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Abstract

The environment in which a galaxy resides has long been known to have an impact on how the
galaxy evolves. The denser the environment, the stronger the influence. Clusters of galaxies,
which are some of the densest known cosmic environments, provide a unique opportunity to
study the ongoing environmental processes influencing galaxy evolution. Optical studies have
shown that galaxy clusters are typically home to a higher fraction of older elliptical, bulge-
dominated galaxies than the field which has a higher fraction of younger, disk-dominated
galaxies. Which environmental processes are the cause of this morphology-density relation is
still unknown. The dominant processes at play in the cluster environment tend to strongly
impact the neutral hydrogen (H1) gas disks of galaxies. The H1 disk often extends far out
beyond the stellar disk making it susceptible to environmental processes before the stellar
component of the galaxy is affected, and thus a useful tracer of the environment-driven
galaxy evolution.

In this thesis I study how the ongoing environmental processes in two galaxy clusters,
the Coma cluster and Abell 2626, affect the average H1 content of galaxies of different mor-
phologies in different local environments or substructure. In the analysis of both clusters, I
primarily use the H1 stacking technique which uses the optical position and redshift infor-
mation to extract global H1 profiles of galaxies that are not necessarily directly detected in
H1. The global profiles are aligned using the redshifts, and co-added to create an average
H 1 spectrum with improved signal-to-noise statistics.

Using yet-to-be published H1 observations of the Coma cluster from the Westerbork
Synthesis Radio Telescope, in combination with a new compilation of redshifts across the
cluster, I explore the average H 1 content of galaxies located in different substructures within
the cluster compared to cluster galaxies not associated with any substructure. While no
conclusions can be made about which environment in Coma has a more dominant effect on
the HT1 content, the analysis showed that there was a clear bimodality in the HT content
of the cluster galaxies: either the galaxies were detected in H1, or the HT masses were well
below the detection threshold. Where galaxies were not directly detected, they were found
to be at least 10-50 times more H 1 deficient than field galaxies of the same type.

Unlike the Coma cluster, Abell 2626 has not been as well studied, and so little is known
about this cluster and its environs. In the second part of the thesis, I present new radio and
optical observations of the cluster. Abell 2626 was observed by MeerKAT as part of the first
open call for proposals. These observations have yielded H1 data for Abell 2626 at the same
H 1 mass sensitivity as the Westerbork observations of the Coma cluster, which is 2.5 times
more nearby. Using the multi-object spectrograph, Hectospec, on the MMT telescope, we
have created a spectroscopic catalogue of the Abell 2626 field that matches the MeerKAT
observations and is 70% complete at » = 19.1 mag. The new spectroscopic catalogue around
Abell 2626 enabled the characterisation of both the large scale structure in front of and
behind the cluster, as well as the identification of substructure associated with the cluster.
I am also able to determine that Abell 2626 is a rich cluster, comparable to the similarly
sized Virgo cluster. I explore how the average H 1 content of galaxies of different luminosity,
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colour, and morphology change across the different local environments and substructure
within the cluster. I find that late-type cluster galaxies located in substructures contain on
average more HT than the late-type cluster galaxies not in substructures. I postulate that
this suggests that the group environment protects the late-type galaxies from gas stripping
mechanisms dominant in the global cluster environment. The H1 stacking analysis shows
that while Abell 2626 is not as H1 deficient as the more massive Coma cluster, the Abell
2626 cluster galaxies do show a radial trend in the H1 deficiencies as is observed in other
clusters.
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Chapter 1

Introduction

1.1 Galaxies in the Universe

Galaxies, like people, come in all shapes, sizes and colours. Efforts to classify and cate-
gorise galaxies date back to before the first classification scheme put forth by Hubble (1926)
(e.g. Earl of Rosse, 1850; Herschel, 1786). This scheme was simple, with galaxies separated
into three main groups: elliptical, spiral, or irregular (Hubble, 1926, 1936). De Vaucouleurs
(1956) expanded the classification scheme, adding more descriptive details to the galaxy
types. Spirals were also classified by tightness of the spiral arms and the presence (or lack)
of a bar. The classification scheme became known as the Hubble Tuning Fork or Hubble
Sequence which is presented in Figure 1.1. In the early years of the Hubble Sequence (circa
1936), it was thought that galaxies evolved from left to right along the sequence which is why
elliptical galaxies are referred to as ‘early type’ galaxies, and spirals as ‘late type’ galaxies;
this is now known in fact to be the reverse. Identifying galaxies has become an important
element of extragalactic astronomy, because knowing what types of galaxies exist, and how
they are similar or dissimilar to each other, enables astronomers to study the formation and
evolution of galaxies.

The broad morphological types have been shown to correlate with galaxies’ physical prop-
erties such as gas content, star formation rate, colour (see Roberts, 1963, for review). While
detections have been made of the cold gas, in particular the neutral atomic hydrogen (H1)
gas, in galaxies of all morphological classes, the relative amounts of the detected H1 vary.
The relative fraction of the H1 mass to stellar mass in early-type galaxies is low compared
to the fraction of H1 gas to stellar mass measured in late-type galaxies (e.g. Haynes & Gio-
vanelli, 1984). And even within spiral class of galaxies, the H1 gas fraction increases with
decreasing tightness of the spiral arms. This is seen in the average trend of H 1 mass-to-light
ratios for late-type galaxies (e.g Verheijen, 1997). In order to understand the formation and
evolution of galaxies, it is important to understand what drives the correlations, but also
why some galaxies do not adhere to the expected relations. Almost as long as galaxies have
been classified according to morphology, it has been noted that the morphological distribu-
tion of galaxies differs across different environments (Hubble & Humason, 1931). Dressler
(1980) studied a sample of ~ 6000 galaxies across 55 low-redshift galaxy clusters, finding a
radial dependence between galaxy morphology and the local surface density of galaxies. This
finding became known as the morphology-density relation: early-type galaxies (elliptical and
S0 galaxies) are the larger fraction of galaxies in dense cosmic environments such as galaxy
clusters, while late-type galaxies (spiral and irregular) dominate in low-density cosmic envi-
ronments (Dressler, 1980). Why exactly this relation arises is one of the big open questions

1



2 CHAPTER 1. INTRODUCTION

MNormal Spirals

Ellipticals Lenticulars

Barred Spirds

Figure 1.1: The Hubble Tuning Fork showing the characteristic shapes of elliptical, spiral, and irregular
galaxies. The galaxies in this diagram also include the more specific classifications added by Gérard de
Vaucouleurs. Image credit: https: //conceptdraw. com/a2353c3/preview

of galaxy evolution studies.

Large optical photometric surveys, such as the Sloan Digital Sky Survey (SDSS, Strauss
et al., 2002), have shown the galaxy population to be bimodal in the optical colour dis-
tribution (e.g. Strateva et al., 2001; Baldry et al., 2004). The colour bimodality has been
explained by the existence of two distinct galaxy populations which are governed by differ-
ent evolutionary processes (e.g. Baldry et al., 2004; Bell et al., 2004; Taylor et al., 2014).
Figure 1.2 shows the colour-magnitude (CM) diagram for a selection of SDSS galaxies. Disk-
dominated spiral galaxies tend to be blue in colour while bulge-dominated ellipsoidal galaxies
tend to be redder. Colour has thus often been used as a proxy for morphological type (e.g.
Strateva et al., 2001). However this is not always a safe assumption. While colour is not
the optimal morphological divider, it can be effectively used as a proxy for determining the
ages of galaxies (Tinsley, 1968; Tinsley & Larson, 1979), where galaxies with predominantly
young stellar populations are blue and galaxies with predominantly older stellar populations
are red. The recent large-scale citizen science project: Galaxy Zoo (Lintott et al., 2008,
2011), has provided visually identified morphologies for galaxies observed as part of SDSS.
A key result using the Galaxy Zoo data has been the identification of blue early-type galaxies
(Schawinski et al., 2009) and red spiral galaxies (Masters et al., 2010).

1.2 Tracing the evolution of galaxies

The star formation history, which is linked to the evolution history, of a galaxy can be traced
through changes to the observed star formation rate (SFR) of the the galaxy. It has long
been known that star formation depletes the galaxy’s gas reservoir (Schmidt, 1959). The
Kennicutt-Schmidt law (Schmidt, 1959; Kennicutt, 1989, 1998) relates the SFR surface den-
sity to the gas surface density of galaxies. This has been shown to hold on both global and
kilo-parsec scales (Bigiel et al., 2008; Leroy et al., 2012; Bacchini et al., 2019). Thus, in
trying to understand what transforms galaxies from gas-rich star-forming spiral galaxies to
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Figure 1.2: Optical Colour-Magnitude Diagram, the data points are taken from a sample of SDSS
galaxies and the fitted lines are taken from the work of Baldry et al. (2004). The u- and r-band
magnitudes have been corrected for Galactic extinction.

gas-poor quiescent elliptical galaxies, it is important to understand how the different mech-
anisms affect the gas supply and quench star formation.

For star-forming galaxies, one of the triggers of the next step in the evolutionary path
towards quiescence is a change of the SFR, or more specifically, a decrease in the specific star
formation rate (sSFR) (e.g. Bell et al., 2004; Salim et al., 2007; Schiminovich et al., 2007;
Wyder et al., 2007). The SFR and stellar mass (M,) of star-forming galaxies form a tight
correlation, a relationship that is known as the star formation rate-stellar mass (SFR-M,)
relation (e.g. Brinchmann et al., 2004; Salim et al., 2007; Peng et al., 2010) and which has
been shown to hold for local Universe galaxies as well as out to z ~ 2 — 4 (e.g. Brinchmann
et al., 2004; Popesso et al., 2019). The tight correlation between stellar mass and star for-
mation rate suggests a balance between the inflow and outflow of gas (Bouché et al., 2010;
Lilly et al., 2013).

Most star-forming galaxies, regardless of star formation history, are located on the main
sequence — galaxy colour only reflects the current status (the last Gyr or so) of star formation.
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Figure 1.3: UV-optical colour-colour diagrams, corrected for dust extinction, taken from Schawinski et al.
(2014, Fig. 7). The colour-colour diagrams constrain the rate at which the sSFR changes, allowing the
timescales over which the galaxies are quenched to be determined. The grey contours in the three panels
represent the underlying galaxy population of early and late type galaxies. Top left: the green valley early
types are presented by the orange contours, and the green valley late types are represented by the blue
contours. The right hand panels show only the early types (top) and late types (bottom). A series of
evolutionary tracks are also plotted in the right panels, and correspond to the star formation histories
shown in the bottom left panel.

When star formation is quenched, the specific star formation rate of the galaxy decreases
and it leaves the SFR-M, relation. The quenching of star formation will also be reflected as
a reddening in the galaxy’s colour. Thus in order to study quenching mechanisms, one needs
to probe the population of galaxies with specific star formation rates below the SFR-M,
relation. These galaxies tend to have intermediate colours that place them in the valley of
the bimodal colour distribution, the so-called “green valley” galaxies (e.g. Brinchmann et al.,
2004; Elbaz et al., 2007; Salim et al., 2007; Lee et al., 2012). The relatively small population
of green valley galaxies is thought to be a kind of transition population between the so-called
blue cloud and red sequence in colour-magnitude diagram. (e.g. Bell et al., 2004; Schimi-
novich et al., 2007; Wyder et al., 2007). These galaxies would have optical colours that place
them around the green line shown in the colour-magnitude diagram in Figure 1.2. Given
the connection between the galaxy colour and the ages of the stellar population, the colours
of these galaxies have been interpreted as having been recently quenched (Salim et al., 2007).

Peng et al. (2010) showed that there were at least two quenching mechanisms, “mass



1.2. TRACING THE EVOLUTION OF GALAXIES 5

quenching” and “environmental quenching”, that occur over different timescales. Peng et al.
(2010) describe “mass quenching” to be a continuous process, with “environmental quench-
ing” only occurring when the environment around the galaxy changed. Using a sample of
morphologically identified early-type and late-type green valley galaxies, Schawinski et al.
(2014) showed that the two galaxy populations are quenched over very different timescales
which is indicative of different quenching mechanisms. Figure 1.3 shows the dust-corrected
ultraviolet- (UV) optical colour-colour diagram which they use to identify the star formation
histories of the galaxies in their sample and constrain the rate of change of sSFR. From
their analysis, Schawinski et al. (2014) determined that early-type galaxies (represented by
the orange contours) which appear redder due to the older stellar populations, are quenched
much more rapidly than late-type galaxies on timescales of 7, < 250 Myr. While for late-type
galaxies (represented by the blue contours), which contain more younger stars thus making
the galaxies bluer, 7, > 1 Gyr.

The difference in quenching timescales for the two galaxy populations is suggestive of two
very different mechanisms. For the early-type galaxies, Schawinski et al. (2014) conclude
that the quenching of star formation is triggered by a rapid destruction of the galaxy gas
reservoir. This results in a rapid drop in the SFR, causing the galaxies to move off the
SFR-M, relation. With almost no ongoing star formation, the galaxies do not increase in
mass. Schawinski et al. (2014) suggest that the quenching event must be simultaneous with
a morphological transformation as there are very few blue early-type galaxies observed, but
the colour transformation occurs on longer timescales — dictated by stellar evolution. They
also suggest the quenching event is likely to be major mergers. The quenching of late-types
occurs more slowly. The galaxies are cut off from the cosmic web refuelling the galaxy gas
reservoir (e.g. Keres et al., 2005; Sancisi et al., 2008; de Blok et al., 2015). The balance
between the inflow and outflow of gas that underpins the SFR-M, relation, is disrupted.
The late-types continue to form stars at a declining rate, increasing in stellar mass until the
gas reservoir is depleted; during this period, the galaxy colour changes as the SFR decreases.
The rate at which the galaxy gas reservoir is depleted can be increased by environmental
processes. The morphological transformation occurs on much longer timescales which is why
red spiral galaxies are observed.

The fate of the gas reservoir of a galaxy clearly plays an important role in the transfor-
mation of the galaxy. This reservoir, or interstellar medium (ISM) is composed primarily of
neutral atomic (H1), molecular (Hs), and ionised (H 11) hydrogen gas. H 11 primarily traces
the gaseous regions around hot stars such as those that have recently been formed. However,
studies have shown that star formation correlates most strongly with the cold gas, in par-
ticular, the Hy (Bigiel et al., 2008; Leroy et al., 2008, 2013). In a sample of spiral galaxies,
Bigiel et al. (2008) found that the H1 saturates at a surface density of ¥ = 9 My pc™2. Only
H, was detected at higher surface densities, suggesting a phase transition from HT into Hs.
This highlights the importance of HT in the star formation process as it is the raw fuel from
which the Hy gas clouds that later give rise to new stars.

H 1 is not only important for ongoing star formation, but can also be an important tracer
of how the gas supply to a galaxy is shutoff, thus quenching star formation. The H1 galaxy
disk is known to extend beyond the stellar disk, sometimes as much as twice the stellar disk
radius (e.g. Broeils & Rhee, 1997). The H1 disk, particularly the outer disk, is sensitive
to interactions with intra-cluster medium (ICM) in galaxy clusters or intra-group medium
(IGM) in galaxy groups, as well as gravitational interactions. This makes H1 a very good
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tracer of the physical processes prevalent in different cosmological environments.

1.3 Galaxy clusters

Galaxy clusters are some of the largest structures in the Universe. These large complexes
are located at nodes in the filaments of the cosmic web. Due to the dense nature of the
environment, galaxy clusters play an important role in enabling the study of environment-
driven galaxy evolution. The identification and study of galaxy clusters date back to the
1950s when, using photographic plates, Abell (1958) created what has become one of the
main cluster catalogues for the local Universe. The early catalogues (Abell, 1958; Zwicky
et al., 1961; Abell et al., 1989) have been updated and memberships revised as large (and
small, centred only on the cluster of interest) spectroscopic surveys (e.g. Colless et al., 2001;
Strauss et al., 2002; Smee et al., 2012) provide accurate redshift distances to the galaxies.

Clusters are dynamic environments as they continue to grow through the accretion of
individual galaxies and galaxy groups along filaments and from the field (e.g. Bravo-Alfaro
et al., 2000). Observations show that a significant fraction of galaxy clusters (roughly 30 per
cent) contain substructure, and it is suggested that substructure is an imprint of the accreted
groups (Dressler & Shectman, 1988; Bird, 1994; Hou et al., 2012). While substructures are
important to understand the formation history of clusters, they are also important identifiers
of the local environment around a cluster galaxy.

While clusters have been shown to be very effective at quenching star formation and
transforming galaxies from star-forming and gas-rich to quiescent and gas-poor (e.g. Gio-
vanelli et al., 1981, 1982; Balogh et al., 1997; Oman et al., 2021), evidence is mounting that
galaxies are “pre-processed” by the local group environment prior to cluster infall (e.g. Fujita,
2004; Hess et al., 2015; Kleiner et al., 2021). Many of the processes responsible for removing
the gas disk from galaxies, and thus quenching star formation have also been observed in
group environments (e.g. Vulcani et al., 2018; Dzudzar et al., 2019). In order to fully under-
stand what drives the observed morphology-density relation, it is important to identify in
which environment, the global cluster environment or the local group/substructure environ-
ment, begins the process of transforming galaxies. This will contain important information
on mechanisms and timescales of galaxy evolution. Examples of environmental processes
include starvation (Larson et al., 1980), galaxy harassment (Moore et al., 1996), mergers,
and ram-pressure stripping (Gunn & Gott, 1972).

Starvation: This process was proposed by Larson et al. (1980) as an explanation for
the formation of SO galaxies from spiral galaxies. The warm outlying gas halo is removed
from the galaxy either through ram-pressure stripping or thermal evaporation which halts
the supply of cold gas (e.g. Balogh et al., 2000; Kawata & Rauch, 2007; Peng et al., 2015;
Bekki et al., 2002), star formation starts to decrease as the H1 is used up. The process is
sometimes referred to as “strangulation”.

Galaxy harassment: Galaxies in dense environments can experience fast encounters
with other galaxies. During the encounter, the galaxies interact gravitationally which can
affect their stellar and gas disks. When a galaxy experiences multiple encounters, this is
called harassment (Moore et al., 1996). In cases where the harassment is strong enough, it
can trigger a burst in star formation during which the galaxy uses up the remaining fuel
(e.g. Moore et al., 1996). In cases where the interactions are not as strong, the gas disk can
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be destabilised which facilitates the stripping of H1 from the galaxy (e.g. Duc & Bournaud,
2008; Jaffé et al., 2016).

Mergers: Merger events occur when two (or more) galaxies collide with each other. This
is particularly common in low-speed encounters between galaxies (e.g. Toomre & Toomre,
1972). Mergers can result in a rapid removal of the gas causing a rapid morphological trans-
formation (e.g. Schawinski et al., 2014).

Ram-pressure stripping: First predicted by Gunn & Gott (1972), ram-pressure strip-
ping occurs due to the interaction between the ICM, comprised of hot X-ray emitting gas,
and the galaxy ISM. As the galaxy falls into the cluster, the ICM exerts a hydro-dynamical
pressure on the galaxy. If the pressure is higher than the gravitational force the galaxy is
exerting on the gas disk, then the gas is stripped which removes the raw fuel for star forma-
tion (e.g. Jaffé et al., 2015; Poggianti et al., 2016, 2019).

Ram-pressure stripping has been shown to be very effective at removing the gas from
galaxies in clusters. Some models have predicted that the H1 can be fully depleted by peri-
centric passage (e.g. Roediger & Briiggen, 2007; Oman & Hudson, 2016). It has also been
shown to occur in less dense group environments (Vulcani et al., 2018). In all cases the
galaxy undergoes a colour transformation becoming redder as the stellar population ages,
this occurs roughly a Gyr after the sSFR decreases (e.g. Oman et al., 2021).

It is still unclear when the morphological change occurs (see Peterken et al., 2020, and
references therein); this may depend largely on what triggered the quenching of star forma-
tion — mergers can result in rapid morphological changes (Schawinski et al., 2014), whereas
starvation may result in much longer timescales over which the morphology is changed (e.g.
Larson et al., 1980; Balogh et al., 2000; Peng et al., 2015).

1.3.1 HI1 in clusters

Galaxies located in galaxy clusters have long known to be H1 deficient (Haynes et al., 1984;
Solanes et al., 2001), this is usually attributed to ram-pressure stripping (Gunn & Gott,
1972) which is highly effective at removing the H1 gas from disks of galaxies falling into
clusters (e.g. Jaffé et al., 2016; Oman & Hudson, 2016). HT deficiency is defined as the
difference between the logarithm of the expected H 1 mass, calculated from a scaling relation
calibrated on field galaxies, and the logarithm of the measured H 1 mass (Haynes et al., 1984).
Using a sample of ~ 1900 spiral galaxies in 18 clusters, Solanes et al. (2001) showed that the
fraction of H 1 deficient spiral galaxies (H1 deficient galaxies have less than half the expected
mass based on their optical morphology and diameter) increases with decreasing radius to
the cluster centre. The top panel of Figure 1.4, taken from Solanes et al. (2001), shows that
the fraction of H1 deficient spirals starts increasing inwards from 2 Abell radii (R4) from
a cluster. The Abell radius is defined as R4 = 1.5 h~! Mpc, which for a Coma-sized galaxy
cluster is ~ 2.2 Ry and for a Virgo-sized galaxy cluster is ~ 3.8 Ryp9. The Rog is the radius
at which the average contained density is 200 times the critical density, this is assumed to
contain the bulk of the virialised mass of the cluster. Assuming that the dominant mecha-
nisms depleting the H 1 disks are related to the cluster environment, this means that the gas
removal process begins while the galaxy is still in the outskirts of the clusters (Zinger et al.,
2018). The lower panel of Figure 1.4 shows the measured H1 deficiencies as a function of
cluster-centric radius for all the galaxies in the sample. While the top panel shows a clear
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Figure 1.4: Taken from Solanes et al. (2001, ; Fig. 4), this figure shows the fraction of H1 deficient spirals
in H1 deficient clusters (top panel) and in the bottom panel, the same set of galaxies as the top panel, but
showing the individual H1 deficiency measurements. The vertical error bars show the 1o Poisson intervals,
while the horizontal error bars and the large solid black circle indicate the quartile values and median of
each radial bin. The small black dots indicated H1 deficiency measurements of detected galaxies, while the
arrows indicate the lower limits for the H1 non-detected galaxies. R4 is the Abell radius, defined as

R4 =15h"! Mpc.

trend towards more H1 deficient galaxies in the cluster centre, a trend also present in the
lower panel, the lower panel also indicates the wide spread in H1 deficiencies. Some of the
scatter may be due to projection effects in the radius, while the rest of the scatter is likely
due to inherent differences in how individual galaxies are affected by the host cluster. It is
also worth noting that the Abell radius does not scale with cluster size, which means that
for different clusters 1R 4 may be within the virial radius (Rag) or outside of it.

Observing H1 can be time consuming, especially over large areas of the sky where galax-
ies are known to be HT deficient. As a result, up until recently many H 1 surveys of cluster
galaxies have been targeted, undertaken using the optical properties of the galaxies to iden-
tify candidates (e.g. Haynes & Giovanelli, 1986; Gavazzi et al., 2006; Chung et al., 2009).
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High resolution targeted H1 surveys of spiral galaxies in clusters, such as the VLA! Imag-
ing of Virgo spirals in Atomic gas (VIVA; Chung et al., 2009) showed that Virgo spirals
at intermediate distances from the cluster core showed signs of H1 deficiency with stripped
tails pointing away from the cluster core. Other galaxies in the cluster outskirts also showed
signs of H1 deficiency. Some of these galaxies were already known to be H1 deficient (San-
chis et al., 2002) and did not show indications of recent stripping which led to the theory
that they may have already passed through the cluster core. While the VIVA survey has
provided textbook examples of the effects environmental processes have on the H1 disks of
galaxies with a range in star formation properties, it is only a select view of galaxies that
were expected to contain H1. Thus in order to fully understand the extent to which the H1
in galaxies is processed by the cluster environment and how that affects the evolution of the
galaxies, blind H1 surveys are needed.

Deep blind H 1 surveys of higher redshift (z > 0.1) galaxies have shown that beyond the
local Universe clusters show the same pattern of H1 deficiency in their cores as seen in clus-
ters in the nearby universe (e.g. Lah et al., 2009; Jaffé et al., 2016). At higher redshift, the
area on the sky subtended by a cluster is much smaller than for similar sized clusters at low
redshift. This makes it possible to observe the core and outskirts of higher redshift clusters
in fewer pointings (depending on the telescope field of view). However, the observing time
required to detect H1 beyond z > 0.1 is high. The Blind Ultra Deep H1 Environmental
Survey (BUDHIES; Verheijen et al., 2007; Gogate et al., 2020) of Abell 963 (A963) and
Abell 2192 (A2192) using the Westerbork Synthesis Radio Telescope (WSRT) consists of
two deep pointings, 117 x 12 hours on clusters Abell 963, and 72 x 12 hours on Abell 2192
which resulted in 166 galaxies detected in H1 over the redshift range 0.164 < z < 0.224.
Targeting a higher redshift cluster, Abell 370 (A370) at z = 0.37, Lah et al. (2009) used
63 hours of telescope time with the Giant Metrewave Radio Telescope (GMRT') but did not
detect any galaxies in H1. Both studies found similar patterns of H1 deficiency in the the
cluster cores as what is seen in clusters at low redshift.

For all three clusters, there was complementary optical spectroscopy which provided red-
shifts and star formation rate indicators for the cluster galaxies. This enabled the use of
the statistical technique, H1 stacking (e.g. Chengalur et al., 2001; Zwaan et al., 2001; Fa-
bello et al., 2011, 2012; Brown et al., 2015; Healy et al., 2019). Using the optical redshifts
to identify where in the H1 spectrum the galaxy emission is expected, the HT spectra of
galaxy samples are aligned and co-added to create an average H 1 spectrum that has an rms
V'N lower than the input spectra, where N is the number of input galaxies. Lah et al.
(2009) separated the A370 galaxies based on optical colour (blue and red), and detectable
OI1 emission as a star formation indicator. They found a result that would not have been
possible without the unbiased H 1 coverage provided by the blind survey: red galaxies contain
detectable amounts of HT that appeared to be contained within the central regions of the
galaxies, and blue galaxies with no detectable O1I emission contained detectable amounts
of H1 gas. However, it should noted that the significance of the red detection is 1.80. Lah
et al. (2009) conclude by saying that these results merit further investigation with more
sensitive observations as many of the detections in the stacked spectra have a low statistical
significance. In contrast, H1 stacking analyses of the galaxies in A963 showed that only blue
galaxies contained detectable H1 emission (Jaffé et al., 2016).

In Jaffé et al. (2013), the authors showed that both A2192 and A963 showed the presence

Wery Large Array
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of substructure, however in the case of A963, it was marginal. Using a larger spectroscopic
catalogue for A963, Jaffé et al. (2016) identified seven substructures associated with the
cluster. The identified groups showed an increasing fraction of passive galaxies with group
mass. Separating the groups into low, intermediate, and high mass samples, they showed
that only passive galaxies in the lowest mass groups contained any H1. While blue galaxies
in all groups contained H1, the average H1 content decreased with increasing group mass
(Jaffé et al., 2016). Jaffé et al. (2016) suggest “pre-processing” by the group environment as
a possible quenching mechanism of galaxies prior to infall into the cluster.

In the local Universe, many clusters have had substructure identified (e.g. Adami et al.,
2006; Ramella et al., 2007; Hess et al., 2015); however very few have accompanying H1
surveys (e.g. Hess et al., 2015). Clusters within the Arecibo Legacy Fast ALFA? survey
(ALFALFA; Haynes et al., 2011, 2018) footprint benefit from the survey’s H1 coverage, but
the large full width half maximum of the Arecibo beam (~ 3’) means that only the largest
galaxies are likely to be resolved, and confusion becomes an issue in the denser environments
where galaxies are closer together. This is especially an issue for H1 stacking analyses (e.g.
Elson et al., 2016; Jones et al., 2016) which are crucial to be able to measure HT in the
cluster galaxies which are not individually detected.

1.4 HT1 Stacking

The technique used in this thesis to study the H1 content of the galaxies in clusters is known
as H1 stacking. HT1 stacking uses the redshifts of the galaxies in a sample to align the H1
spectra in the rest-frame of each input galaxy; the spectra are then co-added to create a
higher signal-to-noise (S/N) that is representative of the average of the sample. From this
average spectrum, the average HT mass can be measured. Given how challenging it can
be to directly detect the H1 content of distant galaxies, or nearby H1 deficient galaxies,
stacking has become a popular technique to extract the average information of a sample of
galaxy spectra that would otherwise not have been useful. Stacking is not only used for
measuring the average H1 content of samples where there are no direct H1 detections, but
it is also useful for determining population averages where there is a mix of direct and H 1
non-detections. Fabello et al. (2011) showed by stacking a mix of direct and non-detections
compared to just stacking the non-detections that the addition of the direct detections does
not necessarily dominate the stacked detection. In studies where the average H1 of a pop-
ulation is the quantity of interest, it is important to stack both detections and non-detections.

In this thesis, I make use of a publicly accessible Python-based H 1 stacking software pack-
age called HISS? (Healy et al., 2019). HISS takes as input, a catalogue of optical redshifts
and the HT spectra, and outputs the stacked spectrum along with a number of diagnostic
plots. One of the most important diagnostic tools for stacking is a plot of the noise in the
stacked spectrum, and how that changes with the number of input spectra. If the noise in
the input spectra are Gaussian, then the noise in the stacked spectrum should decrease by
a factor of v/N, where N is the number of input spectra.

HISS offers the users a certain amount of flexibility in terms of what type of weighting to
use for the spectra, and in which units to stack the spectra. However, all spectra are stacked

2Arecibo L-band Feed Array
3https://github.com/healytwinl/HISS
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regardless of the weighting and unit choices according to,

N
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Sstack: § #7 (11)
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where ¢ is the number of the spectrum to be included in the stack, w; is the weighting factor
(this is usually 1 or 1/0?, where o is the rms noise of the spectrum in Jy), and S; is the
spectrum in the units chosen by the user (e.g. My, Mpu,/My, Mu,/Mezp).

Optical redshifts play a crucial role in the success of HT1 stacking experiments, they are
used to align the input spectra in the rest-frame before the spectra are co-added. However,
depending on how the redshift of a galaxy is measured, there could be an offset between
the optical redshift and the spectral location of the H1 emission. There are a number of
factors that could cause an offset: measuring the optical redshift in the outskirts of the
galaxy rather than the galaxy centre; redshift measurements based on absorption rather
than emission lines; the H1 is in the process of being stripped, so may be lagging behind the
galaxy; accuracy of the redshift. In most cases, the effect of this misalignment only results
in a broader stacked profile (Maddox et al., 2013), which, if the only goal is to measure the
average emission, the broader profile may not be an issue. However, it is worth noting that
a stacked profile that has been broadened due to a misalignment between the H1 emission
and the optical redshift, may have a lower S/N ratio than the same sample with accurate
redshifts. Maddox et al. (2013) also noted in their study on the quality of optical redshifts
for H1 stacking that redshifts measured using multiple emission line features had less of
an offset relative to the H1 redshift than redshifts measured using a single emission line or
absorption lines.

The different features in the galaxy optical spectra used to determine the redshifts are
also indicative of the morphology of the galaxy. In spiral and irregular galaxies, the redshift
is typically measured using emission lines which arise due to the interstellar gas being heated
by ionising radiation which is common around regions of star formation and OB type stars,
or active galactic nuclei. Common emission lines include single and doubly ionised Oxygen,
[O11] (3727.092,3729.875 A) and [O111] (4932.603,4960.295,5008.240 A), and the Hydrogen
Balmer lines: Hor (6564.61 A), HB (4862.68 A), Ho (4102.89 A), Hy (4341.68 A). Absorption
lines are the common method used to determine the redshifts of elliptical galaxies. The
absorption lines arise due to absorption by atoms and molecules in older stellar atmospheres
and by cold interstellar gas and dust. The most commonly used absorption lines include the
Calcium H (3969.588 A) and K (3934.777 A) lines, G-band (4305.61 A), and the Magnesium
(5176.7 A) and Sodium (5895.6 A) lines.

Since the sensitivity of the stacked spectrum is dependent on the number of input spectra,
the sensitivity limit is guided by the number of available redshifts. With blind H1 surveys,
such as the two presented in this work, one ideally needs as many redshifts as there are
galaxies covered by the H1 data. The largest single redshift database used in this thesis is
the Sloan Digital Sky Survey (SDSS, Stoughton et al., 2002; Smee et al., 2012; Aguado et al.,
2019), however this is known to be incomplete in regions where the targets are clustered in
a compact region of the sky, such as galaxy clusters. Large spectroscopic surveys are only
economical with telescopes that are host to multi-object spectrographs with wide-field cam-
eras, such as Hydra on the 3.5m WIYN Telescope, or Hectospec on the 6m MMT Telescope.
Even with these instruments, the time required to observe the emission or absorption features
needed to measure redshifts is high. As a result, many of the existing redshift catalogues
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contain only the targets of interest to the catalogue authors. This means that collating all
the available redshifts on a particular region on the sky comes with a plethora of different
selection biases and spectroscopic completeness limits. In cases where homogenising the se-
lection effects and completeness limits is not possible, one should at least be aware of them
when interpreting the results measured from the stacked profiles.

1.5 This thesis

In this thesis, I investigate how the H 1 content of galaxies in clusters relates to the optically
observed morphology-density relation. This work is focused on the galaxy populations in two
galaxy clusters: the Coma cluster (Chapter 2) and Abell 2626 (A2626, Chapters 3, 4, & 5).
The Coma cluster is located at a distance of 100 Mpc making it the most nearby massive
cluster. Coma has been well studied across the electromagnetic spectrum (see Biviano et al.,
1996, for a historical review), and despite often being referred to as the prototypical viri-
alised cluster, is known to have significant substructure (e.g. Colless & Dunn, 1996; Adami
et al., 2005). On the other hand, A2626 is less well known and is twice as distant as Coma,
at a distance of 250 Mpc. Although not as well studied, A2626 is known to contain galaxies
exhibiting extreme signs of environmentally driven evolution (e.g. Moretti et al., 2019; Pog-
gianti et al., 2019).

Galaxy clusters, as discussed in the earlier sections, are known to deplete the HT reser-
voirs of cluster galaxies very efficiently. By peri-centric passage all galaxies are expected
to be quenched (Oman & Hudson, 2016). As the HI reservoir is depleted, the star for-
mation is quenched which triggers a colour transformation as the stellar population ages.
The timescales for morphological transformations vary depending on the process trigger-
ing the transformation. Tidal interactions and merger events may induce a morphological
transformation more quickly than processes quenching star formation through gas depletion.
The effectiveness of the processes known to remove the H1 gas, and quench star formation
(e.g. ram-pressure stripping, starvation, galaxy harassment), vary across different local den-
sity environments within clusters. Thus identifying substructure within the clusters, and
comparing the HT content of the galaxies within substructure to cluster galaxies at similar
locations as the substructure can shed light on which environment has a stronger influence
on removing the H1 from the galaxies (Chapter 2 and Chapter 5). Comparisons between the
H1 content of cluster galaxies and galaxies in substructure, particularly in the outskirts of
the cluster may shed light on how much or if galaxies are processed in group environments
prior to cluster infall.

This thesis is laid out as follows: in Chapter 2, I present the identification and confirma-
tion of new and previously identified substructures in the Coma cluster using a large collation
of literature redshifts supplemented by new redshift measurements obtained using Hydra on
the WIYN Telescope. This redshift catalogue, in combination with multi-wavelength data
providing measurements on the physical properties of the galaxies such as stellar mass,
colour and visual morphology enable me to quantify the H 1 environment of the cluster, and
probe the relationship between H 1 in substructure galaxies in different regions of the cluster.

The next three chapters are dedicated to A2626. In Chapter 3, I present newly obtained
MeerKAT observations of A2626. I discuss the calibration of the raw data, and the imaging of
the H1data cube. I also present the results of the H 1 source finding which shows the observed
volume to be rich with HT1 detections. Chapter 4 focuses on the large scale environment in
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which A2626 is embedded. I present new redshift measurements extending out to z ~
0.46 for the area covered by the MeerKAT pointing, which were obtained using Hectospec
on MMT. The MMT observing campaign more than doubled the known redshifts in the
surveyed region, and enabled the identification of substructure within A2626, as well as the
nearby A2637 which is also in the survey volume. We also spectroscopically confirmed a
number of more distant clusters. Chapter 5 presents a detailed analysis of the H 1 content of
galaxies in the different substructures identified in A2626. I use the H 1 stacking technique
to probe the average H1 content of the A2626 galaxies below the H1 detection threshold.
Unlike Coma, A2626 is able to provide more than just limits on the HI content of the
galaxies in different regions of the cluster, enabling a richer analysis of the group vs cluster
environment. Using visually classified morphologies for the galaxies, I investigate late-type
galaxies in substructures inside the cluster and how the average H 1 content of this population
changes with distance to the cluster centre compared to the late-type cluster galaxies not in
substructure.
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Abstract

Galaxy clusters are some of the largest structures in the universe. These very dense environments
tend to be home to higher numbers of evolved galaxies than found in lower-density environments. It
is well known that dense environments can influence the evolution of galaxies through the removal
of the neutral gas (H1) reservoirs that fuel star formation. It is unclear which environment has a
stronger effect: the local environment (i.e. the substructure within the cluster), or the cluster itself.
Using the new H1 data from the Westerbork Coma Survey, we explore the average H1 content of
galaxies across the cluster comparing galaxies that reside in substructure to those that do not. We
applied the Dressler-Shectman test to our newly compiled redshift catalogue of the Coma cluster
to search for substructure. With so few of the Coma galaxies directly detected in H1, we used
the H1 stacking technique to probe the average H1 content below what can be directly detected.
Using the Dressler-Shectman test, we find 15 substructures within the footprint of the Westerbork
Coma Survey. We compare the average H1 content for galaxies within substructure to those not in
substructure. Using the H 1 stacking technique, we find that those Coma galaxies not detected in
H1 are more than 10-50 times more H 1 deficient than expected, which supports the scenario of an
extremely efficient and rapid quenching mechanism. By studying the galaxies that are not directly
detected in H1, we also find Coma to be more H1 deficient than previously thought.
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2.1 Introduction

In our current picture of cosmology, A cold dark matter (ACDM), larger structures (e.g. galaxy
clusters) are built up through the hierarchical merging of smaller structures (e.g. galaxy groups
or individual galaxies) (Springel et al., 2005). Using dark matter simulations, McGee et al. (2009)
showed that 45 per cent of galaxies accreted onto a Coma-sized cluster would have done so in
groups. Their results suggest that the group environments play an important role in the evolu-
tion of galaxies prior to accretion onto the cluster. Traces of the accretion history of a cluster can
be observed through substructure in the kinematics of the galaxies in the cluster (e.g. Dressler &
Shectman, 1988b; Hou et al., 2012). Observations have shown that roughly 30 per cent of clus-
ters contain kinematic substructure (Dressler & Shectman, 1988b; Bird, 1994; Hou et al., 2012).
The observational evidence of substructure is further supported by dark matter simulations, which
estimate that a similar fraction of clusters contain significant substructure (Knebe & Mueller, 1999).

Given the prevalence of substructure within clusters, there have been many efforts to identify
substructure. Groups of galaxies identified through substructure within the X-ray emission of the
cluster (e.g. Neumann et al. 2001, 2003; Zhang et al. 2009; Parekh et al. 2015) may be older, more
evolved groups that have had their own intra-cluster medium (ICM) prior to accretion onto the
cluster. An alternative possibility is that the X-ray emission associated with such groups might not
belong to them, but rather to the cluster ICM that was disturbed by the fast peri-centre passage of
such recently accreted groups. Another identification method is a hierarchical clustering technique,
a mathematical algorithm which sorts data into “clusters” based on an affinity parameter. This
particular method, introduced by Serna & Gerbal (1996), assigns galaxies to groups by minimising
the binding energy. However, one of the more common methods of identifying substructure is to
look for kinematic deviations (§ values) between groups of galaxies and the cluster as a whole. This
method is known as the Dressler-Shectman (DS) test (Dressler & Shectman, 1988b). Aside from
the original study in which Dressler & Shectman (1988b) looked for kinematic substructures in the
Abell cluster catalogue, the DS test has been used to study the substructure in Abell 2192 and
Abell 963 (Jaffé et al., 2013), the Antlia cluster (Hess et al., 2015), and the Coma cluster (Colless &
Dunn, 1996). All of the above methods are effective at finding substructure, however each method
is sensitive to different density environments within a cluster. Knebe & Mueller (1999) studied the
effectiveness of the DS test using numerical simulations of clusters and also compared the DS test
to other methods such as the friends-of-friends (FoF) algorithm. These authors found that the DS
test and FoF algorithm find similar structures, but there is a large scatter. Knebe & Mueller (1999)
attributed the scatter (and also the differences in subgroups for the same cluster in the literature)
to velocity projection effects that can artificially increase the § values in the DS test.

Neumann et al. (2003) identified substructure in the Coma cluster by finding over-densities in
the X-ray emission in the cluster. At the core of the cluster, these authors found an X-ray over-
density associated with the two cD galaxies (NGC 4889 and NGC 4874). This X-ray over-density
is offset from the X-ray centre of the cluster and has been attributed to the haloes of the individ-
ual galaxies (Vikhlinin et al., 2001; Andrade-Santos et al., 2013). Previous kinematic substructure
analyses (e.g. Colless & Dunn, 1996) have identified separate groups associated with NGC 4889 and
NGC 4874. Colless & Dunn (1996) and White et al. (1993) suggested that the NGC4889 group is
merging with the NGC 4874 group, which was dislodged from the centre of the cluster potential as
a result of the interaction. This would account for the velocity differences between the two galaxies
themselves and also with respect to the cluster velocity.

Studies using the DS test and hierarchical clustering technique have found groups throughout
the cluster, but both methods are sensitive to the availability of optical redshifts for a cluster (Adami
et al., 2005). This is particularly evident when comparing the first DS test results from Dressler &
Shectman (1988b), who found no significant substructure within the Coma cluster (their catalogue
contained 100-200 galaxies over a 2 deg? area), with later work on the Coma cluster by Colless &
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Dunn (1996), who found that there is significant substructure with a larger redshift catalogue over
a similar area of the sky.

Identifying substructure within galaxy clusters is not only important to understand the build-
up of the cluster, the local environments identified by substructure also provide insight into the
evolution of galaxies (Dressler & Shectman, 1988b; Neumann et al., 2001, 2003; Adami et al., 2005;
Hess et al., 2015). Dressler (1980) found that galaxies residing in dense environments tend to be
passive with more evolved morphologies, while low-density environments have higher fractions of
less evolved, actively star-forming galaxies. This observed phenomenon is now referred to as the
morphology-density relation. Uncovering the cause of the morphology-density relation is related
to understanding the evolutionary pathway from late-type spiral (Sa/Sb/Sc/Sd) galaxies to early-
type elliptical (dE/E) galaxies. On the traditional Hubble galaxy morphology ladder, lenticular
(S0) galaxies bridge the gap between the ellipticals and the spirals. While SOs are thought to be
quenched spirals (see Coccato et al., 2020, and references therein), it is not known how or even if
S0s transition to elliptical galaxies. In cluster environments in which the fraction of SO galaxies
tends to be high, gas removal processes dominate the evolutionary mechanisms (see Aguerri, 2012,
for a review). It is still unclear which environment has a stronger effect in driving morphological
evolution: Does the cluster drive these mechanisms, or are galaxies in groups pre-processed (e.g.
Zabludoff & Mulchaey, 1998; Porter et al., 2008; Wilman et al., 2009) prior to infall onto the cluster?

Studying the neutral atomic gas (H1) in galaxies can provide an early picture of which envi-
ronment (group or cluster) plays the strongest role in triggering the morphological evolution of
galaxies as they migrate into clusters. The H1 disc extends beyond the stellar disc of the galaxy
(particularly in the field), making it the most susceptible to environmental interactions (e.g. Haynes
& Giovanelli, 1984; Serra et al., 2013; Jaffé et al., 2015). Strangulation, the process that removes
gas from the halo thus halting the fresh supply of H1 to the galaxy, is thought to be one of the
main drivers behind the morphology-density relation (Balogh et al., 2000; Balogh & Morris, 2000;
Van Den Bosch et al., 2008). However, strangulation alone cannot fully explain the transition of
galaxies from blue star-forming spiral galaxies to the red, passive lenticular and elliptical galaxies
that dominate the galaxy clusters. The effects of galaxy harassment can completely destroy the
discs of Sc/Sd galaxies such that the orbits of the constituent stars are affected. It is thought that
this could explain the formation of dwarf elliptical (dE) galaxies that are prevalent in the centre
of clusters (Mo et al., 2010). Ram-pressure stripping (Gunn & Gott, 1972; Chung et al., 2009;
Kapferer et al., 2009; Abramson et al., 2011; Jaffé et al., 2015; Yoon et al., 2017) is the process
by which the gas is stripped from the disc of a galaxy owing to its interaction with the intra-
cluster or intra-group medium. Ram-pressure stripping is highly effective at rapidly removing the
gas from the discs of galaxies, and could be a driving factor in affecting the transition of Sa/Sb
to SOs (Mo et al., 2010). Signatures of these different processes affecting the evolution of galaxies
are particularly evident in the H1. Strangulation results in a truncated or anaemic H1 disc, while
galaxies that have undergone ram-pressure stripping or harassment tend to have asymmetric H1
discs or tails. The effectiveness of these processes in dense environments means that galaxies in clus-
ters are more H 1 deficient than their field counterparts (e.g. Solanes et al., 1996; Chung et al., 2009).

The Coma cluster (Abell 1656), a nearby rich cluster, is one of the most well-studied galaxy
clusters in the Universe (see Biviano et al., 1996, for historical review). One of the most compre-
hensive projects targeting Coma and spanning the entire electromagnetic spectrum, is the Coma
Cluster Treasury Survey! (CCTS). At the heart of the survey was an observing programme using
the Advanced Camera for Surveys (ACS) on the Hubble Space Telescope (HST). The goal of the
Coma ACS survey was to image the core and the infall region (Carter et al., 2008), however the
observing programme was never completed owing to the failure of the ACS. While the HST imaging
was never completed, contributions to the CCTS from observing programmes on other telescopes

'http://astronomy.swin.edu.au/coma/project-overview.htm
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have provided rich insight into our understanding of the cluster and its population (e.g. Yagi et al.,
2007; Smith et al., 2008; Yagi et al., 2010).

At a distance of ~ 100 Mpc and velocity dispersion of ~ 1000 kms~!, Coma is the nearest large
cluster to us. While Coma is often held up as a large, relaxed cluster, studies of its X-ray emission
show a complex dynamical state (see Neumann et al., 2001, 2003, and references therein). There
are many theories as to the formation of Coma, however the presence and difference in velocities of
the two large ¢D galaxies (NGC 4874 and NGC 4889) at the centre of the cluster suggest that Coma
is the result of a merger (Fitchett & Webster, 1987). Coma has been the target of many redshift
surveys in an effort to understand the distribution and kinematics of the galaxies within the cluster
and identify any substructure (e.g. Colless & Dunn, 1996; Chiboucas et al., 2010; Albareti et al.,
2017). The presence of substructure in the cluster is now well established (e.g. Fitchett & Webster,
1987; Mellier et al., 1988; Neumann et al., 2001, 2003; Adami et al., 2005). Many of the galaxy
groups making up the substructure are thought to have been accreted onto the cluster, and in some
cases could still be on first infall (e.g. Neumann et al., 2001, 2003; Adami et al., 2005).

There have also been a number of surveys of the H1 content of galaxies in Coma, both targeted
(e.g. Bravo-Alfaro et al., 2001; Gavazzi et al., 2006) and blind (e.g. Beijersbergen, 2003; Haynes
et al., 2018). These works have provided insight into the ongoing gas removal processes affecting
the galaxies in the cluster, as well as an understanding of the H 1 deficiency of the cluster. The previ-
ous Coma H 1 surveys have lacked coverage, sensitivity, resolution, or some combination thereof. In
this work, we use H1 observations from the blind, high-sensitivity and high-resolution survey with
the Westerbork Synthesis Radio Telescope (WSRT): the Westerbork Coma Survey (WCS; Molnar
et al. in prep). With the wealth of information already available, in combination with new H1
observations of the cluster, we can explore the morphologies of the Coma galaxies in conjunction
with their gas properties and local environment. Coma is known to be home to a large number of
S0 galaxies: the relative fraction of SOs, ellipticals, spirals and mergers is 42 per cent, 22 per cent,
32 per cent, and 4 per cent, respectively (Beijersbergen, 2003). This makes Coma an ideal labora-
tory to study H 1 properties of galaxies of different morphologies in the different local environments.

In this chapter, we make use of data from a blind H 1 survey of the Coma cluster (Section 2.2.3)
from Molnar et al. (in prep) to study the H1 gas properties of the different galaxy types in different
environments within the cluster. Most of the galaxies in Coma are not individually detected in
H1, thus we make use of the H1 stacking technique (Section 2.3) to improve the signal-to-noise
ratios (S/N) of groups of HT spectra. The optical spectroscopy and photometry used in this work
are presented in Section 2.2. We explore the global H1 properties of the galaxies in Coma by
deriving optical-H 1 scaling relations and by determining the H1 deficiency at different locations
within the cluster (Section 2.4). We use the substructure within the cluster as a measure of the local
environment (Section 2.5), and use H I stacking to probe the H 1 content of samples of galaxies within
local environments relative to the global H1 properties of the cluster (Section 2.6.4). Throughout
this chapter we use Hy = 70kms~! Mpc™! (h = 0.7), Q,, = 0.7, and Q, = 0.3.

2.2 Multiwavelength data

2.2.1 Optical spectroscopy

A full, wide-area redshift census of Coma is essential to this work for two reasons: First, H1
stacking requires spectroscopic redshifts to align the H1 non-detected spectra; second, we require
redshifts in order to more accurately characterise the environment (substructure) within the cluster,
as well any infalling groups. This work makes use of redshifts from two different sources: literature
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(Section 2.2.1.1) and spectroscopy obtained with Hydra at the WIYN Telescope? (Section 2.2.1.2).
The final catalogue contains 1095 spectroscopically confirmed members of the Coma cluster within
a 2deg radius of the cluster centre (58 are new redshifts — see Section 2.2.1.2); 850 of these fall
within the WCS footprint (the orange outline in Figure 2.2). The larger catalogue is necessary
when looking for substructure within the cluster.

2.2.1.1 Redshifts from the literature

The literature catalogue was collated from a number of published and unpublished catalogues. More
than two-thirds of the redshifts were obtained from the Sloan Digital Sky Survey (SDSS) Data Re-
lease (DR) 13 (DR13; Albareti et al., 2017). The remainder come from a number of different sources
(see Table A.1 for the number of redshifts from the different sources); the reference for each redshift
is given in the Coma galaxy catalogue in Appendix C.

Using the VizieR astronomical catalogue database (Ochsenbein et al., 2000), we queried data in
published catalogues within a 2 deg radius centred on the Coma cluster. Merging the SDSS redshifts
with those obtained from VizierR created a large master catalogue with overlapping sources, some
of which had redshifts outside of the Coma volume. To construct our catalogue of unique sources
associated with the Coma cluster, we only consider sources with 3000 < cz < 10500kms™! as this
is the spectral range spanned by the H1 data set. Sources within 5” radius of each other are
considered to be the same source; when multiple sources within the search radius were found,
only the redshift with the smallest uncertainty was kept in the catalogue. Every galaxy with
multiple redshift measurements was checked by eye so as not to remove the redshifts of real spatially
overlapping galaxies.

2.2.1.2 Spectroscopy with Hydra

New spectroscopic data for galaxies in the Coma cluster were obtained using Hydra, the multi-
object spectrograph, on the 3.5m WIYN Telescope located at the Kitt Peak National Observatory.
Despite being an extremely well-observed cluster, the spectroscopic coverage of Coma drops off for
galaxies fainter than r ~ 17.7 mag, thus we targeted galaxies fainter than this limit. Since previous
targeted spectroscopic surveys have focused on the core of the cluster, we prioritised galaxies with
r > 17.7mag on the outskirts of the cluster and with bluer colours (¢ — 7 < 0.6) as these are the
galaxies we expect to contain H1. Figure 2.1 shows the colour magnitude diagram (CMD) for the
cluster. The lower right quadrant of the CMD shows very few redshifts from literature, which is
another motivation for targeting galaxies in that quadrant of the CMD.

Hydra nominally has 100 fibres feeding the spectrograph, however at the time of the observa-
tions, only 80 were accessible. We used the blue cable with the 600@10.1% grating centred on 5300 A
which covered the wavelength range of 4000-6700 A at a resolution of 4.63 A/ pix. This enabled us
to target the HB, Or111, O1, and Ha emission lines, as well as the H, K absorption lines. Initially,
eight configurations of the five fields were targeted (three of the fields had a second configuration,
which was necessary because of the density of targets); however owing to poor weather conditions
on the first night, only six configurations were actually observed. In each configuration, 60-65 fibres
were assigned to targets, and the remaining 15-20 were assigned as sky fibres. Each configuration
was observed in 3 x 20 min epochs for a total integration time of 1 hour. The data were collected
on the nights of 19 — 20 April 2018.

2The WIYN Observatory is a joint facility of the University of Wisconsin-Madison, Indiana University,
the National Optical Astronomy Observatory, and the University of Missouri.
3Grooves/mm @ Littrow blaze angle — see www.wiyn.org/instruments/wiynbench.html for more details
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Figure 2.1: Colour magnitude diagram for the Coma cluster. The blue points represent the galaxies in
the catalogue of literature redshifts. The black dots represent all galaxies targeted with Hydra, but whose
redshifts place them in the foreground or background. The orange open squares represent the galaxies
targeted with Hydra with redshifts that place them inside the cluster. Galaxies with r > 17.7 mag and

g —r < 0.6 were prioritised as indicated by the dashed red lines.

All the data reduction was done using IRAF?. The first phase of the data reduction after cosmic
ray removal using lacosmic (van Dokkum, 2001) was done using the ccdred package; this took
care of the overscan, bias, and dark subtraction. The second phase was guided by the dohydra
task, which takes care of the flat-fielding, aperture extraction, wavelength calibration, dispersion
correction, and sky subtraction. The wavelength-calibrated and sky-subtracted spectra were then
matched to template spectra to determine the redshift of the galaxies.

The redshift calculations were performed using the cross-correlation technique that is imple-
mented by the IRAF task xcsao (Kurtz et al., 1992) contained within the rvsao package. We
searched for velocities between 0kms~! and 100000 kms~! using seven different templates. We
used three different types of emission line templates, three different types of absorption line tem-
plates, and one composite template so as to make sure we had covered the range in different types
of stellar populations. Velocities were only accepted as robust if at least three templates produced
results within 100kms~!, a common uncertainty for a measurement based on absorption lines. The
uncertainty on each redshift measurement was determined from the peak of the correlation between
the template and observed spectrum. A detailed explanation can be found in Kurtz et al. (1992).
All results were also inspected by eye. Three examples of Hydra spectra are shown in Figure 2.3.
The spectra have been sky-subtracted, but have not been flux calibrated as this is not necessary
to obtain a redshift measurement; the vertical red bands indicate the regions of the spectra for
which there are strong sky lines; and the dashed lines and grey regions indicate the wavelength
and associated error of the labelled lines. Of the 363 observed galaxies, the spectra of 278 galaxies
had high enough S/N to obtain a redshift measurement (see Figure 2.3a); 58 of these redshifts are
new measurements of galaxies in the Coma cluster (see the red histogram in Figure 2.4 for redshift
distribution of these galaxies). The 85 galaxy spectra from which no redshift measurement could be
made were discarded from the sample owing to low S/N (see Figure 2.3b) or poor sky subtraction

4IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Associ-
ation of Universities for Research in Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.
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Figure 2.2: WIYN/Hydra targets, and observed sources. The 5 fields (3 of the fields had a second
configuration) targeted with WIYN are indicated by the large circles. The square and diamond data points
represent the galaxies we targeted with Hydra. The galaxies with redshifts in the Coma volume are
represented by the magenta square data points and the foreground and background galaxies are
represented by the blue diamond markers. The green markers represent the three cD galaxies in Coma
(+-NGC 4874, Y—-NGC 4889 and x—NGC 4839). The 0.4 — 2.4 keV ROSAT X-ray contours are given by
the grey contours (outer contours correspond to 3 x 1075 cts/s, and inner-most contours to 1 x 1073 cts/s).
Other confirmed members of the Coma cluster are represented by the small grey circles. The WCS
footprint is indicated by the orange outline.

(there were 29 such galaxy spectra — see Figure 2.3c). The poor sky subtraction is evident in the
spectrum shown in Figure 2.3c by the emission line features in the red vertical bands, these bands
indicate the regions for which there are known strong sky lines.

2.2.2 Photometric data

Despite Coma being an extremely well-studied cluster, there are no publicly available matched-
aperture or total magnitude photometric catalogues that cover the entire region of Coma that we
are interested in. It is important when comparing flux (or magnitude) measurements in different
photometric bands that the measurements are determined in the same manner (i.e. matched aper-
tures or model fits for total magnitudes). The overlapping sources at the centre of the cluster also
provide a challenge to many aperture-based photometric pipelines. Our imaging data include near-
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Figure 2.3: Three examples of the cross-correlation results of Hydra spectra. The dashed lines and grey
regions indicate the central wavelength and associated error of the labelled line. The red regions indicate
those masked out during the cross-correlation process because of strong sky lines.

and far-ultraviolet (UV) data from the Galaxy Evolution Explorer (GALEX, Bianchi & GALEX
Team, 2000), five optical bands (ugriz) from SDSS (DR12 Alam et al., 2015), and the four mid-
infrared bands (W1 - W4) from the Wide-field Infrared Survey Explorer (WISE, Wright et al.,
2010). Frames from the 11 bands were mosaicked using SWARP (Bertin, 2010) to create a single
2 x 2deg? image per band centred on the cluster, all with the same pixel scale (0.396” /px). We
also created a pseudo B-band image from the SDSS ¢ and 4 bands using the following relation from
Cook et al. (2014) for conversion from SDSS to Johnsons magnitude:

B —i=(1.27+0.03)(g — i) + (0.16 + 0.01). (2.1)

This relation was calibrated using galaxies in the Local Volume Legacy Survey (Dale et al., 2009).
It should be noted that this pseudo B-band magnitude is only used to calculate the diameter (Das)
of each galaxy at the 25 mag/ arcsec? isophote, which is required to estimate the expected H 1 mass
(see Section 2.4).

We followed the strategy used by Barden et al. (2012) in the GALAPAGOS pipeline to calcu-
late magnitudes and other morphological properties for each galaxy for which we have a redshift
measurement within the WCS footprint. For each galaxy we created a set of postage stamps that
are then used to calculate properties such as magnitude and size. The modelling was done using
GALFITM (Bamford et al., 2011), which is a modified version of GALFIT created by Peng et al.
(2002, 2010). GALFITM is capable of modelling a source across multiple bands simultaneously. It
is very sensitive to the initial parameters, and so we therefore calculated the initial values using
source characterisation tools in photutils (an AstroPy package for photometry). We also used the
photutils image segmentation feature to create masks for each band: any source not associated
with our target is masked, with the exception of overlapping sources, which are modelled simulta-
neously using GALFITM. There are 23 galaxies for which the fit failed or was not possible because
the galaxy is too faint (4 of these are known ultra-diffuse galaxies). These galaxies are still included
in our spectroscopic sample as they come from spectroscopic surveys that targeted extremely faint
dwarf galaxies (e.g. Chiboucas et al., 2010) or ultra-diffuse galaxies (e.g. Alabi et al., 2018).
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Figure 2.4: Distribution of all redshifts (literature and new) within WCS footprint. The red represents
the galaxies whose redshifts were obtained using Hydra/WIYN.
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Figure 2.5: Galaxy modelled with a single Sersic profile by GALFITM. The input data are shown in the
top row, the model in the second row, and the residuals in the bottom row. The colour scale is set in every
column such that each row has the same intensity.

An example of a single Coma galaxy modelled using a single Sersic profile by GALFITM is
presented in Figure 2.5. The Sersic profile, one of the most commonly used profiles for modelling
galaxies of differing morphologies (Peng et al., 2010), is given by

I(r) = L exp [—n ((:) e 1>] : (2.2)

where I, is the pixel intensity at the effective radius radius (re). The k is tied to the value of n
such that when n = 4 (making Equation 2.2 consistent with a de Vaucouleurs profile), k = 7.67
(Peng et al., 2010). Galaxies better described by an exponential profile have n = 1. During the
model fitting process, we allow the model parameters to vary across the bands. The full catalogue
of properties for Coma galaxies within the WCS footprint is given in Appendix C.

Stellar masses and star formation rates (SFRs) for the Coma galaxies are calculated following
the method outlined in Cluver et al. (2014) and using a custom pipeline (Jarrett et al., 2013, 2019).
The mass-to-light ratios for each galaxy are calculated from the WISE W1-W2 colour using

log M/ Ly = —2.54(W1 — W2) — 0.17, (2.3)
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Figure 2.6: Stellar mass and star formation distribution of Coma galaxies in the WCS footprint. Left:
Stellar mass distribution of Coma galaxies within the WCS footprint. Right: Star formation rate as a
function of stellar mass for the Coma galaxies. The 20 upper limit on the star formation rate is shown for
galaxies for which there is no detection in the W3 band; these are represented by the light grey points. The
step function in the upper limits arises owing to a non-detection in W3 for low-mass galaxies and a
non-detection after continuum subtraction in W3 for high-mass galaxies. Also shown for reference are fits
to the star formation main sequence by Cluver et al. (2020), Popesso et al. (2019) and Saintonge et al.
(2016). The black dashed line indicates the quench threshold (Cluver et al., 2020) below which galaxies are
not considered to be actively star forming.

where Ly is the W1 (3.4 um) in-band luminosity of the galaxy relative to the Sun, and (W1 — W2)
is the rest-frame colour (Cluver et al., 2014). The distribution of stellar masses for Coma is shown
in panel (a) of Figure 2.6.

As has been shown by Cluver et al. (2014, 2017), the W3 (12 um) and W4 (23 um) bands
trace the interstellar medium (ISM) emission in galaxies and can thus be used to determine SFRs.
The SFRs used in this work are calculated from the 12 ym luminosity (W3) relation determined
by Cluver et al. (2017). The W3 flux measurements are separated into the contributions from
polycyclic aromatic hydrocarbon (PAH) emission (which is related to the star formation activity)
and a contribution from the stellar continuum (Cluver et al., 2017). Panel (b) of Figure 2.6 shows
the star formation rate as a function of stellar mass for the sample. Many of the Coma galaxies
do not have a measured SFR, and therefore are presented as 20 upper limits in Figure 2.6. There
is a step-distribution in the SFR upper limits, which arises as a result of the low-mass galaxies
(M, < 10%5 M) not being detected in the W3 band. The higher-mass galaxies (M, > 10%° M)

are detected, but the W3 flux is largely attributed to the stellar continuum that is removed prior
to determining the SFR.

2.2.3 H 1 data

The blind, high-sensitivity and high-resolution WSRT H 1 observations from Molnar et al. (in prep)
provide an opportunity to study the gas content of Coma galaxies located well within the cluster
environs, along with those on infall. Like most dense galaxy environments, Coma is well known
for being H1 deficient, and so we use the H1 stacking method to probe the average H1 content of
groups of galaxies.
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The WCS observed Coma in two overlapping 20 MHz bands (1369 — 1389 MHz and 1386 — 1406 MHz)
and is comprised of 24 overlapping WSRT pointings of 1 x 12h, making the effective integration
owing to the overlap, 3 x 12h per pointing. The final data cubes were created using the MIRIAD
software package (Sault et al., 2011). Details about the data reduction are provided in Molnar et
al. (in prep). The two data cubes, together, cover approximately ~ 5deg? and a velocity range of
~ 3000 — 10500 km s—!, however, there is a break in the velocity range of ~ 24kms~! at the central
cluster velocity of 6925 kms™! due to flagged data in the overlap of the two observed bands. The
two H1 cubes have a spatial resolution of 26.5 x 40.3 arcsec? (12.3 x 18.7kpc? at the distance of the

cluster) and a velocity resolution of 16.5kms~!.

The WCS contains 39 galaxies for which there are direct H 1 detections, with H 1 masses greater
than 4.4 x 10" M. The detections were identified using SoFiA (Serra et al., 2015) and confirmed
by eye. Details on the source finding and discussion about the properties of the H1 detections are
provided in Molnar et al. (in prep).

2.3 H 1 stacking method

The technique utilised in this study to probe the H1 content of the galaxies in the Coma cluster is
called H1 stacking. This statistical technique has become popular to push the H 1 mass sensitivity
below the detection limit. The technique is particularly useful to study the average H 1 properties
of samples of galaxies that are predominantly not directly detected in H1. HT stacking has been
successfully used to study the neutral gas content of galaxies in clusters and dense environments
(e.g. Chengalur et al., 2001; Fabello et al., 2012; Verheijen et al., 2007; Lah et al., 2009; Brown
et al., 2017; Jaffé et al., 2016).

H1 stacking uses the optical redshift information for each galaxy to align the H1 spectra. The
aligned spectra are co-added to create an average spectrum with lower noise statistics than the
individual spectra. In this study we make use of the publicly available H1 Stacking Software (HISS;
Healy et al., 2019)° tool to perform all our stacking experiments.

For every galaxy with a redshift in our catalogue, we extract a spectrum from the H1 data
cubes. For galaxies where the B-band Dsj is resolved by the beam, we extract the spectrum using
an aperture with the semi-major axis determined from the galaxy diameter at the B-band 25" mag
isophote (Das) (see Figure A.1b). For galaxies unresolved by the beam, the corresponding H 1 spec-
tra are extracted using an aperture the size of the beam (25" x 40”) (see Figure A.la). Along with
the target spectrum, for every galaxy, we also extract 25 “reference” spectra using the same aperture
as the target spectrum. The bottom left panel of Figure A.1la and Figure A.1b show the locations
around the target from which the 25 reference spectra are extracted. These reference spectra are
stacked in all our analyses in the same manner as the target galaxy spectra. For each target galaxy
we extract background spectra from 25 offset positions around it. Taking as input a background
spectrum from the same relative offset position around each target galaxy, we produce a background
reference spectrum. Using all the offset positions results in 25 separate reference spectra per stacked
target spectrum, with each reference spectrum containing the same number of stacked spectra as
the target stack. Stacked reference spectra are used to aid in quantifying the signal in the main
stacked spectrum. The average of the 25 stacked reference spectra for a well-calibrated dataset
should be around zero (e.g. see the grey line in the panels of Figure 2.11). From the spread of
the 25 stacked reference spectra, we estimate the uncertainty on the quantity measured from the
stacked target spectrum.

Successful stacking relies on the average noise in the stacked spectrum decreasing by a factor

Sgithub.com/healytwinl/HISS


github.com/healytwin1/HISS

30 CHAPTER 2. HI IN THE COMA CLUSTER

100 b . — - ——
80 ]
"=
= )
=
w 60§ i
& 4
-
-]
ﬁ | 1 1 1
g 40f 1 10 100 :
2 _
r e RMS of stacked spectrum
20 __ Uaverage/\/ Nproﬁles |
O~ ""Too 200 300 200 500 600 700 800

Number of HI spectra

Figure 2.7: Stacked noise as a function of the number of input H1 spectra. The black data points
represent the measured noise in the stacked spectrum with N input spectra. The green line represents the
theoretical change in the stacked noise for a Gaussian distribution, o/ VN where o is the average noise of
all the input spectra. The inset shows the same as the main figure, but in log-log format.

of /N, where N is the number of input spectra. This decrease in the average noise is a property
of Gaussian noise. We test that the Coma spectra show the expected change in Gaussian noise by
stacking all the H1 non-detections in the sample. Figure 2.7 shows the average noise measured in
the stacked spectrum as a function of the number of input spectra. The theoretical change in the
noise (o/v/N) is indicated by the green line, where o is the average noise of all the input spectra.
It is evident from Figure 2.7 that the noise properties of the input spectra are Gaussian-like and
enable the expected decrease in the noise of the stacked spectrum.

2.4 H 1 in Coma

2.4.1 H 1 - M, scaling relation

The stellar mass (M,) to H1 gas fraction (ff,, defined as the H1 mass to stellar mass fraction)
scaling relations (M,—f1;) are well characterised for galaxies in the field (e.g. Fabello et al., 2011;
Brown et al., 2015; Healy et al., 2019), and have also been used to study the deficiency of H1
in galaxies in different density environments including the Virgo cluster (e.g. Cortese et al., 2011;
Fabello et al., 2012). However, given the small number of direct H1 detections in Coma, there has
been no study of the M,-fg; scaling relation as a method to probe the H1 content of the cluster as
a whole. In Figure 2.8, we present the M,- f11; scaling relation for Coma.

We separated the galaxies into samples by stellar mass (indicated by the histogram in Fig-
ure 2.8) to probe the fi,-M, scaling relation. Figure 2.8 shows the Coma direct H1 detections in
the blue distribution and the H 1 mass upper limits for the H 1 non-detections in grey down-pointing
triangles. The H1 mass upper limits are calculated using the noise from the individual spectra and
an upper estimate on the Wjso line width calculated using the r-band Tully Fisher relation from
Ponomareva et al. (2018). The scatter in the distribution of upper limits can also be attributed to
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Figure 2.8: Stellar mass (M, ) to H1 gas fraction (fu,) scaling relation for the Coma cluster. The
individual 30 upper limits for the Coma H 1 non-detections are represented by the grey down-pointing
triangles, while the distribution of the individual H1 detections is shown by the blue density plot. The pink
diamond and orange down-pointing triangle symbols represent the stacking of all Coma galaxies and only
non-detections, respectively. The pink diamonds show measurements from a detected stacked spectrum,
and the orange triangles indicate the 3o upper limit in the case of a non-detection in the stacked spectrum.
The round light green symbols and green line represent the stacking of field galaxies by Healy et al. (2019)
and Fabello et al. (2011), respectively; the dashed green line is an extrapolation of the Fabello et al. (2011)
results. The individual fy1, measurements (pink stars) for galaxies in the Ursa Major cluster are also shown
for reference (Verheijen & Sancisi, 2001). Measurements obtained from stacking are presented in Table C.1.

the spread in the noise distribution of the WCS mosaic. Given the number of galaxies that are not
detected in H1, we used the H1 stacking technique to probe the H1 content below the detection
threshold.

Utilising the H 1 stacking technique, we were able to improve the sensitivity in the stacked spec-
trum by more than an order of magnitude relative to the individual spectra. By stacking H 1 spectra
for the galaxies in each stellar mass bin in units of My ,/My, we can determine the average fy, for
each sample. We stacked both detections and non-detections, as well as just non-detections. De-
spite the improved sensitivity of the stacked spectra, there are no detections in the stacked spectra
corresponding to the sample with only non-detections; the stacked spectra for each stellar mass bin
can be found in Figs. B.1 & B.2. The 30 upper limits for the stacking results suggest that Coma
galaxies on average have at least three orders of magnitude less gas than galaxies at the same stellar
mass in the field (indicated by the round light green symbols (Healy et al., 2019) and the dark green
line (Fabello et al., 2011)). In comparison, galaxies in Ursa Major cluster (indicated by the pink
stars from Bilimogga et al. in prep) have just under an order of magnitude less gas than the field
sample and an order of magnitude more than the results from stacking all Coma galaxies (magenta
diamonds in Figure 2.8).

Figure 2.8 shows that there is a large spread in H1 gas fraction (fy;) values for the Coma
galaxies, however looking at the average f1; values for all galaxies in the cluster (the pink diamonds
in Figure 2.8, which are measured from the stacked spectrum containing all individual detections
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Table 2.1: Values used for a and b in Equation 2.5 for the different morphological types.

Sample a b Reference

All/unknown morphology ~ 7.12 0.88 Haynes & Giovanelli (1984, Table 5)
Early types/ellipticals/S0Os  6.88 0.89 Haynes & Giovanelli (1984, Table 5)
Late types 7.51 0.73 Solanes et al. (1996, Table 2)
Irregulars 7.45 0.70 Boselli & Gavazzi (2009, Table 3)

and non-detections in the stellar mass bin), we note that on average, the Coma galaxies have fy,
values that are between one and two orders of magnitude lower in each stellar mass bin than the field
relations and other individual measurements from less dense environments. However, while the fy,—
M, scaling relation compares the H1 fraction of galaxies of similar stellar mass, galaxies of similar
stellar mass but different morphology and size have different H1 masses (Haynes & Giovanelli, 1984;
Brown et al., 2015; Healy et al., 2019). Thus, it is necessary to use a probe of the H1 content that
takes morphology and size into account.

2.4.2 H 1 deficiencies

The H 1 deficiency parameter (DEFy, Haynes & Giovanelli, 1984) is a useful quantity to understand
how deficient a galaxy (or sample of galaxies) is compared to a field galaxy of the same size and
morphology. It is defined as

DEFH, = 1Og(l\/IH I,C.Z’p) - log(MHI,obs)a (2'4)

where My eqp is the expected HT mass, which is calculated using an optical-HT scaling relation
that takes into account the morphology and size of the galaxy (Haynes & Giovanelli, 1984; Denes
et al., 2014).

The expected H1 mass (MH,eqp) is derived from a log linear empirical relation, which is cali-
brated using field galaxies with varying morphologies and sizes (Haynes & Giovanelli, 1984),

MH i ezp = a + blOg(hD25)2 — 2logh, (2.5)

where Dos is the diameter of the galaxy in the B-band at the 25" mag/arcsec?, and a and b are
empirical constants dependent on the morphology of the galaxy (T type). The quantity h is taken
to be 0.7 from Hy = 70 km s~ Mpc~!. While there have been updates to the scaling relations used
to estimate the H1 mass of galaxies without using T types (e.g. Denes et al., 2014; Dénes et al.,
2016; Jones et al., 2018), the deficiencies presented in this work are calculated using T types.

The Coma galaxies have been separated into broad morphological bins: early-type galaxies,
S0s, late-type galaxies, and irregular galaxies; galaxies for which we cannot reliably determine the
classification are marked as unknown. The classifications were made by eye (by three adjudicators)
using colour optical images from three different surveys (SDSS, PanSTARRS®, and DeCALS") and
g-band data observed using the Canada-France-Hawaii Telescope (Head et al., 2015). These classi-
fications (where possible) have been cross-matched against the Galaxy Zoo database (Lintott et al.,
2008, 2011) and the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al.,
1991) and are used to calculate the H1 deficiency. The values used in Equation 2.5 for the different
morphological types are given in Table 2.1.

We calculated individual measures of the H1 deficiency for every galaxy. For the galaxies for
which there is no direct H1 detection, we used the 30 upper limit of the measured H1 mass. This

6Panoramic Survey Telescope and Rapid Response System (Chambers et al., 2016)
"The Dark Energy Camera Legacy Survey (Dey et al., 2019)
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Figure 2.9: H1 deficiency of the Coma galaxies as
a function of projected radius from the cluster
centre. The individual H1 deficiency measurements
for the Coma galaxies are represented by the green
shaded distribution for the H1 detections and grey
triangles for the lower limits on the H1
non-detections. The average H1 deficiencies for
late-type Coma galaxies from Gavazzi et al. (2006)
are shown in orange. The black, blue, and red
triangles represent the lower limits from stacking
the non-detections in annuli in three samples: all
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Figure 2.10: Phase-space diagram for Coma. The
black dashed lines represent the escape velocity for
Coma, calculated using a concentration index (c) of
5, Mago = 5.1 x 104 My and Rago = 1.8 Mpc
(Gavazzi et al., 2009). Galaxies inside the escape
velocity ‘trumpet’ are considered to be within the
cluster, while galaxies on the outside edge of the
trumpet are considered to be falling into the cluster.
The light grey shaded cone represents the virialised
zone (Oman et al., 2013). The g — r colour of each
galaxy is given by the colour scale in colourbar.

non-detections, log M, < 9.5, and log M, > 9.5,
respectively. The horizontal dashed purple lines set
the limit on DEFy, values that indicate a galaxy is
H 1-normal. Measurements obtained from the
stacked profiles are presented in Table C.2.

means that the corresponding H 1 deficiency measurement is a lower limit and the deficiency value
is expected to increase in the case of a better sensitivity spectrum.

Denes et al. (2014) used data from the H1 Parkes All Sky Survey (HIPASS; Meyer et al., 2004)
to map the global H 1 deficiency across the southern sky. They found that regions that contained an
over-density of H1 deficient galaxies correlated with known dense galaxy regions. The known galaxy
clusters in the southern sky have an average H1 deficiency that lies between 0.5 < DEFy, < 2. For
the many Coma galaxies where there is no direct H1 detection, we measured a lower limit on the
H 1 deficiency. These lower limits for the DEFy; of the Coma galaxies (grey triangles) are predomi-
nantly between 0.5 < DEFp, < 2, which indicates that Coma is at least as deficient as the clusters
covered in the Denes et al. (2014) sample.

For a sample of 18 clusters, Solanes et al. (2001) studied the H1 deficiency of spiral galaxies re-
siding inside one Abell radius compared to those outside. They compare the fraction of H 1 deficient
spirals against different cluster properties. Coma is consistent in the total number of spiral galaxies
given its X-ray luminosity, however it is an outlier in the number of H1 deficient spirals for its
mass, Abell richness, and total number of spiral galaxies. Gavazzi et al. (2006) did a more detailed
study on the radial pattern of H1 deficiency across the Coma Supercluster. However, like Solanes
et al. (2001), the Gavazzi et al. (2006) work only focusses on the late-type galaxies across the cluster.

In this work, we revisit the work by Gavazzi et al. (2006), however we focus on H 1 non-detections,
which cover all galaxy morphologies across the cluster. To calculate the average DEF, for the H1
non-detected galaxies, we used the H1 stacking technique to stack the galaxies in annuli with in-
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creasing radius from the cluster centre, scaling each input spectrum by the expected H 1 mass of the
galaxy (see Fabello et al. (2011, Eqn. 3.5) for same technique but for H1 gas fractions). While there
are no clear detections in the stacked spectra (see Figs. B.3. B.4 & B.5 ), we push the lower limits
higher than the individual spectra (see the black triangles in Figure 2.9). These results indicate
that the H1 content of the Coma galaxies is binary — we either detect H1 or the galaxies contain on
average at least ~ 10 — 100 times less H 1 than their field counterparts. This suggests an extremely
fast and efficient quenching mechanism.

Oman & Hudson (2016) show using N-body simulations of clusters that the time for quenching
low-mass galaxies is longer than that of high-mass galaxies. We thus separated the non-detections
by stellar mass into a high stellar mass sample (M, > 10 Mg, represented by the red symbols
in Figure 2.9) and a low stellar mass sample (M, < 10%° Mg, represented by the blue symbols in
Figure 2.9). We choose this stellar mass as it is the so-called “gas-richness” threshold (Kannappan
et al.,, 2013): galaxies below this threshold are typically H1 gas-rich, while galaxies above this
threshold are typically H1 gas-poor. For both subsamples, there are no detections in the stacked
spectra at any radius. These results set lower limits on the average H1 deficiencies for the low-
and high-stellar mass populations and we are therefore unable to compare to radial trends in other
clusters (e.g. Solanes et al., 2001; Gavazzi et al., 2006) or to quenching times for different mass
samples (Oman & Hudson, 2016) with these data.

2.4.3 H 1 stacking in and around the cluster

In this section we explore the average H1 content of the Coma galaxies. The focus is the total
galaxy sample, including galaxies without direct detections. The direct H1 detections are studied in
detail in Molnar et al. (in prep). Figure 2.10 shows the line-of-sight velocity relative to the cluster
(Av,/oy; 0o is the cluster velocity dispersion, 1180kms~!) as a function of the projected radius
from the centre of the cluster (rp.oj/Ra200, where Ragg = 1.8 Mpc is the radius at 200 pepi; Gavazzi
et al. 2009); the data points are coloured by their g — r colour. The escape velocities for the cluster
are determined using the prescription outlined in Jaffé et al. (2015) assuming a concentration index
(¢) of 5, and Magg = 5.1 x 104 M, (Gavazzi et al., 2009). We refer to Figure 2.10 as the phase-space
diagram throughout this work.

We separate the Coma galaxies into four samples, by the regions in the phase-space diagram
in Figure 2.10: 1) virialised cone; 2) inside Ragg which includes all galaxies with rp.o; < Rgop and
within the escape velocity “trumpet”, but excludes the galaxies in the virialised cone; 3) outside
trumpet, which includes all galaxies with 7p.,; < Ra0, but line-of-sight velocities that place them
outside of the escape velocity trumpet; and 4) outside Rogo (all galaxies with 75,0 > Rago). The
four samples are further separated by g — r colour. Galaxies with ¢ — r < 0.6 are considered to
be blue, and those with ¢ — r > 0.6 are considered to be red. For Coma, g — r = 0.6 provides
a good separation between the red sequence and the star-forming blue cloud. The stacked spec-
tra for each sample (with direct H1 detections excluded) are presented in Figure 2.11. It should
be acknowledged that the four samples (virialised zone, inside Rggo, outside trumpet, and outside
Rs0) contain interlopers due to projection effects especially along the line-of-sight velocity. These
projection effects most likely affect the three samples contained within the Rogg radius of the cluster.

In Figure 2.11 we compare the average H1 content of the galaxies for which there are no direct
H 1 detections for the three different regions of the cluster. We also separate the galaxies by colour;
the resulting average spectra for the blue and red galaxies in each region are shown in the middle
and bottom rows of Figure 2.11. The stacked spectra are smoothed after stacking to a velocity
resolution of 40kms~! to improve the signal-to-noise ratio (S/N). We also stack the 25 reference
spectra (see Section 2.3) using the same scheme as the target spectra. From the 25 stacked reference
spectra, we create an average reference spectrum represented by the grey spectra in Figure 2.11.
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Figure 2.11: Stacked spectra for all (top row), blue (middle row), and red (bottom row) H1
non-detections in different regions of the cluster. The average stacked spectrum in each panel is indicated
by the solid black, blue, and red lines. The average stacked reference spectrum is represented by the solid
grey line. The green band indicates the velocity range cz & 200 kms~! over which H1 emission is expected
to be seen. Only the sample of galaxies outside the Raq (right-most column) of the cluster appear to
contain detectable H1.

Also shown in Figure 2.11 is the variance of the 25 stacked reference spectra; this is represented
by the orange band around the grey line. The comparison between the average and variance of
the 25 reference spectra, where we do not expect to see a signal, and the stacked target spectrum
provides confidence that any signal visible in the target spectrum is real. We consider stacked spec-
tra with a signal in the region v = 0 4+ 200kms~! that has S/N = 3.5 to be marginally detected.
We feel confident using a S/N = 3.5 since there is no corresponding signal in the reference spectrum.

Only the sample of galaxies outside Ragg shows a possible detection in all three colour samples.
Even though both the red and blue samples have roughly the same average H1 mass ((My,)), it
should be noted that the lower limits on the average H1 deficiency ((DEFy,)), which is shown in
the bottom left corner of each panel, are different. Despite both the blue and red samples showing
lower limits for the H 1 deficiency, the two samples have similar number of galaxies meaning that the
stacked spectra have similar sensitivities making their limits comparable. The difference between
the DEFy, for the two samples is not unexpected as red galaxies are well known for being more
gas poor than blue galaxies. Unlike what is found by Jaffé et al. (2016) for Abell 963, none of the
samples show any possible detections within the Rasgg; however these authors also do not detect a
signal for their red galaxies outside the Ragp, which we do.

Simulations have shown that quenching begins after some delay time once a galaxy has crossed
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2.5 vy (for reference, Ragg ~ 0.737r44, Oman & Hudson 2016) with higher-mass galaxies affected
slightly more quickly than lower-mass galaxies (Oman & Hudson, 2016), however once quenching
has begun, the time taken for the galaxies to transition from a field-like galaxy to one fully processed
by the cluster is very short. Indeed, less than 10 of our galaxies outside Rsgg have measurable SFRs,
and most of those are below the star-forming main sequence (see panel b of Figure 2.6 for galaxies
with 7 < log M, /Mg < 9.5).

Gavazzi et al. (2006) show on average Coma galaxies at r > 5 Mpc, which is beyond 27, are
H1 normal. We have shown in the previous section, on average, that our Coma galaxies are (at a
lower limit) at least 10-100 times more H 1 deficient than their field counterparts. If we assume that
galaxies that are accreted onto the cluster are H1 normal and on the star-forming main sequence
when they cross 2.5r,;., the processes driving the removal of H1 in galaxies as they fall into the
cluster must be very quick and have a strong influence beyond r,;,.. In Section 2.6.4 we also compare
the average H1 content between the Coma galaxies in groups or substructure to those that are not
associated with any groups.

2.5 Finding substructure in Coma

Substructure, defined as structure kinematically distinct from the parent halo, is a natural conse-
quence of a hierarchical universe (Hou et al., 2012). As discussed in the introduction, there are
many different methods that can identify substructure within a galaxy cluster (e.g. Dressler, 1980;
Neumann et al., 2003; Adami et al., 2005; Jaffé et al., 2013). We are interested in how the average
H1 gas content may change in groups or substructure with different morphologies or possible infall
times across the cluster.

To identify these groups/substructure, we chose to use the DS test to identify groups that are
kinematically distinct from the cluster. Dressler & Shectman (1988b) applied their test for kinematic
deviations to look for substructure in a number of Abell clusters (including Coma). Their conclusion
regarding Coma was that there was no substructure within the cluster. Since Dressler (1980), there
have been many targeted and blind spectroscopic surveys of the Coma cluster and subsequent studies
of Coma have found significant substructure (e.g. Colless & Dunn, 1996; Adami et al., 2005). To
detect substructure, one needs ~ 1000 redshifts in a ~ 1 Mpc region (Adami et al., 2005). We apply
the DS test, given by

612 = (J\rn;gj_l> [(Q_]llocal - 1_)01)2 + (JZQOCULZ - Ugl)] ) (26)
C

to our redshift catalogue. We used nearest neighbour (Ny,) values in increments of 5 from 5 to 30
with a velocity dispersion (o) of 1180kms~! and a cluster velocity (94) of 6925kms~!. Figure A.2
shows the results of the DS Test for N,,,, = 25. Using similar plots for all the N, values, and two
independent judges, we identified groups where there are large overlapping circles (which represent
large 0; values) of similar colour representing similar velocity values. Using the Ny, = 25 as a
reference, galaxies were assigned to groups using a combination of the different N, runs.

Within the WCS H1 data footprint, we find 15 distinct groups. These groups stand out across
the six iterations of the DS test, and are highlighted by the different colours in Figure 2.12. The
properties of the 15 groups are given in Table 2.2. Despite the difference in the method of identifying
substructure, we find some overlap between our groups and those identified by Adami et al. (2005),
who use a hierarchical clustering algorithm (see Serna & Gerbal, 1996) which uses a measure of the
binding energy to find groups of galaxies that are bound in substructure. Of the 17 groups Adami
et al. (2005) found, 14 are within the WCS footprint and seven correspond to groups that we found
using the DS Test. The groups overlapping between our work and Adami et al. (2005) are S1, S2,
S6, and S11 (combined into one group at the core of the cluster), S8, S9, and S15.
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Figure 2.12: Substructure in the WCS footprint. The 15 identified groups are shown in
different colours. The background grey contours represent the X-ray emission measured by ROSAT in
0.4 — 2.4 keV. The dashed grey lines indicate the direction to nearby clusters connected to Coma. The
groups identified by Adami et al. (2005) are labelled and denoted by black crosses.

2.6 Identified substructures

2.6.1 Core substructures

In the core of the cluster (see Figure 2.12), we identified two groups (groups S1 and S2) around the
two c¢D galaxies (NGC 4874 and NGC 4889) and another two groups surrounding the two central
groups: S3 and S5. There is much discussion in the literature surrounding the centre of the Coma
cluster. A commonly accepted scenario is that the two cD galaxies eventually merge (e.g. Colless
& Dunn, 1996; Adami et al., 2005).

Using the hierarchical clustering method to developed by Serna & Gerbal (1996) to identify
substructure, Adami et al. (2005) found one group (G1) in the central region of the cluster. These
authors later note that with X-ray analysis there are two distinct peaks in the X-ray corresponding
to the two galaxies. They postulate that these two groups are in the process of colliding: S1, the
larger of the two groups with 27 members, has a mean velocity of 7699 kms~!, and S2 (with 18
members) has a mean velocity of 6113kms~!. Both the groups have velocity dispersions that are
of the order of ~ 900km s~ (see Table 2.2 for more details).
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Table 2.2: Details of the 15 groups found within the Coma cluster using the DS test.

Group ID  Members® (v) Cgroup E:SO:L:L:UY  log(Mg,/Mg)° log(M./Mg) (DEFg,)? NGC members
(kms—') (kms—!) M) (M)

S1 27 7699 924 8:10:0:5:4 < 17.20 10.84 > 0.24 NGC4874

S2 18 6113 932 6:6:0:5:1 < 7.43 10.80 > 0.52 NGC4889, NGC4894
S3 14 7626 358 7:3:0:4:0 < 7.34 9.87 > 0.19

S4 22 7981 899 6:7:1:5:3 < 7.28 10.40 > 0.61

S5 10 5868 843 5:5:0:0:0 < 7.54 10.25 > 1.09 NGC4869

S6 17 6095 884 9:7:0:1:0 < 7.39 9.82 > 1.09

S7 11 (2) 6137 1031 4:3:2:2:0 7.35+0.11 9.83 > 0.92

S8 22 (1) 7386 1238 11:5:1:3:2 7.77+£0.03 10.15 > 0.85 NGC4919, NGC4911
S9 11 (1) 6498 942 7:3:1:0:0 8.22 +0.02 10.64 1.15+0.07 NGC4923, NGC4921
S10 6 (1) 8355 895 1:4:1:0:0 <7.71 10.62 0.83+£0.04 NGC4860, NGC4858
S11 24 7621 462 12:6:0:2:4 < 7.36 10.52 > 0.64 NGC4839

S12 7 7584 460 4:1:0:2:0 < 7.69 9.68 > 0.76

S13 24 (3) 7351 691 13:5:1:5:0 8.09 +£0.03 10.30 0.74 £ 0.07 NGC4859, NGC4892
S14 17 6898 522 10:7:0:0:0 < 7.59 10.25 > 0.97

S15 11 6436 603 7:3:1:0:0 < 7.93 10.22 > 0.68 NGC4943, NGC4934

®Numbers in brackets are the number of individual direct detections in the group.

®Number of elliptical or early-type galaxies (E), SO/lenticulars (S0), late-types (L), irregular
galaxies (I), and galaxies of unknown morphology (U).

¢Average My, obtained from stacking, where there is no detection in the stacked spectrum, a 3o
upper limit is used.

4 Average DEFy, obtained from stacking, where there is no detection in the stacked spectrum, a 3o
lower limit is used.

Located immediately north of S1 and S2 (see Figure 2.13), S3 contains 14 members. The smallest
group containing only six galaxies, S5 is located to the south-west of S1. Both the S3 and S5 groups
are dominated by early-type and SO galaxies. None of these groups (S1, S2, S3, or S5) show a
detection of H1 in their stacked spectra (see Figure B.6), however given the gas removal processes
at play in cluster centres, this is unsurprising. The measured upper limits on the H 1 mass and lower
limits on the H 1 deficiency for the groups can be found in Table 2.2, and the corresponding stacked
spectra in Appendix B.

2.6.2 Groups coincident with excess X-ray emission
South-west structure

Using X-ray observations by XMM-Newton, Neumann et al. (2003) studied the dynamical structure
within Coma. They fit an elliptical beta model to the X-ray emission where any residuals from this
fit may indicate structure within the cluster. Fig. 2 in Neumann et al. (2003) shows that there is
X-ray emission not explained by the beta model. Neumann et al. (2003) also found a number of
bright galaxies coincident with the peaks in this excess emission. Adami et al. (2005) compared
the groups that they found to the excess X-ray emission maps from Neumann et al. (2003), and
found a number of overlaps. We used the excess X-ray contours from Adami et al. (2005, Fig. 4) to
compare to the location of our groups. Figure 2.13 shows the isocontours residual X-ray emission
along with the location of our groups. Figure 2.13 shows that groups S4, S6, S8, S9, and S11 are
coincident with X-ray emission, while S10 is slightly offset from the X-ray emission.

Of the groups we identified that are coincident with X-ray emission, S11 is perhaps the most
well studied (e.g. Burns et al., 1994; Colless & Dunn, 1996; Neumann et al., 2001; Beijersbergen,
2003; Akamatsu et al., 2013; Lyskova et al., 2019). The S11 group is located to the south-west of
the cluster core and is home to NGC 4839. Previously, Beijersbergen (2003) found a group of 18
galaxies within 0.15° of NGC 4839, and using data from their blind WSRT H 1 survey of the cluster,
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Figure 2.13: Fifteen identified groups within the WCS footprint. The contours (taken from Adami et al.
(2005, Fig. 4)) represent the X-ray excess found by Neumann et al. (2003).

calculated for the group, an average H1 mass (M) 30 upper limit to be (My,) < 7.55 x 10® Mg,
Within the same radius, we found 26 galaxies, however using the DS test we found 36 galaxies
associated with this group. Our average 3¢ mass limit is (My,) < 2.29 x 10" Mu. Many groups
have studied this collection of galaxies in an effort to understand if it is still on first infall (e.g.
Colless & Dunn, 1996; Neumann et al., 2001; Akamatsu et al., 2013), or has already passed through
the centre of the cluster (e.g. Burns et al., 1994; Lyskova et al., 2019).

Lyskova et al. (2019) show using smooth particle hydrodynamical simulations that a post-merger
scenario, in which the group has already passed around the centre of the cluster, explains the ob-
served X-ray emission better than the pre-merger scenario where this group is on first infall. In the
post-merger scenario, Lyskova et al. (2019) postulate that S11 entered the cluster from a filament
on the north-east side of the cluster. Malavasi et al. (2020) use the DisPerSE algorithm to identify
filaments connecting to Coma, and while they identify three such filaments (including one joining
to the north-east of the cluster), they do not identify the filament known as the “Great Wall” to
the south-west of Coma, which connects the cluster to Abell 1367. It is the “Great wall” filament
that S11 is thought to be accreted from (Colless & Dunn, 1996; Akamatsu et al., 2013). From our
results, we cannot conclude whether these groups are on first infall, or have already passed through
the cluster. However, our results indicate that this group is extremely H1 deficient and contains an
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evolved population of galaxies; this supports the post-merger scenario, but also the first infall sce-
nario under the assumption that this group has been pre-processed. Recent work by Salerno et al.
(2020) has shown that filaments can be very effective at quenching star formation. Nevertheless,
the question whether the NGC 4839 (S11) group is on first infall or has already passed through the
cluster, remains open.

South-eastern structure

Neumann et al. (2003) identified X-ray substructure to the south-east of the core of the cluster (see
S4, S8, and S9 in Figure 2.13). Neumann et al. (2003) attributed this X-ray over-density to emission
from the intra-group medium of one group of galaxies containing NGC 4911 and NGC 4921. They
attributed the bending in the structure due to projection effects by assuming that the direction of
the structure motion is to the east with NGC 4921 at the head. They also concluded that NGC
4911 and NGC 4921 are gravitationally bound because they have similar velocities. We do not find
these two galaxies to be part of the same group, which can largely be attributed to the differences
in their velocities (~ 2000 kms~!). The velocity we used for NGC 4926 is taken from SDSS DR13.
The SDSS DR13 measurement is in good agreement with other optical and H1 redshift measure-
ments of this galaxy (e.g. Dressler & Shectman, 1988a; de Vaucouleurs et al., 1991; Zabludoff et al.,
1993; Haynes et al., 1997; Bravo-Alfaro et al., 2000), including the H 1 measurement from the WCS.
Adami et al. (2005) also found NGC 4911 and NGC 4926 to be part of different groups and note
that the velocity quoted by Neumann et al. (2003) is incorrect.

We identified three groups (S4, S8, and S9) coincident with this X-ray substructure; S8 and
S9 have been previously identified by Adami et al. (2005) as G4 and G7, respectively. The S8
group contains NGC 4911, which appears to be spatially coincident with the peak of the X-ray
emission (Neumann et al., 2003; Adami et al., 2005). If the X-ray is associated with these groups,
the fact that it is still detectable implies that the groups have not yet passed through the cluster
(Adami et al., 2005). However the X-ray emission shows no sign of shock heated gas, which is a
signature of radial infall, thus Adami et al. (2005) argued that it is more likely that these groups
are on a spiral infall trajectory. Of the three groups, S4 and S8 have mean velocities that are higher
than the cluster velocity; S4 and S8 also contain a number of late-type and irregular galaxies (in
addition to the E and SO galaxies), whereas S9 is dominated by early-type galaxies (E or S0) and
has only one late-type galaxy (see Table 2.2). Both S4 and S8 are on average extremely H 1 deficient
((DEFH 135 1im) > 0.6, see Table 2.2), thus it is possible that the galaxies have been stripped of their
H1, a process that can occur extremely rapidly after crossing into the cluster (~ 2.57y;), but the
presence of the bluer galaxies may indicate that they have yet to transition across the ‘green valley’
(Oman & Hudson, 2016). Dominated by an older population of galaxies, S9 has a mean velocity
of 6498 kms~!, which is similar to that cluster velocity and could indicate that it is moving in the
plane of the sky. The presence of one H1 detection in this group would suggest that it could also
be a recent infall, however given the difference in mean velocities from S4 and S8, it is unlikely to
have followed the same trajectory.

Western filament

The last major X-ray residual is the western filament which is aligned north-south, extending
roughly a megaparsec north from NGC 4839. Neumann et al. (2003) discussed possible origins of
this structure: the change in X-ray temperature between the western filament and the centre of the
cluster suggests that it could be due to heating from compression or shock waves during the infall
of a structure onto the core of the cluster. They also discussed the possibility that the two X-ray
maxima in the filament are due to a galaxy group that was broken up on infall; they discount the
possibility of two groups falling in to the cluster at the same time. However, Neumann et al. (2003)
did not find any galaxy over-densities associated with the filament.
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Adami et al. (2005) found two groups coincident with the western filament: G12 and G14 (see
Figure 2.12). We also found two groups coincident with the filament: S6 and S10 (see Figure 2.13).
Located about half way up the filament, S6 is coincident with G14 found by Adami et al. (2005).
Our other group that is coincident with the filament, S10, is located at the northern most part of
the structure.

Both S6 and S10 lie on lines that connect Coma to other clusters: S6 on the line connecting to
Abell 1367, and S10 on the line connecting to Abell 779 (see Figure 2.13). Both of these groups
are dominated by early-type and SO galaxies, however, S10 contains one direct H1 detection that
dominates the stacked spectrum (see Figure B.6). The S10 group has a higher average velocity
(cz = 8355kms~1) than Coma which could indicate that it is falling in from the filament connected
to Abell 779. The average velocity of S6 is similar to Coma, which like S9, could either indicate
that the group is moving slowly or in the plane of the sky.

2.6.3 Groups near the outskirts

There are four groups that can be considered on the outskirts: S12, S13, S14, and S15. Of these
four groups, only S15 had been previously identified by Adami et al. (2005) as G5. Adami et al.
(2005) identified five other groups on the outskirts of the cluster that we do not identify in this
work. It should be noted that two of those groups are outside our H 1 dataset and the other two are
on the edge. Despite using a galaxy catalogue that covered a larger area than our H1 dataset, we
only identified groups for which we had H1 data. The one group contained within our H1 dataset
by Adami et al. (2005) that we did not find, G11, is located around a = 12"57™§ = 27°00'. It
is clear from Figure A.2, which shows the results of the DS test, that there are no overlapping
large circles of similar colour. Given that our redshift catalogue has more redshifts than Adami
et al. (2005), in particular in that region owing to our observing campaign with WIYN (see Sec-
tion 2.2.1.2), it is possible that with the smaller number of redshifts, G11 was artificially highlighted.

The S13 group has a diverse population of galaxies and contains the highest number of direct
H1 detections, while the other three groups (S12, S14, and S15) are dominated by older early-
type or SO galaxies with no direct H1 detections. Both S14 and S15 lie on lines to other clusters
(Abell 2199 and Abell 1367, respectively) and have similar velocities to the cluster indicating slow
movement or a velocity vector in the plane of the sky. If S14 is being accreted onto Coma, then
the average H1 deficiency of the group and the evolved galaxy morphologies could indicate that
this group underwent advanced evolutionary processes prior to being accreted. The high average
velocity of S13 (cz = 7351kms~!) could indicate that it is falling into Coma from the foreground,
this is supported by the fact that this group is not in line with any of the known filaments connecting
to Coma. Given that S13 also contains so many direct detections, this also may suggest that it is
being accreted from a low-density environment.

2.6.4 HT1 in substructure versus the cluster

We explore the H1 content of the Coma galaxies in substructure compared to Coma galaxies not in
substructure. We separate the Coma galaxies into 0.4 Mpc annuli increasing from the cluster cen-
tre. The 15 substructures are also separated into the different annuli: S1-S5 (0 — 0.4 Mpc), S6-S11
(0.4 — 0.8 Mpc), and S12-S15 (> 1.2Mpc). Figure 2.14 shows the stacked spectra for galaxies in
groups in the different annuli (top row) as well as galaxies not in groups (bottom row). There are
no possible detections in any of the stacked spectra in Figure 2.14 with the exception of the galaxies
with 7 > 1.2Mpc. This is perhaps not surprising as we did not take into account the velocity of
the galaxies when separating them into the different annuli. It is possible that there are infalling
galaxies in the two innermost annuli; however, this inner region is typically dominated by the oldest



42 CHAPTER 2. HI IN THE COMA CLUSTER

0 <r <04 Mpc 0.4 <r < 0.8 Mpc 0.8 <r < 1.2 Mpc r > 1.2 Mpc
Ngals =81 Ngals =76 Ngals =49

10g<1\4}{1,3”1im/M@> < 7.03 10g<1\’IH1_3{,1;m/M@> < 7.10 10g<1\/IH1/1\IQ> = 7.47 +0.08 QC?
100 | - g
= %'
lar) —
= /S [\ E
5 0 K P ‘:‘Rj NAAS - - %
= o
n =
£ E

Q 1 1 1 1 1 1 1 1 1 1 1 1
9 Ngals = 155 Ngars = 134 Ngals = 149 Ngals = 139 Q
E: 10g<1\('1H],3”“m/M®> < 6.90 10g<1\/11—[[,3(,|;m/M@> < 6.94 10g<1\"11—[[,301;m/M@> < 7.00 10g<1v[}11/1\'1@> = 6.88 +£0.20 QT
%
100 | - - - g
. 2
< =
= S
n WWW =
x
@]
o
1 1 1 1 1 1 1 1 1 1 1 1 g

=750 0 750  -750 0 750  -750 0 750  -750 0 750

Velocity (km/s)

Figure 2.14: Stacked spectra for galaxies in groups (top row), and galaxies not in groups (bottom row)
separated into different annuli from the cluster centre. The average stacked spectrum in each panel is
indicated by a solid black line. The average stacked reference spectrum is represented by a solid grey line,
with the variance of 25 stacked reference spectra surrounding the average reference spectrum in orange.
The green band is the velocity range cz & 200 kms~! over which the H1 emission is expected to be seen.

members of the cluster.

In order to explore the difference in H1 content between galaxies not associated with any sub-
structure and those that reside in substructure in the different regions of the cluster, we separated
the two groups of galaxies into three bins loosely based on the regions of the phase-space diagram
(Figure 2.10). The galaxies and substructures that reside predominantly in the virialised cone are
assigned to the ‘virialised bin’; galaxies/substructures inside Rag are assigned to the ‘inside cluster’
bin, and the remaining galaxies/substructures, which predominantly have 7,,,; > Raoo, are assigned
to the ‘recent infalls’. The resulting stacked profiles for the six samples are presented in Figure 2.15.
The top panel of Figure 2.15 shows the stacked spectra from the galaxies in substructure and the
bottom panel shows the stacked spectra from the galaxies not associated with any substructure.
As with all the previous stacking, we only examine the galaxies for which there are no direct H1
detections.

We note detections in the stacked spectra for the ‘recent infalls’ samples, both for galaxies in
groups and galaxies not associated with any substructure (right-most panels of Figure 2.15). It is
not unexpected that only the ‘recent infalls’ show detections in the stacked spectrum. The average
H1 deficiency measurement for each sample is given in the bottom left corner of each panel in
Figure 2.15. Tt is interesting to note that while the two samples (galaxies within substructure and
galaxies not in substructure) have similar average H 1 masses, they differ in average H1 deficiencies.
Galaxies in groups have a lower limit on the average H 1 deficiency of (DEF 345 1im) > 0.99, while the
non-group galaxies have an average H 1 deficiency of (DEF;) = 1.06 £0.56. The galaxy size, stellar
mass, and colour distribution for both samples is similar, and while the (DEFp,) measurements
indicate that both samples are H1 deficient, the fact that we can only measure a lower limit on
the average H1 deficiency for the group galaxies suggests that they are more deficient than the
non-group galaxies for which we can measure an average H1 deficiency. This could indicate that
the gas removal process is more efficient for the group galaxies.
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Figure 2.15: Stacked spectra for galaxies in groups (top row), and galaxies not in groups (bottom row)
separated into different regions in the cluster. The average stacked spectrum in each panel is indicated by a
solid black line. The average stacked reference spectrum is represented by a solid grey line, with the
variance of 25 stacked reference spectra surrounding the average reference spectrum in orange. The green
band is the velocity range cz £ 200 kms~! over which the H1 emission is expected to be seen.

2.7 Summary

In this work we have aimed to study the average H1 content and morphologies of galaxies in the
substructure of the Coma cluster. We collated a large catalogue of redshifts for the Coma cluster,
including 59 new redshifts that we observed with the multi-object spectrometer, Hydra, at WIYN.
Using the newly compiled catalogue, we applied the DS test to find substructure within the cluster.
Fifteen substructures were found, of which three had not been previously identified.

The WCS provided high-resolution and high-sensitivity H1 data that covered both the cluster
core and the NGC 4839 group to the south-west. However, with only 39 direct H1 detections out
of the 850 galaxies that lie within the WCS footprint, we needed an alternate method to study the
H 1 content of the galaxies in the different groups. The H1 stacking technique enabled us to probe
the average H1 content of samples of galaxies.

Using the H1 stacking technique, we are able to probe ~1-2 orders of magnitude lower in H1
mass. Despite this improvement in sensitivity, for many of the stacked samples there is no de-
tection in the stacked spectrum. The HT gas fraction to stellar mass relation as well as a study
of H1 deficiency indicates that Coma galaxies are at least 50 times more H1 deficient than their
field counterparts. The binary nature of the H1 content, where galaxies either have detectable H 1
content or contain orders of magnitude less H1 than expected, supports the theories that favour
extremely rapid quenching and gas removal mechanisms.

Given the effectiveness of gas removal processes increases closer to the centre of the cluster,
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we expect to see the average H1 content increase with distance from the cluster centre. For most
samples of galaxies inside the cluster Rogg, there is no H1 detectable in the stacked spectra, how-
ever we do detect H1 in both blue and red galaxies outside the Rogg. When we separate the outer
galaxies into those that are in groups versus those not in groups, both samples show detections
in the ‘recent infall’ galaxies (see Figure 2.15). The average H1 masses for the two samples are
similar, however we note that there is no detection in the stacked spectrum from which to mea-
sure the average H1 deficiency for the group galaxies, while there is a measurement of the average
H 1 deficiency for the non-group galaxies, this suggests that the group galaxies are more H 1 deficient.
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A Miscellaneous figures and tables

Table A.1: Number of redshifts obtained from the different literature sources discussed in Section 2.2.1.1.

Redshift source Number of redshifts
Alabi et al. (2018) 14
Albareti et al. (2017) (SDSS DR13) 773

Biviano et al. (1996)
Bravo-Alfaro et al. (2000)
Caldwell et al. (1993)
Castander et al. (2001)
Chiboucas et al. (2010)
Chiboucas et al. (2011)
Colless & Dunn (1996)
Cortese et al. (2003)
Davies et al. (1987)
Edwards & Fadda (2011)
Falco et al. (1999)
Gregory & Tiffit (1976)
Gu et al. (2017)
Harrison et al. (2010)
Haynes et al. (1997)
Huchra et al. (2012)
Jangren et al. (2005)
Jorgensen et al. (1995)
Kadowaki et al. (2017)
Karachentsev & Kopylov (1990)
Kourkchi et al. (2012)
Lucey et al. (1991)
Mobasher et al. (2001)
Rines et al. (2001)

Serra et al. (in prep)
Smith et al. (2009)

This work

Wegner et al. (1990)

van Haarlem (in prep.)
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Figure A.1: Method used to extract the 1D HT spectra is presented in the figures above. Figure A.la
presents a galaxy that is unresolved by the WRST beam, and Figure A.1b a galaxy that is resolved by the
beam. A colour cut-out of the galaxy with the extraction aperture overlaid in green is shown in the top left
panel. The bottom left panel shows the location of the 25 reference spectra relative to the target spectrum.
The middle top panel shows the target spectrum, and the middle bottom panel shows the 25 reference
spectra. In both middle panels, the vertical dashed green line indicates the redshift of the target galaxy;
the orange band represents the gap between the two frequency bands.
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Figure A.2: Bubble plot showing the results of the DS test for the Coma cluster. The ¢ values are a
result of using the 25 nearest neighbours. The red and blue colours indicate the recessional velocity (cz) of
each galaxy. The green markers represent the three cD galaxies in Coma (+-NGC 4874, Y-NGC 4889 and
x-NGC 4839). The background grey contours represent the X-ray emission measured by ROSAT in

0.4 —2.4keV.
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Figure B.1: Stacked spectra from which the full catalogue data points in Figure 2.8 are measured. The
stacked spectra (the black line) have been smoothed to a velocity resolution of 80 kms~!. The orange band
represents the 1o distribution from 25 stacked reference spectra. The vertical dashed green lines indicate
the range over which the spectra are integrated to determine the average integrated flux density for each
sample. Fach panel represents a different stellar mass bin. The number of spectra in each bin are given in

the top left corner of each panel.
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Figure B.2: Same as Figure B.1, for the sample of H1 non-detections.
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Figure B.3: Coma non-detections stacked in annuli with increasing radius from the cluster centre. The
stacked spectra (the black line) have been smoothed to a velocity resolution of 80 kms~!. The orange band
represents the 1o distribution from 25 stacked reference spectra. The vertical dashed green lines indicate
the range over which the spectra are integrated to determine the average integrated flux density for each
sample. Each panel represents a different stellar mass bin. The number of spectra in each bin are given in
the top left corner of each panel. These spectra are used to determine the average DEFy,

(DEFy,; = log Mu; exp — 1og My obs ) in Figure 2.9.
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Figure B.4: Same as Figure B.3 for the sample of galaxies with log M, < 9.5.
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Figure B.6: Stacked spectra for each of the substructures S1-S10. The stacked spectra (the black line)
have been smoothed to a velocity resolution of 80 kms~'. The orange band represents the 1o distribution
from 25 stacked reference spectra. The vertical dashed green lines indicate the range over which the
spectra are integrated to determine the average integrated flux density for each sample.
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Figure B.7: Same as Figure B.6, but for substructures S11-S15.



C. DATA TABLES OF MEASUREMENTS FROM STACKING

C Data tables of measurements from stacking

95

Table C.1: Average M, and fy, measurements for Figure 2.8. Where there is no detection in the stacked

spectrum, the the 30 upper limit is used.

All galaxies Non-detections only
logML/ML) | (Mu/My) [ N | Tog{M/Mo) | (M /M) [ N
7.78 < 0.47845 43 7.78 | <0.17079 | 42
8.69 | 0.15520 +0.01045 | 180 8.69 | < 0.01753 | 169
9.56 | 0.01704 4+ 0.00084 | 356 9.56 | < 0.00180 | 338
10.52 | 0.00259 £ 0.00011 | 205 10.53 | < 0.00046 | 200
11.35 | 0.00066 £ 0.00007 | 26 11.36 | < 0.00029 | 23

Table C.2: Average H1 deficiency measurements in each radius bin for Figure 2.9. Where there is no
detection in the stacked spectrum, the 3o lower limit is used. The high stellar mass samples have

M, > 10%° M, and the low stellar mass sample, M, < 10%-5 M.

All galaxies | High stellar mass | Low stellar mass

N | (DEFy,) | N (DEFy,) N (DEFy,)
0.00 < 7rproj/T200 < 0.21 | 245 | >1.02 | 104 > 1.47 141 > 0.78
0.21 < 7proj/T200 < 0.43 | 196 | > 1.21 89 > 1.55 107 > 0.99
0.43 < 7proj/T200 < 0.64 | 155 | > 1.15 81 > 1.52 73 > 0.85
0.64 < 7proj/T200 < 0.85 | 131 | > 1.05 66 > 1.30 65 > 0.77
0.85 < Tproj/T200 < 117 | 83 | > 0.72 30 > 1.10 53 > (.55
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Chapter 3

A radio view of Abell 2626: the HI story

This chapter is adapted from Healy, Deb, Verheijen et al. (accepted for publication in Astronomy
& Astrophysics on 25 June 2021), and includes work that was done by my collaborators (T. Deb
and M. Verheijen).

Abstract

In August 2019, MeerKAT targeted the galaxy cluster Abell 2626 (A2626) for H1 observations
for a total of 15hours on source. Host to four candidate “jellyfish” galaxies (galaxies exhibiting
tails due to ram pressure stripping), and two confirmed “jellyfish” galaxies, A2626 is an excellent
cluster in which to study ongoing environmental evolution. In this chapter, I present the new
MeerKAT H1 data which are the final piece of the multi-wavelength puzzle for this cluster. I will
discuss the observations and data reduction, as well as the imaging steps and quality assurance
tests conducted. I will present the H1 parameters measured for each galaxy, and compare these to
previously published values in the literature.
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3.1 Introduction

It has long been known that galaxies that reside in clusters differ from the field galaxy population
(Hubble & Humason, 1931). Observed relations such as the morphology-density relation (Dressler,
1980) quantify how the fraction of different galaxy morphologies changes with environmental den-
sity — the fraction of early type galaxies increases with galaxy density. Within fixed morphological
classes, cluster galaxies tend to have older stellar populations (e.g. Bower et al., 1990; Rose et al.,
1994; Cooper et al., 2010) and suppressed star formation (e.g. Balogh et al., 1997; Gomez et al.,
2003; Boselli et al., 2020) relative to their field counterparts. The picture that has emerged is one
where as a galaxy moves into a dense environment (such as a galaxy cluster), various processes affect
the galaxy’s gas content which results in the quenching of star-formation, eventually leading to a
morphological transformation. These processes include galaxy-galaxy interactions (e.g. mergers,
harassment), interactions between a galaxy’s interstellar medium (ISM) and the hot intra-cluster
medium (e.g. ram-pressure stripping), and processes which halt the accretion of cold gas onto a
galaxy’s disk (e.g. starvation). Given the link between the removal of the galaxy gas content and the
quenching of star formation, a multi-wavelength approach to studying galaxy evolution is required.
Optical and infrared emission trace the stellar population and star formation, and radio emission
traces the neutral gas content of the ISM.

Up until recently, studies of the environmental impact on the HI in galaxies in clusters have
been limited to targeted surveys of galaxies expected to contain H I based on their optical properties,
typically late-type galaxies (e.g. Giovanelli et al., 1981; Haynes & Giovanelli, 1986; Gavazzi et al.,
2006; Chung et al., 2009). These studies have laid the foundation for what is known about H1 in
clusters, however blind H 1 surveys provide a more complete picture of the environmental effects on
the H1 content of cluster galaxies. Galaxy clusters are known to be H1 deficient, particularly in the
core of the cluster (e.g Giovanelli et al., 1982; Bravo-Alfaro et al., 2000; Solanes et al., 2001), requir-
ing high sensitivity observations to enable the detection of HT in the most H1 deficient galaxies.
Observations and simulations have noted the scatter in the radial trend of H1 deficiency (Solanes
et al., 2001; Tonnesen et al., 2007) which suggests that even in the outskirts of galaxy clusters,
infalling galaxies can be affected by the environmental processes discussed earlier. This highlights
the need for wide-area H1 cluster surveys. A number of blind H1 surveys covering galaxy clusters
have already been published (Zwaan et al., 2001; Lah et al., 2007; Verheijen et al., 2007; Kent et al.,
2008; Hess et al., 2015; Gogate et al., 2020) with more that are planned or currently being observed
by MeerKAT, the Australian SKA Pathfinder (ASKAP) telescope, and Apertif on the Westerbork
Synthesis Radio Telescope. In this chapter, I present a blind H 1 survey of Abell 2626 observed with
MeerKAT.

Abell 2626 (hereafter A2626; Abell, 1958), is a moderately sized cluster located in the Pegasus
constellation. Despite being part of the Wlde-field Nearby Galaxy-cluster Survey (WINGS; Fasano
et al., 2006; Cava et al., 2009), the galaxies in A2626 have not been extensively studied. At the
centre of the cluster is an intriguing “kite” source that is visible at radio wavelengths and has been
the focus of most of the recent works on this cluster (Rizza et al., 2000; Wong et al., 2008; Gitti,
2013; Ignesti et al., 2018, e.g.). X-ray studies have also shown A2626 to be a cool-core cluster (Wong
et al., 2008; McDonald et al., 2018). Despite being located within the Arecibo Legacy Fast ALFA!
survey (ALFALFA; Haynes et al., 2011, 2018), located at a distance of 250 Mpc, the H1 redshift for
A2626 falls into the window affected by airport radar making it difficult for many radio telescopes
to observe in H1I.

The H1 data centred on A2626 in combination with existing multi-wavelength data, including
complementary optical spectroscopy (see Chapter 4), will shed light on the ongoing environment-
driven galaxy evolution within the cluster. A2626 hosts six candidate “jellyfish” galaxies (Poggianti

! Arecibo L-band Feed Array
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et al., 2016), which have undergone extreme ram pressure stripping that has removed gas (of all
phases) into tails trailing the galaxy stellar body (e.g. Moretti et al., 2019; Poggianti et al., 2019;
Ramatsoku et al., 2019; Deb et al., 2020). The only confirmed jellyfish galaxy, JW100, has been at
the centre of multi-wavelength (radio—X-ray) studies aimed at understanding how the stripping pro-
cesses affect the stellar and gas components of the galaxy (e.g. Moretti et al., 2019; Poggianti et al.,
2019). A2626 has also been shown to contain substructure (Mohr et al., 1996; Mohr & Wegner,
1997), and shows evidence in the X-ray of a group merging with the cluster core (Wong et al., 2008).

In this chapter, I present the new MeerKAT observations of A2626. I will describe the calibration
and imaging process (Section 3.2-Section 3.3.2), as well as the tests carried out to evaluate the
quality of the calibration (Section 3.3.1.1 and Section 3.4.3). I also discuss how the source finding
was performed on the H1 spectral line cube (Section 3.4.1), and present the global properties of the
detected H 1 sources (Section 3.4.2). Throughout this chapter, I use Hy = 70kms~! and Q,, = 0.3.

3.2 MeerKAT Observations

Observations of Abell 2626 were carried out using the L-band receivers on MeerKAT (Jonas &
MeerKAT Team, 2016) over the nights of 15-17 July 2019. I imaged a single pointing centred on
the cluster. The MeerKAT primary beam full width half max (FWHM) gives us a field-of-view
(FoV) of 1 deg? at z ~ 0 which encompasses the Rago (1.64 Mpc =~ 25" at z ~ 0.05) of the cluster
(Cava et al., 2009). Due to the sensitivity of MeerKAT, it is possible to image past the FWHM
2 x 2 deg? (see Section 3.3.2 for details).

Abell 2626 achieves a maximum elevation of 35 — 40 deg above the northern horizon of the
MeerKAT site. The field was observed for a total of 3 x 5hours on source. Scans of bandpass cali-
brator (J1939-6342) were made at the start and end of the observations for 10 min per scan, while
phase calibrator scans of J2253+1608 were made every 20 min for 2 min. The data were observed
using the SCARAB correlator in 4K mode; the total MeerKAT bandwidth was 856 MHz, with 4096
channels of width 207 kHz corresponding to 45kms™" at z ~ 0. Thus far, I have only processed two
subsets of the total bandwidth as follows: 960 — 1160 MHz, and 1300 — 1520 MHz for the continuum
imaging (see Section 3.3.1); and 1300 — 1430 MHz for the H 1 data (see Section 3.3.2). The velocity
range covered by the H1 data cube spans —2011kms™! to 27766kms~!, which corresponds to a
volume depth of 420 Mpc.

Under the guidelines of the first open call for MeerKAT observations, proposals could ask for a
maximum of 16 hours, including overheads. The large FoV of MeerKAT meant that the cluster could
be observed using a single pointing, thus enabling the devotion of all the allocated time to obtaining
data as sensitive as possible. With effectively 15 hours on source, the 30 H1 mass detection limit
for a galaxy with a line width of 300kms~! is My, = 2 x 108 My, and the 50 H1 column density
sensitivity is Ny, = 2 x 101 cm™2 when the data are smoothed to 30” resolution. The observational
parameters can be found in Table 3.1.

3.3 Data processing

In order to limit the compute resources required to calibrate and image the dataset, I only pro-
cessed a limited subset of the 856 MHz total bandwidth. For the H1 data cube (see Section 3.3.2
for details) I processed 1300 — 1430 MHz, and for the continuum image (see Section 3.3.1) we pro-
cessed two chunks: 1300 — 1520 MHz and 960 — 1160 MHz. For both the continuum and H1 data,
we only processed the XX and Y'Y correlations. The calibration of the data was done on the ilifu
compute cluster hosted by IDIA? using the CARAcal pipeline (formerly MeerKATHI, Jozsa et al. 2020).

2Inter-University Institute for Data Intensive Astronomy
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Table 3.1: MeerKAT observations and imaging parameters

Observing parameters

Observation dates
Flux/bandpass calibrator
Phase/gain calibrator
Pointing centre

Total integration time
Number of active dishes
Shortest-longest baselines
Correlator mode
Primary beam FWHM
Total bandwidth
Frequency range

Spectral resolution

15, 16, 17 July 2019
J1939-6342
J2253+1608
23:36:31.00 +21:09:35.9
15hr (3 x 5hr)

61

40 — 7709 m

4k, dual polarisation
58" at 1420.406 MHz
856 MHz

900-1670 MHz
208.966579 kHz

Continuum imaging properties

Imaged area

Frequency ranges

Synthesised beam

Image rms

2x2 deg?

960 — 1160 MHz (LF image)

1300 — 1520 MHz (HF image)

10.7" x 12.9” (LF image, robust= —1)
8.5" x 13.2” (HF image, robust= —1)
11.0 uJy (LF image, robust= —1)

7.5 uJy (HF image, robust= —1)

H1 imaging properties

Imaged area
Frequency range
Velocity coverage
Velocity resolution

Synthesised beam

Cube rms

2x2 deg?

1300 — 1430 MHz

—2011 to 27766 km s~*

44.1 x (1+ 2z) kms™!

6.2” x 13.7"

(Robust= —0.5 at 1420 MHz)
80 uJy /beam

I followed the same general strategy as Serra et al. (2019) to do the cross-calibration using
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Figure 3.1: 2 x 2deg® L-band multi frequency synthesis continuum image centred on Abell 2626. This
image covers a frequency range of 960-1160 MHz and 1300-1520 MHz, and was imaged with a robust
weighting of -1. The image has not been primary beam corrected, however the FWHM of the primary
beam at 1520 MHz (the high frequency limit of the image) is given by the inner dashed cyan circle and the
outer dashed cyan circle represents the primary beam at 960 MHz (the low frequency limit of the image).
The horizontal white bar in the bottom right corner indicates 2 Mpc at the distance of A2626 (z = 0.058).
The synthesised beam (8.6 x 12.3") is shown by the filled light blue ellipse in the bottom left corner. The
three stacked panels on the right are zoomed in on interesting sources. The colour stretch in the three
zoom-in images is tailored to each source. The synthesised beam is represented by the solid light blue
ellipse in the lower left corner of each of the zoom-in panels and the horizontal white bar in each panel
indicates 1’ for scale.

CARAcal. Given the low altitude of A2626 at the MeerKAT site, the data were flagged for possible
shadowing. Possible radio frequency interference (RFI) in the calibrator data was flagged using
AOFlagger (Offringa et al., 2012). I used a flagging strategy that is based only on the Stokes Q
data, which is the default ‘first pass’ strategy bundled with CARAcal. The next step was to derive the
antenna-based complex bandpass for the primary calibrator (J1939-6342). The bandpass solutions
were bootstrapped to the secondary calibrator (J2253+1608) to determine the flux scale. The phase
corrections based on each scan of the secondary calibrator were applied to the target field. It is
important to note here, that the phase solutions of the secondary calibrator were determined using
only the baselines in which the calibrator was unresolved, this means that all baselines longer than
7Tk were excluded. With all cross calibration solutions applied to the target field, the target field
was also flagged for RFI using the same firstpass AOFlagger strategy.

3.3.1 L-band continuum imaging

Using the cross-calibrated visibilities, I iteratively imaged and self-calibrated the target field using
WSClean (Offringa et al., 2014) and CubiCal (Kenyon et al., 2018). I performed three rounds of
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Figure 3.2: Comparison between the integrated fluxes from NVSS and MeerKAT (1300-1520 MHz) for 12
sources unresolved by NVSS. Left: the fractional difference as a function of NVSS integrated flux. Right:
fractional difference as a function of radius from the centre of the pointing. The grey horizontal band in
each panel indicates the standard deviation of the differences. Measurements from the combined 3-epoch
image are represented by the black squares with errorbars. The coloured circles represent the integrated
fluxes measured on the individual epoch images.

self-calibration with solution intervals of two minutes: two rounds of phase only followed by one
round of amplitude and phase.

I used multi frequency synthesis (MFS) in WSClean to image the radio continuum of the target
field for three frequency ranges: i) 960 — 1160 MHz (LF image), i) 1300 — 1520 MHz (HF image),
and 4ii) 960 — 1160, 1300 — 1520 MHz (full image). Shown in Figure 3.1 is a 2 x 2deg? MFS image
covering 960 — 1160, 1300 — 1520 MHz and imaged with a Briggs robust weighting of » = —1, giving
a resolution of 8.6” x 12.3”. The sensitivity of the continuum images are close to the confusion limit
of MeerKAT making it difficult to determine the RMS noise in the centre of the image. However,
at the edge of the images where the thermal noise dominates, the RMS of the HF image is 7.4 uJy,
the LF image is 11 pJy, and the full image is 7.5 pJy. The FWHM of the primary beam for the
high frequency subset and the low frequency subset are indicated by the dashed cyan circles in
Figure 3.1, where the inner circle represents the high frequency primary beam, and the outer circle
represents the low frequency primary beam.

To correct the images for the primary beam, I obtained a model of the primary beam at the
centre frequency of each frequency chunk using eidos (Asad et al., 2021). The centre frequency
used for the LF image is 1060 MHz, for the HF image is 1410 MHz, and for the full image I used
the average between the primary beam at 1320 MHz and 1160 MHz. I use an average primary beam
rather than the measured primary beam to approximate the primary beam at the centre frequency
for the full image because I have effectively used a hard RFI mask between 1160 — 1300 MHz and
thus do not have data at the centre frequency (1240 MHz).

3.3.1.1 Continuum flux calibration assessment

In order to assess the flux calibration, I compared the continuum source fluxes from the MeerKAT
data to previously published continuum measurements in the literature. The first step is to identify
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Figure 3.3: The left-most panel shows the spatial extent of an H1 detection in one channel. The second
panel from the left shows the declination vs frequency centred on the H1 detection — the ripple is
noticeable through the correlated noise. The subsequent panels also show the declination versus frequency,
however highlighting the improvement in the cube with each iteration of the 15" order polynomial spline
fit and subsequent subtraction from the data. The right-most panel indicates the final cube.

the point sources in the HF image, I did this using PyBDSF (Mohan & Rafferty, 2015).

PyBDSF is a Python-based source-finding and -characterisation package used to identify sources
in radio continuum images. It identifies “islands” of emission above a certain threshold, and then
fits 2D Gaussian profiles to the emission in pixels above a second threshold in order to determine
the flux density of the source. In order to identify the continuum sources, I set the island threshold
to 2.50 and the pixel threshold to 3.50. After fitting, any sources that are smaller than the area of
the beam are discarded. The source finding is done on a “detection image”, which in this case is the
continuum image prior to primary beam correction. Once all the islands are found, the Gaussians
are fitted to the continuum image that has been primary beam corrected so that the correct fluxes
can be determined.

I cross-matched the catalogue of continuum sources to a subset of unresolved sources in the
NRAO VLA Sky Survey (NVSS, Condon et al., 1998); the sources are cross-matched within a radius
of 3”. This cross-match yielded 12 sources within the FWHM of the MeerKAT primary beam. Using
the integrated flux measurements from the PyBDSF catalogue, I compared the fractional difference
between the NVSS fluxes and those from the MeerKAT continuum images. In Figure 3.2, the
errorbars on each point represent the uncertainty of the integrated flux in the MeerKAT image.
I find good agreement between the NVSS and MeerKAT integrated fluxes (see Figure 3.2) at all
distances from the pointing centre and at all flux values. The offset and scatter between the
MeerKAT and NVSS integrated fluxes are 0.9% and 6% respectively.

3.3.2 H1 line data reduction

Using the calibrated visibilities, I subtracted the sky-model created during the self-calibration pro-
cess (see Section 3.3.1). I then subtracted a 4"* order polynomial fit to the visibilities to remove
any residual continuum. The data were doppler corrected to a barycentric reference frame and then
imaged channel by channel using WSClean with a Briggs robust weighting r = —0.5, a pixel scale of
2.5"”  and no tapering. I imaged the data over a frequency range of 1300 — 1430 MHz, which covers
the cluster at ~ 1342 MHz, the foreground (including Milky Way emission), and some background
structures out to z ~ 0.09.

After applying the previous data reduction steps, the dirty H1 cube appeared to still contain
a significant ripple in the data along the frequency axis (see Figure 3.3). My collaborators, T.
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Figure 3.5: Noise per 207 kHz channel as a function

Figure 3.4: Spectral noise map showing the of frequency.

rms noise in the spectrum of each pixel.

Deb and M. Verheijen, and I investigated possible sources of the ripple: the data were flagged for
antenna shadowing and the bandpass solutions were stable, but it is still unclear what the origin of
it is. Thus, the decision was taken to remove the ripple in the image domain.

In order to remove the ripple, M. Verheijen used the Groningen Image Processing System
(GIPSY; Allen et al., 1985; van der Hulst et al., 1992), to fit a 15" order spline to the spectrum of each
pixel. The order of the cubic spline was tuned to the 130 MHz bandwidth of the processed H 1 cube,
thus locally, a 2nd order polynomial was fit to 8.7 MHz. This was done over three iterations where
the spline was fitted to and subtracted from the data. The initial ripple is evident in the second
panel of Figure 3.3. Each iteration of the spline fit and subtraction process is shown in Figure 3.3,
with the final “de-rippled” cube shown in the right-most panel. Following the de-rippling procedure,
a number of detections were checked for any negative ‘bowls’ on either side of the detection along
the frequency axis; as can be seen in the right-most panel of Figure 3.3, there is no negative bowl.
From this, we are confident that the fidelity of the H1 data is not affected by the spline fit, further
evidence to this is the comparison with the ALFALFA detections in Section 3.4.3. It is possible,
however, that any residuals from this fit could appear when stacking the global profiles in Chapter 5.

The native resolution of the dirty cube, measured from the antenna pattern (created during the
imaging process) varied with increasing frequency from 14.7” to 13.5” in the north-south direction,
and 6.7” to 6.1” in the east-west direction. Based on this information, the de-rippled dirty cube
was smoothed to a circular resolution of 15” independent of frequency. Cleaning of the H1 cube
was done twice using GIPSY: the first round was done using a mask created by the Source Finding
Application (SoFiA; Serra et al., 2015) which was run using a clip threshold of 50, the cube was
re-cleaned to a depth of 0.30 using masks created after detailed source finding (see the next section).

3.4 Galaxies with H1

3.4.1 HI1 Source finding

H1 source finding in a blind survey is an art — there is no single method or set of criteria that
works for every telescope or even across surveys with a single telescope. Thus, the source finding
method is typically tailored to the particular data set and the science case of those performing the
source finding. For this survey, my collaborators and I chose to use the SoFiA3 software package
(Serra et al., 2015) to do the source finding. SoFiA was designed specifically to automate reliable

3https://github.com/SoFiA-Admin/SoFiA
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Figure 3.6: Top: Sky distribution of the H1 detections identified with SoFiA. The inner dashed grey
circle represents the Rogg of A2626, and the outer light blue dashed circle represents the primary beam
FWHM at the frequency of the cluster. The black contours represent the x-ray emission from A2626 taken
from ROSAT images. The data points representing the H1 detections are coloured by the spectral
over-density of which they are a member. The open squares represent the galaxies also detected by
ALFALFA that are used in the H1 flux comparison in Section 3.4.3. Bottom: Redshift histogram of the
H1 detections. The filled histogram represents the H1 detections. Also shown for reference, by the open
grey histogram, is the optical redshift catalogue for the field from Healy et al. (submitted) (see Chapter 4).
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source finding in HT spectral line data cubes. We chose to use SoFiA as it has proven to be very
adept at detecting real sources that are very close to the noise (Serra et al., 2015), SoFiA is also
publicly available which means that the inclusion of the parameter file used in this source finding
run would make our results easy to reproduce. The version of SoFiA my collaborators, T. Deb and
M. Verheijen, used to perform the source finding was SoFiA-2* (Westmeier et al., 2021); this version
of the application is written in C.

SoFiA has the ability to perform spatial and spectral smoothing using a number of different
kernels, and then combine all the identified sources into one source list. To optimise the column
density sensitivity, the cube was smoothed to four different spatial resolutions (15", 20”, 25”, and
30”) and three velocity resolutions (45kms~! 90kms~—!, and 180kms~!). Note that 15" spatial
and 45kms™! spectral are the native resolutions of the cube used to perform the source finding.
SoFiA-2 was run four times (once for each of the spatial resolutions), each time smoothing the cube
spatially in increments of 5” from 15” up to the desired resolution as well as smoothing spectrally.
Sources were identified using a 3.5¢0 threshold and requiring the reliability value to be above 90%.

Each source finding run produced a catalogue of detections that was then manually combined
to create a single catalogue of 404 unique H1 detections. Each detection was then checked for a
possible optical counterpart. An optical source was considered to be the counterpart to the H1
detection if the optical redshift of the galaxy coincided with the redshift of the detection. The
redshift catalogue used is discussed in Chapter 4. Where there was no optical redshift to confirm
the link between an optical source and the H1 detection, optical counterparts were associated with
the detection based on proximity to the HI centre (typically the optical source had to be located
within the mask of the H1 detection), and colour — HI rich galaxies tend to be blue from ongoing
star formation, however red galaxies are known to contain detectable H1 (e.g. Serra et al., 2012).
Possible counterparts were only excluded on the basis of colour if the galaxy was redder than the red
sequence of A2626, HW1, or A2637. Where there were multiple possible counterparts for a single
H 1 detection, preference was given to the bluer galaxy. Of the 404 unique detections identified by
SoFiA based on the detection criteria, 219 have optical counterparts — 161 of which have an optical
redshift confirming the H1 detection.

It is possible that the 185 H1 detections excluded from the final source catalogue are real,
however using a 3.50 threshold and 90% reliability limit increased the number of false detections.
Pushing the SoFiA settings to such low thresholds came at the cost of an increased probability of
false detections, however in order to detect the low surface brightness H1 emission in the cluster
galaxies, this was a necessary cost. In a blind survey such as this, and with such a large spectral
resolution (45kms™1), it is difficult to assess the reliability of the detections without other infor-
mation such as the optical images and spectroscopy. In a cluster environment, it is highly possible
that H1 has been stripped from galaxies falling into the cluster and is thus free-floating without an
optical counterpart; however, in the context of the analysis presented in the later chapters of this
thesis, excluding such detections does not change the scientific results.

Many of the final list of 219 detections were detected at multiple spatial resolutions. The masks
for the final list of sources were thus based on the largest resolution where the galaxy was detected
so as to not exclude the lower surface density emission typically located in outskirts of the H1 disk.
The masks were also manually dilated by a pixel in all directions. These dilated optimum masks
were then used to re-clean the cube from which the global profiles and global properties could then
be determined. The sky positions of the 219 detections, as well as the redshift distribution of the
sources is presented in Figure 3.6. It is clear from the histogram in Figure 3.6 that many of the
detected H1 sources are associated with A2626 (highlighted in the light green).

‘https://github.com/SoFiA-Admin/SoFiA-2
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Figure 3.7: A global profile (black line) of one of Figure 3.8: Global profile (black line) of the H1
the H1 detections identified by SoFiA. The errorbars detection in Figure 3.7. The grey band represents
are determined from the variance of the flux density  the upper and lower limits of the spectrum set by
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dashed green line indicates the frequency of the
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50% of the peak flux, the intervals on the
approaching (v,) and receding (v, ) sides indicate
the uncertainty on the frequency of the two sides.

3.4.2 HT1 global properties

Using the flux task in GIPSY, the global H1 profiles for each galaxy were extracted from the
primary beam corrected cube. Only the flux contained within the masks created by SoFiA was
considered to be part of the galaxy. The flux errors for each channel were determined from the
variance in the same channel of 24 “reference” spectra. The reference spectra were extracted in
the same manner as the target spectrum from HTI line-free regions around the target galaxy. An
example H T spectrum with the flux errors in each channel is shown in Figure 3.7.

The global profile enables the measurement of a number of important global properties: the
integrated flux (Si,), the H1 redshift (211,), and the line width which is measured at both the 50%
(Ws0) and 20% (Wqo) peak flux level. From the integrated flux and the redshifts, the H1 mass
can also be determined. The integrated flux and line widths are important properties that can be
compared to measurements made of the same galaxy by other telescopes, thus verifying the quality
of the data calibration (see Section 3.4.3).

The line width for each galaxy is determined by the difference between the approaching (v,)
and receding (v,) side of the spectrum. Due to the coarseness of the MeerKAT H1 spectra, it
was necessary to interpolate the flux values between channels in order to determine the frequency
at which 20% and 50% of the peak flux occurs. I used a simple linear interpolation routine to
determine the flux values between channels. The v, and v, were determined by starting from
outside the spectrum emission and moving towards the centre of the spectrum where the emission
peaks. The points for 20% and 50% of the peak flux level are indicated in Figure 3.8 by red and
blue circles respectively. The galaxy’s W59 and W are thus given in the rest-frame by:
a=vrl g 4y, (3.1)

Ve

where v, is the rest-frame frequency of the 21-cm H 1 line (1420.4057517667 MHz), ¢ is the speed of

W =



76 CHAPTER 3. A RADIO VIEW OF ABELL 2626
11
Ve el

107 ® s ° <§D® @é% “e -: ¢ .0 &)
[ ¢ i + ° ® ¢ % “ e LE
97 ’ H e #:‘ $ v %é@ Q?ﬁ?% ’#_ ---- TRt z
: £ i et :
© oo . . S Bt g 1 :? _________ =
= e T T e - =
= 87 e BT T .S
T /’j ,,,,,, 7,
= ISy S
O e F 140 5
—~ T - 120
2 - 100 "é
61 F80 2
---- R=45km/s L 60 Z

5 4 ==+ R=135km/s L 40

[T R = 225 km/s I L 920

—— T T — T T r O
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

redshift (z)

Figure 3.9: H1 mass as function of redshift. The coloured round data points indicate the 219 H1
detections; the colours correspond to the spectral over-densities highlighted in the histogram, and the black
data points correspond to the grey histograms, these sources are not associated with any over-density. The
dashed, dot-dashed, and dotted lines represent the 3c H1 mass limit of the different velocity resolutions
(45kms~!, 135 kms~!, and 225 km s~ respectively) used in the source finding.

light (299792.458kms~!), and z is the H T redshift determined at the frequency half way between
20 and v2° (shown by the dashed green vertical line in Figure 3.8). The errors on v, and v, were
calculated by determining the frequencies where

Dlevel = f + U(f) (32)

Plevel 1s the value of 20% or 50% of the peak flux, f is the flux density of the spectrum and wu(f).
f £ u(f) is represented by the shaded grey region in Figure 3.8, and the frequency errors are shown
by the coloured intervals below the v,/ markers. The error on the line widths are determined by
combining the individual errors on v, and v, in quadrature.

SH, = /Svdv

which in practice becomes Sy, = Y S;Av, where S; is the flux density in each channel and Awv is
the channel velocity width. The error on Sy, was calculated by propagating the individual flux
errors per channel and adding in quadrature. Having determined Sy, I can also determine the H1
mass of each galaxy based on the formulation from Wieringa et al. (1992) under the assumption
that the HT1 cloud is spherical and optically thin with a uniform internal velocity distribution:

(5) ()
where z is the redshift of the galaxy, D (z) is the luminosity distance, and [ Sydv is the rest-frame
integrated flux.

The integrated flux is determined by

(3.3)

2.36 x 10°
1+ 2

MHI _
Mg

DL(Z
Mpc

[ Sydv
Jykms—1

(3.4)
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Figure 3.10: Global profiles for the 14 galaxies identified in the ALFALFA survey that are also identified
in the MeerKAT H1 data. The MeerKAT spectra are shown in orange, the ALFALFA spectra in light grey
(original spectral resolution) and dark grey (MeerKAT spectral resolution). The red and blue horizontal
dot-dash lines indicate where the Woy and Wy respectively are measured for the MeerKAT spectra.

AGC 336002 and AGC 336017 are cross-matched multiple MeerKAT detections within the Arecibo beam;
the orange spectrum represents the sum of the individual MeerKAT spectra which are plotted in red,
purple, and green.

As mentioned in Section 3.2, based on the theoretical properties of the instrument and the
observation time, the expected 3¢ H 1 mass limit for a galaxy with a line width of 300 kms~! at the
distance of the cluster was My 30 1im = 2 x 108 M. Figure 3.9 shows the distribution of the H1
masses for the detected sources as a function of redshift. The dashed and dotted grey and red lines
indicate mass limits based on the source finding criteria (grey) and the predicted mass limit (red).

3.4.3 HI1 data quality checks

The final data quality check to be performed was the comparison of the integrated fluxes and line
widths with values in the literature. A2626 is located in the footprint of the ALFALFA, a large-
area blind HT1 survey using the Arecibo Radio Telescope. Cross-matching the 219 H1 detections
from MeerKAT with the «.100 catalogue, there are 14 ALFALFA galaxies which have MeerKAT
counterparts. Only 12 of the ALFALFA galaxies had one MeerKAT counterpart within the large
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Figure 3.11: Fractional difference between Figure 3.12: Fractional difference between the
ALFALFA and MeerKAT integrated fluxes as a Wso (blue) and Wy (orange) line widths for the 12
function of the ALFALFA integrated flux for 12 non-blended galaxies observed by both ALFALFA

non-blended galaxies. The green symbols represent and MeerKAT. The square symbols represent
galaxies with an ALFALFA S/N value greater than  galaxies with an ALFALFA S/N value greater than
12, red symbols represent profiles with a lower S/N 12, circle symbols represent profiles with a lower
value. S/N value.

3.3' Arecibo beam. For this comparison, it was very important not to have any possible confusion
between H 1 sources as this could lead to an unfair comparison. All 12 non-blended sources are lo-
cated at distances beyond the FWHM of the MeerKAT primary beam from the centre of the cluster,
Figure 3.6 shows the locations of these 12 galaxies through the positions of the open squares. The
direct comparison between the MeerKAT H1 spectra and all 14 ALFALFA H1 spectra (including
the 2 blended ALFALFA sources) is shown in Figure 3.10.

I quantify the comparison between the MeerKAT and ALFALFA integrated fluxes using the
fractional offset between the two as shown in Figure 3.11. There is good agreement between the
MeerKAT and ALFALFA measurements for the galaxies which have an ALFALFA S/N> 12: no
significant offset (in this case, I do not consider the 5.8% offset as significant), and a scatter of 7.5%.
Given that all 12 galaxies lie outside the FWHM of the primary beam, the consistency of the fluxes
indicates that there are no issues with either the primary beam correction or the general calibration.

Lastly, I compared the measured line widths. In order to do this, I re-sampled the higher reso-
lution ALFALFA spectra (Av = 11kms™!) to the same coarse resolution as the MeerKAT spectra
(Av = 44.5kms™1) so that I could avoid introducing any possible offset between the line widths
due to the differences in velocity resolution. I also measured the ALFALFA line widths in the same
way as the MeerKAT line widths (see Section 3.4.2). Figure 3.12 shows the fractional difference
comparisons between the Wsg and Woq line widths for MeerKAT and ALFALFA. With the excep-
tion of a few low S/N detections (determined as ALFALFA S/N<12), the measurements of the line
widths from the two surveys are consistent.

The analysis represented by Figures 3.11 and 3.12 shows that the calibration of the MeerKAT
H1 data presented in this chapter is consistent with previously published data covering this field.
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3.5 Summary

This chapter has discussed the calibration, imaging, and source finding of new H 1 observations of
the galaxy cluster A2626 with MeerKAT. The data quality and images I have presented highlight the
impressive sensitivity of MeerKAT. And the high number of H 1 detections in the cluster suggest an
environment that is richer in H I than expected based on previous observations of other clusters. As
discussed in Section 3.4.1, 219 reliable H 1 detections were found with optical counterparts using the
SoFiA source finding software. The comparison of the continuum fluxes to NVSS (Section 3.3.1),
as well as the HI integrated fluxes and line widths to ALFALFA (Section 3.4.3), show that the
MeerKAT data are consistent with previously published surveys.

The sky distribution (Figure 3.6) and redshift distribution of the H 1 masses (Figure 3.9) paint a
picture of an environment around A2626 that is rich with H1 detections. The measured 30 H1 mass
sensitivity for a galaxy with a 300 kms~! line width at the distance of the cluster (~ 3.6 x 108 M)
makes this dataset comparable to the Westerbork Coma Survey in Chapter 2. In the following
chapters, I present the optical redshift catalogue for this field (Chapter 4), as well as an analysis of
the global and local cosmic environments around A2626. I then use the identified environments in
Chapter 5 and probe the gas content of galaxies not directly detected in H1 to understand how the
different local environments and the cluster affect the evolution of the galaxies.
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Chapter 4

Abell 2626 and friends: large and small
scale structure
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Abstract

New MMT /Hectospec spectroscopy centred on the galaxy cluster A2626 and covering a ~1.8 deg?
area out to z ~ 0.46 more than doubles the number of galaxy redshifts in this region. The spectra
confirm four clusters previously identified photometrically. A2625, which was previously thought to
be a close neighbour of A2626, is in fact much more distant. The new data show six substructures
associated with A2626 and five more associated with A2637. There is also a highly collimated collec-
tion of galaxies and galaxy groups between A2626 and A2637 having at least three and probably four
substructures. At larger scales, the A2626-A2637 complex is not connected to the Pegasus—Perseus
filament.
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4.1 Introduction

Large, wide-area spectroscopic surveys such as the Sloan Digital Sky Survey (SDSS; Strauss et al.,
2002; Smee et al., 2012), 2dF Galaxy Redshift Survey (2dFGRS; Colless et al., 2001), and VIMOS
Public Extragalactic Survey (VIPERS; Guzzo et al., 2013) have revealed the distribution of galax-
ies in the Universe. The emerging picture, now referred to as the “Cosmic Web,” is a complex
and interconnected set of structures (de Lapparent et al., 1986; Bond et al., 1996). These include
megaparsec-long one-dimensional structures (“filaments”), thin two-dimensional sheets (“walls”), and
vast empty spaces (“voids”) surrounded by walls. Galaxy clusters are located where multiple fila-
ments intersect (e.g., Aragon-Calvo et al., 2010; Cautun et al., 2014; Malavasi et al., 2017).

The early catalogues of galaxy clusters (Abell, 1958; Zwicky et al., 1961) were constructed by
identifying apparent over-densities of galaxies on photographic plates. Lucey (1983) and Struble &
Rood (1987) estimated that as many as 25% of such identified clusters may be chance superposi-
tions. The only way to confirm cluster members or even the existence of clusters at all is through
extensive spectroscopy or at least multi-band imaging. Identifying cluster members can become
particularly problematic when foreground and background galaxy over-densities overlap spatially,
e.g., when the line of sight is along a cosmic filament. Early spectroscopy of Abell clusters was
usually limited to the brightest galaxies in the field (for a summary, see Struble & Rood and ref-
erences therein). Struble & Rood commented that within their collation, as many as 5% of the
cluster redshifts may be incorrect and warned about the reliability of cluster redshifts determined
from 1-3 galaxies. They endorsed the recommendation from Postman et al. (1986) that reliable
cluster redshift measurements need to be made from at least five galaxies.

In the hierarchical structure-formation scenario, large structures such as galaxy clusters are built
through successive merging and accretion of galaxies and groups of galaxies. The imprint of this
accretion is told through the kinematic substructure within the cluster (e.g. Dressler & Shectman,
1988; Hou et al., 2012). Identifying and studying substructure is an important step to uncovering
how galaxy clusters form. Analysis of substructures can help to understand the local environments
in which galaxies are located. The interaction between the cluster proper and the smaller group or
substructure environment affects the evolution of the constituent galaxies. Processes such as galaxy—
galaxy interactions are more likely to occur in the more compact environments, whereas processes
such as ram-pressure stripping are more common in cluster environments where the intracluster
medium (ICM) is denser. Understanding these effects may shed light of the causes of observed
phenomena such as the morphology—density relation (Dressler, 1980) in which dense environments
such as clusters show a majority of red, quiescent galaxies whereas low-density environments have
a majority of bluer star-forming galaxies.

The galaxy cluster at the centre of this work is Abell 2626 (officially ACO 2626 but hereafter
A2626; Abell, 1958). A2626 is thought to be undergoing a merger between the main cluster and
an accreted sub-cluster (Mohr et al., 1996; Mohr & Wegner, 1997). Using ~150 new redshifts,
Mohr et al. (1996) found evidence for a potential sub-cluster southwest of the A2626 core. Newer
spectroscopy from the Wlde-field Nearby Galaxy cluster Survey (WINGS; Fasano et al., 2006; Cava
et al., 2009) improved the redshift coverage for A2626, but Ramella et al. (2007) found no evidence
of substructure in the cluster. These conflicting results are not surprising: different substructure
algorithms are sensitive to different types of clustering (spatial or spectral) as well as the number
of galaxies in the input catalogue.

If A2626 is really undergoing a merger, it can act as a natural laboratory for the effects of
mergers on constituent galaxies. At a distance of 250 Mpc and in a part of the sky that is not well
surveyed, this cluster has not been extensively studied. Most of the recent interest in this cluster
has focused on the intriguing “kite” source, visible at radio wavelengths at the centre of the cluster
(Ignesti et al., 2018). The cluster has been observed in X-rays, initially by Rizza et al. (2000),
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and Wong et al. (2008); both combined detailed X-ray observations with observations of the ra-
dio continuum to study the interplay between the physical processes that emit in both wavelength
regimes. They found X-ray enhancements to the northeast and southwest of the cluster centre and
a significant jump in the radial gas temperature profile, which they suggested may be due to a
past or ongoing merger event. The cluster is also home to six candidate “jellyfish” galaxies (Pog-
gianti et al., 2016), extreme examples of galaxies undergoing ram-pressure stripping. One of the six,
JW 100, a confirmed jellyfish galaxy, has been the centre of a multi-wavelength (X-ray-radio) study
to understand the interplay between the stripping processes and the stellar and gas components of
the galaxy (e.g., Moretti et al., 2019; Poggianti et al., 2019). These studies have shown how impor-
tant multi-wavelength data are to understand how the environmentally driven processes affect the
evolution of galaxies, but equally important is a thorough census of the galaxies in the environment.

This chapter presents new and deep spectroscopy of A2626 and its surroundings. The redshifts
identify new members of A2626 and the nearby A2637 (Abell, 1958) and reveal more of the large-
scale structure in which these two clusters are embedded. The redshifts also identify a number of
new structures in this region out to z ~ 0.46.

The new spectroscopy presented in this chapter complements new radio observations with
MeerKAT centred on A2626 (Healy et al., 2021a), which have added the previously unattainable
neutral hydrogen (H1) measurements of galaxies in the cluster and its surrounds. The MeerKAT
data can facilitate the study of H1 in galaxies out to z ~ 0.46 due to MeerKAT’s wide bandwidth.
While H1 has yet to be directly detected beyond z ~ 0.376 (Fernandez et al., 2016), optical red-
shifts can be used for H1 stacking—a technique where the H1 line spectra of a sample of galaxies
are aligned and coadded to create an average spectrum with a higher sensitivity than the individual
spectra (e.g., Healy et al., 2019; Chowdhury et al., 2020).

The chapter is organised as follows: Section 4.2 presents the new spectroscopy. Section 4.3
uses the new redshifts along with published ones to update the picture of the large-scale structure
centred on A2626 at z < 0.46. Section 4.4 provides updated measurements of the cluster size, and
Section 4.5 describes substructures in and around A2626 and A2637. This chapter uses throughout
a standard, flat ACDM cosmology with Hy = 70kms~ Mpc™!, Q3 = 0.3, Q4 = 0.7, and h = 0.7.
All magnitudes are given in the AB system.

4.2 Spectroscopy

4.2.1 Literature redshifts

WINGS (Fasano et al., 2006) is a multi-wavelength imaging and spectroscopic survey of 77 galaxy
clusters at Galactic latitude |b] > 20° selected from three flux-limited X-ray surveys. The main
target of this work, A2626, is one of the clusters in the WINGS sample. WINGS used existing
literature redshifts for the clusters in their sample in combination with their own follow-up spec-
troscopy survey (WINGS-SPE, Cava et al., 2009) to determine cluster membership. The targets
for the WINGS-SPE were selected from the WINGS imaging survey (Varela et al., 2009), which
for A2626, only extended to r = 0.7 Rago. (R200 is the radius inside which the mean density of the
cluster is 200 times the critical density of the Universe. For A2626, Rogy = 1.64 Mpc = 25/27 at
z = 0.0557, Cava et al. 2009.) We are interested in the substructure of the cluster as a whole and
understanding how the average gas content varies across the cluster based on local environment.
For this, we need to be able to characterise the environment of the cluster beyond the Rogg.

We supplemented the WINGS-SPE spectroscopy with redshifts by performing searches through
the SDSS spectroscopic survey and the SIMBAD Astronomical database within a radius of 1°5
from A2626. The radius of 1°5 was chosen so that we could identify the known galaxies that are
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located in the area covered by the MeerKAT H1 cube (Healy et al., 2021a), which covers 2 x 2 deg?
centred on A2626. Despite falling into the SDSS spectroscopic footprint, as well as being part of
the WINGS-SPE, the spectroscopic coverage across the entire 2 x 2 deg? field was very sparse and
incomplete, especially for R > 0.7 Rogg from the cluster center. We therefore targeted A2626 for
follow-up spectroscopy using the multi-object fibre-fed spectrograph Hectospec on the MMT.

4.2.2 MMT Spectroscopy
4.2.2.1 Target selection

The galaxies targeted for Hectoscopec followup were selected from the SDSS photometric catalogue.
The first step was to identify all extended sources that did not already have a redshift. We classified
sources as extended if they satisfied the criterion

Tpsf — Tpetro > 0.1mag (4.1)

where 7,4 is the PSF magnitude, and rpetro is the Petrosian magnitude (an aperture-based mag-
nitude, Blanton et al. 2001). All sources that matched this criterion were cross-matched to the
catalogue of literature redshifts. Photometric sources within 5” of an existing redshift were assumed
to be part of the same galaxy and removed from the target catalogue. The distribution of literature
redshifts indicated three spectral over-densities at cz ~ 20000kms~!, one of which corresponds to
A2626 (left panel in Figure 4.1). The highest-redshift over-density was at ¢z ~ 125000 kms~! and
is centred around 0°7 east-southeast of A2626. It is within the MeerKAT primary beam at that
redshift. Based on the g —r colour, total » magnitude, and locations of the noted four over-densities
(see right panel of Figure 4.1), we further restricted the target catalogue to:

0<g—r<2,
r < 20.4mag, and (4.2)
R < 0°75.

The colour and magnitude limits are shown in Figure 4.1. We also imposed a brightness limit
on the “fibre magnitude”, the magnitude within a 2" aperture, only including sources that had
ron < 21.5mag. This criterion enabled us to maximise the success rate of the observations. The
colour distribution of the prime target catalogue of ~2500 sources is shown in Figure 4.1. For the
last three configurations observed, fainter targets were added in order to utilise more fibres. These
galaxies were observed only when no brighter source could be targeted.

4.2.2.2 QObservations

Hectospec (Fabricant et al., 2005) is a fibre-fed spectrograph operating at the MMT in Arizona,
USA. Its 300 fibres, each subtending a 1”5 diameter on the sky, patrol a circle of radius 0°5 with
the constraint that the distance between fibres must be at least 20”. The 270 lpm grating gave
wavelength coverage 3725-9150 A with spectral resolution 6 A.

The A2626 field was observed with nine Hectospec configurations designed to maximise the
number of galaxies, and especially the number of bright galaxies, observed. The plan was to observe
five configurations with 45 minutes exposure time and four with 105 minutes, but in some cases
longer exposures were obtained. Objects with SDSS g fibre magnitudes >21 were preferentially
assigned to configurations with longer exposure times. This led to ~280 galaxies being targeted
twice. Each configuration was observed with three individual exposures to allow cosmic-ray removal.
Table 4.1 shows positions, dates, and total exposure times of the configurations. (Configuration
labels are arbitrary.) Each configuration measured about 250 targets and included 20-30 sky fibres.
Remaining fibres were unassigned because of position conflicts.
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Figure 4.1: Left: histogram showing the known redshifts of galaxies within a 1° radius of A2626. The
green, orange, and pink outlines indicate the distribution of galaxies in A2626, a newly identified structure
we are calling HW1, and A2637 respectively. The blue outline indicates a background over-density at

z ~ 0.42. grey vertical bands mark the redshift ranges where radio-frequency interference makes it difficult
to identify galaxies in the MeerKAT H1 data. Only over-densities outside these bands are coloured. Right:
colour—magnitude diagram for the galaxies in the field. The colour scale of the circles represents the
redshifts as indicated in the colour bar to the right. The four over-densities are outlined in the same colours
as the histogram. The grey dots within the dashed red bounding box represent the sources we targeted
with Hectospec. The dashed red box represents the colour and magnitude limit for the target catalogue.

4.2.2.3 Redshift measurements

MMT spectra were reduced with the IDL Hectospec pipeline HSRED 2.1, originally written by
R. Cool (http://mmto.org/ rcool/data_tools.html). The pipeline, a re-implementation of the
one described by Mink et al. (2007), combined the separate spectra while rejecting cosmic rays,
subtracted the sky, and corrected the wavelengths to barycentric values. The pipeline then cross-
correlated each target spectrum with eight spectral templates representing a variety of galaxy spec-
tra. The template with highest correlation coefficient was chosen as the initial redshift guess, and
the location and width of the correlation peak gave the redshift and its uncertainty. Table 4.2
lists the galaxy templates and the number of times the pipeline chose each one. It also gives the
additional uncertainty because the assigned template may not best represent the true galaxy veloc-
ity. These uncertainties should be added in quadrature to the individual redshift uncertainties in
Table 4.3.

All spectra were examined by eye and the correlations re-run with XCSAO, the original cross-
correlation routine. Redshifts from HSRED and XCSAO were consistent within their uncertainties.
For about 10% of targets, a template other than the initial guess looked to be a better represen-
tation of the spectrum, and the initial guess was replaced with the HSRED redshift for the better
template. In most cases, the replacement template was chosen for better agreement with emission
line velocities than the initial one. For ~10 targets, none of the HSRED redshifts matched the spec-
trum, and an XCSAO fit was used. Most of these were spectra with large noise spikes that confused
the pipeline but could be deleted manually.

The visual examination gave each fit a quality ranking @Q to code whether the template had correctly
identified the spectral features. () = 4 designates an unambiguous redshift based on multiple
features of high S/N. @ = 3 designates a reliable redshift, but the number of features and their
S/N is insufficient for @ = 4. @ = 2 designates a probable redshift but one with a reasonable chance
of features being misidentified. () = 1 designates some indication of a redshift, often a single, weak
emission line or multiple features that could be absorption or could be noise. @ = 0 indicates no
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Table 4.1: Hectospec Configurations Table 4.2: Template Uncertainties

Config R.A. Dec. Date Exp. time Template N Acz® Az
J2000 UT minutes SPTEMP 1011 17 0.000057
cl 23:38:02.6  21:19:45 2019-09-03 105 M31_K_TEMP 364 19 0.000063
c2 23:37:25.6  20:47:21 2019-09-04 105 ELTEMP 294 25  0.000083
bl 23:37:31.0 21:34:02 2019-10-24 45 HEMTEMPO.0 282 14 0.000047
b2 23:38:16.9  21:05:37  2019-10-24 54 HABTEMPY0 190 24 0.000080
a2 23:36:03.6  20:43:19  2020-06-20 45 EATEMP 69 29 0.000097
d1 23:35:09.4  20:53:36  2020-06-22 114 M31 F TEMP 46 23 0.000077
e2 23:35:21.3  21:24:28 2020-09-11 60 M31 A TEMP 11 31 0.000103
£l 93:35:00.3  21:20:06 2020-10-07 120 “Here and throughout this chapter ¢ = 299792.5.

el 23:37:55.3  21:15:48  2020-10-08 45
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Figure 4.2: Fraction of targeted galaxies from which a redshift could be measured. The orange (blue)

show the galaxies observed with tiny = 45 min (s = 105 min). The full target list is represented by the
open black circles. The horizontal (x) axis is SDSS g magnitude in a 2" diameter (“fibre2Mag _g").

spectral information, usually very low S/N. Only @ > 3 redshifts are used in this work, though
others are included in Table 4.3 for completeness.

4.2.2.4 Data quality and success rate

The success rate is given as a function of the magnitude by

Ntarg

S(m) (m) (4.3)

where IV, is the number galaxies of magnitude m for which a redshift could be measured, and Niarg
is the number of galaxies that were targeted and a spectrum obtained. Figure 4.2 shows the success
rate as a function of the fibre magnitude.
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Table 4.3: MMT Redshifts

Name RA Dec petroMag_g PetroMag_r fiber2Mag_g cModel _g—r Q z Az alt template R  config fibre Comment
MMT _1192 23:33:03.49 +21:11:03.6 20.15 19.26 21.50 0.91 4 0.101908 0.000136 m31_f temp 6.6 f 1 096
MMT 0441 23:33:03.74 +21:19:11.2 17.82 16.90 19.91 0.93 4 0.057972 0.000074 eltemp 16.7 f 1 109
MMT _1977 23:33:04.98 +20:58:04.5 20.02 18.53 21.52 1.61 4 0.248916 0.000089 eltemp 17.3 d_1 169
MMT _1185 23:33:06.15 +21:07:32.3 19.01 17.92 20.85 0.99 4 0.101535 0.000041 hemtempO 13.9 f1 o017
MMT 1979 23:33:06.39 +21:00:30.7 18.96 18.04 21.07 0.92 4 0.099553 0.000125 a eltemp 9.2 d_1 161
MMT _0443 23:33:10.49 +21:15:37.7 19.14 17.96 20.58 1.22 4 0.162603 0.000058 m31l_k_temp 16.6 f 1 093
MMT 0448 23:33:10.76 +21:17:27.2 20.59 19.14 22.04 1.46 4 0.224653 0.000096 sptemp 13.3 f 1 106
MMT _2430 23:33:11.54 +20:43:39.4 20.42 20.01 21.67 0.40 4 0.141438 0.000018 hemtempO 24.9 d_1 147
MMT 2156 23:33:11.59 +21:25:35.4 19.79 18.94 21.48 0.86 4 0.192463 0.000065 sptemp 17.5 f 1 116
MMT _1196 23:33:11.86 +21:09:40.8 20.35 19.43 21.69 0.83 4 0.169041 0.000087 sptemp 12.5 f 1 013
MMT _ 0457 23:33:12.29 +21:23:58.7 19.47 18.44 21.61 0.93 4 0.265598 0.000090 sptemp 13.5 f 1 112
MMT 1198 23:33:13.62 +21:12:07.5 21.49 19.66 22.81 1.59 4 0.282104 0.000147 eltemp 9.2 f 1 098
MMT _1983 23:33:13.68 +20:55:35.8 20.13 19.46 22.13 0.62 4 0.142830 0.000040 a hemtempO 9.0 d_1 164
MMT 1989 23:33:14.20 +20:54:01.2 19.22 18.54 21.74 0.67 4 0.161680 0.000061 a hemtempO 57 d_1 151
MMT 0458 23:33:14.69 +21:20:10.2 21.25 19.97 23.00 1.17 3 0.284297 0.000171 habtemp90 7.1 e 2 094
MMT _1980 23:33:14.70 +20:53:05.3 19.38 18.39 20.90 1.01 4 0.099837 0.000053 m31_k_temp 17.7 d_1 155
MMT 2323 23:33:15.32 +21:05:11.0 19.28 18.62 21.35 0.68 4 0.146221 0.000062 sptemp 18.6 d_1 176
MMT _2319 23:33:15.91 +21:04:43.1 21.08 19.15 22.24 1.74 4 0.412846 0.000156 sptemp 5.3 f 1 087
MMT 2463 23:33:16.04 +20:52:21.4 18.60 17.59 20.28 1.01 4 0.099018 0.000050 m31l_k temp 206 d_1 157
MMT _2462 23:33:16.28 +20:49:40.1 17.56 16.90 19.40 0.69 4 0.054066 0.000033 a hemtempO 11.3 d_1 152
MMT 1348 23:33:16.47 +21:29:37.0 17.59 17.21 19.23 0.37 4 0.038449 0.000025 hemtempO 15.6 e_2 107
MMT 1194 23:33:16.56 +21:07:34.0 20.20 19.46 21.58 0.60 4 0.100518 0.000096 sptemp 10.5 f 1 081
MMT _0462 23:33:17.47 +21:22:12.6 19.84 18.96 21.36 0.88 4 0.057187 0.000083 m31l_k_temp 10.3 f 1 026
MMT 2464 23:33:17.48 +20:50:08.8 18.83 17.76 20.41 1.06 4 0.133259 0.000077 eltemp 17.5 d_1 154
MMT _1199 23:33:17.58 +21:09:45.3 19.78 19.00 21.70 0.64 4 0.019790 0.000081 sptemp 10.5 f 1 015
MMT _ 0451 23:33:17.58 +21:23:29.8 18.13 17.19 19.84 0.94 4 0.057222 0.000051 m31_k_temp 18.0 e_2 095
MMT 2322 23:33:17.79 +21:03:31.9 19.11 17.96 20.44 1.14 4 0.132217 0.000081 eltemp 17.5 d_1 271
MMT _ 1981 23:33:17.82 +20:55:55.9 19.66 18.95 21.71 0.66 4 0.248011 0.000057 sptemp 20.8 d_1 166
MMT 0461 23:33:18.24 +21:16:19.8 20.42 19.32 21.70 1.10 4 0.165881 0.000093 sptemp 13.4 f 1 091
MMT _0463 23:33:18.74 +21:22:39.6 21.54 19.84 22.75 1.72 4 0.290004 0.000146 eltemp 9.1 f 1 028

Magnitudes are from SDSS and are in AB units. An ‘a’ in the alt column indicates the pipeline template choice was
overridden. Only a portion of this table is shown here to demonstrate its form and content. A machine-readable version of the

full table is available.

4.2.3 Spectroscopic Completeness

Understanding the completeness of our spectroscopic samples is important for the reliability identi-
fying substructure and groups. Following the colour and luminosity cuts outlined in Section 4.2.2.1,
we examined the spectroscopic completeness across the entire 2 x 2 deg? region covered by the
MeerKAT H1 observations and centred on A2626. The completeness is defined in the same way as
Cava et al. (2009):

C(m) = ~=(m) (4.4)

where Ny, is the number of sources of magnitude m in our target catalogue. Figure 4.3 shows the
spectroscopic completeness as a function of the SDSS r-band magnitude, which was used to select
the targets for the MMT observations (Section 4.2.2.1).

While Figure 4.3a provides the global overview at what magnitude the completeness begins to
drop off, with a non-uniform spatial spectroscopic coverage it is important to understand how the
completeness varies across the field. Figure 4.3b shows the spectroscopic completeness determined in
annuli with increasing radii from the centre of the cluster. The spatial variation of the spectroscopic
completeness in six magnitude bins is shown in Figure 4.4. The completeness is relatively uniform
and above 50% across most of the field.
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Figure 4.3: (a) Spectroscopic completeness as a function of SDSS r across the A2626 field. Black points
show the completeness for the MMT target field, and grey points show it for the entire 2 x 2 deg?
MeerKAT H1 footprint. The blue and green dotted vertical lines indicate magnitudes for 70% and 50%
completeness for the MMT field. The red dashed line indicates the limiting magnitude for the MMT target
catalogue before the faint targets were added. (b) Spectroscopic completeness in annuli as a function of
distance from the cluster center. The black points represent the completeness for galaxies brighter than the
50% completeness magnitude (r < 19.6 mag), and the grey points represent all galaxies in the MMT target
catalogue (r < 20.4 mag). The blue, orange, green, pink, and purple points represent the completeness for
the sample with increasingly fainter limiting magnitudes as indicated in the legend. The vertical dashed
red line indicates the radius of the MMT survey region, and the vertical dashed cyan line indicates the
radius at which the black points (galaxies brighter than r = 19.6 mag) fall below 50% completeness.

4.3 Large-scale structure

4.3.1 Large scale structure in the MMT volume

There are at least 11 known clusters or over-densities within 0°8 of A2626 and at cz < 138000 kms™!.
These are listed in Table 4.4. The MMT observations yielded 1858 new redshifts with cz < 138000 km s—!
and 20 with cz > 138000. With the addition of the MMT redshifts (Figure 4.5), many of these
over-densities stand out as shown by the histogram in Figure 4.1. The three Abell clusters (Abell

et al., 1989) were found as surface over-densities of galaxies on the sky. The seven clusters identified

as “RM” were identified using the RedMaPPer algorithm (Rykoff et al., 2014), which searched for
surface over-densities of red galaxies. ZwCL 233242027 was identified by Zwicky et al. (1961), again

as a galaxy surface over-density, and 1RXS J233354.3+214052 was identified by Bohringer et al.
(2000) from its X-ray emission.

The sky distributions of eight over-densities are shown in the bottom part of Figure 4.5. The two
clusters A2625 and ZwClI 2332+2027, which were identified from photographic plates, had previous
cluster redshifts from only a few bright galaxies around the central position. Our new spectroscopy
suggests that those galaxies are actually in the foreground, and updated cluster redshifts are shown
in the figure legend and listed in Table 4.4.

4.3.2 Identifying A2625

The ACO catalogue (Abell et al., 1989) identified galaxy surface over-densities. These were later
spectroscopically confirmed by measuring the redshifts of the brightest galaxies in the field (some-
times as few as three galaxies, see Struble & Rood 1999). A2625 was one of the clusters identified
photographically, and the published cluster redshift was based the redshifts of three galaxies. Fig-
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Figure 4.4: Spatial distribution of spectroscopic completeness across the A2626 field. The colour of each
tile indicates the completeness fraction C'(m) (Equation 4.4) of that subset of sources according to the
colour bar on the right. The solid red circle represents Rogy of A2626 at the centre of the field. The dashed
orange circle indicates the outline of the MM'T survey footprint. The irregular shapes of each tile are
defined by the minimum area spanned by the positions of the galaxies represented by that tile. In order to
minimise the effects of stochasticity, each tile contains roughly the same number of sources.

ure 4.6 shows a clear over-density of galaxies at the A2625 location in both previously published
and new redshifts.

The previous redshift assigned to A2625 places it in velocity space between A2626 at ~16600 km s~*
and the over-density around 19100 kms~!. As it was based on only three galaxies, the published
redshift was uncertain, and the three galaxies could be associated with the spectral over-density
at cz ~ 19100 kms~! (Figure 4.5b). The spatial distribution of that over-density’s galaxies shows
no significant spatial clustering but rather a more linear distribution stretching up the west side of
A2626 (Figure 4.6). There is also no X-ray emission associated with any of the localised clustering
of galaxies in this over-density. Although the ACO position for A2625 is on the edge of the MMT
survey area, there is enough coverage to have seen a cluster if it were there. Evidently the spectral
over-density around ~19100km s~ is not associated with A2625, and we will henceforth refer to

this over-density as HW1.

Piffaretti et al. (2011) used ROSAT to identify X-ray emission of a galaxy cluster at A2625’s po-
sition. There are two bright galaxies near the X-ray position and within an arcminute of each other:
LEDA 97482 and LEDA 1630451. Owen et al. (1995) found cz = 30130 4= 90 km s~ for LEDA 97482,
and we found cz = 17829 4+ 15kms~! for LEDA 1630451 (Section 4.2.2). The LEDA 1630451 red-
shift places it in HW1. This galaxy’s spiral morphology and detection in H1 (Healy et al., 2021a)
suggest that it is probably not close to the centre of a cluster. LEDA 97482, on the other hand, is
a c¢D galaxy (Yuan et al., 2016). The X-ray emission and cD galaxy are clear evidence of a cluster.
Additional evidence is the over-density of red galaxies known as RM J233602.7-+203245.1 (Bohringer
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Figure 4.5: Top: redshift histogram of all redshifts z < 0.46 (cz < 137900 kms~"!) in a 2 x 2 deg? region
centred on A2626. The grey and coloured histograms represent all known redshifts in this region, while the
black open histogram represents our new MM'T redshifts. Bottom: sky distribution of eight of the spectral
over-densities. Small circles represent galaxies with redshifts in the range indicated in each panel. Open
circles represent galaxies with MMT redshifts while filled circles represent galaxies with redshifts from the
literature. colours in each panel a—h are the same as the corresponding over-density in the histogram
above. The light grey dotted circles indicate the approximate outline of the union of MMT footprints
(Table 4.1). Known clusters in the region are indicated by markers as shown in the legend at bottom right.
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Figure 4.6: Sky distribution of the galaxies in the cz ~ 19100 kms~! over-density (orange) and

cz ~ 30000 kms~! over-density (purple). The small open circles in the two colours represent the new MMT
redshifts, while the orange ‘x’ and purple ‘+’ symbols represent measurements from literature. The black
markers indicate the position of the two clusters associated with the two cz ~ 30000 kms~' over-densities.
The position of A2625 is indicated by the open grey circle.

et al., 2000), now shown to be a cluster in redshift space as well (Figure 4.5d). Taken together,
the clustering of galaxies, the X-ray emission at the centre of the cluster, and the proximity to the
original location of A2625 imply that A2625 and RM J233602.74-203245.1 are the same cluster at
cz = 30519 kms~!. Table 4.4 gives cluster properties.

4.3.3 Large scale structure beyond the MMT Volume

Batuski & Burns (1985) identified a filament of galaxies extending over 425 Mpc from the Perseus—
Pisces supercluster. Figure 4.7 shows a recreation of the Batuski & Burns (1985, their Fig. 1) plot
of the large scale structure using the most recent position and redshift information for the clusters
in this region. Einasto et al. (2001) identified groups of galaxy clusters with cz < 39000 kms~" in
a compilation of the ACO catalogue and a sample of X-ray-detected clusters from Ebeling et al.
(1998). Using a friends-of-friends algorithm, Einasto et al. identified the superclusters using a
linking length of 37-54 Mpc. A number of these superclusters are located in the Perseus—Pegasus
filament (Figure 4.8). One includes the Perseus cluster, which Einasto et al. claimed, is connected
to SCL 211 and SCL 215 by “free-floating” clusters. Another Einasto et al. supercluster is SCL 213,
which is home to A2626, A2637, and four other clusters.

Additional redshifts gathered since 2001 change the picture. From the left panel of Figure 4.7,
the black symbols could represent a coherent filament. However, when one rotates the figure (right
panel), there is a separation between SCL 211 (the triangles) and SCL 213 (the black circles). It
appears that the closer part of the filament (containing Perseus, SCL 211, and SCL 215) is veering
away from the direction of SCL 213.

This separation becomes more evident from the sky distribution shown in Figure 4.8. The filament
is traced from the top left of the figure by the light blue through to the purple and then pink points
coming down the centre of the figure and is outlined by the grey “hockey stick.” On the outer
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Figure 4.7: 3-D distribution of the galaxy clusters in and around the Perseus—Pegasus filament.
Coordinates are a Cartesian frame with the Galactic centre at its origin. The left and right panels show
two different azimuth angles. The filament is represented by the black shapes (diamonds = Perseus cluster;
squares = SCL 211; upward triangles = SCL 215, circles = SCL 213, sideward triangles = other clusters in
the filament). The red circles represent the Pisces—Cetus supercluster, and the blue circles represent other
clusters in the field. The three clusters or over-densities in the low-redshift MMT volume are labelled and
indicated by the green (A2626), orange (HW1), and pink (A2637) stars. Batuski & Burns (1985) included
HW1 in their original version of this plot, labelling it A2625. The cluster marker sizes are scaled by the
inverse of their redshifts and coloured by structure: red is the Pisces—Cetus supercluster (Tully, 1986,
1987); black is the Perseus—Pegasus filament; and light blue is unassigned.

edge of the hockey stick, we see a relatively smooth transition in colours likely indicating that the
galaxies and clusters are part of the same structure. Given the available data, there appears to be
no connection between the outer and inner parts of the hockey stick, the inner part being dominated
by dark green colours corresponding to significantly higher recession velocities. Batuski & Burns
(1985) described the filament as following the plane of the sky, twisting to a line-of-sight direction
around A2593. That would predict a structure around 15000 kms~! that would connect the plane
of the sky portion to the line of sight. However, the transition of colours in Figure 4.8 shows no
such structure. Based on the available data, we conclude that the A2626 complex is separate from
the Perseus—Pegasus filament.

4.3.4 Large scale structure around A2626

Within a 1 deg radius around A2626 and at similar redshifts, there is one other Abell cluster:
A2637 (Abell et al., 1989). These two clusters are evident in the redshift histogram for the field
(Figure 4.5), where the two clusters stick out as distinct peaks with another over-density, HW1,
between them. Aside from the central region of A2626 (Struble & Rood, 1999; Cava et al., 2009),
this region has not been extensively surveyed, and many of the existing measurements for HW1 and
A2637 have been based on a handful of redshifts and X-ray detections.

Despite Einasto et al. (2001) identifying A2626, HW1, and A2637 as part of SCL 213, the cur-
rently available redshift data for galaxies in this supercluster are sparse. Within our data, there
are hints of how the three structures connect to the other clusters, but given the complexity of the
cosmic web, it is not possible to show the links. Even with our limited field-of-view, there are still
three interesting over-densities.

A2626 itself shows an extended distribution of galaxies (Figure 4.5a). If we exclude the viri-
alised population within 1.5 Mpc of the cluster center, there is a smooth distribution of sources.
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Figure 4.8: Sky distribution of the Perseus—Pegasus filament based on Batuski & Burns (Fig. 3, 1985).
The filament is outlined by the light grey dashed line that resembles the bottom end of a field hockey stick.
The small coloured points indicate galaxies in the region with redshifts from a combination of the CfA2,
the Updated Zwicky catalogues, and targeted searches around the clusters in the SIMBAD database. The
open circles represent Abell clusters identified by Batuski & Burns (1985) as part of the filament, while the
open squares represent clusters not in the filament. The size of the open markers is inversely proportional
to the redshift of the cluster. The colours (as indicated by the colour bar on the right) represent the
recessional velocity of the object.

This implies that the A2626 cluster is embedded within a wall as sketched in Figure 4.9.

A2637, another of the SCL 213 clusters in our field, is only half covered by the MMT survey
footprint. Nevertheless, the data show a central, dense region of galaxies with a radial decrease in
the density of sources. A2637 is well separated from A2626 in both position and velocity.

The final member of SCL 213 in our field is what we refer to as HW1. Einasto et al. (2001) as-
signed this over-density to SCL 213 under the name A2625. As discussed above, HW1 is not A2625,
but more important, it does not appear to be a cluster. There is no X-ray emission associated with
any part of HW1. Moreover, the distribution of the HW1 galaxies has no central, dense region.
Instead the structure seems to be linear, almost like a filament. The HW1 structure starts around
the same declination as A2626 but more to the east (Figure 4.5b) and stretches south to the limit
of our field. The highly collimated distribution of the HW1 galaxies also stands out.
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Table 4.4: Clusters and over-densities in the MMT footprint.

Cluster RM" RA Dec czel el Ra00 N
(J2000) kms~! Mpc
A2626 . 23:36:31.00 4-21:09:36.3% 16576 660+26 1.59 163
HW1b S 23:35:55.26 4-20:51:43.2 19247 397 £ 22 0.95 54
A2637 . 23:38:57.80 +-21:25:55.2¢ 21288 610 £46  1.46 74
A2625 J233602.7+203245.1  23:36:08.20 +20:37:23.0°¢ 30702 369+36 1.51 38
1RXS J233354.3+214052 e 23:33:53.00 +21:40:36.07 30577 635+ 66 1.49 39
ZwCl 233242027 J233524.3+204336.1  23:35:18.00 +-20:44:00.09 42615 437+22 1.01 59

J233735.84210940.1  23:37:35.80 +21:09:40.0" 55323 553 £62 1.25 28
J233906.4+212654.0  23:39:06.38 +21:26:54.0" 52972 458 £35 1.04 30

J233502.74-210205.3 (119000)
J233930.4+205617.1  23:39:30.40 +20:56:17.0" 126789 - - 7
J233905.9+-210125.2 (132600)

@Cava et al. (2009) Pover-density but not a cluster (Section 4.3.4). Position given is luminosity-weighted mean. °Patel et al.
(2006) fBohringer et al. (2000) 9Zwicky et al. (1961) "Rykoff et al. (2014)
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Figure 4.9: Schematic of how A2626, HW1, and A2637 fit together. The coloured circles/ellipses
represent A2626 (green) and A2637 (pink). The orange rectangular shapes represent HW1, and the MMT
survey area is indicated by the black circle and horizontal dashed lines. The wall in which A2626 is
embedded is represented in the right panel by the light green vertical rectangle.

Figure 4.9 shows a schematic of the sky and redshift distributions of the three structures. The
three overlap in the plane of the sky, but in redshift space, A2626 and A2637 are distinct from each
other. While HW1 overlaps with A2626 in the plane of the sky, and both clusters in redshift space,
we do not believe that HW1 is connected to either cluster. Section 4.5.3 discusses this further.

4.3.5 Background clusters

Table 4.4 listed seven clusters well separated from the A2626 complex. One is the cluster 1RXS J233354.3+214052

(Rykoff et al., 2014) in the northeast of the field (Figure 4.5d). While it is at almost the same red-
shift as A2625, its projected separation is 8.0 Mpc. ZwCl 233242027 (=RM J233524.34204336.1)
is shown in Figure 4.5¢, and RM J233735.8+210940.1 is shown in Figure 4.5f. Updated parameters
for both clusters are given in Table 4.4. RM J233906.4+212654.0 is also visible in Figure 4.5f, and
there is an additional galaxy concentration to its northwest. These three clusters may be part of a
larger structure with size scale ~5 Mpc.
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At still larger distances, there are three over-densities defined by clusters of red galaxies (Rykoff
et al., 2014). These have too few redshifts to say much about them, but Table 4.4 gives an up-
dated redshift for RM J233930.44-205617.1, though based on only seven galaxies. The other two
over-densities (J233502.7-+210205.3 and J233905.9+4210125.2) do not have enough redshifts to spec-
troscopically confirm the positions. Figure 4.5h shows a diffuse, linear structure, but the spectra
are not deep enough to provide a good sample of galaxies at this redshift.

4.4 A2626 and friends

A goal of this work is to identify substructures within the clusters as well as groups that may be a
“bridge” between any of the clusters in the large-scale environment. This requires reliable measures
of the cluster redshift (z.) and velocity dispersion (o). The redshift histogram in Figure 4.10 gives
estimates for z. and o for the three over-densities shown. In the rest frame of the over-density,

Z — Zcl
oo
1+ 2z

(4.5)

where c is the speed of light, z is the redshift of the galaxy, and z. is the redshift of the cluster.
To determine z.], we selected all galaxies within a radius of 1.5 Mpc of the cluster centre and with
—30q < v < 30.. We discarded all galaxies detected in H1 (Healy et al., 2021a) because they
do not typically trace the virialised population of a cluster (Colless & Dunn, 1996). We applied
the biweight location estimator to the redshifts of the sample of galaxies representing the virialised
galaxy population (Beers et al., 1990) to determine 2. Using the updated z., we recalculated the
rest-frame velocities, v, for each galaxy using Equation 4.5. We determined o by fitting a Gaussian
to the histogram of rest-frame velocities, fixing the mean of the Gaussian to the cluster redshift.
Our o = 660 & 26 kms™! for A2626 is fully consistent with the 679 + 60 kms~! measured by Cava
et al. (2009).

The cluster velocity dispersion determines Roqg, the radius inside which the mean density of the
cluster is 200 times the critical density of the universe. From Finn et al. (2005) for h = 0.7,

Ol
Rooo = 2.47<7C)
200 1000kms 1/~

(4.6)
(24 + Qar(1 + za)*) /2 Mpe.

The calculated z, 0., and Ry for the three over-densities are listed in Table 4.4. HW1 is not a

cluster nor is it a virialised system, but the numbers are useful for determining which galaxies may

belong to the over-density.

The newly calculated z., 0.1, and Rogg for A2626, A2637, and HW1 show how galaxies in these
systems relate to each other in angular distance and velocity. Figure 4.11 shows the phase space
plots for the three systems. The virial mass Mooy was calculated from Rggg via

4

Moo = 3

T R300200p, - (4.7)

Figure 4.11 shows that the three over-densities are distinct systems. The large velocity separa-
tion coupled with the distance between the three systems’ centres of mass suggests that they are
not even interacting with each other. The HW1 panel of Figure 4.11 reinforces that HW1 is not a
cluster because galaxies do not fill the flare of the trumpet at small radii. The A2637 trumpet also
does not fill up at small radii, but this could be due to the lack of redshift coverage as A2637 is on
the northeastern edge of the MMT survey area.
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Figure 4.11: Phase space diagram for A2626 (left), HW1 (middle), and A2637 (right). The black dashed
lines indicate the escape velocity for each over-density. This was calculated using the formalism from Jaffé
et al. (2015), assuming a concentration index C' = 6 and the mass enclosed by Rago from Equation 4.7.
Galaxies located within the escape velocity trumpet for each over-density are represented by the coloured
data points. The grey circles represent galaxies that satisfy —3c. < v < 30 (Eq. 4.5) but are not located
within the escape-velocity trumpet for the particular over-density. The vertical dashed blue line indicates
R for each cluster. The grey shaded region shows the galaxies used in the DS test for each cluster.

4.5 Substructure in A2626

Mohr et al. (1996) identified three sub-components with distinct velocities within 2.1 Mpc of A2626.
Their Groups A, B, and C match our definitions of A2626, HW1, and A2637, respectively. Applying
the Dressler-Shectman (DS, Dressler & Shectman, 1988) test to their 159 redshifts, Mohr et al.
(1996) found no substructure within any of the three groups. This is perhaps not too surprising
as the DS test (like many substructure finding methods) is sensitive to the number of redshifts
used. More recently, using new data from the WINGS survey, Ramella et al. (2007) applied a
non-parametric clustering algorithm to A2626 and also found no significant substructure. This is
also unsurprising given that the WINGS spectroscopy is limited to R < 0.7 Rogo and redshifts of 76
galaxies. Early work on clusters such as the Coma cluster found no significant substructure within
the cluster (Dressler & Shectman, 1988), but later works with more redshifts found the Coma cluster
to contain a significant amount of substructure (Adami et al., 2005; Healy et al., 2021b).

4.5.1 Identifying substructures

To identify groups of galaxies that are kinematically distinct from their parent cluster, we used
the DS test, which has been successful in many other clusters (e.g., Hess et al., 2015; Healy et al.,
2021b). The DS test parameter is defined as

Npp +1
2 - — \2 2 2
5i B (II(I;2> [(vlzocal - UCI) + (Ulocal - Ucl)] ) <4~8)
cl

where o is the cluster velocity dispersion, v is the mean velocity of the cluster (given in Ta-
ble 4.4), and joca; and vjpea are the velocity dispersion and mean velocity of a putative group with
Ny nearest neighbours. We used Ny, = 5, 10, 15, 20, and 25 and identified groups that consistently
appear with multiple Ny, values.

We ran the DS test on all three of the over-densities in the field. A simple 430 cut in velocity
results in contamination from the neighbouring over-densities, and we therefore assigned galaxies
to the different over-densities based on their location in the distance—velocity phase space (Fig-
ure 4.11). To assign galaxies, we widened the trumpet by doubling Masyy and selected all galaxies
within the wider trumpet and having velocities within 3 o of the cluster velocity.

Figure 4.12 reveals six groups associated with A2626, four groups with HW1, and five groups
associated with A2637. The identified groups are shown by the different symbols and coloured
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Figure 4.12: Sky distribution of galaxies in the over-densities. Colours in each panel mark related
substructures. Panel (a) shows all three main structures A2626, HW1, and A2637 as marked by the colours
of the open symbols. The open symbol shapes indicate group membership within the main structure. The
black, grey, and light grey points represent the galaxies not associated with substructure in A2626, HW1,
and A2637 respectively. Panels (b), (c), and (d) show the results from the DS test for A2626, HWI, and
A2637 respectively. The size of each symbol is scaled by e% where §; is calculated by Equation 4.8 for

Nyun = 10. The large crosses mark the three main over-density centres. The histograms in the lower corners
of the panels show the velocity distribution of the sources in that panel with colours indicating velocity
relative to the mean velocity of the over-density. Horizontal units are o as given in Table 4.4.

by their parent cluster in panel (a) of Figure 4.12. More detailed sky distribution and velocity
histogram plots of the identified groups are shown in Figure 4.13. The H 1 information is useful here
as groups that are H1 rich are more likely to be recent additions to the cluster environment.

4.5.2 Substructure in A2626

The locations and velocity distributions of the six groups identified within A2626 are shown in
Figure 4.12, and the details are given in Table 4.5. Four of the groups (A1, A2, A3, and A4) are
located outside Rogg of the cluster and contain between 10 and 60% H1 detections. This suggests
these groups are on first infall into the cluster. The two smaller groups A2 and A3 have mean
velocities similar to the cluster velocity (16576 kms™—!) consistent with being accreted from the wall
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Figure 4.13: Sky distribution and velocity histograms of identified groups in A2626, HW1, and A2637.
The large faint grey dotted lines show Rag of the clusters and over-density. Contours show X-ray emission
from ROSAT at the centre of A2626 and A2637. The groups identified using the DS test are indicated by
the coloured points. Black outlines indicate galaxies detected in H1 (Healy et al., 2021a). Grey points show
galaxies associated with the over-density but not part of any identified substructure. The velocity
histograms of the identified groups are shown in the panels on the right. In the histogram panels, the
background grey histogram shows the velocity distribution of the entire sample, and the open histograms
outlined by green (A2626), orange (HW1), and pink (A2637) represent the galaxies identified as part of the
clusters. The coloured histograms correspond to the groups highlighted in the sky distribution plot. The
black open histograms in each panel show the velocity distributions of the H I-detected galaxies (Healy

et al., 2021a) in each group.
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Table 4.5: Groups identified in A2626 using the Table 4.6: Groups identified in HW1 using the DS

DS test test
Group ID N, v o Group ID N, v o
(kms™!)  (kms™!) (kms™!)  (kms™!)
Al 17 16130 339 B1 7 19409 79
A2 13 16868 151 B2 13 19433 282
A3 9 16660 156 B3 9 18731 325
A4 49 17051 402 B4 6 19560 248
A5 7 16104 161
A6 24 17216 685

in which A2626 is embedded and therefore moving in the plane of the sky. Groups Al and A4
have mean velocities respectively lower and higher than the cluster velocity. This could mean that
Al is falling into the cluster from behind, while A4 is falling in from the front. While there are
no known filaments connecting to A2626, A2622 (another member of SCL 213) is nearby to the
north of A2626. However A1l and A4 are coming in from the northeast and southwest respectively,
suggesting, along with the high fraction of H1 detections, that these groups are not being accreted
along a filament but rather from the field.

The two groups located inside Rgpp (A5 and A6) tell us something about the recent accretion
onto the cluster. A5 still has 25% of its galaxies detected in H1, suggesting this is a group new to
A2626. Ab’s velocity relative to the cluster suggests falling in from behind the cluster. Group A6
is near the cluster centre (offset 250 kpc northwest) and has no H1 detections. Presumably it was
accreted early.

The overall picture that A2626 has undergone a merger (Mohr et al., 1996; Mohr & Wegner,
1997; Wong et al., 2008) is supported by the X-ray observations. Wong et al. (2008) found a
significant change in the X-ray temperature at a radius of 260 kpc from the centre of the cluster.
They suggested an ongoing or previous merger as the likely explanation. The offset position of A6
from the centre of the cluster is consistent with the echo of a group merging with the cluster center.
The projected distance between A6 and the centre of A2626 roughly is consistent with the radius of
the change in X-ray temperature. A6 includes the emission-line galaxy 1C 5337, which Wong et al.
(2008) suggested is infalling from the west of the cluster.

4.5.3 Substructure in HW1

HW1, as discussed above, is probably not a cluster but rather a collimated collection of galaxies
and galaxy groups. The DS test identified four distinct groups in this over-density. B3 might be on
an infall trajectory towards A2626, its mean velocity being only 3.2 0 49626 higher than the cluster
velocity of A2626 and located just beyond A2626’s Rogg. In this scenario, the higher relative mean
velocity of B3 would suggest it is approaching A2626 from in front. While most of B3 was not in-
cluded in the DS test for A2626 due to the galaxy velocities being greater than 3 o, from A2626, we
see hints of the eastern and lower-velocity side of this group in Figure 4.12b around 23736™ +20°35').

The three groups B1, B2, and B4 all have mean velocities that differ too much from A2626’s
for them to be associated. B1, B2, and B4 are also linearly aligned and have mean velocities that
are within 150kms~!. However it is unclear whether this is a chance alignment or a result of the
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Table 4.7: Groups identified in A2637 using the DS test

Group ID N, v o
(kms™)  (kms™)

C1 32 20905 242

C2 4 20521 97

C3 5 21527 180

C4 13 20572 287

C5 15 21755 329

underlying large scale structure. B1, B3, and B4 include >40% H1 detections, implying that these
groups have been little-affected by stripping.

4.5.4 Substructure in A2637

Our substructure analysis of A2637 is not as complete as for A2626 or HW1 because A2637 is on
the edge of the MMT survey. This cluster is also outside the MeerKAT FWHM, which means the
H 1 sensitivity for this cluster is not as good as for A2626 and HW1. Despite this, we identified four
groups C2, C3, C4, and C5 associated with the cluster and one group, C1, at a similar redshift but
>1Mpc from the cluster. C2 and C3 both appear to be infalling or recently accreted (particularly
C2). However, the paucity of H1 data leaves the gas-stripped fractions uncertain.

There are two groups, C4 and C5, near the centre of A2637. The two are similar in size but
have mean velocities differing by >1100kms~!. At the heart of C5 is 2MASXI J2338533+ 212752,
identified as a brightest cluster galaxy (BCG) (Lauer et al., 2014). Based on this, we hypothesise
that C5 is at the centre of the cluster, and C4 has been accreted and is merging with C5. Similar
substructure is seen, for example, at the centre of the Coma cluster, where there are separate X-ray
emission peaks coinciding with the BCGs associated with two substructures (Adami et al., 2005;
Healy et al., 2021b). It is also widely accepted that the two groups at the centre of the Coma cluster
are merging (e.g. Colless & Dunn, 1996; Adami et al., 2005). In the case of groups C4 and C5 in
A2637, no such detailed X-ray analysis has yet been carried out.

The diffuse group C1, which contains nearly 50% H 1 detections, does not appear to be associated
with A2637. Its centre is ~3 Rogo from A2637, and there are no galaxies between C1 and A2637
which could hint at a connection. This raises the question of how C1 fits into the large scale
structure of the system, but the limited field of view of the MMT survey and the lack of available
redshifts outside it make it difficult to speculate on the possible origins of C1.

4.6 Summary

There are now over 2900 redshifts in a 2° x 2° field centred on the cluster A2626. The A2626 com-
plex is made up of A2626 itself (z ~ 0.055), the cluster A2637 (z ~ 0.071), and an apparent wall or
at least an extended structure designated here as HW1 (z ~ 0.064). The structure is linear rather
than centrally concentrated, and its origins and connections to the large scale structure around the
clusters remain unclear. On a larger scale, the A2626-HW1-A2637 complex appears not connected
to the Perseus—Pegasus filament.
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At much larger distances than A2637, the cluster A2625, formerly thought to be at roughly the
same redshift as A2626 (Struble & Rood, 1999), is in fact the same cluster as RM J233602.7+4203245.1
at z ~ 0.102 (cz = 30519 kms~!). There are at least three and probably four other clusters in the
background, the most distant at z ~ 0.42.

The greater numbers of confirmed members of A2626, A2637, and HW1 have revealed sub-
structures within these systems. There are six substructures within A2626, five within A2637, and
probably four within HW1, although one of these last could instead be a group associated with
A2626. The new redshifts have also decreased the uncertainties in the systems’ velocity dispersions
and sizes, which are now known to better than 10%.

This work has shown the importance of extensive spectroscopy in identifying large-scale structure
and linking components together. Even with the existing data, though, some questions remain: how
is HW1 connected to the structure around it? And how do A2626 and A2637 connect to the other
members of the supercluster SCL 2137 Answering these questions will require spectra over a still
wider area on the sky than observed here, and we look to the future of wide-area spectroscopic
surveys such as the WEAVE Wide-field Cluster Survey (Jin et al. 2021, in prep.) to be able to
answer some of the outstanding questions about the environment in which A2626 is embedded.
Wider-field H 1 observations will also be valuable.
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Chapter 5

H1 beyond the detection threshold in
Abell 2626

Abstract

In Chapter 3, I presented new H 1 observations of the galaxy cluster Abell 2626, and in Chapter 4,
using a combination of literature and new MMT redshifts, I identified six kinematic substructures
within the cluster. In this chapter, I use the H 1 stacking technique to probe the average H 1 content
of the cluster galaxies. Using the substructure information, I compare the average H1 content of
the cluster galaxies not in substructure to that of the cluster galaxies in substructures in order to
investigate whether the processes removing the H1 from the galaxies (e.g. ram-pressure stripping,
harassment, starvation) occur preferentially in either environment. I also explore the global optical
and H1 properties of the cluster, comparing the average H1 properties of the Abell 2626 galaxies
to galaxies in the Virgo and Coma clusters.
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5.1 Introduction

In the current cosmological paradigm of A cold dark matter, the hierarchical merging of structures
is responsible for the building of successively larger structures (Springel et al., 2005). This means
that large cosmological structures such as galaxy clusters are formed through the successive merging
and accretion of individual galaxies and galaxy groups. Roughly 30% of galaxy clusters are known
to contain kinematic substructure (e.g. Dressler & Shectman, 1988; Bird, 1994; Hou et al., 2012).
This implies that group environments can play an important role in the evolution of cluster galaxies
prior to infall onto the cluster (McGee et al., 2009).

Since galaxies were first systematically classified according to their visual morphology, it has
been known that galaxies of different morphological classes in the cluster environment differ from
galaxies of similar morphologies in the field (Hubble & Humason, 1931). Dressler (1980) later noted
that dense cosmic environments, such as galaxy clusters, had a higher fraction of early-type galaxies
than the less dense cosmic environments, and the opposite trend was noted for late-type galaxies
— these tended to be found in less dense cosmic environments. This observation became known as
the morphology-density relation (Dressler, 1980). Follow-up work by Dressler et al. (1997) showed
that centrally concentrated, regular clusters have the spiral fraction increasing outward with ra-
dius, while the elliptical fraction increased inward, and the SO population tends to be flat. The
morphology-radius (T-R) relation is also present in the Coma cluster, but with different fractions
(Beijersbergen, 2003, Chap 4) than what is presented in Dressler et al. (1997). Dressler et al. (1997)
explored whether the same T-R relation is seen in more distant clusters (z ~ 0.4), separating the
cluster sample into regular (centrally concentrated) and irregular. They found that the elliptical
fraction is high no matter the concentration of the cluster; they suggest that the elliptical galaxies
pre-date the virialisation of the cluster. This has shown to be true for early-type galaxies in the
Coma cluster, which are suggested to have formed at z 2 2 (Bower et al., 1990, 1992). However
this does not answer the question as to why the late-type galaxy population decreases towards the
centre of the cluster.

In populations of field galaxies, it has been shown that there are two evolutionary tracks, one for
late-type galaxies and one for early-type galaxies, that occur over very different timescales (Schaw-
inski et al., 2014; Peng et al., 2010). The evolutionary track for late-type galaxies is the longer of the
two, occurring on Gyr timescales and triggered by a shutoff in the cold gas supply that leads to a
drop in the specific star formation rate as the remainder of the gas reservoir is depleted (Schawinski
et al., 2014). This sequence of events has been shown to hold, albeit on shorter timescales, in galax-
ies experiencing an evolutionary change as a result of environmental processing (Oman et al., 2021).
Environmental processing speeds up the evolutionary process as mechanisms such as ram-pressure
stripping (Gunn & Gott, 1972) and galaxy harassment (e.g. Moore et al., 1996; Jaffé et al., 2016)
have been shown to remove the cold gas from cluster galaxies. While ram-pressure stripping has
been observed in less dense group environments (Vulcani et al., 2018), it is extremely effective at
stripping the H1 from galaxies. Some models have shown that by peri-centric passage, the galaxies
are completely quenched (e.g. Roediger & Briiggen, 2007; Oman & Hudson, 2016). There is mount-
ing evidence that while the cluster environment is very effective at galaxy quenching, the process
has already started in the group environment prior to cluster infall (e.g. Hess et al., 2015; Yoon
et al., 2017; Dzudzar et al., 2019; Kleiner et al., 2021), this is known as “pre-processing”.

Abell 2626 (A2626; Abell, 1958), is a moderately sized (Cava et al., 2009; Healy et al., 2021a)
galaxy cluster that provides an ideal environment in which to study ongoing galaxy evolution: the
cluster is home to six galaxies identified by Poggianti et al. (2016) as exhibiting ‘jellyfish’ morpholo-
gies, a result of ongoing ram-pressure stripping (e.g. Moretti et al., 2019; Poggianti et al., 2019).
A2626 has also been shown to contain significant substructure (e.g. Healy et al., 2021a; Mohr et al.,
1996), with some identified groups located outside Ragg that are believed to still be on first infall.
This provides an opportunity to study whether or not pre-processing plays a role in removing the
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Figure 5.1: Comparison between the optical and H1 redshifts for 161 H1 detections in the MeerKAT H1
cube. The colour and shapes of the data points indicate from where the redshifts were obtained. The grey
band indicates +1 channel (+45kms~') and the horizontal dashed lines are at +2 channels (90 kms™!).

H1 content from the group galaxies. A2626 was observed by MeerKAT in 2019, which provided
deep H1 observations for the cluster galaxies (Healy et al., in prep). However, despite the sensitive
MeerKAT H 1 data only a quarter of the cluster galaxies (out to ~ 2 Rag) are detected in H1. Thus
using deep, complementary optical spectroscopy centred on the cluster, I can use the H1 stacking
technique as a method to probe the average H1 content of samples of galaxies in different regions
of the cluster. H1 stacking has been successfully used to study the average H1 content of cluster
galaxies (e.g. Verheijen et al., 2007; Jaffé et al., 2016; Healy et al., 2021c¢), and can be an important
tool in identifying H 1 just below the detection threshold.

This chapter is organised into two parts. In the first part, I characterise the cluster galaxy
population using visually identified morphologies, and optical photometry from the DECam Legacy
Surveys (DECaLS; Dey et al., 2019) to determine the richness class of the cluster. I also explore the
radial-H 1 deficiency relation of the cluster galaxies, and compare it to other nearby clusters. In the
second part, I explore which cosmic environment, the local group environment or the global cluster
environment, plays a stronger role in removing the H1 from the member galaxies. Throughout this
chapter, I use Hy = 70 kms~' Mpc™!, Qp; = 0.3, Qo = 0.7, and h = 0.7.

5.2 Multi-wavelength data

5.2.1 Spectroscopy

The key technique used in this chapter to study the gas content in the A2626 galaxies, is the H1
stacking technique. This requires the redshift information of the galaxies so that the H1 line spectra
can be aligned and co-added. In Chapter 4, I presented new and deep spectroscopy of a ~ 1.8 deg?
field centred on A2626, adding to the existing spectroscopic catalogues in the literature. The full
catalogue presented in Chapter 4 contains galaxies with redshifts from 0 < z < 0.46, and is 50%
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Figure 5.2: Spectroscopically confirmed members of Abell 2626. The dashed light blue circle has a radius
of 0.79 deg — the radius at which spectroscopic completeness is 50%. The inner grey circle represents the
Rogg of the cluster. The open grey symbols represent cluster galaxies not included in the stacking sample,
and the filled grey symbols representing the cluster galaxies in the stacking sample indicate the visual
morphology listed in the legend. The filled red circles represent the 18 galaxies that have a nearby
neighbour within a 45" radius with a recessional velocity within cz 4 500 kms™!.

complete in SDSS r at C5g = 19.6 mag within a radius of Rsg = 0.79 deg.

A key assumption of H1 stacking is that the optical redshift is an accurate proxy for the H1 red-
shift. The redshift accuracy can also play a role in broadening the stacked profile, thus lowering the
signal to noise ratio of any possible detections in the stacked spectrum. This is not a concern with
this particular H1 data set as the average redshift uncertainty in the optical catalogue is 22kms™!
which is less than the width of a single channel (45kms™!). Given that most of the galaxies in the
cluster are not directly detected, the only way to determine how well this assumption holds for this
sample is to compare the measured H 1 redshifts of galaxies with a corresponding optical redshift.
Figure 5.1 shows the difference between the optical and H 1 redshifts as a function of the optical red-
shift. The data points representing the galaxies are coloured by the source of the optical redshift.

The measured offset between the two redshift types is —0.9kms™! and the scatter is 32kms™!.



5.2. MULTI-WAVELENGTH DATA 113

Data Model Residual

m, = 19.131 mag

m, = 16.991 mag

.
m, = 16.134 mag

Figure 5.3: Examples of fits to the DECaLS data resulting in different x? values. The cutouts are
downloaded as is from the Legacy Surveys sky viewer. Left: the grz colour image of the data from
DECaLS. Middle: best-fit model to the data. Right: residual image (data-model). The x? values in the g—
and r—band are printed in the bottom corners of the residual column.

The channel width of 45kms™' means that the scatter is contained within a channel, and from
Figure 5.1, the majority of the galaxies are contained within £90kms~!. Individual galaxies with
a larger offset between optical and H 1 redshifts may result in a broader stacked spectrum (Maddox
et al., 2013).

This chapter focuses only on the 347 galaxies that are known to be part of A2626 and are within
the projected Rsg radius. Also included are the six substructures identified using the Dressler-
Shectman (Dressler & Shectman, 1988) test in Chapter 4. Figure 5.2 shows the spatial distribution
of all galaxies associated with A2626, where the filled grey symbols within the dashed blue circle
(Rs0 = 0.79 deg) represent the galaxies used in this chapter.
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5.2.2 Optical photometry

A2626 is located within the footprints of a number of publicly accessible wide-area imaging surveys
(e.g. SDSS, PANSTARRS, DECaLS). For this work, I have used g— and r—band photometry from
Data Release (DR) 8 of the DECaLS survey. The galaxy fluxes are obtained directly from the
DECaLS Tractor (Dey et al., 2019) catalogue. Tractor is a source detection and measurement
software package. For each source, five models are fit to the image: a de Vaucouleurs (DEV) profile,
an exponential profile (EXP), a rounded exponential profile (REX), a point source model (PSF),
and a composite model (COMP) comprised of an exponential+de Vaucouleurs profile. The DEV
profiles typically describe the elliptical galaxies, while the EXP/REX profiles typically describe the
spiral galaxies. The integrated fluxes and morphological information from the best fit profile are
contained in the Tractor catalogues which can be found at www.legacysurvey.org/dr8/catalogs.

I cross-matched the Tractor catalogue to the A2626 redshift catalogue within a 3" radius.
Figure 5.3 shows the model fits and residuals for three galaxies in the cluster. Only sources where
the fits in both the g— and r—band have a x? < 10 are used in this work. A comparison between
the model magnitudes from DECaLS and Petrosian (aperture) magnitudes from SDSS shows no
significant discrepancy for sources with a x2 ~ 9 (as in the lower panel of Figure 5.3), compared
to those with a lower 2 value. In galaxies (particularly the brighter galaxies), in which significant
structure is present (e.g. spiral arms or asymmetries in the light distribution), the models will not
be a good representation of the light distribution. The cutouts in Figure 5.3) are taken directly
from the legacy survey sky viewer!, and the imaging scaling and colouring is optimised for RGB
colour images in the sky viewer. I converted the integrated fluxes from nanomaggies (as given in
the catalogue) to AB magnitudes using:

m =225 — 2.5log,(f), (5.1)

where f is the integrated flux (in nanomaggies) in the g— and r—band given in the catalogue. The
magnitudes were Galactic extinction corrected using the Schlegel et al. (1998) dust maps.

Morphological types

One of the goals of this chapter is to understand how the H1 content of galaxies changes as a
function of environment for different morphological types. I use visually identified morphological
classifications made by a collaborator, Jaco Brink. He visually classified the sample using imaging
from DECaLS to separate the galaxy sample into Early types (E), Late types (L), Irregulars (I),
and Lenticulars/S0s (S0). Galaxies, for which a classification was not possible (usually very faint
galaxies), were marked as Unknown (U). Examples of the five morphological classifications are
shown in Figure 5.4. I have compared the visual classifications to the model fit morphological
classifications (see Figure 5.5). The comparison shows that most late types are modelled by an
exponential profile, and most early types by a de Vaucouleurs profile. The S0Os are split between the
exponential and de Vaucouleurs profiles. This is consistent with the split theories on the formation
of SO galaxies (e.g. Deeley et al., 2020, and references therein). In the analysis that follows, I have
used the visual classifications.

Galaxy sizes

Another parameter that I determined from the r—band DECaLS images are the sizes of the galaxies.
For this, I measured the radius at the 25 mag/ arcsec’ isophote. This was done by fitting ellipses
(allowing the central position, position angle, and ellipticity to vary) to the r—band DECaLS
images using the Elliptical Isophote Analysis routines in photutils?, an AstroPy affiliated package
for photometry. Figure 5.6 illustrates the method I used to determine the Rgs for one galaxy.

1www.legacyviewer.org/viewer

2photutils .readthedocs.io


www.legacysurvey.org/dr8/catalogs
www.legacyviewer.org/viewer
photutils.readthedocs.io
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Figure 5.4: Examples of the visual morphological classifications for five galaxies in the cluster. The
classification is printed in the top left corner of each panel. All five panels are on the same scale.
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Figure 5.5: Comparison between visually identified galaxy morphologies and model-based morphologies.
The labels on the x-axis indicate the best-fit model, while the colours of the bars indicate the visual
morphology.

All the galaxy fits were inspected by eye, 14 of the 347 fits failed. There were two main reasons
for failed fits: the source was too small/faint, or there were too many overlapping neighbouring
sources making it difficult to determine the edge of the target galaxy. This exercise also provided
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Figure 5.6: Panels (a)—(c) show DECaLS r—band cutouts centred on the target galaxy, in units of flux
density (nanomaggies) for (a) and (b), and in surface brightness units (mag/arcsec?) for (c). The thick red
ellipse in (a) represents the size of the galaxy at the 25 mag/arcsec’ isophote, and is centred on the position
at which the galaxy redshift is measured. The orange ellipses in (b), which were allowed to vary in centre
position, position angle, and axis ratio, represent annuli at which the surface brightness was measured to
create the surface brightness profile plotted in panel (d). The orange contours in (c) connect regions along
the 25 mag/arcsec2 isophote; the thick red ellipse represents the size of the galaxy measured at the

25 mag/arcs<302 isophote and is centred based on the centre of the region the isophote subtends. The
surface brightness profile created by fitting ellipses to the isophotes is presented in panel (d). From this
profile, the radius at the 25 mag/ar05602 isophote is measured. The final measured parameters (semi-major
axis, position angle and axis ratio) for the galaxy are presented to the right of panel (d).

the position angle, ellipticity, and the optical centre of the galaxy defined by the 25 mag/ arcsec’
isophote, which is sometimes offset from the position at which the galaxy redshift is measured. The
14 galaxies for which the fitting failed, have no measured radius or position angle, and the centre
of the galaxy is adopted to be the position of the measured redshift.

5.2.3 H1 data

In Chapter 3, I presented new H1 data for A2626 observed using MeerKAT. The sensitivity of
MeerKAT made it possible to detect HI in galaxies beyond the 1 deg full width half maximum
(FWHM) of the MeerKAT primary beam. In this chapter, the H1 data cube I use has been
cleaned with a 15” x 15” Gaussian beam which is set to be independent of frequency. The cube is
2 x 2 deg? with a pixel scale of 2.5”. The success of the H1 stacking technique, used in this chapter
(explained in Section 5.3), relies on the average signal-to-noise ratio (SNR) improving as the aver-
age noise decreases with 1/v/N (N is the number of spectra in the stack). In the case of a single



5.2. MULTI-WAVELENGTH DATA 117

All galaxies

HE HI detections
25

20 1

15 1

10 1

Number of galaxies

0 - T T T
0 20 40 60 80 100
Dys (arcsec)

Figure 5.7: Distribution of the diameters of the A2626 galaxies at the p, = 25 mz;tg/aurcsec2 isophote.
Galaxies with a negative size have no measured size (the fitting routine failed). The orange line indicates
30" which is twice the size of the major axis of the synthesised beam at the native resolution of the H1
data. The grey represents all galaxies in the sample, and the black the H1 detections.

pointing observation (like this one), the noise near the edges of the cube corrected for primary beam
attentuation is higher than the centre of the cube. The increase in the noise follows the primary
beam pattern: it is higher where the beam is less sensitive. I thus only use the spectra of galaxies
that are contained within the size of the beam at 20% of the peak power. This corresponds to a
radius of 0.85 deg, however because of the earlier requirement of only including redshifts of galaxies
inside the 50% completeness radius, this new restriction does not change the number of galaxies in
the cluster sample.

In the H1 cube, there are 87 cluster galaxies that are directly detected in H 1 with masks created
during the SoFiA source finding process (see Section 3.4.1) that have been cleaned. The other 259
cluster galaxies not detected by SoFiA do not have emission masks, and are not cleaned. To extract
the global H1 profiles, I used two different types of apertures depending on whether the source was
detected or not. For the detected sources, I flattened the 3D masks (from SoFiA) to create a 2D
mask aperture that outlines the known H 1 emission, I then use the mask aperture to extract the
global H1 profile. The flux density is corrected for the beam by dividing the flux density per channel
by the integral over the clean beam which is determined by projecting the 2D mask aperture onto
the beam and adding up all the beam pixels within the aperture. For the non-detections, I use the
optical size of the galaxy (as defined by the Ras) to determined the circular or elliptical aperture
within which to extract the H1 spectrum. Galaxies for which 1.2 times the optical size is contained
within a circular aperture with a diameter of 30” (twice the synthesised beam FWHM) are extracted
using a 30" diameter circular aperture. Galaxies that are larger and are not contained within the
30" aperture are extracted using an elliptical aperture that is defined by the optical size, 1.2 Ras,
the position angle, and the ellipticity measured in Section 5.2.2. In the same way as the detections,
the non-detected H 1 spectra are corrected for the beam, however in the case of the non-detections,
which have not been cleaned, I use the integral of the central part of the dirty beam. Figure 5.7
shows the distribution of galaxy sizes, the black histogram represents the portion of H1 detected
galaxies in each bin.

In flattening the 3D SoFiA masks to 2D apertures, the integrated flux of the H1 detections is



118 CHAPTER 5. HI BEYOND THE DETECTION THRESHOLD IN A2626

10
offset = 0.2% scatter = 12.7%
ey
x —
2 B £
S 6 & 8
= + =]
< 5 £
s 3 £
= [ L
o 7 o &
o 4 = ©
A 5 )
2 4
= %!
g
4 Z B
2
T T T T O T

0.1 1

Right Ascension
Mask integrated flux (Jy km/s)

Figure 5.8: Example of a flattened SoFiA mask.  Figure 5.9: Fractional offset between mask flux
The colour scale represents the number of extra and aperture flux for direct detections identified by
pixels included in the aperture. SoFiA.

likely to be affected as more noise pixels are included in the aperture. Figure 5.8 shows the extra
pixels added to the 2D aperture. There is no bias in the 3D mask towards positive pixels, thus
the extra pixels in the aperture also do not have a bias towards either positive or negative pixels.
Examining the fractional difference between the integrated fluxes determined from the 3D mask
spectra and the aperture-extracted spectra (see Figure 5.9), there is no offset between the two flux
measurements, and the scatter is Gaussian noise. Fitting a single Gaussian to the distribution of
the fractional differences, I find a mean value of 0.2% and a scatter of 12.7%.

For each galaxy in the cluster, I extract a spectrum centred on the optical centre of the galaxy
(for the direct detections, this is based on the H1 mask). I also extract 25 reference spectra using
the same aperture as for the target spectrum, but offset from the target position. Figure 5.10 shows
an example of the reference spectra locations for a detection and a non-detection. Given the dis-
tance between the reference aperture centres and the centre of the target, the reference spectra do
occasionally contain emission from other galaxies. Confusion for the target sources is not a concern
in this study: Figure 5.2 shows the locations of the 18 galaxies that have a neighbour within a 45"
radius and £500km s~

Optically selected H1 detections

Visual inspection of all the extracted spectra showed that there were a number of clear H 1 detections
that were missed by SoFiA. I will refer to these “missed” detections as optically selected H 1 detections
henceforth. Despite being missed by SoFiA, these optically selected H 1 detections are still considered
reliable detections as they are identified with the prior knowledge of the optical redshift which
corresponds to the H 1 redshift. The SoFiA-identified H 1 sources were identified without any prior
knowledge. For some H1 detected galaxies there is no corresponding optical redshift but there is an
optical counterpart spatially coincident with H 1 emission. The optically selected H1 detections are
identified as such if the H1 spectrum has:

e SNR> 3, and
e smoothed to 90 kms~! resolution, SNR> 3.5.

The SNR is the peak signal-to-noise ratio, where the noise is determined by the standard deviation
of the reference spectra (represented by the orange band in Figure 5.11) in a 200 kms~! window
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Figure 5.10: Example of target and reference spectra extraction apertures. The black apertures at the
centre of the figure represent the aperture used to extract spectrum of the target galaxy. The coloured
apertures indicate the locations at which the 25 reference spectra are extracted. Left: a detection, right:
a non-detection.

(represented by the vertical green band in Figure 5.11) centred on the optical redshift of the galaxy.
Figure 5.11 shows an example of two of the identified optical detections. There are 15 H1 detections
in the cluster that were missed by SoFiA and identified based on coincidence with the optical redshift.

5.3 HI1 stacking

As mentioned in Section 5.2.3, the primary method of H1 analysis used in this chapter is H 1 stack-
ing. As Chapter 2, I use HISS® (Healy et al., 2019) to perform the stacking discussed later in this
chapter. HT stacking has been shown to be effective in obtaining average H1 measurements for
samples of galaxies that are not individually detected (e.g. Chengalur et al., 2001; Lah et al., 2009;
Brown et al., 2015; Jaffé et al., 2016; Bera et al., 2019; Chowdhury et al., 2020).

For every sample of galaxies I stacked, 26 stacked spectra were created: the target stacked
spectrum and 25 stacked reference spectra. The 25 stacked reference spectra each correspond to
one of the coloured apertures around the target (see Figure 5.10). The uncertainty on the quan-
tity measured from the stacked target spectrum is calculated from the variance of the 25 reference
spectra. The reference spectra are also used to determine whether or not signal is detected in the
target spectrum.

The average noise of the H1 data used in this chapter increases towards the edges, following the
primary beam attenuation pattern. The effectiveness of stacking relies on the average noise of the
stacked spectrum decreasing as o/ V'N, where N is the number of individual spectra in the stack.
Thus, I use a 1/02,,, weighting factor, where o5 is the rms noise of the individual input spectra,

applied to each spectrum included in the stack. This weighting factor down-weights the higher rms
spectra typical of galaxies on the edges of the field. Figure 5.12 shows how the rms in the stacked

3https://github.com/healytwinl/HISS
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Figure 5.11: Two examples of H1 detections (black) missed by SoFiA. The orange band represents the
standard deviation of the 25 reference spectra (shown in light grey), the orange line indicates the mean of
the reference spectra, and the green vertical band indicates the window £200 kms~"' centred on the
galaxy’s optical redshift.

A2626 spectra decrease with a factor of v/ IV as expected for Gaussian spectra.

The velocity resolution of the MeerKAT data is 45 km s~! which means that in some low H I mass
samples the H I emission may only appear in one or two channels, especially given the accuracy of the
redshifts used for the stacking. With stacking, there is a prior on any peak within the £200kms~!
window that this is real H1 emission, even if there are similar S/N peaks elsewhere in the stacked
spectrum. As mentioned in Section 3.3.2, it is possible that the residuals from the ‘de-ripple’ process
may appear in the stacked spectra — these would appear in two ways: as a negative baseline which
would be obvious from the average of the reference spectra, or peaks in the spectra were the nodes
from the spline fit happen to coincide which would also be apparent in the rms of the 25 reference
spectra.

5.4 Characterising the cluster

5.4.1 The galaxy population

Except for a few interesting galaxies and radio sources in the cluster, A2626 has not been extensively
studied. In Chapter 4, I presented new spectroscopy my team obtained of the cluster using Hec-
tospec on the MMT. This enabled us to more than double the spectroscopically confirmed members
of the cluster. In this chapter, I have matched the DECalLS photometry to the spectroscopically
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Figure 5.13: Morphology-radius relation for A2626. The coloured symbols represent the fraction of
galaxies for the different morphology classifications as indicated in the legend. The vertical dashed grey
line indicates the Ragg for A2626, and the vertical dashed red line represents the radius at which the data
are 70% complete. The shaded red region indicates the bin which contains data where the completeness
fraction is less than 70%.

confirmed cluster members which, in conjunction with the visually identified morphologies, has en-
abled me to characterise the cluster and investigate whether the constituent galaxies follow similar
radial trends as in other clusters.
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Table 5.1: Number of galaxies for each morphological classification in annuli increasing from the cluster
centre.

Annuli (deg) E S0 L I/U| Total
0.00<r<0.16 | 46 13 25 4 88
016 <r<032 |25 14 36 8 83
032<r<048 |12 15 37 10 74
048<r<064|9 7 31 8 %)
064<r<08 |8 13 21 4 46

The richness class of a cluster, a classification introduced by Abell (1958), states that a rich
cluster consists of no less than 50 members “that are not more than 2mag fainter than the third
brightest member” within a radius of R4 = 1.5h~! Mpc (the Abell radius). In the “catalog of rich
clusters”, Abell et al. (1989) classified A2626 as a poor cluster with richness class 0. Clusters with
a richness class of 0 have 30-50 members that satisfy the Abell (1958) criterion. Since the richness
class of a cluster contains information about the cluster population, it can be a baseline for com-
parisons with other clusters; for reference, the Virgo cluster has a richness class of 1 (Binggeli et al.,
1985), and the Coma cluster has a richness class of 2 (Beijersbergen, 2003, and references therein).
Using the “clean” (see Section 5.2.2) r—band photometry from DECaLS, I find 54 galaxies within
an R4 = 2.1 Mpc (assuming h = 0.7) radius of the cluster centre that satisfy the Abell (1958) crite-
rion. This suggests that A2626 is not a poor cluster, but rather a rich cluster with richness class of 1.

Dressler et al. (1997) showed for centrally concentrated, regular clusters that the spiral fraction
of galaxies increases outward from the cluster centre, while the elliptical fraction increases towards
the cluster centre. Beijersbergen (2003) showed this was true (with different relative fractions)
for the Coma cluster. In Figure 5.13, I show the relative fractions of early type (E) galaxies,
S0/Lenticular (S0) galaxies, and late type (L) galaxies as a function of radius from the centre of
A2626. The numbers for Figure 5.13 are presented in Table 5.1. As with other clusters, A2626 has
a high fraction of early-type galaxies at the cluster centre but the fraction decreases with increasing
radius. Also, as expected, the late-type galaxies follow the inverse trend — an increasing fraction
with increasing radius. The SO fraction shows a flat distribution at all radii from the cluster centre.
This is consistent with the clusters in the Dressler et al. (1997) sample, as well as with Coma
(Beijersbergen, 2003).

5.4.2 HI deficiency in the cluster

Galaxy clusters have long been known to be H1 deficient (e.g. Haynes & Giovanelli, 1984; Solanes
et al., 2001; Denes et al., 2014). The H1 deficiency parameter (DEFy,) is defined as the ratio of the
H 1 mass expected based on the size, luminosity or morphology of a similar isolated galaxy, to the
measured H 1 mass for the galaxy. This is formulated as,

DEFy, = log MHIemp — log My ops- (5'2)

In Chapter 2, I discussed some of the different methods of calculating the expected H1 mass of a
galaxy. In this chapter, I use the Denes et al. (2014)* scaling relations based on the r—band diame-
ter to calculate the expected H 1 mass for the A2626 galaxies. I use the Denes et al. (2014) relations,
which do not require morphological information, because I do not have B-band photometry (or a
proxy) which was used in Chapter 2. Optical diameters measured in the B-band are typically used

“see Table 3 in Denes et al. (2014)
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Figure 5.14: H1 deficiency as a function of projected radius from the cluster centre. The grey circles
represent the measurements of the A2626 direct detections, while the pink (green) stars represent the
average H1 deficiency calculated by stacking all galaxies (only H1 non-detections). The other data points
represent H1 deficiency measurements for galaxies in other clusters as indicated in the legend. The
horizontal dashed lines indicate the H1 deficiency for a galaxy that has half (the upper line) or double (the
lower line) the H1 mass expected based on a field galaxy of similar type. The top panel shows the
comparison with the Coma cluster, and the bottom panel is the comparison with the Virgo cluster.

in all the morphology-calibrated diameter-Mp ¢, relations (e.g. Haynes et al., 1984; Solanes et al.,
1996).

It is well known that H1 deficiency has a radial dependence in clusters (e.g. Giovanelli et al.,
1981; Bravo-Alfaro et al., 2000; Solanes et al., 2001; Chung et al., 2009), with gas-poor galaxies more
likely to be found near the centre of clusters than the outskirts. Solanes et al. (2001) studied the H1
deficiency in 1900 spiral galaxies around 18 clusters. They found that the fraction of H1 deficient
spiral galaxies (these are galaxies which have DEFy; > 0.3, meaning that the measured H 1 mass is
less than half the expected mass) starts increasing from around r/R4 ~ 2. In their Fig 4 (shown
in Figure 1.4), Solanes et al. (2001) also show the H1 deficiencies of the galaxies as a function of
Abell radius for their sample — the average H 1 deficiency starts increasing around r/R4 ~ 1. If the
same trend were to hold for A2626, this would be around r/Rgpp ~ 1.3. For Coma, this would be
r/Rapp ~ 1.2, and for Virgo this would correspond to r/Ragg ~ 1.4 (based on Rag from Yoon et al.
2017 and references therein).
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Using HISS to stack the A2626 galaxies in radial bins, I can study how the average H1 defi-
ciency of the cluster galaxies changes as a function of radius. The galaxies are stacked in units of
M1, obs/Mezp so that each galaxy spectrum is weighted by the expected H1 mass for that galaxy.
This is necessary as (M, obs/Meap) # (MH1, 0bs)/(Mezp)- I stack all the A2626 galaxies in one group,
and only the H 1 non-detections in the second group. The average DEFy, ((DEFy,)) measured from
the stacks are represented by the pink (all A2626 galaxies) and green (only non-detections) stars
in Figure 5.14. Where there is no detection in the stacked profile, as defined by peak S/N> 2.5
(the noise here is determined by the variance in the stacked reference spectra), the 1o lower limit
is used — these are represented by the upward-pointing arrows. The stacked profiles are presented
in Figure A.1, and the measured data in Table B.1.

5.4.2.1 A comparison with the Coma cluster

As expected, there are no detections in the average measurements of the H1 deficiency within the
core of A2626 (r/Rapp < 0.5). It should be noted that while there are a handful of direct H1 de-
tections at r < 0.5Raqp, it is possible that this is a result of projection as I have used the projected
radius to determine distance from the cluster centre. However, in comparing the A2626 detections
to the Coma detections outside of 0.5Rs00 (Gavazzi et al. 2006, Molnar et al., in prep), the A2626
galaxies are more H1 normal. On average, the A2626 detections do show the same increasing H 1
deficiency from 7/Rgpp ~ 1.3 towards the centre of the cluster as shown in Solanes et al. (2001).
Considering only the average DEFy; for the non-detections, I note that these start to diverge from
the global average around r/Rgpy ~ 1.3, until there are no more detections in the stacked spectra
for 7/Ropp < 0.5. This is not the same for Coma, where the average DEFy, measurements for
the Coma non-detections (the dark purple arrows) show only lower limits at all radii. I have also
included the average DEFy; measurements for late-type galaxies in the Coma cluster from Gavazzi
et al. (2006) and the individual H1 detections from the Westerbork Coma Survey (Molnar et al., in

prep).

In Chapter 2, we suggested that this bimodality in the H1 measurements was due to an ex-
tremely rapid gas removal mechanism. While it is evident that the H1 non-detections in A2626
start increasing in H1 deficiency at larger radii than the H1 non-detections in Coma, there is not
the same bimodality in the H1 measurements as with Coma. It should be noted that the Coma
and A2626 H1 surveys have comparable H1 detection thresholds, and a similar number of direct
detections within Rapp: 40 for Coma (Healy et al. 2021c, Molnar et al. in prep.), and 46 for A2626.
Compared to Coma, the A2626 non-detections, are not as deficient. Coma has only lower limit
DEF, measurements. However, for A2626 it is possible to measure the average DEFy; between
0.5R200 and Rggo from the stacked spectra (Figure A.1). The A2626 non-detections are still H1
deficient (10-30 times less H1 than their field counterparts), but with the Coma galaxies (with a
similar H 1 mass sensitivity), however no measurement could be made.

5.4.2.2 A comparison with the Virgo cluster

The bottom panel of Figure 5.14 shows the radial DEF;; comparison between A2626 and the Virgo
cluster. There is no equivalent blind H1 survey of Virgo, thus the comparison between A2626
and Virgo is not a complete one. The Virgo DEFy; measurements are taken from Chung et al.
(2009), who targeted selected spiral galaxies in the cluster with the VLA. Another comment on the
comparison between the H1 deficiency measurements for the two clusters is that the deficiencies
were calculated differently. Chung et al. (2009) calculated the H 1 deficiencies for the Virgo galaxies
using a morphology-independent method which is based on the mean H1 surface density (Haynes
et al., 1984), however the uncertainties quoted on all the Virgo measurements are determined from
the difference between the morphology-dependent relation and the morphology independent rela-
tion. I compared the H1 deficiency measurements for the Coma cluster galaxies in Chapter 2 with
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Figure 5.15: Spatial distribution of the cluster galaxies in increasingly fainter magnitude bins. The thick
grey dashed circle represents the Rogg. The galaxies are coloured based on their g — r colour: blue for bluer
galaxies, and red for redder galaxies. The black open squares and stars indicate the galaxies that are
directly detected in H1 and detected in H1 after optical selection.

morphology information and without, and found that, while there was an offset, the measurements
made without morphological information tended to have a higher H1 deficiency value. However,
this offset was on average 0.2 dex, which is more than the average difference between A2626 and
Virgo.

There is no trend in the Virgo galaxies, but it is interesting to note that Virgo galaxies presented
here are systematically more deficient than the A2626 detections. A2626 and Virgo are comparable
clusters: both have a richness class of 1, similar Ry radii, and similar velocity dispersions, which
would imply similar masses. Based on the comparison between the H 1 deficiencies of the two clusters
shown in the lower panel of Figure 5.14, it could be speculated that cluster mass has no impact
on H1 deficiency; recall that Solanes et al. (2001) found no correlation between the fraction of H1
deficient spirals and richness count (a measure of cluster size), or X-ray luminosity (a measure of
cluster mass).

5.4.3 Optical luminosity and H1

Galaxies of different morphologies and masses have been shown to lose their H1 content at different
rates. Schawinski et al. (2014) used a sample of “green valley” galaxies across different cosmic envi-
ronments to show that early-type galaxies are quenched on much faster timescales compared to late-
type galaxies (t, < 250 Myr for early-types and t, 2 1 Gyr for late-types). Oman & Hudson (2016)
found that quenching typically occurs 3.5-5 Gyr after galaxies have crossed 2.5 ryiy (~ 3.4 Ragg) of
clusters with host masses of 103-10'° Mg (M a2626,200 ~ 5 X 101 Mg). They also found that low
mass galaxies have a longer delay between crossing 2.5 ryi; and the onset of quenching than high
mass galaxies, and that once quenching begins, the timescale over which the galaxy is transformed
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Figure 5.16: (a) My ,/L, as a function of absolute r magnitude. The black symbols represent a field
sample: filled circles for the Ursa Major galaxies, open circles for the late-type and irregular galaxies in the
WHISP survey (Swaters et al., 2002), ‘+’ symbols for the early-type galaxies in the WHISP survey
(Noordermeer et al., 2005), and ‘x’ symbols for the low surface brightness galaxies from De Blok et al.
(1996). The A2626 detections are shown as solid purple circles, and the 30 upper limits for the A2626
non-detections are indicated by the grey arrows. The average Myy,/ L, ratios measured from the stacked
profiles are represented by pink (green) stars for all A2626 galaxies (only non-detections). (b) My ,/L, vs
cluster radius. Stacked results in colour, individual limits/measurements in grey. The corresponding
stacked profiles are presented in Figures A.2 and A.3, and the measured values in Tables B.2 and B.3.

from its field-like properties to being fully processed by the cluster is quick (< 2 Gyr). For reference
the crossing time of A2626 is calculated to be terpss ~ 2.5 Gyr.

Using r—band luminosity as a proxy for the baryonic mass of the galaxies, and the g — r colour
as a proxy for star formation, I explore the distribution of the red (9—r > 0.7) and blue (g—r < 0.7)
galaxies as a function of luminosity, and investigate how the My, /L, ratio varies as a function of
projected radius from the cluster centre. Figure 5.15 shows the spatial distribution of the A2626
galaxies separated into six magnitude bins. The galaxies are coloured based on their g — 7 colour,
and the H1 detections (both the SoFiA and the optically selected H1 detections) are marked by
different symbols. From Figure 5.15, two observations can be made: 1 — the blue galaxies tend
to avoid the centre of the cluster, and the number of blue galaxies also increases as the galaxies
become fainter; 2 — while the number of faint blue galaxies directly detected in HT is higher than the
bright blue sample, the fraction of H1 detected blue galaxies is higher for the bright blue sample.
In a later section, I will separate the galaxies into bright and faint as a proxy for high and low
mass respectively, bright galaxies have M, < —19mag and faint galaxies M, > —19mag (i.e the
top and bottom rows). This separation was chosen so that the brightest bin of the faint sample
would contain Large Magellanic Cloud type galaxies. It is worth noting that the 50% spectroscopic
completeness limit corresponds to M, = —17.36 mag (using a distance modulus for the cluster of
36.96), thus the faintest two magnitude bins (the lower right two panels in Figure 5.15) are spec-
troscopically incomplete.

Figure 5.16a presents the My ,/L, as a function of the absolute r—band magnitude of the
A2626 galaxies compared to similar measurements made of other galaxies in different cosmic envi-
ronments. The four comparison samples are: the Ursa Major association of galaxies (Verheijen &
Zwaan, 2001); spiral and irregular galaxies from the Westerbork H 1 survey of spiral and irregular
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Figure 5.17: Both panels show the My, /L, as a function of projected radius from the cluster centre. The
grey symbols in both panels represent the measurements of the individual cluster galaxies: solid circles for
the H1 detections and arrows indicating the 30 upper limit for the non-detections. (a) The coloured stars
represent the average Myy,/ L, measured from stacked profiles of all blue galaxies (dark blue), H1
non-detected blue galaxies (light blue), and red galaxies (red). (b) The green squares represent the average
My, /L, of faint galaxies (M, > —19 mag) and the pink stars indicate the average My /L, of the bright
galaxies (M, < —19mag). The corresponding stacked profiles are presented in

Figures A.4, A.5, A.6 and A.7, and the measured values in Tables B.4, B.5 and B.6.

galaxies (WHISP Swaters et al., 2002); early-type disk galaxies from WHISP (Noordermeer et al.,
2005); and low surface brightness galaxies in low-density environments (De Blok et al., 1996). The
H 1 detections (represented by the filled purple circles in Figure 5.16a) have comparable My, /L, to
the other galaxies from different cosmic environments shown in the plot. This demonstrates that
the direct H1 detections are largely H1 normal. The 30 upper limits of the H 1 non-detections are
shown as grey arrows, and these trace a sharp edge at the lower edge of the envelope outlined by
the detections. The sharp edge is due to the noise limits of the H1 data.

Stacking the A2626 galaxies in bins of magnitude (see Table B.2) shows the average My /L,
of all A2626 galaxies per magnitude bin (pink stars in Figure 5.16a) to be 0.5 dex below the direct
detections. Separating out only the non-detections (green stars in Figure 5.16a) shows that only in
the faintest magnitude bin is a measurement possible from the stacked spectrum (all the brighter
bins are upper limits). The galaxies in this faintest bin (—17 < M, (mag) < —16) have an average
My, /L, that is consistent with the faintest late-type and irregular galaxies in the Swaters et al.
(2002) WHISP sample.

Given that the centres of clusters are known to be H1-poor, Figure 5.16b shows the average
My, /L, as a function of radius from the cluster centre. The individual measurements of Myy,/ L,
from the direct detections are shown as solid grey circles, and the upper limits for the non-detections
are shown as grey arrows. Figure 5.17a shows the same as Figure 5.16b, but with the galaxies sep-
arated into blue and red populations — a proxy for star-forming and non-star forming. The blue
galaxies show constant average My, /L, for r > Rago, at smaller clustrocentric distances the average
My, /L, decreases and the limits on the measurements make it difficult to draw definitive conclu-
sions. Since star formation is correlated with H 1 surface density (e.g Kennicutt, 1989; Walter et al.,
2008), I speculate that the change in My, /L, around Rggp is consistent with the delay timescales
that Oman & Hudson (2016) predict for the onset of quenching after crossing ~ 3Rgpp. The non-
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Figure 5.18: Left: spatial distribution of the six substructures in A2626. Right: the colour magnitude
diagrams for each substructure. The background grey points in each panel represent the cluster galaxies,
and the coloured data points, the substructure galaxies. The darker colours for the substructure galaxies
represent the late-type galaxies, while the lighter colours represent early-type galaxies. The black open
squares indicate the galaxies detected in H1 by SoFiA and the open stars, the optically selected H1
detections.

detection of the blue galaxies in the inner region of the cluster (r < 0.5R200) is also consistent with
observations made by Oman et al. (2021) regarding the timing of different stages of environmental
processing: first the galaxies are no longer detected in H 1, this is followed a few Gyr later by a
drop in the specific star formation rate, and then on the time scales of stellar evolution (< Gyr),
the galaxy becomes redder. Caveat: these are projected clustrocentric distances and blue galaxies
seen at r < 0.5 Rogp are not necessarily in the cluster core

In contrast to the blue galaxies, the red galaxies contain on average no detectable H1 at all radii
out to 2Rg00 (Figure 5.17a). This could suggest that the red galaxies in the cluster have lost their
gas and ceased forming stars long before arriving in the cluster environment. This is consistent
with what is suggested by Dressler et al. (1997): the formation of early type (typically red) galaxies
predates cluster virialisation.

In Figure 5.17b, I separated the galaxies into a faint (M, > —19mag) sample and a bright
(M, < —19mag) sample. The bright galaxies (pink stars) have systematically lower (My,/L,) than
the faint galaxies (green squares), but this is to be expected as is shown in Figure 5.16a: the brightest
galaxies have My, /L, ratios that are an order of magnitude or more lower than the faintest galaxies.
What is not necessarily expected (but is predicted by Oman & Hudson 2016) is that the decrease in
(Mp,/L,) for the bright galaxies starts at larger clustrocentric distances than for the faint galaxies
which only start decreasing around r/Rgpy < 1.

5.4.4 HT in cluster substructures

In Chapter 4, I presented new identified substructures in A2626 based on the DS test. I also spec-
ulated about possible origins of the substructures (see Section 4.5.2). However, these speculations
were lacking the colour, morphological and H 1 information that is presented in this chapter. Fig-
ure 5.18, presents a new version of Figure 4.13 which includes the colour-magnitude relation for the
galaxies, as well as the galaxies’ morphologies which is encoded into the colour of the data points for
each substructure — late-type galaxies are represented by the darker colours, while early-type and
S0 galaxies are indicated by the lighter colours. For each of the substructures, I have determined
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Table 5.2: Details of the six substructures associated with A2626.

ID N%.. (v) Ogroup  E:SO:L:I/U  log(My,/Mg)  (DEFy,) (M,)
(kms™!) (kms™') (mag)
Al 17 (10) 16130 322 2:5:8:2 8.77+£0.05 0.76+0.09 —19.100:83
A2 13 (4) 16868 143 2:3:7:1 9.14+£0.04 0.354+0.08 —19.251%3
A3 9(3) 16660 148 0:2:5:2 8.82+0.09 0.22+0.09 —17.989%3
A4 49 (21) 17051 381 10:7:29:3 8.83+£0.03 0.55+0.04 —19.08
A5 7 (2) 16104 153 4:0:3:0 840+0.11  0.91+0.11 —19.305%
A6 24 (0) 17216 650 11:3:9:1 < 8.25 >0.84  —19.02}49

@ the number in parentheses indicates the number of H1 detections (SoFiA and optical detections)

the average My, and the average DEFy;. The stacked spectra for each of the substructures are
presented in Figure A.8 and Figure A.9, and the measured quantities in Table 5.2.

Substructures Al, A2, A3 and A4 are speculated to be on first infall based on their locations
and the percentage of member galaxies that are detected in H1. The addition of the information
provided in this chapter enables a richer interpretation of the groups’ current status. While A1 has
a rather clear separation between early- and late-type galaxies that follows the blue/red separation,
it does not have a clearly defined red sequence. It is also worth noting that this group is the most
H1 deficient of the four groups outside Ragg, as it has (DEFp,) = 0.76 + 0.09 while the average
deficiency for only the non-detections is (DEFy,) > 0.73 (see Figure A.9). Given the large fraction
of direct detections, it is unlikely that this group has already passed through the cluster, thus it is
probable that the high H1 deficiency is due to the group environment prior to interaction with the
cluster. If this is true, then the onset of the H1 deficiency is likely to be relatively recent as the
colour and morphological transformations have not caught up yet. The galaxy populations of A2
and A3 show clear separations of early- and late-type galaxies that correspond to colour separations,
and like Al there does not appear to be a clustering of early-type galaxies at the centres of the
groups. Unlike A1, both A2 and A3 are H1 normal for both the group average and for only the H1
non-detections.

The final group of the outer four is A4, this group is the largest of the six, and has the largest
fraction of late-type galaxies. Unlike the other three outer groups, the early-types are clustered
towards the centre of the group while the outer galaxies are mostly late-types. This morphology-
density relation for group environments has been seen before (e.g. Postman & Geller, 1984). The
average H 1 deficiency for this group is (DEFy;) = 0.55 4+ 0.04, which within the error could be con-
sidered H 1 normal. The average H 1 deficiency for only the non-detections is (DEFy,;) = 1.04£0.15.
The non-detections in this group are situated at the centre of the group and are located on the
red sequence (see the light pink points not outlined by black in Figure 5.18), this is suggestive of
pre-processing in the group environment prior to cluster infall.

A5, one of the two groups inside Rsgp, has an even split between early- and late-type galaxies
that also follow the red/blue split. This group still has two galaxies directly detected in H1, but
has a high average H1 deficiency ((DEFpg,) = 0.91 +0.11). The high H1 deficiency might not be
surprising given the projected distance between this group and the cluster centre.

The final group of the six, A6, is the group thought to have recently merged with the cluster
core. Out of all the substructures, A6 shows the most similar properties to the cluster itself. It has
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Figure 5.19: Both panels show the My, /L, as a function of projected radius from the cluster centre. The
grey symbols in both panels represent the measurements of the individual cluster galaxies: solid circles for
the H1 detections and arrows indicating the 30 upper limit for the non-detections, in the case of panel (b),
only the measurements for the late-type galaxies are shown. (a) The coloured squares represent the
average My, /L, ratio for cluster galaxies in groups, and purples stars for the cluster galaxies not in
groups. The stacked profiles can be found in Figures A.10 and A.11, and the measured average My /L,
ratios in Table B.7. (b) Average My /L, for all A2626 late-type galaxies (orange stars), late-type galaxies
in groups (blue squares), and late-type galaxies not in groups (red circles). The stacked profiles can be
found in Figures A.12, A.13 and A.14, and the measured average My,/L, ratios in Table B.8

a well-defined red sequence, it is highly H1 deficient and has a velocity dispersion similar to the
cluster (04 = 660 kms~!). This group has a collection of late-type galaxies on the red sequence that
could be evidence for morphological transformation being the last transformation to occur (after
H1 removal and colour transformation, Oman et al. 2021).

5.5 Cluster and group impact on galaxy evolution

The previous section investigated how the entire cluster galaxy population is affected by the cluster
environment. In this section, I ask the question: which cosmic environment has a greater effect
on the HT1 content of the galaxies: The cluster or the local substructure/group environment? To
address this, I compare the average My, /L, of cluster galaxies in groups to those not in groups.
The average My, /L, values are measured from the stacked spectra created by HISS. As with the
DEFp, measurements, these samples are stacked in units of My, /L.

In Figure 5.19a, galaxies are separated by whether they are in a group (green) or not (purple).
The stacks contain all galaxies in each radial bin associated with each sample and the individual
detections and non-detections are plotted as filled grey circles and arrows respectively. The average
My, /L, ratios are very similar for the two samples, however it is important to remember that each
radial bin has a wide range of luminosities. Thus the underlying magnitude distribution of each
sub-sample should be verified to be similar in order to be compared properly.

Figure 5.20 shows the magnitude histograms for each radial bin. In order to determine whether
the group and non-group galaxies are drawn from the same magnitude distribution, I ran a two
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Figure 5.20: Magnitude distributions of galaxies in substructures (Ny), galaxies not in substructures
(N1 ), and all A2626 galaxies in bins of increasing radius from the cluster centre.

Table 5.3: Results of the KS test for Figure 5.20

Ngroup  Newuster KS statistic  p-value D(&):\/—log(%)u%

2m
0.00 < 7/Rap < 0.31 23 41 0.1421 0.87783 0.3538
0.31 < r/ R0 < 0.63 5 57 0.2105 0.95487 0.6334
0.63 < r/Rapp < 0.94 11 40 0.2517 0.55858 0.4624
0.94 < r/Raopo < 1.26 22 26 0.4895 0.00388 0.3934
1.26 < r/Rapp < 1.57 27 17 0.3791 0.07459 0.4205
1.57 < 1/Rapp < 2.20 16 17 0.1985 0.83061 0.4730

sample Kolmogorov—-Smirnov (KS) test®. Assuming a null hypothesis that the two magnitude dis-
tributions (group and non-group) are the same, the null hypothesis can be rejected at the 95%
confidence level (D(a = 0.05) if the KS statistic is greater than D(a = 0.05) — see Table 5.3. Based
on the outcome of the KS test, the magnitude distributions for the group and non-group galaxies
are the same except for the radial bin, 0.94 < r/Rapp < 1.26.

With the statistical confidence that the magnitude distributions for group and non-group galax-
ies are not responsible for the differing (Myy,/L,) values, I return to the results of Figure 5.19a.
Under the assumption that pre-processing is responsible for removing the H 1 from the group galaxies
prior to cluster infall, one might expect to see the (My,/L,) for the group galaxies to be system-
atically lower than the non-group galaxies. This is, however, not what is observed in Figure 5.19a:
outside the cluster (r/Ragp > 1.3), where both samples have a measurement (there is only an upper
limit for the non-group galaxies in the outermost radial bin), group galaxies have a higher (My,/L,)
than the field galaxies, while inside the cluster (excluding the limits of the innermost bin) non-group
galaxies have a higher (My,/L,) and around r/Rap9 ~ 0.5 have comparable (My,/L,). It is not
clear what could be driving this. However, it should be noted that even though the KS statistics

°T used the SciPy KS two sample test (scipy.stats.ks_2samp)
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Figure 5.21: Magnitude distribution of late-type galaxies in substructure (N,) and not in substructure
(N1 ), and all A2626 late-type galaxies in bins of increasing radius from the cluster centre.

Table 5.4: Results of the KS test for Figure 5.21

a1+ %
Ncluster Ngroup Dm,n 11—« D(Oé) = \/_ 1Og<§) ;_n:

0.00 < 7/ R < 0.31 10 8 0.3500 0.54226 0.6442
0.31 < r/ R < 0.63 18 2 0.4444 0.81053 1.0123
0.63 < r/Ragpp < 0.94 19 9 0.2924 0.57697 0.5496
0.94 < r/Ragpo < 1.26 14 10 0.3857 0.27374 0.5623
1.26 < r/Rypy < 1.57 10 18 0.4111 0.16853 0.5356
1.57 < 1/Ranp < 2.20 6 11 0.2727 0.87395 0.6893

showed the magnitude distributions between the two samples to be the same, some radial bins have
very few galaxies.

An open question behind the cause of the morphology-density relation is the creation mechanism
of SO galaxies. Are SO galaxies a result of spiral galaxies losing their gas and quenching their star for-
mation, or is there another evolutionary pathway? Here I look at the quenching of late-type (spiral)
galaxies in the group and non-group samples. Using the same method as for the full group/non-
group populations to determine statistically if the magnitude distributions for each radial bin are
the same (the magnitude distributions for the late-type galaxies are shown in Figure 5.21), the re-
sults from the KS test are presented in Table 5.4. The KS test results indicate that the magnitude
distributions for late-type group and non-group galaxies are drawn from the same distribution at
the 95% confidence level for every radial bin, but some bins, notably 0.31 < r/Rgpp < 0.62 have very
few galaxies in the group sample. It is also worth noting, that visually the 0.94 < r/Rgpp < 1.26
and 1.26 < r/Rgpp < 1.57 bins appear to have very different magnitude distributions, these two
bins also have the lowest p-values.

Figure 5.19b presents the average My, /L, ratios for the late-type galaxies at increasing distance
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from the cluster centre. The average Myy,/L, ratios for all A2626 late-type galaxies (group and
non-group) are shown in orange, while the group late-type galaxies are shown in blue and non-group
galaxies in red. There is no detection of the non-group galaxies in the two most distant radial bins.
The average for all late-type galaxies (the orange stars) have a lower average My ,/L, ratios than
the group late-type galaxies, this implies that the true average My,/L, for the non-group galaxies
is lower than the limits suggest, lower than the average My,/L, for the group late-type galaxies.

The (My,/L,) values for the group late-type and non-group late-type galaxies in Figure 5.19b,
show that the group late-type galaxies, where there is a detection in the stacked spectrum, have
higher (My,/L,) values at radii r/Ragp < 0.94. At larger radii, r/Ragp > 1.26, the 30 upper limits
on the measurements for the non-group late-type galaxies are consistent with the measurements
for the group late-type galaxies. However, the difference between the average for all the late-type
galaxies and the group late-type galaxies would suggest that if the stacked spectra were sensitive
enough to detect HI in the non-group late-type galaxies, then the measured average (for the non-
group late-type galaxies) would be lower than the group late-type galaxies.

With the exception of the 0.94 < r/Rgpy < 1.26 bin, where the group and non-group late-type
galaxies are statistically different samples, the group late-type galaxies (blue squares) have a con-
stant (My,/L,) at radii greater than, r ~ 0.5Rs09. There is no detection in the inner-most radius
bin suggesting rapid change in H1 content around r ~ 0.5Rgp9. The non-group galaxies (red circles)
also show a constant (Myy;/L,) from Rggy towards the centre of the cluster as the group late-type
galaxies, but at a lower (My,/L,). The non-group galaxies are not detected at the two outermost
radii (although this could be due to poor number statistics and increased noise in the spectra due
to the primary beam attenuation).

The higher (My,/L,) for the group late-type galaxies compared to the non-group late-type
galaxies could suggest that the group environment plays a role in limiting how quickly the Hr is
removed from the member late-type galaxies. The upper limit on the average My /L, for the group
galaxies at the very centre of the cluster could then be a result of the group environment no longer
“protecting” the late-type member galaxies at peri-centric passage.

5.6 Summary and Conclusions

In this chapter, I have presented the DECaLS photometry matched to the cluster spectroscopy pre-
sented in Chapter 4. Using this photometry, along with the Abell (1958) criterion for rich clusters,
I have determined that A2626 is a rich cluster (richness class 1), similar to the comparable-sized
Virgo cluster.

Using the isophotal radii determined from the DECaLS r—band images, I was able to calculate
the H1 deficiency for the cluster galaxies, and use stacking to determine the average H 1 deficiency
for the cluster. Figure 5.14 shows that A2626 has the same radial pattern of H1 deficiency as seen
in other clusters (e.g Solanes et al., 2001; Healy et al., 2021c).

Visually classified morphologies in combination with optical colour information and the H1 ob-
servations enabled characterisation of the substructures found in Chapter 4. The six groups show
a range of morphological and colour properties. Al shows signs of recent gas removal through the
high (DEF,); A4 shows a clear morphology-density relation, but is not particularly H1 deficient.
A6, the group thought to have merged with the cluster centre has a population of faint red late-
type galaxies, a sign that the galaxies that have yet to undergo the final processing by the cluster:
morphological transformation.

I also explore which environment (local or global) has a stronger impact on the removal of H1
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from the galaxies. In Section 5.5, I compare the (My,/L,) of cluster galaxies in groups to cluster
galaxies not in groups. There is no clear trend on average for all the group /non-group galaxies, but
it is possible that this trend/lack of trend could be due to small number statistics. Considering only
the late-type galaxies, there is a delay in the change in the (My,/L,) of the late-type galaxies in
groups compared to non-group late-type galaxies. I postulate that this could be due to the group
environment protecting the late-type galaxies until the group reaches the inner regions of the cluster.

This cluster, with the larger H 1 and optical spectroscopy coverage than the Coma cluster studied
in Chapter 2, has provided the opportunity to tackle some of the questions asked of Coma but which
we could not answer then due to non-detections in the stacked profiles. The conclusions drawn in
this chapter also suffer from small number statistics. Upcoming optical spectroscopy surveys such
as the WEAVE Wide-field Cluster Survey (Jin et al. in prep) and H1 surveys of galaxy clusters
with MeerKAT, ASKAP and the Medium Deep Survey with Apertif, will provide larger statistical
samples out to larger radii around clusters, hopefully enabling even more in-depth analysis of cluster
vs. group processes driving galaxy evolution.
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Figure A.1: Stacked spectra used to determine the (DEFy,) in bins of projected radius from the cluster
centre (Figure 5.14). The grey spectrum represents the stacked spectrum for all galaxies, and the black
spectrum only the non-detections. The orange spectrum represents the mean of the 25 reference spectra for
the non-detected sample and horizontal band indicates corresponding rms of the 25 reference spectra in
each channel. The vertical green window indicates the region of the stacked spectra where the H1 signal is

expected.
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Figure A.2: Stacked spectra used to determine the (Myy,/L,) in bins of absolute r—band magnitude
(Figure 5.16a). The grey spectrum represents the stacked spectrum for all galaxies, and the black spectrum
only the non-detections. The orange spectrum represents the mean of the 25 reference spectra for the
non-detected sample and horizontal band indicates corresponding rms of the 25 reference spectra in each

channel. The vertical green window indicates the region of the stacked spectra where the H1 signal is
expected.
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Figure A.3: Stacked spectra used to determine the (Myy,/L,) in bins of projected radius from the cluster
centre (Figure 5.16b). The grey spectrum represents the stacked spectrum for all galaxies, and the black
spectrum only the non-detections. The orange spectrum represents the mean of the 25 reference spectra for
the non-detected sample and horizontal band indicates corresponding rms of the 25 reference spectra in
each channel. The vertical green window indicates the region of the stacked spectra where the H1 signal is

expected.
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Figure A.4: Stacked spectra used to determine the (Myy,/L,) in bins of projected radius from the cluster
centre for blue galaxies (Figure 5.17a). The grey spectrum represents the stacked spectrum for all galaxies,
and the black spectrum only the non-detections. The orange spectrum represents the mean of the 25
reference spectra for the non-detected sample and horizontal band indicates corresponding rms of the 25

reference spectra in each channel. The vertical green window indicates the region
where the H1 signal is expected.

of the stacked spectra
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Figure A.5: Same as Figure A.4, but for the red galaxies.
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Figure A.6: Stacked spectra used to determine the (My,/L,) in bins of projected radius from the cluster
centre for bright (M, < —19 mag) galaxies (Figure 5.17b). The black line represents the stacked spectrum
for all galaxies. The orange spectrum represents the mean of the 25 reference spectra for the sample and
horizontal band indicates corresponding rms of the 25 reference spectra in each channel. The vertical green
window indicates the region of the stacked spectra where the H1 signal is expected.
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Figure A.7: Same as Figure A.6, but for the faint (M, > —19 mag) galaxies.
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Figure A.8: Stacked spectra for the six substructures in A2626. From these spectra, I measure the average
My . The grey spectrum represents the stacked spectrum for all galaxies, and the black spectrum only the
non-detections. The orange spectrum represents the mean of the 25 reference spectra for the non-detected
sample and horizontal band indicates corresponding rms of the 25 reference spectra in each channel. The
vertical green window indicates the region of the stacked spectra where the H1 signal is expected.
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Figure A.9: Same as Figure A.8, but measure average DEFyy,.
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Figure A.10: Same as Figure A.6, but for the galaxies in substructure.
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Figure A.12: Same as Figure A.6, but for all cluster late-type galaxies.
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Figure A.13: Same as Figure A.6, but for late-type cluster galaxies in substructure.
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B Data tables of measurements from stacking

Table B.1: Average DEFy,; measurements measured from the stacked spectra in Figure A.1. These data
are presented in Figure 5.14.

All galaxies Only H 1 non-detected galaxies
N (DEFH,) N (DEFH,)
0.00 < 7/R200 < 0.31 | 71 < 1.17 67 < 1.17
0.31 < 7r/R200 < 0.63 | 70 | 1.24+0.09 | 55 <1.21
0.63 < 7/R200 < 0.94 | 58 | 0.72+0.04 | 30 1.73 £ 0.56
0.94 < 7r/Rop0 < 1.26 | 54 | 0.73+0.06 | 31 1.144+0.18
1.26 < r/Ropp < 1.57 | 52 | 0.47 £ 0.06 | 33 0.72+£0.12
1.57 < r/Rgpp < 2.20 | 42 | 0.56 = 0.07 | 28 0.79 £0.13

Table B.2: Average My ,/L, measurements measured from the stacked spectra in Figure A.2. These data
are presented in Figure 5.16a.

All galaxies Only H1 non-detected galaxies

N | log(M,/L,) | N log(Mi1./L,)
23 <M, <—-21|18 | -2.124+0.09 | 16 < —2.20
—21 <M, <—-20| 50 | —1.73+0.06 | 40 < —1.84
—20< M, < =19 | 72 | —1.31 +£0.06 | 45 < —1.55
—-19<M, <—-18 |90 | —1.04+£0.05 | 67 < —1.20
—18 <M, < =17 | 55 | —0.57+0.06 | 40 < —0.64
—17<M, <—-16 | 15 | —0.09+£0.09 | 8 —0.57 +£0.32
-16<M, <—-14| 2 0.74 £0.13 0 -
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Table B.3: Average My ,/L, measurements measured from the stacked spectra in Figure A.3. These data
are presented in Figure 5.16b.

All galaxies Only H1 non-detected galaxies
N | log(Mn./L) | N log(Mp /L)
0.00 < 7/Ra00 < 0.31 | 60 < —1.02 58 < —1.02
0.31 < r/Rap0 < 0.63 | 57 | —1.08 £0.10 | 45 < —0.97
0.63 < r/Rapo < 0.94 | 47 | —0.40 £0.05 | 25 —1.27+£0.38
0.94 < 7r/Ropo < 1.26 | 44 | —0.38 £0.08 | 25 —0.81£0.16
1.26 < r/Rgpp < 1.57 | 39 | —0.414+0.08 | 23 < —0.39
1.57 < r/Rgpp < 2.20 | 30 | —0.67 +£0.13 | 21 < —0.38

Table B.4: Average My,/L, measurements measured from the stacked spectra in Figure A.4. These data
are for the blue galaxies presented in Figure 5.17a.

All galaxies Only H1 non-detected galaxies
N | log(Mn./L;) | N log(Mu /L)
0.00 <7/R900 <031 | 8 | —=1.15+£0.18 | 5 < —0.80
0.31 <r/R2p0 <0.63 | 17 | —0.44£0.09 | 6 < —0.25
0.63 < r/Rap0 < 0.94 | 33 | —0.04 £0.04 | 11 —0.64 +£0.18
0.94 < 7r/Ropo < 1.26 | 24 | —0.12£0.09 | 7 —0.54 £0.26
1.26 < 7/Rgpp < 1.57 | 28 | —0.15+£0.05 | 12 —-0.33 £0.11
1.57 <r/Ropp < 2.20 | 13 | —0.56 £0.15 | 5 < —0.15

Table B.5: Average My ,/L, measurements measured from the stacked spectra in Figure A.5. These data
are for the red galaxies presented in Figure 5.17a.

All galaxies Only H1 non-detected galaxies
N | log(Mu /L) | N log (My,/Ly)
0.00 < r/Rapo < 0.31 | 56 < —1.01 56 < —1.01
0.31 < r/Rapo < 0.63 | 45 < —1.26 43 < —1.27
0.63 < 7/Ra00 < 0.94 | 17 < —1.11 16 < —1.07
0.94 < r/Rapo < 1.26 | 24 < —0.67 20 < —0.63
1.26 < r/Rgpp < 1.57 | 16 < —0.37 15 < —=0.35
1.57 < r/Ragp < 2.20 | 21 < —0.46 20 —1.024+0.25
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Table B.6: Average My,/L, measurements measured from the stacked spectra in bright (M, < —19 mag),
Figure A.6, and the faint (M, > —19 mag), Figure A.7, samples. These data are for the bright and faint
galaxies presented in Figure 5.17b.

Bright galaxies Faint galaxies
N | log(Mu./Lr) | N | log(Mu,/L)
0.00 < r/Rap0 < 0.31 | 32 < —1.60 32 < -0.74
0.31 < r/Rop0 < 0.63 | 38 | —1.52+£0.09 | 24 | —0.80 £ 0.13

0.63 < 7r/Ro00 <094 | 19 | —1.11 £0.06 | 31 | —0.14 +0.04
0.94 < r/Rgp0 < 1.26 | 21 | —0.97 £0.05 | 27 | —0.25 £+ 0.09
1.26 < r/Rapp < 1.57 | 19 | —0.66 +£0.03 | 25 | —0.40 £0.11

1.57 <r/Rapp <220 | 19 | —0.84 £0.05 | 15 | —0.55 £0.21

Table B.7: Average My,/L, measurements measured from the stacked spectra for the cluster galaxies in
groups/substructure (Figure A.10), and the non-group cluster galaxies (Figure A.11). These data are for
the group and non-group galaxies presented in Figure 5.19a.

Group galaxies Non-group galaxies
N | log(Mu./Ly) | N | log{Mu./Lr)
0.00 < 7/Rap0 < 0.31 | 23 < —=0.71 41 < —1.02
0.31 <r/R2p0 <0.63| 5 | —1.03£0.15 | 57 | —1.19+0.12
0.63 < r/Rapp <0.94 | 11 | —0.56 £0.08 | 39 | —0.28 £0.05

0.94 < 7/Ropo < 1.26 | 22 | —0.72+£0.09 | 26 | —0.24 +0.10
1.26 < r/Rgpp < 1.57 | 27 | —0.34+£0.09 | 17 | —0.76 £0.20
1.57 <r/Rgpp < 2.20 | 16 | —0.63+0.14 | 18 < —0.33

Table B.8: Average My /L, measurements measured from the stacked spectra for all cluster late-type
galaxies (Figure A.12), the cluster late-type galaxies in groups/substructure (Figure A.13), and the
non-group late-type cluster galaxies (Figure A.14). These data are for the three samples of late-type
galaxies presented in Figure 5.19b.

All late-type galaxies | Group late-type galaxies | Non-group late-type galaxies
N | logMuy/L) | N | logMu/L) | N log(Mi1,/ L)

0.00 < 7/Rgp0 < 0.31 | 18 < —0.80 8 < —0.72 10 < —0.60

0.31 < r/Rap0 < 0.63 | 20 —0.72 £0.08 2 —0.38 £ 0.06 18 —0.76 £ 0.09

0.63 < r/Ra00 < 0.94 | 28 —0.52 £0.05 9 —0.34 £0.07 19 —0.62 £0.07

0.94 < r/Rgpo < 1.26 | 24 —0.29 +£0.05 10 —0.92+£0.25 14 —0.11+0.04

1.26 < r/Rapp < 1.57 | 28 —0.53 £0.14 18 —0.31 £0.12 10 < —0.25

1.57 < r/Rapp < 2.20 | 17 —0.60 £0.16 11 —0.50 £ 0.16 6 < —0.11
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Chapter 6

Summary and Future Work

This thesis started with the goal of determining in which environment in galaxy clusters, the lo-
cal group environment or the global cluster environment, are the processes by which galaxies are
quenched, the most effective. Observed relations such as the morphology—density relation (Dressler
& Shectman, 1988) describe how the fraction of galaxies of different morphological classes change
with environmental density. Within clusters this is evident as the fraction of late-type galaxies
increases towards the lower-density cluster outskirts, while the fraction of early-type galaxies is
highest in the cluster core. Understanding what drives this relation requires identifying how galax-
ies are quenched. In galaxy clusters, there is a number of processes such as ram-pressure stripping
(Gunn & Gott, 1972), galaxy harassment (Moore et al., 1996), and starvation (Larson et al., 1980),
which are particularly effective at removing the neutral gas (H1) content from galaxies as the galaxy
moves through the cluster. HT is the raw fuel from which stars are formed, thus once the H1 has
been depleted, the formation of molecular hydrogen from which the stars are formed slows to a stop,
and star formation ceases and so starts the colour and morphological transformation of the galaxy.
The gas removal processes have also been observed in group environments, and there is growing
evidence that the group environments may play an important role in beginning the star formation
quenching process (Vulcani et al., 2018).

In this thesis, I have investigated the H1 properties of galaxies in two galaxy clusters: Abell
2626 and the Coma cluster. Galaxy clusters are well known to be H1 deficient (Solanes et al., 2001),
thus T use H1 spectral line stacking, a statistical technique that enables me to probe the average
H 1 content of the cluster galaxies below what can be directly detected.

6.1 Thesis highlights

6.1.1 Identifying cluster substructure

The literature provides conflicting views on the presence of substructure in both the galaxy clus-
ters, Coma and A2626, considered in this thesis. Vital to identifying substructure is the availability
of spectroscopic redshifts of the cluster member galaxies. Studies that did not find substructure
tended to have insufficient redshifts. For the investigations presented in this thesis, I set out to
collate comprehensive redshift catalogues for both Coma and A2626.

For Coma (see Section 2.2.1), this meant collating all the publicly available redshifts in the
literature which resulted in one of the most comprehensive redshift catalogues containing ~ 1020
redshifts for galaxies in the Coma cluster within 3500 < cz (kms™!) < 10500, and out to a radius of
~ 1.2 Rogg. Despite the wealth of redshifts in the literature, there was lack of redshifts for the fainter
blue galaxies in the cluster outskirts. I targeted these galaxies with spectroscopic followup during
a 2-night observing campaign using the Hydra multi-object spectrograph on the WIYN telescope.
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A2626 is located in a part of the sky that has not been as well studied. Existing spectroscopy for
this cluster was mostly from the Wlde-field Nearby Galaxy Survey (WINGS; Cava et al., 2009), but
unfortunately the WINGS spectroscopy only covered the inner part of the cluster (r < 0.7 Rago).
A2626 was thus targeted for follow-up spectroscopy using Hectospec on the Multi-Mirror Telescope
(MMT), which was done in collaboration with Steven Willner at the Harvard Smithsonian Center
for Astrophysics. The MMT observations covered r < 1.8 Rogp to match the MeerKAT H1 data
centred on the cluster, and included galaxies with redshifts out to z ~ 0.46 to facilitate future work
using the low frequency portion of the MeerKAT observations not discussed in this work. The MMT
redshifts more than doubled the existing redshifts in the field, and revealed structures around and
behind A2626.

In order to identify the substructures within the clusters, I used the Dressler-Shectman (Dressler
& Shectman, 1988) test which is sensitive to kinematic substructure. Using this method, I iden-
tified 15 groups associated with Coma, and six with A2626. In the A2626 volume, there are two
other nearby spectral over-densities in which I identified substructure: six in Abell 2637, and four
associated with the over-density referred to as HW1.

All of the Coma substructures were located within Rogg due to the fact that the cluster data
set did not extend beyond ~ 1.2Rsgg. The substructures associated with A2626 on the other hand,
were mostly located between Rggg and ~ 1.9 Rogg (the outer limit of the A2626 catalogue). Only
two of the six A2626 substructures were located within the Rogg. Both clusters had substructures
at their centres that were indicative of groups being accreted. In both cases this is also supported
by the morphology of the X-ray emission at the cluster cores.

6.1.2 Quantifying the cluster H1 content

The processes effecting the evolution of the cluster galaxies have been shown to occur in different
parts of the cluster and affect galaxies of different masses over different timescales (e.g. Oman &
Hudson, 2016). Thus investigating how the H1 content of the cluster galaxies varies across the
cluster, and compares to the expected H1 content given the galaxy size, can provide insight into
the timescales over which the gas is removed from the galaxies and where the gas removal starts to
take place.

In the first part of Chapter 2, we investigated the H1 gas fraction—stellar mass scaling relation.
This relation is well established for field galaxies (e.g. Fabello et al., 2011; Brown et al., 2015; Healy
et al., 2019). The comparison between the average H1 gas fractions measured from the stacked
profiles of the Coma galaxies to the average values for field galaxies was the first indication in this
work that the Coma galaxies are very gas-poor. Coma has long been known to be H1 deficient
(Solanes et al., 2001; Gavazzi et al., 2006, e.g.), but those studies had targeted galaxies based on
optical properties which indicated detectable H1. In Chapter 2, we included every galaxy in the
Westerbork Coma Survey footprint that had an optical redshift, and using the H1 stacking tech-
nique to probe the average H1 content, we found that in galaxies that were not directly detected
in H1, there was no detectable emission in the stacked spectra. From the stacked spectra we could
measure upper limits on the average H1 content, which implied that Coma galaxies were at least
two orders of magnitude more deficient than the field counterparts. This bimodality in gas content
seen between the galaxies directly detected in H1 and galaxies not directly detected in H1 was
evident at all radii, which we suggested was due to an extremely rapid gas removal mechanism.
Even galaxies outside the Rgpp showed high H1 deficiency values (although many of these were
lower limits), suggesting that this gas removal mechanism is effective on the cluster outskirts.

A2626 (042626 = 660 kms™1) is a much smaller galaxy cluster than Coma (0comae = 1080 kms™1),
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with roughly a third the number of galaxies that Coma harbours. The MeerKAT H 1 data on A2626
presented in Chapter 3 has the same H I mass sensitivity as the H1 data for the Coma cluster used
in Chapter 2. In exploring the average H1 deficiency of the cluster as a function of radius, A2626
has the same radial increase in H1 deficiency closer to the center of the cluster as what is seen in
other galaxy clusters (e.g. Solanes et al., 2001). What was interesting in the comparison between
A2626 and Coma was that at the same relative radii (0.5 < r/Rgpo < 1) the Coma galaxies were
so deficient that only the upper limits on the H1 content could be measured, whereas for A2626
I was able to actually measure the average H1 deficiency. The H 1 mass sensitivity of the two H1
surveys covering Coma and A2626 are comparable (~ 4 x 108 M), which made it possible to draw
some conclusion from the comparisons between the two studies, despite the many upper limits on
the H1 content of the Coma galaxies. In both clusters, only limits were measured on the aver-
age H1 deficiencies of the galaxies within the core of the cluster (r < 0.5Rg0p). For radii in the
range 0.5 < 7/Rgpp < 1, there were still only lower limits on the average H1 deficiencies for the
Coma galaxies, however for the A2626 non-detections, the measured average H 1 deficiencies show
the A2626 galaxies to be strongly increasing in deficiency with decreasing radius to the cluster centre.

Stacking non-detections in the Coma galaxies inside Rogg did not yield any detections in the
stacked spectra, but the opposite is true for A2626 implying that the A2626 galaxies do not have
the same binary distribution as Coma in the H1 content. Coma is a more massive cluster than
A2626, but Solanes et al. (2001) showed that there was no correlation between any of the measures
of the size of a cluster and the fraction of H1 deficient spirals. The galaxies in Coma that are
detected in H1 exhibit comparable H1 deficiencies to the A2626 detections at all radii, so if the
process affecting the Coma non-detections is not linked to the size of the cluster, it must occur
on very rapid timescales if the same process were to affect the A2626 non-detections given that
the difference in lookback-time between the two clusters is only ~ 0.5 Gyr. In both clusters, the
non-detections are predominantly the red early type galaxies. Schawinski et al. (2014) showed that
quenching of early-type galaxies could occur on timescales of 7, < 250 Myr, but they proposed the
most likely quenching trigger process is a merger event which in the lower density region of the
cluster outskirts is not very probable.

6.1.3 Local vs global environment

One of the goals of this work was to determine if there is a preference for gas removal in the local
environment as defined by the substructure, or the global environment defined by the cluster as a
whole. The galaxies in Coma were too H1 deficient to make any definitive conclusions on this. The
A2626 galaxies could be measured out to much further radii than the Coma galaxies which provides
a larger volume that is not part of the virialized inner region of the cluster, in which to compare
the H1 content of the cluster galaxies in groups and cluster galaxies not in groups.

In Chapter 5, I use the average Myy,/L, ratios to probe differences in the H1 content between
group galaxies and non-group galaxies inside A2626. While the average My,/L, ratio can be af-
fected by differences in the underlying luminosity distribution of the galaxies, I account for this
using a two-sample KS test to determine statistically if the two samples are drawn from the same
distribution; there are some caveats to this in that some luminosity (L, ) bins have very few sources.
Initial results considering galaxies of all morphologies and luminosities show no significant differ-
ences between the samples inside and outside identified substructures. Using simulations, low mass
galaxies have been shown to have a longer delay in the onset of quenching than high mass galaxies
(Oman & Hudson, 2016), so I investigated how the average My,/L, ratios are different for faint
galaxies (as a proxy for low mass) in groups and not in groups as a function of clustocentric radius.

One of the big questions surrounding the morphology-density relation, is how SO galaxies are
formed. One of the common theories is that they are late-type galaxies that have been gas depleted
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and subsequently quenched. Late-type galaxies, unaffected by external environmental processes have
been shown to quench over very long timescales, 7, > 2.5 Gyr (Schawinski et al., 2014). However, the
cluster environment in general is extremely effective at processing galaxies, such that star formation
is almost always quenched by the time of peri-centric passage (Oman et al., 2013). For a cluster
the size of A2626, this equates to shorter timescales than t..oss ~ 2.5 Gyr. Thus in the last part
of Chapter 5, I investigated the differences in the average My,/L, ratios for late-type galaxies in
groups and not in groups. Despite the low number counts in some L, bins, an intriguing picture
seems to emerge: Late-type galaxies in groups have constant average Myr,/L, ratios which only
decrease in the innermost regions of the cluster (r < 0.5Rgg); the galaxies not in groups have
systematically lower average Myr,/L, also at a constant level. This might suggest that the group
environment could possibly play a role in preventing the removal of gas from late-type galaxies until
the group is very close to peri-centric passage.

6.2 Future Work

Upcoming surveys for both wide-area optical spectroscopy, and wide-area blind H I surveys of galaxy
clusters will provide the data to enable future analysis of more clusters of different masses and at
different redshifts.

6.2.1 Ongoing work with Abell 2626

One of the goals of the work in this thesis was to identify possible indications of pre-processing in
galaxies prior to the their arrival in the cluster environment. The existing MeerKAT pointing on
A2626 only covered galaxies inside 2 Rogg. In order to investigate possible pre-processing of cluster
galaxies, one needs to study galaxies and substructure/group environment they may be located in,
at larger radii from the cluster centre.

A further MeerKAT proposal (PI T. Deb) to observe 4 pointings on the south east side of A2626
has recently been accepted. This will enable us to observe H1 out to ~ 3Rggo with the higher spec-
tral resolution mode (32K, ~ 7kms™! velocity channels) of the telescope, which will enable us to
study the galaxies that have only recently entered the cluster environment. Here, I assume that the
cluster environment extends out to r/Rsgo ~ 4.75 (Rines & Diaferio, 2006; Jaffé et al., 2013).

However, further investigations of substructures at larger radii in the cluster environment will
depend on obtaining more spectroscopic redshifts for galaxies in the cluster outskirts. The WEAVE
Wide-field Cluster Survey (Jin et al., in prep), plans to spectroscopically map a selection of clusters
in the nearby Universe out to 5 Ragg, including A2626.

The combination of the WEAVE spectroscopy, and the MeerKAT H1 data, will enable the
identification of groups that are just starting to come into contact with the cluster. Using H1
stacking, we will be able to probe the average H1 content and H 1 deficiencies of galaxies that have
only been influenced by the group environment. These results will be crucial to understanding
how pre-processing affects the quenching and the morphological transformation of galaxies that
underpins the morphology-density relation.

6.2.2 HT1 surveys of galaxy clusters

I have mentioned numerous times throughout different chapters of this thesis, the need for more
wide-area blind H1 surveys. The current scarcity of such data is about to become a thing of the
past, with planned and ongoing surveys using the SKA Pathfinder and Precursor telescopes.
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The MeerKAT Fornax Survey (PI: P. Serra), one of the large survey projects on MeerKAT
will map the Fornax cluster and its infall region in H1. The survey is also supported by extensive
multi-wavelength imaging (e.g. Venhola et al., 2017, 2018; Zabel et al., 2019). Early results from the
MeerKAT Fornax Cluster Survey have already shown newly detected H 1 debris around NGC 1316,
possibly after a merger event (Serra et al., 2019), as well as evidence of pre-processing in Fornax A
group (Kleiner et al., 2021). As the most nearby cluster, and one that is actively accreting galaxy
groups that are still forming, this body of work will provide important insights into environment-
driven galaxy evolution.

Other upcoming and ongoing blind H 1 surveys of galaxy clusters include the MeerKAT Cluster
Legacy Survey which has targeted some 100+ galaxy clusters. The Widefield ASKAP IL-band
Legacy Allsky Blind surveY (WALLABY Koribalski et al., 2020) is expected to cover 20 galaxy
clusters in the southern skies, one of which is the Hydra cluster for which commissioning data
already exist.

6.2.3 HI1 deficiency scaling relation

The H1 deficiency parameter (DEFy,) is an effective way to identify whether galaxies contain more
or less H1 than expected. DEFy; is the logarithm of the ratio of the expected HI mass and the
measured H1 mass. The expected HT mass is usually calculated from a scaling relation based on
an optical diameter or a photometric magnitude. Early studies (e.g. Haynes et al., 1984; Solanes
et al., 2001) calibrated the scaling relations based on visually classified morphologies, which resulted
in different scaling relations for the different morphological classes. This is reasonable as isolated
galaxies of different morphological classes are known to contain different amounts of H1 relative to
their mass (e.g. Swaters et al., 2002).

There are two main issues with relying on visually identifying the morphological class of a galaxy:
1 — visual classifications can be subjective, especially in cases where a galaxy borders between two
different classifications, and edge on galaxies can obscure the features used to classify the galaxy;
2 — the visual classification of galaxies varies with image resolution. Given the subjective nature of
the classification, it is very difficult to understand the uncertainties built into the deficiency values,
particularly when comparing to published works.

Morphological type independent scaling relations are essential with the upcoming large H 1 sur-
veys expecting to provide H1 measurements for thousands of galaxies. Such relations based on
galaxy photometry (Denes et al., 2014) and stellar mass (Bok et al., 2020) already exist. However,
the existing scaling relations based on magnitude or optical diameters have a flaw: it is unclear what
types of magnitudes are used (aperture or total), and in measuring the optical diameters, very few
(if any) take inclination into account. While the stellar mass relations may have less uncertainty in
how the measured galaxy quantity (in this case the stellar mass) is calculated, reliable stellar mass
measurements are only available for limited samples of galaxies.

Given the usefulness of the H1 deficiency parameter in identifying galaxies that deviate from
the expected relations, and in light of the upcoming increase in available data, it is important to
develop a set of scaling relations that are based on publicly accessible data, and account for the
differences in how the galaxy properties were measured.

6.2.4 Towards the future with the SKA

Considering the longer term, the SKA will enable higher sensitivity and higher resolution obser-
vations of the H1 in galaxies than is currently available. Higher sensitivity observations will allow
astronomers to observe the H1 in cluster galaxies at higher redshifts than is currently possible with-
out hundreds of hours of observing time. Studying the H 1 stripping mechanisms affecting late-type
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galaxies in clusters over a range of cosmic time, may help to answer open questions such as why
the fraction of SO galaxies in clusters increases from z 2 0.5 to z ~ 0. There is a tight correlation
at z = 0 between the H1 mass and H1 diameter of a galaxy (Wang et al., 2016), thus the ability
to resolve the H1 disk of a galaxy is dependent on its mass. With the high resolution (particularly
in the local Universe), it will be possible to identify and characterise the H 1 morphologies of much
lower mass galaxies than is currently possible. The morphology of the H1 disk provides important
information about the external processes acting on the galaxy. Thus, it is expected that with the
increased sensitivity and resolution of the SKA, astronomers studying the evolutionary effects of
the cluster environment, will be able to investigate how the different gas removal mechanisms (e.g.
ram-pressure stripping, harassment, starvation) affect galaxies over a large range of H1 masses and
deficiencies.
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Samenvatting voor niet-deskundigen

MNormal Spirals

Ellipticals Lenticulars
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Figuur 1: De Hubble Stemvork toont de karakteristieke morfologién van elliptische, spiraalvormige en
onregelmatige sterrenstelsels. De sterrenstelsels in dit diagram bevatten ook de meer specifieke classificaties
die door Gérard de Vaucouleurs zijn toegevoegd. Figuur credits:

https://conceptdraw. com/a2353c3/preview

Al voordat sterrenstelsels werden geidentificeerd als extragalactische objecten, hebben astronomen
zich ingespannen om sterrenstelsels te classificeren op basis van hun vorm en kleur. De eerste classi-
ficatieschema’s verdeelden de sterrenstelsels (of nevels zoals ze voor de jaren twintig bekend waren)
in drie hoofdgroepen: elliptisch, spiraalvormig of onregelmatig. Het classificatieschema evolueerde
naar wat nu bekend staat als de “Hubble Tuning Fork” of “Hubble Sequence” die wordt getoond in
Figuur 1. Men dacht dat sterrenstelsels van links naar rechts in het classificatieschema evolueerden,
maar het is nu algemeen bekend dat sterrenstelsels juist van rechts naar links evolueren. Aangezien
de evolutie van sterrenstelsels miljarden jaren duurt, levert het bestuderen van sterrenstelsels van
verschillende typen een momentopname van de verschillende evolutionaire stadia.

Het licht dat door een sterrenstelsel wordt uitgezonden over het hele elektromagnetische spec-
trum (zie Figuur 2) is het resultaat van alle processen in een sterrenstelsel. Door de verschillende
soorten elektromagnetische straling te bestuderen, kunnen we inzicht krijgen in de evolutionaire
toestand van een sterrenstelsel en in de evolutionaire processen die het kunnen beinvloeden. In dit
proefschrift gebruik ik radiogegevens die ons vertellen over het koude gasgehalte van sterrenstelsels,
infraroodgegevens die ons vertellen over de massa van alle sterren in een sterrenstelsel, evenals de
snelheid waarmee die sterren worden gevormd, en optische gegevens waaruit ik de optische kleur
van een sterrenstelsel bepaal die informatie geeft over de gemiddelde leeftijd van de sterren in een
sterrenstelsel, en dus een maat voor de leeftijd van een sterrenstelsel.
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Figuur 2: Meerdere golflengten van het Whirlpoolstelsel (M51). Elk paneel toont het stelsel zoals
waargenomen in een andere golflengte van het elektromagnetische spectrum. Figuur credits:
https://ecuip. 1ib. uchicago. edu/multiwavelength-astronomy/astrophysics/05. html

Sterrenstelsels bewegen constant ten opzichte van de aarde (en de Melkweg). Het licht dat we
van andere sterrenstelsels waarnemen wordt verschoven ten opzichte van de frequentie waarmee het
wordt uitgezonden. Door naar het spectrum van een bewegende bron te kijken, kunnen we bepalen
hoeveel bepaalde emissie- en absorptielijnkenmerken in golflengte of frequentie zijn verschoven ten
opzichte van de rest-frame-waarden. De hoeveelheid waarmee de waargenomen frequentie wordt
verschoven, staat bekend als de “roodverschuiving”. De roodverschuiving kan te maken hebben met
hoe snel een sterrenstelsel van ons weg beweegt, en dus de afstand tot ons. In dit proefschrift worden
de roodverschuivingen voornamelijk gemeten in het optische spectrum van de sterrenstelsels, maar
in sommige gevallen werd de roodverschuiving gemeten in het radiospectrum.

Een manier om na te gaan hoe een sterrenstelsel verandert of evolueert, is door de stervorming
te bestuderen. Terwijl sterrenstelsels sterren blijven vormen, neemt de massa van de sterrenstelsels
toe. Op het moment dat de stervorming stopt worden er geen nieuwe sterren gevormd en, men
denkt, dat dan de kleur en vorm van sterrenstelsels roder en elliptischer worden. Om stervorming
aan de gang te houden hebben sterrenstelsels een reservoir met koud gas nodig waaruit sterren
kunnen ontstaan. In dit proefschrift kijk ik naar het koude neutrale gasgehalte van sterrenstelsels
en in het bijzonder naar het gehalte van het neutrale atomaire waterstofgas (H1). H1 is niet alleen
belangrijk voor de voortgaande stervorming, maar kan ook een belangrijke indicator zijn voor de
manier waarop de gastoevoer naar een sterrenstelsel wordt afgesloten, waardoor de stervorming
wordt gestopt. Het is algemeen bekend dat de H 1 schijf van sterrenstelsels zich buiten de stellaire
schijf uitstrekt, met soms wel twee keer de straal van de stellaire schijf, waardoor deze gemakkelijk
vatbaar is voor externe invloeden zoals interacties met andere sterrenstelsels of het intra-cluster- of
intra-groepsmedium van clusters van sterrenstelsels of groepen.

Men heeft aangetoond dat de evolutie van een sterrenstelsel wordt beinvloed door de omgev-
ing waarin het zich bevindt. Geobserveerde trends zoals de relatie tussen morfologie en dichtheid,
die stelt dat elliptische sterrenstelsels — sterrenstelsels met een meer geévolueerde stellaire popu-
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Figuur 3: Diagram depicting the H1 stacking method

latie die meestal ook geen nieuwe sterren meer vormen — de dominante soort sterrenstelsels zijn
in omgevingen met een hoge dichtheid zoals sterrenstelsels en clusters. Spiraalstelsels, die vaak
nog actief bezig zijn sterren te vormen en een jongere stellaire populatie bevatten, zijn de domi-
nante soort sterrenstelsels in omgevingen met een lagere dichtheid. In dit proefschrift bestudeer ik
de sterrenstelsels in twee verschillende clusters van sterrenstelsels en identificeer ik substructuren
binnen de clusters om te begrijpen hoe de lokale (substructuur) omgeving in vergelijking met de
globale (cluster) omgeving de HT inhoud van de samenstellende sterrenstelsels beinvloedt om licht
te werpen op de fysieke processen die aanleiding geven tot de morfologie-dichtheidsrelatie.

H1 middeling

H 1 middeling is een techniek die veel gebruikt wordt in dit proefschrift. Om de techniek te gebruiken
heeft men een catalogus nodig met de optische ruimtelijke positie en roodverschuiving van elk
sterrenstelsel. Met behulp van de optische ruimtelijke positie van een sterrenstelsel kan men het
globale H 1 spectrum van het stelsel extraheren uit de H 1 datakubus (stap 1 van Figuur 3). De gehele
spectra worden uitgelijnd in het referentiekader van elk sterrenstelsel met behulp van de optische
roodverschuiving (stap 2 van Figuur 3). De uitgelijnde spectra worden vervolgens bij elkaar opgeteld
om een gemiddeld spectrum te creéren met een hogere gevoeligheid dan de onderlinge spectra (stap
3 van Figuur 3). Uit het gemiddelde spectrum kan de gemiddelde H 1-inhoud van een sterrenstelsel
worden gemeten. Dit maakt het mogelijk om andere interessante parameters te berekenen zoals de
H 1-gasfractie en H I-deficiéntie.

Dit proefschrift

Coma en Abell 2626 (A2626), de twee clusters van sterrenstelsels die in dit proefschrift zijn bestudeerd,
gaven beiden unieke mogelijkheden om de invloed van de lokale en globale omgeving op de ho-
eveelheid HT in de clusterstelsels te bestuderen. Het Coma-cluster, gelegen op een afstand van
~ 100 Mpc (~ 317 miljoen lichtjaar) in het sterrenbeeld Coma Berenices, is het onderwerp geweest
van een reeks eerdere studies van clusters van sterrenstelsels en als gevolg bestaat er een schat
aan multi-golflengtegegevens voor het cluster. A2626 daarentegen is niet zo goed bestudeerd als
het Coma-cluster. A2626 is te vinden in het sterrenbeeld Pegasus op een afstand van ~ 250 Mpc
(~ 740 miljoen lichtjaar). Eerdere studies van zowel Coma als A2626 hebben aangetoond dat beide
clusters substructuur bevatten, als gevolg van groepen die op het cluster zijn geaccreteerd. Echter
was de identificatie van substructuur onvolledig door de onvolledige observaties van populaties van
sterrenstelsel clusters (met name in het geval van A2626).

In Hoofdstuk 2 heb ik een nieuwe inzichten gegeven in het Coma-cluster: met behulp van wide-
area blinde metingen! van de H1 in de clusterstelsels. Met directe H1 detecties voor slechts 39 van

blind in deze context betekent dat we ons niet op specificke sterrenstelsels hebben gericht



168 SAMENVATTING VOOR NIET-DESKUNDIGEN

~ 850 sterrenstelsels, was het nodig om H 1 middeling te gebruiken om te proberen het gemiddelde
H1 te meten van de sterrenstelsels waarvoor dit niet direct meetbaar was. Ondanks de verbeterde
gevoeligheid van de gemiddelde spectra, werd er geen signaal gedetecteerd in de gemiddelde spec-
tra, wat leidde tot de conclusie dat de Coma-clusterstelsels zeer weinig H1 bevatten en dat er een
extreem snel en efficiént proces moet zijn dat het H1 gas verwijdert uit de clusterstelsels. Bewijs
van een vergelijkbare trend werd niet waargenomen voor de sterrenstelsels in A2626. Met behulp
van nieuwe MeerKAT H 1 waarnemingen van A2626 (Hoofdstuk 3) waarin zo'n 80 van ~ 350 clus-
terstelsels direct werden gedetecteerd in H 1, voerde ik een soortgelijk middelingsexperiment uit op
de A2626 sterrenstelsels als bij Coma, en was in staat om H I emissie te detecteren in de gemiddelde
spectra in alle regionen behalve de binnenste regio’s van het cluster (Hoofdstuk 5).

Om substructuur toe te wijden aan een cluster is er een volledige roodverschuivingscatalogus
van de clusterstelsels nodig. Voor beide clusters werden roodverschuivingswaarnemingsobservaties
ondernomen om de bestaande clusterroodverschuivingscatalogi aan te vullen (Hoofdstukken 2 en 4).
In Coma werden vijftien substructuren geidentificeerd en zes in A2626. De middelingsanalyse van
de Coma-clusterstelsels in substructuur in vergelijking met niet-substructuurstelsels was niet over-
tuigend. Daartegen suggereert de analyse in Hoofdstuk 5 echter dat de lokale substructuuromgeving
in A2626 een rol kan spelen bij het vertragen van de gasverwijdering door de interactie met de clus-
teromgeving voor spiraalstelsels.

Het werk in dit proefschrift kan worden gezien als pilotstudies voor toekomstige projecten waarbij
gebruik wordt gemaakt van gegevens van de nieuwe Square Kilometre Array Precursor en Pathfinder
Telescopes. Ik heb de effectiviteit laten zien van technieken zoals H1 middeling om de H1 inhoud
van sterrenstelsels die onder de detectiedrempel vallen te bestuderen. De nieuwe spectroscopie en
grootschalige structuuranalyse in Hoofdstuk 4 benadrukten de behoefte aan optische breedveld-
spectroscopie voor de identificatie en analyse van clusters van sterrenstelsels en de grootschalige
structuur waarin ze zijn ingebed. Dit soort studies zullen in de nabije toekomst mogelijk worden
met de komende spectroscopie-onderzoeken met behulp van de WEAVE multi-object spectrograaf
op de William Hershel Telescope.
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Figuur 1: The Hubble Tuning Fork showing the characteristic shapes of elliptical, spiral, and irregular
galaxies. The galaxies in this diagram also include the more specific classifications added by Gérard de
Vaucouleurs. Image credit: https://conceptdraw. com/a2353c3/preview

Even before galaxies were identified as extragalactic objects, astronomers have devoted efforts
to classifying galaxies by their shape and colour. The early classification schemes separated the
galaxies (or nebulae as they were known prior to the 1920s) into three main groups: elliptical, spi-
ral, or irregular. The classification scheme evolved into what is now known as the “Hubble Tuning
Fork” or “Hubble Sequence” which is shown in Figure 1. It was thought that galaxies evolved from
left to right along the sequence, it is now generally understood that galaxies evolve from right to
left along the sequence. Since the evolution of galaxies takes billions of years, studying galaxies of
different types provides a snapshot of the different evolutionary stages.

The light emitted across the electromagnetic spectrum (see Figure 2) by a galaxy is a result
of all the ongoing processes within the galaxy. By studying the different types of electromagnetic
radiation, we can gain an understanding of the evolutionary state of the galaxy, and what evolu-
tionary processes may be affecting it. In this thesis, I use radio data which tells us about the cold
gas content of the galaxies, infrared data which tells us about the mass of all the stars contained
within the galaxy, as well as the rate at which those stars are formed, and optical data from which
I determine the optical colour of the galaxy which provides information on the average age of the
stars contained within the galaxy, and thus a measure of the galaxy age.

Galaxies are constantly moving relative to the Earth (and our Galaxy), thus the light we observe
from other galaxies is shifted relative to the frequency at which it is emitted. By looking at the
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Figuur 2: Multi-wavelength view of the Whirlpool galaxy (M51). Each panel shows the galaxy as
observed in a different wavelength of the electromagnetic spectrum. Image credit:
https://ecuip. 1ib. uchicago. edu/multiwavelength-astronomy/astrophysics/05. html

spectrum of a moving source, we can determine by how much certain emission and absorption line
features are shifted in wavelength or frequency from the rest-frame values. The amount by which
the observed frequency is shifted is known as the ‘“redshift”. The redshift can be related to how fast
the galaxy is moving away from us, and thus its distance from us. In this thesis, the redshifts are
primarily measured from the optical spectrum of the galaxies, but in some cases, the redshift was
measured from the radio spectrum.

One way to trace how a galaxy is changing or evolving, is to study the star formation. As
galaxies continue to form stars the mass of the galaxies grow, when star formation ceases, no new
stars form, and the colour and shape of the galaxy are thought to come redder and more elliptical.
For ongoing star formation, the galaxy needs to have a reservoir of cold gas from which stars can
form. In this thesis, I look at the cold neutral gas content of galaxies, in particular the neutral
atomic hydrogen (H1) gas. H1 is not only important for ongoing star formation, but can also be an
important tracer of how the gas supply to a galaxy is shutoff, thus quenching star formation. The
H1 galaxy disk is known to extend beyond the stellar disk, sometimes as much as twice the stellar
disk radius which makes it easily susceptible to external influences such as interactions with other
galaxies or the intra-cluster or intra-group medium of galaxy clusters or groups.

The environment in which a galaxy resides has been shown to have an impact on how the
galaxy evolves. Observed trends such as the Morphology-Density relation, which states elliptical
galaxies, galaxies with a more evolved stellar population that are also usually no longer star forming,
are the dominant galaxy type in dense environments such as galaxy groups and clusters. Spiral
galaxies, which tend to be actively star-forming, and contain a younger stellar population are the
dominant galaxy type in more low-density environments. In this thesis, I study the galaxies in two
different galaxy clusters and identify substructures within the clusters to understand how the local
(substructure) environment compared to the global (cluster) environment impacts the H1 content
of the constituent galaxies in order to shed light on the physical processes that give rise to the
Morphology-Density relation.
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Figuur 3: Diagram depicting the H1 stacking method

H1 Stacking

H 1 stacking is a technique that is used frequently in this thesis. To use the technique, one needs
to have catalogue containing the optical spatial position and redshift of each galaxy in the sample.
Using the optical spatial position of the galaxy, one can extract the global H1 spectrum of the
galaxy from the H1 data cube (step 1 of Figure 3). The global spectra are aligned in the reference
frame of each galaxy using the optical redshift (step 2 of Figure 3). The aligned spectra are then
co-added to create an average spectrum with higher sensitivity than the input spectra (step 3 of
Figure 3). From the stacked spectrum, one can measure the average H1 content of the galaxy
population under consideration, which enables the calculation of other interesting parameters such
as the H1 gas fraction and H1 deficiency.

This thesis

The two galaxy clusters, Coma and Abell 2626 (A2626), studied in this thesis provided unique
opportunities to study how the local and global environment affected the H1 content of the cluster
galaxies. The Coma cluster, located at a distance of ~ 100 Mpc (~ 317 million lightyears) in the
constellation of the Coma Berenices, has been the subject of many previous studies of galaxy clus-
ters and as such a wealth of multi-wavelength data exists for the cluster. A2626, on the other hand,
has not been as well studied as the Coma cluster. A2626 can be found in the Pegasus constellation
at a distance of ~ 250 Mpc (~ 740 million lightyears). Previous studies of both Coma and A2626
have shown both clusters to contain some substructure, imprints of groups that have been accreted
onto the cluster, however due to incomplete censuses of the cluster galaxy populations (particularly
in the case of A2626), the substructure identification has been incomplete.

In Chapter 2, I presented a new view of the Coma cluster: using a wide-area blind? survey of
the HT in the cluster galaxies. With direct H1 detections for only 39 of ~ 850 galaxies, it was
necessary to use H 1 stacking to attempt to measure the average H1 of the galaxies not detected in
H 1. Despite the improved sensitivity of the stacked spectra, no signal was detected in the stacked
spectra which led to the conclusion that the Coma cluster galaxies are highly H1 deficient, and
that there must be an extremely rapid and efficient process that is removing the H1 gas from the
cluster galaxies. Evidence of a similar trend was not observed for the galaxies in A2626. Using new
MeerKAT H1 observations of A2626 (Chapter 3) in which some 80 of ~ 350 cluster galaxies were
directly detected in H1, I performed a similar stacking experiment on the A2626 galaxies as with
Coma, and was able to detect H1 emission in the stacked spectra at all radii except the inner-most
regions of the cluster (Chapter 5).

In order to identify substructure with a cluster, one needs a complete redshift catalogue of the

?blind in this context means that we did not target specific galaxies
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cluster galaxies. For both clusters, redshift observing campaigns were undertaken in order to sup-
plement the existing the cluster redshift catalogues (Chapters 2 and 4). Fifteen substructures were
identified in Coma, and six associated with A2626. The stacking analysis of Coma cluster galaxies
in substructure compared to non-substructure galaxies was inconclusive. However, in A2626, the
analysis in Chapter 5 suggests that the local substructure environment may play a role in slowing
the gas removal by the interaction with the cluster environment for spiral galaxies.

The work in this thesis can be viewed as pilot studies for upcoming projects using data from the
new Square Kilometre Array Precursor and Pathfinder Telescopes. I have shown the effectiveness
of techniques such as H1 stacking to study the H1 content of galaxies that fall below the detection
threshold. The new spectroscopy and large scale structure analysis in Chapter 4 highlighted the
need for wide-field optical spectroscopy for the identification and analysis of galaxy clusters and the
large scale structure in which they are embedded. These kind of studies will become possible in the
near future with the upcoming spectroscopy surveys using the WEAVE multi-object spectrograph
on the William Hershel Telescope.
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