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1Introduction

1.1 Diverse galaxies

I
N this vast universe full of diversity, galaxies are no exception. Regardless of

knowing what exactly they were observing, astronomers understood that “neb-
ulae” came in various shapes and sizes (e.g. Reynolds 1916). However, it was Hubble
who came about with a simple classification scheme that is used to date. He pub-
lished the famous “tuning fork” diagram in his book “Realm of the Nebulae” (Hubble,
1936), a version of the figure is shown in Fig. 1.1. The ellipticals and the lenticulars,
also referred to as “early types”, are in the base of the “tuning fork”. Then the base is
split into spirals (un-barred) and barred spirals, that are referred to as “late types”.
The classification scheme was further expanded by de Vaucouleurs (1956), who
added more detail to the galaxy types.

All galaxies contain stars, interstellar medium (ISM), and dark matter. The in-
terstellar medium mainly consists of gas and dust. The gas in galaxies embodies
various components, or “phases", that coexist in pressure equilibrium. Each phase
consists of a temperature (∼ 10-107 K) and density range (10–4- 106 particles cm–3).
Thus, different ISM phases trace different regions within a galaxy, and these phases
can also transition into each other. Ionised gas is typically found in “H II regions”,
where neutral hydrogen gas becomes ionised due to ongoing star formation. Besides,
there are other sources that can ionise hydrogen, such as AGN and White Dwarfs
in planetary nebulae. The molecular gas phase is a denser and more centrally lo-
cated component than atomic gas in galaxies. The amount of molecular hydrogen
gas (H2) in galaxies is indirectly traced by the amount of CO gas while the CO to
H2 conversion factor (XCO) is uncertain with a metallicity dependence. Perhaps
the most useful ISM phase to study the environmental effect on galaxies is neutral,
atomic hydrogen or H I that is ubiquitous throughout a galaxy and extends to large
galactocentric radii. The interstellar medium of galaxies is mostly in the form of cold
discs of atomic hydrogen (H I). H I emission originates from the hyperfine transition
from a higher ground state to a lower one (spin parallel to anti parallel state as a
result of the spin flip of the electron). As 21-cm radiation is in the radio domain of
the electromagnetic spectrum, it has the huge advantage of not being affected by
dust extinction. Thus we can easily detect these signals from all locations in a galaxy
with the help of ground based radio telescopes.
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Fig. 1.1: Hubble’s Tuning Fork diagram for galaxy classification. The galaxies are
divided into ellipticals (“early types"), barred and un-barred spirals (both
“late types"), and irregulars. As this nomenclature indicates, astronomers
mistakenly thought that galaxies evolve from left to right. Image credit:
https://esahubble.org/images/heic9902o/

Elliptical galaxies contain old stars, distinguished by their red colours and main-
tain their shape by the random motion of the stars. Spiral galaxies may contain a
central bulge, surrounded by a disc that harbours young stars marked by their blue
colours and is supported by rotational motion. Spiral arms are the result of den-
sity waves in the disc. Apart from spiral arms, late type galaxies can also have bars:
non-axisymmetric central structures composed of stars (e.g. our own Milky Way).
Bars are more prevalent in the local universe than in the early universe (Sheth et al.,
2008), indicating that they are formed in the later evolutionary stages of galaxies. In
between the elliptical and the spiral galaxies are the “lenticular” galaxies, at the split
of the tuning fork ( S0 galaxies in Fig. 1.1). Lenticular galaxies have discs, but they do
not contain large scale spiral arms. Initially galaxies were thought to evolve from left
to right along the sequence, therefore, elliptical galaxies are referred to as “early type”
galaxies, and spirals as “late type” galaxies; this is now established to be the opposite.

While there is a large diversity in the optical morphologies related to the distribu-
tion and kinematics of the stars, there is also a wide variety in the morphologies of the
H I gas discs in galaxies. For example, TheH INearby Galaxy Survey (THINGS, Walter
et al. 2008) presented an atlas of integrated H I maps, velocity fields, second moment
(velocity dispersion) maps and individual channel maps of 34 nearby galaxies with
high spectral and spatial resolution. The integrated H I maps of the THINGS galaxies
are presented in Fig. 1.2. With the H I maps in Fig. 1.2 all at the same physical scale

2 Chapter 1 Introduction



Fig. 1.2: H I maps in the same physical scale for the galaxies in the THINGS survey (Walter
et al., 2008). The diversity in the H I maps presents the complexity of the H I distri-
bution in galaxies.

for all the galaxies, the sizes and morphologies of the H I discs are very different
among the galaxies.

In the panel (a) of Fig. 1.3, for a certain K’ band magnitude (which is a proxy of
stellar mass of a galaxy), there is a factor ∼10 range in the relativeH Imass of a galaxy
(Verheijen & Sancisi, 2001) while we have seen in Fig. 1.2 that there is a wide range
of H I morphologies. At the same time, there exists a very tight correlation between
H I mass and H I diameter (see panel (b) in Fig. 1.3 from Wang et al. 2016). Thus, to
explore the relation behind these interesting H I characteristics and for investigating
the formation and evolution of galaxies, it is imperative to explore the morphologies,
various properties, and gas content of galaxies residing in different environments.

1.2 Environmental effects on galaxies 3



(a)
(b)

Fig. 1.3: (a) Correlation between H I mass-to-light ratios and K’ band magnitude (left panel)
and morphological type (right panel) from Verheijen & Sancisi 2001. (b) Correlation
between H I mass and H I diameter from Wang et al. 2016.

1.2 Environmental effects on galaxies
In the universe, galaxies can reside in different environments, from isolated voids,
loosely bound small groups, big groups, filaments to dense rich clusters. Depending
on the galaxy density of the environment, galaxies have a different mix of their mor-
phologies, and perhaps a different evolutionary history. To study galaxies in different
environments at various wavelengths it is necessary to understand the possible phys-
ical mechanisms responsible for the evolution of galaxies. Observations have shown
that star formation activity in galaxies had a peak at z∼2 and has strongly declined
afterwards. In Fig. 1.4, the classical Madau plot shows this trend (Madau & Dickinson,
2014). Many star forming galaxies have evolved into “quenched” or passive galaxies
and the star formation rate for a fixed stellar mass has also reduced at later times.
As a consequence of this star formation evolution, a change of morphologies from
late to early type galaxies is also seen from observations (Oemler, 1974; Dressler,
1980). Dressler studied the galaxy population in 55 rich galaxy clusters and found a
relationship between the local galaxy density and galaxy type. He noticed that the
fraction of elliptical and S0 galaxies increases with density of the environment (like
the centre of a galaxy cluster) and the spirals and irregulars are more common in
less dense environments (like the outskirts of a cluster). This is presented in Fig.
1.5, the famous morphology-density relation from Dressler (1980) and established
subsequently by numerous observational studies (e.g. Coziol et al. 1998; Peng et al.
2012; Bassett et al. 2013; Woo et al. 2013; Penny et al. 2016) as well as simulations (e.g.
Pranger et al. 2017; Wang et al. 2018; Sun et al. 2018). Moreover, galaxy clusters at
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Fig. 1.4: The history of cosmic star formation from far-UV (green, blue, magenta) and in-
frared (red, orange) measurements, from the work by Madau & Dickinson (2014).
The star formation in the Universe peaked at redshift ∼ 2 (10 Gyr ago), it has de-
clined afterwards until the present day.

high (z≥ 0.4) redshift have been observed to contain a larger fraction of blue galaxies
compared to low-redshift galaxies, known as the “Butcher-Oemler effect" (Butcher
& Oemler, 1978). This phenomenon, thus, gives a different view of the same effect
suggested by the morphology-density relation. It implies that more star formation
occurs at higher redshifts and star formation quenching is a relatively recent event.

At least 40% of galaxies live in groups or clusters in the local universe (e.g. Zabludoff
& Mulchaey 1998; Robotham et al. 2011). Thus, quenching due to environment is
a significant factor in the evolution of galaxies in the universe. Galaxy evolution in
dense cosmic environments is at the heart of this thesis. The evolution of galaxies
in dense environments like galaxy clusters will be discussed in more detail in the
following sections.

1.2 Environmental effects on galaxies 5



1.3 Galaxy clusters and their impact on galaxy
evolution

In our hierarchical universe, clusters of galaxies grow by the accretion of galaxies
from the fields, groups and other clusters along the filaments of the cosmic web,
which consists of filaments, sheets, and voids. In the large-scale structure of the
universe, there are filaments, connecting galaxies. Between these filaments are
“voids", with a relatively low density of galaxies. Galaxy clusters are the largest bound
structures of the universe with hundreds to thousands of galaxies, held together
by an underlying distribution of dark matter. Typical galaxy clusters are a few Mpc
in size, with masses of the order of 1013-1015 M⊙, most of which is contributed
by dark matter. The space between the galaxies in clusters is filled with hot X-ray
emitting gas, the “intracluster medium" (ICM). Generally, a massive elliptical galaxy
(“brightest cluster galaxy", BCG) resides at the centre of each galaxy cluster, around
which the other galaxies (“satellite" galaxies) orbit. One of the first catalogues of
galaxy clusters was developed by George Abell (Abell, 1958) using photographic
plates. The early catalogues (Abell, 1958; Zwicky et al., 1961; Abell et al., 1989) have
been supplemented with large spectroscopic surveys (e.g. Colless et al. 2001; Strauss
et al. 2002) providing precise distances to the clusters.

Observations suggest that a significant fraction of galaxy clusters (∼ 30%) contain
substructure, and substructures are thought of as an imprint of accreted groups
(e.g. Dressler & Shectman 1988; Bird 1994; Hou et al. 2012). Although clusters are
known to be very effective at transforming galaxies from star-forming gas-rich to
quiescent and gas-poor (e.g. Giovanelli et al. 1982; Balogh et al. 1997; Oman et al.
2021), galaxies may already have lost their gas and halted their star formation activity
prior to entering the dense cluster environment, a concept termed as ‘pre-processing’
(e.g. Fujita 2004; Hess et al. 2015; Kleiner et al. 2021). So, to understand what drives
the observed morphology-density relation, we need to investigate the location and
time at which a certain local or global environment influences a galaxy.

1.3.1 The effect of environment on the H i distribution
The cosmic environment of galaxies influences their structural properties, both
during their formation (nature) and subsequent evolution and interaction with their
surroundings (nurture). Some galaxies, like the AMIGA sample (Verdes-Montenegro
et al., 2005), are born in relative isolation and only experience secular evolution
thereafter. Other galaxies, like Brightest Cluster Galaxies, are born in dense environ-
ments and evolve with many galaxies surrounding them. So, the local density at the
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Fig. 1.5: Morphology density relation from Dressler (1980). This Figure shows the fraction of
galaxy population as a function of projected galaxy density (in galaxies/Mpc2). With
increase of projected density, the relative number of spiral and irregular galaxies
decreases (represented by the cross-signs), while the fraction of elliptical (repre-
sented by open round markers) and lenticular (represented by the closed round
markers) galaxies increases significantly .

time of formation (nature) already has a profound effect on their morphology. At in-
termediate densities such as galaxy groups and filaments, environmental processes
affect the evolution of galaxies through tidal interactions, mergers of different mass
ratios and tidal stripping (nurture). Also, galaxies migrate along the cosmic web
from low to high density regions, changing their local environment and experiencing
different environmental processes.

The first realization about the importance of environmental influence on a galaxy’s
gas content was from observations of the galaxies in the nearby Virgo cluster (Warmels,
1988; Chamaraux et al., 1980; Cayatte et al., 1989; Cayatte et al., 1990). Those early
observations of Virgo have shown that the spiral galaxies in the central areas of the
cluster have smaller H I discs with a lower H I surface density. McMahon (1993) did
not find such significant H I deficiency in the Hydra cluster though an unexpectedly
large number of H I-rich dwarf galaxies were observed at the centre of the cluster.

1.3 Galaxy clusters and their impact on galaxy evolution 7



Fig. 1.6: Different H I morphologies found in VIVA survey. Top row shows examples of
gas-rich galaxies in the outskirts, the middle row shows galaxies at intermediate
distances, and the bottom row shows examples of severely truncated H I discs
(Chung et al., 2009)

Dickey (1997), however, found a similar H I deficiency of the spiral galaxies near the
core of the Hercules cluster. Furthermore, Bravo-Alfaro et al. (2000) had performed
VLA H I imaging of 19 spiral galaxies in the Coma cluster and found that the central
galaxies in the cluster core have truncated H I discs which is a clear signature of
interaction with the IGM.

Until recently, H I imaging studies of the environmental impact on galaxies in
clusters have been limited to targeted surveys of galaxies based on their optical
properties, typically late-type galaxies, such as the H I morphological analysis of
galaxies in the Virgo cluster by Chung et al. (2009) (see Fig. 1.6), Abell 262 (Bravo-
Alfaro et al., 1997), Ursa Major (Verheijen & Sancisi, 2001), and Abell 2670 (Poggianti
& van Gorkom, 2001). Szomoru et al. (1996a,b) has studied H I in galaxies in the
Bootes Void, while Van de Weijgaert et al. (2011) studied ∼60 void galaxies in the
Void Galaxy Survey (VGS) and found that most of them to be gas rich, blue H I disc
galaxies. Many of the galaxies showed morphological and kinematic signature of
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Fig. 1.7: Optical colour image (left panel, Jordim Gallego, APOD, https://
apod.nasa.gov/apod/ap080512.html) and H I map (right panel, de Blok
et al. 2018) of M81 group. Though the optical colour image does not show obvious
signs of interaction, the H I maps shows dramatic signs of tidal interaction among
the neighbouring galaxies in this group.

ongoing cold gas accretion that implies that the growth of these galaxies is intense
in a void. The ATLAS3D survey (Serra et al., 2012) especially targeted 166 early type
galaxies (ETG) and revealed that many ETGs are rich in H I gas content. Table 1.1
shows the major H I imaging surveys targeting galaxies in the past.

Volume-limited surveys provide a more complete picture. Examples are the studies
of the Abell 2218 (Zwaan et al., 2001), Abell 496, Abell 754, Abell 85 (Van Gorkom
et al., 2003), Abell 370 (Lah et al., 2007), Abell 963 and Abell 2192 (Verheijen et al.,
2007; Gogate et al., 2020), the ALFALFA Virgo cluster survey (Kent et al., 2008), and
the Antlia cluster (Hess et al., 2015). Table 1.2 provides a broad overview of the
major blind H I surveys to date. Recently, Wang et al. (2021) studied H I detected
galaxies from the WALLABY pilot survey with the ASKAP telescope, covering the
Hydra cluster out to 2.5 R200 and found that nearly two thirds of the galaxies within
1.25 R200 are probably in the early stages of ram pressure stripping. In surveys of
two other nearby clusters, the Westerbork Coma survey (Molnar et al., 2021) and
the ATCA Fornax survey (Loni et al., 2021), at least half of the H I detected galaxies
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Tab. 1.1: Major H I imaging surveys

Name of the survey Description of the survey
(No. of galaxies)

WHISP (350)a Northern spirals with FHI> 100 mJy
VIVA (53)b SFR-selected Virgo spirals
UMa (85)c Ursa Major group with MB < -18.5

THINGS (34)d H I follow-up of SINGS sample
LittleTHINGS (42)e Local dwarf irregulars and blue compact dwarfs

FIGGS (47)f Faint Irregular galaxies
ATLAS3D (166)g H I follow up of northern early-types
HALOGAS (22)h The deepest H I survey of spirals

VLA-ANGST (26)i H I follow up of HST/ACS survey
a van der Hulst et al. (2001), b Chung et al. (2009), c Verheijen & Sancisi (2001), d Walter et al. (2008), e

Hunter et al. (2012), f Begum et al. (2008), g Serra et al. (2012),h Heald et al. (2011), i Ott et al. (2012).

manifest disturbed H I morphologies, including several cases of asymmetries, tails,
offsets between H I and optical centres, and truncated H I discs. Most of the H I-
selected Coma galaxies have both enhanced star formation rates and areH I deficient
compared to field galaxies of similar stellar mass (Molnar et al., 2021). On the other
hand, Fornax galaxies are H I deficient and have low star formation rates (Loni et al.,
2021). This means that the cluster environment affects both the H I gas content and
the star formation rate in galaxies. But the amount of the disturbance of the H I
morphologies and the quenching of the star formation depend on the properties of
the cluster environment and the galaxies. Thus, H I deficient and quenched galaxies
are observed in dense cluster environments as well as less dense environments
including cluster outskirts, galaxy groups and the filaments of the cosmic web, both
in observations and simulations (e.g. Solanes et al. 2001; Tonnesen et al. 2007; Yoon
et al. 2017).

1.3.2 Different environmental mechanisms
Several gravitational and hydrodynamical mechanisms have been recognised as
being responsible for the evolution of galaxies in dense environments like galaxy
groups and clusters (e.g. Gunn & Gott 1972; Nulsen 1982; Tinsley & Larson 1979).
While hydrodynamical interactions only affect the gaseous component, gravitational
interactions act on both the stellar and the gaseous components of galaxies. Ex-
amples of the mechanisms that are mainly responsible for the evolution of the gas
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Tab. 1.2: Volume limited H I imaging surveys of different environments

Coma cluster (WSRT)a 3C129 cluster (WSRT)b

Perseus-Pisces filament (VLA-C)c BUDHIES survey of A963/A2192 (WSRT)d

Ursa Major super-group (VLA-D)e CHILES survey of Cosmos field (VLA-B)f

CVn group (WSRT)g Fornax cluster (ATCA & MeerKAT)h

Hydra cluster (ASKAP)i

a Kleiner et al. (2021), b Ramatsoku et al. (2016), c Bilimogga et al. submitted, d Gogate et al. (2020), e

Verheijen & Sancisi (2001), f Fernández et al. (2016), g Kovač et al. (2009),h Loni et al. (2021), i Wang
et al. (2021).

content of the galaxies in different environments are ram-pressure stripping (Gul-
lieuszik et al., 2020), galaxy harassment (Moore et al., 1996), merging (Toomre &
Toomre, 1972), starvation (Larson et al., 1980), and thermal evaporation (Cowie &
Songaila, 1977).

• Ram-pressure stripping (RPS): This occurs when galaxies fall into the core
of a rich cluster and encounter a hydrodynamical pressure when they pass
through the X-ray emitting hot ICM. The pressure Pr is ∼ ρv2 where Pr is the
ram pressure, ρ is the ICM gas density, and v is the speed of the galaxy relative
to the ICM. The star-forming gas can be stripped out from the galaxy if the
ram-pressure is stronger than the gravitational bound of the gas to the galaxy
(Gunn & Gott, 1972; Jaffé et al., 2015). Ram-pressure stripping has been ob-
served to influence galaxies in clusters in several studies, both observationally
(e.g. Kenney et al. 2004; Vollmer et al. 2006, 2008; Yoon et al. 2017) and in
simulations (e.g. Farouki & Shapiro 1980; Abadi et al. 1999; Kronberger et al.
2008; Steinhauser et al. 2016; Arthur et al. 2019). Recently, the GAs Stripping
Phenomena in galaxies survey with MUSE (GASP, Poggianti et al. 2017b) has
explored galaxies with extreme signatures of ram-pressure stripping (so called
“jellyfish galaxies") and has resulted in many new insights into RPS. As a mem-
ber of the GASP collaboration, I have also studied jellyfish galaxies, which will
be discussed in detail in the coming sections and the scientific chapters.

• Galaxy harassment: The relative velocities of cluster galaxies are often too
high to become gravitationally bound to each other while they cross paths.
Thus, sometimes, when galaxies are moving along their orbits, they often fly
by each other at high speed and briefly interact gravitationally, described as
galaxy ‘harassment’ in Moore et al. (1996). These fast interactions often disturb
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the gas and stellar distribution of a galaxy, leading to a star-burst and thus
using up the gas for further star formation (e.g. Nishiura et al. 2000; Hernández-
Fernández et al. 2012; Brosch 2015). In less effective harassment procedures, it
perturbs the diffuse halos which stops cooling of the gas and thus quenching
star formation in a galaxy (Jaffé et al., 2016).

• Galaxy mergers: Mergers can occur when galaxies encounter each other at
comparatively low velocities this may lead to the removal of gas from a galaxy
(Toomre & Toomre, 1972). In addition, mergers can deplete the gas through
a star-burst phase, resulting in a rapid morphological transformation (e.g.
Schawinski et al. 2014).

• Starvation or strangulation: This hydrodynamical process was suggested by
Larson et al. (1980) to explain the formation of S0 galaxies from spiral galaxies.
When the diffuse hot halo gas is removed from the galaxy either through ram-
pressure stripping or thermal evaporation, it ceases the supply of cold gas to
the H I disc (e.g. Balogh et al. 2000; Kawata & Rauch 2007; Peng et al. 2015)
which results in a decline of star formation.

• Thermal evaporation: Thermal evaporation was first suggested by Cowie &
Songaila (1977) as a potential dominant gas removal mechanism in cluster
galaxies. Later, Nulsen (1982) also demonstrated that thermal conduction of
gas can play an important role besides RPS in removing gas from galaxies.

1.4 This thesis research

In this thesis, I am investigating the influences of the global and local cosmic en-
vironment on the evolution of galaxies by observing the H I morphologies and H I
content in various galaxies located in different environments. At first, I have inves-
tigated the environmental impact on galaxy evolution from a broader perspective,
by observing the H I properties of the galaxies in different locations of a cluster. I
have then studied a few striking galaxies in detail to obtain an in-depth view of the
environmental effects on the multi-phase ISM of those galaxies. The goal of my
PhD is to investigate the key question, "How does the atomic hydrogen gas in the
ISM of galaxies get affected by the cluster environment ?", which is then further built
upon by the related questions "How can we classify or quantify HI morphologies
of galaxies in a cluster to identify a particular environmental process?" and "How
are extremely ram-pressure stripped jellyfish galaxies formed in a cluster and why
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are different phases of the gas in their ISM stripped at different efficiencies?" These
questions are addressed in this thesis as follows:

In Chapter 2, I present the observations and analysis methods of a 21-cm H I
imaging survey of 219 galaxies in and around Abell 2626 (A2626). I present an atlas
with derived data products such as global profiles, H I column density maps and
velocity fields, and position-velocity diagrams, as well as a catalogue with measured
H I properties such as redshifts, line widths and integrated H I fluxes. From previ-
ous H I surveys, it is clear that wide-area, volume limited, H I imaging surveys of
galaxy clusters that probe the galaxies beyond the virial radius of the cluster, are
indispensable for a better understanding of the impact of the different environments
on galaxies. A2626 is not yet a so well explored cluster with recently discovered
substructures determined from optical spectroscopy. Furthermore, six candidate
jellyfish galaxies are identified in and around this cluster, showing extreme signs
of environmentally driven evolution. A2626 is similar in mass to the Virgo cluster
(MA2626 = 5 × 1014 M⊙) but since it is a cooling-core cluster, it is more relaxed than
Virgo and similar to the Fornax cluster in terms of its dynamical state (Serra et al.,
2012; Hess & Wilcots, 2013). Therefore, these observations of A2626 will allow for
a future comparison between these clusters to investigate whether a difference in
dynamical state or a difference in cluster mass influences the atomic gas content
and the morphologies of its constituent galaxies.

In Chapter 3, I study in detail the spatially resolved morphologies of the H I de-
tected galaxies in the Abell 2626 galaxy cluster, covering a range of cosmic envi-
ronments to understand the relative importance and effect of the various physical
mechanisms (such as ram pressure stripping, tidal interaction, harassment etc) that
are responsible for reshaping galaxies, from the cluster substructures and character-
ising their environments. I do this by investigatingH I deficiencies,H Imorphologies,
and star formation activities with respect to the location in the cluster and offset
from the galaxy star forming main sequence.

In Chapter 4, I investigate spatially resolved ram-pressure efficiencies on the
interstellar medium at atomic and molecular gas phases in the tail of the striking
jellyfish galaxy JW100 to understand the origin of molecular gas that is triggering star
formation within the ram-pressure stripped tail. I have also explored the efficiencies
of various H I depletion channels.

In Chapter 5, I present JVLA-C observations of the extended ram-pressure stripped
H I tail in the galaxy JO204 in the cluster Abell 957. I have studied the interplay of
neutral and ionised gas phases in the turbulent stripped tail, and modelled the
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observed H I absorption against the central AGN to understand the driving physical
mechanism for the observed asymmetry in the H I absorption profile.

Finally, in Chapter 6, I present the main findings of this thesis and present the
planned future PRABHA survey.
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The most beautiful thing we can experience is the mysterious. It is the source of all true art
and science. -Albert Einstein
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