travel between
them for thermal equilibrium to occur without the inclusion of inflation theory. The
flatness problem refers to the seemingly improbable observation that the curvature
of the universe is flat. The curvature of the universe is calculated to be flat using
the CMB, despite the origins of the universe being governed by quantum fluctua-
tions. Inflation accounts for this since it is capable of changing any initial shape of
the universe to a flat shape through rapid expansion. In addition to this, inflation
is capable of explaining the amplification of quantum fluctuations in the early uni-
verse leading to the required perturbations that eventually form the cosmic web.
Observational evidence for these perturbations exists in the form of the CMB. The
CMB radiation is captured during the epoch of recombination at z ∼ 1100, where
temperatures were cold enough for the universe to be opaque since opacity <<1 at
this time. Photons were then free to propagate until present time where they are de-
tected at 2.725 K, downshifted from 3000 K due to the expansion of the universe. The
Cosmic Background Explorer (COBE) was the first to detect anisotropies in the CMB
(Efstathiou, Bond, and White, 1992), thereafter Wilkinson Microwave Anisotropy
Probe (WMAP)(Spergel et al., 2003), and then Planck (Planck Collaboration et al.,
2016).

1.2.2 Clusters

Galaxy clusters are large groups of gravitationally bound galaxies. Clusters con-
tain up to thousands of galaxies and have a wide range of virial radii and virial
masses with typical radii being ∼ 2 Mpc and virial masses being between 1014 M⊙
and 1015 M⊙, (Girardi et al., 1998, and references therein). The origin of these mas-
sive galaxy clusters is thought to be the collapse of the largest of the overdensities
in the early universe (Kravtsov and Borgani, 2012). Clusters are predominantly lo-
cated at filament intersections within the cosmic web, referred to as nodes, due to the
prevalence of large overdensities at these locations in the early universe. Historically
galaxy clusters have been classified according to a number of different methodolo-
gies (Bautz and Morgan, 1970; Abell, 1958; Abell, 1965).

While the general consensus is that the majority of the mass of a cluster comes
from the dark matter, having a ∼ 80 per cent contribution, the majority of the bary-
onic mass within a cluster is due to the ionised intracluster medium (ICM). The

1https://www.sdss4.org/science/orangepie/
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FIGURE 1.4: Large scale structure map of the universe where every
dot is a galaxy and the color is the g-r colour of the galaxy. Figure

credit: M. Blanton and SDSS.

ICM is a hot gas present in galaxy clusters which is mainly detected through ther-
mal bremsstrahlung. The ICM, which consists mainly of ionised hydrogen and he-
lium at temperatures up to 108 K or 10 keV (Mohr, Mathiesen, and Evrard, 1999),
is not associated with the cluster galaxies, however very tight correlations exist be-
tween ICM gas and stellar properties. One such example is the mass relation, where
M∗/MICM = 0.2 for small clusters (virial mass ∼ 1013 M⊙) and M∗/MICM = 0.05
for the largest of clusters (virial mass ∼ 1015 M⊙) (Kravtsov and Borgani, 2012, and
references therein), where M∗ is the stellar mass of the cluster and MICM is the mass
of the ICM gas.

Butcher and Oemler (1978b) found that the percentage of spiral galaxies within a
cluster was inversely proportional to the central concentration of the cluster. They
used a central concentration parameter to compare the clusters instead of a regular-
ity parameter due to the simplicity thereof. It was found that in their sample of 21
clusters at low redshift (z < 0.17) only clusters with low central concentration had a
large percentage of spiral galaxies. When considering the earlier study, (Butcher and
Oemler, 1978a), we see that at intermediate redshift (0.39 < z < 0.46) there are sig-
nificantly higher percentages of spiral galaxies overall, even for clusters with high
central concentrations. This is known as the Butcher-Oemler effect and is indicative
of a potential surge in star formation rate corresponding to that period in time. A
similar result to the morphology-concentration relationship found by Butcher and
Oemler (1978a) was found by Dressler (1980), where it was found that the elliptical
population would increase, and thus the spiral population decrease, with increasing
local density (Dressler, 1980). These results highlight the influence that environmen-
tal effects have on galaxy morphology.
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Galaxy clusters are an important bridge between theoretical cosmology and obser-
vational astronomy, making them crucial to the necessarily coupled understanding
of formation of large-scale structure and galaxy evolution.

1.2.3 Filaments

Filaments are the largest known structures in the universe. They are high density
environments where clusters and groups of galaxies are preferentially found, partic-
ularly at nodes which form at the intersections of multiple filaments. These struc-
tures form on the filamentary dark matter that make up the cosmic web through
gravitational attraction of baryonic matter to the dark matter potential wells. Gener-
ally, filaments span up to ∼ 80 h−1 Mpc and interconnect to form the filament-void
network, for example Bharadwaj, Bhavsar, and Sheth (2004). Individual filaments
have been detected at larger sizes, however these are not statistically significant,
see Horváth, Hakkila, and Bagoly (2014) and Deng et al. (2006) for examples of these
large filaments referred to as "walls". Filaments have a large impact on galaxy evolu-
tion as they are suspected to play a role in replenishment of star forming gas through
streams of cold gas accretion, see Kleiner et al. (2017). Aragon Calvo, Neyrinck, and
Silk (2019) describes a model of Cosmic Web Detachment (CWD) whereby galaxies
are quenched. The effect that the distance to the nearest neighboring filament has on
galaxy properties such as angular moment and H I content is currently a topic up for
debate, as numerous studies within the field contradict one another such as Kleiner
et al. (2017) and Crone Odekon et al. (2018). In these studies Kleiner et al. (2017) finds
decreasing H I deficiency with decreasing distance, while Crone Odekon et al. (2018)
finds the opposite relationship. Spin alignment to the nearest filament is found to
be preferentially aligned to the filament, increasingly so for galaxies with low gas
fraction (MH I/M∗) (Tudorache et al., 2022).

1.2.4 Groups

Galaxy groups are the smaller counterparts to galaxy clusters, albeit having dis-
tinct differences. Galaxy groups account for more than half of galaxies in the local
universe, typically consist of as few as 4 or as many as 20 or more galaxies, and
have virial radii of R200 ∼ 400 kpc and virial masses of ∼ M200 = 1013 M⊙ (Feld-
mann, Carollo, and Mayer, 2011). R200 is defined as the virial radius enclosing a
mean matter density of 200/Ωm times the mean desity of the universe, and M200
the mass enclosed within that radius. The first significantly large sample of galaxy
groups was presented in (Huchra and Geller, 1982). One distinguishing property
is the temperature of the intra-group medium (IGrM) when compared to the ICM.
While the IGrM still emits x-rays through thermal bremsstrahlung, it is substantially
cooler at 0.3− 2 keV (Mulchaey, 2000). In addition to the temperature difference, the
electron density of order 10−6 cm−3 for 1012.5 − 1013 M⊙ halos and ∼ 6 × 10−5 cm−3

for halos > 1014 M⊙ (Robson and Davé, 2020), indicating that higher mass halos,
such as clusters, have higher electron density in the ICM than the lower mass ha-
los such as groups have in the IGrM. Finally, the large virial mass difference leads
to a significant difference in velocity dispersion with groups generally having veloc-
ity dispersions of < 500 km s−1 (Muñoz et al., 2013), which is marginally higher than
the velocity dispersion of individual massive galaxies (Mulchaey, 2000). The density
difference creates the expectation that medium driven environmental effects, such as
ram pressure stripping (Gunn and Gott, 1972), are not as important in a lower elec-
tron density environments, such as the IGrM, as it is in the high electron density ICM
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present in groups. However the velocity dispersion of a group being comparable to
the individual galaxy velocity dispersion points towards galaxy-galaxy interactions
being more important in a group environment (Mulchaey, 2000).

1.2.5 Tendrils

Tendrils are elongated low density LSS first discovered by Alpaslan et al. (2014) in
data from the Galaxy and Mass Assembly (GAMA) survey. Alpaslan et al. (2014) de-
scribes the structure type as consisting of an average of ∼ 6 galaxies and spanning
an average of 10 h−1 Mpc. Typically tendrils are found at the edges of filaments, be-
ing rooted in the filament and terminating in a void. In other situations tendrils are
found spanning between, and thus connecting, two filaments. See Figure 1.6 for a
comparison between different forms of the LSS, contrasting the differences in loca-
tion, spatial extent, and density (Crone Odekon et al., 2018). Figure 1.5 shows a com-
bination of all the galaxies in Figure 1.6, thus presenting all galaxies in the sample
(Crone Odekon et al., 2018). See Crone Odekon et al. (2018) for information on how
galaxy environments were classified. The local density of tendrils fall between that
of voids and filaments, with local density systematically increasing from voids to
tendrils and then filaments and groups, groups being the most locally dense (Crone
Odekon et al., 2018). Interestingly galaxies in tendrils are found to be more H I gas
rich than galaxies in the surrounding void. In addition to this tendril galaxies are no
more red than void galaxies despite being more massive (Crone Odekon et al., 2018).
While study on tendrils is limited, the findings of these studies are significant. For
instance, Alpaslan et al. (2014) points out that SDSS voids that overlap with GAMA
regions contain many "tendril" galaxies. Environmental effects of tendrils could also
be significant, such as the potential for tendrils to act as reservoirs to replenish star-
forming gas of nearby galaxies through cold gas accretion, making them potential
galaxy evolution drivers in lower density parts of the universe.

FIGURE 1.5: Distribution of galaxies with all galaxies included and
color-coded by nearest neighbor density (Crone Odekon et al., 2018)
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1.2.6 Voids

Voids are regions between the interconnecting filaments that make up the cosmic
web. These regions have very low density have few or no detectable galaxies within
them. Pan et al., 2012 studied the distribution of cosmic voids in the SDSS Data Re-
lease 7 and found the voids to be significantly underdense and have a median radius
of 17 h−1 Mpc. While having a notably lower density, voids are not completely de-
void of galaxies as ∼ 7 per cent of galaxies in SDSS DR7 reside in voids (Pan et al.,
2012). Pan et al. (2012) also compared these results to mock catalogues from ΛCMD
simulations and found similar void population and sizes. Several void identifica-
tion algorithms have been developed, one of which is the VOID FINDER algorithm
that provides a way to objectively quantify voids (El-Ad and Piran, 1997). In test-
ing VOID FINDER, El-Ad and Piran (1997) found that voids make up 50 per cent of
the volume in both the Southern Sky Redshift Survey (SSRS) and in full-sky 1.2 Jy
Infrared Astronomical Satellite (IRAS) survey. Similarly to filaments, the origin of
voids is thought to be the same density fluctuations in the early universe where the
under-densities formed the voids (Bond, Kofman, and Pogosyan, 1996). When com-
pared to the relationship between filaments and the anisotropies in the CMB, voids
instead correspond to the cold anisotropies present in the CMB (Granett, Neyrinck,
and Szapudi, 2008).

To summarise the different forms of LSS that our cosmic web is comprised of (the
main ones being filaments, clusters, groups, and voids), a image from the Illus-
trisTNG2 simulation is show in Figure 1.7.

2https://www.tng-project.org
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FIGURE 1.7: Composite image of the output of the IllustrisTNG cos-
mological shock finder with an overlay of a projection of the dark
matter density. The orange and white colours show the gravitation-
ally collapsed structure, while the blue colours indicate shock sur-

faces. Figure credit: IllustrisTNG.

1.3 Importance of H I

1.3.1 Overview of neutral hydrogen

Throughout this thesis H I and neutral hydrogen are used interchangeably and re-
fer to atomic hydrogen in its ground state. In its neutral state, the hydrogen atom
consists of one proton and one electron. This makes neutral hydrogen the lowest
mass element, since lower mass elements formed first and more readily, this lead to
hydrogen being the most abundant element in the universe. Together with helium,
the second lowest mass element, neutral hydrogen makes up a significant fraction,
approximately 99 per cent, of the baryonic content of the universe. Detection of neu-
tral hydrogen comes from the notable 21 cm line. The 21 cm line corresponds to a
frequency of 1420.405751768 MHz putting it in the radio regime of the electromag-
netic spectrum, specifically in the L-band when observing sources at low redshift
(z < 0.5). Different configurations of the atom result in different energy levels, i.e.,
while the spin of the electron is parallel with the proton the atom is in a slightly
higher energy state, in the event that the spins of the proton and electron are anti-
parallel the atom is in a slightly lower energy state. The transition from one state to
another is referred to as a hyperfine transition and is accompanied by the emission
of the 21 cm line if the transition is from parallel to anti-parallel. The transition itself
is spontaneous but also highly forbidden with a occurrence rate of 2.9 × 10−15 s−1

analogous to about one transition from high energy state to low energy state every
10 million years (10 Myr), see Wiese and Fuhr (2009). Fortunately, the abundance
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of H I counteracts the forbidden nature of the transition, allowing H I to be detected
through the 21 cm line rather easily at low redshifts.

It is well known that the H I component of galaxies extends far further than the
optical galaxy, see Broeils and Rhee (1997) for evidence thereof. Broeils and Rhee
(1997) also investigates the correlations of the H I diameter and found that it does
not depend on morphological type. They found the strongest correlator to be that of
the one between H I mass and H I diameter (Broeils and Rhee, 1997). The H I compo-
nent of galaxies is sensitive to environmental interactions both with other galaxies
on long dynamical timescales, such as mergers, or with the medium through which
it is moving (be that ICM or IGrM) in the form of ram pressure stripping. The sensi-
tivity of H I to these interactions is of particular importance in this work as it lets H I

act as a dynamical tracer of these environmental effects that are vital in progressing
our understanding of galaxy evolution. A renown example of how H I traces inter-
actions is shown in Figure 1.8 (Yun, Ho, and Lo, 1994). The gas filaments connecting
the galaxies seen in Figure 1.8 are not present in the optical map, highlighting the
power of H I to probe galaxy interactions.

FIGURE 1.8: H I map of M82 (top), M81 (middle), and NGC3077 (bot-
tom left) interacting (Yun, Ho, and Lo, 1994).

1.3.2 H I mass function

The luminosity function (LF) describes the number density of galaxies, or stars, as
a function of luminosity. Unlike the LF which is well studied and understood, the
H I mass function (HIMF) which is the radio analogue of this function, is less well
understood. The H I function is useful for deriving the H I mass density of the uni-
verse. Since H I gas makes up a significant fraction of the baryonic matter of the
universe, this H I mass density (ΩH I) plays an important role in constraining the
baryonic density within cosmological models (Zwaan et al., 2005).

Both the LF and the HIMF are described by a Schechter function, (Schechter, 1976).
In the case of the HIMF, the function consists of a power-law at the low mass end
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and a exponential at the high mass end with a "knee" mass, or a turnover mass, that
separates the parts of the function. The HIMF is then given by the following,

θ
(

M̂HI
)

dMHI = θ∗M̂α
HIe

−M̂HI dMHI (1.1)

M̂HI =
MHI

M∗
HI

, (1.2)

where θ∗ is the normalisation factor, α gives the slope of the power-law part, and
MHI

∗ is the turnover mass. The number density of galaxies above this mass drops
exponentially, seen in Figure 1.9.

FIGURE 1.9: Figure of the ALFALFA 100 per cent HIMF directly re-
produced from Jones et al. (2018). The histogram at the bottom shows
the number distribution across the H I mass bins, while the points in
the plot above give the calculated number abundances. The error bars
are calculated from Poisson counting errors. The parameters given in
the bottom left of the top plot are those for the Scheter function of the
best fit to the data. The dotted line represents the ALFALFA 40 per

cent best fit (Martin et al., 2010)

1.3.3 Large scale-structure effects on H I content

With the effect of local density on galaxy properties shown by the likes of Dressler
(1980) and Butcher and Oemler (1978a), the next step is to investigate the effects of
the galaxy position within the cosmic web. The distance from filamentary structure
is predicted to have an effect on the neutral hydrogen gas content of nearby galaxies
(Cortese, Catinella, and Smith, 2021, and references therein). It is argued that there is
a relationship between the distance to the nearest filament and H I mass, see Crone
Odekon et al. (2018), Kleiner et al. (2017), and Blue Bird et al. (2020). However there
is little agreement, for instance Kleiner et al., 2017 finds galaxies become more H I de-
ficient with increasing distance to filament for galaxies with stellar mass < 1011 M⊙,
while Crone Odekon et al. (2018) find H I content increases with increasing distance
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from the filament. Furthermore, there appears to be correlation between H I spin ori-
entation and galaxy location with respect to the nearest filament shown in hydrody-
namical simulations (Aragón-Calvo et al., 2007; Codis et al., 2012; Kraljic, Davé, and
Pichon, 2020). Observational evidence is rather scarce, with Blue Bird et al. (2020)
investigating the effect of distance to nearest neighbor filament with a sample of
10 galaxies from first epoch COSMOS H I Large Extragalactic Survey (CHILES) and
finding that galaxies closer to filaments preferentially align with filament orienta-
tion. Thereafter as part of the MeerKAT International GigaHertz Tiered Extragalactic
Exploration (MIGHTEE) survey, 77 H I selected galaxies were used with COSMOS
and XMM-LSS fields galaxies to investigate the relationship between galaxy spin
alignment and properties such as: distance to nearest filament, H I content, baryonic
fraction, and gas fraction (Tudorache et al., 2022). This was done by using COSMOS
and XMM-LSS fields galaxies in combination with The Discrete Persistent Structure
Extractor (DisPerSE, Sousbie, 2011) to create a cosmic web skeleton. Tudorache et al.
(2022) found similar results to Blue Bird et al. (2020), showing that decreasing dis-
tance to filament increases chance of galaxy alignment, but also finding that galaxy
alignment is heavily dependant on the ratio of H I mass to stellar mass, with more
H I poor galaxies being preferentially aligned. Despite recent progress, it is clear
that more studies of the environmental effects of filaments need to be done in order
to better understand the phenomenon, this is true of both individual studies of fil-
aments in the low redshift universe as well as statistical investigations over larger
cosmological volumes.

1.3.4 H I in relation to star formation

The primary fuel for star formation is molecular hydrogen (H2) which forms gas
clouds, condenses, collapses, and eventually forms stars as elements compress and
combine into heavier elements. Walter et al. (2020) investigates and constrains the
evolution with redshift of baryonic components of galaxies by using recent science
regarding the evolution of molecular hydrogen with redshift together with previous
constraints on H I. Figure 1.10 shows the ionised hydrogen infall from the circum-
galactic medium (CGM) to the H I extent of the galaxy where it replenishes the H I

reservoir as it cools. H I then enters the central disk (the stellar extent of the galaxy)
where it forms molecular gas. This molecular gas then forms stars after cooling and
condensing. The net outflow indicates all material that flows out of the galaxy into
the CGM or the IGM. This outflow is thought to be due to various feedback effects
and to be proportional to the stellar mass of the galaxy (Walter et al., 2020). Fig-
ure 1.11 presents us with a holistic picture of the star formation history by combin-
ing the well known Madau and Dickinson (2014) plots (top) with recent constraints
on atomic and molecular hydrogen density evolution.

One expects H I to then be a tracer for star formation, however studies have found
that H I and SFR are not strongly correlated on sub-kpc scales. Bigiel et al. (2008)
used 18 galaxies from The H I Nearby Galaxy Survey (THINGS) to find that while
H2 is proportional to SFR, H I has no clear correlation to SFR in normal star forming
galaxies. Despite the lack of direct correlation, H I gas acts as a reservoir for star
forming fuel making it an important component and transitory phase of studying
the star formation of galaxies. It is also important to note that more recent work
has found that a a tight correlation between the gas and the SFR volume densities
exist if one assumes that the gas disk is in hydrostatic equilibrium (Bacchini et al.,
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FIGURE 1.10: Schematic of a typical disk-like galaxy showing the
IGM, CGM, H I extent, and stellar extent. The figure shows the infall
of ionised gas into the H I extent of the galaxy, as well as the inflow
of atomic hydrogen into the stellar extent of the galaxy with blue ar-
rows. The red arrow indicates the outflow of various materials from
the stellar extent to the CGM and IGM. Image credit: Walter et al.

(2020).

2019). The link between H I and H2 has been investigated by simulations such as
(Obreschkow and Rawlings, 2009), who determined the following:

Runiverse
mol (z) ≈ 0.3(1 + z)1.6, (1.3)

where Runiverse
mol (z) ≡ ΩH2 (z)

ΩHI(z)
. Which reveals not only that H I and H2 evolve dif-

ferently with time, but also that Runiverse
mol (z) increases as a power-law with redshift.

Galaxies at higher redshifts thus have higher ΩH2(z), reinforcing knowledge that at
∼ z = 2 star formation peaks (Madau and Dickinson, 2014). See Figure 1.12 for a
simple schematic overview of cosmic history of star formation.

We present Figure 1.13 to show the relationship between stellar mass and H I mass
determined by Parkash et al. (2018). Parkash et al. (2018) uses the H I Parkes All-
Sky Survey (HIPASS) to make up a sample of 3513 H I selected galaxies. Of the
H I galaxies 2826 have good W1 and W2 Wide-field Infrared Survey Explorer band
photometry, which is used to calculate the stellar mass as will be addressed in Sec-
tion 4.3. Note that generally H I selected samples tend to overestimate the relation
due to missing low H I mass galaxies.

1.4 Thesis outline

In this dissertation we report the serendipitous discovery of a gas-rich galaxy group
with a filamentary-like Mpc-scale structure, in the foreground of Abell 3365 using
MeerKAT. With H I being a useful tool for probing the effects of galactic environment
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FIGURE 1.11: All solid lines are best-fits to the data and all shaded re-
gions indicate the 1σ levels. Top left is the cosmic star formation rate
density as a function of redshift and top right is the stellar mass den-
sity as a fucntion of redshift, both from Madau and Dickinson (2014).
In the top left plot the difference between the orange dashed line (in-
tegration of the best-fit of the top left plot) and the solid red line is
adressed in Madau and Dickinson (2014). Bottom left is H I density
from Neeleman et al. (2016) with grey (< 6σ) and black (> 6σ) mea-
surement points. Bottom right is molecular hydrogen density from
Decarli et al. (2019) among other surveys with grey (dust continuum
observations) and black (CO observations) measurement points. Im-

age credit: Walter et al. (2020).
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FIGURE 1.12: Simple schematic overview of cosmic history of star
formation showing cosmological gas density ratio together with total
cosmological gas density and star formation rate density as a function

of redshift (Obreschkow and Rawlings, 2009).

FIGURE 1.13: H I mass as a function of stellar mass for H I selected
galaxies where the solid orange line is the relation determined by

Parkash et al. (2018).
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on galaxy evolution we use data from MeerKAT Galaxy Cluster Legacy Survey (MG-
CLS) to investigate H I properties of galaxies within the gas-rich group environment.
A multiwavelength approach is taken to derive stellar mass and SFR with infrared
imaging as well as bettering the understanding of morphology and interactions of
individual galaxies using optical data.

Chapter 2 is an introduction to basic radio interferometry as well as the MeerKAT
telescope itself. An overview of the observation, data set, and data reduction method-
ology is also described. Chapter 3 describes the source finding strategy using SOFIA.
Chapter 4 includes the results, that being the discovery of a gas-rich galaxy group
with a filamentary structure and the group membership algorithm implemented. We
also derive the properties of the galaxies within the group using H I, radio contin-
uum, infra-red, and optical data. Discussion with regards to the scaling relations, the
group properties, and the classification of the group structure is given in Chapter 5.
Chapter 5 also singles out individual galaxies or interacting systems of particular in-
terest. Finally Chapter 6 summarises and concludes the findings of this dissertation.

Throughout this work the following cosmological values are assumed: Ωm = 0.307
and H0 = 67.7 km s−1 Mpc−1 (Planck Collaboration et al., 2016).
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Chapter 2

Observations, data reduction, and
ancillary data

In this chapter we briefly cover the fundamental aspects of radio interferometry
primarily following Smirnov (2011) in Section 2.1. We then describe some speci-
fications of the MeerKAT telescope as an interferometer and the MeerKAT Galaxy
Cluster Legacy Survey (MGCLS) in Section 2.2 and Section 2.3 respectively. There-
after the methodology we implemented with regard to the calibration and imaging
of the measurement sets used in this work is briefly described in Section 2.4. Finally,
in Section 2.5 we describe the ancillary survey data used in our multi-wavelength
analysis.

2.1 Radio interferometry overview

An imperative part of any observational astronomical study is having sufficient or
at least appropriate angular resolution. Having high angular resolution allows one
to study astronomical sources in more detail, enabling a much wider range of scien-
tific return. The angular resolution of a single dish radio telescope is given by the
following,

θ =
λ

D
, (2.1)

where θ is the angular resolution, λ is the wavelength of the light incident on the
dish, and D is the diameter of the dish. It is thus more difficult to attain high an-
gular resolution at longer wavelengths such as radio waves. To improve angular
resolution we then need to increase the diameter of the telescope, however, the im-
provements we can make in this manner are limited by physical limits like structural
integrity as well as by construction costs. These limitations are circumvented by the
concept of an interferometer. An interferometer uses an array of separate antennas
to simulate one large dish. In this way one can achieve significantly higher angular
resolution as the formula for angular resolution is now given by

θ =
λ

Bmax
, (2.2)

where Bmax is the longest baseline (the distance between two given dishes) in the
array. Interferometry allows us to achieve angular resolution typically only obtain-
able with unfeasibly large dish sizes. For instance, an ∼ 8 km maximum baseline
in the case of MeerKAT or an Earth-sized maximum baseline for the Event Horizon
Telescope (EHT). This solution is not without its additional set of challenges and
limitations, one of which being geometric delays, shown in Figure 2.1, that need to
be precisely accounted for to achieve accurate cross-correlation. This section takes
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a concise look at the fundamental concepts involved in radio interferometry by fol-
lowing the formalism in (Smirnov, 2011, and references therin). Assuming emission

FIGURE 2.1: Two element interferometer showing key components
of an interferometer such as the bandpass amplifiers (H1 and H2).
as well as the geometric and instrumental delays (τg and τi). Image

credit to Thompson, Moran, and Swenson (2017).

is from a constant-intensity, monochromatic, and coherent point source, we can rep-
resent this emission by a column vector of two complex numbers,

e =

(
ex
ey

)
, (2.3)

where ex and ey are complex numbers representing the x and y components of the
emission assuming an orthoganal co-ordinate system, xyz, with z pointing from the
antenna to the point source. However, this emission will be corrupted by various
effects that can all be represented by a single Jones matrix, J = Jn Jn−1...J1, comprised
of all corrupting effects (such as atmospheric effects, Faraday rotation, etc.). The
antenna thus measures a voltage represented in the following,

v =

(
va
vb

)
= Je. (2.4)

Now consider two-element interferometry that measures two voltages vp and vq
where p and q are the locations of the two antennae. These voltages are combined
by the correlator into 4 pairwise correlations corresponding to the 4 elements of the
visibility matrix, Vpq, shown in Eq 2.5. In the following v∗pa is the complex conju-
gate of vpa, and the angle brackets enclosing the 4 pairwise correlations indicate an
average over both frequency and time bins,

Vpq = 2

(
⟨vpav∗qa⟩ ⟨vpav∗qb⟩
⟨vpbv∗qa⟩ ⟨vpbv∗qb⟩

)
. (2.5)
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For an explanation of the factor 2 see Smirnov (2011). But Eq 2.5 can be represented
differently by extracting the Jones matrix and rewriting in terms of the Stokes pa-
rameters I, Q, U, and V, see Hamaker and Bregman (1996) for a explanation of the
relation to Stokes parameters. This is shown in the following, where H is the Her-
mitian conjugate transpose operator, and B is known as the brightness matrix,

Vpq = 2Jp

(
⟨exex

∗⟩ ⟨exey
∗⟩

⟨eyex
∗⟩ ⟨eyey

∗⟩

)
JH

q = Jp

(
I + Q U + iV

U − iV I − Q

)
JH

q = JpBJH
q . (2.6)

The geometric phase delay τg needs to be compensated for by deriving the phase
difference and accounting for it in the visibility matrix. We omit the details and
refer the reader to Thompson, Moran, and Swenson (2017) for the full derivation.
For antenna p (located at coordinates (up, vp, wp) in the co-ordinate system used by
Thompson, Moran, and Swenson (2017)) the phase difference is found to be κp =

2πλ−1(upl + vpm + wp(
√

1 − l2 − m2 − 1)) where l and m are directional cosines of
σ (the direction from which the signal is arriving) and λ is the signal wavelength.
We do not focus on this phase term and instead represent it by the Jones matrix Kp
as follows,

Kp = e−iκp = e−2πi(up l+vpm+wp(
√

1−l2−m2−1)). (2.7)

Kp is absorbed into J, and by doing the same for antenna q we obtain the following,

Vpq = JpBe−2πi(upq l+vpqm+wpq(
√

1−l2−m2−1)) JH
q = JpKpBKH

q JH
q = JpBJH

q , (2.8)

where upq = up − uq. When we account for contributions to visibilities from all
directions Eq 2.8 becomes the following as we integrate over the solid angle,

Vpq =
∫

4π
JpBJH

q dΩ. (2.9)

To simplify this expression we do a sine projection onto the (l, m) plane and obtain,

Vpq =
∫∫

lm
Jp(l, m)B(l, m)JH

q (l, m)
dldm

n
, (2.10)

where n =
√

1 − l2 − m2. If we then make the assumption that the visibilities are
perfectly calibrated and have no direction-dependent effects we can negate the Jones
matrices that makeup J such as the delay term K, antenna-based effects G, and
direction-dependent effects E. Additionally, we absorb wpq into E. The remaining
simplified equation for perfectly calibrated visibilities is found to be the following,

Vpq =
∫∫

lm
Be−2πi(upq l+vpqm)dldm. (2.11)

Finally, we are able to recover the sky brightness B using a Fourier transform by the
van Cittert-Zernike theorem. “The (2-D) lateral coherence function of the radiation
field in space is the Fourier Transform of the (2-D) brightness (or intensity distribu-
tion) of the source“ (Burke, Graham, and Wilkinson, 2019).

An interferometer does not fully sample the (u, v) plane, the way telescope mea-
sures Fourier components is described by its sampling function which is discussed
in more detail in Subsection 2.4.2. To maximise the number of Fourier components
measured, the rotation of the Earth is exploited in a process known as aperture syn-
thesis. This is the name given to the process where the baselines cover larger arcs
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in the (u, v) plane with more time that passes due to the rotation of the planet caus-
ing a change in the projected baseline lengths and orientations, enabling a broader
sampling of spatial frequencies. An example of this is given in Figure 2.4, the (u, v)
coverage of an observation used in this thesis.

2.2 MeerKAT

MeerKAT is a radio interferometer located in the Northern Cape of South Africa. The
telescope serves as a precursor to the Square Kilometre Array (SKA). The MeerKAT
array consists of 64 antennas in a layout where the majority of the antennas are
located in a central region with only a minority being in an outer region. The core
contains ∼ 70 per cent of the antennas with a minimum baseline of 29 m and a
maximum baseline of 1 km. The outer region contains ∼ 30 per cent of the antennas
with a maximum baseline of ∼ 8 km. Both regions are distributed such that they
provide Gaussian (u, v) coverage. The core and outer array distributions are given
in Figure 2.2 and Figure 2.3 respectively, reproduced directly from South African
Radio Astronomy Observatory (SARAO1). All dishes are 13.5 m offset Gregorian
and equipped with S-band, L-band, and UHF-band receivers with frequency ranges
of 1750 − 3500 MHz, 900 − 1670 MHz, and 580 − 1015 MHz respectively.

FIGURE 2.2: Dense inner core of MeerKAT’s array configuration. Im-
age credit: SARAO.

2.3 MeerKAT Galaxy Cluster Legacy Survey

MGCLS is a SARAO Science Legacy Survey that performed deep MeerKAT L-band
observations of 115 galaxy clusters, observed for 6–10 hours each with MeerKAT in
the correlator’s 4k configuration. In this work, we use the first legacy data product
release (MGCLS DR1) (Knowles et al., 2022), which includes the MeerKAT visibili-
ties, enhanced, coarse resolution spectral and polarisation cubes at ∼ 8" and ∼ 15"
that span the inner 1.2◦× 1.2◦ with a corrected primary beam. Regular image cubes

1https://skaafrica.atlassian.net/servicedesk/customer/portal/1/article/277315585
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FIGURE 2.3: Portraying maximum baseline through showing antenna
locations for all MeerKAT dishes. Image credit to SARAO.

at ∼ 8" angular resolution that span 2◦ × 2◦ are also included. The frequency chan-
nels are ∼ 209 kHz in width. The angular resolution enables H I study of spatially
resolved sources, while the fairly broad channel width enables H I mapping some
cases, in the 0 ≳ z ≳ 0.9 range.

Abell 3365 was the initial target of this study, before the serendipitous discovery,
and is located at RA = 05h48m12s and Dec = −21d56m03s. A3365 has a velocity
dispersion of 981 km s−1, is at a luminosity distance of 440.3 Mpc (z = 0.093).

The raw visibility measurement sets used in this work comes from two observa-
tions of A3365 one on 14-15 November 2018 and the other on 18-19 November 2018.
Both observations had a correlator dump time of ∼ 8 seconds. Both observations
included 3 sources: J0408-6545 (RA = 04h08m20s, Dec = −65d45m07s), Abell 3365,
and J0609-1542 (RA = 06h09m40s, Dec = −15d42m40s). The first observation was
10.05 hours long and used 56/64 of the MeerKAT antennas. The second observation
was 10.1 hours long and used 59/64 of the MeerKAT antennas. In Figure 2.4 we
show an approximation of the (u, v) coverage obtained during our observations, the
plot was simulated using SARAO’s uv-coverage calculator2.

2.4 Calibration and imaging

We used OXKAT3 (Heywood, 2020) to reduce the MGCLS Abell 3365 data. OXKAT is
semi-automatic software geared towards being a complete pipeline (including flag-
ging, reference calibration (1GC), self-calibration (2GC), and direction-dependant
calibration (3GC)) for the data reduction of MeerKAT Measurement Set format data
sets. OXKAT makes use of existing astronomy packages including but not limited

2https://apps.sarao.ac.za/calculators/uvbeam
3https://github.com/IanHeywood/oxkat
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FIGURE 2.4: MeerKAT (u, v) coverage of observation of A3365 at
RA=05:48:12 and Dec=-21:56:03 with a horizon of 15.0 degrees. This

coverage is for a single frequency channel centred on 1.4 GHz.
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to: CASA4 (McMullin et al., 2007), WSCLEAN5 (Offringa et al., 2014), and CUBI-
CAL6 (Kenyon et al., 2018) which are containerised by SINGULARITY7. OXKAT au-
tomatically generates slurm submission scripts to accommodate for use on high-
performance computing (HPC) clusters such as the one used in this work. We use the
ilifu8 cloud computing facility developed and maintained by The Inter-university
Institute for Data Intensive Astronomy (IDIA9) together with OXKAT to reduce the
raw visibilities from MGCLS.

In this section, we briefly describe the calibration process. Calibration begins with
first generation calibration (1GC) which includes multiple stages of automated and
manual in parallel with reference calibration. Reference calibration is the term used
to describe the process whereby sources that are particularly well characterised in
terms of flux density, source morphology and/or spectral properties are observed in
addition to the science target. These sources are then used as calibrators to correct
for corrupting effects such as atmospheric effects, antenna/feed effects like system
temperature and the primary beam, low-noise amplifier (LNA) effects on the gain,
phase, and delay, and radio frequency interference (RFI). In 1GC we also establish
the absolute flux scale as the raw visibility measurement set has an arbitrary flux
scale. Thereafter the data cubes are imaged using WSCLEAN, which utilises multi-
scale multi-frequency deconvolution algorithms. We then improve image fidelity
using self-calibration during second generation calibration (2GC) where the image
produced with WSCLEAN is used as a model in an iterative process to re-calibrate
until a desired improvement on the gain solutions, initially produced in 1GC, is
achieved. After 2GC, continuum subtraction is implemented to remove continuum
emission and thereby separate out the spectral line emission.

2.4.1 First generation calibration (1GC)

The majority of the tasks that OXKAT uses throughout 1GC are from the CASA data
processing software. One of the primary purposes of 1GC is to account for the cor-
rupting effects that lead to misaligned phases and varying amplitudes. Furthermore,
there is a need to scale the flux of all sources involved as the flux values have an ar-
bitrary scale in the raw measurement set. Finally, we calibrate corrections for the
bandpass, which is the spectral response of the system. Throughout the entire pro-
cess, it is vital to consistently flag bad data due to RFI and other corrupting effects
between steps.

We use TRICOLOUR10, the autoflagger, to flag RFI and bad data intermittently dur-
ing 1GC. Manual flagging is done with CASA’s flagdata by specifying bad anten-
nas, (u, v) ranges, etc., following close inspection of the data through a wide range
of plots. OXKAT also autoflags data using the tfcrop and rflag modes between cal-
ibration steps.

Cross calibration is the process whereby complex gains (amplitude and phase) are

4https://casa.nrao.edu
5https://gitlab.com/aroffringa/wsclean/
6https://github.com/ratt-ru/CubiCal
7https://github.com/sylabs/singularity
8https://www.idia.ac.za/
9https://www.ilifu.ac.za/

10https://github.com/ratt-ru/tricolour
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calibrated. Here we make corrections that account for corrupting effects like atmo-
spheric phase shifts, such as those caused by free-electron induced diffraction and
refraction in the ionosphere, tropospheric absorption and scattering, antenna flexure
effects under gravity, etc. The calibrator used is generally a bright point source since
it is well characterised in Fourier space. It has constant amplitude and zero phase
(if at the phase centre) in Fourier space, therefore any deviations observed can be
assumed to be caused by corrupting effects. The gain calibrator needs to be rela-
tively close (≲ 10 deg) to the target since the observation will involve intermittently
moving between observing the target and the gain calibrator on short timescales
(every 10-25 minutes). To sufficiently sample time-variable complex gain fluctua-
tions. OXKAT uses CASA’s gaincal task to determine the complex gains. Thereafter,
CASA’s applycal is used to interpolate the solutions to the target field. The mea-
surement set used in this work includes ∼ 45 scans of ∼ 1 min each of J0609-1542 as
the complex gains calibrator. J0609-1542 was observed intermittently with the target
(A3365), where the target was measured for ∼ 10 min for every ∼ 1 min scan of
J0609-1542.

To obtain the flux scale of our target source we use an absolute flux calibrator source,
this method is sometimes referred to as ’bootstrapping’. The flux calibrator is re-
quired to be very bright and well modelled with a stable flux density. This allows
us to compare the arbitrary flux values in the measurement set with the true flux
value we expect. Since the flux of the source is known, we can convert the arbitrary
values into a physically meaningful absolute flux scale (Jansky in our case) using the
deviation. This is done by first using CASA’s setjy to set the amplitude scale, then
applying this scale to the target source using fluxscale. Flux calibrators need not
be close to the target source as fewer observations are needed since flux calibration
is fairly time-in-dependant. J0408-6545 was used as the flux calibrator for this mea-
surement set.

The bandpass is the spectral response of an individual antenna system. Corrupting
effects in the bandpass are generally due to receiver passband function and signal
processing artefacts among others. For each antenna, we derive solutions for the
amplitude and phase. All baselines to an antenna can be used to derive the ampli-
tude as a function of frequency. We expect to have a fairly constant amplitude as a
function of frequency. Bandpass calibration calculates and fits a solution to the data
to ensure constant sensitivity over the frequency range. We can achieve this by us-
ing a bright (≳ 1 Jy) calibrator after amplitude and phase calibration. The bandpass
calibrator needs to be bright since we derive solutions for each channel within each
spectral window. This is done using bandpass within CASA through OXKAT. The
flux calibrator, J0408-6545, doubles as the bandpass calibrator due to its sufficient
brightness. J0408-6545 was observed every ∼ 1 hour for ∼ 10 min for a total of 9
scans.

2.4.2 Imaging

In this subsection, we briefly discuss the primary ideas behind the imaging process.
Imaging is done through the exploitation of Fourier transforms to approximate the
sky brightness from the Fourier components measured in (u, v) space by interferom-
eters. However, the Fourier components measured by an interferometer are limited
by the number of baselines, and thus by the number of antennas. This means we
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have an incomplete measurement in Fourier space in contrast to the complete mea-
surement needed to capture the true sky brightness distribution. To account for the
incomplete Fourier components, one introduces a sampling function that is 1 where
there is a Fourier component present and 0 where there is none. With the sampling
function being implemented, the "dirty beam" or point spread function (PSF) is de-
fined as the Fourier transform of the sampling function. Our interferometer thus
measures the Fourier components multiplied with the sampling function. We can
then recover the convolutional product by using a Fourier transform to obtain what
is known as the “dirty image“, which is the true sky brightness convolved with the
point spread function. To improve the image, we need to deconvolve the PSF from
the “dirty image“ to recover the true sky brightness. It is possible to deconvolve
the PSF since we know what the sampling function is from the locations of the an-
tennas, as well as the pointing position and the rotation of the Earth. However this
process is non-linear and is a mathematically ill-posed problem as many different
sky brightness distributions could solve the deconvolution. This is alleviated by the
primary assumption of the CLEAN algorithm that the sky can be approximated by a
series of unresolved point sources. (Thompson, Moran, and Swenson, 2017).

We now give a general overview of the CLEAN algorithm:

1. Obtain the "dirty image" and the PSF by taking the inverse Fourier transform of
the convolution product and the sampling function respectively, as described above.
The maximum brightness (i.e. the highest peak in the "dirty image") is then located.

2. A fraction of the dirty image peak (typically 10 per cent) is then subtracted from
the residual image. This is done by subtracting a scaled PSF centered on the location
of the brightest pixel.

3. The location and amplitude of this scaled peak point source are then added to
a clean map as a Dirac delta. The model image is “restored“ using the “restoring
beam“ to the clean image. The “restoring beam“ is a 2D Gaussian fit to the PSF. A
Gaussian is a good approximation of the PSF without sidelobes, had the aperture
been fully filled. This Gaussian function has the same full width at half maximum
(FWHM) as the original PSF. Had the model not beam restored using the restoring
beam, the clean image would only consist of numerous Dirac delta functions. To
fit the restoring beam to the original PSF, it is best to ensure that the pixel scale is
< 3 − 6×resolution (Thompson, Moran, and Swenson, 2017). The clean map is the
end product of the imaging process.

4. Iteratively perform the above steps until one of the user-specified criteria are
reached, which are the maximum number of clean iterations or a residual image
threshold peak is reached. When the residual image appears consistent with Gaus-
sian noise the imaging process has most likely been completed. This is often clear
when the RMS does not decrease after an iteration. What remains in the residual
image at this point is likely noise and calibration artefacts (Thompson, Moran, and
Swenson, 2017).

A (u, v)) weighting scheme, BRIGGS, used in the imaging of the data cubes is im-
plemented in this work. In the (u, v) plane larger baselines are distributed over a
larger number of grid points when compared to the shorter baselines in the inner
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(u, v) regions. Weighting can to some extent tailor the imaging properties to the sci-
ence requirements by either leaving weights unmodified (natural weighting) or by
dividing weights by the local density of points (uniform weighting). In the BRIGGS

weighting scheme, the ROBUST parameter can take a value between -2 (uniform)
and +2 (natural). Natural weighting typically results in lower image RMS with the
caveat of losing angular resolution, due to the gridding resulting in an increased
weighting of small Fourier frequencies. Natural weighting also results in higher
sidelobe levels. Uniform weighting maximises angular resolution and minimises
PSF sidelobe levels at the cost of sensitivity due to small Fourier frequencies being
weighted down (i.e. maximum baselines/large Fourier components that determine
resolution have a larger effective weighting). In this work, 3 cubes are imaged with
ROBUST parameters of 0, 1.0, and 2.0 using WSCLEAN. The ROBUST 2.0 cube serves
as the most sensitive data product, and is used in the source-finding process while
the cubes with ROBUST 0 and 1.0 are used for various calculations, analytics, and
manual reliability checking.

2.4.3 Second generation calibration (2GC)

To improve both the fidelity and the dynamic range of our image, we implement
self-calibration which we now give an overview of. Bright continuum emission
causes corrupting artefacts within the post-1GC image. These artefacts are signif-
icantly reduced with the use of self-calibration. The essence of self-calibration is to
use a self-generated model of the target field brightness distribution to iteratively
refine time-variable complex gain solutions. To start, an initial sky model, as well
as a mask, are created using the cross calibrated target field data, the post-1GC im-
age. A mask is generated using the initial image to identify regions above a local
threshold RMS of 6 σ. Using the generated mask, the target is re-imaged following
a process similar to that described in Subsection 2.4.2 with the exception of being
restricted to only deconvolving emission located within the mask. The resulting im-
age is used as the first model and is Fourier transformed into the model column of
the measurement set. From this point, self-calibration continues in a 3-step process
which improves the complex gains solutions using the improved sky model. In the
first step, CUBICAL is used to solve for the delay and phase solutions with 1 min
solution intervals and WSCLEAN’s clean depth is set to niter = 80,000 iterations (or
50 µJy beam−1, however, the former criterion is what is met). The second step uses
CASA’s gaincal to derive new solutions for phase only gains at 1 min solution inter-
vals, again followed by a deconvolution step using a maximum number of iterations
of 80,000, refining previous solutions. Finally, in the third step gaincal is used once
more to solve for amplitude and phase gains at 5 min intervals, with the maximum
number of interation increased to 250,000. The majority of these clean iteration are
spent on the large-scale relic found to the north-east of the Abell 3364 cluster. The
refined solutions derived during these three steps are then applied to the visibilities
followed by re-imaging of the target, providing an improved sky model to repeat
the process with.

2.4.4 Spectral line imaging

Following the self-calibration procedure implemented in 2GC, the data cubes are
fully calibrated but contain both spectral line and continuum emission. To pursue
the science goals of this project it is necessary that the continuum emission is re-
moved from the data cubes. This is done in a 3-step process using CASA whereby
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first the subtraction occurs in the (u, v) plane and then in the image plane. We begin
by subtracting the current sky model contained in the model data column from the
corrected data using uvsub task. Thereafter uvcontsub is used to subtract remain-
ing continuum emission through fitting a 1st order (specified through the fitorder
parameter) polynomial to continuum emission in the visibility plane at the native
8-sec time resolution. This fit is then subtracted from all channels resulting in a new
measurement set. This process is typically quite effective at removing residual con-
tinuum emission near the phase centre. We then image the output measurement
set (MS) into three cubes, all with 102 channels at a channel width of 209 kHz, but
with ROBUST weightings of 2, 1, and 0 for cube 1, cube 2, and cube 3 respectively.
The basic specifications of the cubes produced are given in Table 4.1. To correct for
the aforementioned continuum emission towards the primary beam centre we per-
form the third part to our continuum subtraction procedure in the image plane. The
imcontsub task estimates continuum emission by fitting a polynomial (2nd order
in our case) to the channels of a data cube in the image plane, then uses this as a
model to subtract continuum emission. We are then left with the three continuum
subtracted cubes used in this work.

2.5 Ancillary data

2.5.1 MGCLS continuum

The radio continuum image used in this thesis, see Figure 4.8-4.12 is from MGCLS
(Knowles et al., 2022). The image used is a 6335 × 6335 pixel image at pixel incre-
ments of 1.25" × 1.25". The observation was of Abell 3365 at RA = 05h48m12s and
Dec = −21d56m03s at a frequency of 1.28 GHz, an angular resolution of ∼ 8", and
a sensitivity of ∼ 3 − 5 µJy beam−1 across the field-of-view. In Figure 2.5, we show
the map of continuum emission from MGCLS generated using the full L-band band-
width and data processing pipeline described in Knowles et al. (2022). The image is
relatively free of bright, troublesome sources with obvious artefacts. The centre of
the image is dominated by a large continuum relic to the northeast of the Abell 3365
cluster.

2.5.2 The Dark Energy Survey

In this work, we use the Dark Energy Survey Data Release 2 (DES DR2), an optical
imaging survey by the Dark Energy Camera (DECam) (Abbott et al., 2021). DECam
is located in Chile at Cerro Tololo Inter-American Observatory on the 4 m Blanco
telescope. This survey consists of a source catalogue, co-added images, and data
products from previous DES operations. The data we use comes from the coadded
images of the DES wide-area survey that covered ∼ 5000 deg2 of the southern Galac-
tic cap. DES DR2 observed in 5 bands: g, r, i, z, and Y at 1.11", 0.95", 0.88", 0.83", and
0.90" with a median coadded catalogue depth of 24.7, 24.4, 23.8, 23.1, and 21.7 mag
(for an aperture of 1.95" diameter at SNR=10) respectively. The survey has an inter-
nal astronomical precision of ∼27 mas and a photometric accuracy of ∼10 mmag.

2.5.3 The Wide-field Infrared Survey Explorer

Between 7 January 2010 and 6 August 2010 NASA’s Wide-field Infrared Survey Ex-
plorer (WISE) mapped the entire sky in the following 4 bands: W1 (3.4µm), W2
(4.6µm), W3 (12µm), and W4 (22µm) that have an angular resolution of 6.1", 6.4",
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FIGURE 2.5: MGCLS continuum map at 1.28 GHz. The PSF is
8.63" × 7.43".
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6.5", and 12.0" respectively (Wright et al., 2010). WISE used a 40 cm telescope feed-
ing array with a total of 4 million pixels. WISE achieved 5σ sensitivities of 0.08, 0.11,
1.00, and 6.00 mJy in unconfused regions on the ecliptic (or better if nearer to the
ecliptic poles due to denser coverage) for the bands respectively.

One of the main components of the WISE All-sky Release includes the WISE Image
Atlas, which is comprised of 18,240 Atlas tiles. Each Atlas tile comes from one image
set which is a 4095× 4095 pixel FITS file covering 1.546◦× 1.564° at 1.375"/pixel. The
other primary component is the WISE source catalogue. Sources are required to have
a signal-to-noise ratio of greater than 5 (SNR > 5) as well as needing to pass a set of
reliability criteria. After these conditions are applied there are 563,921,584 sources
in the catalogue. Within the catalogue, the following measurements are given: J2000
positions, photometry in the four WISE bands, and various measurement quality
flags including but not limited to: image artefact contamination, extended source,
and variable source. For all sources with SNR > 40 the astronomical precision is
∼ 200 mas RMS on each axis with respect to the Two Micron All Sky Survey (2MASS)
(Skrutskie et al., 2006) reference frame.
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Source finding

3.1 Source finding with SOFIA 2

3.1.1 Source finding algorithm selection

Source finding is an useful tool for detection of various sources, as is the case when
dealing with galaxy groups or clusters. It is generally a semi-automated or auto-
mated process where detection algorithms are used to identify sources based on
particular input parameters. Often source finders provide the user with the option
to output a source catalogue with an array of properties associated with the sources
it has detected. Source finding is an important part of studying a medium to large
number of galaxies as it significantly reduces manual intervention as well as pro-
viding convenient features such as cutouts and catalogues, thus reducing the time
needed to study these multi-member systems.

Popping et al. (2012) compare the performance of various spectral line source find-
ers based on completeness and reliability. This was to determine the optimal source
finding application to use for surveys made using the Square Kilometre Array (SKA;
Dewdney et al., 2009) precursors, MeerKAT (Jonas, 2009) and the Australian SKA
Pathfinder (ASKAP; DeBoer et al., 2009), such as Looking At the Distant Universe
with the MeerKAT Array (LADUMA; Baker et al., 2018), and the Widefield ASKAP
L-band Legacy All-sky Blind Survey (WALLABY; Koribalski et al., 2020). Popping
et al. (2012) tested DUCHAMP (Whiting, 2012), the 2D-1D Wavelet Reconstruction
source finder (Flöer and Winkel, 2012), and smooth plus clip finder (S+C Serra et al.,
2012) among other source finders. They tested the source finders on two cubes, the
first with point sources with Gaussian velocity profiles and the second populated
with spatially extended galaxies with inclinations and rotation curves. For the point
sources, DUCHAMP performed the best, while for the spatially extended sources,
the S+C finder was the most complete and reliable.

The S+C finder follows a simple procedure: The finder smooths the cube over the
sky or velocity (or all 3 dimensions), then searches for voxels above a given thresh-
old. In the event that a voxel is sufficiently bright, it is added to a mask. Masks are
made from each smoothed cube and added together to form a final mask from the
union of all masks (Popping et al., 2012). This is included in Source Finding Applica-
tion (SOFIA Serra et al., 2015) and is the most commonly utilised source finding al-
gorithm within SOFIA. SOFIA is specifically designed for H I source finding within
extragalactic H I surveys and gives the user freedom to customise the smoothing
kernels, flux thresholds, reliability tolerances, merging parameters, and many more.
SOFIA has the capability of creating moment maps as well as catalogues that param-
eterise the candidate sources found.
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While SOFIA generated catalogues are found to be sufficiently complete and reli-
able for extragalactic H I surveys, it has a significant memory footprint. SOFIA 2 is
a re-implementation of SOFIA with parts of the original pipeline rewritten in the C
programming language (Westmeier et al., 2021). SOFIA 2 is also an automated 3D
source finding application that came to be through the necessity for efficient auto-
mated source finding due to the large amounts of data coming from modern radio
telescopes. SOFIA 2 significantly reduces the memory footprint of its predecessor
and makes substantial improvements in computation time. Large data cubes can be
run through the pipeline in minutes with SOFIA 2 instead of the hours required for
SOFIA. SOFIA 2 retains the ability to create moment maps, cubelets (cube cutouts
centred on sources), catalogues, and parameterisation of the sources. For the reasons
stated above, we selected SOFIA 2 as our source finding algorithm and all results in
this thesis use it.

3.1.2 Strategy and implementation specifics

We briefly describe vital parameters that were altered within the SOFIA 2 pipeline.
Parameters that are not discussed here were left as default and the values thereof
can be found within the SOFIA 2 manual and the appendix. The S+C algorithm
was used for all source finding done in this work.

Preconditioning and smoothing

We choose to enable continuum subtraction in the SOFIA 2 options, which is im-
plemented before source finding commences in the pipeline. This is done through
the contsub.enable parameter. When set to True, this enables SOFIA 2 to attempt to
subtract residual continuum emission. The contsub.threshold and contsub.padding
parameters were left at the default of 2.0 and 4 channels respectively. Channels will
be excluded from the polynomial fit if the flux density is greater than the contsub.threshold
times the local noise. The contsub.padding provides a buffer around the channels
that are excluded, in our case a 4-channel buffer on either side. Finally, SOFIA 2 pro-
vides two choices for polynomialfits: zeroth order (constant offset) and first order
(offset + slope). In our source finding strategy we applied the first order polynomial
through contsub.order = 1. During testing, we found that 12 source detections were
lost when running the pipeline with continuum subtraction turned off.

In order to correct for spatial and spectral noise variations across the input data cube
we set scaleNoise.enable to True. This allows SOFIA 2 to measure the noise of the
input data cube and then divide the cube by this value. All parameters associated
with noise scaling were left at defaul.

The rippleFilter.enable parameter was set to True. Sometimes in data cubes there
are spatially or spectrally extended artefacts that vary either across the sky or with
frequency, resulting in spatial or spectral ripples. These artefacts could be elevated
above the flux threshold after smoothing and result in false-positives. This option
calculates the mean or median (the median mode is highly recommended in the doc-
umentation and is used in this work) within a running window, then subtracts this
value from all individual pixels within the grid. Both the spatial and spectral size of
the window and the step that the window moves in can be specified but were left at
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the default of 31 spatial pixels and 15 channels. The step size was also left at the de-
fault of half the window dimensions. The documentation warns that the use of the
rippleFilter.enable may cause real sources to be missed by the finder, however
when this parameter is set to False we gain an additional 3 detections, all of which
look to be false positives. Additionally, 2 real detections were missed when running
the pipeline without artefact filtering.

Smoothing

The user can input the size of the kernels used to smooth the data cube using the
scfind.kernelsXY and scfind.kernelsZ parameters which specify the size of ker-
nels in pixels and channels respectively. SOFIA 2 uses a Gaussian kernel for spatial
smoothing and a boxcar kernel for spectral smoothing. By choosing the kernels with
relevant scales, sources with matching scales will have enhanced signal-to-noise ra-
tios. SOFIA 2 can take a list of kernels for both parameters and will match all
kernels from the spatial list with all the ones from the spectral list and vice versa.
For scfind.kernelsXY we used 0,2,4,6 pixels (where one pixel is 2"×2") and for
scfind.kernelsZ we used 0,1,2,3,7,15 channels (where one channel corresponds to
∼ 46 km s−1). These values result in the same minimum and maximum kernel sizes
as the default values, but have a higher total number of kernels due to additional in-
termediate values to improve the likelihood of locating sources with sizes matching
the intermediate kernel sizes.

Explanation of the flux threshold

The single most influential parameter in SOFIA 2 is that of the flux threshold, changed
through scfind.threshold. Pixels found to have brightness above this threshold
times the noise level in cube post-smoothing are added to the detection mask de-
scribed in Subsection 3.1.1. The default value is 5. Higher values provide more
reliable sources but might miss out on faint sources. Lower values result in more
complete catalogues but have a higher probability of containing spurious detections.
This parameter was extensively tested to find the optimal balance needed for a com-
plete catalogue while minimising the amount of manual input needed to remove
false positives. We iteratively ran three cubes with ROBUST weightings of 0, 1, and 2
through the source finding pipeline for thresholds from 3 to 9 with intervals of 0.2.
For detection purposes we only use the results from the ROBUST 2 weighted cube,
as the higher signal-to-noise allows for a more complete catalogue to be compiled.
However putting the remaining cubes through the pipeline and thereby creating mo-
ment maps and catalogues is useful both when manually inspecting an individual
detection’s reliability and when analysing the galaxies, as the ROBUST 0 and 1 have
better spatial resolutions. The documentation suggests a value of between 3 and 5.
The reason for testing higher thresholds was that the source count fall-off after 6.0
was not significant, as most sources were still detected at thresholds above 6.0 while
the amount of false positive detections were reduced. The final decision was to use
a value of 6.4 as this gives us a high level of confidence that the sources deemed true
detections by SOFIA 2 are in fact real, while still providing us with a complete cat-
alogue comparable to those produced at lower thresholds. We found little success
using the lower thresholds, as the number of detections by SOFIA 2 was unfeasibly
high at thousands of detections.
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Linking, reliability, and mask dilation

SOFIA 2 offers many linker and merger parameters which can be used to specify the
manner in which pixels are allocated to individual sources. For each pixel detected
above the flux threshold, SOFIA 2 searches the surroundings within a given pixel
and channel number in order to link pixels to form sources. This simple friends-
of-friends algorithm is efficient at forming pixels into parameterisable sources. The
only parameter that we altered was linker.minsizeZ by setting it to 1 channel. This
was done to include single-channel sources, with the caveat being that more manual
inspection was required to remove false single-channel detections that are somewhat
common within MeerKAT 4K mode data cubes in general. The default value of 5
channels resulted in many missed sources due to low velocity width galaxies. The
values of linker.radiusXY and linker.radiusZ were left at the default 1 to clearly
distinguish between individual sources as numerous interacting systems within the
cube would be classified as one source by SOFIA 2 had we opted for a higher value.

SOFIA 2 gives the user the option to turn on a reliability algorithm that discards
sources that fail to reach a reliability threshold set by the user. We will not go into
detail on the workings of the reliability algorithm and refer the reader to the SOFIA
2 manual, we instead give a brief description. The algorithm works on the con-
cept that false and real source pixel distributions will occupy different regions in
parameter space. It also assumes that all real astronomical sources have positive
flux. This means any negative flux is assumed to be noise peaks or artefacts while
positive flux could be real sources or noise peaks. The algorithm was developed to
allow the user to set the flux threshold to a low value (∼ 3 − 4) since the reliability
threshold will filter many false detections out of the catalogue. The documentation
warns that for the algorithm to be successful it is important that there are many
negative flux detections in the catalogue produced without the reliability param-
eter enabled. While theoretically not particularly important for our case since we
used a relatively high threshold of 6.4, we found during testing that with the setting
turned on, we obtained 43 detections, and with the setting off we found 74 detec-
tions. This test was done with the default values for all reliability parameters, that
is reliability.theshold = 0.9 and reliability.minSNR = 3.0 among others. Many
of the additional detections were found to be real using manual inspection. The
lack of negative voxels above the flux threshold could be the reason the reliability
algorithm throws out real sources. The final catalogue used was produced with the
reliability option turned off. This gives a more complete catalogue however requires
much more manual intervention as many duplicate sources are included when the
reliability option is not used. The majority of additional sources were duplicate or
overlapping detections that SOFIA 2 failed to separate into different sources. Fortu-
nately, these cases are trivially removed by manual inspection.

A common problem when running source finding applications at higher flux thresh-
olds is that source masks often miss real emission. This happens when emission
surrounding sources falls below the flux thresholds and is thus not included in the
mask. SOFIA 2 provides a solution for this through its mask dilation option. When
dilation.enable is set to True, SOFIA 2 will dilate the source mask outwards both
spatially and spectrally in an attempt to capture all flux associated with a particu-
lar source. This is done by growing the mask in steps until either the total flux of
the source is increased by less than a threshold set by the user, or until a maximum
number of iterations is reached. For our work this was an instrumental setting to
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utilise, considering the high flux threshold of 6.4 that was selected. The maximum
iteration count was left at the default 10 spatial iterations and 5 spectral iterations,
and the dilation flux threshold was also left at the default value of 0.001 (0.1%).

Finally, SOFIA 2 gives the user many options for output products such as catalogue
(ASCII/SQL/XML), parameterisation, moment 0 and moment 1 map, cubelets (indi-
vidual source cube cutouts), mask, and more. Besides the default outputs, we chose
to output moment maps as well as cubelets. The cubelet option produces a moment
0 and moment 1 map as well as a table of the integrated spectra of the sources in
addition to a cube cutout for each source. However, to make specific improvements,
we did not utilise the SOFIA 2 moment 1 maps and instead manually reproduced
the moment 1 maps. This was done by utilising the cubelets produced by SOFIA as
well as the masks to create intensity-weighted velocity maps. The reason therefor
was to give us freedom over the RMS ratio cut that we apply to our moment 1 maps,
we selected 3.2 ×RMS.
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Chapter 4

Results

In this chapter we state H I cube properties and uses in Section 4.1, and show a
channel map. In Section 4.2 we address the question of assigning group membership
to galaxies. We end the chapter by calculating H I properties and SFR and stellar
mass as well as showing H I and multiwavelength maps of individual galaxies in
Section 4.3.

4.1 H I cubes

Three cubes were produced and used throughout this thesis. Cube 1 being the pri-
mary cube, with a ROBUST weighting of 2, was used for source finding, moment map
generation, H I spectrum plotting, and calculation of quantities such as the H I col-
umn density and H I mass of individual galaxies. The reasoning behind this decision
is that with the ROBUST weighting of 2, one typically achieves higher signal-to-noise
ratios by minimising the RMS in each channel due to each visibility contributing its
maximum statistical weight to the corresponding channel map. This makes it the
more pragmatic choice for source finding when compared with Cube 2 and Cube 3
which have considerably lower signal-to-noise ratios, resulting in a more complete
source catalogue. Cubes 2 and 3 attain their value by having superior angular res-
olution when compared to Cube 1, as shorter baselines are down weighted. These
two cubes play a role in analysing individual galaxies, both by helping to determine
if SOFIA 2 detections are real galaxies and also by providing another means to cross-
match galaxies through spectra derived from the different cubes. Cube 2 was also
used for some H I property calculations, such as H I mass and H I diameter. See basic
cube properties in Table 4.1. See Figure 4.1 for a channel map extracted from Cube
1, we can clearly identify emission associated with many galaxies within this single
∼ ∆V = 46 km s−1channel map of width 209 kHz. Figure 4.2 shows the moment 0
map obtained from SOFIA 2 during the source finding process, this shows the 74
galaxy candidates given by SOFIA 2 in the H I catalogue.

While the initial goal of this project was aimed at the galaxy cluster Abell 3365, upon
inspection of the average frequency of the H I galaxies in the SOFIA catalogue it was
noticed that the galaxies detected were at a lower redshift of z ∼ 0.04. This lead to
the investigation of the newly discovered foreground galaxies.
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TABLE 4.1: Comparison of basic properties of the cubes generated in this
work. This highlights the trade-off between signal-to-noise and angular

resolution.

ID ROBUST RMS (µ Jy beam−1) Restoring beam FWHM

Cube 1 2.0 ∼53 30.654" × 30.654"
Cube 2 1.0 ∼54 25.792" × 25.792"
Cube 3 0.0 ∼74 7.641" × 7.641"
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FIGURE 4.1: Channel map of Cube 1 at 1365.5039 MHz, with
RMS = 53 µJy beam−1. The PSF is 30.6547" × 30.6547".

4.2 Group membership classification

The SOFIA 2 catalogue produced using the ROBUST 2 cube resulted in 74 sources, of
which 47 were deemed to be real after manual inspection. This manual inspection
included assessing mid-infrared and optical counterparts in the WISE and DES data
respectively. In addition to this, we cross-match between the cubes with differing
ROBUST weightings. Finally, the integrated spectra of the sources were inspected for
low signal-to-noise ratios.
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FIGURE 4.2: Moment 0 map produced by SOFIA 2 including all
galaxies before manual intervention. The light blue contours show
the 1× 1020 atoms/cm2 H I column density and the red rectangle rep-

resents the boundaries of Figure 4.7, which is a DES RGB image.
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When examining the spatial distribution of the galaxies shown in Figure 4.2 we no-
tice an extended structure. The structure appears to extend from the northern part
of the group to the southern part. This observations is further strengthened upon
spectral inspection of the group. We notice that the majority of the galaxies appear
to grouped within a frequency range. Limiting the galaxies to a rough frequency
range, the majority of galaxies on the left are not included while on the right most
galaxies remain in the range. These hints of possible filamentary structure lead to
the following, more robust, study of group membership. If the group is in fact in
a filamentry structure, this would lead to some interesting study of group systems
and could provide an intermediate state between a filament and a group. We discuss
the implications thereof in chapter 5.

We do not expect a long-filamentary structure, such as the one reported, here to have
a Gaussian velocity distribution as seen in virialized systems. However, we find it
useful to perform a coarse quantitative analysis to determine group membership,
which will be refined with future optical spectroscopy. To estimate group member-
ship, we assume the group velocity centre is the 46 km s−1 velocity channel with the
largest number of galaxies (ν ∼ 1.3641 GHz). Calculating redshift from this central
frequency we find the group to be at z ∼ 0.041. We then perform an Markov chain
Monte Carlo (MCMC) analysis to find a Gaussian fit to the distributions of galaxies
observed. While the binwidth used to create the data influences the Gaussian fits, the
standard deviation of these distributions is comparatively similar for binning widths
around ∼ 300 km s−1. Our selected value for the binwidth is 276 km s−1, that being
a multiple of the channelwidth in the region of ∼ 300 km s−1, where testing showed
the standard deviation to be fairly consistent. The MCMC chain plotted out on a
histogram provides a proxy of the probability distribution of the parameters, the so-
called posterior distribution function. We use the median of the posteriors to form
our Gaussian model. The results of the Markov chain Monte Carlo derived Gaussian
fit are shown in Figure 4.3. Pisano et al. (2011) perform thorough group membership
identification through an iterative process whereby galaxies are identified as being
part of the group if the optical velocity of a particular galaxy is within three velocity
dispersions of the mean group velocity. The velocity dispersion is then, along with
the mean recession velocity, recalculated and the process is repeated until the values
of both change by less than 1%. The approach we took more closely represents the
one shown by For et al. (2019), where the iterative process stops once there are no
more exclusions. Our coarse approach to group membership classification deviates
from the aforementioned methods in our assumption of the mean group velocity,
and our recession velocities being derived from H I frequencies rather than using
optical recession velocities. We do not use spatial information in assigning group
membership due to the elongated filamentary-like structure, however, one can see
in Figure 4.4 that despite using a velocity-only group identification approach, one
can observe spatial clustering which supports our velocity-only based approach.

After applying the group member classification criterion of being within 3 σ from
the mean velocity, 32 sources remain as part of the group. Figure 4.5 shows the
final moment 0 map after galaxy group criteria are taken into consideration, Fig-
ure 4.6 shows the moment 1 map or the velocity field for the same group galaxies.
We show a DES RGB image constructed from the i, r, and g bands covering the area
shown by the red triangle shown in Figure 4.5 with light blue contours showing the
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FIGURE 4.3: The distribution of galaxies by recession velocity, binned
by a velocity width of 276 km s−1. The pink line shows the me-
dian values of the MCMC-derived posteriors, and places 32 galaxies

within the group selection velocity limit criteria.
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1 × 1020 cm−2 H I column density in Figure 4.7. This DES map was created by com-
bining multiple DES tiles (obtained with the DES TileFinder1) using MONTAGE2.
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FIGURE 4.5: Final moment 0 map of the group galaxies. The light
blue contours show the 1× 1020 cm−2 H I column density and the red

rectangle represents the boundaries of Figure 4.7.

1https://des.ncsa.illinois.edu/desaccess/tilefinder
2http://montage.ipac.caltech.edu/
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FIGURE 4.6: Final moment 1 map of the group galaxies. The red rect-
angle represents the boundaries of Figure 4.7.
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FIGURE 4.7: DES RGB image created from DES i, r, and g bands.
Overlaid on the DES map we show the H I contours from the fi-
nal moment 0 map including only group galaxies in light blue. The
contour level represented corresponds to an H I column density of

1 × 1020 cm−2.
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4.3 Individual galaxy properties

4.3.1 H I properties

For the group galaxies that are presented in Figure 4.5 we show H I and multiwave-
length maps in Figures 4.8-4.12. We show the H I moment 0 (far left), H I moment 1
(middle left), radio continuum (middle), mid-infrared WISE W1 3.4 µm band (mid-
dle right), and optical DES RGB image, composed of the i, g, and r bands (far right).

H I column densities were calculated throughout this thesis using Equation 74 from
Meyer et al. (2017). We calculate H I column densities as follows:(

NHI

cm−2

)
= 2.33 × 1020(1 + z)4

(
S

Jy Hz

)(
ab

arcsec2

)−1

, (4.1)

where NHI is the column density in number of H I atoms per cm2, S is the flux mea-
sured over the solid angle ab, where a and b are the angular major and minor axes
of the restoring beam respectively. The assumptions are as follows: small angle ap-
proximation is used in calculating the area, 3

4 H I atoms are in the upper hyperfine
state, and the H I source is optically thin.

The following equation provides us with a way to specify the value of Hubble’s
Constant:

hC =
H0

C km s−1 Mpc−1 . (4.2)

An equation for H I mass is trivially achieved by multiplying the number of H I

atoms with the mass of an H I atom, see Meyer et al. (2017) for details. We use
Equation 45 given in Meyer et al. (2017) to calculate H I mass as follows:(

MHI

h−2
C M⊙

)
≃ 49.7

(
DL

h−1
C Mpc

)2 (
S

Jy Hz

)
, (4.3)

here MHI is the H I mass, hC is taken to be ≈ 1 (by assuming C = H0 = 67.7 km s−1 Mpc−1

in Eq 4.2, see Section 1.4 for assumed cosmological values.), and DL is the luminosity
distance.

For group galaxies we calculate the H I mass using Eq 4.3, where we obtain the flux
from the sum of the integrated flux in the moment 0 maps of the galaxies. The uncer-
tainties of the H I masses are estimated by using the per channel σrms and is found
to be 1.9 × 107 M⊙ thus we report masses in Table 4.2 with a typical uncertainty of
∼ 0.019 dex for the average galaxy. The indicative uncertainties for H I masses are
then as follows: log(MHI/M⊙) = log(MHI ± 0.019/M⊙).

4.3.2 Stellar mass and SFR

To estimate individual galaxy star formation rates and stellar masses (M∗) we make
use of NASA’s Wide-field Infrared Survey Explorer (WISE, Wright et al., 2010) All-
Sky catalogue data. In 2010 WISE mapped the full sky at mid-infrared wavelengths
of 3.4, 4.6, 12, and 22 µm with the respective bands commonly referred to as W1,
W2, W3, and W4. The bands have angular resolutions of 6.1", 6.4", 6.5", and 12.0"
and achieve 5σ point source sensitivities of at least 0.08, 0.11, 1 and 6 mJy, with
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sensitivity improving nearer to the ecliptic poles. WISE provides catalogue data for
sources in multiple aperture sizes ranging from 5.5" to 24.75" for bands W1, W2, and
W3.

The W1 and W2 bands are sensitive to evolved stellar population and are useful for
estimating the stellar mass of a galaxy (Cluver et al., 2014). The W3 band is sensitive
to polycyclic aromatic hydrocarbons and can be used to estimate star formation rate.

The cross-matching process was executed as follows: We cross-matched the coor-
dinates of the flux weighted centroid of the H I galaxy from the SOFIA 2 catalogue
with the mid-infrared source coordinates in the WISE All-Sky catalogue. The results
were then manually inspected in each WISE band. In cases where there is fore-
ground star contamination, we exclude the galaxy from M∗ and/or SFR calculation
based on which band was contaminated. When there is no clear match in the WISE
catalogue, we use the sensitivity of the individual bands to obtain upper limits for
M∗ and SFR by assuming the flux of the galaxy is less than 3 times the sensitivity of
the band in question. If the cross-matching was successful in finding a WISE coun-
terpart, we first inspect the ext_flg parameter, if the galaxy is extended (ext_flg
> 0) then the largest, non-contaminated aperture is then used to determine a Vega
magnitude of the source using the catalogue. If the galaxy is not extended (ext_flg
= 0), we use the 11 arcsecond aperture. Finally, the contamination flag parameter
(eg. w1flg_3 for the W1 11 arcsecond aperture) for each band is inspected for poten-
tial contamination. If possible contamination from other sources is present we have
noted it with an *, and if the parameter suggests an upper limit we have quoted the
provided upper limit, signified with "<". The results are shown in Table 4.2.

For the M∗ calculation we use Equation 1 from Cluver et al. (2014), the W1 and
W2 Vega magnitudes are read from the appropriately chosen aperture. These mag-
nitudes are then used in as follows to calculate the stellar mass:

log10 M∗/LW1 = −2.54(W3.4µm − W4,6µm)− 0.17 (4.4)

LW1(L⊙) = 10−0.4(Mag−Magsun), (4.5)

where W3.4µm − W4,6µm represents the rest frame colour of the source, Mag is the
absolute magnitude of the source in W1, and Magsun = 3.24.

Cluver et al. (2017) calibrated the WISE W3 12 µm band to star formation rates (SFRs)
using the combined sample of the SIRTF Nearby Galaxy Survey (Kennicutt et al.,
2003) and Key Insights on Nearby Galaxies: A Far-Infrared Survey with Herschel
(Kennicutt et al., 2011). The relation is given in Eq 4.7 where the SFR estimate was
calibrated using the total infrared luminosity.

For the SFR calculation, the W3 Vega magnitude of the appropriate aperture is con-
verted into a flux using the method outlined in the WISE data processing photomet-
ric calibration documentation3 using the following:

Fν(Jy) = Fν0 × 10(−mVega/2.5) (4.6)

3https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
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where band-specific values for the Fν0 are given in the documentation, and Fν is the
flux in Jy. Similarly to Cluver et al. (2017), we subtract 15.8% of the flux in W1 from
W3 to account for the older stellar population in the W3 band.

With the newly obtained W3 12 µm flux, we can calculate the 12 µm luminosity,
L12 µm. We use then use the following to estimate the SFR of individual galaxies:

log SFM (M⊙yr−1) = (0.889 ± 0.018) log L12µm(L⊙)− (7.76 ± 0.15). (4.7)
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FIGURE 4.8: Individual galaxy group members cutout images in H I,
radio continuum, NIR, and optical. Moment 0 (far left), moment
1 (middle left), MGCLS radio continuum (middle), WISE W1 band
(middle right), and optical DES RGB image (far right). Each image
has the restoring beam plotted in the bottom left and H I contours
corresponding to column densities of 0.5×1020 cm−2, 1×1020 cm−2,
3×1020 cm−2, 5×1020 cm−2, 10×1020 cm−2 overlaid. The colourbar
in the moment 1 map is in units of km s−1. Red circles in the WISE
W1 band show the aperture used for calculations and the red cross
is centred on the coordinates of the cross-matched WISE source. The
white arrow in the top right of the DES image points to the geometri-

cal centre of the group.
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FIGURE 4.9: As per Figure 4.8,
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Chapter 5

Discussion

In this chapter we analyse results from Chapter 4 and infer properties of the group
as well as comparing them to well know relations. Section 5.1 discusses and com-
pares the H I and stellar properties of the group. Individual galaxies are studied in
a qualitative way in Section 5.2, through visual inspection of galaxies from a multi-
wavelength approach. Section 5.3 summarises the primary properties of the group.
In Section 5.4 we speculate about where this group fits into the holistic picture of the
LSS of the universe while addressing the future work that needs to be done to better
understand this structure and others like it. Finally, in Section 5.5 we bring to light
a previous serendipitous discovery by MeerKAT and also the power of MeerKAT
continuum surveys for H I science.

5.1 Scaling relations

In Figure 5.1, we show the H I distribution of the 32 galaxies that pass our group
membership criteria. All galaxies fall within the 8 < log(MHI/M⊙) < 10 range.
When considering the HIMF determined by Jones et al. (2018) who find the ’knee’
of the function to be at 9.94 ± 0.01 log(MHI/M⊙) the sample contains no extreme
outliers regardless of the cube used to calculate the H I mass, see values in Table 4.2.
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FIGURE 5.1: H I mass distribution of group galaxies from the ROBUST
2 cube.

In Figure 5.2 we compare H I masses derived using the Briggs weighted ROBUST

1 cube versus that of the values obtained from the ROBUST 2 cube. Both masses
were calculated by summing the flux in the moment 0 map of a source. We see very
good agreement as expected, the Pearson correlation coefficient for the relation is
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ρ = 0.9975. The outlier on the relation is ID 11 and is due to more of the tail being
recovered in the ROBUST 2 cube as a result of higher column density sensitivity, this
leads to more flux being incorporated into the sum in the H I mass calculation when
using the ROBUST 2 cube.
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FIGURE 5.2: H I mass comparison between Briggs ROBUST 1 and
BRIGGS ROBUST 2 cubes. The orange dashed line is the 1-to-1 rela-

tion.

To investigate the relationship between the H I diameter (DHI) and the H I mass,
which is an important relation to probe the gas accretion history of galaxies, we
compare the sample to Wang et al. (2016). In Figure 5.3 the Wang et al. (2016) sample
is shown with the solid orange line, and the 3σ confidence intervals are given by the
dashed lines. In this work the H I diameter is taken to be the semi-major axis of the
ellipse fitted to the source at 3 times the local RMS determined during source find-
ing by SOFIA 2. The H I mass was determined by summing the flux associated with
the source in the individual galaxy cutout moment 0 map. For both the diameter
and the H I mass values we used the ROBUST 1 weighted cube. All but 6 sources are
within 3σ of Wang et al. (2016) and all galaxies in the sample are above the average
value of the relation. It is important to note the difference in definition of the H I

diameter between the method used in Wang et al. (2016) and this work. Wang et al.
(2016) calculates the H I diameter by taking the semi-major axis of an ellipse fitted to
a detection at H I density levels > 1 M⊙ pc−1 = 1.249 × 1020 cm−2. This means that
often the full H I extent of the galaxy does not fall within DHI. In contrast, we define
DHI at an H I column density of ∼ 1.5 × 1019 cm−2 calculated using the per channel
RMS. In this way we are overestimating DHI when compared to Wang et al. (2016).
Upon manual inspection, 4 of the sources outside of the relation are low H I flux
detections and would thus likely have a smaller DHI if calculated as in Wang et al.
(2016). The two major outliers at H I mass of ∼ 8.13 M⊙ and ∼ 9.67 M⊙ correspond
to IDs 22 and 11 respectively. ID 11 has clear ram pressure stripping which results
in an extension of the semi-major axis, reflected in the plot. Similarly to the 4 minor
outliers close to the 3σ upper limit seen in Figure 5.3, ID 22 is a weak detection with
low H I flux. Several of these galaxies are also clearly involved in an interaction,
which could also bias results. Note that we follow the approach in Ranchod et al.
(2021) to estimate the DHI uncertainty, that is we approximate it as the physical size
corresponding to the angular size of half the semi-major axes of the restoring beam.
The indicative DHI uncertainty is found to be ∼ 10 kpc. In future work we plan to
compare to Wang et al. (2016) again with DHI defined in a consistent way, this will
be done by ellipse fitting manually to enable better control over the DHI defining
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criteria. To improve accuracy we would perform this study with a ROBUST 0 cube to
attempt to retain angular resolution and thereby minimise DHI uncertainties.
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FIGURE 5.3: H I diameter as a function of H I mass (both from the
ROBUST 1 cube). Green dots are galaxies from the sample in this work.
The orange solid line indicates the relation found by Wang et al. (2016)
(with DHI defined at higher H I column density) with the dashed lines
showing the 3σ confidence intervals. Uncertainties are 0.019 dex for

MHI and 10 kpc for DHI.

Following the method outlined in Section 4.3 to calculate the stellar mass and the
usual flux sum to calculate the H I mass, we plot the H I mass as a function of stel-
lar mass in Figure 5.4. For this plot we use H I masses derived from the ROBUST 2
cube. The orange solid line shows the Parkash et al. (2018) relation and the dashed
lines represent the 3σ confidence intervals. Upper limits are given by blue arrows
(these are either non-detections or were stated as upper limits in the WISE cata-
logue), purple dots are sources that were flagged as potentially contaminated in the
WISE catalogue but seemed reasonably uncontaminated during manual inspection,
green stars are uncontaminated sources. Sources that were mismatched or clearly
contaminated/dominated were excluded for this relation. All source in our sample
fall within the 3σ range of the Parkash et al. (2018) relation.

Figure 5.5 plots the star formation rate as a function of the stellar mass of the galax-
ies within the sample. Section 4.3 briefly discusses the method used to calculate the
SFR from the WISE W3 band. We have omitted galaxies that have been contami-
nated/dominated in either SFR or stellar mass. Additionally, we have not included
any upper limit/non-detection galaxies. Again we compare to Parkash et al. (2018)
and the 3σ limits thereof. From the 15 galaxies plotted, 2 galaxies find themselves
above the 3σ limit. Both galaxies are potentially contaminated, this could be the rea-
son for the increase in SFR as excess flux from nearby unassociated sources could
have been erroneously included in the calculation.

We investigate the relationship between a galaxy’s location within the group to the
gas-to-stars ratio, log

(
MHI
M∗

)
, of the galaxy in Figure 5.6. Red circles indicate galaxies

with potentially contaminated M∗ values from Table 4.2. Figure 5.6 highlights the
large range of gas-to-stars ratio values present in the group, from -1.70 to 1.35. There
appears to be no clear correlation between the projected distance to the geometric
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FIGURE 5.4: H I mass (ROBUST 2) as a function of stellar mass (M∗).
The blue arrows are indicative of upper limits and obtained from non-
detections or flagged as such in the WISE catalogue. Green stars are
clean detections in the WISE map and catalogue. Purple circles are
detections that appeared to be fairly free from contamination dur-
ing manual inspection but were flagged as potentially contaminated
in the WISE catalogue. The solid orange line represents the relation
found by Parkash et al. (2018) with the 3σ confidence levels given by

the dashed lines.
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FIGURE 5.5: SFR as a function of stellar mass. Green stars are uncon-
taminated detections and purple circles are detections flagged as po-
tentially contaminated by WISE but appeared uncontaminated dur-
ing manual inspection. The solid orange line represents the relation
found by Parkash et al. (2018) and the dashed lines show the 3σ con-

fidence levels thereof.
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centre of the group and the gas-to-stars ratio. This study could be further improved
by adding the spectral dimension to the study.
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FIGURE 5.6: The gas-to-stars ratio, log
(

MHI
M∗

)
, of galaxies is given on

the coloraxis while galaxies are plotted on their projected location.
Red circles indicate galaxies with potentially contaminated M∗ val-

ues. The geometric centre of the group is given by the blue cross.

5.2 Individual galaxy analysis

In Table 5.1 we summarise some of the properties and characteristics of galaxies in
the group. The "?" on IDs 3 and 4 interaction column brings attention to the small
distance between them as well as the asymmetry of ID 3’s moment 1 map. The
H I content could be interacting at a column density below our sensitivity threshold.
Note that the description given in the WISE W1 column is independent of the criteria
used to calculate stellar mass, for an explanation on the use of different apertures and
flags to calculate SFR and stellar mass see Subsection 4.3.2. Table 5.1 Many galaxies
have unclear optical images and/or H I velocity profiles, finer spectral resolution
is needed to more accurately map the kinematics of these galaxies and thus more
confidently classify galaxy H I velocity profiles.
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From comparison with the DES images we see that, as expected, the H I extent far
exceeds that of the optical extent. This is particularly clear in the case of IDs 19, 21,
and 24, just to name a few of the many examples. While optical extents were not
specifically measured, together with the DES images, H I moment 0 maps show that
the PSF-convolved H I extent is often 3-4 times the size of the optical galaxy extent.

IDs 8, 11, 15, and the ID 19 and 20 system, are all interesting sources for various
reasons which we now discuss:

ID 8 has no continuum emission and no clear velocity gradient is present in the
H I moment 1 map, see Figure 4.11. The WISE W1 map is contaminated by a fore-
ground star identifiable in the DES image. The flux peak in the H I moment 0 map
corresponds to a slightly offset optical galaxy directly above the foreground star in
the DES image. This optical counterpart appears to be embedded in an envelope of
diffuse stellar emission extending to the east. There is another optical galaxy present
in the southwest of the DES image that looks to also be connected to the aforemen-
tioned diffuse stellar emission. If this is an interacting system we expect to see more
H I emission associated with the galaxy to the southwest that does not seem to be
present in the H I moment 0 map. It is unclear whether or not these galaxies are inter-
acting or if the optical galaxy to the southwest is a foreground galaxy. Better angular
resolution could assist in clarifying the system. Unfortunately the signal-to-noise in
the ROBUST 0 map is not sufficient to detect any H I emission to the southwest, see
figure in Appendix A.

ID 11 showcases what is thought to be significant ram pressure stripping, see Fig-
ure 4.8. The H I tail to the south could be caused by the pressure of the IGrM on the
cold gas within the galaxy as it moves through the group, referred to as ram pressure
stripping. Importantly this galaxy is ∼ 0.71 Mpc from the centre of the group, which
is relatively close when compared to other group galaxies, see Figure 4.4 where the
red cross is the geometric centre of the group. Unfortunately, the foreground star
detected in DES limits the information that can be extracted from the DES and WISE
data about morphology and stellar properties respectively. The tail is large, extend-
ing ∼ 90 kpc beyond the expected H I extent, which is larger than the full H I extent
of many other galaxies in the group. While the gradient in the moment 1 map is
largely unresolved, the H I spectrum is bright and seems fairly undisturbed.

The moment 1 map of ID 15, see Figure 4.9, shows a clear rotation with an exception-
ally large velocity width, this is reflected in the w50 measurement being the highest
of the sample at 559 km s−1. The DES image shows two optical galaxies, the central
one is well aligned with the H I contours and is thought to be the primary optical
counterpart. There is strong extended radio continuum emission that coincides with
the H I moment 0 map flux weighted centroid. The H I spectrum shows an extended
velocity width that could be either due to interaction between two galaxies resulting
in a bimodal distribution or a large double horn profile of one galaxy. The source
having the largest stellar mass and star formation comes as no surprise as the aper-
ture used to calculate the SFR and stellar mass captures excess NIR emission from
the additional galaxy, be it interacting or background. Despite these high values,
the source still lies well within the Parkash et al. (2018) relations for both the stellar
mass and the star formation rate. If this was an interacting system we would expect
the galaxies to be close in frequency space and thus to see additional H I emission in
the northeast, however, our angular resolution could be a limiting factor in identify-
ing this emission as the source is unresolved. It is not clear if this is an interacting
system or simply a galaxy with an exceptionally large velocity width and an optical
galaxy in the background that inflates the stellar mass, better spectral and angular
resolution would be needed to further investigate this source.
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In the case of ID 19 and 20, there is an overlap in the H I extent shown in the H I

moment 0 maps, on the contrary, the optical counterparts are distinctly separate, see
Figure 4.8 and Figure 4.9. ID 19 has a clear WISE counterpart in W1, W2, and W3
and a hint of emission in the radio continuum. The moment 1 map is consistent
with rotation associated with a large edge-on spiral disk galaxy, and the source has
the third largest w50 measurement of all the sources. Additionally, we note that the
source has the second highest stellar mass within the sample. On the other hand,
ID 20 shows no clear continuum emission or WISE counterpart. During crossmatch-
ing only the bright star was found near the source, contaminating any emission that
would have been associated with the source. The moment 1 map of ID 20 appears
to have an asymmetrical rotation curve. ID 19 has a clear and symmetrical double
horn profile. Taking all of this into consideration, this system could potentially be
in the early stages of galaxy interaction between galaxies 19 and 20. This is a prime
example of H I being a far superior tracer of early interactions when compared to
optical wavelengths.

5.3 Group properties

In this section we summarise some important H I properties of the group as a whole.
The group was serendipitously discovered at a geometric mean of RA = 05h47m14s
and Dec = −21d56m24s at z = 0.041 with a corresponding central frequency of
∼ 1.3641 MHz. There are 32 galaxy members after applying group membership
criteria. Of the the 32 group members, 4 are involved in interactions and 1 is under-
going ram pressure stripping. The sum of the H I mass of all members equates to
∼ 5.2 × 1010 M⊙ or log(MHI/M⊙) = 10.716. The average H I mass and H I velocity
profile w50 of galaxies in the group are ∼ 1.6 × 109 M⊙ or log(MHI/M⊙) = 9.20 and
∼ 160 km s−1respectively. The full velocity width of the group is ∼ 1860 km s−1. The
group appears to have a filamentary structure running approximately from north to
south and spanning 5.33 Mpc from the northernmost to the southernmost galaxy.

5.4 Classification of group structure

The projected linear structure that can clearly be observed running down from north
to south is not characteristic of galaxy groups. Figure 4.4 provides us with an illus-
tration of the easily discernibly linear filamentary shape that the group appears to
have. This is reminiscent of the massive filaments present in the large-scale structure
of the universe, albeit at a much smaller scale. The filaments and walls located in
the LSS of the universe span 60 − 100 h−1 Mpc whereas this filamentary group is as
a scale of ∼ 5 Mpc.

The tendrils discussed in Subsection 1.2.5 have been a topic of recent debate. This
filamentary-like group has a separation length of 5.33 Mpc between the northern-
most galaxy and the southernmost galaxy, which places it in a somewhat similar
spatial range as the 10 h−1 Mpc average length for tendrils (Alpaslan et al., 2014).
In contrast to tendrils that generally have ∼ 6 galaxies, the discovered group has
32 members. Tendrils were initially found in the redshift range of 0.15 < z < 0.2
(Alpaslan et al., 2014) then later studied in the redshift range of 0.015 < z < 0.05
(Crone Odekon et al., 2018). The group reported in this thesis is a z = 0.041, putting
it in the range studied by Crone Odekon et al. (2018). The spatial properties of this
group, together with the number of galaxies in the structure, places the group in an
intermediate classification with the spatial extent and shape potentially representing
that of a tendril but a density that more closely represents that of a group or a cluster.
We do not explicitly calculate the density in this work as is done in Crone Odekon
et al. (2018). However, it is clear that there are more galaxies within this structure
than in the average tendril. The intermediate nature of this structure makes it an
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interesting structure to investigate. Some of the investigations that would lead to
a better understanding of the structure includes the H I deficiency of the galaxies,
dynamical mass estimates, dynamical modeling, and kinematic axis alignment with
the filamentary structure. However, these studies are not included in the scope of
the thesis and are left for future work.

The galaxy spin axis alignment to associated filaments is one of our primary goals
for future work. This was investigated by Tudorache et al. (2022) using 77 H I se-
lected galaxies from MeerKAT International GigaHertz Tiered Extragalactic Explo-
ration (MIGHTEE, Jarvis et al., 2016) which provides them with a larger sample size
than (Blue Bird et al., 2020), as well as having sufficient resolution to kinematically
resolve many sources (in contrast to Kleiner et al. (2017) and Crone Odekon et al.
(2018)). Tudorache et al. (2022) uses The Discrete Persistent Structure Extractor (Dis-
PerSE, Sousbie, 2011) to map the cosmic web. They find that galaxies tend to be
more aligned when closer to filaments (d < 5 Mpc) when compared to galaxies that
are further away (5 < d < 10 Mpc). Additionally, they find that lower gas-to-stars
ratio galaxies (log(MHI/M∗) < 0.11) tend to be more aligned than galaxies with a
higher gas-to-stars ratio (log(MHI/M∗) > 0.11) (Tudorache et al., 2022). We plan to
carry out a similiar study in future work, by ellipse fitting and determining the spin
vector of the group galaxies reported in this work by following the methodology car-
ried out in Tudorache et al. (2022), then determining the alignment of the spin vector
of the galaxies with the filamentary-like structure. This study could potentially be
extended by finding nearby filaments using DisPerSE.

5.5 MeerKAT serendipitous discoveries at z ∼ 0.04

This group discovery provides us with an excellent demonstration of the capabili-
ties of MeerKAT to probe and identify low redshift gravitationally bound structures
such as galaxy groups and clusters. In addition to this, we see the value of MeerKAT
as a tool for blind H I searches by utilising L-band surveys such as MGCLS (Knowles
et al., 2022) for H I science. This is further reinforced by a similar redshift group of 20
galaxies discovered in the XMM-LSS field by Ranchod et al. (2021) which used the
MIGHTEE survey. Finally, this result boasts MeerKAT’s ability to resolve z ∼ 0.04
H I galaxies both spatially and spectrally with an angular resolution of 8" and spec-
tral resolution at a fairly broad channel width of 209 kHz. Given that MGCLS was
meant to be a continuum emission only survey, the discovery in this thesis shows the
utility of MGCLS and similar MeerKAT surveys as tools for serendipitous discovery
and study of galaxy evolution though H I.
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Chapter 6

Conclusion

In this work, we report the serendipitous discovery of an H I-rich galaxy group in the
foreground of (but gravitationally unconnected to) Abell 3365 at RA = 05h48m12s
and Dec = −21d56m03s. The group is at a redshift of z ∼ 0.041 placing it at a lu-
minosity distance of 187.2 Mpc. Data processing is carried out using OXKAT. We
generate three cubes with different ROBUST weightings to serve different science ob-
jectives. Source finding is performed on the cubes using SOFIA 2, and the ROBUST 2
cube is used as the primary cube for detection purposes. Thereafter we implement
a group membership classification algorithm to have a robust method of determin-
ing which galaxies are likely to belong to the group. This approach identifies 32
group members. A manual study of the remaining group galaxies is carried out
using multi-band images from the Dark Energy Survey, the Wide-field Infrared Sur-
vey Explorer, and the MGCLS 1.28 GHz data. Comparing these images with the H I

derived maps such as the moment 0 and moment 1 maps from all cubes to further
ensure detections are reliable. H I scaling relations are investigated using moment
0 maps to derive values such as the H I mass and H I diameter, while WISE cata-
logue data is used to derive the SFR and stellar mass values. The values obtained
for our sample are compared to well-established H I and SFR scaling relations. En-
vironmental effects are discussed using interacting systems within the group as well
as individual galaxies as examples. This is performed by assessing the H I galax-
ies using a multiwavelength approach as well as considering the kinematics of the
galaxies from the H I velocity fields. Attention is brought to the fact that the group
has an unusually large (5.33 Mpc) filamentry-like structure and possibilities of asso-
ciations with large scale structure such as tendrils are investigated. Other properties
such as average and total H I mass and H I velocity width are calculated for the
group as a whole. Future work includes dynamical modelling of galaxies that are
sufficiently spectrally resolved, SFR estimates from radio continuum to compare to
the NIR WISE derived values and lastly, investigation of correlation between galaxy
spin axis alignment to the filamentary-like structure. This thesis highlights the ca-
pabilities of MeerKAT as a blind H I searching instrument while also contributing to
the study of galaxy evolution, and adding to a quickly growing list of serendipitous
discoveries by MeerKAT in the low-redshift universe.
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Appendix A

ROBUST comparison

In this appendix we present a side-by-side comparison of moment 0 maps generated
with different cubes with various ROBUST weightings, this is shown for the 32 galaxy
group members.
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FIGURE A.1: Comparison moment 0 maps generated using different
ROBUST weightings: ROBUST 2 (left), ROBUST 1 (middle), and ROBUST
0 (right). The arrow in the left plot points to the geometric mean of
the group. The PSF of each weighting is given in the bottom left cor-
ner. The contours are the H I contours corresponding to column den-
sities of 0.5×1020 cm−2, 1×1020 cm−2, 3×1020 cm−2, 5×1020 cm−2,
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Appendix B

H I spectra

We present the integrated H I spectra for all 32 group galaxies. These spectra were
plotted using cubelet integrated H I spectrum text files from running the ROBUST 2
cube through the SOFIA 2 pipeline.

FIGURE B.1: H I spectra for all group galaxies. These spectra were
plotted from the cubelet spectrum text files output by SOFIA 2 after

source finding using the ROBUST 2 cubes.
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