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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 — ¢ 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 ACDM
model. In this model, the universe is dominated by a cosmological constant known as
dark energy (A), a form of energy first 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 radlatlon 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 insufficient. Cold dark matter theory, first proposed by ( ) and further
developed by ( ), incorporates hierarchical structure growth of the
universe. In this model, quantum fluctuations in the very early universe led to overdense
regions in space after a period of rapid cosmic inflation. 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 final 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 flat ( ). 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 fluctuations. A wealth of simulation studies have



modelled the halo mass function and its redshift evolution (e.g. Jenkins et al. 2001; Reed
et al. 2003; Springel et al. 2005b; Reed et al. 2007; Watson et al. 2013). We show in
Figure 1.1 the redshift evolution since z ~ 10 of the halo mass function from Springel et al.
(2005b). This figure 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.
Bahcall & Cen 1993; Reiprich & Bohringer 2002; Bohringer et al. 2017; Driver et al. 2022).
The most recent work by Driver et al. (2022) 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-IT) data and
found good agreement with ACDM predictions, as shown in Figure 1.2.
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Figure 1.1: Figure 2 from Springel et al. (2005h), showing the redshift evolution of the
differential halo mass function using the Millennium Simulation.
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Figure 1.2: Figure 11 from Driver et al. (2022) showing their empirical halo mass function
compared to ACDM 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, with less massive
galaxies slowly building up their mass over time (e.g. Pozzetti et al. 2003; Fontana et al.
2004; Drory et al. 2005; Bundy et al. 2005; Muzzin et al. 2013; Behroozi et al. 2013).
Additionally, earlier models of radiative gas cooling showed that, in the absence of any
energy input, the cooling of gas would be too efficient (Cole 1991; White & Frenk 1991).
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 (Bower et al. 20006).
More recently, several sources of feedback have been incorporated into models to prevent
overly-efficient gas cooling. One such feedback mechanism has been dubbed squelching, and
affects low mass halos that have virial temperatures approximately equal to the ionization
temperature of hydrogen, ~ 107K (Somerville 2002; Somerville & Davé 2015). Another
form of feedback that dominates star formation suppression in low-mass galaxies is stellar
wind, whether it be from massive stars or supernovae (see Veilleux et al. 2005; Somerville
& Dave 2015 for discussion, and Ffstathiou 2000; Hopkins et al. 2012, 2014 for examples
of simulations). The dominating feedback suppressing star formation in more massive
galaxies is feedback from active galactic nuclei (AGN), which can heat and ionize gas, as
well as mechanically eject it from the galactic disk (Springel et al. 2005a; Di Matteo et al.
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; ). As such, the formation and continued evolution of galaxies
is determined 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
Bremsstrahlung radiation. The heating of the ICM is primarily driven through gravitational
heating ( ), but other mechanisms, including feedback, may also be important
for temperature regulation ( ; ;

). Additionally, the high temperatures of the ICM allow emission line 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 ongoing star formation. Mas-
sive galaxies are more likely to be quiescent ( ; ), and
measurements of the SMF at different 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 higher proportion of early-type galaxies than what is found in the field (

; ). This morphology density relation has been well studied
in the local 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 field, 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 deficiency of molecular gas at
fixed stellar mass as compared to field galaxies in the local universe (
; ), and recently in the 1 < z < 2 redshift range
( ). Usmg the FourStar Galaxy Evolution (ZFOURGE) survey,
( ) quantified the redshift evolution of the environmental quenching
efficiency in different stellar mass bins. Their work shows that at z > 0.5, the environmen-
tal quenching efficiency depends strongly on stellar mass, with the population of low-mass,



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 effi-
ciencies measured from other surveys that targeted smaller ranges of redshift and stellar
mass (SDSS, zCOSMOS; , SpPARCS; ). It has become
quite evident that galaxies in dense environments evolve differently from those in the field,
and an ongoing field of interest is improving theoretical models of galaxy evolution to
produce the observed environmental trends ( : ).

Environmental effects in galaxy clusters that negatively impact star formation can be
classified 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 to pv?, where p is
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 27rGo,0,, where o, and o, 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 affect 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 first, shutting down the star formation
in the outer regions of the galaxy. However, simulations of ram-pressure stripping have
shown that the effectiveness 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 H1 21cm observations
( ). The close proximity of Virgo makes it possible to measure spatially
resolved velocity fields of H1 and molecular gas. These results showed that the efficacy
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 effective 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 “jellyfish galaxies” ( ). When looking at a sample of jellyfish
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 findings
suggest that galaxies experiencing RPS are typically on their first 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 effect 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-identified 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 Ha sources
in the galaxy.

Galaxies in clusters experience gravitational effects 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 affects 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 off 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 affect on the colour of the galaxy than on its morphology,
and that there was no dependence on halo mass of the differences 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 effective.
Recent work by ( ), however, has identified ram-pressure stripping candi-
dates in galaxy groups, that fit the morphological definitions outlined by previous studies
of stripping candidates in clusters. Once again, this highlights the importance of a consid-
eration of different quenching mechanisms to paint a grand picture of environmental effects
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 confirmed
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
effects 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

first infall through the ICM. ( ) drew similar conclusions when identifying
14 extended Ha 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



identified trends in measurements of morphological parameters. A fascinating example of
likely ram-pressure stripping in the Coma cluster is GMP 2910, also known as D100. The
tail of Ha emission seen in Figure 1.3 is 60 kpc long, first identified by ( ).

Figure 1.3: Galaxy D100 (GMP 2910), from ( ). The bright red tail is
Ha imaging from Subaru Suprime-Cam by ( ).

Ultraviolet (UV) emission is emitted by young, hot stellar populations, making it a
powerful tracer of recent and ongoing star formation on the order of 100 million years. In
addition to dominating the emission of O and B-type stars, UV light emanates from stars
on the hot horizontal branch, and is also produced from active galactic nuclei (AGN). A
mystery in the evolution of early-type galaxies is known as the UV-upturn: some early-type
galaxies show increasing flux with decreasing wavelength at A ~ 2000 A in the UV regime
( ; ; ). This excess UV
emission is not predicted by standard spectral energy distribution (SED) modelling, and
while theories into its origins exist, a robust model of the UV-upturn remains largely undis-
covered. Studying the morphology of galaxies at UV wavelengths can provide information
about their recent star formation, and give clues into processes that may be quenching star
formation in the galaxy. Specifically, comparing galaxies in clusters and the field using UV
imaging can provide insight into which environmental effects are at play in clusters and



the relative strength of these effects. When looking at galaxies in the Herschel Reference
Survey (HRS; ), ( ) compared the structural scaling
relations of Hi-deficient galaxies in the sample to Hi-normal galaxies, finding smaller UV
sizes in the Hi-deficient sample. They further connect this trend to gas removal of the
portion of the HRS sample that are members of the Virgo cluster. ( )
also showed that Hi-deficient galaxies showed substantially redder colours in the outer re-
gions of the galaxies as compared to HI-normal galaxies, while the inner regions were less
affected. This evaluation of UV-optical colour gradients across the planes of galaxies leads
to the inference that an outside-in quenching mechanism such as ram-pressure stripping
is working to quench galaxies in dense environments. The use of GALEX UV imaging is
also what allowed ( ) to identify ram-pressure candidates in Coma. Since
UV emission traces recent star formation, its signature from stripped gas indicate ongoing
star formation is the stripped material.

In this work we study a sample of Coma cluster galaxies using high-resolution ultraviolet
imaging. We measure the sizes of galaxies using three different methods and compare to
the underlying optical sizes. Further, we compare trends in the UV sizes of the cluster
sample to a sample of field galaxies, along the way identifying examples of cluster effects
impacting the evolution of member galaxies. This work builds upon previous studies that
have looked into environmental effects in the Coma cluster ( ;

; ), but at a higher resolution than previous UV studies. Our
results are consistent with results in the literature that indicate the presence of both
outside-in quenching mechanisms at play in clusters, and also passive quenching of star
formation that produces red spiral galaxies.

The remainder of this thesis is structured as follows: in chapter 2 we present the UVIT
data used in this report, discuss source extraction and supplementary data. Chapter 3
highlights the methods we use to measure UV sizes of galaxies. In chapter 4 we present
the results of measuring galaxy sizes and looking at the morphology of sample galaxies.
Chapter 5 involves a discussion comparing our results to the literature, and discussing
future work. We present conclusions in chapter 6.



Chapter 2

Data

2.1 Imaging Coma with the Ultraviolet Imaging Tele-
scope

The data used in this study comes from two proposals that were awarded time on the
Ultraviolet Imaging Telescope (UVIT) on ASTROSAT to image the Coma cluster (Abell
1656) in ten regions covering about 2 sq. deg of the cluster out to the virial radius at
1.1deg (1.9Mpc) (PIs Co6té and Balogh). The motivation for these proposals stems from
studies of the Coma cluster using the Galaxy Evolution Explorer (GALEX;

). These studies (e.g. ; ; )
mapped the UV luminosity functions of Coma and identified candidates of gas stripping.
Imaging from GALEX, however, was only possible in two broadband UV channels, which
made it difficult to differentiate between possible explanations for the UV-upturn observed
in some galaxies. Additionally, while the ~ 5" resolution of GALEX was sufficient for

( ) to identify stripping candidates, greater resolution would be needed for
a more detailed study of UV morphology of Coma galaxies. As the successor to GALEX,
UVIT allows imaging in several narrowband UV filters in both the far-UV (FUV) and
near-UV (NUV), and has a nominal resolution of 1.8”. The actual resolution of UVIT
imaging reaches ~ 1.2"”, which at the distance of the Coma cluster corresponds to 0.58kpc,
much smaller than a typical galaxy scale length ( ). The pixel scale of
the data is 0.417arcsec/pixel.

The data used in this research was received from the Indian Space Research Organiza-
tion and processed by Joe Postma using CCDLAB ( ). CCDLAB is
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a data reduction pipeline used for processing UVIT data for scientific use. The pipeline
involves steps such as drift correction and creation of an exposure time array from each
frame in a given observation (see for a full review of the pipeline).

For this project, data from only two regions was available for analysis, as outlined
in Table 2.1. 50 detection limits are calculated using SEXTRACTOR flux measurements
to determine where the total signal-to-noise of the galaxy exceeds 5. The noise in these
calculations is made up of the source noise as well as the background noise in an elliptical
aperture outlining the object. While the majority of the work in this thesis will focus on
broadband NUV imaging, the initial source extraction step is performed on each available
filtered image, as outlined in Table 2.2.

Table 2.1: Coma cluster regions

Region RA DEC  Distance from NUVF1 S50

(deg) (deg)  cluster centre exposure time (s) magnitude limit
Comab 195.1269 27.7696 0.23 Ra00 1867.7 myyy = 24.44
Coma7 195.5321 28.2742 0.50R200 2029.8 myuy = 24.53
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Figure 2.1: Figure from UVIT Coma proposal (P.I. Balogh) showing ten proposed regions
in Coma in cyan and red, where red are the regions with data in this thesis, referred to as
“Comab” and “Coma7”. The large blue circle outlines the virial radius of the cluster at
1.1 deg.

2.2 Source Extraction and Ancillary Data Matching

2.2.1 Background Subtraction Routine

We perform source extraction using SEXTRACTOR ( ) on all four UV
images from each of the two regions to create a catalogue of UV sources. Owing to the
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Table 2.2: Filters used in UVIT imaging of the Coma cluster

Filter /\eff AN
A

NUVF1 2418 785

NUVF3 2447 280

NUVFEF5 2632 275

FUVF2 1541 380

faintness of the sky background at UV wavelengths, the internal background estimators
within SEXTRACTOR failed to accurately determine local or global background measure-
ments on UVIT images. Instead, we follow closely the work of ( )
to measure the background outside of SEXTRACTOR. First, a rough global background
value is determined by manually selecting several regions away from bright sources in the
image, and recording the mean pixel value. This initial global estimate of the background
is then subtracted off the original image and the image is run through SEXTRACTOR with
its background estimation turned off. The sole purpose of this initial SEXTRACTOR run is
to produce a segmentation map of the bright sources in the image so that the background
can be measured more locally. From here, we use the segmentation map produced in the
initial SEXTRACTOR run to mask bright sources in the original science image, and divide
the image into bins of 256 x 256 pixels (106 x 106”). In each bin we compute the mean pixel
value (with bright sources masked) and fit a Poisson distribution Py(z) where Py(x) is the
likelihood of observing k events given a mean number of events x. From here, as in

( ), we iteratively clip any pixels with values of k& where Py(x) < 1.35 x 1073,
which corresponds to 30 in a Gaussian distribution. Once no more pixels need to be
clipped, the resulting mean is the background value in the given bin. Once a background
map is completed with local values in each bin, this background map is subtracted from
the original images to create a background subtracted image. This background subtraction
routine is performed on each image in the four filters, as well as a stacked image created
simply by adding the arrays of the four images together to create a detection image with
higher signal-to-noise.

Once background subtraction is complete, we run SEXTRACTOR again, this time with
the goal of creating a catalogue of UV sources. This run of SEXTRACTOR uses double-
image mode where the first image is used solely for detection and the second image for
photometric measurements ( ). The stacked, background subtracted
image is used as the detection image, and then each filtered, background subtracted image
is used in turn to make photometric measurements in each of the four filters. The resulting
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catalogue contains thousands of detections comprising stars, galaxies in the Coma cluster,
and background galaxies with photometric measurements in the four UV filters.

comab coma’7
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Figure 2.2: SEXTRACTOR detections in each Coma region. The solid black line highlights
the distribution of galaxies with S/N > 5.

In order to obtain optical photometry and spectroscopy for our sample of UV detections,
we initially turned to the Sloan Digital Sky Survey (SDSS; York et al. 2000; Ahumada et al.
2020). The SDSS pipeline, however, has a tendency to over-deblend large, bright galaxies,
producing unreliable photometric measurements. To circumvent this issue, we supplement
with the NASA-Sloan Atlas (NSA; Blanton et al. 2011). The NSA was a project undertaken
with the purpose of developing a pipeline that would produce more reliable photometric
measurements for galaxies in the local universe than SDSS. Because of this, we elect to
always match our detections to the NSA first, and SDSS only when the object is not
present in the NSA catalogue. This matching of objects to NSA and SDSS is done using a
3" search radius for NSA and 1” for SDSS. The reason we allow a bit more leeway in the
NSA matching is that all NSA objects are relatively large galaxies, and the likelihood for
spurious matches is lower than for SDSS which contains a much broader range of star and
galaxy detections.

SDSS spectroscopy is r-band limited to r < 17.77, meaning many of the galaxies in
our sample do not have SDSS redshifts. We obtained a catalogue of redshifts measured
with HECTOSPEC (c.o. Mike Hudson, private communication) which increases the size
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of our sample with redshifts. We define Coma cluster membership based on redshift where
galaxies with 0.0133 < z < 0.0333 are considered to be Coma members. This corresponds

to velocity dispersions of £3000kms™1.

We obtain published optical Sérsic profile fits to Coma galaxies from

( ). This study uses GIM2D ( ; ) to perform Sérsic
fits and bulge-disk decompositions on a set of over a million galaxies from SDSS. While
they perform three sets of fits (n, = 4 bulge + exponential disk, free n, + exponential
disk, single component pure Sérsic model), we focus on the pure single Sérsic fits for r,
measurements in this study. From our sample of 525 galaxies with redshift (148 Coma
members), we have 115 (91) after matching to the ( ) catalogue. The

( ) catalogue supplements SDSS spectroscopic redshifts with photometric
redshifts, and then uses these redshift values to calculate the effective radii in kiloparsecs,
which they then report in their catalogue. However, we have spectroscopic redshifts for our
entire sample of galaxies which have much less uncertainty than photometric redshifts, so
we correct the effective radii values reported in ( ) to reflect the scale at
the spectroscopic redshift. Additionally, for all galaxies determined to be Coma members,
we determine the kiloparsec scale based on a fixed distance to the cluster of 98kpc, since
the redshift variations of galaxies within the cluster are largely due to velocity dispersions.
We assume a flat ACDM cosmology with 0, = 0.3, Qx = 0.7, and Hy = 70km s~ Mpc ™.

Finally, we match our Coma galaxies to the catalogue of ( ),
who classified hundreds of objects in the Coma cluster line-of-sight from the GMP catalogue
( ) using optical imaging.

To obtain a sample of field galaxies for comparison to our cluster sample, we turn to
the Herschel Reference Survey (HRS; ( )), a study of dust in the nearby
universe. The HRS includes UV imaging of 280 galaxies using GALEX. GALEX is the
UV predecessor to UVIT, and provided a resolution of ~ 5”. While this resolution is
worse than that of UVIT by a factor of four to five, the HRS sample is volume limited
to 15 < D < 25Mpc, placing the typical HRS galaxy five times closer than Coma. This
offset of image resolution and distance balances to produce the same image quality in
our cluster and field samples. ( ) measured structural parameters in
the UV using the GALEX imaging of HRS galaxies as well as optical properties using
SDSS imaging. To measure asymptotic magnitudes and effective radii of galaxies, they
employed a method previously used by ( ) and ( )
which involved measuring surface brightness profiles and subsequent flux growth curves
of galaxies, extrapolating the total magnitude and determining the effective radius. This
method will be discussed in more detail in chapter 3. Since the HRS sample contains
galaxies in the Virgo cluster as well as field galaxies, we separate the two based on 3D
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position.
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Chapter 3

Methods

The surface brightness profiles of galaxies are often well-described by Sérsic profiles (
). The Sérsic model is given by:

I(r) = I, exp {—bn [(ri) - 1] } (3.1)

where I(r) is the surface brightness at radius r, and I, = I(r.). r. is the effective radius
(half-light radius), inside of which half of the light of the galaxy is emitted. The coefficient
b, is such that vy(2n;b,) = %F(Qn). Quiescent, early-type galaxies are often well-described
by a Sérsic profile with n = 4, which is de Vaucouleur’s law ( ). Star-
forming, late type galaxies are often dominated by disks which are well-described by an
n = 1 Sérsic profile, where the Sérsic law dissolves into an exponential. Because Sérsic
profiles effectively extend to infinity, it is difficult to define a true outer boundary of a
galaxy by which its size can be measured. Thus, it is common to use the effective radius

as a measure of galaxy size.

3.1 AUTOPROF

As mentioned in chapter 2, the effective radius measurements of HRS field galaxies made
by ( ) do not involve full Sérsic fits but rather measuring the surface
brightness profile of a galaxy and eventually extrapolating the effective radius through a
series of steps. In order to properly compare sizes of the UVIT Coma sample of galaxies to
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the HRS field sample, we develop a routine akin to what was done in ( )

(see also ; ). The only difference with our method is
that instead of using GALPHOT ( ) to measure surface brightness profiles
as in ( ), we elect to use AUTOPROF ( ). AUTOPROF is

a publicly available surface brightness extraction pipeline, with several modern updates to
the process including methods adopted from machine learning. Given an image and a basic
configuration file, AUTOPROF can measure and subtract the background, find the object
centre and fit elliptical isophotes to a galaxy to extract the surface brightness profile (see

for a full review and comparison with other photometric analysis software).
Since AUTOPROF has several techniques one can choose for background measurement, it
can actually measure the low UV background in our UVIT images quite well. However,
we decide still to provide AUTOPROF with a background value and background scatter
obtained from our own background fitting procedure.
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Figure 3.1: Example of a surface brightness profile output from AUTOPROF.
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Figure 3.2: (a) Magnitude growth curve extracted from the surface brightness profile. (b)
Derivative of the growth curve as a function of magnitude. (c) Same as (b) but showing
just the linear region of the curve.

The output file from AUTOPROF contains a total integrated magnitude at each radial
point where the surface brightness was determined, and we use this data to plot a growth
curve for the galaxy, m(< r) as a function or r. To extrapolate the total asymptotic
magnitude from the growth curve, we first make a cut at 2.50 above the background to
remove any noise-dominated points. We then measure the slope of the growth curve,
dm(< r)/dr, at each point and plot against the magnitude. Next we fit a straight line
to the last three points in the profile, measure the reduced chi-squared statistic (x?), and
then iteratively add data points to the linear fit and calculate x? again at each iteration.

19



Once complete, the linear fit which minimizes x2 is chosen as a suitable data range (with
a minimum of three data points). This linear fit is then extrapolated to dm(< r)/dr = 0
to determine the total magnitude of the galaxy. The half light magnitude is then given
by m(r.) = myue + 2.5log10(2), and the half-light radius is the location at x = r, on the
growth curve where y = m(r.). This process is illustrated in Figures 3.1 and 3.2, with Fig.
3.1 showing the 1D surface brightness profile output from AUTOPROF. Fig. 3.2a shows the
integrated growth curve of the same galaxy, with the range of radial values extending to
2.50 above the background. Fig. 3.2b shows dm(< r)/dr = 0 as a function of magnitude,
with Fig. 3.2c showing the linear regime with the best y? value.

We tested our AUTOPROF routine on a subset of ten galaxies from the HRS sample,
and found good agreement between the published values from ( ) and
our results using AUTOPROF.

3.2 GALFIT and MEGAMORPH

In order to properly compare UV sizes of our Coma sample to optical sizes from

( ), we employ MEGAMORPH ( ) to model 2D Sérsic profile fits
to our galaxies. MEGAMORPH is an updated version of GALAPAGOS ( )
that includes multi-wavelength capabilities. The pipeline performs source extraction (with
SEXTRACTOR) on images, performs background subtraction and postage stamp cutting
and then uses an updated, multi-wavelength version of GALFIT3 ( ) )
known as GALFITM to fit Sérsic profiles to galaxies. Herein, anytime a reference is made to
the model fitting part of this pipeline we will refer to GALFIT, and any time a reference is
made to steps in the pipeline leading up to the GALFIT fits, we will reference MEGAMORPH.
GALFIT performs a least-squares minimization using a Levenberg-Marquardt algorithm,
using the x? statistic to measure goodness-of-fit. The 2 is given by:

ng) nzzz fdata X y fmodel(a: y)) (32)

NDOF o(x,y)?

z=1 y=1

where fiua(x,y) and froqe(z,y) are the flux values of a pixel in the data and model,
respectively. o(x,y) is the uncertainty at that pixel, and Npor is the number of degrees
of freedom.

Since running a least-squares routine on thousands of detections is computationally
expensive, we create a target list for the GALFIT portion of the MEGAMORPH routine. The
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target list includes positions of all galaxies in our Coma UVIT catalogue that are identified
as galaxies by SDSS, and have redshift information. MEGAMORPH will then position match
this target list to the catalogue created during the source extraction step of the pipeline,
and then only run GALFIT on these objects.

We make one substantial change to the MEGAMORPH pipeline, which is to bypass the
background measurement routine. While MEGAMORPH incorporates its own background
measurement routine instead of allowing GALFIT to fit the sky as a free parameter, we found
during trials that the background measurement routine of MEGAMORPH could not handle
the extremely low background in our UVIT images, so we use a global value determined
with our own background routine. We continue to hold the background fixed instead of
letting GALFIT fit it.

We also run MEGAMORPH on the HRS field sample to compare full Sérsic fits of our
cluster sample to the field sample.

Prior to settling on the configuration used for MEGAMORPH, we ran several tests to
determine the best setup. These tests included comparing the resulting effective radius
measurements when GALFIT was allowed to fit the background versus forcing GALFIT to
hold the background fixed. We also developed our own wrapper for GALFIT that allowed
more user overhead than MEGAMORPH, and tested runs of GALFIT with segmentation maps
to make the routine more analagous to STATMORPH. The results of these tests are shown
and discussed in Appendix A. We ultimately made the decision to use the MEGAMORPH
runs with pre-determined global background values that are held fixed through the GALFIT
fitting.

3.3 STATMORPH

In addition to running MEGAMORPH, we also run STATMORPH (

) on both the Coma cluster sample and the HRS field sample. STATMORPH is an
ASTROPY ( , )-affiliated package designed primarily
for making morphoglogical measurements of galaxies such as CAS parameters and Gini-
M20. However it also has the capability to fit Sérsic profiles to galaxies. The Sérsic fitting
routine for STATMORPH is akin to that of GALFIT, as it uses the Levenberg-Marquardt
algorithm to find the optimal fit solution. We found better success with STATMORPH when
we allow the code to internally determine a weightmap for the image instead of us providing
one on input. STATMORPH itself does not have a background measurement routine, so we
provide a background-subtracted image on input.
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3.4 Signal-to-noise

We explore the signal-to-noise (S/N) distribution of our sample. More specifically we
are concerned with the S/N per pixel within the effective radius. We use this value as
an estimate of how well we can fit a Sérsic model to the surface brightness profile of a
galaxy, given that the accuracy of that fit depends on the distribution of the source signal.
However, the success of fitting a Sérsic profile also depends on the Sérsic index (i.e. the
steepness of the profile) and asymmetries in the distribution of signal across the plane of
the galaxy.

We elect to take the r, measurements from our AUTOPROF routine as our fiducial by
which to compare the Sérsic r. from GALFIT and STATMORPH. We find that this routine
fails on objects that are clearly noise-dominated, potentially due to there not being enough
points above the chosen noise level to extrapolate the linear region of the growth curve
to find the asymptotic magnitude. We choose to exclude these from our sample for any
further analysis. From here we measure the S/N per pixel on all remaining objects using
the AUTOPROF effective radii and ellipticity. For each pixel, the noise measurement is given

as \/ fpizer according to Poisson statistics, and thus the S/N is % = \/ fpizer Where fpize

is the pixel flux in the original science image before background subtraction.

In Figure 3.3, we plot the ratio of effective radii measured by a Sérsic fitting code
(GALFIT, STATMORPH) to the effective radii measured by the AUTOPROF growth curve
method as a function of S/N per pixel. As indicated by the range of S/N values, all of our
galaxies except one have an average S/N per pixel < 5 within r.. This regime is well below
the point where photon counting statistics can be reasonably approximated as Gaussian,
and as such, proper handling of Poisson statistics should be used when modelling these
galaxies. However, both GALFIT and STATMORPH employ least-squares algorithms that
assume weights to be in the Gaussian regime. The figure also shows significant scatter in
the r, ratios below S/N per pixel of about 2, particularly in the GALFIT measurements. As
such, in further analysis we are careful to consider the S/N values of individual galaxies
when looking at results from measurements.
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Figure 3.3: Ratio of effective radii (r.) of Sérsic fits (GALFIT in blue, STATMORPH in
orange) compared to fiducial AUTOPROF growth curve measurements, as a function of S/N
per pixel, for Coma sample.

For comparison we show the same plot for the HRS field sample in Figure 3.4. The pixel
size of the UVIT detector is 0.417 arcsec/pixel, ~ 3.6 times smaller than the GALEX pixel
size of 1.5 arcsec/pixel which would be present in the HRS field sample. Surface brightness
in units of flux per square arcsecond is independent of distance at low-redshift; since flux
and apparent area are both inversely proportional to squared distance, the two factors
cancel when we consider flux per area. As such, we would expect the surface brightness
per pixel differences between GALEX and UVIT to scale as the ratio of pixel sizes squared,
when comparing objects with the same luminosity, physical size and exposure time. Since
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within r, we would expect our sample to be dominated by the Poisson noise of the source, we
would expect the difference in signal-to-noise per pixel between GALEX and UVIT to scale
by one factor of the pixel size. This assumption holds true given comparable exposure times
in the UVIT and GALEX imaging. However, we have ignored the difference in telescope
aperture size (37.5cm and 50cm for UVIT and GALEX respectively). As expected, the
range of S/N per pixel values in Fig. 3.4 for this sample extends well beyond that of the
Coma sample. However, a key thing to note is that in the higher S/N regime especially, we
see good agreement with the GALFIT and STATMORPH measurements, with both tending
to measure effective radii smaller than the growth curve method.
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Figure 3.4: Ratio of effective radii (r.) of Sérsic fits (GALFIT in blue, STATMORPH in orange)
compared to fiducial growth curve measurements, as a function of S/N per pixel, for HRS
field sample.
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Chapter 4

Results

4.1 Morphological Classification of (GGalaxies

We begin by looking at different quantifications of morphological type of galaxies in our
UVIT sample. ( ) used an NUV — i = 4.0 colour cut to distinguish
between star-forming and quiescent galaxies, and for much of our analysis we will em-
ploy this straightforward cut. However, we also compare the bulge-to-total (B/T) values
from ( ) with the morphological classifications from

( ). We apply a more general grouping to the morphological classifications to sort into
solely three categories: ellipticals, lenticulars and spirals. ( ) note
that their classifications tend to be more toward late-type galaxies than previous work
by ( ,b), so our grouping here labels any galaxies with an elliptical flag as
elliptical (even if given an “E/S0” classification for example), then any remaining galaxies
as lenticulars if given any classification containing a “0”. The remaining galaxies that have
spirals designations are put in the spiral category.

Fig. 4.1 shows UV-optical colours versus B/T ratios for all UVIT galaxies that cross-
matched with both the ( ) catalogue and the ( )
catalogue. The majority of these objects have low S/N per pixel in the UVIT image or
were not successfully fit by the AUTOPROF method at all, meaning no S/N value was
determined (smaller data points). However we show this whole sample here since we are
not immediately analyzing any UV structural parameters. We see that the spiral sample
lies on the lower end of the B/T range, with almost all galaxies below 0.7. The lenticular
sample has more spread but still tends to lower values. The elliptical sample shows many
galaxies with surprisingly low B/T ratio. Since ellipticals are bulge dominated, we would
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expect very high B/T fractions. The interesting result from this plot is that there may be
a large sample of Coma galaxies that are in fact spiral galaxies that have red colours but

retain some disk like structure in the optical.
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Figure 4.1: NUV — i colour versus r-band B/T ratio for a sample of Coma galaxies.
Elliptical galaxies are shown in red data points, lenticulars in green and spirals in blue. All
classifications are from ( ). Larger data points are galaxies with
UV S/N per pixel > 2, while smaller data points have UV S/N < 2 or no S/N measurement
because the AUTOPROF routine failed on them.
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4.2 Size Relations of Cluster and Field Galaxies

In Figure 4.2 we show the UV size-stellar mass relations for our Coma sample as well as
the HRS field sample. We have made a red/blue colour cut using NUV — i = 4.0. Red
sequence galaxies in Coma lie below the field trend, showing smaller UV effective radii for
a given stellar mass bin. Blue galaxies in Coma lie on the field sequence relatively well.
For this comparison, the AUTOPROF growth curve method of measuring r. was used for the

Coma sample, to properly compare with the published values from ( ).
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Figure 4.2: UV size-mass relation for red (NUV — i > 4, left) and blue (NUV —i < 4,
right) galaxies in Coma sample and HRS field sample. Higher S/N galaxies in Coma are
shown as larger, filled data points

Comparing the sizes of galaxies in the UV to their sizes in the optical can provide insight
into how environmental mechanisms could be quenching star formation. For example,
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small UV sizes relative to the optical might suggest star formation being quenched from
the outside inward. To determine UV-optical size ratios for our Coma sample, we use the
optical catalogue from ( ), who fit Sérsic profiles to galaxies using GIM2D.
For a proper comparison, we use our GALFIT runs on the UVIT images, since both GALFIT
and GIM2D employ full 2D Sérsic fitting. Figure 4.3 shows the UV-to-optical size ratios for
the Coma sample of galaxies, colour-coded and sized according to their S/N per pixel, as
a function of stellar mass. Many of the data points lie below y = 1 on the plot, indicating
smaller UV sizes compared to r-band optical. There is some scatter, particularly in low-
S/N galaxies, with several suggesting much larger UV sizes compared to optical. The solid
blue line indicates the median UV-to-optical size ratio for the HRS field sample, binned
by stellar mass with bins 1 dex in size. The blue shaded region shows the 68% confidence
interval around the median. This data suggests the field sample of galaxies have UV sizes
comparable to their optical sizes, if not marginally larger, at all stellar masses. One thing
to note is that the UV and optical sizes values from the HRS sample are measured via the
growth curve method, not by Sérsic fits.
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Figure 4.3: UV-optical size ratio as a function of M,. Data points show the Coma cluster
sample colour-coded and sized based on S/N per pixel. The blue line shows the median
values for the HRS field sample, with the shaded area showing the 68% confidence interval.
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We now move to matching individual Coma cluster galaxies to counterparts from the
HRS field sample to see how the UV sizes of galaxies of similar types compare between
the cluster and the field. In order to do so, we select two matching criteria, taking into
consideration the small sample size, but also making an effort to ensure close matches. The
two criteria are:

b |Mi,field - Mi,cluster| = 05mag
b |<NUV - Z.)cluste'r - (NUV — Z)fzeld| e 05 mag

Therefore, we match cluster galaxies to field counterparts based on absolute i-band mag-
nitude and UV-optical colour, in order to then see how the UV sizes of a sample of cluster
and field galaxies compare when matched one-to-one. We use absolute i-band magnitude
as a proxy for stellar mass due to stellar mass data being missing for a substantial portion
of our sample. We initially sought to include a third criterion where the ratio of optical
sizes of the cluster and field matches must be below a certain threshold, however two is-
sues arose. The first issue was that the optical sizes of the Coma sample are measured via
2D Sérsic fits from ( ) and the HRS field sample via the growth curve
method of ( ). Secondly, matching to the ( ) catalogue
also limits our final sample, since there is not a 100% overlap between their catalogue and
ours. We ran the matching routine with the optical size criterion included and noted there
was very little difference in the final results, especially in the star-forming galaxies, so we
have elected to exclude it to increase our sample size and ensure any bias from directly
comparing two different methods of measuring optical sizes is mitigated. These results are
shown in Appendix B for the AUTOPROF /growth curve method, GALFIT and STATMORPH.

To explore the results of matching cluster galaxies to field counterparts, we first take a
close look at the set of galaxies with S/N > 2. In Figure 4.4, we plot the cluster-to-field UV
size ratios for these galaxies against their NUV — i colour. We show each possible match
that satisfies both constraints for a given galaxy to show the spread of potential matches.
We highlight the rankings of matches based on data point size, with the best match having
the largest data point. Fig. 4.4 shows results using the growth curve method. We show
results from GALFIT and STATMORPH in Appendix B.

From Fig. 4.4, we see a trend with redder cluster galaxies tending to have more potential
field matches with larger UV sizes. This trend carries right through to the red sequence,
where we see five red cluster galaxies with small UV sizes relative to their field matches.
We will explore the nature of these red galaxies further in section 4.4.
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> 2 are shown. Data points are sized based on the ranking of the match, i.e. the largest
data point is the best match, while the smallest data point is the worst match, relative to
the matches for that galaxy.

Figure 4.5 shows the results of matching cluster to field galaxies based on the UV-optical
colour and absolute i-band magnitude criteria for all galaxies in the sample, but now only
showing the best field match to each cluster galaxy. We show the results using each of our
three methods for measuring r.; STATMORPH, GALFIT and the AUTOPROF /growth curve
method. For the red sequence galaxies in the sample, there is substantial difference in
the scatter between the three methods. As for blue galaxies, there is more scatter in the
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results for the GALFIT method than the other two methods. This is somewhat expected,
as we note that Figs. 3.3 and 3.4 show that GALFIT tends to measure larger r. than the
fiducial growth curve method for the cluster, and measure smaller r. than the fiducial in
the field sample. On the contrary, the the STATMORPH results tend to measure smaller
r. compared to the fiducial in both the cluster and field sample, and by a similar amount
at higher S/N. As such, we see very similar results between STATMORPH and the growth
curve method, particularly in the higher S/N galaxies.

These results provide more clear evidence to truncated UV sizes in cluster galaxies than
what was determinable from Fig. 4.2. We see smaller UV sizes in cluster galaxies for much
of our high S/N sample, and a trend where redder galaxies shown even smaller sizes.
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Table 4.1: Coma cluster galaxies with S/N per pixel > 2

ID RA DEC zZ M; NUV — 1 Notes
SDSS J130140.90+281456.6 195.549 28.173 0.0310 -15.45 0.96 >
SDSS J130238.33+282720.5 195.660 28.456 0.0186 -16.30 1.33 5
GMP 1582 195.549 28.173 0.0299 -19.56 1.96 !
GMP 2599 195.141 27.638 0.025 -20.03 2.2 1,3
GMP 1576 195.553 28.215 0.0273 -20.2 2.64
GMP 3071 194.984 27.747 0.0298 -18.78 2.97 2
GMP 2923 195.034 27.773 0.0289 -18.44 3.04 2
SDSS J130221.45+282254.1 195.589 28.382 0.0195 -17.23 3.09
GMP 2910 195.039 27.866 0.0177 -19.82 3.27 1,23
SDSS J130119.314275137.6 195.331 27.861 0.0274 -18.55 3.77
GMP 2316 195.26  27.775 0.0174 -17.43 3.8
GMP 2333 195.253 27.906 0.0193 -174 4.18
GMP 2374 195.234  27.791 0.0266 -22.57 4.19 1,25
SDSS J130208.66+282313.5 195.536 28.387 0.0253 -21.18 5.66 4
GMP 2815 195.069 27.968 0.0155 -20.53 5.77 4
SDSS J130147.014-280542.0 195.446 28.095 0.0194 -21.12 6.01 4
GMP 2516 195.178 27972 0.0213 -21.43 6.02 4
GMP 3178 194.942 27.857 0.027 -20.37 6.03 4
! Identified as a stripping candidate by (
2 Identified as a stripping candidate by ( )
3 Identified as a stripping candidate by ( )

4 Red galaxy with potential disk or spiral structure

® Not matched with HRS field galaxy

Table 4.1 lists the 18 objects in our final catalogue that are members of Coma and have
S/N per pixel of at least 2. These are the objects that we will primarily consider for further
analysis, since our tests of S/N suggest that this is the minimum cut necessary to be able
to put trust in the results of the size measurements from the three measurement methods.
11 of these galaxies are considered star-forming based on our NUV — 4 cut. Two more
have slightly redder colours, but we include them in the star-forming sample due to the
fact that they are clear outliers from the red sequence. Three of the star-forming galaxies
did not match to galaxies from the HRS sample, but we include them here in case they are
of interest for further qualitative analysis. We order the galaxies in Table 4.1 by colour,
from bluest to reddest, and also indicate which star-forming galaxies have been previously
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identified as gas stripping candidates by ( ) ( ) or

( ). After these considerations, we are left with seven star-forming galaxies
not previously identified as stripping candidates, as well as five red galaxies that may show
disk-like or spiral structure.

4.3 Stripping Candidates

Here we will qualitatively look at the six star-forming galaxies in our sample that have
been identified as stripping candidates in previous works. This will provide a qualitative
baseline for assessing the remaining star-forming galaxies that have not previously been
identified as stripping candidates. In Figure 4.6 we show these six galaxies in a stacked
(NUVF1 + FUVF2 + NUVF3 + NUVF5) UVIT image on the left, and an NUV GALEX
image on the right. We see that while the GALEX data has higher S/N, the much higher
resolution of UVIT images allows stripping features to be identified in more detail. We
plot the vector pointing toward the cluster centre in green.

Of the six galaxies shown in Fig. 4.6, we see clear asymmetric UV emission and/or
bright UV knots in GMP 1582, 2374 and 2599. These features can be interpreted as being
indicative of ram-pressure stripping, and are also seen in the optical (GMP 1582, 2374 and

2599; ), Ha (GMP 2374; ) and once again the UV
(GMP 2599; ). The other three galaxies (GMP 2910, 2923 and 3071)
were all identified as stripping candidates by ( ) using Ha imaging. In

particular, the galaxy GMP 2910 (D100) shows a massive, narrow stream of gas detectable
in Ha (shown in Figure 1.3). Higher S/N UV imaging from GALEX also showed this tail in
the UV. With our lower S/N but higher resolution UVIT imaging, it is difficult to identify
the tail in GMP 2910 “by-eye” without further analysis. In UVIT imaging, GMP 2923
and 3071 both show disk-like structure, but again there is no immediately identifiable tail
of stripped gas seen. It is possible that this stripped gas is only faintly observable in the
UV and would require deeper imaging.
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Figure 4.6: Previously identified stripping candidates in Coma sample. All images are
30kpc squares. Stacked UVIT images are shown alongside GALEX NUV images. The
green vector points toward the cluster centre. In all images north is up and east is to the
left

We make special note of the galaxy GMP 2374, also known as NGC 4911. This galaxy is
one of the largest and brightest spirals in Coma, and has been the focus of several previous
studies. It is thought that NGC 4911 is interacting with its nearest neighbour, a lenticular
companion to the southwest (Bravo-Alfaro et al. 2000). This could partially explain the
orientation of the stripped Ha emission mapped by Yagi et al. (2010) shown in Figure 4.7,
where the companion galaxy is visible in the centre of the image. In the UVIT image,
however, the most prominent stripping feature appears directed to the southeast, along
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the vector pointing away from the cluster centre. This is more indicative of ram-pressure
stripping, and it is very likely this galaxy is currently undergoing ram-pressure stripping
and interacting with its nearest neighbour as it approaches the centre of the cluster.

Figure 4.7: (left) From ( ) (Figure 4): Ha image of NGC 4911 with green
contour showing isophote of 2.5 x 1078 erg s~ cm =2 arcsec 2, and red contour showing the
isophote representing the SDSS r-band Petrosian r5q. (right) UVIT stacked UV image of
the same galaxy. North is up and east is to the left

We further study the images of the remaining blue galaxies in the sample, those that
have not been previously identified as stripping candidates. The low S/N of even these
brightest galaxies make it difficult to perform a robust analysis to look for stripping fea-
tures. One objects stands out however: GMP 1576. This galaxy has not been previously
identified as a stripping candidate, and is actually one of the brightest star-forming galaxies
in our sample. We show this galaxy in Figure 4.8 in an NUV image alongside an r-band im-
age. We plot a contour on the NUV image at 26 mag/arcsec?, corresponding to 3o above
the background, which outlines asymmetric UV emission in two places: right along the
vector pointing toward the cluster, and another tail pointing toward the south. This is an
indication of the galaxy possibly undergoing ram-pressure stripping as it moves away from
the cluster centre, leading to the asymmetric features pointing back toward the centre.
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GMP 1576 NUV GMP 1576 r

Figure 4.8: GMP 1576 shown in NUV and r. The green contour in both images outlines
an isophote at 26 mag/arcsec? in the NUV. The green vector points toward the cluster
centre. North is upward and east is to the left

4.4 Red Sequence (Galaxies

Our sample also contains five red sequence galaxies with S/N per pixel > 2, as shown in
Fig. 4.4. All five of these galaxies show smaller UV sizes in Coma as compared to their
field counterparts. While this would be expected for early-type galaxies with little to no
remaining star formation and primarily central UV emission, it is interesting to study the
images of each of these galaxies in the UV and optical to see their structure. Three of these
five red galaxies were classified as lenticular galaxies by Michard & Andreon (2008), and
the other two were not classified. Additionally, four of the five galaxies are in the Simard
et al. (2011) catalogue with g and r-band bulge-disk decompositions. The four galaxies
had bulge-to-total (B/T) ratios in the r-band between 0.47 and 0.65, again placing them
in the lenticular category. A summary of these parameters is shown in Table 4.2.
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Table 4.2: Red sequence galaxies in Coma sample with S/N per pixel > 2

ID Hubble Type ! r-band B/T ratio 2
Classification
SDSS J130208.66+282313.5 - 0.47
GMP 2815 SA0/a 0.55
SDSS J130147.014-280542.0 - 0.61
GMP 2516 SB0/a -
GMP 3178 SA0/a 0.65

Further, in Figure 4.9 we show each of the five red disk galaxies in both a stacked UV
image and the SDSS r-band. In each case, a clear disk is visible in the r-band, while the
UV emission is more centralized. No stripping features are clearly seen in any of the five

cases.
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Figure 4.9: Five red galaxies in our sample with S/N per pixel > 2 showing disk structure
in r-band (right images) and more centralized UV emission (left images).
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Fig. 4.1 showed that a substantial proportion of UVIT galaxies in our sample were
red in UV-optical colour, but classified as spirals and with low B/T ratios. While most of
these galaxies cannot be well studied with the UVIT data given the low S/N per pixel, we
look for more interesting examples of red disks or spirals in our sample. A famous example
in Coma is NGC 4921. NGC 4921 is an archetypal “anemic” spiral ( ),
because its surface brightness is rather diffuse, and it is mostly devoid of star formation,
yet retains clear spiral arms. Observations have indicated that the galaxy is not only
undergoing ram-pressure stripping, but also has some of its stripped gas re-accreting onto
the galactic disk ( ; ). NGC 4921 lies right at
the edge of our Comab field of view, so all that can really be seen in the UVIT image is an
area of bright UV emission along the leading edge of the galaxy. This is confirmed when
looking at a lower resolution GALEX image, which shows only very faint spiral structure in
the UV but bright UV emission along the leading edge. This could be indicative of recent
ram-pressure induced star formation occurring in an otherwise relatively dead galaxy.

We find three additional red galaxies in our sample showing spiral and/or bar structure
in the optical. Each of these galaxies have low S/N in the UV, and thus were not discussed
in detail when comparing cluster and field sizes. We show these galaxies here simply as a
qualitative example of red, anemic spiral galaxies in the Coma cluster. Figure 4.10 shows
a stacked UV and stacked gri images for GMP 3068, 3238 and 2355. These three galaxies
were classified as SBa, SBa and SAb respectively by ( ).
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£ GMP 2355 UV

Figure 4.10: Examples of additional red galaxies in Coma with visible spiral structure in
optical bands. These galaxies were not shown in Figs. 4.4 or 4.9 due to them having S/N
per pixel < 2. Left images show stacked UV image and right images show stacked gri
SDSS images.
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Chapter 5

Discussion

In this thesis we have made use of wide-field, high-resolution UV imaging of the Coma
cluster to measure UV sizes of a sample of cluster galaxies. Combining our results with
several catalogues from the literature, we have identified and measured galaxies with a va-
riety of different morphologies, from very blue star-forming galaxies, to passive early-types.
In our sample of bright star-forming galaxies we have qualitatively discussed the morphol-
ogy seen in six galaxies previously identified as candidates for ram-pressure stripping, and
shown how the enhanced spatial resolution of UVIT data allows the identification of UV
knots and subtle asymmetries that were harder to identify with previous UV imaging from
GALEX.

5.1 UV sizes in cluster galaxies

We have matched the brightest galaxies in our cluster sample to field counterparts, and
found consistently smaller UV sizes in the cluster compared to the field. There also is a
trend whereby redder galaxies show even smaller relative UV sizes. This trend extends
beyond the blue cloud and into the red sequence, where we find several disky red galaxies
with only centralized UV emission.

( ) look at trends in structural parameters in the UV and optical
in the HRS. Instead of directly comparing cluster to field galaxies, they separate galaxies
based on HI content using the Hi-deficiency parameter ( ;

). Hi-deficient galaxies are likely to be members of the Virgo cluster in the
HRS sample. They find that Hi-deficient galaxies show marginally smaller effective radii in
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UV bands as compared to the optical. More striking however, is the observation that, with
increasing stellar mass, galaxies show decreasing effective surface brightness in the UV, and
increasing effective surface brightness in the optical. By comparing sizes measured in the
g, NUV and FUV bands to the i-band, ( ) find a clear trend with smaller
UV-optical sizes measured in galaxies that are more Hi-deficient. They measure sizes using
both effective radii and isophotal radii and find a stronger correlation with the latter. This
leads to a look at a colour-stellar mass relation, separating the colours inside and outside
of the optical effective radius, shown in Figure 5.1. The right panel of Fig. 5.1 shows the
difference in NUV — i colour between the inside and outside, meaning positive numbers
indicate redder colours inside the effective radius than outside and negative indicates bluer
colours inside than outside. At all stellar masses, the average Hi-normal HRS galaxy shows
slightly redder colours inside the effective radius than outside. However, at least at low
stellar mass, Hi-deficient galaxies tend to show redder colours outside the effective radius.
These results coupled together provide significant evidence for an outside-in quenching
mechanism such as ram-pressure stripping being responsible for the removal of HI gas.
Since the HRS contains galaxies in the Virgo cluster, these results suggest ram-pressure
stripping to be a dominant mechanism in the cluster opposed to an inside-out mechanism
such as tidal interactions.

Using r-band effective radii and magnitudes from ( ), we perform this
same analysis on our sample of UVIT galaxies. With the effective radius being identical
to the half-light radius, the inside and outside r-band magnitudes are determined simply
by adding 2.5l0g10(2) to the total r-band magnitudes. To determine the inside and outside
NUV magnitudes, we find the data point in our AUTOPROF surface brightness profiles
at r = r., and use the integrated magnitudes to find the inside magnitude, and then
calculate the outside magnitude from the inside and total magnitudes. We find that all
nine galaxies show redder colours outside the r-band effective radius, with higher stellar
mass galaxies actually showing even redder colours. The average colour difference between
the inside and outside, (NUV — @);;, — (NUV — @)y, for these nine galaxies is —1.1. The
magnitude of this colour difference is consistent with the results of ( )
for Hi-deficient galaxies and provides evidence for an outside-in quenching mechanism
impacting the evolution of these galaxies. Figure 4.4 could also be interpreted as evidence
for outside-in quenching. While bluer cluster galaxies have smaller UV disks relative to
their field counterparts, this trend is even more extreme for redder cluster galaxies that
show much smaller UV disks relative to the field. An outside-in quenching mechanism
would grab hold of the bluest galaxies with substantial ongoing star formation, and begin
to strip away the gas from the disk from the outside, leaving a smaller UV disk and a
redder galaxy over time as the star formation fades away.
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Figure 5.1: Fig. 8 from Cortese et al. (2012), showing colour-stellar mass relations for
the HRS sample for the region within the optical effective radius and beyond the optical
effective radius. Filled circles show Hi-normal galaxies while open circles are Hi-deficient.
The large circles show averages in stellar mass bins.

5.2 Red Spiral Galaxies

Our main method for separating blue star-forming galaxies from red, passive ones is a
colour magnitude relation (CMR) of NUV — i vs i which plots a clear red sequence of
galaxies underlined by a blue cloud. However, using the work of Michard & Andreon
(2008), we note that a substantial fraction of galaxies in our red sequence have late-type
morphologies. This is further evidenced using the optical B/T fits from Simard et al. (2011)
which shows that many of our red sequence galaxies are not bulge dominated. Studying
the UV images of many of these supposed red spiral galaxies alongside optical imaging
does in fact show disk-like structure and occasionally very pronounced spirals, with UV
emission mainly concentrated in the centre of the galaxy. We now move to a discussion
surrounding this red spiral sample, and how its existence and prevalence compares to other
studies of similar populations.

46



( ) studied red spiral populations in the cluster complex A901/2, building

oftf work by ( ) who used SED fitting to outline a population of “dusty red
spirals.” Other works have identified passive spiral galaxies, or anemic spirals (
, ; ). The results of ( )

show that populations dubbed “optically passive spirals” and those dubbed “dusty red
spirals” overlap greatly. They called into question the characteristics of these populations
of galaxies, and found that “dusty red spirals” are not in fact entirely passive like traditional
early-type galaxies with aging stellar populations. Red spirals do in fact show significant
rates of star formation, though their SFR is about four times less on average than blue
star-forming galaxies in the A901/2 sample ( ). While the obscuring of
star formation in “dusty red galaxies” is not any more drastic than in blue star-forming
galaxies, the lower rates of star formation coupled with dust reddening put the observed
colours of these galaxies into the same range as passive early-type galaxies.

Furthermore, ( ) showed that using a CMR relation to split blue and red
galaxies, and then using that cut to label blue galaxies as star-forming and red galaxies
as quiescent typically will underpredict the fraction of star-forming galaxies in a cluster,
since the “dusty red galaxies” will be placed into the red/quiescent category. If we assume
red spirals to have ongoing star formation in Coma, we see this same trend in our sample,
with the majority of galaxies being placed on the red sequence, but that red sample having
a broad range of morphologies as outlined by ( ). We seek here
to roughly determine the fraction of red spirals in Coma and compare to the results from

( ) and other works to see how the frequencies of different morphologies of
red galaxies in Coma compare to other cluster samples and to the field.

In ( ), the red spiral fraction of galaxies in the cluster sample with
log M, /Mg > 10 is ~ 0.30; that is, classified as Sa, Sb, Sc or Irr and have red colours as
defined by a CMR cut. In the four cluster cores in their sample, ~ 0.20 of galaxies with
log M,/Mg > 9 are red spirals. The ( ) data focuses on a region
in the core of the Coma cluster. Their catalogue provides B-band magnitudes and B-R
colours, which we plot in a CMR in Figure 5.2 for all galaxies identified as Coma members
by the morphological classification system of ( ). We choose to
make a colour cut under the red sequence at B — R = 1.6. We find that the fraction of red
spirals in this sample is 0.16 for all galaxies.
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Figure 5.2: CMR for sample of ( ) identified as Coma members

based on morphology. We distinguish between ellipticals, lenticulars and spirals as in Fig.
4.1. Filled circles are galaxies identified as giants, while open circles represent dwarfs.

If we narrow the ( ) sample to include only galaxies in the
area covered by our UVIT sample (without cuts based on S/N, etc.), we find more drastic
results. Here we have included optically-detected galaxies that are not detected in our UV
sample, using a 3o limit calculated in the same manner as our 5¢ limit in section 2 to
define their NUV magnitudes. Making a colour cut at NUV —i = 4.0 as in
( ), we find the fraction of red spirals to be 0.38 of all galaxies. We note that if we use
a bo limit instead of 30 there is almost no change in our results. We also removed any
non-detections that resulted in unphysical UV-optical colours, as these galaxies likely did
have matching UVIT detections but failed to match up based on our matching criteria. In
Figure 5.4 we show the fraction of red spirals in bins of i-band magnitude, 1 mag in width,
with errorbars, with colour cuts made at both NUV —i = 4.0 and NUV — ¢ = 5.0. This
plot shows that the fraction of red spirals is not strongly dependent on magnitude. There
is an increase in the red spiral fraction at lower magnitudes, but uncertainties are large.
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At fainter magnitudes the red spiral fraction is more sensitive to the choice of NUV — 1
colour cut.
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Figure 5.3: UV-optical CMR for Coma sample of galaxies that are in

( ) catalogue. Symbols are as in Fig. 5.2. Triangle markers represent UV non-detections
with magnitudes defined using a 30 limit. Filled markers are giant galaxies while unfilled
markers are dwarfs.
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Figure 5.4: Fraction of red spirals as a function of i-band magnitudes, in bins of 1 mag.
The blue points show the fractions if a cut is made at NUV — ¢ = 4.0 and the red points
if a cut is made at NUV — ¢ = 5.0.

It is evident that the Coma cluster does in fact have a significant population of red spiral
galaxies, similar to the population seen in A901/2. The existence of these galaxies has
been theorized as a transition population between active blue spiral galaxies and passive
lenticular ones. ( ) studied the cluster Cl 0024417 at z ~ 0.4 using
GALEX FUV imaging. They found that passive spirals in the cluster sample exhibited
bluer rest-frame FUV — V colours than early-type red galaxies, though redder than blue
spirals. This is seen in our UVIT sample in Fig. 5.3 where we see several spiral galaxies
in an intermediate region between the red sequence and the blue cloud. This also means
that moving the NUV — 1 cut drastically changes the fraction of red spirals in the sample.

( ) compared FUV —V colours with Balmer line absorption for passive and
active spirals, as shown in Figure 5.5. They plot evolutionary tracks using the populations
synthesis code of ( ), which show that there is a possible evolutionary
track from active to passive spirals through starvation. They also note that dust alone is
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not enough to explain the redder colours of passive spirals, but that some reduced rate
of star formation is necessary. This is complimentary to the work of ( )
who point out the coupling effect of dust and reduced star formation to explain “dusty red
galaxies.”

Figure 5.5: Figure 3 from ( ) showing rest frame FUV — V versus HJ.
Passive spirals are shown in green triangles and active spirals in blue triangles. Various
evolutionary tracks for different star formation histories are shown as lines.

5.3 Future Work

The Coma cluster is a massive, rich cluster and allows for an in-depth probe into cluster-
driven environmental effects on member galaxies. In our sample here we have identified
candidates for ram-pressure stripping, showing agreement to stripping studies from the lit-
erature using a range of emission to probe possible stripping events ( ;
; ). Beyond that, we have shown that Coma has a signif-
icant fraction of red spiral galaxies in its core region, using the classifications of
( ). These results show the complexity of environment-drive quenching
processes in cluster environments. Though significant evidence exists for gas stripping,

ol



tidal effects and starvation/strangulation in clusters, it remains unclear what the domi-
nant driver is in shutting down star formation in cluster galaxies.

We have shown that UV emission is a powerful tool in mapping out recent and ongoing
star formation in galaxies, and we consider now what future work could be done to study
the Coma cluster even more robustly in the UV.

We consider the Cosmological Advanced Survey Telescope for Optical and Ultraviolet
Research (CASTOR). CASTOR is a Canadian-led project that will be the next generation
of UV space telescopes, filling in the UV gap while missions such as the James Webb Space
Telescope, Euclid and Roman Space Telescope probe the optical and infrared regimes.
CASTOR will have a deep survey with 100-hour exposures that will probe depths to
u ~ 29, with image quality of 0.15” FWHM.

We have shown in this work that a minimum S/N per pixel of 2 within the effective
radius is necessary to make measurements of the size of a galaxy. This value is a function of
both flux and the size of the object. We look to scale the depth achievable with CASTOR
compared to UVIT for constant (total) S/N. The aperture size of CASTOR is 100cm,
compared to 37.5cm for UVIT. This amounts to a greater collecting area on CASTOR
by a factor of (%)2 ~ 7. In terms of exposure times, our UVIT pointing had exposures
of about 2000s, while the CASTOR deep survey will be 360000s, meaning an exposure
time increase of 180x. We assume the noise is dominated by source noise, since the UV
background is small. As such S/N « v FD?t, where F is the flux of the object being

imaged, D is the telescope aperture diameter, and t is the exposure time. Therefore,

Meastor _ \/FcastongastortCGStOT (51)

. 2
Huvit Fuvit Dumttuvit

The S/N per pixel (y,) scales roughly as Z%, where A is the area over which the S/N
(1) is being averaged, in number of pixels. For an object with fixed physical size at a fixed
distance, its area in pixels is its area in square arcseconds divided the pixel scale squared.
Therefore, to see how much fainter an object with fixed size can be to achieve the same ,
in UVIT and CASTOR, we make the following calculation:
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= 7)(180

Fcastor (0417)2 ( )( )
F’uvit
=72.5
Fcastor

Muvit — Meastor = —2.D 10g (725) =4.7

This means that with CASTOR, a depth 4.7 magnitudes deeper than UVIT can be
achieved with the same S/N per pixel. We note, however, that this is a faint-end limit
to the CASTOR depth, as objects at the fainter end of the CASTOR regime are likely to
be background-dominated. However, most of the objects in UVIT have source-dominated
noise in the UV.

In Figure 5.6 we show the effective radii for all of our UVIT objects that were measured
with AUTOPROF plotted against their magnitudes. We then show contours of S/N per
pixel. Note that the calculation of these contours employs two generalizations. The first
is that the S/N per pixel is calculated by taking the total S/N and dividing by v/A where
A is the number of pixels. This gives values close to those determined by taking the
average S/N value at each pixel, but the two methods vary more for objects with higher
Sérsic indices. Secondly, we calculate the S/N per pixel within the effective radius using
a circular aperture with r = r.. As such, there is some scatter between the S/N contours
and the values measured for our UVIT galaxies. The contours for UVIT are shown in red,
and the contours for the CASTOR deep survey are shown in blue.
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Figure 5.6: Effective radius versus NUV mag for UVIT galaxies measured with AUTOPROF.
Coma cluster members are shown as points while field (background) galaxies are shown
as crosses. Red contours show the calculated S/N per pixel within 7, for UVIT and blue
contours show the same for CASTOR.

In total, our UVIT sample contains 146 spectroscopically confirmed Coma galaxies with
muyuy < 24.5. 110 of these galaxies are in the “Comab” region and 36 in the “ComaT7” re-
gion. This leads to surface densities of 688 and 225 galaxies per square degree, respectively.
The “Comab” region is close to the cluster centre, and thus is richer. Based solely on the
Coma galaxies shown in Fig. 5.6, the CASTOR deep survey could fit all galaxies except
one with a S/N per pixel greater than 5, which would allow for size measurements with
much less uncertainty than S/N per pixel of 2. We caution that Fig. 5.6 does not show all
146 Coma members in our detection catalogue, as some galaxies were not successfully fit
using our AUTOPROF/growth curve method. However, in many cases, these galaxies were
both at the small and faint end of our sample, and thus did not have enough data points to
fit the linear regime of the growth curve. As such, these galaxies would be expected to lie in
the regime where the CASTOR deep survey can image them with sufficient S/N per pixel.
Very few galaxies had S/N per pixel > 5 in UVIT imaging, so if S/N per pixel > 5 can be
achieved with CASTOR for most of the sample, then the resulting sample of galaxies with
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robust size measurements would be increased by about two orders of magnitude compared
to this study. Even in the case that a S/N per pixel of just 2 can be achieved, the sample
of galaxies with size measurements would be increased by an order of magnitude. We can
see from Fig. 5.6 that at myyy = 23.5, CASTOR should provide a S/N per pixel of at
least 2 for galaxies with sizes up to r. ~ 10", or ~ 4.8kpc at the distance of Coma. This
size limit covers the majority of galaxies in the cluster, and we note that most galaxies of
larger sizes are also much brighter than this limit. Given the CASTOR field-of-view covers
an area of ~ 0.25 sq. deg, the whole virialized region of Coma could be covered with 15
CASTOR pointings.
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Chapter 6

Summary and Conclusions

In this thesis we have studied a sample of galaxies in the Coma cluster through their
ultraviolet emission at a greater resolution than previously possible. By measuring the
sizes of galaxies in the cluster, we have identified galaxies that are likely being subject to
environmental effects in the cluster.

e We find that the typical galaxy in the UVIT sample has low S/N per pixel within
r. which makes using existing Sérsic profile fitting codes difficult, since these codes
make use of Gaussian statistics, but the UVIT data is very much in the Poisson
regime (see Figure 3.3). This has made measuring accurate UV sizes of a reasonable
sample of galaxies difficult, though we are able to come up with a small sample of
mainly blue galaxies that remain large and bright in our sample. We plot size-stellar
mass relations for our cluster galaxies against field galaxies from the HRS and find
that while the bright blue galaxies in our sample fit the sequence well, the bright red
galaxies tend to show smaller UV sizes than the field (Figure 4.2). In addition, most
of the higher-S/N cluster galaxies show small UV-optical size ratios compared to the
field sample (Figure 4.3).

e To take a closer look at the differences in UV sizes between cluster and field galaxies,
we have matched up each of our higher-S/N cluster galaxies with field counterparts,
based on absolute i-band magnitude and NUV — i colour. We find that typically,
galaxies in the cluster sample show smaller UV sizes as compared to their field coun-
terparts. In fact, there is a trend where redder cluster galaxies have smaller UV sizes
relative to their field counterparts than bluer cluster galaxies. This extends into the
red sequence for five galaxies we identify as red disks (Figure 4.4).
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e In our sample of high-S/N blue galaxies, we find six galaxies that have been previously
identified as ram-pressure stripping candidates by previous works, and qualitatively
study their images. Further, we identify one additional galaxy, GMP 1576, as a
possible stripping candidate due to its overall asymmetric UV emission and tails
oriented near the vector pointing toward the cluster centre. This galaxy had not
been previously identified as a stripping candidate.

e Beyond the expected blue, star-forming galaxies, we consider red sequence galax-
ies identified as spirals by ( ). We see clear spiral or disk
structure in some of these galaxies in the optical, with UV emission more centralized.
These galaxies are examples of those that may still be star-forming at lower rates due
to starvation from the cluster, and are having their residual star formation obscured
by dust, making them appear red. They may also fit into the definition of anemic
spirals. We find that Coma contains a substantial fraction of red spirals, a few times
higher than the number of blue spirals. This is in line with previous works looking
at red spirals in clusters (e.g. ).

We find our results are consistent with previous studies that have shown evidence for
environmental effects shaping the evolution of galaxies in cluster (e.g. ;

). Small UV sizes of cluster galaxies as compared to their optical
sizes and the UV sizes of field galaxies implies that star formation is being shut down
in cluster galaxies from the outside-in which is consistent with models of ram-pressure
stripping. Furthermore, the abundance of red galaxies with spiral structure indicates that
more passive processes like starvation are slowly shutting down star formation in galaxies
without disrupting their overall morphology.

Our analysis has shown that UV imaging is a powerful tool to trace environmental
effects of dense environments on the evolution of galaxies. In order to reach more robust
conclusions about the prevalence of different quenching mechanisms, a larger sample with
deeper imaging is needed. This will be achievable with the CASTOR deep survey, and
the resulting data will allow a substantial jump in the advancement of studying galaxy
evolution through UV emission.
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Appendix A

GALFIT S/N and Input Testing

We discuss various tests run using GALFIT and MEGAMORPH software on both simulated
UV galaxy images and our actual UVIT data to determine the most effective inputs for
fitting Sérsic profiles.

When run as a standalone fitting code, GALFIT has several user input options to help
the code produce a good Sérsic fit to the galaxy image. First off, GALFIT allows the user
the option to input a weightmap (each pixel value is 1o uncertainty), or allow GALFIT
to calculate the weightmap internally given the detector gain. The gain is a value that
amplifies the number of photoelectrons displaced from a pixel on a detector to a digital
number value. In the case of UVIT, our science images have pixel values already in the
correct units for noise determination, so we set the gain to 1. One issue we have in
creating our own weightmap is handling pixels with 0 counts, which from a simple Poisson
uncertainty determination would have 0 uncertainty. We find that the GALFIT internal
weightmap determination does a better job at producing a smooth weightmap.

In order for GALFIT to produce its internal weightmap, it needs to either measure the
background and background uncertainty or be given this value by the user. We have
tested both and found minimal differences in the accuracy of the final fit. Additionally,
GALFIT can fit the background simultaneously with the galaxy, or the user can specify the
background object be held fixed at some pre-determined value. Since the UV background
is very low and not well represented by Gaussian statistics, we have chosen to fix the
background during the GALFIT fitting run. We did, however, sometimes find marginally
better fits when we let GALFIT fit the background. The caveat is that the background
object itself came out with a less accurate value based on the known value. We show an
example in Figure A.1 for an n = 4 galaxy, since we found these differences to only be
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considerable with higher Sérsic indices.
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Figure A.1: Four tests of GALFIT performed on a simulated UV galaxy. Red: allow GALFIT
to measure background for weightmap and then fit background with galaxy. Green: provide
background value for weightmap, but allow to be fit with galaxy. Orange: Let GALFIT
measure background for weightmap but hold known background value fixed during fitting.
Blue: provide background level for weightmap and hold fixed during fitting.

While the results from Fig. A.1 hint that for this simulated object, allowing GALFIT to
fit the background may give marginally better fit, simulating many more realizations of this
test would likely result in more scatter. Nonetheless, we decided to run MEGAMORPH with
GALFIT background fitting both turned on and off to see if that factor made a difference
in the results of our actual UVIT data. We show the results in Figure A.2, with the black
data points being fit background and the red being fixed background. We see almost no
change in the results at higher S/N, and a small change in the scatter at lower S/N.
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Figure A.2: Ratio of GALFIT fits to AUTOPROF /growth curve method fits for two runs of
MEGAMORPH as a function of S/N per pixel. The data points in black are where GALFIT was
allowed to fit the background, while the red is where the previously measured background
was held fit through the GALFIT run. The solid lines show the median values in S/N bins,
and the shades regions show the 1o intervals.

This lead us to consider the possibility that our GALFIT fits were particularly poor
due to the use of the MEGAMORPH wrapper. Using that wrapper, there was less user
control over the input into GALFIT itself without significant modifications to the code. As
such, we wrote our own wrapper to cut postage stamps and assign the desired user inputs
to GALFIT to test out the difference between letting GALFIT fit the background versus
holding it fixed. We show these results in Figure A.3, comparing our GALFIT wrapper
to MEGAMORPH. Note that, beyond a S/N per pixel of 2, we see almost no difference
between holding the background fixed (top panel of Fig. A.3) and letting GALFIT fit it
(bottom panel). We do see a change in the scatter below S/N per pixel of 2, but arguably
the results are better for the fixed background plot (top panel of Fig. A.3), contrary to
the result of Fig. A.1. Ultimately we chose to use the MEGAMORPH results with fixed
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background in the plots shown in this thesis, but it is clear our results would not change if
we chose to use our own wrapper instead for the galaxies with higher S/N. We also tried
different sized segmentation maps in our GALFIT wrapper to make the process more similar
to STATMORPH. However we found that any size segmentation map produced much worse
results (figures not shown).
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Figure A.3: Ratio of GALFIT fits to AUTOPROF /growth curve method fits for MEGAMORPH
compared to our own wrapper for GALFIT as a function of S/N per pixel. The data points
in black are the MEGAMORPH run with fixed background in both the top and bottom plots.
In the top plot, we fix the background in GALFIT for our own wrapper as well (red), and
in the bottom we let GALFIT fit the background.
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Appendix B

Additional Figures

Cluster UV size/Field UV size

Figure B.1: Ratios of Coma galaxy UV sizes (r.) to the sizes of their field counterparts as
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a function of NUV — i colour. Results in (a) include the optical size matching criterion,
while results in (b) do not. Data point sizes are the same as in Fig. 4.5
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Figure B.2: Same as Figure B.1 but using GALFIT for both cluster and field r, fits instead

of AUTOPROF/growth curve fits
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Figure B.3: Same as Figure B.1 but using STATMORPH for both cluster
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Figure B.4: Same as Figure 4.4 but using GALFIT for both cluster and field r, fits instead
of AUTOPROF/growth curve fits
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Figure B.5: Same as Figure 4.4 but using STATMORPH for both cluster and field r, fits
instead of AUTOPROF /growth curve fits

75



	List of Figures
	List of Tables
	Introduction
	Data
	Imaging Coma with the Ultraviolet Imaging Telescope
	Source Extraction and Ancillary Data Matching
	Background Subtraction Routine


	Methods
	AUTOPROF
	GALFIT and MEGAMORPH
	STATMORPH
	Signal-to-noise

	Results
	Morphological Classification of Galaxies
	Size Relations of Cluster and Field Galaxies
	Stripping Candidates
	Red Sequence Galaxies

	Discussion
	UV sizes in cluster galaxies
	Red Spiral Galaxies
	Future Work

	Summary and Conclusions
	References
	APPENDICES
	GALFIT S/N and Input Testing
	Additional Figures

