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Abstract

This work focuses primarily on the e ects that the environment of a galaxy has on the
asymmetries observed in théd pro les of galaxies. Galaxies exhibit a wide range of
observable properties and the environment in which a galaxy resides is known to impact
its characteristics signi cantly. Thus, using the ALFALFA survey, which provides
31,500H spectral pro les of galaxies out to redshifts of = 0.06, this work generates two
samples (the isolated and merger sample) to provide evidence of how the environment
of a galaxy is one of the main drivers of the asymmetries observed in tHe pro les of
galaxies.

The galaxy's environment in this work, is de ned according to the nearest galaxy neigh-
bour. The merger sample galaxies are those galaxies that are found to have neighbouring
galaxies within 25 kpc spatially and 750 km & spectrally. The isolated sample galaxies
are those that are found to have no neighbouring galaxies within 750 kpc spatially and
7500 km s?! spectrally. In total, the merger sample consists of 205 galaxies and the
isolated sample of 5604 galaxies which all have signal-to-noise (SNFR9.5. This work
nds that on average, the most asymmetric pro les are in the merger sample which
leads to a strong suggestion that the environment of a galaxy is one of the main drivers
of asymmetries observed in thél pro les of galaxies.

A further investigation on environment density as a function oH asymmetry is em-
ployed on the full ALFALFA galaxy sample for di erent cluster environments. This
work nds that there is a correlation between environmental density andd asymme-
try, that is, the galaxies residing in dense environments tend to have more asymmetric
H pro les than those galaxies residing in the less dense environments.

Because galaxies are also often observed toHede cient if they are located in dense
environments such as galaxy clusters, or towards the centres of groups and the several
processes that lead tdd -de ciency (i.e., tidal interactions, ram-pressure stripping) af-
fects the asymmetry of a galaxy's spatially integrate¢i global pro le as well, this work
also investigates whether there is a correlation between tlt¢ asymmetry of a galaxy
and theH de ciency and nds no correlation between these two galaxy properties. The
correlation between intrinsic galaxy properties such as stellar mass and star formation
rate with H asymmetry was investigated as well and no evident correlation was found.
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Chapter 1

1 Introduction

The total mass distribution of a galaxy, which includes stars, gas, dark matter, and
any other mass components, in uences the gravitational potential and thus studying
the dynamics of galaxies, including star orbits, gas clouds, and the overall stability
and structure of the galaxy, requires an understanding of the gravitational potential.
Espada et al., 2011 therefore state that this gravitational potential (of stellar and non-
baryonic components) primarily controls the geometry and kinematics of gaseous discs
in galaxies. The equilibrium/stability of galaxies depends on several factors (which
are both internal and external) and any disturbance to their equilibrium can result in
asymmetries in their gaseous discs.

1.1 Nature of H

The interstellar medium (ISM) of a galaxy is composed of several components (i.e.,
gas, dust, cosmic rays and magnetic elds). Atomic (neutral) hydrogenH ) forms
part of the cold gas content of the ISM as it is found in the cooler regions of the
ISM. It is the most extended component in the ISM out to larger radii than the stellar
disc, making it less gravitationally bound to the system and is thus regarded as a
sensitive probe/diagnostic of perturbations. These perturbations refer to disruptions
or disturbances in the gravitational, dynamical, or physical state of the galaxy. This
important cold ISM component (atomic hydrogen) can be traced by the 21-cm line
of neutral hydrogen {H ) (Zhou et al., 2018). It is usually seen in a disc that extends
beyond the optical disc in spiral galaxies (i.e., Fraternal et al., 2002), frequently forming
a ring structure and while it is less prevalent, it can be discovered in minor levels around
the centre or in the outer parts of elliptical galaxies (i.e., Knapp et al., 1978). In the
outermost regions of galaxies, where it frequently dominates over molecular hydrogen
(H,), H gas is an essential component.

The formation of theseH disks (primarily in disk galaxies; late-type spiral galaxies) in-
volves several interconnected processes (gas accretion, gas cooling, angular momentum
and stabilization by the dark matter halo). Initially, gas from the intergalactic medium
(IGM) is acquired by galaxies through accretion (Ho et al., 2019) from their surround-
ings (hydrogen predominantly makes up the majority of this gas). Due to radiative
processes, the gas cools down as it accretes and this cooling allows the gas to condense
within the galaxy's potential well. As the gas falls/settles within the potential well, it
retains some of its angular momentum (Dutton et al., 2012) leading to the formation



of a rotating, disk-like structure. The conservation of momentum thus leads to the for-
mation of a at, extended disk structure. The surrounding dark matter halo provides
gravitational support, stabilizing the H disk (Peebles et al., 1969). The disk's shape
can be altered over time by interactions with neighbouring galaxies and the galaxy's
surroundings, while the distribution and amount of gas are controlled by star formation
and feedback mechanisms. Despite these e ects, a large fraction of tHegas is still
present in the disc, where it contributes to the prolonged, frequently di use structure
that de nes H discs in galaxies and acts as a reservoir for future star formation.
Figures 1 and 2 show examples ¢f gas in galaxies. Figure 1 illustrates the B-band
(optical) image of a dwarf galaxy NGC 4701 overlaid witlH column density contours
from the moment O map of this galaxy (Das et al., 2019). This Figure shows/emphasises
how extended theH component of this galaxy is in comparison to its optical component.
Das et al.,, 2019 add that thisH disk extends out to a radius close to three times
the size of the optical B-band emission and nearly ve times the K-band stellar disk.
Figure 2 shows another example of a spiral galaxy NGC 6964 that was obtained using
a visualization tool. On the left is the optical image of this galaxy and on the right is
the radio image tracing out theH gas of the galaxy. The band (RGB) at which the
optical image was taken is however not speci ed. These images are taken at the same
scale and it's easy to see how much more extended tHe component is in comparison

to the optical component. Both Figures (1& 2) emphasize the extent to which theH
content of galaxies goes and has thus been widely used to study and understand how
several external factors (i.e. a galaxy's environment) a ect a galaxy's evolution.
UnderstandingH in galaxies is paramount for several reasons. Some of these are that:

" Galaxies evolve signi cantly over time and their ability to form stars is closely
linked to how much gas is available wititH serving as the raw fuel for this star
formation (Zhou et al., 2018). As Zhou et al., 2018 mention in their study, in
areas whereéH reaches high enough densities and metallicities to become sheltered
from galactic ultraviolet (UV) rays, H gas can transform into molecular gas H
and because molecular gas is directly related to star formation, atomic gas can
be thought of as a galaxy's reservoir for future star formation.

H also helps aid the understanding of galaxy dynamics in the sense thidt
observations can map the distribution and velocity of gas in a galaxy, helping
astronomers understand its rotation curves, mass distribution, and the presence
of dark matter (De et al., 2008).

By studying H in dierent galaxies and environments, astronomers can gain
knowledge about the mechanisms, such as gas accretion, mergers, and interactions



with the intergalactic medium, that govern galaxy formation and evolution (i.e.,
Deb et al., 2023).

" By mapping the galaxy's distribution over cosmic timeH surveys can trace the
large-scale structure of the universe and reveal details about the distribution of
dark matter and the history of cosmic expansion.

" Because the distribution ofH in galaxies is often correlated with morphological
features (i.e. spiral arms and disks for spiral galaxies), this provides insights into
the underlying dynamics and structure of galaxies.

Thus, H is an essential component for studying galaxies at various scales, ranging from
small regions of star formation to the large-scale structure of the universe.

Figure 1. B-band optical image of NGC 4701 dwarf galaxy overlaid withi column
density n(H) contours. The di erent colours in the background B-band optical image
indicate surface brightness as a function of radius. The central disk surface brightness
in the B-band is ¢z =19.42. The peakH intensity is at the nucleus of the galaxy and
has a value of n(H)=1.13 10** Jy km s 1. The contours shown are 9% to 10% of
the peak value and the last contour is % of the peak value (Das et al., 2019).



Figure 2: Optical (left panel) and radio (right panel) image of the spiral galaxy NGC
6964 obtained from a visualization tool for hydrogen galaxies called SlicerAstro. Image
credit: Davide Punzo, J.M. van der Hulst, Jos Roerdink and Jean-Christophe Fillion-
Robin.

1.2 Galaxy environment

Many observations have shown galaxies to reside in a variety of environments, from
galaxy groups to galaxy clusters and those in isolation (i.e., Kohler et al., 2016; Hirschmann
et al., 2013 and Deb et al., 2023). These galaxies don't only exist in a variety of envi-
ronments but also appear to have a wide variety of shapes and sizes, colours, kinematics
and interaction states. Figure 3 illustrates the composite image of the totédl images

of the individual VIVA (VLA Imaging survey of Virgo galaxies in Atomic gas; Chung

et al., 2009) galaxies (blue) overlaid on the ROSAT X-ray image (orange) by Bohringer
et al., 1994. While the galaxies are located at their proper positions in the cluster, their

H images have been magni ed by a factor of 10 to show/emphasise the details of their
H distributions. There is a huge range in terms of thél sizes of the galaxies with the
galaxies residing at larger projected distances from the cluster core having largér
sizes and those residing in the core or closer to the core having smatlersizes. There

are however a few exceptions. Figure 8 in Chung et al., 2009 illustrates the wide range
of morphologies within this cluster.

As such, astronomers have worked to understand the physical processes and mecha-
nisms that give birth/rise to this diversity in galaxy features, and they have made
signi cant progress in the knowledge of the formation and evolution of galaxies (Mo
et al., 2010). The concept that the cosmic environment of galaxies impacts their star
formation activities and intrinsic properties both during their formation and in their



subsequent evolution as well as interactions with their surroundings is supported by the
well-known morphology-density relation (Dressler et al., 1980). This relation highlights
how the environment in uences the structure and evolution of galaxies.

According to Reynolds et al.,, 2020, because the gravitational potential well arising
from the baryonic (stellar, gas) and non-baryonic (dark) matter primarily drives the
morphology of a galaxy, a late type, star-forming galaxy that is living in isolation and

Figure 3: VLA Imaging survey of Virgo galaxies in Atomic gas (VIVA) galaxies taken
from Chung et al., 2009 with each galaxy located at its proper position. This composite
image illustrates the totalH images of the individual galaxies (in blue) overlaid on the
ROSAT X-ray image (orange) by Bohringer et al., 1994. Thél image of each galaxy
Is magni ed by a factor of 10 to show the details of thed distribution. This image
demonstrates the non-uniformity of the mass distribution in Virgo, with the three
subclusters centred around the ellipticals, M87, M86, and M49, exhibiting enhanced
X-ray emission.
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free from any external in uences is most likely to appear symmetrical. However, the
majority of galaxies are not isolated and a study by Tully et al., 1987 for example
illustrates this.

Chung et al., 2009 state that the reason for galaxies residing in dense environments
such as galaxy clusters, appearing to be much di erent from eld galaxies both mor-
phologically and in colour could be that galaxies either form di erently in these dense
environments or that their surroundings have an e ect on them. Studies have however
also shown that within these dense environments, galaxies succumb to gravitational
and hydrodynamical processes that a ect their morphologies, gas content, and star for-
mation properties. Gravitational mechanisms are driven by the forces of gravity, which
have an impact on a galaxy's general structure, dynamics, and evolution. These mecha-
nisms often involve interactions between stars, dark matter, and neighbouring galaxies.
Tidal galaxy-galaxy interactions and mergers (Spitzer et al., 1951), tidal galaxy-cluster
interactions (Byrd et al., 1990) and galaxy harassment (Moore et al., 1996), each of
which these processes a ects both the stellar and gaseous components of the galaxies,
are some examples of gravitational mechanisms. Hydrodynamical mechanisms on the
other hand primarily involve the behaviour and interaction of gas, often in uencing
star formation and the distribution of gas within galaxies. These processes include
ram-pressure stripping (Gunn et al., 1972), starvation (Larson et al., 1980), viscous
stripping (Nelson et al., 1982). Overall, each of these processes (both hydrodynami-
cal and gravitational) a ects the gaseous discs/components of galaxies and can induce
asymmetries in the gaseous discs of these galaxies thus a ecting the galaxy's structure
and evolution over time. Figure 4 is a great example of one of the several external
mechanisms that occur within galaxies in clusters. This image is taken from Chung et
al., 2009, and shows the DSS (Digital Sky Survey) optical images of the galaxy pair
NGC 4294 and NGC 4299 (Virgo galaxies) overlaid with thél column density con-
tours of each galaxy. Chung et al., 2009 argue that both NGC 4294 and 4299, are
probably a ected by both tidal interaction between the two galaxies and ICM (intra-
cluster medium) pressure. This tidal interaction can be seen in how intertwined the
two galaxiesH contours are.
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Figure 4. The H distributions of the NGC 4294 and NGC 4299 overlaid on the DSS
image taken from Chung et al., 2009.

Studies such as Ritcher et al., 1994, Haynes et al., 1998 and Reynolds., 2020 have found
a large fraction of galaxies with observable and measurable asymmetries in thiir
integrated spectra. Many of the internal and external mechanisms mentioned previously
have been proposed to give rise to these obserddd asymmetries.

In the context of external mechanisms, Reynolds et al., 2020 mention two broad cat-
egories: mechanisms that act between numerous galaxies and between a galaxy and
its surroundings. They further add that environmentally-related mechanisms include
ram pressure stripping (Figure 5), as a galaxy travels through the dense intergalactic
medium (ICM), gas is asymmetrically accreting onto it (Bournaud et al., 2005) as well
as tidal interactions (i.e tidal stripping (English et al., 2009), harassment, and galaxy
mergers (Figure 6)) which involve two or more galaxies. This work will primarily focus

on the e ects of these external mechanisms (the environment of a galaxy) on the
component of galaxies.
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Figure 5: This image is of an artist's impression showing how ram-pressure stripping is
increasingly removing gas from the spiral galaxy NGC 4921. Image credit: ICRAR /
NASA / ESA / Hubble Heritage Team / STScl / AURA.
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Figure 6: This Figure shows 12 of the series of 59 new images of colliding galaxies
released from the several terabytes of archived raw images from the NASA/ESA Hub-
ble Space Telescope to mark the 18th anniversary of the telescope's launch. Credit:
esahubble.org
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1.3 H Asymmetries and de ciencies in galaxies

As mentioned, because of its di use nature, neutral atomic hydrogenH() is a sensitive
probe to environmental factors that may be a ecting the evolution of a galaxy and
21 cm line surveys or rather observations (i.e., Giovanelli Haynes 1985; Davies et al.,
1973 ), nd that when comparing spiral galaxies near the cluster core regions to eld
galaxies of the same morphological type and size, there is de ciencyHn from these
galaxies. Giovanelli& Haynes 1985 rst demonstrated that the in uence extends to
the size of the gas discs in addition to their gas contentH de ciency is one of the
observable galaxy properties often de ned as the reduction in the observétl mass
from the mean expected for a normal galaxy, de ned by the isolated galaxies, of
similar linear diameter and morphological type (Giovanelli et al., 1985). Reynold et
al., 2020's study also emphasises that there's evidencetbfde cient galaxies residing

in galaxy groups and clusters undergoing ram pressure stripping or tidal interactions.
Studies by Bravo et al., 2000, Denes et al., 2016 and several others show this, implying
that these external mechanisms could be the main drivers of tli¢ de ciencies in these
galaxies. This shows how can be easily and e ectively used to probe the in uence
of the environment on galaxies and thus raises the question of whethér asymmetries
are a result of external mechanisms taking centre stage in the surrounding environment
of a galaxy.

Asymmetries are also observed in the optical regime as a result of interactions (Re-
ichard et al., 2008). Compared to isolated galaxies, galaxies in close pairs show more
asymmetry in their stellar light distributions (i.e. De Propris et al., 2007 and Ellison et
al., 2010). A study by Jog et al., 2009 as well as the studies mentioned previously, have
shown that galaxies exhibit asymmetry not just in their stellar populations but also in
their kinematics and gas distributions (molecular and neutral) and globaH velocity
(spectral) proles. Baldwin et al., 1980 refer to these galaxies with the distribution
of their H gas extending further out on one side of the galaxy than on the other side
as lopsided, to be exact they use this term to de ne galaxies where the projectét
density on both sides of the galaxy is at least 2 to 1, and where the asymmetry persists
throughout a wide range in position angle and radius.

H asymmetries have also been observed in the resolved moment maps (0 and 1) of
galaxies (resolved asymmetries).

Figure 7 is an example of an asymmetric global pro le (top image) and an asymmetric
H gas density distribution (bottom image). This Figure (taken from Ritcher et al.,
1994) illustrates an example of how the asymmetry in thél distribution, together
with the kinematical structure, translates into the asymmetric shape of théd global
pro le.
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Figure 7: This is an image taken from Ritcher et al., 1994 of th global pro le (top
image) and total H map in the bottom left panel (25 37 beam, contour levels 2,
4, 8, 16, 32 etc in steps of 16 10?° atoms cm 2 ) and position-velocity diagram along
the major axis (z-integrated; contour levels 4, 12, 20, 40 and so on in steps of 20 K)
in the bottom right panel from new observations with the Westerbork SRT of galaxy
NGC 891.

Studying the asymmetries observed in thél global pro les of galaxies is fundamental
because provided that both internal and external factors/mechanisms are a result of
these observed asymmetries, the following can be inferred:

" The H prole's asymmetry may be indicative of current or previous galaxy merg-
ers or interactions (Bok et al., 2019). The gas distribution is frequently disturbed
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by interactions with neighbouring galaxies, such as tidal forces or small merg-
ers, which causes lopsidedness or asymmetries in the emission. More can be
learnt about the dynamical history and evolution of galaxies by examining these
asymmetries.

The gas content of a galaxy can be in uenced by its environment, such as a cluster
or group (Deb et al., 2023). Asymmetries can be produced by processes such as
ram pressure stripping (from movement through a dense media). This provides
hints regarding the interactions galaxies have with their environment and how
external factors impact their gas reservoirs.

Asymmetries can also be a re ection of internal processes: warps in the gas disc,
bars, spiral arms, or non-circular motions inside the galaxy. These characteris-
tics can alter the H distribution and disclose details about a galaxy's interior
dynamics and structure.

Asymmetries may also be a sign of ongoing gas accretion, in whidh's usual
distribution may be disrupted by gas entering the galaxy. How gas drives future
star formation can be tracked by comprehending these disruptions, &b is a
precursor to both star formation and molecular hydrogen (}).

H gas can be used to trace the impact of dark matter halos and extends well
beyond the observable regions of galaxies. Analysing asymmetries in the outer
disc can provide information on dark matter distribution and how it a ects the
rotation and total mass distribution of the galaxy.

It is thus imperative to study these asymmetries and their nature given their large
number of drivers.

There are several ways in which the asymmetry in thel pro les of galaxies are mea-
sured, with the most common one being the ux ratio asymmetry parameter (denoted
Aqux ). Espada et al., 2011 use thél global velocity pro les of a sample of isolated
galaxies and quantify the asymmetries in the pro les of these galaxies. They restrict
their study to a subset of 166 galaxies of their isolated sample (referred to as thé

re ned subsample ) whereby they avoided signi cant uncertainties due to the pro le's
root mean square (rms), the mean velocity, and the pointing o sets, so minimising
the undesirable arti cially created lopsidedness. This results in the distribution oH
asymmetry measure (A ) characterised by a half-Gaussian curve centred on 1 with
a standard deviation = 0.13 which in comparison to other studies (i.e. Bournaud et
al., 2005 ) is low. This result describes a distribution of galaxies with symmetrid
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pro les. They add that the asymmetric pro les are those with A« Vvalues exceeding
1.26 (the 2 level) and only 9% of their 166 re ned isolated galaxies have asymmetries
> 1.26. Bok et al., 2019 and Scott et al., 2018 are studies that have also quanti ed the
asymmetries in theH spectra of subsets of galaxies that are isolated as well as those
that are in dense environments. Bok et al., 2019 nd that when comparing thé
asymmetry distributions of their sample of paired galaxies (galaxies that are thought
to be in interacting systems/early stages of merging) and isolated galaxies, the distri-
butions of these two samples of galaxies di er statistically and signi cantly, with the
paired galaxy sample showing an extended asymmetry tail towards higher asymmetries
in comparison to the isolatedH asymmetry distribution (Figure 8). They thus sug-
gest that the enhancedd asymmetries observed in their close pair sample are a result
of merger activity and that H pro le asymmetries measured in the high asymmetry
regime (Anux >1.26; Espada et al., 2011) could be used to probe merger activity.

Figure 8: The distributions of theH asymmetry measures in the close pair (cyan) and
isolated (hatched) samples from Bok et al., 2019 study. The close pair sample has an
enhancedH asymmetry tail in comparison to the isolated sample.
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1.4 Aim of this work

The main goals of this work are to :

" Generate quanti able evidence for environmentally-induced e ects on the asym-
metries observed in thed pro les of galaxies.

" Investigate possible correlations between thid pro le asymmetries of galaxies
with intrinsic galaxy properties.

" Investigate the environmental dependence of the de ciencies of galaxies and
whether there is a correlation betweemd de ciency and the H asymmetry of
galaxies.

Structure of thesis

This thesis is structured as follows: Chapter 2 provides an overview of the data this work
uses (both theH and optical data). Chapter 3 describes the galaxy samples that this
work generates as well as the properties of the galaxies in each of the samples. Chapter
4 describes the methods that previous studies have used to study asymmetries in
galaxies as well as the method that this work employs to measure thk asymmetries

in the samples of galaxies generated. Chapter 5 presents the results of this work and a
discussion thereof. Chapter 6 then presents the summary and conclusion of this work.
A CDM model is assumed throughout this work, with an assumed Hubble constant
of Hp = 70 km s *Mpc 1.
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Chapter 2

H observations of ALFALFA

The ALFALFA survey mapped out nearly 7000ded of the sky, resulting in 31500
extragalactic H line sources detected by the completed survey out to < 0:06. It
was conducted as a blind survey in which line emission was searched over the whole
frequency range of 1335 - 1435 MHz at each point, corresponding to heliocentric ve-
locities -2000< cz < 18000 km s!. According to Haynes et al., 2018, the initiation

of ALFALFA follows on from the H Parkes Sky Survey (HIPASS; 2001. The Arecibo
dish has a much larger collecting area that o ers improvements in sensitivity and an-
gular resolution, advances in spectrometer capability that allow an increase in spectral
bandwidth and resolution, and an adopted minimum-intrusion drift scan technique con-
ducted during nighttime that only delivers very high data quality. Thus, ALFALFA has

a source density of approximately 5 per square degree, which is over 25 times higher
than HIPASS. Martin et al., 2010 attest to the fact that one of the most startling out-
comes of ALFALFA (to date) is the richness of the highH mass galaxy population.
The majority of these extragalactic ALFALFA sources ¥ 98% according to Haynes et
al., 2018) have at least one likely stellar counterpart, and most dark objects are prob-
ably associated with tidal debris in interacting systems (i.e., Haynes et al., 2007). This
thus makes ALFALFA a great survey for studying the di erent morphologies in theH
spectra of galaxies and for this reason, this work uses the ALFALFA for its study. This
chapter entails the details on the data acquisition of the ALFALFA galaxies.

The various H properties of the acquired ALFALFA galaxies are presented rst, fol-
lowed by their optical properties. The last part of the chapter deals with the galaxy
sample that this work utilizes.

2 Data acquisition of ALFALFA galaxies

2.1 H data

The primary/parent data source used for this study is the Arecibo Legacy Fast ALFA
(ALFALFA) Extragalactic H source catalogue (Haynes et al., 2018). Figure 9 shows
the sky distribution of the 31500 sources that ALFALFA detects. Jones et al.,
2018 emphasize that the ALFALFA was conducted as a drift scan survey with the
ALFA (Arecibo L-band Feed Array) instrument and thus the vagaries of telescope time
allocation are responsible for irregularities near the east and west edges of the sky box,
which translated into occasionally poor or incomplete data coverage. They visually
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examined the coverage maps to determine the boundaries of the survey area, selecting
the RA extremes so that, as nearly as feasible, every square inch of the area had at
least one pass coverage.

Figure 9: The sky distribution of the ALFALFA galaxies in the northern (top) and
southern (bottom) Galactic hemispheres taken from Haynes et al., 2018.

From this catalogue, measurements of the centroid (J2000) of th& line source, helio-
centric/systemic velocity(cz) of theH line source in units of kms ?, velocity widths
(Wso and Wog) of the H line pro le in units of km.s !, adopted distance () in units

of Mpc, the logarithm of the H mass (logoMy,) in units of solar masses (M) and
the signal-to-noise (SNR) ratios of the detections are obtained. Some of these derived
properties are summarized in Table 1.

2.1.1 Derived properties of galaxies

The globalH line velocity and velocity width measurements are important quantities

as they provide measures of a galaxy's systemic recessional velocity and projected disk
rotational velocity.

Haynes et al., 2018 use an algorithm in a program called GalFlux to measure the
systemic velocity and velocity widths of theH line. This algorithm is introduced in
Springob et al., 2005 and described by Haynes et al., 1999.
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They measure the heliocentric/systemic velocity as the midpoint between the channels
at which the line ux density falls to 50% of each of the two peaks on the pro le's high
and low-velocity horns (or, if only one is present, of one peak).

They also measura/Nsg as the width at the 50% ux level of each of the two peaks of
the galaxy's pro le. Wyq, similar to W5, but measured at the 2% level of each of the
two peaks is determined as well.

Working under the premise that theH is optically thin, Haynes et al., 2018 calculate
the H masses using the integratetil line uxes and adopted distances. They achieve
this by adopting the standard formula

My =2:356 10°DZS,; (1)

where D, is the adopted distance to the source and,Sthe integrated ux density in
units of Jy kms ! of the H line at 21 cm.

For galaxies withcz > 6000km.s !, the adopted distances are estimated e%gng—b where
CZ:mp represents the recessional velocity measured in the Cosmic Microwave Background
reference frame (Lineweaver et al., 1996) andl, is the Hubble constant, adopted to be
70 kms ! Mpc ! according to Haynes et al., 2018. For those galaxies witlz < 6000
km.s 1, the local peculiar velocity model of Masters 2006 is used. This model is a result
of an analysis made of the peculiar motions of groups, clusters, and galaxies utilizing
a combination of secondary distances from the Tully-Fisher relation and primary dis-
tances from the literature. Haynes et al., 2018 state that cz = 6000 ks * is chosen

as the transition point between the methods since the uncertainties in each distance
estimating approach become equivalent at that distance.

The crucial importance of the velocity width measurements in estimating the signal-
to-noise ratio (SNR) of a spectrum, particularly for sources wittWsy > 400 km.s ! is
emphasized by Haynes et al., 2011. The signal-to-noise ratios of the detections are thus
estimated as

10008,,. Wil

W5O ) rms (2)

where S, is the integrated ux density in units of Jy kms ! and wgy,e is @ smoothing

width expressed as the number of spectral resolution bins of 10 &m bridging half

of the signal width (Haynes et al., 2018) and s is the rms noise gure across the

spectrum measured in @y at 10 kms ! resolution. Haynes et al., 2018 state thatvsm,

is adopted as either Wy/(2  10) for Wso < 400 kns * or 400/(2  10)=20 for Wsq
400 kns 1.

SNR = (
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2.1.2 Errors owing to the derived properties

Corrections for systematic telescope pointing errors are implemented for measures on
the H centroid and Wsq is corrected for instrumental broadening. This instrumental
broadening correction onWs, is implemented by following Equation 1 in Springob et
al., 2005. Although the ideal de nition of W5, depends on data quality factors such as
the impact of turbulence (Fouque et al., 1990) and SNR, Haynes et al., 2018 state that
corrections due to turbulent motions, disk inclination, or cosmological stretch are not
applied. The estimated uncertainty onWsq therefore is the sum in quadrature of two
components: a statistical error based on the SNR of thd signal and a systematic
error linked to the user's trust in the application of baseline t and the speci cation of
the signal's spectral limits. Typically, the systematic error is smaller than the statistical
error and is thus ignored.

The uncertainty on the logarithm of theH mass( o, ) is determined following Jones
et al., 2018. This method combines the uncertainty in the integrate#i line ux and
the adopted distance D ) with a minimum of 10% uncertainty. Haynes et al 2018 state
that the latter minimum is chosen to keep the error from becoming unrealistically tiny
and to include the systematic uncertainty in the ux calibration. Another important
note is that theseH mass estimates are not corrected fdd self-absorption.

Haynes et al.,, 2018 also mention that thez values adopt the optical standard ()
rather than the radio convention (5-) and the statistical errors thereof are determined
as half the error on theWs, width.

Table 1 presents a portion of the ALFALFA catalogue with some of the measured and
derived properties for each galaxy. Column 1 is the AGC (Arecibo General Catalogue)
number, columns 2 and 3 are théd RA and DEC positions respectively, column 4 is
the heliocentric velocity of theH line source, columns 5 and 6 are th@/so and Wyq
respectively, column 7 theH line ux density, column 8 is the signal to noise ratio
(SNR) of the detection, column 9 the noise of the spatially integrated spectral pro le,
and lastly columns 10 and 11 are the adopted distances and the logarithm of the
masses respectively. The numbers reported in brackets are the errors associated with
each measurement.

In addition to the ALFALFA catalogue, a nal 2-D H line spectrum for each of the
sources is produced. These spectral pro les are provided in ASCII and FITS formats
by Haynes et al., 2018. This work extracts these 2-H line spectra in FITS format.
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2.2 Optical data
2.2.1 The ALFALFA-SDSS galaxy catalogue

The secondary data source used is the ALFALFA-SDSS Galaxy Catalogue (Durbala
et al.,, 2020). This study by Durbala provides SDSS counterparts to galaxies from
the complete ALFALFA survey including 10000 galaxies that do not have SDSS
spectra. They give absolute magnitude and stellar mas#() measurements for each
galaxy using optical colour. They achieve this by using SDSS cmodel mags to calculate
the galaxy's absolute magnitude and model mags for colours. Durbala et al., 2020
mentions that galaxies with g- or i-band errors that are greater tha®:05 are excluded
from the colour-magnitude diagram as well as stellar mass calculations based on optical
magnitudes.

Surveys such as the GALEX-SDSS-WISE Legacy Catalogue 2 (GSWLC-2; Salim et al.,
2016,2018) use ultraviolet/optical/infrared SED (Spectral Energy Distribution) tting

to determine stellar mass& star formation rate (SFR) estimates. However, Durbala
et al., 2020 can not take advantage of the values provided by this catalogue due to
the lack of su cient overlap between it and the ALFALFA galaxy survey volume as a
whole. Only  40% of the galaxies in the ALFALFA-SDSS catalogue have stellar mass
estimates from the GSWLC-2. Therefore, this incomplete sampling of ALFALFA galax-
ies in existing catalogues drives them to determine independent stellar mass estimates
from SDSS photometry. They adopt the method of Taylor et al., 2011 to optically mea-
sure stellar masses (denoteMl .tayi0r) Of all galaxies in the matched ALFALFA-SDSS
catalogue. Durbala et al., 2020 include the stellar mass values derived from Taylor's
approach M .rayior ) for each galaxy into their catalogue as well as the GSWLC-2 values
for those 4% galaxies.

Durbala et al., 2020 provide additional stellar mass estimates using infrared photometry.
They consider two methods from unWISE (McGaugt& Schombert, 2015 ) to estimate
these stellar masses; one by Jarrett et al., 2012 and the second by Cluver et al., 2014.
Another intrinsic galaxy property provided by Durbala et al., 2020 is the Star formation
rate (SFR). Because the combination of ultraviolet (UV) and infrared (IR) uxes pro-
vides an SFR tracer that is robust against extinction, Durbala et al., 2020 use WISE
and GALEX to determine multiple measures of total SFR for galaxies. They calcu-
late the SFR based on a relation from Kennicu& Evans, 2012 which they refer to
as the 22m SFR. For those galaxies with GALEX near-ultraviolet (NUV) uxes in
NASA-Sloan Atlas (Blanton et al., 2011), they also calculate the NUV SFRs as well
as corrected NUV SFRs. Due to dust absorption, the NUV SFR underestimates the
total SFR of galaxies but once emission that is absorbed and reradiated in the IR is
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corrected, the inferred SFR is said to be much closer to the GSWLC-2 values. For this
reason, Durbala et al., 2020 do not include the NUV SFR in their catalogue due to
its unreliability. They also mention that provided both NUV and IR are available, the
corrected NUV SFR should be used otherwise, the 22 is the next better option.

These stellar mass and star formation rate measurements as provided by Durbala et
al., 2020 are used for this study. However, due to the incompleteness of data, there is
a subset of galaxies with either no stellar mass or star formation rate estimates or even
both in some cases. As will be seen later in this work, of the full ALFALFA sample,
only 25434 ALFALFA galaxies are used for this study (for reasons that will be explained
later) and of this 25434, 22293 have stellar mass estimates leaving 3141 with no stellar
mass estimates and 18991 have star formation rate estimates leaving 6443 galaxies with
no SFR estimates.

The distribution of the stellar mass and star formation rate estimates of the ALFALFA
galaxies are shown in Figure 11.

2.2.2 DECalLS

The Dark Energy Camera Legacy Survey (DECaLS) is a program that uses DECam
(The Dark Energy Camera) data within the DESI (Dark Energy Spectroscopic Instru-
ment ) footprint to provide the user with optical images in the g,r and z optical bands.
The optical images of the ALFALFA galaxies presented in this work are taken from
DECaLS.

The DESI Legacy Imaging Surveys are a combination of three public projects namely
the Dark Energy Camera Legacy Survey, the Beijing-Arizona Sky Survey, and the May-
all z-band Legacy Survey (Dey et al., 2019). These surveys jointly image approximately
14000ded of the extragalactic sky that is visible from the northern hemisphere in the
g,r and z bands.

Abolfathi et al., 2018 (and other studies) have shown how the Sloan Digital Sky Survey
(SDSS) project overwhelmingly demonstrated the power of combining wide- eld imag-
ing and spectroscopic surveys within the same footprint. BOSS (SDSS-III) targeted
much fainter sources near the limits of the original SDSS imaging while eBOSS (SDSS-
V) went even fainter (Abolfathi et al., 2018). However, the impact of these data was
limited by the depth and quality of existing imaging. The majority of existing spectro-
scopic redshifts (at the time of SDSS-I, I, Ill) were in the northern sky and had poor
overlap with most deep, wide- eld imaging surveys. As a result, the SDSS imaging
data (which provided the spectroscopic targets) did not provide precise photometry,
well-resolved size measurements, detailed morphologies, or environmental measures for
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the majority of the faint galaxies that were targeted by the existing spectroscopy at
the time of the SDSS (Dey et al., 2019). DECaLS thus provide a great solution to this
issue by imaging the entire BOSS (SDSS-III) footprint to magnitudes suitable for the
study of the z> 0.5 universe. Dey et al., 2019 nally mention that imaging to the 5
z-band depth of the Legacy Surveys results in increasing the number of detectesl 0.5
galaxies (z> 1) galaxies by a factor o> 15 (> 200) over SDSS based on the magnitude
distribution of galaxies in the zCOSMOS catalogue (Lilly et al., 2007).

According to Dey et al., 2019, the Dark Energy Camera (DECam) is the most e ective
imager available for wide- eld surveys. Not only does DECam have a wide eld of view
but it also provides great or rather high sensitivity over a broad wavelength range and
low operational overheads.

DECaLS targets approximately9350degd of the 14000deg in the g, r, z-bands to
depths of g=24.7, r=23.9, z=23.0. The observations in the g and r-band are obtained
only during the dark periods which is when the moon is below the horizon. The z-
band observations are obtained when the moon is in the sky (above the horizon) as
well as during the morning and evening twilight. For the DECaLS survey, the median
full-width half maximum (FWHM) of the delivered image quality (DIQ) is around 1.3,
1.2, and 1.1 arcseconds in the g, r, and z bands, respectively. Figure 10 is the complete
sky map of the DESI Legacy Imaging Surveys and the part of the sky where DECaLS
images can be seen.
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Figure 10: Full Sky map of the imaging Legacy Surveys, colour-coded by the depth in
the z-band Iter, and shown in an equatorial projection. The solid grey line traces the
Galactic plane. Image adopted from AstroDatalab.
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2.3 Galaxy sample

In producing galaxy samples suitable for this study, the full ALFALFA survey is used.
Haynes et al., 2018 use aAl source detection code to distinguish the high signal-to-
noise (SNR) sources from the lower ones. CodeHl spectra refers to the 2543H
sources of the highest quality and these are the only ones that this study utilizes. These
sources have signal characteristics between the two independent polarisations observed
by ALFALFA that are well-matched, a spatial extent that aligns or rather is consistent
with the beam of the telescope, an RFI-free spectral pro le and an appropriate minimum
SNR threshold of 6.5.

Garcia-Appadoo et al., 2009 emphasise that the limitations of af -selected sample are
that it overlooks the early-type systems which contain relatively low neutral gasH).
Consequently, the ALFALFA survey by construction is biased towards detecting the
gas-rich late-type systems (relatively low luminosity, star-forming galaxies). This means
that the galaxies detected by ALFALFA are preferentially bluer and have lower surface
brightness, luminosity, and metallicity as Haynes et al., 2018 mentions. Therefore the
results in this study are biased against the early-type systems.

Figure 11 shows the distribution of some of the properties of the 25434 galaxies. It is
quite evident from the histogram displaying the distribution of stellar masses (top left
panel) that there are very few massive galaxies (lag > 10'!) and this is a result of
the survey being biased against the early-type systems.

From the distribution of H masses (top middle panel), it is evident that ALFALFA
detects galaxies withH masses as low as lggMy, 6 M and as high as 11 M,
most of which are in anH mass range between 9 Mand 10 M . The top right panel
shows the distribution of theH gas fraction which is just the ratio ofH mass to total
stellar mass. The overabundance of galaxies between redshifts (z) 0.02 and 0.03 in the
distribution of the redshifts (third middle panel from the top) indicates the presence of
a galaxy cluster which makes the sample e cient for this study.

The relationship between theH content and stellar properties of galaxies, such as size
and star formation activity, has been the subject of numerous research conducted in
recent decades (Huang et al., 2012). Figure 12 illustrates some of the scaling relations
within the ALFALFA population. The contours and points outline the distribution

of the galaxies in ALFALFA. The top left panel shows the distribution of logy My

and logo M . As expected, the logy My, increases with logp M . The bend in this
relation is largely attributed to the increasing signi cance of molecular hydrogen ()l

in galaxies with higher stellar masses. In low-mass galaxies, the gas content is primarily
in the form of H and as galaxies become more massive, their ISM conditions such as

29



Figure 11: Distributions of the various observed intrinsic properties of the 25434 AL-
FALFA (code 1) galaxies. From left to right and top to bottom, the panels show the

distributions of the logarithm of the stellar masses of galaxies, the distribution of the
logarithm of the H masses, the distributions of the gas fraction of the galaxies, the
distributions of the logarithm of the star formation rates (SFR) of the galaxies, the

distributions of the Wy velocity widths of each of the galaxies, the distributions of

the W, velocity widths, the distributions of the heliocentric/systemic velocities, the

distributions of the adopted distances, the distributions of the redshifts of the galaxies,
and lastly the distributions of the signal-to-noise (SNR) ratios.

higher pressure and densities, favour the formation of,Hand as a result,H does not
increase as rapidly as the stellar mass in these higher-mass galaxies, leading to a bend
or attening in the log 1oMy, -logioM relation. This is why looking at greater masses
where H gas dominates the overall mass of gas, this bend becomes more relevant. The
contours overlaid on this relation clearly trace out this bend.

Huang et al., 2012 also comment on how the ALFALFA population contains more gas
for the same stellar mass (log M > 10) and shows a steeper slope in the M - M
scaling relation compared to other surveys/studies. They explain that there appears to
be an increased scatter in the M distribution below M 9, a regime that has not
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been adequately sampled by other studies.

The bottom left panel of Figure 12 shows the relation betweern gas fraction and
stellar mass. As expected, smaller gas fractions are found in galaxies with higher
stellar masses, which indicates that the more massive galaxies have a lower proportion
of their mass in the form of neutral hydrogen gas (as a result of the formation o, H
and because the gas content in lower mass galaxies is primarily in the formtbf they
have higher gas fractions. According to Huang et al., 2012, the ALFALFA population
(in comparison to other studies) consistently contains galaxies that are more gas-rich
for a given stellar mass.

The top and bottom right panels of Figure 12 show the relations between the star
formation rate with H mass and stellar mass respectively. Although ALFALFA is
biased against massive galaxies with low SFRs, from the |g§FR-logoM plots, the
number density of galaxies seems to still be increasing in the jpdM >10 M regime
when compared to the intermediate stellar mass range (8 log;oM 10 M ) (Huang

et al., 2012). The presence of a few outlying points (legM 11 M ) suggests that
ALFALFA contains a population of galaxies with large stellar masses and detectable
H but very low SFRs. On the contrary, the logoSFR-logo My, relation shows a lack

of signi cant number of galaxies with highH masses (logMy, & 10) and low SFRs.
Huang et al., 2012 thus mention that where there is a lot dfl , there is always some
SF.
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Figure 12: ALFALFA galaxy scaling relations. The green points represent the individual
ALFALFA galaxies with the galaxy number density contours overlaid. The number
density of galaxies in each grid cell is labelled on selected contours, i.e., the lowest
contour level beyond which scatter points are plotted is 10 galaxies per grid cell. From
top to bottom, left to right the panels show loggM - l10g;0M 4, , 10010SFR - log oMy, ,
logioM - logio(My, / M ) and lastly 100SFR - logoM .
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Galaxies of comparabléed masses can have di erenH pro le morphologies due to the
distribution of H gas depending on several factors, such as the galaxy's history of star
formation, interactions with other galaxies, and its environment. Symmetri¢l pro les
often indicate a well-settled and rotationally supported disk, while asymmetric pro les
can suggest recent interactions, mergers, or lopsided mass distributions. Therefore
comparing theH pro les of galaxies with similar masses can reveal insights into various
aspects of their formation, evolution, and current physical conditions.
Figure 13 shows examples of thid pro les of randomly selected galaxies within spec-
ied H mass bins.
Only galaxies with an inclination (i) close to 60 degrees are selected in edthmass
bin. To determine the disc inclination of each galaxy, estimates of the axial ratigh=9
are taken from the Durbala et al., 2020 catalogue and calculated using the equation

cos’i = w 3)

1 g

where an intrinsic axial ratio of the disc ofgy = 0.15 is adopted (Elson et al., 2024).
It's clear to see that within each stellar mass bin are galaxies with di erend pro le
morphologies. In the 8 < logoMy, < 8.5 and 8.5 < log;,oMy, < 9 bins for instance,
are galaxies with symmetric double horn pro les, asymmetric pro les and Gaussian
pro les. Typically gaussian pro les are often seen in irregular galaxies or dwarf sys-
tems, indicating a more turbulent and less ordered motion of the gas and asymmetric
pro les indicate disturbances, interactions, or environmental e ects (e.g., tidal inter-
actions or gas stripping). This implies that the ALFALFA consists of a population of
galaxies with similarH masses but subjected to di erent factors resulting in di erent
gas distributions which are observed in theiH pro les.
What is even more noticeable is the fact that théi pro les are changing as a function of
H mass. Although theH mass bin 9 <logoMy, < 9.5 seems to have more pronounced
H proles than the 9.5 < log;0My; < 10, this could well o just be a random e ect
due to the randomly selected galaxies but in general the galaxies with largle masses
seem to exhibit more pronouncedH pro les in the ALFALFA population. This could
imply that these galaxies have experienced processes that have stabilised their gas
distribution, or they are in a stable environment free from recent interactions.
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Figure 13: H spectra of a subset of randomly selected galaxies in speci ed mass
bins. From top to bottom, left to right, the panels show bins: 8 < logoMy, <8.5, 8.5
< |Og]_0MH| <9,9< |Og]_QM <95 and 9.5 < |Og;|_0M m < 10.
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Chapter 3

As stated earlier, galaxies exhibit a wide variety of observable properties and the envi-
ronments in which they reside are known to signi cantly impact their characteristics.

The focus of this chapter is on generating two subsets of galaxy samples: the merger
galaxy candidates sample and the isolated galaxy candidates sample. In generating
these samples, this study aims to compare the quanti ed pro le asymmetries in each
sample to show the environmentally induced e ects on thie pro les of galaxies residing

in denser environments (merger sample) as opposed to those that do not (isolated
sample).

The details on how these two samples are generated are brie y discussed in the rst
part. The last part of the chapter presents the global galaxy properties in each sample
including some examples of thél pro les of galaxies and their optical counterparts.

3 Galaxy sample generation

In producing the merger and isolated samples, the ALFALFA catalogue is cross-matched
with itself. Two criteria are developed to de ne the isolated and merger galaxy candi-
dates.

3.1 Merger galaxy candidates

There are several remarkable examples of galaxies that are merging within the nearby
cosmos. Observationally, these merging galaxies (mergers) can be studied at several
stages of the merger process: from actively interacting systems to well-separated galaxy
pairs (early-stage mergers) to late-stage mergers. Patton et al., 2002 mention that for
their study, they focus on the close pair galaxies as they are great candidates for early-
stage mergers provided they are chosen carefully. In providing a useful de nition for
what a close pair (which will be referred to as merger candidates in this work) is, they
state that pairs in redshift space can be uniquely speci ed by their projected physical
separation () and rest-frame line-of-sight velocity di erence ( v). For this reason,
they de ne a close pair that is likely going to merge soorilf,y . 0.5 Gyr, whereTq is

the timescale of a merger occurrence) as those galaxies that are at projected separations
of 5<r, 20h !kpc and velocity separations of v 500 kms * from each other.
Bok et al., 2019 also mention that studies such as Robotham et al., 2014 nd that
galaxy pairs within the close pair criteria de ned by Patton et al., 2002, exhibit the
strongest signs of interaction.
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So far, it has been optical signs of interaction attesting to the close pair de nition.
Recent studies such as Bok et al., 2019 usk to de ne close pair interactions. H is
naturally more diuse and cold and extends farther out than the optical component
of any galaxy. As a result, interactions observed il could potentially be at much
more extended separations which obviously implies that the merging timescale of the
H interactions is di erent from that of the optical. Bok et al., 2019 adopt Robotham

et al., 2014's loosest close pair criteria of 10th * kpc andv  500km.s * to de ne
their merger pair sample.

In this work, the merger galaxy candidates (referred to as merger pair by Bok et al.,
2019 are those galaxies with at least 1 neighbouring galaxy withilj 25 kpc spatially
and dv 750 km s spectrally. Here,ds is the minimum spatial separation anddv

Is the minimum velocity di erence between the ALFALFA galaxy and its potential
neighbouring galaxies. In choosing this precise criterion, this study seeks to recover
as many galaxies that are currently interacting and potentially in the early stages of
merging as possible, as they would be excellent candidates or, more accurately, represent
galaxies that are in environments where the intergalactic medium (IGM) is more dense
(higher frequency of interactions).

Provided below, are the steps taken in producing the catalogue of merger candidate
sample:

A

Using the H RA and Dec positions of each ALFALFA galaxy, the separations
between it and the other ALFALFA galaxies are determined using the great circle
distance formula. These angular separations in units of arcseconds are denoted
ang_sep .

The angular size (in arcseconds) corresponding to 25 kpc at the distance of each
ALFALFA galaxy is also calculated. This angular size is denoted ang_size .

Next, the recessional velocities (cz) of each ALFALFA galaxy are used to de-
termine the di erence in velocity between each ALFALFA galaxy and the other
ALFALFA galaxies (this di erence in velocity is denoted dv).

The number of neighbours that each ALFALFA galaxy has are determined: all
galaxies within each ALFALFA galaxy's angular size (i.e ang_sep ang_size)
and with dv. 750 km s ! are said to be neighbouring galaxies.

Those ALFALFA galaxies resulting in 1 or more neighbouring galaxies are said
to be the merger candidates.

Because the ALFALFA catalogue is being cross-matched with itself, steps are
taken to make sure that a galaxy does not cross-match with itself.
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~ This yields 205 merger galaxy candidates.

Figure 14: The merger galaxy candidates (red diamonds) with their neighbouring galax-
ies (grey- lled circles). The inner and outer circles represent distances of 10 kpc and 25
kpc from the central (merger candidate) galaxy respectively. From top to bottom, left
to right, the panels show the plots for merger galaxy AGC: 12914 (with one neighbour),
1176 (with 2 neighbours), 205306 (with 3 neighbours) and 227869 (with 16 neighbours).
On the x- and y axes are the RA and Dec (in radians) respectively.

Figure 14, illustrates four ALFALFA galaxies from the merger sample, with their neigh-
bouring galaxies. It is evident that these merger galaxies have at least one neighbour
that lives so nearby to them (within the 10 kpc ring). Figure 15 shows the typical
separations (in kpc) between the merger galaxy AGC 227869 and its neighbours.

This galaxy has 16 neighbouring galaxies. Taking a look at the typical separations
between it and its neighbours ( gure 15), about 4 neighbours have separations less than
10 kpc spatially explaining the points (or rather neighbouring galaxies) seen within the
10 kpc ring of this galaxy in gure 14.
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Figure 15: Distribution of the neighbour separations for merger galaxy AGC: 227869
in units of kpc.

Bok et al., 2019 state that a study by Patton et al., 2016 suggests that the existence
of nearby companions at projected separations smaller than 10 kpc considerably en-
hances optical asymmetries. Considering thad is far more extended than the optical
component, it is reasonable to expect that the merger galaxies with neighbours within
their 10 kpc rings will experience much stronger tidal forces due to their interaction
with their neighbouring galaxies at such small separations.

Of the 205 merger galaxies, 182 of the galaxies only possess 1 neighbouring galaxy, that
is, most of these galaxies appear to be in pairs. Figure 16 shows the distribution of the
typical nearest neighbour separation of the merger galaxies. The majority of merger
galaxies have their nearest neighbouring galaxy being between 20 and 25 kpc. However,
there are those merger galaxies that have their nearest neighbours being withidO

kpc.
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Figure 16: Distribution of the nearest neighbour separation of the merger galaxies in
units of kpc.

Figure 17 top panel illustrates the 3-D projection of the distribution of the merger
galaxies in the ALFALFA eld. The x and y-axes are the right ascension (RA) and
declination (Dec) of each merger galaxy respectively and on the z-axis is the reces-
sional/systemic velocity of the galaxy. Zooming into the 3-D projection (Figure 17)
bottom panel, it is quite evident from this plot that indeed most of these merger can-
didates are in pairs while others seem to be in much denser environments (more than 4
neighbours). Figure 18 additionally illustrates the distributions of these merger galaxies
along 2-D projections, and from these plots, the diverse environments in which each of
these galaxies resides, from merger galaxy pairs to galaxies inside galaxy groups can be
seen. So overall, this study is con dent that the merger sample it developed consists of
galaxies that may be interacting with one another due to them being located in these
dense environments or rather within separations that are close enough for interaction.
This will, in turn, result in H pro le morphologies that are disturbed.
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Figure 17: In the top panel is the 3-D projection of the distribution of the ALFALFA
merger candidate galaxies. Each point in this plot represents a galaxy. Bottom panel:
Zooming into the 3-D projection of the distribution of the ALFALFA merger candidate
galaxies. The black arrows are each pointing to a galaxy pair and what seems to be a

I :
galaxy group 40
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