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Abstract

We present a study of the Coma cluster using ultraviolet (UV) imaging obtained using
the Ultraviolet Imaging Telescope. We discuss methods for measuring sizes and morphology
of galaxies in the UV. Several cluster galaxies in our sample exhibit small UV sizes relative
to their optical sizes, while we find that galaxies in a field sample have similar sizes in UV
and optical bands. Further, we have shown that when cluster and field galaxies are matched
up one-to-one based on colour and absolute i-band magnitude, the cluster galaxies tend
to have smaller UV sizes than their field counterparts. We have used an NUV i colour
magnitude relation to identify a red sequence and blue cloud of galaxies in our sample.
There is a trend whereby redder disk galaxies exhibit even smaller UV sizes, relative to
field counterparts, than galaxies at the bluer end of the spectrum. Since this result is
consistent with environmentally driven gas stripping, we have identified from our sample
six known stripping candidates, and further identified one new candidate. Additionally,
we find that this sample of galaxies exhibits redder UV-optical colours in the outer regions
of the galaxy, a result consistent with an outside-in quenching mechanism affecting the
galaxy. Beyond the blue cloud, we find a substantial population of red disks/spirals in
our sample; as high as 38% of galaxies using an NUV i = 4:0 cut to separate blue
and red galaxies. This result is highly dependent on the definition of the red sequence,
however. The existence of red spirals has been discussed in the literature as a possible
indication of starvation lowering the rates of star formation in previously blue spirals
while not disturbing the overall morphological structure of the galaxy. We have discussed
these results in context as potential indicators of various environmentally driven quenching
mechanisms underway in the Coma cluster, and discussed future surveys that will allow a
more robust quantification of the prevalence of these mechanisms.
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Chapter 1

Introduction

The currently-accepted model that describes the structure of the universe is the CDM
model. In this model, the universe is dominated by a cosmological constant known as
dark energy (), a form of energy rst proposed by Albert Einstein to explain a static
universe and later adopted to explain observations of an accelerating universe (

; ). The remainder of the universe is comprised
of matter and radiation, the majority of which is thought to be cold dark matter (CDM).
Evidence for dark matter was originally found by ( ) which he used to explain
the rotation curves observed in the Coma cluster for which the luminous matter appeared
to be insu cient. Cold dark matter theory, rst proposed by ( ) and further
developed by ( ), incorporates hierarchical structure growth of the
universe. In this model, quantum uctuations in the very early universe led to overdense
regions in space after a period of rapid cosmic in ation. These slight overdensities can be
observed in the structure of the cosmic microwave background (CMB): the leftover photons
set free once the universe had cooled enough to form neutral atoms at about 380,000 years
after the Big Bang. The Planck mission set out to measure the anisotropies in the CMB at
extremely high resolution, and with the nal data release in 2018 showed that the universe
is made up of 68.5% dark energy and 31.5% matter (26.4% dark matter and 5.1% baryonic
matter) and is at ( ). Over time, the relic overdensities
observed in the CMB accreted matter gravitationally, beginning with dark matter due to
the fact that it does not react with light and as such cannot feel radiation pressure. The
mass function of dark matter halos has been determined through many theoretical models
and simulation studies, beginning with ( ). The work of
( ) extended the Press-Schechter model beyond the assumptions of spherical collapse
and Gaussianity in the initial density uctuations. A wealth of simulation studies have
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modelled the halo mass function and its redshift evolution (e.qg. ;
X X X ). We show in
Figure 1.1 the redshift evolution since 10 of the halo mass function from
( ). This gure shows the hierarchical build up of halos over time, with recent epochs
hosting higher numbers of massive halos. Additionally, measurements of galaxy cluster
and group abundances have shown good agreement with predictions of CDM models (e.g.
; ; ; ).
The most recent work by ( ) measured the halo mass function using the
Galaxy And Mass Assembly (GAMA) combined with Sloan Digital Sky Survey (SDSS)
and the ROSAT-ESO Flux Limited X-ray Galaxy Cluster Survey (REFLEX-II) data and
found good agreement with CDM predictions, as shown in Figure 1.2.

Figure 1.1: Figure 2 from ( ), showing the redshift evolution of the
di erential halo mass function using the Millennium Simulation.



Figure 1.2: Figure 11 from ( ) showing their empirical halo mass function
compared to CDM predictions.

It is within dark matter halos that galaxies can form through the cooling and condensing
of gas to form stars in a galactic disk. The observed redshift evolution of the galaxy stellar
mass function (GSMF) shows that more massive galaxies existed earlier, wrth less massive
galaxres slowly building up their mass over time (e.q. ;
; )-

Additionally, earlier models of radiative gas cooling showed that, in the absence of any

energy input, the cooling of gas would be too e cient ( ; ).
These discoveries became proof that galaxy evolution and the evolution of the stellar mass
function does not simply follow the evolution of dark matter halos ( ).

More recently, several sources of feedback have been incorporated into models to prevent
overly-e cient gas cooling. One such feedback mechanism has been dublsgdelchingand
a ects low mass halos that have virial temperatures approximately equal to the ionization
temperature of hydrogen, 10K ( ). Another
form of feedback that dominates star formation suppressron in low-mass galaxres is stellar
wind, whether it be from massive stars or supernovae (see ;

for discussion, and , for examples
of simulations). The dominating feedback suppressrng star formation in more massive
galaxies is feedback from active galactic nuclei (AGN), which can heat and ilonize gas, as
well as mechanically eject it from the galactic disk ( ;
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). As such, the formation and continued evolution of galaxies
IS determlned by the ongoing exchange of baryonic material with the surrounding universe
through internal and external mechanisms.

As hierarchical structure growth continues, systems of galaxies in halos merge together
and form larger structures such as galaxy clusters. These galaxy clusters have grown to
become amalgamations of hundreds or thousands of galaxies bound together in a combined
potential well. Gas accreted into the dense environment of the cluster becomes superheated
to form the intra-cluster medium (ICM), which emits at x-ray wavelengths via the process of
Bremsstrahlungradiation. The heating of the ICM is primarily driven through gravitational
heating ( ), but other mechanisms, |nclud|ng feedback, may also be important
for temperature regulation (

). Additionally, the high temperatures of the ICM allow emission I|ne radiation from
even heavy elements to be observed.

Galaxies in the local universe exist in a bimodality of colours and star formation rate
(SFR). On one end, \late-type galaxies" are often characterized by disks and spiral arms,
are blue in colour and teeming with star formation activity. Opposingly, \early-type galax-
ies" are typically red in colour, ellipsoidal in shape, and lack ongomg star formation. Mas-
sive galaxies are more likely to be quiescent ( ; ), and
measurements of the SMF at di erent redshifts show a build-up in the quiescent popu-
lation ( ). This implies that star-forming galaxies undergo quenching to
transition to the passive population. It has been known for some time that galaxy clusters
have a hlgher proportion of early-type galaxies than what is found in the eld (

). This morphology density relation has been well studied
in the Iocal universe, for example using the Sloan Digital Sky Survey (SDSS;
). Alongside the morphology density relation, cluster galaxies have been shown to
exhibit lower SFR than those in the eld, especially at low redshift ( ,

). More recent work by ( )
extended the study of the morphology-density relation to galaxy clusters in the redshift
range 1< z < 2, determining that the drivers of this relation were in place at earlier
redshifts. Cluster galaxies have also been shown to have a de ciency of molecular gas at
xed stellar mass as compared to eld galaxies in the local universe (

; ), and recently in theck < 2 redshift range
( ). Usrng the FourStar Galaxy Evolution (ZFOURGE) survey,
( ) quanti ed the redshift evolution of the environmental quenching
e ciency in di erent stellar mass bins. Their work shows that at z > 0:5, the environmen-
tal quenching e ciency depends strongly on stellar mass, with the population of low-mass,
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quenched galaxies building up over time more quickly than that of high mass galaxies.
These results show that environmental quenching in dense environments is the key driver
for quenching of low-mass galaxies, and are consistent with environmental quenching e -
ciencies measured from other surveys that targeted smaller ranges of redshift and stellar
mass (SDSS, zCOSMOS; , SPARCS; ). It has become
guite evident that galaxies in dense environments evolve di erently from those in the eld,
and an ongoing eld of interest is improving theoretical models of galaxy evolution to
produce the observed environmental trends ( ; ).

Environmental e ects in galaxy clusters that negatively impact star formation can be
classi ed into three categories. First, there are processes that act to remove gas from
the galactic disk. This includes ram-pressure stripping (RPS), which occurs as orbiting
galaxies interact with the ICM. The pressure exerted is proportional tov 2, where s
the density of the ICM and v is the velocity of the galaxy relative to the ICM (

). Of course, the gas in the galactic disk is bound to the gravitational well of the
galaxy, so in order to strip gas from the disk, the pull of the ICM must exceed the restoring
force of the disk, which exerts a force per unit area of@ s 4, where s and 4 are the
surface mass densities of stellar and gaseous material respectively. If the force of the ram
pressure can overcome the restoring force, gas is stripped from the galactic disk, resulting
in a tail of material that can be observed extending beyond the plane of the galaxy along
the vector that describes the motion of the galaxy. As such, ram pressure stripping is
more likely to a ect smaller galaxies with lower restoring force. RPS is, in its simplest
form, an outside-in quenching mechanism; the dynamics of the stripping event will pull
gas away from the outer regions of the galactic disk rst, shutting down the star formation
in the outer regions of the galaxy. However, simulations of ram-pressure stripping have
shown that the e ectiveness of the mechanism depends on the distribution of gas in the
galactic disk, as well as the inclination angle of the galaxy and the nature of the central
potential (

). A comprehensive study simulating the evolution of gas in the
disks of galaxies in the Virgo cluster showed results consistent with B1cm observations
( ). The close proximity of Virgo makes it possible to measure spatially
resolved velocity elds of H and molecular gas. These results showed that the e cacy
of ram-pressure stripping is sensitive to the orbital parameters of the galaxy. Galaxies
undergoing ram-pressure stripping were sometimes able to re-accrete stripped gas back onto
their disks. This re-accretion was more e ective for galaxies being stripped edge-on, i.e.
having low inclination angles ( ). GAs Stripping Phenomena in galaxies
with MUSE (GASP) is a recent project undertaken to study gas stripping processes using
spatially resolved spectroscopy of extreme examples of galaxies undergoing gas stripping,



known as \jelly sh galaxies" ( ). When looking at a sample of jelly sh
galaxies in projected phase space, ( ) found that the peculiar velocities of
RPS candidates are higher than those of the underlying cluster population. They also note
that galaxies with the most extreme tails of stripped gas are preferentially located near the
centre of the cluster and are moving at high-speed relative to the cluster. These ndings
suggest that galaxies experiencing RPS are typically on their rst infall into the cluster
on radial orbits. The discovery that the stripped tails were most extreme at high velocity
and near the centre of the cluster builds the case further for RPS since the ICM density is
higher near the cluster centre, and as such galaxies moving rapidly near the centre would
experience the greatest RPS force. Another e ect of RPS is its supposed ability to initially
induce star formation in the disk of a galaxy by compressing the interstellar medium. The
GASP project showed that in their sample of galaxies, the RPS candidates did in fact
show heightened rates of star formation relative to galaxies that were not being stripped
( ). They also noted that star formation also occurs in the tail of stripped
gas. This is consistent with predictions of a ram-pressure induced burst of star formation
in the early stages of the stripping process prior to quenching (see for example, simulation

studies by ). Complimentary results were obtained by
( ) in a sample of optically-identi ed stripping candidates in the
Coma cluster, as well as by ( ) when looking at over 50 groups and

clusters using deep optical imaging from the Canada France Hawaii Telescope (CFHT) as
part of the Ultraviolet Near-Infrared Optical Northern Survey (UNIONS). The enhanced
star formation due to compression of the ISM would be expected on the leading edge of
the galaxy as it pushes through the ICM. Looking at the Perseus cluster,

( ) found four stripping candidates that all showed enhanced star formation on the
leading edge through multi-wavelength imaging and the spatial distribution of H sources

in the galaxy.

Galaxies in clusters experience gravitational e ects due to their position in the cluster.
Tidal forces are caused by gravitational interactions with the central potential of the cluster.
Galaxies may also experience mergers and close encounters with other galaxies. These
interactions can cause gas on the galactic disk to lose angular momentum and fall to the
centre of the cluster, thereby inducing a rapid burst of star formation ( ).
This burst can rapidly consume the remaining cold gas in the disk of the galaxy that is
necessary to continue forming stars. While tidal stripping can also pull gas away from
the galactic disk, it can be distinguished from ram-pressure stripping. Tidal forces act to
create curved tails on both the near and far side of the galaxy along the vector of the tidal
force. Additionally, while ram-pressure stripping a ects only gas, tidal stripping can also
pull stars from their orbits around a galaxy. Thus, one way to distinguish tidal stripping



from RPS is to look for older stellar populations in the stripped material.

Finally, star formation can be shut down indirectly through processes such as starva-
tion or strangulation, whereby fresh supplies of gas accrete onto the central potential of
the cluster instead of onto individual galaxies. This process cuts o the supply of fresh
gas needed for a galaxy to continue forming stars, leaving the galaxy quiescent once it has
consumed all the gas in its disk. Starvation is a passive quenching process, and would be
expected to not greatly disturb the morphology of a galaxy the way gas stripping does.
Additionally, while RPS acts quickly to quench star formation, starvation would be a much
slower process, as the galaxy gradually uses up its stores of gas over gigayears.

( ) studied central-satellite pairs of galaxies to investigate the drivers of
satellite quenching. They determined that the mechanisms most responsible for satellite
galaxy quenching had more of an a ect on the colour of the galaxy than on its morphology,
and that there was no dependence on halo mass of the di erences in colour and morphol-
ogy for matched central satellite pairs. These results are more consistent with starvation
being the dominant mechanism for the slow quenching of satellite galaxies. Considering
processes like starvation as being key elements in the overall quenching of galaxies is im-
portant especially when considering the outer regions of clusters, or smaller galaxy groups,
where the ICM density is much lower and ram-pressure stripping may not be as e ective.
Recent work by ( ), however, has identi ed ram-pressure stripping candi-
dates in galaxy groups, that t the morphological de nitions outlined by previous studies
of stripping candidates in clusters. Once again, this highlights the importance of a consid-
eration of di erent quenching mechanisms to paint a grand picture of environmental e ects
in dense environments. Determining robustly trends in which mechanisms dominate is an
area of ongoing research.

The Coma cluster is the closest massive galaxy cluster, containing over 1000 con rmed
member galaxies and located at a distance of 100kpc. The Virgo cluster is smaller than
Coma by a factor of about 10, but is much closer. As such, Virgo can be studied with
higher spatial resolution than Coma, but Coma may have more extreme environmental
e ects due to its larger size. ( ) used ultraviolet (UV) imaging from
the Galaxy Evolution Explorer (GALEX; ) to pinpoint 13 gas stripping
candidates by identifying tails of stripped gas oriented predominantly away from the cluster
centre. Additionally, they found a higher proportion of blue galaxies undergoing stripping
events closer to the centre of the cluster, suggesting these galaxies are typically on their

rst infall through the ICM. ( ) drew similar conclusions when identifying
14 extended H clouds around Coma cluster galaxies, connecting their results with those
of ( ). Most recently, ( ) used optical imaging

from CFHT to identify potential disturbed morphologies in Coma member galaxies and
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