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Abstract

This doctoral thesis examines two galaxy groups, Klemola 31 and UGC439, leverag-
ing the observational capabilities of the MeerKAT Absorption Line Survey (MALS).
The focus was on studying the interstellar medium, specifically the neutral hydrogen
(H i) content, distribution, density, and dynamics, through high spatial resolution ob-
servations of these groups, and therefore offering insights into the complex processes
affecting galaxy evolution in different environments. To make use of an additional tool,
the absorption line characteristics of H i in the two observed systems were analysed and
compared with the kinematics and the morphology as induced by the observation of
the H i emission line in the same systems. For Klemola 31, this thesis identifies signifi-
cant H i deficiencies and interactions between member galaxies, with notable evidence
of tidal interactions between Klemola 31 A and Klemola 31 B as well as ESO400-11
and LEDA2807038; and possible ram-pressure stripping in ESO400-13. The combined
analysis of the H i in emission and absorption indicates the presence of an extraplanar
and potential intra-group medium in the group. The UGC 439 group was observed
in the commissioning phase of the MeerKAT array, revealing contrasting H i distribu-
tions, with the central three galaxies indicating H i excess while the peripheral galaxies
indicating H i deficiencies. There are two H i clouds, one close to the central three
galaxies and the other to the north. In this case, the observations are consistent with
an H i absorption system from within the disk of a galaxy. This thesis also highlights
the necessity for further high spatial and spectral resolution observations to further
reveal the intricacies of gas dynamics and its critical role in the life-cycle of galaxies. It
serves as an outlook for further studies of the H i environment of galaxies by combining
absorption and emission line studies as first provided by MALS and ultimately by deep
H i surveys with the Square Kilometre Array. This thesis is organised into four chap-
ters. The first chapter details a few concepts and background information about the
physics of galaxy evolution. Chapter two talks about Klemola 31 galaxy group, where
we start by describing our observation, data reduction and source finding. Thereafter,
we explore the H i morphology and kinematics of this group. In Chapter Three, we
turn our attention to UGC439 galaxy group and organise it in a similar manner. A
summary and comparison of the two groups is presented in Chapter 4.
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Chapter 1

Introduction

In the chapters following this one, the observation of two galaxy groups is described, in
which the chance coincidence of a distant bright background radio continuum source
and a galaxy group causes an H i absorption line. The H i properties of the systems are
studied, combining the information from the H i in emission and absorption, in order
to study the physical processes acting on the gaseous components in the galaxy group
and the individual galaxies.

In this chapter, a few concepts and background information about the physics of galaxy
evolution, observational techniques and parameters, and their interpretation are laid
out. Some of these have been used in the study of the astrophysical objects that are
the subject of this thesis. Here, however, a somewhat more comprehensive overview
shall be given to put the work into a scientific and technical context.

1.1 H i properties of galaxies in group environments

A star is born when a dense molecular cloud, mainly consisting of cool and cold hy-
drogen, collapses under its gravitational weight. Molecular hydrogen (H2) and atomic
neutral hydrogen (H i) are key ingredients in star formation. New stars are born at a
given rate in a given volume in space, defining the star formation rate (SFR) density,
which determines how efficient a galaxy is at forming stars. In recent years, a lot of
work has gone into determining the global SFR density at redshifts of up to z ∼ 8 (e.g.
Madau & Dickinson, 2014; Hoppmann et al., 2015). From these studies, it has been
deduced that there is a peak SFR density in the redshift range 1 < z < 3 followed by
an order of magnitude’s decrease towards z ∼ 0 corresponding to the last 10 Gyr or
70% of the age of the universe (Bouwens et al., 2014).

To understand the evolution of the SFR density with redshift and to attempt to uncover
this shift in SFR at lower redshifts, it is imperative for us to understand the processes
leading to the conversion of H i into H2 and, eventually, to stars. To understand these
processes, we need to observe molecular gas, which fuels star formation, as well as
the atomic hydrogen, galaxies’ reserve fuel for star formation and the dominant gas
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component of galaxies. In this study, we focus on observations of the neutral hydrogen
gas, H i, in galaxies using the 21-cm emission line.

1.1.1 Galaxy Groups

Gas accretion and, consequently, the star formation process does not happen in iso-
lation but rather in galaxies, which are integrated into the cosmic web and outline
voids, filaments, clusters and groups. Galaxy groups tend to have lower mass, velocity
dispersion and sizes compared to galaxy clusters. Compact galaxy groups are a subset
of galaxy groups that typically have 4-5 galaxies with apparent densities of 106 Mpc−3 .

1.1.2 Environments of galaxies

Several authors (Giovanelli & Haynes, 1985; Chung et al., 2009; Solanes et al., 2001;
Healy et al., 2021) studied a large sample of galaxies and found that those with low
H i gas content are usually found in high-density environments in contrast to those
with high H i gas content which are found in low-density environments. This sug-
gests that galaxies in clusters lose their gas and stop forming stars and, therefore,
become quenched via either ram-pressure stripping (e.g. Gunn & Gott III, 1972) where
the gaseous disk of a galaxy becomes disrupted as it passes through the intergalactic
medium at high velocities; or tidal disruption (e.g. Byrd & Valtonen, 1990; Moore et al.,
1998) where galaxies’ stellar and gaseous disks become disrupted potentially losing gas
as a consequence of gravitational interaction. These processes lead to the galaxies’
strangulation or starvation, where the weakly bound gas in galaxies is stripped off,
leading to quenching of the star formation once the gas supply is exhausted (e.g. Lar-
son et al., 1980). On the other hand, galaxies in field populations tend to accrete gas
and keep forming stars as they are free from strangulation or starvation effects. Solanes
et al. (2001) and Kilborn et al. (2009) found that there is a relationship between the
galaxy morphology and the degree of H i depletion in groups and clusters where early
type and dwarf spiral galaxies being more depleted.

There are several processes that can disturb H i disks, ranging from ram-pressure strip-
ping and tidal interaction to galaxy merger and accretion events. There are several
signatures when it comes to ram-pressure stripping. Among them are truncated H i
discs, lopsided H i morphologies, enhanced star formation on the leading edge of galax-
ies in nearby clusters as well as one-sided H i tails (e.g. Yoon et al., 2017; Cayatte
et al., 1990; Vollmer et al., 2001; Chung et al., 2009). There has also been evidence of
disturbed H i gas and high column density rings in galaxies hosting transient phenom-
ena such as supernovae, Fast-Evolving Luminous Transients, Fast Radio Bursts and
Gamma Ray Bursts (e.g. Roychowdhury et al., 2019; Kaur et al., 2022; Arabsalmani
et al., 2015). Evidence of galaxy pre-processing, the entirety of evolutionary processes
connected to gas removal prior to the first entry of a galaxy into galaxy clusters, (e.g.
Zabludoff & Mulchaey, 1998; Poggianti et al., 1999; Kantharia et al., 2005; Catinella
et al., 2013; Hess & Wilcots, 2013) has been found in the outskirts of galaxy clusters.
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Roychowdhury et al. (2022) found H i gas in the intergalactic space between low-mass
(M∗≤ 109.5 M⊙) galaxy groups indicative of galaxy pre-processing. In addition to this,
recent high spatial resolution studies with the VLA and GMRT have revealed more
evidence of interaction and H i gas accretion, among them being Beygu et al. (2013);
Chengalur & Pustilnik (2013); Chengalur et al. (2017) who found triplets of gas-rich
galaxies in voids and arranged in an almost a linear fashion, possibly due to material
flow along the filament.

At the other end of the spectrum, we have void galaxies. Void galaxies exist in relative
isolation, freeing them of the processes typical of group or cluster galaxies. These void
galaxies are usually less evolved and usually have a younger stellar population than
cluster or group galaxies (e.g. Aragon-Calvo & Szalay, 2013). Observations of void
galaxies by Moorman et al. (2014, 2016); Rojas et al. (2004); von Benda-Beckmann
& Müller (2008); Patiri et al. (2006) have shown that they tend to be smaller, bluer
and have a higher star forming rate as compared to their cluster and group counter-
parts. However, this is not a strict rule. Studies show that for a fixed morphology
and luminosity, bright void galaxies with magnitudes M < -16.5 can have identical star
formation rates as those from field galaxies (e.g. Kreckel et al., 2012), whereas fainter
dwarf galaxies in voids tend to have higher specific star formation rate (SFR) than
field dwarfs (Moorman et al., 2016; von Benda-Beckmann & Müller, 2008). In addition
to this, brighter void galaxies have been found to have similar H i gas content when
compared to field galaxies (e.g. Kreckel et al., 2012) whereas low luminosity galaxies
in voids tend to have higher H i gas content when compared to field galaxies (Pustilnik
& Martin, 2016). In terms of the H i disk extent, Kurapati (2020) found that the H i
disk of galaxies in voids are ∼ 4.5− 5 times larger than their optical counterparts.

This forms the basis of the morphology-density relation (Dressler et al., 1997), where
early-type galaxies are preferably found in high-density environments such as galaxy
clusters, while late-type galaxies are preferably found in low-density environments such
as the field. This correlation between galaxy morphology and environment indicates
that a galaxy’s environment can be a primary determinant of its gas content and,
therefore, prompts several questions, including how galaxies evolve in the group envi-
ronment in terms of their morphology, star formation rate and gas content. Therefore,
we can understand galaxy evolution in dense environments by studying the removal
and subsequent depletion of cold gas in galaxies (Sancisi et al., 2008a; Schawinski et al.,
2014). Recent H i studies have shed light to the possibility of having H i rich galaxy
groups (e.g. Ranchod et al., 2021; Glowacki et al., 2024) and a possible dissociation
between H i deficiency and evolutionary phase of a compact group (Jones et al., 2023).

1.1.3 Hickson Compact Groups

The Hickson compact group (HCG) is a subset of compact galaxy groups and serves
as key laboratories for examining the role and impact of the environment on galaxies.
Hickson (1982) created a catalogue of 100 galaxy groups, in which they list a collection
of 4 to 5 galaxies with small projected separations, examples being Stephan’s Quintet
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and Seyfert’s Sextet. Follow-up spectroscopic observations of this catalogue showed
that 92 out of 100 galaxy groups had galaxies with the right redshift range, where the
right range was defined as galaxies that fall within 100 km s−1 of the median velocity
of the group.

It is not uncommon to observe chance alignments of galaxy groups and fore- or back-
ground galaxies (e.g. Burbidge & Burbidge, 1959, 1961; Sargent, 1968). Therefore, it
becomes imperative to do follow-up spectroscopic observations of the member galaxies.
Other than spectroscopic observations, it is also possible to use the kinematics and
morphology of these galaxies as well as X-ray emission permeating the group, albeit
weak, as the compact nature of these groups more often than not results in interac-
tions leading to kinematic and morphological changes as well as the striping of material
from galaxies into the intergroup medium which ends up being the source of X-rays.
To be specific, the H i morphology of HCGs appears to follow an evolutionary sequence
of three main phases. H i is initially confined to galaxies, then, as galaxies interact,
they gradually lose gas to the intragroup medium (Jones et al., 2019) to the point of
depletion (Jones et al., 2023) while the diffuse intragroup H i becomes evaporated by
the UV background and heated up over several Gyr resulting in the intragroup X-ray
emission (Verdes-Montenegro et al., 2001; O’Sullivan et al., 2014).

Given that these galaxies have small projected separations, more than 40% of the
galaxies in HCG show signs of interactions, while about 3/4 of them show an extended
X-ray emission whose origin could possibly be hot intergroup gas, serving as evidence
of a common gravitational well in the group and further evidence that the member
galaxies are indeed physical neighbours in 3-dimensional space and the alignment is
not due to mere projection effects(Belsole et al., 2003; Desjardins et al., 2013).

The compact nature of these groups and, consequently, high densities coupled with low-
velocity dispersion should make interactions relatively strong, leading to an enhanced
level of star formation compared to field galaxies, but less than strongly interacting
galaxy pairs, and possible mergers. This is yet another clue that could be used to
determine if a given galaxy belongs to the parent galaxy group.

However, observed velocity dispersions typically range from a few tens to several hun-
dred km s−1 with a median value of the order of 200 km s−1 (Barnes, 1989). This
is usually larger than can be accounted for by luminous matter alone, serving as ev-
idence of dark matter permeating the group and dominating the group’s dynamics.
However, it later became apparent that even though galaxies in groups would be dy-
namically bound, they would be inherently unstable as galaxies’ orbital decay due to
dynamic friction would lead to their halos being stripped and them merging eventually.

Governato et al. (1995) also suggested that in a high-density universe, galaxy groups
could be rejuvenated by new member galaxies joining the compact group. Specifically,
new galaxies become trapped by the group’s gravitational well and fall into the group,
resulting in an increase in the group’s net mass. A direct consequence of increasing the
group’s mass is an increase in the group’s velocity dispersion. As individual galaxies
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move through the group’s intergalactic medium, their neutral gas disk, as well as their
gaseous halo, could be stripped off, resulting in an increase of the group’s halo mass as
well as an increase in the intergalactic diffuse gas content.

Dynamic friction plays its role as well by slowing down member galaxies as they move
through the group. In this process, the member galaxies lose their energy as they
move through a volume of dark matter sub-halos within the group, which slows them
down. This process continues until galaxies merge on a time scale referred to as the
dynamic friction timescale td. The dynamic friction timescale depends on the amount
and distribution of dark matter but is usually ten times the average time it takes for
an individual galaxy to cross a group (crossing time) and ranges from 10−3 to 10−1

Hubble time with 0.02 being the median Hubble time and 1 Hubble time being the age
of the universe. As more galaxies interact and merge with each other, the fraction of
elliptical and S0 galaxies increases. This process would continue until a single massive
remnant resembling an elliptical galaxy is formed (Barnes, 1989).

Therefore, one would expect compact group remnants to resemble massive elliptical
galaxies, as well as the current population of remnants of compact groups of galax-
ies, to exceed the current population of compact groups by an order of magnitude.
However, the total luminosity of individual compact groups exceeds that of a typical
elliptical galaxy by several magnitudes, making it difficult to understand the properties
of compact group remnants (Mendes de Oliveira & Hickson, 1991). However, it is also
possible that the compact groups could have survived by gaining energy when new
galaxies fall into the group rejuvenating the system and increasing the group’s velocity
dispersion.

The possibility of revitalizing star formation in the nuclear region of galaxies or AGN
activation due to group activity has been an area of interest (Keel et al., 1985). Ev-
idence points to the possibility of nuclear activity being activated by interactions in
small groups of galaxies, especially for higher-luminosity galaxies (Sabater et al., 2013).
For example, a large fraction of ultra-luminous galaxies in the infrared contains Seyfert
nuclei, believed to be triggered by interactions (Sanders & Mirabel, 1996). Seyfert nu-
clei are a type of active galactic nuclei (AGN) that are powered by accreting material
into a supermassive black hole at the centre of their host galaxies. Interaction between
galaxies could result in material being funnelled into the supermassive black hole at
the centre of the galaxy, fuelling and activating it.

1.2 Galaxy Scaling Relations

Scaling relations refer to the observable statistical relationships between various phys-
ical properties of galaxies, such as their mass, luminosity, size, velocity dispersion,
rotation velocity and so on. They are instrumental in galaxy formation models as they
form an observational basis with which such models can be tested.
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1.2.1 Star formation law

The relationship between the amount of gas in galaxies and their star formation rate
(SFR) plays a key role in regulating star formation and, consequently, galaxy evolution.
One such empirical relationship between the cold gas (H i and H2) surface density and
the SFR has been quantified by Schmidt and Kennicutt (Schmidt, 1959b; Kennicutt
& Van Der Hulst, 1997):

ΣSFR = AΣN
gas , (1.1)

where ΣSFR is the star formation rate surface density in (M⊙ kpc−2 yr−1) and ΣN
gas

the cold gas surface density in (M⊙ pc−2) and A the constant of proportionality. .
An equally relevant relationship between gas surface density and star formation rate is
given by (Kennicutt Jr., 1998)

ΣSFR = B
Σgas

τdyn
, (1.2)

where τdyn is the dynamical time described as the orbital time for a star-forming disk.
Taking H i and H2 averaged gas surface densities and averaging over galactic disks,
Kennicutt Jr. (1998) found an index value N = 1.4, as can be seen in Fig. 1.1; how-
ever, different studies have found varying values for the value of N (e.g. de los Reyes
& Kennicutt, 2019; Bigiel et al., 2008). On the same note, taking only the molecular
component that is more directly related to the SFR, spatially resolved studies found
a value of ∼ 1 for N (e.g. Leroy et al., 2013; Shetty et al., 2014). In addition to
this, while only considering the atomic component that is predominant in star-forming
dwarf galaxies and low surface brightness galaxies, the value of N was found to be N
∼ 1.4. This was true irrespective of whether the KS law was used with averaged val-
ues over galaxy disks or spatially resolved values (Please see Bigiel et al., 2010; Patra
et al., 2016b; Roychowdhury et al., 2009, 2011, 2014; Wyder et al., 2009; Elmegreen &
Hunter, 2015).

When looking at the average disk profile of a galaxy, there appears to be a threshold
of 3-10 M⊙ in the gas surface density, beyond which little to no star formation occurs.
Kennicutt (1989) and Kennicutt Jr. (1998) found that when approaching this threshold
from the centre of the galaxy, the value of N from the power law in Eqn. 1.3 becomes
steeper than 1.4, and also coincides with the molecular-to-atomic transition zone in
the disk. However, Boissier et al. (2007) did not find a steep decline in star formation
at the threshold but rather showed an increase in the scatter.

This star formation density threshold can be explained using the Toomre criterion,
which provides an expression for the critical density below which gas cannot collapse
to form stars (Martin & Kennicutt, 2001). Other competing explanations include the
ones by Schaye (2004), who explain the threshold as the radius with which the galaxy
cold phase interstellar medium (ISM), a prerequisite for star formation, can form while
Blitz & Rosolowsky (2004) focus on the gas density and argue that the threshold de-
pends on the amount of molecular gas which is governed by hydrostatic pressure in the
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Figure 1.1: Star formation law for normal disk galaxies (filled circle) and starburst
galaxies (squares). Open circles represent the centres of the normal disk galaxies, while
the fit is shown in the graph as a solid black line.(Kennicutt Jr., 1998).

.
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ISM.

To explain the star formation laws in Eqn. 1.3 and 1.2 Krumholz & McKee (2005)
proposed a model in which the start of star formation occurs when the density of a
molecular cloud rises to a point where its gravitational potential energy exceeds the
kinetic energy of the turbulent motion within the cloud. When this happens, the cloud
starts to collapse, and the collapsing material gets hotter and denser, eventually form-
ing stars. This model makes analytical predictions at low gas densities of a downturn
in both expressions due to a decreasing percentage of molecular gas with decreasing
gas density.

This downturn exists at a threshold of ∼ 9 M⊙ pc−2 (Bigiel et al., 2008) where atomic
hydrogen of higher surface density is converted to molecular gas. The atomic neutral
hydrogen surface density measured at this saturation point differs by a factor of 10,
or an order of magnitude, from the surface density measured at 1 M⊙ pc−2 and thus
forming the basis of the relationship between the H i size and mass.

However, Bacchini et al. (2019) found that the break in the slope seen in the Kennicutt
law was a result of disc flaring rather than a drop in the star formation efficiency at
low surface densities. They found this by building upon the first formulation of the
star formation law proposed by Schmidt (1959a) as

ρSFR ∝ ρnH i , (1.3)

where ρSFR is the star formation rate per unit volume and ρnH i is the H i volume density.
Assuming hydrostatic equilibrium, Bacchini et al. (2019) calculated the radial growth
of the thickness of the gaseous disk, allowing them to convert the observed gas and
SFR surface densities into deprojected volume densities and find a tight correlation
between gas volume densities (H i + H2) and SFR with the slope in the range of 1.3-1.9
and a significantly smaller scatter than the surface-based Kennicutt law.

1.2.2 HI size-mass relation

The relationship between a galaxy’s size and mass, as determined by its amount of
hydrogen gas, is known as the H i size-mass relation. The size has traditionally been
represented by the disk radius at which the surface density profile drops below 1 M⊙
pc−2 . This relationship was first parametrised by Broeils & Rhee (1997) as:

log(DH i) = 0.5log(MH i)− 3.32 , (1.4)

where DH i is the H i disk diameter in kpc, MH i is the H i mass in M⊙ pc−2 and the
scatter found to be as low as 0.1 dex. Wang et al. (2016) provided a revision of this
relation using a sample of 562 galaxies with ranges of more than 10 B-band magnitudes
and five orders of magnitudes in H I mass, as shown in Fig. 1.2, resulting in:

log(DH i) = (0.506± 0.003)log(MH i)− (3.293± 0.009) . (1.5)
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Figure 1.2: H i mass - size relation made from 562 galaxies by Wang et al.
(2016). The solid line represents their best-fit line and the 3σ scatter, while
the dashed line represents the fit by Broeils & Rhee (1997).

.

For comparison, Eqn. 1.4 is also shown in Fig. 1.2 as a dashed line. The scatter from
this fit was found to be ∼ 0.06 dex, about 14 per cent, with the 3σ shown in Fig. 1.2
as the two diagonal enclosing lines (Wang et al., 2016).

As mentioned above, the DH i - MH i relation has a small scatter. Since this relation
was made using a wide range of galaxies, from spiral galaxies to dwarfs and early-type
disc galaxies, this tightness in relation would be expected if these different galaxies
had similar neutral atomic hydrogen gas surface densities (ΣH i) when normalised by
radius. To further explore this, Wang et al. (2016) made ΣH i radial plots of 9 surveys
normalised by RH i = DH i as shown in Fig. 1.3.
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Figure 1.3: Normalized ΣH i radial profiles of sample surveys. The median
ΣH i profiles of galaxies with diameters three times larger than the synthesized
beam are shown except for ATLAS3D, which shows individual profiles (Wang
et al., 2016).

.
In fact, they found that the median profiles of both spiral and dwarf galaxies in the
outer regions around the position of RH i are similar and can be well described by an
exponential function with a scalelength of ∼ 0.2 RH i (Wang et al., 2013). This homo-
geneous nature of ΣH i profiles for both spiral and dwarf galaxies suggests that both
share a common mechanism that regulates the distribution of H i profile with radius.
This is rather surprising because we expect the ΣH i profiles to depend on the amount
of H i gas present, which should depend on the H i to H2 conversion process, which
should vary widely with the galaxy type.

However, this ΣH i is not always the same as the average ΣH i as some galaxies, such
as early-type galaxies, have a significant fraction of MH i gas existing outside DH i and
hence, DH i does not enclose the entire H i disk. Such early-type galaxies have a larger
scale length, in units of RH i compared to other galaxies and a lower ΣH i in the inner
region. This means that they have a rather extended H i distribution that is rather
tenuous. This larger scale length hints at a different assembly history than dwarf and
spiral galaxies and corresponds to recent accretion events.
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This scenario is explained in galaxy formation models in a ΛCDM cosmology. In these
models, gas being accreted onto early-type galaxies at later times acquires a larger
angular momentum. This results in the gas settling on the outskirts of a disc plane
much further away from the galaxy centre, hence a larger scale-length (Mo et al.,
1998). Serra et al. (2014) observed kinematical misalignments between stars and H i
gas, further confirming the external origin of H i gas in a large fraction of early-type
disc galaxies.

The DH i - MH i relation has also been confirmed by subsequent surveys for late-type
dwarf galaxies (e.g. Swaters et al., 2002; Begum et al., 2008a; Lelli et al., 2016), large
spiral galaxies (e.g. Verheijen & Sancisi, 2001; Swaters et al., 2002; Wang et al., 2013;
Ponomareva et al., 2016; Lelli et al., 2016), early spiral galaxies (e.g. Noordermeer
et al., 2005) and irregulars (e.g. Lelli et al., 2016). Galaxies with extreme ratios of
stellar mass to stellar scale length, or ultra-diffuse galaxies found in isolated environ-
ments, were also found to follow the H i mass size relation (Gault et al., 2021; Leisman
et al., 2017). This relation has also been shown to hold in groups and clusters where we
expect galaxies to lose H i through tidal interaction or ram-pressure stripping, provided
that these galaxies’ discs are not too disrupted and the diameter can be traced out to
1 M⊙ pc−2(Chung et al., 2009; Verheijen & Sancisi, 2001).

1.2.3 Tully-Fisher relation

There exists a relation between a galaxy’s luminosity and circular disc velocity. This
relation was first observed by Tully & Fisher (1977) using luminosity and the 21-cm
H i line width of a sample of 10 galaxies. Tully & Fisher (1977) observed these galaxies
exhibiting a positive correlation between the two variables. This correlation has been
confirmed by several other observations, and explanations have been proposed to try
to explain this correlation (e.g. Kannappan et al., 2002; Bell & de Jong, 2001; Pizagno
et al., 2007). It has also been used as a distance indicator to galaxies (e.g. Tully &
Fisher, 1977; Freedman et al., 2001; Tully & Pierce, 2000) and to provide constraints
to galaxy formation models (e.g. Dalcanton et al., 1997; Navarro & Steinmetz, 2000).

Using luminosity in the Tully-Fisher relation in galaxy formation models comes with
challenges. Specifically, when applying it to galaxy formation models, the slope changes
with the observed wavelength or band. To apply the Tully-Fisher relation to these mod-
els hence becomes a challenge (Bell & de Jong, 2001). Meyer et al. (2008) observed the
Tully-Fisher relation slope to steepen when longer wavelengths are considered; that is,
a change of the slope as the observation bands changed from B to K bands. There
were two proposed causes for this observed effect, namely the correlation between stel-
lar population and luminosity and dust extinction and luminosity. When it comes to
dust extinction, brighter galaxies in bluer bands have been observed to have a greater
degree of dust extinction than galaxies observed in redder bands. If not taken into
account, this effect flattens the observed Tully-Fisher relation at shorter wavelengths.
Consequently, using the near-infrared wavelength to observe the Tully-Fisher relation



12 Introduction

yields the most accurate results, as the effects of dust extinction are minimised at these
wavelengths. Considering the correlation between stellar population and luminosity,
brighter galaxies tend to have older stellar populations, which have had more time to
evolve and cool, resulting in their redder colour. Hence, brighter galaxies tend towards
redder colours, and when observing at longer wavelengths, brighter galaxies appear
more luminous than those observed at shorter wavelengths.

Bell & de Jong (2001) suggested a Tully-Fisher relation in which the stellar mass is
used to replace luminosity. Removing the colour dependence in this way establishes a
consistent way of comparing the slope in the Tully-Fisher relation in galaxy formation
scenarios.

The stellar-mass Tully-Fisher relation has been a reliable correlation in determining
galaxy distances and in galaxy formation models. This is true for circular velocities
greater than 90 km s−1 . However, when considering galaxies with lower rotation ve-
locities than 90 km s−1 , McGaugh et al. (2000) found a clear break in the optical
Tully-Fisher relation; that is, all galaxies with circular velocities less than 90 km s−1

seemed to fall below the relation defined by brighter, faster-rotating galaxies. Such
galaxies are under-luminous compared to the fit of the more rapidly rotating galaxies,
as shown in Fig. 1.4.

These under-luminous galaxies tend to be gas-rich, and when considering both the stel-
lar and gas mass of these galaxies, the Tully-Fisher relation is restored. The observed
linear correlation continues down to the lowest mass galaxies. This suggests that the
Tully-Fisher relation is fundamentally a relation between the total baryonic mass of
the galaxy disc and the total rotation velocity and takes the form

Mb = AV b
c , (1.6)

where log A = 1.57 ± 0.25 and b = 3.98 ± 0.12 (McGaugh et al., 2000). The total
baryonic mass of a galaxy Mb = M∗ +Mgas is considered to be a combination of the
galaxy’s stellar mass and gas mass. The total gas mass is taken to be the sum of
H i , H2 and He gas masses where He gas can be calculated assuming constant He to
H i mass relation MHe = 0.33 MH i (Bell et al., 2003). On the other hand, H2 can be
determined using the MH2/ MH i ratios of Young & Knezek (1989). However, this ratio
depend on the morphology of a galaxy, varying from 4.0 ± 1.9 for S0–Sa galaxies to
0.2 ± 0.1 for Sd–Sm.

Depending on the definition of rotation velocity, the Baryonic Tully Fisher relation
(BTFR) changes significantly (e.g. Brook et al., 2016; Ponomareva et al., 2017; Lelli
et al., 2019). Lelli et al. (2019), in an analysis of 175 spiral galaxies found in a compari-
son of different velocity conventions such as Vflat, the velocity measured at the flat part
of the rotation curve, W50, the velocity determined by integrating the H i spectrum,
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Figure 1.4: The Tully-Fisher relation for stellar mass (a) and baryonic disk (b)
against rotation velocity by McGaugh et al. (2000). The squares represent galaxies
where the circular velocity has been estimated from the line-width Vc = 1

2
W20 while

the circles represent galaxies whose circular velocity has been estimated from the flat
portion of the galaxy’s rotation curve Vc = Vflat.

.
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Figure 1.5: Cartoon illustration of how star-forming galaxies are distributed in the
log(SFR)− log(M∗) plane (Whitaker et al., 2012).

.

and Vmax, the maximum rotation velocity from the rotation curve, that the tightest
and steepest slope for the BTFR was provided by Vflat.

Therefore, the optical Tully-Fisher relation approximates this more fundamental re-
lation. The fact that the Tully-Fisher relation holds implies that the mass-to-light
ratio holds across different stellar populations. Therefore, the relation can be used to
determine the mass of a galaxy given its rotation velocity, irrespective of its stellar
population. The low scatter observed in the Tully-Fisher relation also implies that
the Initial Mass Function must be nearly universal to achieve the observed uniform
mass-to-light ratio. This relation has also been found to be stable and unaffected by
galaxies’ environments (Mocz et al., 2012), implying it can be used across different
galaxy environments.

1.2.4 The Star Formation Sequence

A useful scaling relation observed in galaxies is the relationship between the stellar
mass and the star formation rate (SFR). This is because galaxies show a correlation
between these two quantities from redshifts z ∼ 0 out to z ∼ 7 (Whitaker et al., 2012).
To illustrate this, Whitaker et al. (2012) categorised galaxies into four categories, three
of which are shown in Fig. 1.5.

As Fig. 1.5 shows, there are three distinct locations in the log(SFR)− log(M∗) plane
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in which galaxy populations tend to cluster . A fourth one is not shown in the fig-
ure. One cluster represents actively star-forming galaxies with normal colours and
associated LIR/LUV ratios, i.e. from low to high dust content. These occupy the
coloured band arrows in the figure and consist 54% of the total population (Whitaker
et al., 2012). The second most abundant population is the quiescent galaxy population
(28%) for log(M) > 10 at 1.0 < z < 1.5, consisting of galaxies that have little to no
ongoing star formation and are not shown in the figure. These galaxy populations are
followed by the red star-forming galaxy population (11%), which has low dust content
(LIR/LUV ratios) and for which star formation is shutting down. Finally, the blue,
dusty star-forming galaxies with high (LIR/LUV ratios) and specific star formation
rates (7%) form another distinct population.

Whitaker et al. (2012) notes that the star formation sequence is not linear with SFR ∝
M0.6

∗ and a constant scatter of 0.34 dex. However, exclusively blue galaxies do show a
linear relation. This correlation can be described in the form of a power law.

log(SFR) = α(z)(logM∗ − 10.5) + β(z) , (1.7)

where

α(z) = 0.70− 0.13z , (1.8)

β(z) = 0.38 + 1.14z − 0.19z2 , (1.9)

where β is the normalization while α is the slope. The slope of this power law can be
used to determine the efficiency with which a galaxy is converting gas into stars and,
hence, the star formation efficiency (SFE) (e.g. Polak et al., 2023; Ghodsi et al., 2024;
Teng et al., 2024). This slope can be used to determine the SFR of a given galaxy,
assuming the stellar mass is known or vice versa.

On average, galaxies belonging to the star formation sequence were forming stars at a
higher rate in the early universe as compared to today, with a decrease of the SFR by
a factor of ∼ 30 from z ∼ 2 to z ∼ 0 (Daddi et al., 2007) and a seemingly constant
SFR from z ∼ 2 to z ∼ 7 (González et al., 2010). Generally, galaxies tend to maintain
a balance between the rate at which cold gas is accreted onto a galaxy and feedback,
thereby affecting star formation (Bouché et al., 2010; Dutton et al., 2010). The slope
of the star formation sequence may be affected by feedback, while the change in nor-
malization with redshift is generally thought to be from the evolution of gas densities
with redshift (Dutton et al., 2010). This normalization β decreases from z ∼ 0 to z ∼ 2
by a factor of 4 and the global SFR density by a factor of 6 (Hopkins et al., 2006).

1.2.5 Mass-metallicity relation

Galaxy evolution can be modelled as a balance between gas inflow into a galaxy and the
outflow of gas from the galaxy. This gas flow leaves a galaxy in a state of equilibrium,
with gas inflow balancing the outflow of gas over time and hence, the "equilibrium" or
"bathtub" models of galaxy evolution. In these models, the outflow of gas is typically
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driven by processes like star formation, the ejection of gas from the galaxy through
supernovae or other explosive events, while the inflow of gas into the galaxy is typically
driven by processes like the accretion of intergalactic gas or the inflow of gas from the
galaxy’s own halo, while the halo gets its gas from the cosmic web (Sánchez Almeida
et al., 2014)

This class of models has been shown to successfully predict the mass-metalicity relation
(MZR) and its evolution, as well as the fundamental metallicity relation (FMR) (e.g.
Peeples & Shankar, 2011; Davé et al., 2012; Lilly et al., 2013). The mass-metallicity
relation (MZR) refers to the positive correlation between the gas-phase oxygen abun-
dance (O/H) and stellar mass M∗ (e.g. Tremonti et al., 2004; Lee et al., 2006; Lequeux
et al., 1979; Andrews & Martini, 2013) while the FMR refers to the secondary de-
pendence of MZR on star formation rate (SFR) such that there is a three-parameter
relation among SFR, M∗ and O/H (e.g. Ellison et al., 2008; Mannucci et al., 2010;
Curti et al., 2020).

These relations have been shown to change with redshift. In particular, within the
local universe at z ∼ 0, the MZR at low masses (M < 1010) is usually described by a
power law that becomes asymptotic at high masses. From z ∼ 0 to z ∼ 2.5, the MZR
slowly and steadily drops, making O/H 0.3 dex lower than at z ∼ 0 at fixed stellar
mass (Savaglio et al., 2005; Maiolino et al., 2008; Erb et al., 2006; Sanders et al., 2015);
followed by a rapid metallicity evolution, a drop of 0.3-0.4 dex from z ∼ 2.5 to z ∼ 3.5
despite these redshifts being separated by only 1 Gyr (Mannucci et al., 2009; Onodera
et al., 2016). On the other hand, the FMR has been shown to depend secondarily on
the SFR up to z ∼ 2.3 (Sanders et al., 2018), while experiencing an offset of 0.1 dex out
to z ∼ 2.5 according to some studies (Cresci et al., 2019; Curti et al., 2020). However,
the FMR does not appear to be valid at redshifts z > 3 with metallicities 0.3-0.6 dex
below predicted values (Onodera et al., 2016).

Changes in the MZR at low masses could be attributed to more effective material
removal by outflows at lower stellar mass according to the bathtub models (Tremonti
et al., 2004; Lilly et al., 2013) as the metal-rich gas is ejected from the disc of the galaxy
into the halo, and eventually rains back down to the disc, cooling and replenishing the
interstellar medium with new material (Davé et al., 2011).

1.3 Gas Accretion

In order to sustain star formation in galaxies, H i gas needs to accrete from the IGM
as shown in Fig. 1.6. This accretion happens in two modes. The cold mode with T
∼ 104 K occurs in low-mass galaxies (with halo mass of Mh ≤ 1011 M⊙) that exist in
low-density environments and the ’hot mode’ with T ∼ 106 K is common in high mass
galaxies (with halo mass of Mh ≥ 1011 M⊙) that reside in high-density environments
(e.g. Dekel et al., 2009; Kereš et al., 2005). In the ’hot mode’, the H i gas is shock-
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Figure 1.6: Simulations showing temperature (bottom) and gas density (top) of a
galaxy at different redshifts. At higher redshifts, the galaxy gets its gas directly from
the cosmic web via filamentary accretion, while at low redshifts, there is a hot halo
that feeds the galaxy with gas from larger distances. (Kocjan et al., 2023).

.

heated as it enters the dark matter halo and becomes part of it. The time scales for
this gas to cool radiatively and eventually settle onto the galactic disk are extremely
high (Rees & Ostriker, 1977). On the other hand, in the ’cold mode’, the gas accretes
into a galaxy’s disk along filaments, directly entering the galaxy’s disk. Kinematic evi-
dence of gas accretion onto galaxies is rare. However, there has been indirect evidence
of accretion onto galaxies (Putman, 2017), e.g. extra-planar H i clouds and lopsided,
warped or extended H i disks and the observations of H i filaments and tails around
galaxies (e.g. Xu et al., 2021; Sancisi et al., 2008a; Leisman et al., 2016; de Blok et al.,
2014).

Star-forming galaxies appear to have their gas accretion and gas removal processes at
equilibrium (e.g. Noeske et al., 2007; Bouché et al., 2010; Lee et al., 2015). However, for
gas deficient galaxies in group environments, gas accretion on to the galaxies suppressed
while the galaxy’s interstellar medium is removed resulting in a fast decline of the star
formation rate and consequently, galaxy quenching. As a galaxy’s gaseous halo is
removed through ram-pressure stripping or tidal interactions, gas accretion onto the
cold H i disk is suppressed, resulting in galaxy starvation or strangulation (Larson et al.,
1980; Balogh et al., 2000) and therefore contributing to galaxy evolution.

1.4 H i emission and absorption lines

In the accretion process, H i gas cools down to the cold neutral medium (CNM) tem-
peratures (T ∼ 100 K), forming molecular hydrogen H2 which eventually forms stars
given sufficient mass. In order to understand this process in detail, it becomes impor-
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tant to study the physical conditions of the intervening gas, or the interstellar medium
(ISM) phases, two such phases being the Cold Neutral Medium (CNM) and the Warm
Neutral Medium (WNM).

H i 21-cm absorption line observations have been instrumental in determining the ISM
phases. The cold neutral medium (CNM; T ∼ 100 K) can be easily traced using the 21-
cm H i absorption line, making it possible to trace out its evolution with redshift and,
therefore, shed light on the SFR density evolution with redshift. H i 21-cm, OH 18-cm
and metal absorption lines can also be used to place constraints on the variation in
the fundamental constants of physics such as the proton-to-electron mass ratio, proton
gyromagnetic ratio and the fine structure constant (e.g. Wolfe et al., 1976; Chengalur &
Kanekar, 2003; Srianand et al., 2010; Kanekar et al., 2012; Rahmani et al., 2012; Gupta
et al., 2018). In addition to this, precise 21-cm absorption line observations obtained
over multiple epochs can be used to measure cosmic acceleration by determining the
magnitude of the redshift drift for a galaxy at a given redshift (Darling, 2012).

For these reasons, H i and OH absorption features at 0 < z < 5 have been the subject
of many studies. However, technical limitations imposed by narrow bandwidths and
hostile radio frequency interference environments made the majority of the effort be
directed towards environments with higher chances of detection. Such environments
include galaxies with quasar sightlines at small impact parameters or distance between
the quasar sightline and foreground galaxy (ρ < 30 kpc), quasar sightlines with a
Damped Lyman-alpha (DLA) (DLA with NH i ≥ 2 × 1020cm−2) and a strong Mg ii
absorption line. However, given that these preselection methods rely on optical and
ultraviolet spectroscopic surveys, they tend to be biased against sight lines through
dense molecular clouds in the ISM. While some optical and ultraviolet measurements
have shown that cold atomic and molecular gas can be detected in low column density
absorbers (1019 ≤ NH i ≤ 2× 1020cm−2) or at large impact parameters ∼ 50− 80 kpc
(e.g. Neeleman et al., 2017), the statistical detections of H2 absorption at z ∼ 3 is ∼ 25
times less than that of H i (Balashev & Noterdaeme, 2018; Zwaan & Prochaska, 2006).
However, the detection rate of cold gas is significantly higher in strong DLAs indicative
of higher column densities NH i ≥ 5× 1021cm−2, which probe galaxies at small impact
parameters (Noterdaeme et al., 2014; Ranjan et al., 2018, 2020). This implies that cold
gas is preferably located at small impact parameters, the very same regions that would
experience strong dust bias for optically selected quasars, leaving these regions largely
unexplored (Krogager et al., 2019).

Combining emission and absorption studies of the Milky Way reveals that a signifi-
cant fraction (∼ 20 − 50%) of the H i gas exists in the thermally unstable region of
Tk ∼ 500− 5000 K, suggesting that a dynamical process such as supernovae, magnetic
fields or turbulence, may be driving the gas from stable to the unstable phase (Audit
& Hennebelle, 2005; de Avillez & Breitschwerdt, 2005).

Beyond the Milky Way and beyond our local universe, as motivated earlier, it be-
comes more difficult to observe H i 21-cm gas in emission, but it can be detected in
absorption in the foreground of a bright continuum source or an Active Galactic Nu-



1.4 H i emission and absorption lines 19

clei (AGN) independent of the distance . Depending on the AGN impact parameter
to the galaxy, different regions in and around galaxies can be explored, such as the
interstellar medium in the galactic disk, the extended HI disc, inflows to the galaxy
and outflows from the galaxy, high-velocity clouds, or even the Circumgalactic medium
(CGM). Given the small cross-section probed by absorption line studies, in order to
trace out the structure of CGM, it would need a sizeable sample of pairs of foreground
galaxies and background AGNs, which would enable us to map the distribution in a
statistical manner. Such studies have shown that the CGM or the galaxy halo is an
important component of a galaxy and observing different gas phases can be useful in
placing constraints on the galaxy formation and evolution models.

There have been several surveys conducted within redshifts z < 0.4 and that have
small impact parameters of (≤ 50 kpc) from the background radio quasar (e.g. Carilli
& van Gorkom, 1992; Gupta et al., 2010; Borthakur, 2016; Zwaan et al., 2015; Reeves
et al., 2016; Dutta et al., 2017b). One such study by Dutta et al. (2017a) found a weak
(∼ 3σ) anti-correlation between the optical depth and impact parameter. The cover-
ing fraction also seemingly declines with increasing impact parameter with an average
incidence of ∼ 20% within 30 kpc for an optical depth of

∫
0.3 dv km s−1. Close to the

major axis, the optical depth is found to be larger, suggesting that the gas is co-planar
with the extended H i discs of galaxies since, in this case, the physical distance from
the centre of the galaxy is smaller along the major axis than the minor axis for the
same impact parameter.

A common practice used to search for 21-cm H i absorption lines is by selecting and
using foreground sources that are responsible for the Mg ii absorption lines observed
in the spectra of the background AGN. Mg ii doublet lines, λ2796, λ2803 have been
used to extensively study galactic haloes of z ≤ 2 galaxies (e.g. Bergeron, 1986; Steidel
et al., 1994; Churchill et al., 2000; Chen et al., 2010; Nielsen et al., 2013; Rubin et al.,
2018; Dutta et al., 2020, 2021). Using these Mg ii systems to make H i absorption line
observations in the redshift range z ≤ 1.5, is crucial as it is the range over which the
global star formation rate declines and the Lyman-α line cannot be observed from the
ground. However, H i studies of samples of strong Mg ii absorbers have shown that the
detection rate of 21-cm H i absorption line is ∼ 10− 20% for a sensitivity of

∫
τ dv =

0.3 km s−1. This detection rate has been found to remain constant within the redshift
range 0.3 < z < 1.5 (Gupta et al., 2012; Dutta et al., 2017a).

It is also possible to improve the chances for H i detections by observing Damped
Lyman-α absorption. Damped Lyman-α absorbers generally refer to clumps of H i
typically found in the redshift range 2 < z < 4 and with a corresponding column
density of NH i ≥ 2 × 1020cm−2 for Damped Lyman-α absorbers (DLAs) and NH i

∼ 1019 − 2× 1020 cm−2 for sub-DLA. There have been several efforts (e.g. Rao et al.,
2011; Péroux et al., 2012; Fumagalli et al., 2015; Chengalur et al., 2015; Srianand et al.,
2016; Krogager et al., 2017; Kanekar et al., 2018; Mackenzie et al., 2019) to connect
the properties (e.g., column density) of Damped Lyman-α systems to the properties of
their host galaxy (Star formation rate, stellar mass, atomic and molecular mass). From
such attempts, it has been found that DLAs are generally found in high metallicity
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galaxies at a higher success rate and are generally thought to be associated with faint,
gas-rich galaxies.

DLAs are also an important source of information regarding the physical conditions
of the neutral gas in galaxies towards the radio-loud quasars. A key quantity is the
temperature of the 21-cm H i gas. There has been a number of DLA studies (e.g.
Wolfe et al., 1985; Carilli et al., 1996; Chengalur & Kanekar, 2000; Kanekar et al.,
2003; Curran et al., 2010; Srianand et al., 2012; Kanekar et al., 2014) which have in-
dicated that the fraction of cold gas detected by 21-cm H i absorption in the redshift
range z > 2 is low with a detection rate of ∼ 20% for a sensitivity of

∫
τdv = 0.3

km s−1. This low detection rate is consistent with the low molecular H2 fraction seen
in such DLAs (Noterdaeme et al., 2008). Upon investigating the spin temperature by
comparing NH i from Lyman-α absorption to NH i from the 21-cm H i absorption, it
has been found that a significant fraction of H i in z ≥ 2 traces the WNM as well as
having high values of the spin temperature Ts. There also exists an anti-correlation
between the observed WNM and the metallicity at z ≥ 2, hinting at fewer radiative
cooling routes. The spin temperature Ts also shows a redshift evolution, with Ts at
z ≤ 2.4 being significantly different from that of z ≥ 2.4 as well as that of the Milky
Way (Kanekar et al., 2014). A larger number of DLAs at z > 2.4 have Ts ≥ 1000 K,
and the detection frequency of DLAs from z < 1 to z > 2 is found to decrease by a
factor of 3, implying that the cold gas fraction of the universe declines with cosmic time.

Given the benefits derived from H i absorption lines, they also suffer from a disadvan-
tage. Only the region with a sufficiently bright background continuum source can be
studied, meaning that only a few galaxies with one or two chance alignments can be
studied. Only the Milky Way can be studied along many sight lines. Another disad-
vantage is that the (H i) column density estimates from H i absorption line depend on
the excitation or spin temperature (Ts) and the covering factor, which is a fraction of
the continuum source that is covered by the absorbing gas (fc). The column density
is directly proportional to the spin temperature Ts and inversely proportional to the

optical depth-integrated over the 21-cm H i absorption line velocity
∫
τdv km s−1.

NH i[cm
−2] = 1.823× 1018Ts[K]

∫
τdv[kms−1] . (1.10)

From Eq. 1.10, the optical depth τ corrected for covering factor (fc) is given by Eq.
1.11

τ = −log[1− ∆S

(fcS)
], (1.11)

where S is the flux density of the background continuum source while ∆ S is the
absorption line depth. Given an optically thin gas, Eq. 1.10 reduces to:

NH i[cm
−2] = 1.823× 1018

Ts[K]

fc

∫
∆S

S
dv[kms−1] , (1.12)

Assuming a covering factor fc = 1, it is possible to constrain the spin temperature (Ts)
by comparing the 21-cm absorption NH i column density to the independently derived
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21-cm H i emission column density (e.g. Kanekar et al., 2001; Dutta et al., 2016), the
X-ray absorption derived column density (e.g. Allison et al., 2015; Moss et al., 2017) or
the Lyman-α derived absorption column density (e.g. Srianand et al., 2012; Kanekar
et al., 2014). However, each of these techniques has its own disadvantages. The 21-cm
H i emission line can only be detected for local galaxies up to a redshift of ∼ z < 1.3,
and the angular scales for emission would be much larger than the angular scales needed
for absorption studies. Deriving the total H i column density from X-rays assumes that
the X-ray and H i spectra trace the same sight line through the gas. Similarly, a fun-
damental assumption when comparing H i and Lyman-α in absorption is that the sight
lines traced by both spectra are aligned, and they trace the same gas phase.

In situations where the assumption that the covering factor (fc) is one fails, it is pos-
sible to constrain the covering factor by making high spatial resolution (milliarcsec
or parsec scale) observations using the Very Large Baseline Interferometry (VLBI)
observations. However, due to the limited frequency capabilities of the VLBI, such ob-
servations would be limited to only a few sources at low redshifts (e.g. Morganti et al.,
2013; Srianand et al., 2013a; Biggs et al., 2016). Vice versa, assuming that the core of
the radio source is aligned with the optical source, it is also possible to constrain fc by
comparing the core component flux density observed at high spatial resolution using
VLBI to the total flux density obtained from a lower spatial resolution observation
(arcsec or kiloparsec scales).

1.5 Galaxy Parametrisation

When studying H i in galaxies, it is required to quantify the properties that describe
such galaxies. This quantification could be in the form of both geometrical or mor-
phological, as well as kinematic characteristics. The description and the measurement
of these parameters is often only briefly discussed as they are considered common
knowledge. It should be noted, however, that might sometimes lead to a certain de-
gree of misinterpretation. To prevent this, a more comprehensive introduction of the
parametrisations used in the following chapters shall be added here.

1.5.1 Galaxy orientation (in H i )

The orientation of the H i disk of a galaxy is often described using the position angle
(PA), as well as the inclination (i). The position angle of the H i disk is referred to as
the angle between the north and the galaxy’s major axis on the approaching side of
the H i disk measured counterclockwise, as shown in Fig 1.7.

The inclination is the angle between the plane of the galaxy and the line of sight from
the observer to the galaxy such that a galaxy observed face-on is said to have an incli-
nation angle of 0◦ while a galaxy observed edge-on is said to have an inclination angle
of 90◦ . This is illustrated in Fig. 1.8.
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Figure 1.7: Position angle measured from North counterclockwise to the approaching
side of the major axis.
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Figure 1.8: Inclination angle denoted as i from Jozsa et al. (2007)
.

Complementary to the geometric properties of the H i disk are their kinematic prop-
erties, such as rotation velocity and dispersion. These properties form the basis for
kinematic analysis using spectroscopy to study and understand the dynamics of galax-
ies in different environments. This, in turn, enables us to understand the structure
and distribution of matter in galaxies, as well as acting as a useful aid in studying
interactions involving galaxies.

1.5.2 Moment analysis

A first reduction of the information available from observed data cubes is often made
in a so-called moment analysis. By calculating moments, usually of up to second order,
one can learn about the distribution and dynamics of the gas in the galaxy or other
observed objects. Several different statistical moments can be calculated, including
the integrated flux density and velocity dispersion hereafter referred to as moment
0 and 2 maps. Moment 1 maps represent the line of sight velocity in a rectangular
coordinate system. The following subsections will talk about how these moment maps
are calculated or made.

1.5.2.1 Moment 0 or H i intensity maps

Taking a spectroscopic data cube where the neutral H i intensity is represented by values
Sj in each pixel with a spectral width ∆V and j is the pixel number, the moment 0 map
can be calculated by integration along the spectral axis. Numerically, this is realised
as a sum of the products of Sj and ∆V in one spatial pixel of the data cube.

IH i = ΣjSj ×∆V , (1.13)
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where IH i represents a single pixel’s value in the resulting moment 0 map with the
units of Jy km s−1 beam−1 . This moment 0 map represents the total content of
neutral hydrogen 21-cm H i and can be converted to the total column density map.

NH i

cm−2
=

1.104× 1024(1 + z )3

bmaj × bmin

× IH i , (1.14)

where z is the redshift of the galaxy; bmaj, bmin the major and minor axes of the
spectroscopic data cube’s restoring beam, respectively, and NH i the column density in
atoms per centimetre squared.

1.5.2.2 Moment 1 maps or velocity fields

Velocity fields can be extracted from spectroscopic data cubes using a variety of tech-
niques, each having its merits as well as disadvantages depending on the signal-to-noise
levels in the data cube as well as the emission structure.

The simplest method involves determining and selecting the peak positions of the ve-
locity profiles for every spatial pixel. However, this technique is sensitive to noise as,
if the signal-to-noise ratio is low, the selected peak position could be a mere artefact
of noise and, therefore, not representative of the peak velocity profile of the observed
object in that cube. A way to mitigate this challenge posed by noise involves calcu-
lating the Intensity Weighted Mean (IWM), or moment 1, for all pixels in the spatial
coordinates and using this as the substitute for the velocity fields. The IWM of a
velocity profile can be calculated:

< V >=
ΣjSj × Vj

ΣjSj

, (1.15)

where < V > is the intensity-weighted average velocity. Despite being a potential
solution to mitigate the effects of noise, it can suffer from systematic errors when the
velocity profile is skewed. To be specific, when using a skewed velocity profile, the
calculated IWM will be offset from the maximum value towards the skewed side as
demonstrated by Swaters (1999) in Fig. 1.9.

As demonstrated in Fig. 1.9, using a Gaussian fit to the velocity profile results in a
better fit to the peak of the profile, as compared to the moment 1 calculation, especially
when the profile is skewed. The Gaussian fit also stands to be more robust against
noise, unlike the moment 1, as seen in Fig 1.9 (b) and as would be expected when there
are low signal-to-noise ratios. However, when the signal-to-noise ratio is low, and the
skewness of the velocity profile is low, the two fits can be approximately similar.

For skewed velocity profiles or those with elongated tails, an even more robust means
of determining the peak of the profile intrinsic to the observed target is to fit a Gauss-
Hermite curve or multiple Gaussians (e.g. Oh et al., 2018). These are the techniques
used to make velocity fields, leading us to the final diagnostic map, normally used in
the literature; the velocity dispersion maps.
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Figure 1.9: Comparison between the IWM and a Gaussian fit for both smooth (a)
and noisy (b) velocity profiles. The Gaussian profile determines the peak value more
accurately than the IWM (Swaters, 1999)

.

1.5.2.3 Moment 2 or velocity dispersion maps

Moment 2 maps represent the total velocity dispersion in galaxies. The velocity dis-
persion of a galaxy refers to the random motions of the contents of H i gas in galaxies.
These maps can be calculated following Eqn. 1.16

σmom2 =

√
ΣiSi × (Vi− < V >)2

ΣiSi

. (1.16)

σmom2 can ideally be identified with the intrinsic dispersion in the observed target. This,
however, requires a careful analysis, as both projection, as well as beam-smearing effects
can play a role. Principally, higher-moment analyses of data cubes are possible, but
as their systematical and statistical uncertainties increase with order, the dispersion
or the second moment is usually the highest-order velocity information used in the
analysis of galaxies or other astronomical objects.

1.5.3 Kinematic Parametrisation

The moment maps described above are instrumental in some kinematic parameteriza-
tions, specifically velocity maps. These velocity maps, as well as velocity dispersion
maps characterizing the recession velocities of the atoms and molecules in the observed
object, and by extension, the rotation velocity as a function of radius, can be deter-
mined using a galaxy’s spectra. The recession velocity refers to the velocity with which
a galaxy is moving away from the observer, the velocity dispersion being the random
motions observed in galaxies, while the rotation velocity is the tangential velocity of
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Figure 1.10: A representation of the tilted-ring model representing M83 from Rogstad
et al. (1974).

.

the galaxy contents around the centre of the galaxy. As a galaxy rotates, the H i 21-cm
emission from the galaxy experiences differential Doppler shifting as a direct conse-
quence of the galaxy’s rotation. This fact enables us to determine the line of sight
velocity of different parts of the galaxy, ranging from the centre out to the edge and
therefore determine the galaxy’s rotation curve. The rotation velocity as a function
of radius is called a rotation curve. Since neutral hydrogen extends further than the
optical disk of galaxies, we can trace the rotation curve to larger radii, allowing us
to probe the mass distribution out to larger radii, which also allows us to study the
angular momentum and dark matter properties of galaxies.

Observations have confirmed that the orbits in disk galaxies without large bars have a
low ellipticity (Schoenmakers et al., 1997) and can hence be approximated as circular.
These circular orbits also exhibit characteristic warps at large radii where the gravi-
tational restoring forces of the inner disk become weak. Consequently, to 0th order,
the disk material’s kinematics can be described as a set of three parameters, namely
rotation velocity, position angle and inclination; the latter two describe the orbit’s
orientation with respect to a given reference. This description is called a ’tilted-ring’
model, a model consisting of a set of concentric rings with relative orbital velocities to
each other and in different inclinations relative to the central planes as shown in Fig.
1.10. One possibility to also describe deviations from this symmetry is to expand the
tilted-ring model in a harmonic analysis (Schoenmakers et al., 1997).

1.5.3.1 The Tilted-ring model

Rogstad et al. (1974) used the tilted-ring model to successfully explain the observed
deviation from co-planar motion in the H i disk of M83 and henceforth explained it as
a warp in the disk structure modelled by this set of concentric rings. The tilted-ring
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model is based on the assumption that most of the galaxy’s mass is in orbit along a
given plane, the galaxy’s disk, and is, therefore, a suitable model for a spiral galaxy.
However, it can be an oversimplification when there are strong non-circular motions
such as the case for NGC 2976 (Simon et al., 2003) or a bar (Bosma, 1978a) and would
not be suitable for elliptical type galaxies without a disk as the majority of motion
would be random and not confined to a disk. As discussed above, the tilted-ring model
can be seen as a 0th-order approximation, which can be employed for a large class of
galaxies.

The tilted-ring model can be made using two approaches. The first approach involves
constructing a velocity field as discussed in section 1.5.2, then later fitting a tilted-ring
model to this velocity field. A modern application of this method is represented by
"2D Bayesian automated tilted-ring fitting of disc galaxies in large H i galaxy surveys"
(2DBAT, Oh et al. (2018)). The second approach involves making a parameterized
simulated spectroscopic data cube whose basis is the tilted-ring model and iteratively
fitting it to an observed cube until the fit converges. This second approach forms the ba-
sis for three-dimensional fitting techniques implemented in software such as TiRiFiC1

and the Fully Automated TiRiFiC (FAT2) (Jozsa et al., 2007; Kamphuis et al., 2015).
These two approaches are discussed in detail in the following subsections.

1.5.3.2 Two dimensional fitting

After going through the procedure described in section 1.5.2 to derive the moment 1
or velocity field, one ends up with a map where each velocity component in each pixel
represents the line-of-sight velocity (Vlos(x, y)) at each point (x, y) in a Cartesian co-
ordinate system. The method has been described by Begeman (1987). From this, it is
possible to determine the rotation velocity (Vrot(r)) of the galaxy under the assumption
of a tilted-ring geometry, which would entail decomposing the line-of-sight velocity at
each radius r into its constituent terms as well as translating the Cartesian coordinate
system to the polar coordinate system inherent to the tilted-ring model. In the first
step, the line-of-sight velocity is decomposed into harmonic terms, the first approxima-
tion excluding other non-rotational motions aside from systemic or recessional velocity
(Vsys) as shown in Eqn. 1.17

Vlos(x, y) = Vsys + Vrot(r) cos θ sin i. (1.17)

When the velocity in the radial direction, or the expansion velocity (Vexp(r)) is included,

Vlos(x, y) = Vsys + sin i(Vrot(r) cos θ + Vexp(r) sin θ). (1.18)

The second step comes in when the (x, y) coordinate of the galaxy is translated to
polar coordinates (r, θ) following Eqn. 1.19 and 1.20

1http://gigjozsa.github.io/tirific/
2https://github.com/PeterKamphuis/pyFAT-astro?tab=readme-ov-file

http://gigjozsa.github.io/tirific/
https://github.com/PeterKamphuis/pyFAT-astro?tab=readme-ov-file
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Figure 1.11: Global profile of a galaxy with a uniform solid body distribution of H i
gas with a maximum rotation speed of 50 km s−1 (Skillman, 1996).

.

cos θ =
−(x− xc) sinϕ+ (y + yc) cosϕ

r
(1.19)

sin θ =
−(x− xc) cosϕ− (y − yc) sinϕ

r
, (1.20)

where r is the distance from the galaxy’s centre, (xc, yc); θ, the azimuth angle measured
counterclockwise from the galaxy’s major axis in the disk plane, and ϕ is the position
angle of the galaxy and i is the inclination angle of the galaxy disk.

In summary, as seen from Eqns. 1.17 and 1.18, the line of sight velocity (Vlos(x, y))
can be decomposed into the rotation velocity (Vrot(r)), systemic velocity (Vsys) and ex-
pansion velocity (Vexp(r)). It is important to note that the contribution of the rotation
velocity component (Vrot(r)) to the line of sight velocity (Vlos(x, y)) becomes zero along
the minor axis of a galaxy. This also happens when a galaxy’s inclination approaches
zero, i.e., when a galaxy is being observed face-on.

As the inclination angle increases, the contribution to the measured line-of-sight veloc-
ity from the rotation velocity increases, resulting in the characteristic double-horned
profile. This double-horned spectral profile is a consequence of the differential rotation
shown by larger galaxy disks.

Interestingly, Skillman (1996) also noted that the distribution of H i gas could influence
the shape of the H i global profile, an example being a solid body galaxy whose H i
distribution falls off as the inverse of the radius, shown in Fig. 1.12 or a solid body
galaxy with uniform H i distribution over the entire disk, shown in Fig. 1.11.

Once the rotation velocity has been successfully determined, the next step is done by
fitting a tilted-ring model to this velocity map with the aim of deriving the aforemen-
tioned kinematic and morphological parameters.
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Figure 1.12: Global profile of a solid body galaxy with a maximum rotation speed of
50 km s−1 and whose distribution falls off as the inverse of the radius (Skillman, 1996).

.

There are several software options to fit a tilted-ring model to a velocity field. The most
commonly used is the ROTCUR routine (Van Albada et al., 1985); implemented in
NEMO, GIPSY, and AIPS, among others, which fits a set of inclined rings, the tilted-
ring model, to a velocity field. There are also a number of variants of the ROTCUR
routine, among them the GIPSY routine RESWRI, which performs a harmonic decom-
position of the line-of-sight velocity along the azimuthal angle tracing the projected
ellipse of a ring. This can be used to study the effect of non-axisymmetric potentials
on the kinematics of the rotating disk (Binney, 1978; Franx et al., 1994; Teuben, 1991).
RINGFIT (Simon et al., 2003) also allows for azimuthal variations in the rotation ve-
locity, but in the context of a flat disk and has been used by Simon et al. (2005) to
check the reliability of their rotation curves. ROTCURSHAPE, implemented in NEMO
(Teuben, 1995), performs a global fit of the velocity field in which the ring parameters
are not fitted independently, but rather all at once. On the other hand, KINEMETRY
(Krajnović et al., 2006) reduces higher-order terms in a harmonic expansion in order to
find the best-fitting solution for a tilted-ring model. A more recent approach includes
2DBAT (Oh et al., 2018). 2DBAT is a Bayesian method for fitting tilted rings to the
velocity field of disc galaxies in large H i surveys in order to study their rotation and
structural properties.

These two-dimensional-based fitting techniques usually benefit from their low compu-
tational cost while fitting for the tilted-ring model. However, they have their short-
comings, including projection effects such as beam smearing. The projection effect
adversely affects this method when the target galaxies are either seen edge-on or have
large warps. This is because the line-of-sight intersects the disk twice or more, making
it impossible to derive a single representative velocity field from such a galaxy even
if its geometry is known. Beam smearing is another limitation encountered by the 2-
dimensional based fitting algorithms. This limitation has been demonstrated by Bosma
(1978b) before by comparing low-resolution H i velocity field maps observed by single
dishes to H i high-resolution velocity field maps made by interferometers. They were
able to show how beam smearing makes the velocity gradients towards the centre a lit-
tle bit flatter, mimicking a solid body rotation while, at the same time, converting bits
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Figure 1.13: Comparison between the velocity fields (Top) and dispersion velocities
(bottom) for NGC2403’s observations using a single dish (GBT, right) and interfer-
ometer (VLA, left) in an effort to show the effects of beam smearing (Di Teodoro &
Fraternali, 2015).

.

of this rotation velocity to dispersion velocity. This has a direct effect on the central
regions of the velocity dispersion maps, showing an increase in velocity dispersion, as
shown in Fig. 1.13.

Beam smearing is referred to as the effect a finite beam has on the derived velocity
field. In detail, when fitting a rotation curve to a velocity field of a galaxy, the ro-
tation velocities may be underestimated in regions where the rotation curve is rising
and overestimated in regions where it is falling. This bias towards regions of higher
surface brightness is due to the fact that when the measured intensity is not constant
over the beam area, the measured velocity profile at a given position is a convolution
of the beam with the true intensity distribution, causing asymmetry in the ’smeared’
profile. This means that the resulting ’smeared’ profile becomes asymmetric as regions
with higher intensities contribute more to it. Hence, the maximum position is dragged
toward velocities with greater associated surface brightness. This is the case even if
the observed velocity profile would have been symmetric had it been observed with a
pencil beam.
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Beam smearing is not easy to address because it also depends on how velocities change
within the beam. To mitigate the impact of beam smearing, a section of the velocity
field is often excluded from the analysis (by specifying a "free angle"), and data points
are weighted. An extreme choice for a free angle would be only to consider velocities
along the major axis of the galaxy and correct for inclination, which is equivalent to
extracting a rotation curve from a long-slit observation. While this improves results
in the outer parts of the galaxy, it worsens them in the inner parts. This necessitates
either utilizing three-dimensional methods to analyze low-resolution single-dish data
or using interferometers to observe galaxies at high resolution.

1.5.3.3 Three dimensional fitting

As an alternative to using velocity fields, three-dimensional fitting techniques exist
that make use of all information in spectroscopic data cubes to create the tilted-ring
model. In general, they have as an input a set of morphological and kinematic param-
eters that describe a disk, which they use to construct a simulated data cube as their
initial model. Once these parameters are supplied and a simulated cube is made, the
simulated cube then becomes convolved with an artificial observational beam, approx-
imated as a Gaussian, whose major and minor axes resemble the observations. These
convolved cubes are compared to the original using Chi-Square, and model parameters
are adjusted in response. This process continues in a loop until the best model param-
eters describing the tilted-ring model are found; that is, the simulated cube becomes
as similar as possible to the observed cube.

This method of deriving the tilted-ring parameters has the advantage over two dimen-
sional methods in that it is less affected by both projection effects and beam smearing.
The benefit results from fitting the tilted-ring model directly to the spectroscopic data
cube, from which the parameters characterizing the ring model are obtained. This
method of fitting becomes more reliable because it does not require the construction
of velocity fields where information is lost. The other advantage that comes from this
method is the possibility to model kinematic asymmetries as well as warps in galaxies
and galaxies that are nearly edge-on or face-on, as well as, depending on the imple-
mentation, extraplanar gas.

As mentioned above, due to their sensitivity to extremely faint features, 3D models
can greatly outperform those obtained from a velocity field. Even if a galaxy’s H i
disk is substantially warped, it shows a significant change in the projected centre of
rotation. Whether a galaxy is seen edge-on or is intersected by the line of sight more
than twice, the software can still successfully recover the parameters. In addition
to the orientational parameters and the rotation curve, it also provides the analyzed
galaxy’s surface-brightness profile. There are several 3D tilted-ring codes in use such
as TiRiFiC, Jozsa et al. (2007); 3DBAROLO, Di Teodoro & Fraternali (2015); FAT,
Kamphuis et al. (2015).

FAT (Fully Automated TiRiFiC; Kamphuis et al., 2015) is an automated procedure
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that fits the tilted-ring model to H i data cubes by building on the Tilted Ring Fitted
Code (Jozsa et al., 2007). To be specific, it starts by applying SoFiA source finder
(Serra et al., 2015) to the input cube to get the initial parameters for this source.
Thereafter, it automatically initializes TiRiFiC using these parameters and then it-
eratively applies TiRiFiC, sometimes with increasing complexity, until a satisfactory
fit is achieved. FAT begins with a flat disc model where the fitted parameters are
independent of the radius but has the functionality to explore radial variations in these
parameters. Should one proceed with fitting parameters that vary with radius, at the
end of the fit, these radial variations are smoothed by a polynomial fit to avoid arti-
ficial fluctuations from TiRiFiC, with differences between smoothed and unsmoothed
returned as uncertainties for some parameters. FAT can reliably model the geometry
and kinematics of H i disks with an extent of eight beams across the major axis and
inclinations ranging from 20◦ to 90◦ Kamphuis et al., 2015.

On the other hand, 3DBAROLO (Di Teodoro & Fraternali, 2015) is a tilted-ring code
similar to FAT, the key differences being the parameter initialisation, model optimisa-
tion and flux normalisation. When it comes to initialising parameters, 3DBAROLO
can use its built-in source finder based on DUCHAMP (Whiting, 2012) or the user can
specify the initial parameters directly. Once the source(s) are found, the Nelder-Mead
algorithm (Nelder & Mead, 1965) is used to optimise the model on a ring-by-ring basis,
and the beam effects are applied by convolving each velocity channel with a 2D kernel.
During model optimisation, the radial variations of the geometric parameters can be
computed using a number of techniques, such as Bezier interpolation, and polynomial
fits or can return median values if a flat disk model is specified. Flux normalisation
is done in 2D using the observed moment 0 map on an azimuthal ring or pixel-by-
pixel basis, and uncertainties are estimated using a Monte Carlo approach, where some
model parameters are varied around the best fit until the residuals increase by ∼ 5%.
3DBAROLO can recover H i disc parameters that are resolved by as few as 2 beams
along the major axis while the inclination ranges from 45◦ to 75◦. In the following, we
refer to a specific implementation of the tilted-ring model, TiRiFiC (Jozsa et al., 2007).

In order to create a TiRiFiC tilted-ring model, a set of parameters that vary with radius
and a set of global parameters are needed. The set of parameters belonging to a given
radius is referred to as a “ring”. To calculate a model, these ring-specific parameters
are linearly interpolated to form a number of sub-rings with a user-specified width.
Then, using a Monte Carlo integration, these sub-rings are modelled to rotate with
the same tangential velocity and a specific orientation with respect to the observer,
which is determined by the position angle and inclination. After that, the model is
projected onto a cube whose dimensions are determined by the input data cube and
later convolved with a 3D-Gaussian, representing the internal dispersion in a galaxy’s
tracer material as well as the instrumental effects of a finite observing beam and finite
resolution in the frequency domain.

With regard to the ring-specific parameters, the user supplies the radius, circular veloc-
ity, scale height, surface brightness, inclination, position angle, as well as the (central)
right ascension, declination and systemic velocity of the rings. It is important to note
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that the position angle in TiRiFiC is measured from the meridian to the minor axis
counterclockwise, with the north being zero degrees and the East at ninety degrees
left. On the other hand, the global parameters supplied by the user include the global
isotropic velocity dispersion, including instrumental dispersion, a parameter that ac-
counts for the vertical distribution of the gas density, the total flux of a single point
source or cloud where the number of Monte-Carlo point sources is roughly equal to the
model’s total flux divided by this quantity. In order to keep the flux of the subring
accurate, the cloud flux is changed by a tiny fraction when calculating point sources for
a subring. It is this point source model that is gridded into a model cube and convolved
with a 3D Gaussian as described above. This 3D Gaussian is simply a product of 2D
(anisotropic) Gaussian, representing the observing beam (CLEAN beam) of the input
cube and can be defined by the user, and a 1D Gaussian representing the total velocity
dispersion.

1.5.4 Vertical structure of H i disks

The kinematic and morphological parametrisation methods discussed in section 1.5
can be used to determine the 3-dimensional structure of a galaxy. However, it is also
possible to do the same by numerically solving the joint Poisson-Boltzman equation of
the hydrostatic equilibrium of the stellar, atomic and molecular gas components of a
galactic disk and considering the external force contribution from the dark matter halo
(Patra et al., 2014; Banerjee & Jog, 2008; Banerjee et al., 2010; Narayan & Jog, 2002).
Taking a constant vertical gas velocity dispersion of 8 km s−1 as a function of radius,
Banerjee & Jog (2008) estimated the vertical scale heights for four dwarf galaxies from
the FIGGS Survey and found them to have thick H i disks that flare out as a function
of radius. This was observed to be true even when taking a varying velocity dispersion
with radius, an example being Patra et al. (2016b) who modelled 23 dwarf galaxies
from the LITTLE THINGS survey and found that dwarf galaxies had a scale height
that varied from a few hundred parsecs at the centre to a few hundred-kilo parsecs to-
wards the edge. This variation in the scale height also holds for spiral galaxies modelled
using a varying vertical velocity distribution (e.g. Patra et al., 2016a) who modelled 8
spiral galaxies from the THINGS survey and found the spiral galaxies H i scale height
increasing from a few hundred parsecs at the centre to ∼ 1− 2 kpc at the edge.

1.6 The MeerKAT Absorption Line Survey

H i observations by single dish surveys have been used to provide reliable measure-
ments of integral properties of the H i in galaxies, like mass and velocity width, and
consequently statistical information like the H i mass density (Zwaan et al., 2005).
Previous single dish H i surveys can be grouped into the southern and northern hemi-
sphere surveys. The H i Parkes All-Sky Survey (HIPASS; Barnes et al., 2001; Meyer
et al., 2004) surveyed the southern hemisphere while the Northern HIPASS catalogue
(NHICAT; Wong et al., 2006), and the Effelsberg Bonn H i Survey (EBHIS; Kerp



34 Introduction

et al., 2011) surveyed the northern hemisphere. The Arecibo Fast Legacy ALFA sur-
vey (ALFALFA; Giovanelli et al., 2005) and the H i Parkes All Sky Survey (HIPASS;
Meyer et al., 2004) have been instrumental in measuring the global H i properties of
nearby galaxies such as the distribution function of galaxies as a function of H i mass
or the H i Mass Function (HIMF) (e.g. Martin et al., 2010; Zwaan et al., 2003; Haynes
et al., 2011). These single-dish surveys have aided in determining various aspects of
the HIMF, such as the contribution of different galaxy populations to the HIMF (e.g.
Dutta & Khandai, 2021) as well as the HIMF environmental dependence (e.g. Jones
et al., 2018a; Moorman et al., 2014; Said et al., 2019). Other aspects determined by
single dish measurements are the H i velocity width function (e.g. Moorman et al.,
2014), scaling relations of the atomic gas component (e.g. Catinella et al., 2010, 2013)
as well as the H i selected galaxies’ clustering (e.g. Martin et al., 2012; Guo et al., 2017).

In order to understand the details of the structure and dynamics of nearby galaxies,
spatially resolved observations are required. To this end, there have been several spa-
tially resolved H i emission surveys such as the Faint Irregular Galaxies GMRT survey
(FIGGS; Begum et al., 2008b), the Local Volume H i survey (LVHIS; Koribalski et al.,
2018), The H i Nearby Galaxy Survey (THINGS; Walter et al., 2008), Survey of H i
in Extremely Low Mass Dwarfs (SHIELD; Cannon et al., 2011) as well as the Local
Irregular Galaxies That Trace Luminosity Extremes, The H i Nearby Galaxy Survey
(LITTLE THINGS; Hunter et al., 2012). SKA pathfinder surveys have also been used
to study thousands of spatially and spectrally resolved galaxies. The MeerKAT H i Ob-
servations of Nearby Galactic Objects; Observing Southern Emitters survey (MHON-
GOOSE; de Blok et al., 2016) aim to detect H i at low column densities in an attempt
to probe the connection between galaxies and the intergalactic medium in nearby, well-
resolved galaxies. On the other hand, The MeerKAT International GigaHertz Tiered
Extragalactic Exploration survey (MIGHTEE; Maddox et al., 2021) is a medium-wide,
medium-deep survey that aims to extend our knowledge of H i emission to z = 0.6
and therefore enable us to study the evolution of H i over the past 5 billion years as
well as explore H i as a function of galaxy environment given that there are massive
groups and galaxy clusters within its survey volume. In addition to these surveys, The
Widefield ASKAP L-band Legacy All-sky Blind Survey (WALLABY; Koribalski et al.,
2020) aims to survey three-quarters of the sky to a redshift of z ≤ 0.26 in an attempt
to study the influence of the environment on galaxy evolution in groups and clusters,
while the Apertif surveys (Verheijen et al., 2009) consists of a large-area, medium deep
imaging of H i with the aim to investigate the connections between the gas and total
mass distribution of galaxies as well as investigate how these connections vary with
environment and what role gas accretion and removal play.

Since the flux density scales with distance squared, and the H i mass function limits
the H i masses of galaxies to a maximum of 1011 M⊙, the range of observations of H i
in emission is limited to the local universe. The most sensitive observations to date
are conducted in the MeerKAT’s LADUMA survey, with an expected redshift limit
of z = 1.4 (Blyth et al., 2016) and widefield surveys, such as the H i emission project
within the MeerKAT International GHz Tiered Extragalactic Exploration (MIGHTEE)
survey and the FAST all sky H i survey (FASHI), have much lower redshift limits (Ver-
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heijen et al., 2007; Catinella et al., 2008; Maddox et al., 2021; Zhang et al., 2024).

Taking H i 21-cm observations in the local universe and combining them with Lyman
alpha absorbers (Lyα) at high redshifts can also enable constraining the H i mass den-
sity, ΩHI of the universe in the redshift regions z < 0.2 and 2 < z < 4. Comparing the
H i mass density to the SFR density over the same redshift range, there is a modest
decrease of ΩHI (factor of 2) compared to the order of magnitude decrease in the SFR
necessitating direct observation of cold atomic and molecular gas in order to under-
stand the processes that lead to the conversion from cold atomic to molecular and
eventually to stars (Crighton et al., 2015; Neeleman et al., 2016).

Therefore, 21-cm H i absorption becomes necessary to complement emission line obser-
vations and trace the evolution of the atomic gas component of galaxies since 21-cm ab-
sorption is not limited by distance, only by the flux density of the background source. It
can also be used to trace circumnuclear disks (Gallimore et al., 1999; Struve & Conway,
2010; Morganti et al., 2011), reveal infalling clouds potentially related to the feeding of
supermassive black holes (Morganti et al., 2009; Maccagni et al., 2014; Tremblay et al.,
2016) and trace outflows which could potentially indicate the interaction between jets
and the surrounding interstellar medium (Aditya & Kanekar, 2018; Schulz et al., 2021).

When it comes to wide field surveys, the First Large Absorption Survey in H i (FLASH;
Allison et al., 2022) utilizes the Australian Square Kilometre Array Pathfinder (ASKAP)
telescope’s wide field of view and large spectral bandwidth to search for H i absorption
lines in the radio spectra of bright continuum sources that belong to intervening 21-cm
absorbers associated to host galaxies of radio sources at 0.4 < z < 1.0. The aim is
to provide valuable kinematical information for models of gas accretion and jet-driven
feedback in radio-loud active galactic nuclei.

The MeerKAT Absorption Line Survey (MALS) is designed to use the MeerKAT’s UHF
and L-band receivers to carry out sensitive (NH i > 1019cm−2) dust-unbiased search for
intervening H i and OH absorption lines at 0 < z < 2. This is because the observables
associated with H i and OH absorption lines, as well as the volume filling factor of the
interstellar medium phases, depend on in situ star formation through various stellar
feedback processes. Consequently, observations of H i and OH over the redshift range
of the survey provide reliable measurements of the evolution of cold atomic and molec-
ular gas cross-sections of galaxies, as well as aiding in understanding the evolution of
the Star Formation Rate (SFR) density with redshift. To this end, these intervening
absorbers detected from the survey are important for a variety of science themes as
discussed in Gupta et al. (2017), with this thesis focusing on the third theme titled
Galaxy Evolution through H I and OH Emission. This theme aims to con-
duct a substantial blind emission line survey with the aim of detecting thousands of
galaxies in order to study the distribution and kinematics of atomic and molecular gas
in galaxies and, therefore, provide insights into the gas content and dynamics of galaxy
disks and their relation to star formation processes.
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1.7 Thesis outline

This thesis makes use of the MALS H i absorption and emission line observations to
derive H i properties of galaxies in two galaxy groups, Klemola 31 and UGC439 with
the aim to understand the processes that govern galaxy formation and evolution. It
examines not only anomalous cold H i gas in the galaxies but also the effects of group
environments. Chapter 2 discusses the Klemola 31 galaxy group, starting with a de-
scription of our observations, data reduction, and source finding. Thereafter, it explores
the HI morphology and kinematics of this group. Chapter 3 focuses on the UGC439
galaxy group and organizes it in a similar manner. A summary and comparison of the
two groups is presented in Chapter 4.



Chapter 2

HI 21-cm Emission and Absorption of
Galaxies in the Klemola 31 Group

This chapter is an adaption of Maina et al. (2022), the publication of which was part
of the PhD project on which this thesis is based. It presents a detailed H i 21-cm
absorption and emission line study of the Klemola 31 galaxy group using data from the
MeerKAT Absorption Line Survey (MALS) project. It starts by giving an overview
of the group in section 2.1. It then discusses the observation, calibration and source
finding details in sections 2.2 through 2.4. H i emission and absorption is analysed
and discussed in sections 2.5 through 2.6 while the discussion and summary is given
in section 2.7. The following sections were added to the thesis and were not part of
the original publication. Figure 2.1 was added to show the group without H i contours.
The Data Reduction and SoFiA Source Finding sections 2.3 and 2.4 were also added to
give a bit more detail on the data processing steps. In Table. 2.2, columns 14 and 15
have been added, representing the logarithm of the expected H i mass based on stellar
mass and H i deficiencies based on stellar mass as described in Bok et al. (2020). The
integrated flux density and corresponding uncertainty have been added as Eqns. 2.13
and 2.14. The H i deficiency section 2.5.2, the H i mass size relation Eqn. 2.20, Eqns.
2.25 and 2.26 under subsection 2.7.2.1 titled Argument for ram pressure stripping as
well as subsection 2.7.2.2 titled Argument for past tidal interaction have also been
added to the thesis.

This work was the result of a collaborative effort among all listed authors below. Each
author contributed to various aspects of the published article. The contributions were
interdependent, and the final product reflects the collective work of the team.

] E. K. Maina11, Abhisek Mohapatra,2 G. I. G. Józsa,3,1 N. Gupta,2 F. Combes,4 P.
Deka,2 J. D. Wagenveld,3 R. Srianand,2 S. A. Balashev,5,6 Hsiao-Wen Chen,7 J.-K.
Krogager,8 E. Momjian,9 P. Noterdaeme,10,11 and P. Petitjean10

1Department of Physics and Electronics, Rhodes University, P.O. Box 94, Makhanda,
6140, South Africa
2Inter-University Centre for Astronomy and Astrophysics, Post Bag 4, Ganeshkhind,
Pune 411 007, India
3Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 Bonn, Ger-
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many
4 Observatoire de Paris, LERMA, College de France, CNRS, PSL University, Sorbonne
University, Paris, France
5 Ioffe Institute, Politekhnicheskaya 26, 194021 Saint Petersburg, Russia
6 HSE University, Saint Petersburg, Russia
7 Department of Astronomy & Astrophysics, The University of Chicago, 5640 South
Ellis Avenue, Chicago, IL 60637, USA
8 Université Lyon1, ENS de Lyon, CNRS, Centre de Recherche Astrophysique de Lyon
UMR5574, F-69230 Saint-Genis-Laval, France
9 National Radio Astronomy Observatory, P.O. Box O, Socorro, NM 87801, USA
10 Institut d’Astrophysique de Paris, Sorbonne Université and CNRS, 98bis boulevard
Arago, F-75014 Paris, France
11 Franco-Chilean Laboratory for Astronomy, IRL 3386, CNRS and U. de Chile, Casilla
36-D, Santiago, Chile

2.1 Klemola 31 Galaxy Group

Klemola 31 galaxy group is a small group of galaxies located in the Sagittarius constel-
lation in the Southern hemisphere (Klemola, 1969). The group comprises six galaxies
with varying masses, gas distribution and morphological types, as summarised in Ta-
ble 2.1 and seen in Fig. 2.1. These galaxies are within an angular separation of ∼ 5′

from Klemola 31A, which corresponds to a projected distance of ∼176 kpc at the mean
redshift of the group, zgrp = 0.029 (see last column of Table 2.1). There is a back-
ground quasar, PKS 2020-370, that is at an angular separation of 18.7′′ , i.e., 10 kpc at
zgrp, from Klemola 31A, and at an angular separation of 45′′ from Klemola 31B. This
background quasar is at a redshift of z = 1.048.

Each member of the Klemola 31 galaxy group has its redshift, shown in column 4 of
Table 2.1, determined either in the publicly available optical spectra from the 6dF
Galaxy Survey (6dFGS)2 or from previous observations. Specifically, ESO400-11 and
LEDA631562 have their redshifts based on the prominent Hα (λ6565 Å) emission line;
while for the early type galaxies, ESO 400-13, Klemola 31B and LEDA2807038, the Mg
(λ5177 Å) and Na (λ5896 Å) absorption lines have been used. However, Klemola 31A
(zg = 0.0288), has no public spectra available and therefore has its redshift taken from
Boksenberg et al. (1980) and Carilli & Van Gorkom (1987).

H i emission from the group had been detected using the Nançay radio telescope (Boisse
et al., 1988). The telescope beam covers four members of the group: Klemola 31A, Kle-
mola 31B, ESO400-11 and LEDA 2807038. Using the morphology and inclinations of
these galaxies, Boisse et al. (1988) argued that the detected H i emission signal (inte-
grated flux, S = 0.78 Jy km s−1) corresponds to Klemola 31A (MH i= 6× 109 h−2 M⊙ ).
Later, Carilli & van Gorkom (1992) using the Very Large Array (VLA of the NRAO3)

2http://www.6dfgs.net/
3The National Radio Astronomy Observatory is a facility of the National Science Foundation

http://www.6dfgs.net/
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Figure 2.1: SDSS image of Klemola 31 group. The background optical image comes
from the Digitized Sky Survey (DSS) Bj, R and I colour composite image. The recession
velocities (v0 in km s−1) corresponding to zg are written below the name of the galaxy.
The cyan crosses correspond to the optical centres of these galaxies.
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in BnA and CnB configurations, constrained the H i masses of Klemola 31A and Kle-
mola 31B to be MH i= 1.16 × 109 h−2 M⊙ and MH i < 109 h−2 M⊙ respectively. For
the H i mass upper limit, they assumed a velocity width of 200 km s−1.

Spectra are also taken in the line-of-sight towards the quasar PKS2020-370. The spec-
tra show evidence of Ca II H & K absorption lines at zabs= 0.0287 (Boksenberg et al.,
1980), serving as evidence of gas extending well outside the optical disks/halos of Kle-
mola 31A and Klemola 31B. H i emission line observations by both the Nançay radio
telescope and the Very Large Array subsequently showed the gas to be associated with
the extended H i disk of Klemola 31A. Junkkarinen & Barlow (1994) detected Na i
absorption lines and showed that the ratio N(Ca ii)/N(Na i) is rather consistent with
the ‘halo-like’ gas (see also Cherinka & Schulte-Ladbeck, 2011). Both Boisse et al.
(1988) and Carilli & van Gorkom (1992) have reported the detections of H i 21-cm
absorption from Klemola 31A. However, the best available constraint on integrated H i
21-cm optical depth (

∫
τdv = 0.22 ± 0.05 km s−1) is based on VLA A-configuration

observations (spectral resolution ∼10 km s−1per channel) that resolve out the extended
H i emission signal (Carilli & Van Gorkom, 1987). This corresponds to a H i column
density, NH i = 4.0× 1019(Ts/100K) cm−2.

The availability of a variety of H i 21-cm emission and absorption line information
motivated the use of the Klemola group as a target for MALS science verification
observations. At the same time, the H i 21-cm emission line properties of the other
four members of the galaxy group, i.e., ESO400-11, LEDA 2807038, LEDA 631562 and
ESO 400-13, have not been discussed at all in the literature, and the absorption signal
towards PKS2020-370 although unambiguously detected, albeit as a single pixel, is
not well characterized due to the low spectral resolution. Thus, it is also an intriguing
target to follow-up using the large field-of-view, excellent sensitivity and high spectral
resolution of MeerKAT observations presented here.

2.2 Observation Details

2.2.1 uGMRT

The Klemola 31 group had been observed using upgraded Giant Metrewave Radio Tele-
scope (uGMRT) from the 28th to the 29th of May 2018 with a total on-source time of
6.3 hours with a bandwidth of 4.17 MHz split into 512 channels. The flux density scale
and bandpass calibrator source observed was 3C 48, while the compact radio source
PKS1954-388 was also observed for 7 minutes every ∼ 50 minutes. This observation
was planned to complement the MeerKAT observations of PKS2020-370 carried out
from November 7 to 9, 2017, using only 16 antennas from the MeerKAT array with
the sole purpose of detecting the absorption for verification purposes.

operated under cooperative agreement by Associated Universities, Inc.
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Following these observations, the uGMRT data was processed using ARTIP (Gupta
et al., 2021), resulting in a STOKES-I image made using ROBUST=0 weighting of
the visibilities and a restoring beam of 3.9′′ × 1.8′′ with a position angle of 29.4◦. At
this resolution, PKS2020-370 remained unresolved and therefore compact with a de-
convolved size of 0.7′′ × 0.1′′ , a position angle of 45 ± 2◦ and a peak and total flux
density of 407±0.4 mJybeam−1 and 419.3±0.8 mJy respectively. From this STOKES-
I cube, an absorption spectrum at the position of PKS2020-370 was extracted. This
absorption spectrum had a spectral resolution and rms4 noise of 1.88 km s−1 and 1.7
mJy beam−1 channel−1 respectively. This spectrum was used in the subsequent sections.

2.2.2 MeerKAT

A follow-up observation of the Klemola 31 A galaxy group was made from April 1 2020,
using 60 Antennas of MeerKAT-64 array and 32K mode of the SKA Reconfigurable
Application Board (SKARAB) correlator. This observation was part of the science
verification observing run with a total duration of 184 minutes. However, the array’s
pointing centred on PKS2020-370 had a total on-source time of 56 minutes. This total
time of 56 minutes was split into three scans of different hour angles so as to improve
the UV coverage. 3C286 and PKS 1939-638 were observed and used as the delay, flux
density scale and bandpass calibrators, while the compact radio source J2052-3640 was
regularly observed for complex gain calibration.

This resulted in an observation with a total bandwidth of 856 MHz centred on 1283.9869
MHz that was split into 32,768 channels. In the region close to the H i 21-cm line fre-
quency at the redshift of z = 0.029, the channel width corresponded to a velocity res-
olution of 5.7 km s−1. Data from all four polarisations, labelled XX, YY, XY and YX,
was obtained with a correlator dump time of 8 seconds. Since we were only interested
in the Stokes-I properties of the target, only XX and YY polarisation products were
processed through the Automated Radio Telescope Imaging Pipeline (ARTIP) (Gupta
et al., 2021).

2.3 Data Reduction

The Automated Radio Telescope Imaging Pipeline (ARTIP) (Gupta et al., 2021) is a
radio interferometric data calibration pipeline developed for the MeerKAT Absorp-
tion Line Survey (MALS). It is written in Python and extensively uses the Common
Astronomy Software Application (CASA) tasks and tools. The main objective of the
pipeline is to produce full Stokes spectral line cubes as well as radio continuum images
with as little manual intervention as possible. In spite of having been designed for the
MALS dataset, ARTIP is general enough to be able to process data from other radio
interferometers such as the Karl G. Jansky Very Large Array (VLA) as well as the
uGMRT. This generalized ability to process data from different radio interferometers

4The rms of an image is defined as the average fluctuations or noise in an image.
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informed and allowed for the testing and optimisation of algorithmic choices that are
used in MALS data processing. Consequently, ARTIP follows a modular design, al-
lowing flexibility and the ability to extend various processing steps. Specifically, each
stage can be configured through a JavaScript Object Notation (JSON) or the YAML
Ain’t Markup Language file Ben-Kiki et al. (YAML; 2009) and can also be entirely
replaced by external software.

ARTIP can be used as a single node application on a workstation or as a part of a cluster,
where it can fully utilize its capabilities through the Pipeline Manager. The Pipeline
Manager Service can be launched either through the command line, where it operates in
a standalone environment, or using the uWSGI server in a production-like environment.
It is designed to be intuitive and to allow for collaborative ARTIP execution, monitoring
and management of the end products of the pipeline. Consequently, the Pipeline
Manager allows a MALS user to:

1. Set up the different CAL, CUBE, CONT and Diagnostic stages.

2. Trigger ARTIP and monitor its progress using the traffic light status where Blue
represents finished, Yellow is in progress, Grey means not started, and Red means
failed. A user can also monitor the processing using the logs generated.

3. Reset ARTIP to a particular stage and restart the processing should need to be.

4. Push the right diagnostic plots to the database for quality control and potentially
to the medium-term storage in MALS for archiving.

ARTIP follows a stage-driven architecture where outputs from one stage serve as inputs
for the subsequent stages. Specifically, at the highest level, ARTIP is split into the
following four sections:

1. ARTIP-CAL: The purpose of ARTIP-CAL is to calibrate the input raw visibilities
and output the target source visibilities. This section can also handle multiple
target sources and calibrators.

2. ARTIP-CUBE: Takes the output of ARTIP-CAL and does spectral-line imag-
ing on it. This includes any necessary RFI-flagging, self-calibration, continuum
subtraction, as well as spectral line imaging or cube imaging. This results in
spectral-line cubes that can be used to generate H i moment maps and absorption-
line catalogues.

3. ARTIP-CONT: Takes the output of ARTIP-CAL and does wide-band radio con-
tinuum imaging with the option to flag and self-calibrate as needed.

4. ARTIP-Diagnostic: Acts on the outputs of ARTIP-CAL, ARTIP-CONT and
ARTIP-CUBE with the purpose of generating diagnostic plots and statistics.
The pipeline status and logs can be used to monitor and debug the processing if
need be while the diagnostic plots and statistics can be used to assess the quality
of flagging, calibration and data products.

The following sub-section expounds on the various sections mentioned above.
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2.3.1 ARTIP-CAL

Figure 2.2: Seven stages of ARTIP-CAL processing. The * indicates that
the step is optional while the Diagnostic, represented by dashed lines, may be
triggered at the end of each stage or after all the stages at the very end of the
processing (Gupta et al., 2021).

.
ARTIP-CAL has seven stages implemented as Python classes (please see Fig. 2.2).
These stages can be toggled on or off as required and are further split into substages,
which are either subclasses or functions.

The initial observatory-based flagging was applied to the data in stage 1, prepare ms,
resulting in a measurement set containing only the calibrator data, the calibrator.ms.
The flagging consisted of the following steps:

I. RFI masking to eliminate persistent interference.

II. Clipping scans and the edges of spectral windows.

III. Flagging data that corresponded to faulty antennas, zeros and NANs, as well as
shadowing.

Following the observatory-based flagging, the observatory-based calibration results in
calibration tables that correct for the atmospheric optical depth, ionospheric effects
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and variation in the gains of antennas and electronics. This calibration is stage 2 on
the calibrator.ms data that subsequently fed into stage 3, where the model visibilities
for the primary flux calibrators were filled in calibrator.ms.

Thereafter, the flux density calibrator was used to identify bad data for all spectral
windows, e.g. bad baselines and time ranges and non-working antennas. This hap-
pened in stage 4, where RFI-free channels of the raw visibilities were analysed for
phase dispersion and closures, and the time ranges, antennas or baselines beyond a
given threshold were flagged. Following this flagging was the flux calibration process,
which was followed by examining the flux calibrator data using the median and median
absolute deviation (MAD) statistics to identify bad time ranges. This process was re-
peated until no bad data beyond a given threshold was found.

Once it was ascertained that there was no more bad data left, the processing proceeded
to stage 5, where it went through the delay, bandpass and flux-density calibration with
RFI flagging.

Following this was stage 6, where the secondary calibrator gains were determined and
finally, stage 7, where all the calibration solutions determined were applied to target
sources, which were then split into separate target sources, i.e. one MeasurementSet
(ms) per pointing.

2.3.2 ARTIP-CUBE

The measurement set file containing our target source proceeded to the next stage,
ARTIP-CUBE, where it was partitioned into 15 spectral windows (SPW-0 to SPW-14)
with an overlap of 256 frequency channels in stage 1 of Fig. 2.3. SPW-9 covered the
relevant frequency spectrum of 1351 - 1411 MHz for this study and was consequently
selected for RFI flagging in stage 2. In stage 3, the data set was averaged in frequency
to generate continuum datasets that were later imaged and later self-calibrated. These
self-calibrated solutions from Stage 3 were applied to the RFI-flagged line datasets from
Stage 2 in Stage 4. This was followed by continuum subtraction, where model visibil-
ities determined from the continuum source model were subtracted from the dataset,
followed by fitting a polynomial, i.e., the uvlin or uvcontsub approach.

2.3.3 Imaging

Both the self-calibrated continuum image from stage 3 of ARTIP-CUBE and the con-
tinuum subtracted data cube from stage 4 of ARTIP-CUBE were imaged. The con-
tinuum image was obtained using ROBUST=0 weighting of the visibilities in the CASA
tclean task and had a resolution of 11.6′′× 7.0′′ with a position angle of −85.8◦ and an
rms noise measured close to the quasar of ∼ 80µJy beam−1 at the reference frequency
of 1380.8 MHz. This quasar was unresolved and had a total column flux density of
404.1± 1.1 mJy, with this flux density and uncertainty determined by fitting a single
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Gaussian component to the continuum image.

When it came to the continuum-subtracted data cube, only the central 34 ′ portion
centred on PKS 2020-370 was imaged, as this was adequate to cover the galaxy group
Klemola 31. The imaging was done by setting the ROBUST parameter to zero, result-
ing in a data cube with 1024× 1024 spatial pixels of size 2 ′′ each and 2304 frequency
channels, each channel having a resolution of 5.7 km s−1. This imaged FITS cube had
a common restoring beam of 11.9′′ × 7.6′′ (6.9 kpc ×4.4 kpc at the group redshift) with
a position angle of −82.7◦ and an rms of 0.79 mJybeam−1 channel−1. This data cube
was further deconvolved using the Common Software Applications (CASA) package task
tclean down to five times the single channel rms value. This deconvolved data cube
was later analysed with SoFiA 2 (Westmeier et al., 2021).

SoFiA is a software application used to detect and parametrise sources in 3D spectral
line datasets commonly referred to as the Flexible Image Transport System (FITS)
files (Pence et al., 2010). SoFiA 2 is a reimplementation of the original SoFiA pipeline
in C programming language, making use of OpenMP for parallel processing and is
consequently faster and more memory efficient (Westmeier et al., 2021). Therefore, we
shift our focus to using SoFiA 2.

2.4 SoFiA Source Finding

2.4.1 Input Data Cube

Following the steps in the algorithm shown in Fig. 2.4, SoFiA 2 was given the FITS
cube.

2.4.2 Flagging

From the FITS cube, SoFiA 2 measured the noise levels, σrms(i), in each spatial and
spectral channel. It then calculated the median (µ) of the rms values and the Median
Absolute Deviation (MAD µ) from these median values. Taking in a user-specified
threshold flag.threshold=5.0 from the parameter file, it flagged all channels or pixels
satisfying Eqn. 2.1

|σrms(i)− µ| = C × v × µ , (2.1)

where v is the user-supplied threshold mentioned above, and constant C ∼ 1.4826 was
used to convert MAD to normal standard deviation.
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Figure 2.4: SoFiA 2 algorithm shown in the form of a flow chart with inputs repre-
sented as blue, steps as yellow and outputs as purple (Tobias Westmeier, 2021).
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2.4.3 Continuum Subtraction

Once the cube was flagged, SoFiA 2 extracted a spectrum at each spatial position in
the datacube. This spectrum was shifted in two directions, that is, in one direction
by +contsub.shift=4.0 and the opposite direction by -contsub.shift=4.0 where the con-
tsub.shift=4.0 parameter was supplied by the user in the input parameter file. These
two shifted spectra were subtracted from each other, the noise levels measured from
the subtracted spectrum and all channels with the absolute value exceeding the user-
supplied value of contsub.threshold=2.0 were flagged. As a safety margin, an additional
padding of ±contsub.padding=3.0 was applied around the flagged channels. This was
followed by fitting a polynomial of contsub.order=1.0 to the remaining channels of the
original spectrum. This polynomial was subtracted from the original cube in the pro-
cess of continuum subtraction. This was done to ensure that any residual continuum
sources were adequately dealt with before noise normalisation and, thereafter, source
finding.

2.4.4 Noise Normalisation

In order to deal with any and all noise variations across the FITS cube both spa-
tially and spectrally, the noise normalisation algorithm for SoFiA 2 was switched on
by setting scaleNoise.mode=local. This was followed by supplying the user-specified
parameter values scaleNoise.windowXY=71 and scaleNoise.windowZ=71. Thereafter,
SoFiA 2 made a shifting window across all three dimensions of the data cube on a grid
that was half the window size since the grid size was not specified. SoFiA 2 measured
the rms value in each window and divided the corresponding grid cell by that rms value.
To make sure that there were no sharp boundaries between the grid cells, linear inter-
polation between the grid cells was enabled by setting scaleNoise.interpolate=True.

2.4.5 S+C finder

Following noise normalisation was the source finding where SoFiA 2 followed the fol-
lowing steps.

1. SoFiA 2 created a copy of the noise-normalised data cube.

2. All pixels already detected in the previous iteration had their values replaced by
scifind.replacement=2.0 × rms.

3. All blanked pixels had their values set to 0 before smoothing.

4. The FITS cube was later convolved by a combination of N spatial filters × M
spectral filters. The FWHM of the spatial Gaussian kernels were specified by
scifind.kernelXY=(0, 3, 6, 9) and were assumed to be symmetric in the two
spatial directions, whereas the widths of the spectral boxcar filters were specified
using scifind.kernelZ=(0, 3, 7, 15).

5. After convolution, all pixels with value 0 were changed back to NANs.
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6. The rms noise levels were measured in the convolved FITS cube.

7. All pixels with values greater than scifind.threshold=3.5 × rms had their positions
marked in the source mask.

8. The smoothed fits cube was deleted, and this process was repeated until the full
combination of N × M kernels was used to smooth the cube and find detections.

Once the complete number of detections had been made in the source mask, the next
process involved grouping these detections into sources and discarding false detections
based on parameters, as explained in subsections 2.4.6 and 2.4.7 below.

2.4.6 Linking

In the grouping process, the linking algorithm looped over the mask cube and detected
the first pixel marked as a detection but has not been associated with a source. This
pixel was assigned a new source ID and then the algorithm recursively searched all
neighbouring pixels within a certain merging volume, defined in Eqn. 2.2, for additional
pixels. All additional pixels found within this merging volume were then assigned the
same source ID. Once all pixels within the merging volume were found and assigned
the same ID and correctly labelled, the algorithm moved on to find the next source in
a friend-of-friends algorithm manner. The merging volume is given by:

(x− x0)
2

r2xy
+

(y − y0)
2

r2xy
+

(z − z0)
2

r2z
≤ 1 , (2.2)

where (x0, y0, z0) are the central pixel coordinates of the merging volume and the val-
ues (x, y, z) were supplied as linker.radiusXY=1 and linker.radiusZ=2 in SoFiA 2 pa-
rameter file. All linked sources found to be smaller than linker.minSizeXY=8 and
linker.minSizeZ=5 were assumed to be false detections and were consequently removed
and not included in the parametrisation section.

2.4.7 Reliability filter

Of the remaining detections, the procedure that followed involved determining their
reliability. Since a very low source finding threshold of 3.5 was used, the reliability filter
enabled filtering out a large number of detections which could not be verified. This
involved comparing the density of positive and negative detections in parameter space
ssum, smax, smin where ssum = Ssum/σrms is the summed rms, smax = Smax/σrms is the
peak flux density and smean = ssum/npix is the mean flux density across the source.
The distribution of positive (blue) and negative (sources) in parameter space is shown
in Fig. 2.5 for our case, where the black dots occupying a different region in param-
eter space compared to false detections are black in colour and represent our genuine
detections.
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Figure 2.5: Three projections of the three-dimensional parameter space in which
SoFiA calculates the reliability of detections. Each projection represents the distribu-
tion of positive (blue) and negative (red) sources in parameter space with the black
dots representing our genuine sources. The grey dashed line represents the integrated
constant signal-to-noise ratio limit of 3.0 below which sources are deemed unreliable
and consequently are discarded and light grey ellipses are 1σ, 2σ and 3σ contours of
the 3D Gaussian function used in the kernel density estimator (KDE).
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The density of positive and negative sources was measured by performing a Gaus-
sian kernel density estimation (KDE) on the individual sources in parameter space in
Fig. 2.5. The relative size of the Gaussian kernel used in the KDE was set as re-
liability.scaleKernel=0.38. Upon setting the kernel size, the densities of positive and
negative sources were later fed into Eqn. 2.3 to determine positive detections reliability
R.

R =

{
npos−nneg

npos
, for npos ≥ nneg,

0, otherwise
(2.3)

where npos and nneg represent positive and negative detections and are marked blue
and red in colour, respectively. This resulted in the black genuine sources in Fig. 2.5,
our positive sources, to be found with a reliability threshold of above 95%.

The integrated signal-to-noise ratio was also used to filter out a majority of unreliable
detections, as shown by the grey dashed line in Fig. 2.5. This SNRmin was set to
reliability.minSNR=3.0 and calculated using:

Ssum

σrms

√
NpixΩPSF

< SNRmin , (2.4)

where Ssum is the sum of all flux densities across the detection, σrms the global rms
level of the data cube and ΩPSF the restoring beam solid angle in pixels. All sources
falling below this SNR threshold were filtered out.

2.4.8 Parametrisation

Once reliable sources were determined, SoFiA 2 proceeded to measure a range of source
parameters across the source mask. The total flux, Ssum, was found by summing the
flux density values, typically in units of Jy/beam, across all spatial and spectral pixels
representing a given source.

Ssum = ΣiSi , (2.5)

Since the parameter parameter.physical was enabled, SoFiA 2 multiplied Ssum by the
spectral channel width, ∆z, and divided by the solid angle, ΩPSF, of the beam:

Ssum =
∆z

ΩPSF
ΣiSi , (2.6)

where the solid angle, ΩPSF, of the beam was calculated as

ΩPSF =
πθaθb
4 ln 2

, (2.7)

and θa, θb are the Full Width at Half Maximum (FWHM) of the major and minor
axis of the Gaussian restoring beam in pixel units. The statistical uncertainty of the
integrated flux was derived by applying the error propagation law to Eqn. 2.5, hence
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σ2
Ssum

= Σiσ
2
Si

= Npixσ2
rms

, (2.8)

where Npix is the total number of pixels across the detected source (Westmeier et al.,
2021). On applying the error propagation law to Eqn. 2.6, we obtain

σSsum =

√
Npix

ΩPSF
∆zσrms . (2.9)

These parameters were produced in a catalogue format alongside moment maps and
mask cubes, and used to derive values in Table. 2.2.

The output 3-dimensional SoFiA 2 mask was further used to deconvolve the data cube
down to a single channel rms. This cube was later corrected for primary beam attenu-
ation using the model from KAT-BEAM library5 where the data cube was divided by
the Katbeam primary beam pattern using CASA command impbcorr. The resultant
cube was used for generating H i moment maps using SoFiA, as discussed above.

2.5 H i emission

After calibration, imaging and source finding, H i emission was detected in four out
of the six members of the Klemola 31 group. All the galaxies observed in H i were
spatially resolved above 3 beam elements along the projected major axis, as well as
spectrally resolved at ∼ 5.7 km s−1 . The detected emission resides in the frequency
range 1379.4 - 1382.2 MHz, corresponding to the redshift range of zH i∼ 0.0276−0.0297
or a recession velocity range of v0 = czH i∼ 8274.3−8903.8 km s−1 ; estimated from the
centres of the global H i emission profiles of individual galaxies. Fig. 2.6 shows these
four galaxies, which were detected in H i as well as the remaining two galaxies unde-
tected in H i . The figure was made using the DSS Bj, R and I colour composite image
as the background with names obtained from SIMBAD6 and contours representing H i
column densities of 2n × 5× 1010 cm2.

The total H i intensity map
∫
I(v)dv Jy km s−1 beam−1 from SoFiA was converted to

the column density map (NH i ) using:

NH i

cm−2
=

1.104× 1024(1 + z )3

bmaj × bmin

∫
I(v)

Jy beam−1

dv

km s−1 . (2.10)

where bmaj and bmin represent the major and minor axes of the restoring beam,
∫
I(v)dv

the total H i intensity in Jy km s−1 beam−1 , v, the line of sight velocity in the refer-
ence frame of the target, and z the redshift of the target. Taking a channel width of
15 km s−1 , the 3σ calculated rms was found to be 3.1× 1020 cm−2 (please see section
1.5.2 for futher details).

5https://github.com/ska-sa/katbeam
6This research has made use of the SIMBAD database, operated at CDS, Strasbourg, France

https://simbad.u-strasbg.fr/simbad/
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Figure 2.6: Klemola 31 group in H i. The H i column density contours are derived from
the moment-0 map and correspond to H i column densities of 2n × 5 × 1019cm2 (n =
0, 1, 2, 3, ...). The background optical image comes from the Digitized Sky Survey
(DSS) Bj, R and I colour composite image. The radio image has a restoring beam of
(11.9′′ ×7.6′′ ) with a position angle of −82.7◦. The recession velocities (v0 in km s−1)
corresponding to zg are written below the name of the galaxy. The red and white
crosses correspond to the H i and optical centres of these galaxies.
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The Baldwin, Philips, & Terlevich (BPT) diagnostic was also determined for Kle-
mola 31 group; from RCSED27. The N [ii]/Hα versus [O iii]/Hβ ratios for LEDA
631562 are consistent with ionization through a power-law spectrum, i.e., an active
galactic nucleus (Chilingarian et al., 2017); while the BPT diagnostic for ESO400-11
and ESO400-13 is consistent with these two galaxies being normal star-forming galaxies.

In addition to this, ESO400-11 is the only galaxy that is clearly detected in the MALS
wideband image (rms noise ∼ 30 µ Jy beam−1 ) with a total flux of L1.4GHz = 3.1 mJy.
From this flux and the co-moving distance of 114 Mpc, a star formation rate (SFR) of
2.8 M⊙ yr−1 was calculated using Eqn. 2.11 from Bell (2003):

ψ(M⊙yr−1) =

{
1.57× 10−22L1.4GHz L > Lc

5.52×10−22

0.1+0.9(L/Lc)0.3
L1.4GHz L ≤ Lc ,

(2.11)

where Lc = 6.4 × 1021W Hz−1 is the radio luminosity at 1.4 GHz of a galaxy whose
total infra-red luminosity at 8− 1000µm ∼ 2× 1010 L⊙.

2.5.1 H i mass and morphology

The total H i intensity map
∫
I(v)dv Jy km s−1 beam−1 from SoFiA was used to deter-

mine the H i masses (MH i) for Klemola 31 group, as shown in Table 2.2, by following
Eqn. 2.12

MH i

M⊙
=

2.356× 105

1 + zH I

×
(
DL

Mpc

)2 ∫
S(v)

Jy

dv

km s−1 , (2.12)

where DL is the cosmological luminosity distance and S(v) Jy km s−1 determined by
dividing the total H i intensity map (

∫
I(v)dv Jy km s−1 beam−1 ) by the beam solid

angle ΩPSF:

S(v)

Jy km s−1 =

∫
I(v)dv

Jy km s−1 beam−1

ΩPSF
. (2.13)

Uncertainities in MH i were determined by applying SoFiA 2 uncertainties from Eqn.
2.9 to MH i calculation in Eqn. 2.12 and applying error propagation when determining
their logarithmic values

log σMH i
=

σMH i

MH i ln 10
. (2.14)

For the galaxies undetected in H i , 3σ upper limits on H i masses (< 5× 108 M⊙) were
estimated assuming a linewidth of 200 km s−1.

From these results, the galaxy with the highest H i mass in the group is ESO400-11
on the north-eastern side of Fig. 2.6. The galaxy is an edge-on spiral galaxy with an
observed H i flux of 2.03±0.13 Jy km s−1 and a corresponding MH i of MH i= 6.82×109

7https://rcsed2.voxastro.org/
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M⊙. This galaxy also shows a disturbed morphology, a sign of galaxy interaction, and
also has a companion, gas-poor galaxy (LEDA 2807038) with a MH i upper limit of
MH i < 1.57× 107 M⊙.

Following this galaxy in H i mass is Klemola 31 A (ESO400-12). Klemola 31 A has a
morphology of a barred ocular spiral galaxy with a central oval-shaped region and dou-
ble spiral arms emanating from both ends of the major axis away from Klemola 31 B.
Ocular spiral galaxies are usually short-lived (one rotation) and are sensitive to grav-
itational tidal effects making them useful for studying galaxy interactions (Elmegreen
et al., 1990). Klemola 31 A has a total H i line flux of 0.86±0.08 Jy km s−1, which is con-
sistent with the reported total H i line flux of 0.78 Jy km s−1 from Boisse et al. (1988).
Klemola 31 A also appears to have a warped H i disk with a large reservoir of hydrogen
trailing the far side arm from spiral galaxy B, which is a sign of recent tidal interaction.

The galaxy with the third highest H i mass is LEDA 631562, an optically faint galaxy
with a H i flux and mass of 0.40 ± 0.07 Jy km s−1and 1.41 × 109 M⊙ respectively. It
has a central H i hole, possibly resulting from the central AGN.

Finally, this brings us to the galaxy with the lowest H i mass in the Klemola 31 group,
ESO400-13. ESO400-13 is a lenticular galaxy (S0), an intermediate galaxy between
a spiral and elliptical galaxy that has a H i emission line flux and the corresponding
H i mass of 0.32 ± 0.06 Jy km s−1 and 1.06 × 109 M⊙ respectively. Interestingly, this
galaxy also has its H i disk systematically offset from its stellar disk by ∼ 14 kpc. Such
offsets have been observed in the past in NGC4438 in the Virgo cluster and Arp 105
(Combes et al., 1988; Duc et al., 1997), and shows evidence of its interaction with its
environment.

Although the gravitational perturbations in the H i content of the member galaxies of
Klemola 31 galaxy group are detected, there is no detection of any intragroup H i. The
Klemola 31 galaxy group is an example of a galaxy group at the early stages of evolu-
tion, with each member being a different type of galaxy with different morphologies.
The morphology of these member galaxies appears to be affected by the interaction
with each other or with the environment (Gupta et al., 2018), both processes which
may lead to depletion in their H i content and, therefore, the galaxies become deficient.

2.5.2 H i deficiency

A galaxy becomes deficient in H i through mechanisms such as ram pressure stripping
or tidal interaction. This deficiency can be quantified as the difference between the
expected H i mass (logM exp

H i /M⊙) and the observed H i mass (logMH i/M⊙) and can be
defined as

DEFH I = logM exp
H i /M⊙ − logMH i/M⊙ , (2.15)

where the observed H i mass, logMH i/M⊙, results from measurements and expected
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H i mass, logM exp
H i /M⊙ , from the B-band luminosity (LB) in the scaling relation (Jones

et al., 2018a)

logM exp
H i /M⊙ = X log [LB /L⊙] + Y , (2.16)

where X and Y are the gradient and intercept for different galaxy morphologies de-
termined from Jones et al. (2018a) while L⊙ is the solar luminosity. The B-band
Luminosity (LB) can be derived from

log [LB/L⊙] = 10 + 2 log [DL/Mpc] + 0.4(Mbol,⊙ −Bc) , (2.17)

where DL is the luminosity cosmological distance, and the bolometric absolute mag-
nitude of the Sun is Mbol,⊙ = 4.88 (Lisenfeld et al., 2011). The corrected B-band
magnitude (Bc), obtained from HyperLeda8, is the B-band magnitude (B) that has
been corrected for galactic extinction (ac), internal extinction (ai) and k-correction as
detailed in Eqn. 2.18

Bc = B− ac− ai− ak(t).v/10000 . (2.18)

For comparison, a second approach to determining the expected H i mass, logM exp
H i /M⊙

, from the stellar masses calculated using WISE W1 (3.35µm) and W2 (4.6µm) mag-
nitudes (Cluver et al., 2014) and shown in Table. 2.1 was taken (Bok et al., 2020)

log [M exp
H i /M⊙] = 0.44× logM⋆/M⊙ + 5.19 . (2.19)

The deficiency parameter (DEFH I) can be either positive or negative, with negative
values implying an observed H i excess, whereas a positive value acts as a sign of H i
deficiency. In order to account for the intrinsic scatter in literature, a galaxy is consid-
ered deficient when its deficiency parameter DEFH I > 0.2 - 0.3 dex.

In our most extreme case, ESO400-13 shows the maximum H i deficiency with DEFH I

= 0.84 from the B-band luminosity and 1.02 from the stellar mass calculation. This
comes as no surprise, considering it is the same galaxy exhibiting a H i displacement
from its optical disk.

2.5.3 H i mass size relation

The H i mass size relation can visually show this galaxy or group deficiency by checking
for truncation in these galaxies. To check for truncation, the measured H i diameters
of these galaxies, red (filled), are compared to the expected H i diameters, blue (open),
as shown in Fig. 2.7.

In order to determine H i diameters, an ellipse was fitted to the H i column density
contour maps corresponding to 1 M⊙ pc−2 = 1.25 × 1020 cm−2. From this fit, albeit

8http://leda.univ-lyon1.fr/

http://leda.univ-lyon1.fr/
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not perfect (Fig. 2.13), ESO400-11 has the largest H i diameter = 44.7 kpc, followed
by Klemola 31A or ESO400-12 with a H i diameter of 38.02 kpc; a value consistent with
measurements from Carilli & van Gorkom (1992). LEDA 631562 has a H i diameter of
28.8 kpc, and ESO400-13 came in last with a H i diameter of 23.4 kpc.

The expected H i diameters were computed using Equation 2 from Broeils & Rhee
(1997)

logDH i = (1± 0.03) logD25 + (0.23± 0.04) , (2.20)

where the optical diameters D25, shown in Table 2.1, were adopted from HyperLeda.
The D25 values were calculated from the extinction-corrected logdc diameter; derived
from the homogenized logd25 diameter standardized at the isophotal level B = 25 mag
arcsec−2.

From Fig. 2.7, the members of the Klemola 31 galaxy group are significantly truncated
with respect to their optical disk, with the largest discrepancy seen in ESO400-13 whose
DH i / D25 = 0.56 further supporting the notion that H i gas is being removed from
this galaxy at a much faster rate.

2.5.4 H i kinematics

To assess kinematics, the global spectra of each galaxy, detected in H i and centred on
each galaxy’s optical redshift, were compared as shown in Fig. 2.8.

These global velocity profiles were derived using SoFiA. However, in principle, they can
also be determined from a subcube centred on a H i detected galaxy by summing along
the right ascension (i) and declination (j) axes of the spectral subcube:

Vi = ΣM
i=1Σ

N
j=1S(i, j) . (2.21)

As can be seen in Fig. 2.8, ESO400-13 is only detected on the blue-shifted side albeit
having a double horned profile, further supporting the notion that the H i gas in ESO
400-13 is experiencing more severe interaction effects compared to the other member
galaxies of Klemola 31. Klemola 31A and ESO400-13 also have a kinematic asymmetry
compared to the two other galaxies. Such asymmetries could arise due to one of the
three different environmental mechanisms: (i) ram-pressure stripping, (ii) gas accretion
from the neighbouring filaments, and (iii) galactic interaction (e.g. de Blok et al., 2014;
Elagali et al., 2019).

ESO400-13 is also seen to have an irregular spectrum and a velocity field in Fig. 2.9.
Fig. 2.9 shows the first three moments of individual H i data cubes. These moments
correspond to the surface density, velocity field and velocity dispersion.
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Figure 2.7: H i mass-size relation for H i detections. The solid line represents the
best-fit linear relation from Wang et al. (2016) while the dashed lines represent the 3σ
scatter. The red (filled) symbols represent DH i and MH i based on our measurements.
The blue (open) symbols represent the predictedDH i from theD25 based on the relation
in Broeils & Rhee (1997).

.
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Figure 2.8: Global velocity profiles for ESO400-11, Klemola 31A, ESO400-13 and
LEDA 631562. The velocities of these galaxies have been shifted with zero correspond-
ing to zg (shown in Table 2.1) while the dashed vertical lines represent zH i.

.

Regarding Klemola 31A, there is a characteristic distortion in its southeast extension,
possibly due to the concurrence of emission and absorption in front of PKS2020-370.
Klemola 31A also has a South West tidal extension displaying recession velocities (red
in the middle column of Fig. 2.9) and therefore suggesting that the extension is not
in the same plane as the galaxy. It is possible that the interaction with Klemola 31B
dragged out H i gas from Klemola 31A that now appears as this tidal extension.

ESO400-11 also has tidal extensions seen on the surface density map in Fig. 2.9. These
tidal extensions show signs of tidal interaction between ESO400-11 and LEDA 2807038.

In contrast to these galaxies, LEDA 631562 has the most regular velocity field of the
four galaxies, despite the central depression in H i.

2.5.4.1 The Tilted-Ring Model

To further investigate the morphology and kinematics of Klemola 31A, a tilted-ring
model was made using TiRiFiC as discussed in the tilted-ring subsection 1.5.3.1. In
order to model Klemola 31A, a cutout (sub-cube) around the galaxy’s position was
made, as shown in Fig. 2.11, in order to isolate the galaxy from the galaxy group
to increase the processing speed. The Fully Automated TiRiFiC (Kamphuis et al.,
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Figure 2.9: Moment maps representing the H i column density (moment-0) contours
plotted over RGB cutouts from the optical DSS image (left), moment-1 maps (middle)
and moment-2 maps (right) of four detected H i sources, Klemola 31A, ESO 400-11,
ESO 400-13, and LEDA 631562. The zero of the velocity scales in middle panels are
defined with respect to zg based on the optical spectra (Table 2.1). The contours in
the middle panels correspond to H i column densities of 2n × 5 × 1019 cm−2 (n =
0, 1, 2, 3, ...). The MeerKAT restoring beam of 11.9′′ × 7.6′′ (6.9 kpc × 4.4 kpc) and
a spatial scale bar of 30′′ are also shown in the middle and right panels.
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2015) software was later applied in order to get the initial kinematic and morphological
parameters that would be subsequently optimised in TiRiFiC (Jozsa et al., 2007) by
simulating a spectroscopic 3D data cube in the following manner.

The four tilted-ring parameters, rotation velocity, inclination angle, position angle, and
surface brightness, were distributed on nodes at radii between R = 0′′ and R = 56′′ and
automatically optimised. Akima interpolation was used in between single nodes while
the nodes at the edge of the disk, that is, R = 0′′ and R = 56′′ were chosen to assume
the value of the closest nodes, implying that the rotation curve is approximately flat.
This was done for rotation velocity, inclination angle and position angle. The surface
brightness was chosen to taper off to a value of 0 at the outermost radius R = 56′′ .
Finally, the systemic velocity, dispersion and central position were fitted to be constant
with radius.

The final values and corresponding errors were estimated using a bootstrap method
that involved shifting the single nodes of the converged model multiple times by a ran-
dom value and then re-starting the fitting process. Thereafter, the means and standard
deviations were calculated for each model parameter as described in Józsa et al. (2021).
After several combinations of parameters and calculating errors as described above, we
arrived at a slightly warped disk parametrised as shown in Fig. 2.10. This slightly
warped disc model was simulated and overplotted on top of the original data as shown
in Fig. 2.11.

Fig. 2.11 shows every second channel of the MeerKAT data cube with the TiRiFiC
model data cube overlaid on top (pink contours) and the continuum image of PKS2020-
370 shown in green. For comparison, the MeerKAT contours are also plotted in blue,
while the absorption is seen in red. The light blue and dashed contours from the
MeerKAT data cube correspond to 2σrms whereas the blue and pink MeerKAT and
TiRiFiC contours correspond to 1, 2 and 4σrms. The green radio continuum contours
correspond to 200 and 400 mJy beam−1. Because of the high signal-to-noise ratio in
the cube, attributed to the cube’s high spectral resolution, we get a reasonable match
with the data.

2.6 H i Absorption

H i absorption is also detected in the sightline of PKS2020-370 in both the MeerKAT
and GMRT spectra. The spectrum extracted from GMRT data had a much higher spec-
tral resolution of 1.88 km s−1 compared to MeerKAT’s ∼ 5.7 km s−1. Consequently,
the GMRT spectrum was smoothed by three channels to match the MeerKAT spectral
resolution. The smoothed GMRT spectrum, as well as MeerKAT’s spectrum, have
been plotted in the top and middle panels of Fig 2.12 respectively.

As can be seen, the absorption signal in the MeerKAT spectrum is contaminated by
the emission line from neutral H i 21-cm (middle panel of Fig. 2.12). This contamina-
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Figure 2.10: TiRiFiC tilted-ring model of the H i disk of Klemola 31A. The curves
are spline fits, the edge points having the same value as the last data point for each
parameter. SBR: surface brightness. SD: surface column density. VROT: rotation
velocity. PA: position angle. INCL: inclination.
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Figure 2.11: H i data cube resulting from the MeerKAT observations (blue contours
and greyscale), TiRiFiC model data cube (pink contours), and continuum image of
PKS 2020-370 (green contours). Every second channel of the data cube is shown. The
velocity is measured relative to z = 0.0287 at the peak velocity of the absorption
feature against PKS 2020-370. The red ellipses mark channels in the velocity range of
the absorption feature (FWHM ≈ 16 km s−1). Dark grey cross: centre of TiRiFiC
model. Contours corresponding to line emission scale by σrms = 0.79mJy beam−1.
Light blue and dashed contours (MeerKAT data cube): −2σrms. Blue and pink con-
tours (MeerKAT data cube and TiRiFiC model): 1, 2, 4σrms. Green contours (radio
continuum): 200, 400mJy beam−1. The black ellipse in the lower left corners of the
channel maps denotes the synthesized beam at half power.

tion is less evident in the GMRT spectrum (top panel of Fig. 2.12). Simply using the
frequency regions marked in blue in the top GMRT and middle MeerKAT spectra in
Fig. 2.12 results in an optical depth measurement of

∫
τdv = 0.13 ± 0.04 km s−1 and∫

τdv = 0.09± 0.02 km s−1 respectively.

Given that MeerKAT is more sensitive to H i emission than GMRT, we focused on
using MeerKAT data. The contamination within MeerKAT data was accounted for by
first masking the frequency channels detected in absorption, as shown in the shaded
blue regions of Fig. 2.12 middle panel. Once masked, the emission was estimated by
modelling emission in the remaining channel using a single Gaussian component shown
as a dotted line in the middle panel of Fig. 2.12. This modelled Gaussian emission
was subtracted from the original MeerKAT absorption profile, resulting in the bottom
panel profile giving an optical depth measurement of

∫
τdv = 0.26±0.03 km s−1 . This
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Figure 2.12: H i 21-cm absorption towards PKS2020-370 (spectral resolution
∼5.7 km s−1). The zero of the velocity scale is defined with respect to the peak of
the absorption i.e., z21cm = 0.0287. The dashed line in the middle panel represents the
model for the H i emission. The bottom panel shows the absorption profile corrected
using this model (see text for details). Overplotted in magenta is a predicted emis-
sion line profile based on the model of a regularly rotating disk. The model has been
constructed by fitting a tilted-ring model to the data cube, as described in Sect. 2.5.4.1.
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integrated absorption matches well with the VLA-A configuration measurements to
within 1 σ (Carilli & van Gorkom, 1987).

Given the calculated optical depth value from MeerKAT observations, the spin tem-
perature of the intervening H i gas was then derived by determining the column density
and covering factor. Specifically, assuming that the observed H i gas is optically thin,
the H i 21-cm optical depth is related to the spin temperature Ts, covering factor fc
and optical depth through

N(H i)

cm−2
= 1.823× 1018

Ts
K

1

fc

∫
τ(v)

dv

km s−1 . (2.22)

Based on the WISE mid-infrared colours, PKS 2020-370 can be classified as a blazar
(D’Abrusco et al., 2019; Gupta et al., 2021). It also has a flat spectral index, α ≈ 0.2,
over 0.8 - 20GHz. Both of these suggest that the radio emission is core-dominated. The
milliarcsecond scale images at 2.3GHz recovers 85% of the total flux density (Petrov &
Kovalev, 2017), of which 90% is in the central ‘core-jet’ component with an extent of
0.015′′ (9 pc at zgrp = 0.029). The typical sizes of Cold Neutral Medium (CNM) clouds
producing H i 21-cm absorption is > 5 pc and they may be part of cold gas structures
that extend beyond ∼35 pc (Gupta et al., 2018). Further, constraints on the covering
factor can only be obtained through milliarcsecond scale resolution spectroscopy (see
also Srianand et al., 2013b).

Here, assuming a covering factor of fc = 1.0 and taking the single Gaussian component
fitted in the middle panel of Fig. 2.12 to have a column density of H i 21-cm column
density NH i = 1.4× 1021 cm−2, and the corrected optical depth of

∫
τdv = 0.26± 0.03

km s−1 , we derive a spin temperature limit of Ts < 2950 K. Given that MeerKAT data
had a spatial resolution of 6.9 kpc × 4.4 kpc, the spin temperature cannot be compared
with absorption if there are inhomogeneities and clumpiness and therefore only acts as
a conservative upper limit.

This necessitated another approach where TiRiFiC was used to simulate an artificial,
high-resolution spectroscopic data cube from the model parameters fitted for in section
2.5.4.1. This simulated data cube has a pixel size of 0.2′′ and a half-power-beam-width
of 0.6′′ allowing us to make a column density map unaffected by beam smearing effects,
Fig. 2.13, and later determined the column density in the sightline of PKS2020-370 as
NH i = 2.5 × 1020cm−2. With this H i 21-cm column density and an optical depth of∫
τdv = 0.26 km s−1 and in combination with Eqn. 2.22, we get a spin temperature

Ts = 530 K for a homogenous regularly rotating disk. The spin temperature assumes
that the absorbing gas is in the galaxy disk at the sightline of the quasar and, hence,
only takes into account the morphology and not the kinematics.

To verify whether the absorption profile arises from the galaxy disc, an emission profile
was taken from the simulated column density data cube at the sightline of the quasar
PKS2020-370 and plotted next to the MeerKAT absorption profile corrected for emis-
sion (bottom panel of Fig. 2.12).
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Figure 2.13: Observed moment-0 map of Klemola 31A in autumn colour gradient
(increasing N(H i) from brown to yellow) overlaid on the RGB cutout of DSS image.
We also show the observed (white) and TiRiFiC tilted-ring model (green) moment-0
contours with the same levels as Fig. 2.9.

Table 2.3: Metal absorption components of Klemola 31A toward PKS2020-370.

zabs b log N(Ca II) logN(Na I) Notes
(in km s−1) (in cm−2) (in cm−2)

(1) (2) (3) (4) (5)

0.028661 2.02± 1.77 12.08± 0.26 11.12± 0.11 Tied-b
0.028713 4.47± 0.70 12.32± 0.09 11.76± 0.04 Tied-b
0.028787 3.21± 0.70 12.15± 0.11 11.74± 0.04 Tied-b
0.028611 1.12± 1.10 12.44± 1.25 −
0.028840 2.16± 1.73 12.14± 0.26 −

This emission profile had a peak value corresponding to a column density of NH i

= 2.5×1020 cm−2 and a dispersion velocity of 12.9 km s−1. The peak emission was also
found to have an offset to the MeerKAT’s corrected peak absorption of 38.0 km s−1.
This offset can also be seen in Fig. 2.11, where there is an offset between the spatial
positions of the pink contours (TiRiFiC model) and the red contour (H i 21-cm ab-
sorption) in the central panels. From Fig. 2.11, it can be seen that the absorption line
feature has a velocity corresponding to the systemic velocity but not corresponding to
the receding (southeast) portion of the disk, as would be expected from our tilted-ring
model. The absorption line feature would occur at the edge of the receding side of the
disk. This serves as evidence that the absorption line feature is a result of H i gas that
is extragalactic.
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2.7 Discussion and Summary

2.7.1 Klemola 31A

There are two possible explanations for the anomalous velocity of the absorption fea-
ture. Firstly, it might come from a combination of streaming motions due to the spiral
arms and velocity perturbations due to tidal interaction. In this scenario, the spin
temperature (Ts = 530 K), as well as the column-density estimate from our tilted-ring
model, might still be valid. However, given a maximal rotation velocity of 56 km s−1,
and an estimated projected rotation velocity of 53 km s−1 (for an inclination of 72◦), a
velocity offset of 38 km s−1 is significant and therefore difficult to justify the occurrence
of such strong streaming motions along the spiral arms for a lower mass galaxy.

Alternatively, the gas responsible for absorption may not come from the disc and, there-
fore of extraplanar origin. In this case, the H i column density would remain unknown
and, consequently, the spin temperature. The tidal extension of Klemola 31A towards
the SW and seen in recession velocities in Fig. 2.9 might provide an explanation for
the source of this extraplanar material in the sightline of the quasar. Assuming there
exists a stream of H i debris occurring between Klemola 31A and Klemola 31B with
the visible part being the extension to Klemola 31A, the stream should have a velocity
between the systemic velocity of Klemola 31B and the tidal feature. Klemola 31B is
blueshifted with respect to the absorption line and the tidal feature redshifted.

To further explore the distribution of gas along the line of sight towards PKS2020-370,
the Keck/HIRES (High-Resolution Echelle Spectrometer) raw data of PKS2020-370
was obtained from Keck Observatory Archive KOA9. This data was processed using
IRAF to obtain the continuum normalized spectrum. From this spectrum, the Ca ii and
Na i metal lines associated with Klemola 31A were identified and fitted Voigt profiles
using VPFIT10. These absorption profiles for both Ca ii and Na i and their best fitted
Voigt profiles are shown in Fig. 2.14. The Doppler parameter (b) and the column
densities of the fitted components are in Table 2.3.

From Fig. 2.14, the Ca ii absorption profile is seen in 5 distinct components spanning
a velocity range of ∼ 80 km s−1 that is, from +40 km s−1 to -40 km s−1 with respect
to the absorption zabs = 0.028725. In addition to this, Na i absorption is visible in the
three central components, two of which coincide with the H i 21-cm absorption. There-
fore, the measured velocity spread supports the presence of additional gas components
with anomalous velocities compared to the H i disc.

Ca ii and Na i absorption is believed to be associated with neutral gas near star-forming
regions. In addition to this, the ratio of the column densities of Ca ii and Na i can be
used to investigate the physical conditions in the neutral gas. For instance, in the
Milky Way, we typically observe N(Na i) > N(Ca ii) (see fig. 9 of Welty et al., 1996).

9https://koa.ipac.caltech.edu/
10http://www.ast.cam.ac.uk/rfc/vpfit.html

https://koa.ipac.caltech.edu/
http://www.ast.cam.ac.uk/rfc/vpfit.html
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Figure 2.14: Comparison of the absorption profiles Ca ii, Na i and H i 21-cm absorp-
tion associated with Klemola 31A towards PKS2020-370. The best-fitted Voigt profiles
(components identified with red vertical dotted lines) are over-plotted. The zero ve-
locity scale is defined at zabs= 0.028725.
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It is common to observe high values of N(Na i)/N(Ca ii) ≥ 1 in the cold, dense ISM
with temperatures T ≤ 100 K as Ca usually depletes onto interstellar dust grains. This
contrasts regions with warmer, diffuse gas with temperatures T ≥ 1000 K where Ca is
mostly in the gas phase.

We observe lowN(Na i)/N(Ca ii) ratio towards PKS2020-370. Since Na i is not shielded
from ionizing radiation, it is possible that the low N(Na i)/N(Ca ii) ratio towards
PKS2020-370 reflects low radiation field as compared to the Galactic background ra-
diation (Dutta et al., 2017a). Thus, based on the H i kinematics and velocity spread,
as well as the observed line ratios, it is possible that the gas responsible for absorption
is unrelated to the H i disc.

2.7.2 ESO400-13

ESO400-13 has peculiar characteristics serving as evidence of interaction with its en-
vironment. It has its H i disk systematically offset from the stellar disk by ∼ 14 kpc.
However, it is possible that there is low column density gas below our sensitivity limits
in the southeast region devoid of H i. In addition to this, ESO400-13 shows the max-
imum H i deficiency with DEFH I = 0.84, and the expected H i size is strikingly larger
than its measured size (Fig. 2.7). This comes as no surprise, considering it is the same
galaxy exhibiting a H i displacement from its optical disk.

When it comes to kinematics, ESO400-13 has an irregular spectrum and velocity field
(Fig. 2.9). It is also only detected on the blue-shifted side (Fig. 2.8) albeit having
a double horned profile, shows kinematic asymmetry in the global H i profile, and the
velocity dispersion map is unusual and strongly perturbed. This further supports the
notion that the H i gas in ESO 400-13 is experiencing more severe interaction effects
compared to the other member galaxies of Klemola 31.

2.7.2.1 Argument for ram pressure stripping

From our observations, we do not see a prominent H i bridge/tail that would arise from
tidal interactions or minor mergers with other group members. However, there are
signs of ram-pressure stripping from ESO400-13, evidenced by significant compressed
gas (by a factor of ∼ 2) in the receding velocity direction towards Klemola 31A. This is
a characteristic signature of ram-pressure stripping, and therefore, ESO400-13 serves
as an extreme case of ram-pressure stripping as a result of moving at high velocities in
a hot and weak intra-galactic gas (IGM). In addition to this, the H i disk is systemati-
cally offset from the optical counterpart.

Chen et al. (2020) show examples of galaxies with H i disks detected on only one side
of the galaxy in the Coma Cluster, one example being NGC 4911. However, such
observations are unique in galaxy groups as the galaxy would need to cross the group
at high velocities due to the low-density IGM in groups, as is our case with ESO400-
13. Such a galaxy would experience the ram-pressure (Pram) to be greater than the
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anchoring self-gravity Π; two quantities that can be modelled following Gunn & Gott III
(1972) as

Pram = ρIGM × v2gal (2.23)

and

Π = 2πGΣsΣg , (2.24)

where ρIGM and v2gal are the intra-galactic medium density and galaxy velocity; Σg

and Σs are the gas and stellar surface densities of the galaxy, respectively. The stellar
surface density can be calculated given the apparent corrected B-band magnitude (Bc)
and a co-moving distance of 117 Mpc derived from NED11 and converted to parsecs
(D). We start by calculating the absolute B-band magnitude using Eqn. 2.25

M = Bc − 5 log10(
D

10
) . (2.25)

and thereafter proceed to calculate the B-band luminosity, taking the B-band solar
magnitude value of 5.48 (M⊙,B) as detailed in Eqn. 2.26

LB = 10(M⊙,B−M)/2.5 . (2.26)

Given its B-R colour of ∼ 1 and using Fig. 1 (d) from Bell & de Jong (2001) to
estimate a mass-to-light ratio of unity, we can convert luminosity to stellar mass and
finally calculate the stellar surface density, Σs ∼ 16 M⊙ pc−2 by dividing the stellar
mass by the galaxy area given D25 ∼ 41.6 kpc.

When it comes to the gas surface density, we assume the galaxy before stripping had
its expected H i mass (M exp

H i ) distributed over D25 which results in Σg ∼ 8 M⊙ pc−2.
Taking a typical density of the hot intra-galactic gas of 3× 10−3 cm−3 (Freeland et al.,
2008; Rasmussen et al., 2008; Borthakur et al., 2010) and applying Eqns. 2.23 and 2.24
results in a relative velocity of ∼ 200 km s−1. Therefore, ESO400-13 would have to be
moving through the group at a relative velocity of ∼ 200 km s−1 for the ram-pressure
effects to occur in the galaxy.

2.7.2.2 Argument for past tidal interaction

It is worth noting that Zuo et al. (2022) had observed a greater tendency for the H i
central velocity of galaxies to deviate from the systemic optical velocity after study-
ing the H i properties of galaxy mergers selected from the Great Observatories All-sky
LIRG Survey. We observe this deviation for ESO400-13 in Fig. 2.8. However, we
do not observe the single-peaked H i profile expected from such a merger event. In
contrast to this, we observe an asymmetrical double-horned profile.

11The NASA/IPAC Extragalactic Database (NED) is funded by the National Aeronautics and Space
Administration and operated by the California Institute of Technology.

https://ned.ipac.caltech.edu/
https://ned.ipac.caltech.edu/
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H i asymmetry can be caused by a number of factors in non-merger galaxies, including
gas accretion from the galaxy environment, ram-pressure stripping, influence from the
dark matter halo, as well as flyby events (please see Mapelli et al., 2008; Sancisi et al.,
2008b; Lagos et al., 2018).

The extreme H i deficiency we observe for ESO400-13 makes the gas accretion event
unlikely. However, Mapelli et al. (2008) studied NGC 891, a lopsided, edge-on galaxy.
From their analysis of its global H i spectrum, it was concluded that the asymmetry
observed in the spectrum agreed only with the scenario of ram-pressure and a flyby
interaction event. It is possible that ESO400-13 also experienced a flyby event, as well
as experiencing ram-pressure as it moved through Klemola 31 group.

2.7.3 Summary

In summary, we have used the wide field of view and large instantaneous bandwidth
of the MeerKAT array to identify with high spatial resolution the interstellar medium
responsible for the H i absorption in front of the quasar PKS2020-370. Located in the
outer parts of the H i disk of Klemola 31A, the line of sight reveals both emission and
absorption, perturbing significantly the derived H i surface density and velocity field of
the foreground galaxy. Out of the six identified galaxies of the Klemola 31 group, in the
MeerKAT field of view, four are detected and well resolved in H i. Three of them are
only slightly perturbed, two through tidal interactions with small companions. They
reveal tidal extensions and out-of-the-plane velocities but not significant gas depletion.
The fourth one, ESO 400-13, is strongly H i-deficient and reveals a totally asymmetric
H i distribution characteristic of ram-pressure stripped galaxies. H i is detected only
on the approaching side of the galaxy. This suggests that the galaxy is crossing the
group with a high velocity, mainly in the plane of the sky.

Using symmetry arguments and tilted-ring modelling of Klemola 31A, we derive a spin
temperature of Ts = 530K for the gas absorbing in front of PKS2020-370. This
assumes that the absorption arises from a symmetric disk. This rather high value,
unexpected for a disk, as well as the velocity offset of the absorption feature from the
expected radial velocity of the disk model, might indicate an extraplanar origin of the
absorption feature. One explanation could be that we observe tidal debris as indicated
by asymmetric kinematics and morphology of the group members. The same interac-
tion, however, might be responsible for a deviation of the kinematics of Klemola 31A
from the assumed circularity of orbits, in which case the discrepancy of the velocities
might be due to streaming motions.





Chapter 3

HI gas properties of galaxies in the
UGC439 Group from MeerKAT
observations

This chapter aims to look at the distribution of the H i content of the galaxy group
around UGC439 in comparison to previous GMRT Telescope studies such as Dutta
et al. (2016) using data from the MeerKAT absorption line survey (MALS). It starts by
giving an overview of the group in section 3.1. It then discusses the observation, data
reduction and source finding in sections 3.2 through 3.4. H i emission and absorption
is analysed and discussed in sections 3.5 through 3.6 while the summary is given in
section 3.7.

3.1 UGC 439 Galaxy Group

The UGC 439 galaxy group consists of eight galaxies with varying masses, gas dis-
tribution and morphological types, as summarised in Table 3.1 and seen in Fig. 3.1.
Two of the group members are within a projected distance of ∼150 kpc, at the mean
redshift of the group zgrp = 0.0184, from UGC439.

The two members are UGC435 and CGCG383-072, with a redshift of z = 0.01826 and
z = 0.01852, respectively. H i emission from these two members had been detected us-
ing the GMRT radio telescope (Dutta et al., 2016). Using these observations, UGC435
has an integrated flux of

∫
Sdv = 0.52 ± 0.15 Jy km s−1 and heliocentric velocity of

vH i = 5438 km s−1, while CGCG383-072 has an integrated flux of
∫
Sdv = 0.76± 0.20

Jy km s−1 and heliocentric velocity of vH i = 5503 km s−1. UGC435 had also been
studied using the Nançay radio telescope by Theureau et al. (2007) who found the
integrated emission to be

∫
Sdv = 2.57± 0.47 Jy km s−1.

The third member, UGC 439, had been observed as part of the Near Field Galaxy
Survey. Jansen et al. (2000b,a) found, in the B-band, a luminosity of LB ∼ 10.4 L⊙,
an absolute magnitude of MB ∼ −20.6, and an optical radius calculated at the 25 mag

75
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Figure 3.1: SDSS optical image of UGC439 group. The background optical image
comes from the Sloan Digital Sky Survey (SDSS) G, R, and I colour composite images.
The recession velocities (v0 in km s−1) corresponding to zg are written below the name
of the galaxy, with the exception of LEDA90496 whose redshift remains unknown, and
consequently, the mentioned recession velocity is derived from H i measurements. The
cyan crosses correspond to the optical centres of these galaxies.
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arcsec−2 isophote of r25 ∼ 36 arcsec or 13 kpc. When it comes to optical photometry,
UGC439 is face-on with an inclination of i ∼ 0◦, position angle of PA ∼ 170◦. This
is contrasted by observations from the Two Micron All-Sky Survey (2MASS), which,
from the Ks band photometry, has an inclination and position angles of i ∼ 31◦ and
PA ∼ 160◦ respectively (Skrutskie et al., 2006).

UGC439 has a large and bright central bulge with less defined spiral arms and hence a
Sa morphology, and has a stellar mass of log M∗ ∼ 10.5 M⊙ (Kannappan et al., 2013).
It is also star-forming with a star-formation rate (SFR) of SFR(Hα ∼ 5M⊙ yr−1) and
solar metallicity of log(O/H) + 12 ∼ 8.9 (Kewley et al., 2004).

UGC439 was also observed using the Arecibo single-dish. From these observations,
a velocity width of 115 ± 2 km s−1 and a total integrated flux density of

∫
Sdv =

7.07 ± 0.76 Jy km s−1 (Springob et al., 2005) were determined. The H i mass of
UGC439 was found to be log MH i= 9.99 ± 0.05 M⊙. In addition to this, UGC439
was observed to be at a redshift of z = 0.017686± 0.000005 and a heliocentric velocity
of vH i = 5302 ± 2 km s−1. This matches well with the optical spectra derived from
the Six-degree-Field Galaxy Survey optical spectra (Jones et al., 2009) which give a
redshift of z = 0.017694 ± 0.000150 and a heliocentric velocity of vH i = 5305 ± 45
km s−1. There is also a background quasar in the UGC439 group, J0041-0043, which
is an extended radio-loud source at a redshift of z = 1.679 and an impact parameter
of b ∼ 25 kpc from UGC439 forming a Quasar Galactic Pair (QGP).

H i studies of the UGC439 group revealed sub-kpc scale structures in the absorbing gas
with the line of sight velocities dominated by turbulent motion in the region coincident
with the extended background radio source J0041-0043 (z = 1.679). Dutta et al. (2016)
found H i absorption in the southern lobe extending over ∼ 2kpc2 and found a much
larger optical depth variations of ∼ 4-7 kpc scale towards the core and the northern lobe
possibly revealing a patchy distribution of H i. The kinematics of the absorbing gas
revealed the gas as being at the kinematical minor axis and co-rotating with UGC 439.

3.2 MeerKAT MALS observations

UGC 439 galaxy group, and specifically, the background quasar, was the target of
this observation. The target was observed between 28 to 29 Aug 2019 as part of the
MeerKAT Absorption Line Survey (MALS) in the commissioning phase for a combined
total of 5.782 hours. The observation time was divided between the primary calibrator,
J1939-6342, for ∼ 8 minutes interval, the secondary calibrator, J0022+0014, for ∼ 4
minute intervals and the target, J0041-0043, for ∼ 15 minutes interval. This scheme
was repeated four times. The primary calibrator, J1939-6342, was used as the band-
pass and flux calibrator; the secondary calibrator, J0022+0014, as the complex gains
calibrator.

Observations were carried out in the L-band (900 ∼ 1670 MHz) using 60 antennas of
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Figure 3.2: Diagram showing CARACal data reduction pipeline steps (Józsa et al.,
2020).

the MeerKAT array, with each antenna having a dish diameter of 13.5m. A portion
of 1378.46 MHz ∼ 1420.26 MHz band was recorded, giving a total bandwidth of 42.01
MHz centred on 1399.36 MHz. The bandwidth was divided into 201, 4k channels, each
with a channel width of 208.98 KHz or 44 km s−1 (H i).

3.3 Data reduction

For the data reduction, the Containerised Automated Radio Astronomy Calibration
pipeline (G. I. G. J’ozsa & Andati, 2020) was used following the steps shown in Fig.
3.2. CARACal1 is a platform-independent data reduction software that is publicly avail-
able and developed by an international team whose main contributors are Rhodes Uni-
versity, the Italian National Institute for Astrophysics (INAF)-Cagliari and the South
African Radio Astronomy Observatory (SARAO). It started out as an imaging pipeline
for MeerKAT data, but the focus shifted to implementing it as a generic pipeline capa-
ble of reducing data from similar instruments such as the Very Large Array (VLA) and
the Giant Metrewave Radio Telescope (GMRT). CARACal was used instead of ARTIP
because ARTIP was in the testing phase at the time.

CARACal is a python-based script built on the backbone of stimela2. Consequently, it
enables the user to perform different data reduction steps by providing access to stan-
dard software, in a standardised syntax, such as CASA (McMullin et al., 2007), SoFiA
(Serra et al., 2015), AOFlagger (Offringa, 2010), PyBDSM (Mohan et al., 2015), see also
(Van Weeren et al., 2012), source finding, WSCLEAN (Offringa et al., 2014) among others.

Data processing started by splitting the bandpass and phase calibrators, J1939-6342
and J0022+0014, within CARACal from the measurement set in order to flag and later
calibrate our calibrator sources first. From there we would obtain the gain solutions

1https://caracal.readthedocs.io/
2https://github.com/caracal-pipeline/stimela

https://caracal.readthedocs.io/
https://github.com/caracal-pipeline/stimela
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which we would apply to our target source.

3.3.1 Radio Frequency Interference

The MeerKAT array is located in a remote site in the Karoo with lower levels of Radio
Frequency Interference (RFI). The array and the site were constructed to minimise
extra RFI spillage from the electronic components of the telescope, as well as the cor-
relators and data processing and storage servers. Additionally, the RFI management
team on site utilises multiple tools for monitoring RFI to minimise any potential RFI
from the site.

In spite of the measures taken to minimise RFI at the site, there are other unavoidable
sources of RFI. These include RFI from aircraft navigation systems, global positioning
satellites as well and telecommunications services such as the GSM 900/1800 mobile
communication bands and H i emission from our own Milky Way galaxy. Consequently,
RFI was flagged from the known frequency ranges, that is, 856 − 880 MHz for GSM
900, 1658− 1800 MHz for GSM 1800 and 1419.8− 1421.3 MHz for the Milky Way H i
emission. This was followed by using the AOFlagger auto flagging algorithm, following
the pre-defined firstpass_Q.rfis strategy, to flag the calibrator’s uncalibrated visibili-
ties.

3.3.2 Calibration

Calibration within the CARACal pipeline is divided into three broad steps (Noordam &
Smirnov, 2010): First Generation Calibration (1GC), Second Generation Calibration
(2GC), Third Generation Calibration (3GC), which deals with correcting for direction-
dependent effects and is not discussed in this thesis because of the field of view of our
observation.

3.3.2.1 First Generation Calibration (1GC)

The First Generation Calibration (1GC), also known as cross-calibration or reference
calibration, is the process of deriving direction-independent gain solutions from cali-
brator sources with well-known spectrum and flux properties. These calibration gain
solutions are later applied to our target source in order to correct for these direction-
independent effects. Therefore, when scheduling observations of a target source, it
becomes important to first identify calibrator sources in the field. Thereafter, during
observations of the target, the telescope switches between observing the target and
the calibrator source, which in our case is the primary calibrator, J1939-6342, and the
secondary calibrator, J0022+0014.
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3.3.2.1.1 Flux Calibration

To apply a flux calibration, observations of a well-known and modelled, unresolved,
constant flux source are required. For our observations, the primary calibrator, J1939-
6342, was used as the bandpass and flux calibrator, making it necessary for the source
to be very bright in order to obtain a high signal-to-noise ratio in the shortest amount
of time. By comparing observations of J1939-6342 to the calibrator source model, the
correct flux scales were determined using the CASA task SETJY.

3.3.2.1.2 Delay Calibration

Delay errors could be caused by a variety of factors, such as incorrect antenna posi-
tions as well as atmospheric effects. These errors result in a linear slope in a phase as
a function of the frequency plot per baseline. This phase slope needs to be calibrated
out, resulting in an ideal flat slope across the band. This is necessary to prevent decor-
relation of the signal during continuum imaging where we average in frequency. Delay
calibration was done for both the primary and secondary calibrator sources in two
separate steps, using the CASA task GAINCAL.

3.3.2.1.3 Bandpass Calibration

Bandpass calibration corrects the frequency response of the telescope. This needs an
ideal bandpass calibrator that is bright and unpolarised and has a stable or well-defined
spectrum. The source should also be unresolved or have an accurately known model.
The primary calibrator, J1939-6342, met these conditions and was therefore used as
the bandpass calibrator. The CASA task BANDPASS was used to do bandpass cali-
bration. Since the bandpass response of a telescope is usually stable in time, a single
(long) solution time interval was used.

3.3.2.1.4 Complex Gains Calibration

The secondary calibrator source, J0022+0014, was selected to be as close as possible to
the target source and was also the most observed calibrator source of the two sources.
The reason behind this was to track the evolution of local effects or ensure it suffered
approximately the same atmospheric effects as the target source. The complex gain
solutions obtained from this calibrator source were used to calibrate this source, as well
as our target source, by interpolating the solutions.

The calibration steps above resulted in the complex gains and bandpass calibration
solutions, which were later applied to the target source. The target source visibilities
were thereafter flagged using the CARACal FLAG worker and later split out from the
measurement set using the CARACal TRANSFORM worker.
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3.3.2.2 Second Generation Calibration (2GC or self calibration)

The Second Generation Calibration (2GC) improves upon the first-generation calibra-
tion by using the target field to calibrate itself. Specifically, it entails creating an image
from the 1GC calibration step. This is followed by making a model from this image
using tools such as SoFiA or the default CARACal option PyBDSF. Then, the model
is used to calibrate the target field by solving for the complex antenna gains using
CubiCal. These gains are later applied to the target field, and imaging is performed
using WSclean. This process can be repeated a fixed number of times or used in an it-
erative process, in which images from consecutive calibration processes are compared.
Quality measures are the detected flux density of bright sources or the rms around
bright sources as a measure of the dynamic range. Therefore, self calibration attempts
to minimise the target residuals, and if done correctly, can improve an image’s dynamic
range3 (Noordam & Smirnov, 2010) as well as minimise an image rms.

3.3.3 Continuum Subtraction and Spectral Line Imaging

The self-calibration step enabled us to make a model of the target source, which was
a model of the continuum emission that needed to be subtracted from the data. This
model was saved in the MODEL_DATA column of the MeasurementSet file, which
was later subtracted from the corrected visibilities stored in the CORRECTED_DATA
column of the MeasurementSet file and the residuals fitted for using the CASA task
UVCONTSUB by setting the polynomials to order 3 and subtracting. The resulting
continuum subtracted visibilities were written in the CORRECTED_DATA column.
The continuum subtracted visibilities were finally imaged using WSclean by applying
a Briggs weighting scheme with uvtaper 20 kλ and Robust weighting of 0, resulting
in a data cube with 400× 400 spatial pixels of size 6 ′′ each and 28 frequency channels,
each channel having a resolution of ∼ 44 km s−1. This imaged FITS cube had a com-
mon restoring beam of 33.5′′ × 28.3′′ with a position angle of 141.2◦ and an rms of 0.3
mJybeam−1 channel−1.

3.4 SoFiA source finding and parametrisation

Source finding for UGC 439 galaxy group used the general procedure discussed in Chap-
ter 2 section 2.4 and outlined in Fig. 2.4. The continuum subtraction step was skipped
as the continuum had already been subtracted from the spectral cube.

3.4.1 Noise Normalisation

Upon closer inspection of the spectroscopic cube, it was found to have minor spatial and
spectral noise variations. In order to normalise the noise across the cube, noise scaling

3The dynamic range is defined as the ratio between the highest peak in an image to the rms.
However, should there be artefacts, then it is defined as the ratio of the highest peak in an image to
the brightest artefact.
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was switched on in SoFiA 2 by setting scaleNoise.mode=local. A kernel of spatial size
scaleNoise.windowXY=71 and spectral size scaleNoise.windowZ=7 was shifted across
all three dimensions of the data cube on a grid that was half the window size since
the grid size was not specified. SoFiA 2 measured an rms value in each window and
divided the corresponding grid cell by that rms value. To make sure that there were
no sharp boundaries between the grid cells, linear interpolation between the grid cells
was enabled by setting scaleNoise.interpolate=True.

3.4.2 S+C finder

SoFiA source finding followed the steps detailed in subsection 2.4.5 with a spatial kernel
specified as scifind.kernelXY=(0, 3, 6) while the spectral kernel as scifind.kernelZ=(0,
3, 5, 7) and a threshold of scifind.threshold=3.5 × rms. This process resulted in the
creation of a raw source mask with the complete number of detections, which were
later grouped into sources while discarding false detections based on parameters, as
explained below.

3.4.3 Linking

The linking algorithm, explained in subsection 2.4.6, merged together all detections
within a distance of 2 pixels in the spatial domain, linker.radiusXY=2, and three pix-
els in the spectral domain, linker.radiusZ=3. Once merged, all sources that were found
to be smaller than 3 pixels in the spatial domain, linker.minSizeXY=3, and three pix-
els in the spectral domain, linker.minSizeZ=3, where each spectral pixel is 44 km s−1,
were assumed to be false detections and consequently removed. the source radius and
size values were found to be the most optimal values needed after a few trials.

3.4.4 Reliability filter

Of the remaining detections, the procedure that followed involved determining how re-
liable they were as detections. Using a reliability threshold of reliability.threshold=0.9
enabled filtering out a large number of false detections. The distribution of positive
(blue) and negative (sources) in parameter space is shown in Fig. 3.3, where the black
dots represent genuine detections.

The density of positive and negative sources was measured by performing a Gaussian
kernel density estimation (KDE) on the individual sources in parameter space in Fig.
3.3. The relative size of the Gaussian kernel used in the KDE was set to reliabil-
ity.scaleKernel=0.56.

The integrated signal-to-noise ratio was also used to filter out a majority of false de-
tections, as shown by the grey dashed line in Fig. 3.3. This SNRmin was set to
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Figure 3.3: Three projections of the three-dimensional parameter space in which
SoFiA calculates the reliability of detections. Each projection represents the distribu-
tion of positive (blue) and negative (red) sources in parameter space with the black
dots representing our genuine sources. The grey dashed line represents the integrated
constant signal-to-noise ratio limit of 3.0 below which sources are deemed unreliable
and consequently are discarded and light grey ellipses are 1σ, 2σ and 3σ contours of
the 3D Gaussian function used in the kernel density estimator (KDE).
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reliability.minSNR=3.0. All sources falling below this SNR threshold were filtered out.

3.4.5 Parametrisation

Once reliable sources were determined, SoFiA 2 proceeded to measure a range of source
parameters across the source mask. These parameters were produced in a catalogue
format alongside moment maps and mask cubes.

3.5 H i emission

After calibration, imaging and source finding, H i emission was detected in five out of
the eight members of UGC439 group, with two additional H i detections, each hav-
ing an optical counterpart, albeit no redshift information was available to be used in
determining if their redshifts are consistent with the member galaxy’s redshift. Aside
from the two additional detections, all galaxies seen in H i are spatially resolved at ∼ 3
beams, as well as spectrally resolved at ∼ 44 km s−1. The detected emission resides in
the frequency range 1392.0− 1397.2 MHz, corresponding to the redshift range of zH i∼
0.016614 − 0.020430 or a recession velocity ranges of v0 = czH i∼ 4981 − 6125 km s−1,
estimated from the centres of the global H i emission profiles of individual galaxies.

Fig. 3.4 shows these H i detections, as well as the remaining three galaxies undetected
in H i. The figure was made using the SDSS g, r and i colour composite image as the
background with names obtained from SIMBAD and contours representing H i column
densities of 2n × 5× 1019 cm2 plotted using the column density map (NH i ) made from
SoFiA total H i intensity map

∫
I(v)dv Jy km s−1 beam−1 by applying Eqn. 2.10.

Similar to the figure is Fig. 3.5 with added ellipses drawn on top of the H i contour
plots, with red representing the fitted H i ellipse and cyan representing the expected
H i ellipse. For each galaxy detected in H i (red ellipses seen in Fig. 3.5) an ellipse was
fitted to the 1 M⊙pc−2 contour by using the uniformly weighted second-order moment
of the pixel positions inside the contour as described in Wang et al. (2013) and later
converted to kpc by using the redshifts given in Table. 3.1 as a proxy for each galaxy’s
distance. The cyan ellipses have only the major axis (expected) H i diameter calculated
and consequently are represented as circles. The expected H i diameter was calculated
by following Eqn. 2.20 where the D25 diameters were determined from HyperLeda
and are detailed in Table 3.1. This difference between H i measured and expected di-
ameter is also seen in Fig. 3.6.

Fig. 3.6 shows the H i mass size relation of the galaxies detected in H i. This rela-
tion visually shows galaxy group deficiency or excess by comparing the measured H i
diameters, red (filled), to the expected H i diameters, blue (open), with the horizontal
axis representing the logarithm of the measured H i masses for both the measured and
expected diameters. This H i deficiency value can be calculated by finding the differ-
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Figure 3.4: 5 of the 8 group members detected in H i. The H i column density
contours are derived from the moment-0 map and correspond to H i column densities
of 2n×5×1019cm2(n = 0, 1, 2, 3). The background optical image comes from the Sloan
Digital Sky Survey (SDSS) G, R, and I colour composite images. The radio image
has a restoring beam of 33.4′′ × 28.2′′ with a position angle of 140.2◦. The recession
velocities (v0 in km s−1) corresponding to zg are written below the name of the galaxy,
with the exception of LEDA 90496 whose redshift remains unknown, and consequently,
the mentioned recession velocity is derived from H i measurements. The red and cyan
crosses correspond to the H i and optical centres of these galaxies.The Green line in
the background image is an SDSS image artefact.
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Figure 3.5: 5 of the 8 group members detected in H i, similar to Fig. 3.4, with
the fitted (red) as well as expected (cyan) H i diameters plotted as ellipses for visual
comparison. The expected H i diameters have been plotted as circles representing only
the major axis of the expected H i diameters.The Green line in the background image
is an SDSS image artefact.
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Figure 3.6: H i mass-size relation for five galaxies detected in H i . The solid line
represents the best-fit linear relation from Wang et al. (2016) while the dashed lines
represent the 3σ scatter. The red (filled) symbols representDH i with their uncertainties
representing the beam smearing effects on the measured H i diameters and estimated
as half a beam width and MH i based on our measurements. The blue (open) symbols
represent the predicted DH i from the D25 based on the relation in Broeils & Rhee
(1997).

.

ence between the expected H i mass and measured H i mass, as shown in Eqn. 2.15.
The expected H i masses were determined as described in subsection 2.5.2 using Eqn.
2.16 while the measured H i masses were determined using the total H i intensity map∫
I(v)dv Jy km s−1 beam−1 from SoFiA by following Eqn. 2.12. For galaxies unde-

tected in H i 3σ upper limits on H i masses (5.09×108 M⊙) were estimated assuming a
linewidth of 200 km s−1 (please see Table 3.2). Fig. 3.7 includes information about the
logarithm of the expected H i masses in the horizontal axis. The green points represent
the expected H i mass and diameter, while the red points represent the measured H i
mass and diameter.

As can be seen from both Fig. 3.6 and Fig. 3.7, just over half of all galaxies de-
tected have positive H i deficiencies and consequently, have larger measured diameters
compared to expected diameters, while at the same time having their measured mass
exceeding their expected mass. This is also seen in Table 3.2 and indicates that the
group is in H i excess.
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Figure 3.7: H i mass-size relation for five galaxies detected in H i . The solid line
represents the best-fit linear relation from Wang et al. (2016) while the dashed lines
represent the 3σ scatter. The red (filled) symbols representDH i with their uncertainties
representing the beam smearing effects on the measured H i diameters and estimated
as half a beam width and MH i based on our measurements. The green (open) symbols
represent the predicted DH i from the D25 based on the relation in Broeils & Rhee
(1997) as well as the expected MH i based on the relation described in subsection 2.5.2
and Eqn. 2.16 (Jones et al., 2018b).

.
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3.5.1 H i Mass, size and Morphology

Regarding H i integrated flux and masses, UGC439 has the highest H i mass and inte-
grated flux of 7.73×109 M⊙ and 5.67±0.18 Jy km s−1 respectively. The integrated flux
had been observed with the GMRT radio telescope as

∫
Sdv = 1.42 ± 0.14 Jy km s−1

(Dutta et al., 2016) and the Arecibo telescope as
∫
Sdv = 7.07± 0.76 Jy km s−1 which

translates to a H i mass of log MH i = 9.99±0.05 M⊙ (Springob et al., 2005). UGC439
is a barred spiral galaxy with morphological classification SBa and a B-band optical
diameter at the isophotal level 25 mag/arcsec2 (D25) of 21.6 kpc, making it the fourth
largest galaxy in the group, in terms of the optical diameter. UGC439 has a position
angle of 170◦ from optical B-band observations (Jansen et al., 2000b,a) and 160◦ from
the Two Micron All-Sky Survey (2MASS) (Skrutskie et al., 2006). This is similar to
the observed H i position angle of 169.5◦ (please see Table 3.2). When it comes to the
measured H i diameter, UGC439 has a diameter (DH i) of 68.2 kpc, therefore making
it the second largest diameter in the group. As can be seen in both Figs. 3.5 and 3.7,
the galaxy’s measured H i diameter is larger than its expected H i diameter, and given
that its deficiency parameter is -0.08, this galaxy has H i in excess. This H i excess is
similarly evident in the predicted H i mass, calculated based on the stellar mass, with
a deficiency parameter of -0.17. It also has H i clumps seen to the North East and
South West of the galaxy. As a result of MeerKAT’s sensitivity, contrary to Dutta
et al. (2016), the H i emission detected from UGC439 extends up to the sightline of
the background quasar. This is shown in Fig. 3.10, where the quasar is represented as
a blue cross on top of the velocity map.

Following UGC 439 in H i mass and integrated flux is CGCG383-072 with 7.63 × 109

M⊙ and 5.12±0.20 Jy km s−1 as its H i mass and integrated flux respectively. The inte-
grated flux had been observed with the GMRT radio telescope as

∫
Sdv = 0.76± 0.20

Jy km s−1 (Dutta et al., 2016). CGCG 383-072 is a lenticular galaxy with morpho-
logical classification E-SO and the second largest B-band D25 diameter of 16.3 kpc.
However, when it comes to measured H i diameter, CGCG383-072 has a measured H i
diameter (DH i) of 77.2 kpc, making it the largest galaxy in terms of the measured H i
diameter while the ratio of H i to optical diameters being 3.16, making its H i diameter
about triple the optical diameter. However, it has a smaller expected H i diameter and
mass compared to its measured counterparts. This is clearly seen in Figs. 3.6, 3.7 and
3.5. When comparing the expected H i mass to the measured H i mass, it can be seen
from Table 3.2 that CGCG383-072 has a deficiency parameter of -0.56, meaning that
this galaxy has H i in excess.

UGC435 comes in third with H i mass and integrated flux of 4.43 × 109 M⊙ and
3.07±0.14 Jy km s−1 respectively. This galaxy had been observed with the Nançay radio
telescope resulting in a measurement of the integrated emission of

∫
Sdv = 2.57± 0.47

Jy km s−1 (Theureau et al., 2007), and also the GMRT radio telescope: Dutta et al.
(2016) determined an integrated flux of

∫
Sdv = 0.52± 0.15 Jy km s−1. UGC 435 is an

intermediate spiral galaxy with morphology Sab and a B-band optical diameter D25 of
21.2 kpc, making it the fifth largest galaxy in terms of B-band optical diameter, only
slightly smaller than UGC439. When it comes to the measured H i diameter, UGC 435
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has a diameter of 44.1 kpc, making it the third largest galaxy in terms of H i diameter
while the ratio of H i to optical diameters being 2.10, making its H i diameter about
double the optical diameter. Similar to the previous two galaxies, UGC 435 has a larger
measured H i mass and diameter compared to its expected counterparts. This can be
seen in Figs. 3.6 and 3.7. When it comes to H i morphology, UGC 435 appears to have
a regular disk with clumps of H i to both the East and West directions, which is not
surprising given that it also has H i in excess with a deficiency parameter of -0.25 from
B-band luminosity and -0.13 from stellar mass calculations as can be seen in Table 3.2.

FGC0075 comes in fourth with H i mass and integrated flux of 9.61 × 108 M⊙ and
0.61 ± 0.09 Jy km s−1 respectively. FGC0075 is a spiral galaxy with morphological
classification Sc and a B-band optical diameter D25 of 22.8 kpc, making it the third
largest galaxy in terms of B-band optical diameter. FGC0075 has a measured H i di-
ameter of 37 kpc, making it among the least H i diameters measured, being only larger
than LEDA 90496 while the ratio of H i to optical diameters is 1.75, making the H i
diameter almost similar in size to the optical diameter. However, unlike the previous
galaxies, this galaxy has a H i deficiency of 0.32, making it slightly H i deficient. This
H i deficiency is similarly evident in the predicted H i mass, calculated based on the
stellar mass, with a deficiency parameter of 0.41

Finally, LEDA90496 has the least H i mass and integrated flux of 8.57 × 108 M⊙ and
0.58 ± 0.12 Jy km s−1 respectively. LEDA 90496 is also a spiral galaxy with morpho-
logical classification Sd and a B-band optical diameter D25 of 14.5 kpc, making it the
smallest galaxy in terms of optical diameter. Since there was no redshift information
associated with LEDA 90496, the average group redshift value of z = 0.01844 was used
when deriving LEDA 90496 properties. When it comes to the measured H i diameter,
LEDA90496 has a diameter of 25.4 kpc, making it the least galaxy in terms of H i di-
ameter, with the ratio of H i to optical diameters being 1.62, making the H i diameter
also almost similar in size to the optical diameter. LEDA90496 is also observed to be
only slightly H i deficient with a deficiency parameter of 0.20 as seen in Table 3.2.
In comparison to the stellar mass derived deficiency parameter, LEDA90496 appears
to have H i in excess with a deficiency parameter of -0.30. Given that we do not have
the spectroscopic redshift for this galaxy needed to calculate its B-band expected H i
mass and, consequently, its deficiency parameter, it is possible that this discrepancy in
the deficiency parameter comes from our decision to use the group redshift.

The remaining galaxies not detected in H i are NGC227, an elliptical galaxy with mor-
phological classification E, which has the largestD25 diameter of 41.9 kpc and UGC 455,
also an elliptical galaxy with morphological classification E and a D25 diameter of 29.9
kpc, making it the second largest galaxy in terms of optical B-band diameter. The
galaxy Z 383-71 was not mentioned in this comparison as it remains undetected in H i
and has no B-band diameter available in HyperLeda.

In summary, most galaxies detected in H i within the group have H i in excess, with
UGC439 being the most massive H i galaxy and LEDA 90496 being the least massive.
However, there are two detections made that are not part of the discussion above.
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These are Detection Two, which is closest to UGC439 and UGC 435, and Detection
Three, which is closest to LEDA90496. Detection Two has what seems to be an optical
counterpart in the southeast direction. This is, however difficult to conclusively de-
termine if this optical detection is part of the group without redshift of the detection.
Detection Three also has an optical counterpart but no redshift information.

3.5.2 H i Kinematics

To assess kinematics, the global spectra of each galaxy, detected in H i and centred on
each galaxy’s optical redshift, were compared as shown in Fig. 3.8. The same profiles
were also compared without centring on each galaxy’s optical redshift, as shown in Fig.
3.9. These global velocity profiles were made using SoFiA output products. Fig. 3.10
was also made, showing the first three moments: the H i column density moment-0, ve-
locity moment-1 maps (middle) and velocity dispersion moment-2 maps (right). From
Fig. 3.8, there is, on average, a match between each galaxy’s optical redshift and H i
systemic velocities, as well as a match in the spatial positions of the H i and optical
disk as shown in Fig. 3.4. This serves as evidence of minimal interaction with the
environment through ram-pressure stripping or any significant past merger events that
could offset the two centres.

This velocity match is also reflected in previous observations of UGC439, which found
a redshift of z = 0.017694 ± 0.000150, corresponding to a heliocentric velocity of
vH i = 5305 ± 45 km s−1, from observations of the nuclear region’s optical spectrum
that is part of the Six-degree Field Galaxy Survey (Jones et al., 2009), as well as a
redshift and heliocentric velocity of z = 0.017686±0.000005 and vH i = 5302±2 km s−1

using Arecibo H i 21-cm emission. These observations also match well with MeerKAT’s
observations of z = 0.017684 and vH i = 5302 km s−1 as can be seen in Table 3.2, and
further shows that the offset in velocity between UGC439 H i disk and its optical disk
is negligible.

As mentioned in subsection 3.5.1 and shown in Table. 3.2, UGC 439 has the largest
H i mass and integrated flux. This is also reflected in its global velocity profile shown
in Fig. 3.8, where UGC439 has more H i flux compared to other galaxies in the group.
In addition to this, the UGC439 double-horned global H i profile is asymmetric. This
asymmetry is also seen in both the Arecibo and, to a lesser extent, the GMRT profiles
as detailed in Dutta et al. (2016) and shown in Fig. 3.11. The asymmetry can be seen
in the velocity map of Fig. 3.10 where the southern side of the galaxy, corresponding to
the blue-green peak, seems to be more extended than the northern part, corresponding
to the red peak. Observations of UV and infrared images of UGC 439 reveal its stellar
disk to be asymmetric in terms of its spiral structure and light distribution, reflecting
the asymmetry observed in the global H i profile (Dutta et al., 2016). Such an asymme-
try could arise from three different environmental mechanisms: ram-pressure stripping,
gas accretion, or galactic interaction (e.g. de Blok et al., 2014; Elagali et al., 2019).

Given that UGC439 is observed to have H i in excess (see Table 3.2), it is unlikely
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Figure 3.8: Global velocity profiles for UGC439, UGC435, CGCG 383-072,
FGC0075, LEDA 90496. The velocities of these galaxies have been shifted with zero
corresponding to zg (shown in Table 3.1) while the vertical lines represent zH i.
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that ram-pressure stripping could be playing a significant role leading to this observed
asymmetric global H i profile. However, UGC439 is within a galaxy group. Given
the asymmetry observed in both the H i and optical structures, it is possible that the
galaxy was involved in a past merger event. Such events are known to affect the struc-
ture and kinematics of the extended H i disc (e.g. Hibbard & van Gorkom, 1996; Duc
et al., 1997), with a few cases offsetting the H i centres from the optical discs. UGC439
has a distorted moment 1 velocity profile and a disturbed moment 2 velocity dispersion
profile, with peak dispersions (red) occurring at various points in the disk of the galaxy
(please see Fig. 3.10), and not uniformly varying from the centre to the edge of the
galaxy. However, the H i and optical disc centres seem to coincide in both the spatial
and spectral domains. This implies that if a past merger event occurred in UGC439,
it was not significant enough to cause an offset in the two centres.

The presence of high-velocity clouds could either indicate H i accretion or gas removal
from galactic disks through tidal interaction, serving as an alternative explanation
to the asymmetric H i double-horned profile of UGC439. High-velocity clouds can
be observed by the presence of excess emission in the wings of the global H i profile
(Schulman et al., 1994). However, this could also be a consequence of a warped H i
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Figure 3.9: Global velocity profiles for UGC439, UGC435, CGCG 383-072,
FGC0075, LEDA90496. The velocities of these galaxies have not been shifted with
zero corresponding to zg, while the vertical lines represent zH i

.

disk. Dutta et al. (2016) noted that there was excess emission in the blueshifted wing
of the Arecibo global H i profile that could not be explained by a simple rotating disc
model but needed deeper H i emission observations to distinguish between the two sce-
narios. The MeerKAT H i emission is detected over almost the full velocity range of
both the Arecibo and GMRT (Fig. 3.11), however, with a lower velocity resolution of
44 km s−1. Consequently, the wings are not well resolved, making it difficult to distin-
guish between the two scenarios. Higher velocity resolution H i emission observations of
UGC439 would be required to distinguish between these two scenarios and, therefore,
provide a better clue into the nature of the excess emission in the blueshifted wing of
the Arecibo global H i profile. Note that, as can be seen in Fig. 3.11, uGMRT H i
21-cm emission recovers only ∼ 20 per cent of that found in Arecibo spectrum. This is
due to the poor sensitivity and uv-coverage of the uGMRT data, which does not allow
detecting any diffuse and extended H i gas around UGC439 (Dutta et al., 2016)

The other two neighbouring galaxies are within 150 kpc of UGC439, that is, UGC435
and CGCG383-072. Dutta et al. (2016) had determined UGC435’s redshift and he-
liocentric velocities as z = 0.018139 and vH i = 5438 km s−1, which are comparable
to MeerKAT’s values of z = 0.018189 and vH i = 5453 km s−1. They also determined
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Figure 3.10: Moment maps representing the H i column density (moment-0) contours
plotted over RGB cutouts from the optical SDSS image (left), moment-1 maps (middle)
and moment-2 maps (right) of 7 detected H i sources, UGC439, UGC 435, CGCG383-
072, FGC 0075, LEDA90496 and two other sources with potential optical counterparts
but no redshift information available.. The contours in the middle panels correspond to
H i column densities of 2n × 5× 1019 cm−2 (n = 0, 1, 2, 3, ...). The MeerKat restoring
beam of 33.4′′ × 28.2′′ , a spatial scale bar of 13 kpc and the position of the quasar
next to UGC439 (blue cross) are also shown in the middle and right panels.

CGCG383-072 redshift and heliocentric velocities as z = 0.018356 and vH i = 5503
km s−1, which are also comparable to MeerKAT’s values of z = 0.018484 and vH i = 5541
km s−1. UGC 435 and CGCG383-072 also have asymmetric global H i profiles as can
be seen in both Fig. 3.8 and 3.9, albeit, to a lesser extent. There is more flux in the
blue shifted portion of CGCG383-072 global H i spectrum, seen in Fig. 3.8, which
corresponds to the southern blue peak that is more extended than the northern peak,
as seen in the velocity map of Fig. 3.10. UGC435 shows more flux in the red shifted
portion of its global H i spectrum, also seen in Fig. 3.8, which also corresponds to the
southern red peak that is more extended than the northern blue peak, as seen in the
velocity map of Fig. 3.10. The same pattern is reflected in UGC439, where its global
H i spectrum has more flux in its blue shifted portion, seen in Fig. 3.8, which also
corresponds to the southern blue-green peak that is more extended than the northern
red peak, as seen in the velocity map of Fig. 3.10. The moment 2 maps of UGC435
and CGCG383-072, seen in Fig. 3.10, also have red bumps at various points in the H i
disk, corresponding to portions with high turbulence. However, they are, on average,
centrally dominated. In summary, the three galaxies have more flux and are conse-
quently more extended in their southern peaks than in their northern peaks.

It is also interesting to note that FGC0075 is the most deficient galaxy of the galaxies
detected in H i, with a deficiency parameter of 0.32 from Table. 3.2. FGC0075 is
located south of UGC 439, UGC 435 and CGCG383-072, the same side of the three
galaxies that has more H i flux in comparison. FGC0075 also appears to have a warped
velocity profile, as seen in the velocity map of Fig. 3.10, but shows clear signs of ro-
tation. However, LEDA 90496 is also slightly deficient with a deficiency parameter of
0.20, as seen in Table. 3.2, but is located on the northern side instead. LEDA90496 has
less H i mass compared to FGC 0075, but is further away from UGC 439 with an angu-
lar separation of 17.3 arcminutes compared to 11.0 arcminutes separation for FGC0075
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Figure 3.11: Comparison between MeerKAT, Arecibo (Springob et al., 2005) and
uGMRT (Dutta et al., 2016) global velocity profiles for UGC 439. The velocities of
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lines represent zH i
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(please see Table. 3.1).

West of UGC439 and the south of UGC435, H i is detected and imaged as seen in Fig.
3.4. It is Detection Two in Fig. 3.10. The SDSS background image in both Fig. 3.4
and 3.10 shows an optical counterpart to the southeast end, associated with this H i
source. However, this source appears undetected in all catalogues used for this thesis,
including the HyperLeda and NED. Consequently, there was no redshift associated
with this optical counterpart that would allow us to conclusively determine if it is part
of the current group and, therefore, associated with the H i source or is further away in
redshift. It is possible that this is a dwarf galaxy, should it be within the group’s red-
shift. However, based on its geometric appearance of a disk-type galaxy with a given
inclination and position angle, we can only speculate that it is much further away than
the redshift of the group, and the H i source is an extragalactic H i cloud within the
group.

Upon visual inspection of Detection Two in the H i channel map or FITS cube, it is
only visible in one channel. This is somewhat mirrored in the global H i profile shown
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.

in Fig. 3.12, as well as the velocity map shown in Fig. 3.10. In both figures, there is an
absence of a rotation signature, with Fig. 3.12 not exhibiting the typical double-horn
profile and Fig. 3.10 not showing the typical velocity gradient expected for a rotating
disk.

Given the absence of a rotation signature in both the global H i profile and the velocity
map, one could presume that this H i source is rotating at velocities below our current
velocity resolution of 44 km s−1. However, this is unlikely, as random motions usually
dominate at these velocities. Therefore, it is more likely that this source is not rotating
as a whole, and no section of this source is rotating. This supports our speculation that
the optical detection seen to the southwest of the SDSS image is indeed further away in
redshift compared to our H i source, given its disk-like appearance and disk-dominated
galaxies usually have a much larger rotation velocity. However, spectroscopic and pho-
tometric observations of this optical counterpart are needed to conclusively ascertain
this speculation.

When it comes to the H i mass, source two is detected above the 3σ upper limits on
H i mass of 5.09× 108M⊙, with its H i mass being 7.93× 108M⊙ at the group redshift
of z = 0.01844. This is a significant amount as it is ∼ 92% the mass of LEDA 90496,
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∼ 83% the mass of FGC0075 but only ∼ 10% mass of the most massive galaxy in
terms of H i, UGC 439.

There also exists a second H i detection between LEDA90496 and the three galaxies:
CGCG383-072, UGC439 and UGC 435. It is Detection Three seen in Fig. 3.10. This
H i detection also has a faint optical counterpart in the background SDSS image. Visu-
ally, this optical counterpart resembles a dwarf galaxy. However, it is not detected in
any catalogues used in this thesis and consequently has no spectroscopic or photometric
information associated with it that would make it possible to identify its morphology
and position in redshift.

Detection Three is also only visible in one channel of our FITS cube upon visual in-
spection and also has a global H i profile shown in Fig. 3.12 and velocity map shown
in Fig. 3.10 that show no rotation signature. It is, therefore, possible that this source
is not rotating, similar to the previous source two. However, assuming that the faint
optical counterpart of this source is not discordant and is indeed within the UGC439
group and its H i and optical disks are aligned such that they are both sufficiently
face-on, then there also exists a possibility that the rotation gradient is not detectable
at the (relatively low) spectral resolution of 44 km s−1. However, we would need to
determine the optical counterpart’s redshift, as well as make H i higher velocity reso-
lution observations of this detection in order to verify this possibility.

Detection Three has a H i mass of 3.55×108 M⊙ at the group redshift of 0.01844, which
is above the 1σ limit of 1.70× 108M⊙ but below the 3σ upper limits of 5.09× 108M⊙.
This makes it only ∼ 5% of the H i mass of UGC439, but ∼ 37% of the mass of
FGC0075, ∼ 41% of the mass of LEDA90496, and half the mass of Detection Two.

Regarding uncertainties in the measured DH i values, we estimated uncertainties corre-
sponding to half a beam size to estimate beam smearing effects on our measured DH i

values.

Beam smearing can cause the measured H i diameters to appear larger than they truly
are, especially in cases where galaxies have a low spatial resolution. In this study,
the measured H i sizes may reflect this potential bias, leading to overestimating the
measured H i sizes. However, to assess the impact of this possible overestimation, we
introduced an uncertainty based on half a beam size into our analysis, as shown in
Figs. 3.6 and 3.7 as well as Table. 3.2.

After incorporating this into our error margins, we found that it did not significantly
alter the overall trends or conclusions drawn from the data. The uncertainties intro-
duced by beam smearing fall within the scatter in the H i mass-size relationship and
follow the general trend observed.

While the decision was made not to apply beam corrections in the current analysis, it is
acknowledged that future work could benefit from a more rigorous approach to correct-
ing for this effect. Such corrections would allow for even more precise measurements of



3.6 Absorption 101

HI sizes. For this study, however, the uncertainties introduced by beam smearing do
not significantly impact the primary conclusions, as the overall results remain robust
within the given error margins.

3.6 Absorption

Dutta et al. (2016) observed the peak absorption in the sightline of the background
quasar towards UGC439 was at the kinematic minor axis of the H i disc and at the
systematic velocity of UGC439. However, due to GMRT sensitivity constraints, they
were not able to observe the H i disc from UGC439 extending all the way up to the
position of the quasar. In contrast to this, as seen in UGC439 velocity map of Fig.
3.10, we observe the H i disc extending all the way to the sightline of the quasar at
the systematic velocity of the galaxy and co-rotating with the H i disc. However, due
to the low-velocity resolution nature of the current MeerKAT data, at 44 km s−1, we
were unable to proceed with detailed H i absorption line analysis for this group and
would recommend higher velocity resolution observations of the group to determine
the properties of H i gas at the sightline of the quasar. Combining both studies, it
is likely that the absorption system is identical to the gas disk of UGC439, and no
further extraplanar gas is identified.

3.7 Summary

In summary, the UGC439 group was observed as part of the MALS survey in the
commissioning phase of the MeerKAT array. The group has eight members, five of
which were detected in H i and shown in Fig. 3.4. Of the five detections, the three
central ones, that is, CGCG383-072, UGC439 and UGC435, had the largest H i mass
and diameter. Dutta et al. (2016) also detected these three galaxies in H i emission,
but did not detect H i emission from the absorbing gas, therefore making the absorbing
gas appear separate from UGC439. In this study, the observed H i disks of all three
galaxies are more extended in comparison. UGC 439 and UGC435 have H i in excess
based on the expected H i masses calculated from the B-band luminosity and stellar
masses. This is also seen for CGCG383-072 from its B-band-based deficiency calcula-
tion. However, given that CGCG383-072 is an early-type galaxy, we could not reliably
determine its expected H i mass from the stellar mass because of the large variety of H i
content in early-type galaxies as discussed in Serra et al. (2012). These galaxies are also
systematically more extended towards the south than the north in their H i morphology.

The remaining two galaxies, LEDA 90496 to the north and FGC0075 to the south,
were the smallest galaxies in terms of H i mass and diameter and were also H i defi-
cient based on the expected H i masses calculated from the B-band luminosity, with
FGC0075 to the south being more deficient than LEDA90496 to the north. When
compared to the H i deficiency calculated from the galaxies’ stellar mass, FGC0075
appeared to be deficient while LEDA90496 has H i in excess. It is possible that the
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discrepancy between the B-band-based deficiency parameter and the stellar mass-based
deficiency parameter is a result of our using the group redshift to calculate the expected
H i mass based on the B-band luminosity. The decision was made because we did not
have the spectroscopic redshift of LEDA90496. In addition to the H i detected galaxies
were two H i detections, both with unconfirmed optical counterparts and therefore need
redshift and photometric information of these counterparts to conclusively determine
if they are part of the group. Detection two has its H i mass above the 3σ limit, while
detection three had its H i mass below this limit but above the 1σ limit, with detection
two being about double the mass of detection three. Both detections did not exhibit
signs of rotation that are characteristic of a rotating H i disc and, therefore, could pos-
sibly be H i clouds or galaxies at low inclination angles. These two H i detections were
not seen in the ALFAFA data (Springob et al., 2005) and, despite detection two being
within the field of view of the GMRT data, it was well below their rms value of 2.0
mJybeam−1 channel−1 (Dutta et al., 2016).

When it comes to the morphology of the H i detected galaxies in the group, all are
late-type (spiral) galaxies with the exception of CGCG383-072, an early-type (ellip-
tical) galaxy located in the central region of the group. In spite of its morphological
characteristics, it is the second most massive galaxy in terms of H i mass and has its
H i mass distributed on a regularly rotating disc. While it is common for the remaining
late-type galaxies to be H i rich, the presence of H i in early-type galaxies is not a
universal characteristic, but it is relatively common, as detailed in Serra et al. (2012)
who found 1/5 of all early-type galaxies and 1/4 of all early-type galaxies outside the
Virgo cluster hosting H i distributed on a regularly rotating disc and at low column
densities.

The environment also plays a role in the detection of H i in early-type galaxies as
seen in the ALFAFA data, from just a few per cent in the Virgo cluster having H i
(di Serego Alighieri et al., 2007) to ∼ 40 per cent outside it (Grossi et al., 2009). This
suggests that the detection of H i in early-type galaxies is more common in areas where
galaxies are less subject to disruptive environmental processes and also suggests that
galaxy-galaxy interactions and environmental effects have not set in yet in our group
implying that it could be at an intermediate state of preprocessing.

Our observations indicate that the UGC439 group is in an intermediate state of prepro-
cessing. The inner galaxies are H i rich. Whether this might stem from the accretion
or stripping of gas from other galaxies can, given the quality of our observations, only
be the subject of speculation.



Chapter 4

Summary

This thesis used data from the MeerKAT Absorption Line Survey (MALS) (Gupta
et al., 2017), specifically focusing on the third key science theme titled Galaxy Evo-
lution through H I and OH Emission. The first three main goals of the emission
line part of the survey are: (1) to catalogue basic emission line parameters of observed
objects, (2) to produce H i emission line maps and data cubes of resolved emission line
objects, (3) to parameterize the extended morphology and kinematics, spin characteris-
tics, rotation curves, and surface density profiles of the resolved galaxies independently
as well as in connection with the absorption line survey to understand the nature of
21-cm and OH absorbers (Gupta et al., 2017).

Consequently, the thesis focused on studying the interstellar medium of galaxies, specif-
ically the neutral hydrogen (H i) content, distribution, density, and dynamics, through
high spatial resolution observations of the Klemola 31 and UGC439 groups. There-
fore, the thesis offers insights into the complex processes affecting galaxy evolution in
different environments. To make use of an additional tool, the absorption line charac-
teristics of H i were analysed and compared with the kinematics and the morphology
as induced by the observation of the H i emission line in the same systems. In this
chapter, a summary of the findings from the two galaxy groups is made.

4.1 Klemola 31

The aim of this work was to identify with high spatial resolution the interstellar medium
responsible for the H i absorption in front of the background quasar, PKS2020-370, as
part of the MeerKAT Absorption Line Survey (MALS) programme. To this end, the
Klemola 31 galaxy group, the group at the foreground of quasar PKS2020-370, was
observed using 60 antennas of MeerKAT-64 array and produced a data cube with
1024× 1024 pixels of size 2′′ and with 2304 frequency channels each channel having a
resolution of 5.7 km s−1 and a common restoring beam of 11.9′′ × 7.6′′ .

H i emission from Klemola 31 member galaxies reside in the frequency range 1379.4 ∼
1382.2 MHz, which corresponds to the redshift and recession velocity ranges of 0.0276 ∼
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0.0297 and 8274.3 ∼ 8903.8 km s−1. Consequently, only SPW-9, of the 15 spectral
windows, was selected for further processing and imaging, as it covered the relevant
frequency spectrum of 1351 ∼ 1411 MHz needed for this study, which resulted in a
data cube with an rms noise of 0.79 mJybeam−1 channel−1 corresponding to the 3σ H i
column density of 3.1× 1020 cm−2, assuming a linewidth of 15 km s−1.

From this data cube, we were able to detect H i emission associated with four of the six
members of Klemola 31 galaxy group while also placing a 3σ upper limit (< 5×108M⊙)
on the H i mass of the two undetected galaxies, assuming a linewidth of 200 km s−1. The
four galaxies detected in H i were ESO400-11, ESO400-12 (Klemola 31A), ESO400-13
and LEDA631562, while the two galaxies that remained undetected were companion
galaxies Klemola 31B and LEDA2807038.

We later used the data cube to make surface density, velocity field, and velocity dis-
persion maps. We extracted the global spectra of the four galaxies detected in H i and
compared them to each other by centring their H i spectra on their optically defined
redshifts. From this, we observe that ESO400-13 is detected only on the blueshifted side
and has the most irregular spectrum and velocity field. In addition to this, Klemola 31A
and ESO400-13 show kinematic asymmetries in their emission profile compared to the
other two galaxies’ profiles.

Of the H i detected galaxies, ESO400-11 has the largest diameter and mass. It shows a
disturbed morphology and tidal extensions, possibly attributed to its interaction with
the gas-poor, early-type companion galaxy LEDA 2807038. This is followed by Kle-
mola 31A, whose H i disc resembles a warped structure with a large quantity of H i gas
trailing the far side of the spiral arm from the galaxy Klemola 31B. The receding tail
displays recession velocities, suggesting that the tail is not in the same plane as the
galaxy and is instead dragged out by the interaction with Klemola 31B and, therefore,
points to the possibility of a recent tidal disruption. The least massive galaxy is ESO
400-13, which has its H i disc displaced from its optical disc. And finally, the last
galaxy, LEDA 631562, has the most regular velocity field despite its central H i hole,
possibly attributed to a central active galactic nucleus (AGN) present in the galaxy,
evidenced by its BPT diagnostic being consistent with ionization through a power-law
spectrum (Chilingarian et al., 2017).

The H i content and morphology of these detections show signs of galaxy-galaxy in-
teraction or galaxy-environment interaction. Given that these interactions may lead
to galaxies becoming H i deficient, we proceeded to compare our H i detections with
the DH i- MH i relation from Wang et al. (2016) and found them compliant with the
relation to within 3σ. We later estimated the expected H i masses following the scaling
relation by Jones et al. (2018a), based on the B-band luminosity, and compared these
estimates to the H i masses derived from the H i detections in the data cube. From this
comparison, we observed that all estimated points lie well above the DH i- MH i relation
of Wang et al. (2016) and above their observed counterparts. This demands further
investigation of gas removal processes in different environments that affect the DH i -
D25 relation but leaves the DH i- MH i relation fairly intact (Stevens et al., 2019).
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This serves as clear evidence that all H i detected galaxies are H i deficient and signifi-
cantly truncated with respect to their optical disks. However, only ESO 400-13 show
the most significant H i deficiency of (DEF H i = 0.84). This is unsurprising, given
that the same galaxy also shows maximum displacement between the optical and H i
disks. The H i gas is totally asymmetric, being pushed to one side of the galaxy only.
This is typical of a ram-pressure stripped galaxy, running at high velocity in a hot and
tenuous intra-galactic medium (IGM) and has been observed in other galaxies such as
NGC 4438 in the Virgo cluster and Arp 105 (Combes et al., 1988) as well as in the
Coma cluster (Chen et al., 2020). It is, however, unique in galaxy groups and a possible
avenue for further studies.

To estimate what velocity the galaxy must be travelling through the group, we modelled
the ram pressure and anchoring self-gravity of ESO400-13 following Gunn & Gott III
(1972) and found a relative velocity of ∼ 200 km s−1 which is totally feasible and com-
patible with the hypothesis of ram pressure stripping for ESO 400-13.

Turning our focus to Klemola 31A, we found the estimated DH i for Klemola 31A, 38.0
kpc, to be consistent with the value provided by Carilli & van Gorkom (1992) whereas
its total line flux of 0.78 Jy km s−1, reported by Boisse et al. (1988), is consistent with
our MeerKAT measurement of 0.86± 0.08 Jy km s−1.

Klemola 31A reveals a characteristic distortion in its SE extension due to competi-
tion between emission and absorption in front of PKS2020-370. At the position of
PKS2020-370, we extracted a spectrum from GMRT data, smoothed it by three chan-
nels to obtain a spectral resolution comparable to the MeerKAT spectrum ∼ 5.7 km s−1

and compared it to the MeerKAt spectrum. However, given that MeerKAT is more
sensitive, we focused on the more sensitive MeerKAT spectrum.

The MeerKAT spectrum was contaminated by H i emission. Therefore, we corrected
for emission using a simplistic single Gaussian component, resulting in a spectrum with
an integrated absorption of 0.26±0.03 km s−1, which matches the VLA A-configuration
measurement by Carilli & van Gorkom (1987) well within 1σ. This integrated absorp-
tion spectrum corresponded to a spin temperature Ts< 2950 K, a conservative upper
limit since H i emission is integrated over an area of 6.9 kpc × 4.4 kpc and cannot be
compared to absorption if there are inhomogeneities and clumpiness.

To estimate the H i column density, spin temperature and velocity of the H i gas at the
position of PKS2020-370 without being affected by beam smearing effects, we created
a tilted-ring (TiRiFiC) model of Klemola 31A, using a direct fit to the data cube, at
a very high spatial resolution (pixel size of 0.2′′ and half-power beam width of 0.6′′
). Assuming the morphology of Klemola 31A is correctly modelled by our tilted-ring
model, we estimated a spin temperature of Ts = 530 K for a homogeneous regularly ro-
tating disk. However, this estimate did not take kinematics into account and assumed
that the absorbing gas was in the plane of the galaxy.
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When considering kinematics, we took the peak positions of the absorption spectrum
from the data cube and the emission spectrum from the tilted-ring model and compared
them. The emission peak has a dispersion of 12.9 km s−1 and is offset with respect to
the absorption peak by 38.0 km s−1, serving as evidence that the observed absorption
profile stems from anomalous gas not participating in the assumed regular rotation of
the disk.

This anomalous gas was also confirmed by the low Na i / Ca ii ratio towards PKS2020-
370, reflecting low radiation field as compared to the galactic background radiation
(Dutta et al., 2017c). This is typically seen in quasar-galaxy pairs where the line-of-
sight does not pass through the gaseous or stellar disk and further cements the evidence
that the absorption is produced by gas unrelated to the cold H i disc.

Assuming the anomalous gas comes from Klemola 31A disc, the spin temperature es-
timate of Ts = 530 K may be valid. However, given a maximum rotation velocity of
56 km s−1, the velocity offset of 38 km s−1 is relatively significant, and it may be diffi-
cult to justify the occurrence of such strong streaming motions along the spiral arms.
Alternatively, the gas seen in absorption is not from the disc and is, in fact, extra-
planar. Should this be the case, the spin temperature would remain unknown as we
would not have a good measure of the H i column density in emission. An independent
estimate of NH i through ultraviolet spectroscopy would help to derive the harmonic
mean temperature along the line of sight towards PKS2020-370 and could be pursued
as an extension of this thesis (Keeney et al., 2005, e.g.).

In conclusion, Klemola 31 galaxy group is an example of a group at an early stage of
evolution with different morphologies and types of galaxies. Although we find recent
gravitational disturbances in most of the individual galaxies, we do not detect any
intra-group H i emission in the form of bridges and clumps.

This study of the Klemola 31 group combines an analysis of an H i absorption line
study with the analysis of the distribution and the status of H i indicating the potential
of this approach to study the physical status and properties of both the intergalactic
medium/interstellar medium interface in galaxy groups as well as the origin and nature
of absorption lines.

4.2 UGC 439

This galaxy group was observed in the commissioning phase as part of the MeerKAT
Absorption Line Survey (MALS), aiming to study the neutral H i content in galaxy
groups in both emission and absorption. To this end, UGC439 galaxy group, the
galaxy group at the foreground of the quasar, J0041-0043, was observed using 60 an-
tennas of the MeerKat array, resulting in a data cube with 400 × 400 spatial pixels
of size 6′′ each and 28 frequency channels, each channel having a resolution of ∼ 44
km s−1 and a common restoring beam of 33.5′′ × 28.3′′ .
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H i emission was detected in five out of the eight members of UGC439 group, with two
additional H i detections. Of the two detections, one has an optical counterpart, albeit
no redshift information that could be used to determine if it is within the group was
available, while the other detection does not have an optical counterpart. All H i detec-
tions reside in the frequency range 1392.0− 1397.2 MHz, corresponding to a recession
velocity ranges of v0 = czH i∼ 4981− 6125 km s−1 , and are UGC439, CGCG383-072,
UGC435, FGC0075 and LEDA90496 in order of their H i masses, as well as the two
unnamed H i detections. For galaxies undetected in H i, 3σ upper limits on H i masses
(5.09 × 108M⊙) were estimated assuming a linewidth of 200 km s−1. These galaxies
include UGC455, Z 383-71 and NGC227.

Specifically, UGC439 has the highest H i mass and integrated flux, the second largest
H i diameter, with the H i disk extending all the way up to the sightline of the back-
ground quasar, and the fourth largest galaxy in terms of B-band D25 diameter. Fol-
lowing UGC439 in H i mass and integrated flux is CGCG383-072 with the largest
measured H i diameter and second largest B-band D25 diameter. This makes UGC435
third in terms of H i mass and integrated flux. Coincidentally, it is also the third-largest
galaxy in terms of H i diameter but the fifth-largest galaxy in terms of B-band optical
diameter, only slightly smaller than UGC439. FGC 0075 comes in fourth in H i mass
and integrated flux, but among the least in terms of the H i diameters measured, being
only larger than LEDA90496, and third largest galaxy in terms of B-band optical di-
ameter. Finally, LEDA90496 has the least H i mass and integrated flux, the least H i
and optical diameters.

The remaining galaxies not detected in H i are NGC 227, an elliptical galaxy with the
largest B-band diameter; UGC455, also an elliptical galaxy with the second largest
galaxy in terms of optical B-band diameter; While Z 383-71 was not mentioned in this
comparison as it remains undetected in H i and has no B-band diameter available in
HyperLeda.

To assess kinematics, the global spectra of each galaxy detected in H i were compared
with and without centering on each galaxy’s optical redshift. From this comparison,
there was, on average, a match between each galaxy’s optical redshift and H i sys-
temic velocities, as well as a match in the spatial positions of the H i and optical disks.
Therefore, should a previous merger event or interaction with the environment have
occurred, it was not significant enough to offset the two centres.

UGC439, UGC435 and CGCG383-072, the three most massive galaxies in the group
in terms of H i mass, had asymmetric double-horned, global H i profiles, albeit to vary-
ing extents depending on the individual galaxy. This asymmetry is reflected in their
velocity maps, where their southern sides seem to be more extended than their north-
ern sides. The same three galaxies were observed to have H i in excess, with their
deficiency parameter being -0.8, -0.25 and -0.56.

The remaining two galaxies detected in H i: LEDA 90496 and FGC 0075, are located
in the north and south of the group, respectively, and are the two galaxies that are
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deficient in H i. LEDA90496 to the north is slightly deficient with a deficiency param-
eter of 0.20, while FGC0075 to the south, the same side of the three galaxies that have
more H i flux in comparison, is the most deficient galaxy with a deficiency parameter
of 0.32. FGC0075 also appears to have a warped velocity profile.

West of UGC439 and south of UGC435, there is a H i detection, which has an optical
counterpart seen in the SDSS background image towards the southeast end but no
redshift information that would allow us to conclusively determine if it is part of the
current group is available. This detection shows no signs of differential rotation in both
its velocity map and global H i profile, making it possible that this could either be a
dwarf galaxy or H i cloud. There also exists a second H i detection with an optical
counterpart but also no redshift information. It is situated between LEDA90496 to
the north, and the three galaxies: CGCG383-072, UGC439 and UGC435. This H i
detection has no differential rotation, making it a possible second H i cloud.

In the case of this group, we confirmed the presence of an extended H i disk at the
position of the absorption line system but could not add further information due to
the poor velocity resolution of the observations. It is likely that the absorption system
is identical to the gas disk of UGC439, and no further extraplanar gas is identified.

4.3 Comparison and Future Work

In summary, this thesis details observations of two galaxy groups using the MeerKAT
array and as part of MALS, Klemola 31 and UGC439. Klemola 31 is a compact group,
and UGC 439 is a loose group.

Klemola 31 galaxy group is mostly deficient in H i with all estimated points lying well
above the DH i- MH i relation of Wang et al. (2016) and above their observed coun-
terparts. This demands further investigation of gas removal processes in different
environments that affect the DH i - D25 relation but leaves the DH i- MH i relation fairly
intact (Stevens et al., 2019).

Klemola 31 galaxy group also has evidence of tidal interactions between individual
galaxies and their satellites, as well as possible ram-pressure stripping seen in ESO400-
13, where its H i disk is totally asymmetric, being pushed to one side of the galaxy
only. This is typical of a ram-pressure stripped galaxy, running at high velocity in a
hot and tenuous intra-galactic gas (IGM) and has been observed in other galaxies such
as NGC 4438 in the Virgo cluster and Arp 105 (Combes et al., 1988) as well as in
the Coma cluster (Chen et al., 2020). It is, however, unique in galaxy groups and a
possible avenue for further studies.

When it comes to Klemola 31A, a spin temperature estimate of Ts = 530 K, along the
line of sight towards PKS2020-370, was found using the tilted-ring model. However,
the emission peak from the tilted-ring model was offset in velocity from the absorption
peak by 38 km s−1, which is relatively significant given a maximum disk rotation veloc-
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ity of 56 km s−1, making it difficult to justify the occurrence of such strong streaming
motions along the spiral arms. Alternatively, the gas seen in absorption is not from
the disc and is, in fact, extraplanar. Should this be the case, the spin temperature
would remain unknown as we would not have a good measure of the H i column den-
sity in emission. Consequently, an independent estimate of NH i through ultraviolet
spectroscopy would help to derive the harmonic mean temperature along the line of
sight towards PKS2020-370 and could be pursued as an extension of this thesis (e.g.
Keeney et al., 2005).

On turning our attention to UGC439 galaxy group, our 4K observations at the velocity
resolution of ∼ 44 km s−1 hindered our analysis of H i absorption in the line of sight
of towards J0041-0143. This is because 44 km s−1 velocity resolution is much lower
than the fitted FWHM value of 8± 1 km s−1 found by Dutta et al. (2016). Therefore,
for a detailed analysis of H i absorption, 32K observations at a much higher velocity
resolution of ∼ 5 km s−1 are needed.

When it comes to H i emission, UGC439 galaxy group is mostly in H i excess. Specif-
ically, the central three galaxies have H i in excess, while the peripheral galaxies are
deficient in H i. The UGC439 group also has two H i detections, each with an opti-
cal counterpart that could possibly have discordant redshift. None of these extra H i
detections show differential rotation and could possibly be intragroup H i. Therefore,
more sensitive H i observations are needed to understand the dynamics and evolution
of galaxies in this group.

Due to the differing nature of the two groups, it is, at this stage, difficult to draw
statistical conclusions from our work on the general processes dominating gas removal
and accretion in galaxy groups in general. Our findings are generally in line with the
picture of galaxy groups as a place where H i is being preprocessed and subject to a
set of interactions, subsequently leading to the loss of gas. Both galaxy groups show
severe sights of interaction between the galaxies. With the UGC 439 group being the
looser group, galaxy interaction is affecting the H i distribution of the gas, while the
H i content of some galaxies is even increased. Extragalactic gas clouds are detected,
which might be the result of tidal or gas removal from galaxies by winds and might be
accreted or reaccreted by other galaxies. As galaxies become more concentrated and
more evolved, the gas removal processes have acted on them for a longer time, such
that they are mostly devoid of H i. The Klemola 31 group seems to be an example of
a more evolved galaxy group in comparison, in which the kinematics of some member
galaxies are also disturbed as a signature of past interaction. No extragalactic gas
clouds at greater distances from galaxies are found, while detecting anomalous gas in
emission still indicates that gas is still processed, entering an extragalactic phase or
being accreted.

Due to the low frequency of strong background sources and the current insufficient
sensitivity of radio telescopes that can be reached in statistical surveys targeting many
background targets, we can only find a few H i absorption lines per targeted field that
can be studied in combination with the H i emission line properties. In fact, it is a lucky
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coincidence if, in these observations, H i can be observed along more than one sightline.
This is also the case for our observations. Accordingly, we get two coincidental snap-
shots of the H i line systems in galaxy groups. In the Klemola 31 group, H i associated
with the absorption feature shows anomalous kinematics and might, therefore, not be
associated with a disk. In UGC 439, the presence of gas not associated with a rotat-
ing galaxy, and hence presumably extragalactic, has been observed in emission since
we detect extragalactic clouds. It should be highlighted that hence the study of gas
in absorption adds important information about the status of the Klemola 31 group.
In combination, we can conclude that anomalous gas is present in both systems, and
extragalactic clouds are potentially detectable in both systems.

We can hence conclude that the combination of H i absorption line studies and ob-
servations of H i in emission will bear important insights into the nature of both the
evolution of gas around galaxies and groups or clusters of galaxies as well as the origin
and physics of H i absorption line systems.

MALS has observed several associations of strong background sources and galaxy
groups or galaxies, offering the chance to follow up our studies on a larger number
of systems in preparation for more sensitive surveys with the Square Kilometre Array,
opening the full path to the combination of studies of the neutral gas in and around
galaxies combining H i absorption and emission lines.
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