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Abstract

The structural and photometric properties of ‘red-and-dead’ early-type galaxies provide vi-
tal clues about the evolutionary pathway which lead to their formation. Here, I use deep
Canada-France-Hawaii Telescope image data to explore the multi-component internal struc-
tures of red sequence galaxies in the Coma cluster, with a particular focus on disk-dominated
early-type galaxies (i.e. SOs). Galaxies are investigated across a wide range of luminosities
(—17> M, > —22) and cluster-centric radii (0 < 7cjuster < 1.3 7200). I present the 2D struc-
tural decomposition of u, g, ¢ imaging via GALFIT. Rigorous filtering is applied to ensure that
the measured best-fit models are the most meaningful descriptions of their galaxy’s underly-
ing stellar structures.

A sample of Coma cluster members (N = 200) was identified as well described by
an ‘archetypal’ SO structure (central bulge + outer disk). Internal bulge and/or disk colour
gradients were implemented by allowing component sizes to vary between bands. Such
gradients are required for 30% of archetypal SO galaxies. Bulges are characterised by n ~ 2
profiles with half-light radii, R, ~ 1 kpc, remaining consistent in size for all but the brightest
galaxies (M, < —20.5). SO disks are brighter (at fixed size, or smaller at fixed luminosity)
than those of star-forming spirals. Similar colour-magnitude relations are found for both
bulges and disks. The global red sequence for SOs in Coma hence results from a combination
of both component trends. The average bulge — disk colour difference is 0.09 £ 0.01 mag
in g — 1, and 0.16 + 0.01 mag in v — g. Using simple stellar population models, bulges
are either ~ 2-3x older, or ~ 2x more metal-rich than disks. The trend towards bluer
global SO colours observed further from Coma’s core is driven by a significant correlation of
disk colour with cluster-centric radius. An equivalent trend is detected in bulge colours at a
marginal significance level. An environment-mediated mechanism of disk fading is favoured

as the dominant factor in SO formation.



The decomposition analysis was then extended to encompass a wider range of structural
models. This revealed a large sample of reliably-fit, symmetric multi-component galaxies in
Coma (N = 478). 42 + 3% of Coma cluster galaxies (N = 201) are best described by a 3(+)
component structure. In addition, 11% of galaxies (N = 52) feature a break in their outer
profiles, indicating truncated or anti-truncated disks. Beyond the break radius, truncated
disks are consistent in structure with untruncated disks, disfavouring a formation mecha-
nism via physical truncation of exponential disks. The sizes/luminosities of bulges in anti-
truncated galaxies correlate strongly with galaxy luminosity, indicating a bulge-enhancement
formation mechanism for anti-truncated disks. Both types of broken disk are found over-
whelmingly (> 70%) in barred galaxies, suggesting that galaxy bar play an important role in
formation of such structures. The wide variety of galaxy structures detected in Coma high-
lights the naiveté of the simple ‘bulge + disk’ or ‘single spheroid’ morphological paradigm

for early-type galaxies.
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Chapter 1

Introduction

1.1 Early-Type Galaxies and the Red Sequence

Galaxy morphologies are categorised as either ‘early’ or ‘late’ type based on their location
on the Hubble sequence (Hubble, 1926; Figure 1.1). Early-type galaxies (ETGs) comprise
elliptical and lenticular morphologies, while late type galaxies are primarily spirals. The gi-
ant elliptical morphology is traditionally considered to encompass a single spheroid of stars
following dynamically hot orbits (i.e. randomised, rather than coplanar). This observed
structure can be spherical (‘EQ’), but becomes increasingly flattened along the Hubble se-
quence (‘EI’-‘E7’, where the number corresponds to 10(1 — ¢) for the galaxy minor/major
axis ratio, ¢). An equivalent spheroidal ‘bulge’ is present in spiral galaxies. Galaxies of this
type also possess a flat, rotating disk, and the characteristic pattern of spiral arms for which
the morphology is named. Along the Hubble sequence (‘Sa’-‘Sd’), galaxies become bluer
(Roberts & Haynes, 1994), their bulges decrease in luminosity (relative to the spiral/disk;
Simien & de Vaucouleurs, 1986), and their spiral arms become less tightly-wound. Interme-
diate to these two morphologies, lenticular (‘S0O’) galaxies possess both a spheroidal bulge,
and a smooth disk devoid of any spiral features. SO bulges are larger (Dressler, 1980b), and
brighter (relative to their disks) than Sa bulges (Simien & de Vaucouleurs, 1986). Both spiral
and SO galaxies can also possess a stellar bar (designated as ‘SB0O’ or ‘SBa’-‘SBc’), which
distinguishes the two parallel sequences of spiral morphologies.

Hubble’s ‘early’/‘late’ notation is frequently (mis)interpreted as the assumption of a

particular sequence of galaxy evolution: elliptical galaxies grow stellar disks around their
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Figure 1.1: The Hubble sequence of galaxy morphologies (also known as the ‘Hubble tuning
fork’), illustrating the structures of early-type galaxies (En, SO) and barred/unbarred spirals.
spheroids (forming SOs), which would then unwind into spiral arms and brighten over time
relative to the bulges. However, this nomenclature was intended to reflect the increase in
observed morphological complexity across the Hubble sequence (similar to the ‘early’ and
‘late’ typing of stellar spectra), rather than to carry any serious temporal connotations (see
footnotes in Hubble, 1926). Indeed, recent analyses of stellar populations reveal that late-
type galaxies have significant ongoing star formation, and hence posses young stellar popu-
lations. Conversely, ETGs are mostly old and quiescent (typical specific star formation rate
< 1/(3tg) My yr—', where ty is the Hubble time; e.g. Damen et al., 2009). Thus, the
arrow of time points from right to left on the Hubble sequence on average (Figure 1.1; i.e.
‘early-types’ evolve from ‘late-types’), rather than left to right.

The evolution of late-type galaxies to early-type morphologies is illustrated photomet-
rically by the colour-magnitude diagram (Fig. 1.2). Late-type spirals occupy a broad (i.e.
high scatter) parameter space with bluer average galaxy colours (the ‘blue cloud’). This in-
dicates the presence of massive, but short-lived stars in the galaxy (i.e. a younger stellar
population), and hence ongoing star formation. Conversely, ETGs are significantly redder

on average, and follow a tight correlation of redder colours for more luminous galaxies (the
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Figure 1.2: Cartoon of the global colour-magnitude diagram for galaxies highlighting the
blue cloud, red sequence, and green valley. Arrows mark the expected pathway for galax-
ies experiencing various evolutionary processes: Solid black arrows: Quenching of star-
forming spirals. Dotted white arrow: Passive evolution via dry mergers. Dashed blue ar-
row: Temporary renewed star formation of a red sequence galaxy. Characteristic locations
of various morphologies - including spiral-lenticular transitions (‘S0/a’) and dwarf ellipticals
(‘dE’) - are also indicated.



‘red sequence’; Bower et al., 1992). If star formation is curtailed in a late-type galaxy (here-
after ‘quenching’), its stellar populations will redden and fade with time, as its massive (O,
B, and A-type) stars leave the main sequence. This causes the galaxy to transition from the
blue cloud to the red sequence over a period of ~ 1 Gyr (i.e. an A-star’s main sequence life-
time) or longer if quenching is gradual. The relatively low number of objects observed with
colours intermediate to the blue cloud and red sequence (the ‘green valley’) thus correspond
to quenched galaxies transitioning between the two populations. However, the bright end
of the red sequence contains galaxies more luminous than the brightest blue cloud galaxies.
Passive evolution (and hence fading) of blue cloud galaxies is therefore insufficient to pop-
ulate the entire red sequence. Instead, quenched red sequence galaxies must gain mass (and
hence luminosity) passively via merger events. However, since a ‘wet’ (i.e. gas-rich) merger
would fuel further star formation (and thus move the galaxy back to the blue cloud), this
passive evolution must involve ‘dry’ (i.e. gasless) mergers.

The apparent morphologies of observed galaxies do not necessarily reflect their true
structures. Image resolution limits the detection of fine details such as bars, inner (sub-
dominant) disks, or spiral features. Likewise, the magnitude limit and dynamic range of an
observation inhibits the detection (or distinction between) low surface brightness features.
Furthermore, the inclination of a galaxy on the sky can mask its true shape. For example, an
elongated elliptical, En, can be detected as any morphology in the range EO to E7 depending
on its observed orientation. By-eye differentiation between E and SO morphologies is also
difficult in cases where such galaxies are viewed face-on due to the central concentration of
light in elliptical galaxies (equivalent to SO bulges). Similarly, the distinction between SOs
and the most elongated (E5-E7) elliptical galaxies may be purely an observational bias (van
den Bergh, 2009b).

Simple one/two-component profiles do not reflect the true complexity of elliptical/SO
morphologies respectively. Multi-component (2+) structures for ETGs are consistent with
the predictions of photometric modeling (e.g. disks in elliptical galaxies; Rix & White,
1990), and have been detected in nearby ellipticals (Huang et al., 2013). Recent work study-
ing galaxy kinematics (e.g. Emsellem et al., 2011 for an SO-dominated ETG sample) has

indicated that rapidly rotating ETGs are dominant. Through conservation of angular mo-
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Figure 1.3: Cartoon of the ATLAS?P comb illustrating the evolution of morphology from
spiral to SO (Sa-c to SOa-c) via an anemic spiral stage (Aa-c).

mentum, any rotating, self-gravitating system will collapse to form a coplanar disk. Hence,
weak disks (and other structures) may be present in most galaxies, but imaging signal-to-
noise (S/N) limits their detection.

The proposed paradigm for galaxy evolution (van den Bergh, 1976; Cappellari et al.,
2011; Kormendy & Bender, 2012) places elliptical and lenticular galaxies on a continuous
sequence of rotating, quiescent galaxies (Fig. 1.3). Galaxy specific angular momentum,
AR, increases in magnitude from E (‘slow rotators’, A\ < 0.31,/€ for apparent ellipticity,
€) to SO (‘fast rotators’, A\ > 0.31,/€). Here, the SO morphology encompasses multiple
distinct classes, SOa-SOc, differing in luminosity, relative bulge dominance, and evolutionary
pathway (van den Bergh, 1990, 2009a). These SO subtypes are analogous to the Sa - Sc spiral
morphologies, suggesting evolution from S to SOz via anemic (red) spiral intermediates (Aa
- Ac, van den Bergh, 1976; Masters et al., 2010), rather than gradual evolution through each
Hubble type. This direct quenching of the spiral subtypes is equivalent to the transition to the
red sequence for blue cloud galaxies with different total luminosities. Equivalently, moving
right to left along the comb ‘handle’ (SOc - E) is equivalent to the passive evolution which

builds mass/light along the red sequence.



In this thesis, I analyse the structures and structural component photometry of ETGs
on the red sequence in order to investigate the physical mechanisms which mediated their
quenching and evolution. Analysis was carried out on a sample of Coma cluster-members
over a broad range of clustercentric radii (and hence local environment densities), enabling
investigation of the importance of the cluster environment (relative to secular processes) in
galaxy evolution.

In the following sections, I first provide details of the physical mechanisms which may
drive the quenching and morphological evolution with emphasis on the processes which act
in the cluster environment. Secondly, I discuss trends in structural and stellar population
properties relevant to ETGs. Thirdly, the properties of ETG surface brightness profiles are
introduced, including a thorough discussion of the analytical profiles used to model them in
a decomposition analysis. Lastly, I provide an overview of the motivation and content of

subsequent chapters within this thesis.

1.2 Mechanisms for Quenching

Structural and kinematic similarities between SOs and spiral galaxies (van den Bergh, 1976;
Aragdn-Salamanca et al., 2006; Bekki & Couch, 2011; Rawle et al., 2013) imply a evolution-
ary scenario in which spiral-like progenitors are transformed into ETGs. Such a transforma-
tion would require the erasure of any prominent spiral pattern, and truncation of the galaxy’s
star formation. Without continued star formation, the galaxy would then fade and redden
as its stellar populations age. Additionally, as SOs have brighter bulges (relative to their
disks) than spiral galaxies (Dressler, 1980b), transformation must also enhance the galaxy’s

bulge-to-total ratio,

/B
(fe+ fp)’

where fp and fp are the luminosities of the bulge and disk components respectively. The re-

B/T = (1.1)

sulting ‘red and dead’ descendant galaxy would be bulge-dominated, with a smooth, rotating
disk.
Within galaxy clusters, strong radial trends are observed in galaxy morphology such that

with increasing local density (or decreasing distance from the cluster core), the fraction of
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Figure 1.4: Cartoon of the morphology fractions of elliptical, lenticular, and spiral galaxies
as a function of local environment density (the ‘morphology-density’ relation). Based on
Figure 4 of Dressler (1980b).



spiral galaxies decreases with a proportional increase in the fraction of ETGs (Fig. 1.4;
the ‘morphology-density’ relation, Dressler, 1980b; Dressler et al., 1997). Likewise, with
increasing local environment density, a galaxy’s star formation rate decreases (the ‘colour-
density’ relation, Balogh et al., 2000; Lewis et al., 2002; Balogh et al., 2004; Hogg et al.,
2004). This builds a picture in which a galaxy is driven from late- to early-type morphology
during accretion onto a cluster due to environment-mediated processes. The current posi-
tion of a galaxy within a cluster is correlated with its infall time (Gao et al., 2004; Smith
et al., 2012; De Lucia et al., 2012; Taranu et al., 2014) and velocity (Oman et al., 2013).
Therefore, variations of galaxy structure and colour with clustercentric radius offer insight
into the physical mechanisms which acted during cluster infall, precipitating morphological
evolution.

The environment-mediated mechanisms proposed to drive morphological transformation
can be broadly categorised as either ‘bulge enhancing’ or ‘disk fading’ depending on how the
increase in B/T is achieved. In both cases, the primary cause for quenching is the removal of
a galaxy’s gas reserves which fuel its star formation (Larson et al., 1980).

In a ‘bulge enhancement’ scenario, the galaxy’s cold gas is rapidly consumed in strong
bursts of centrally-concentrated star formation. Additionally, driving the gas towards the
galaxy’s centre may feed a supermassive black hole, quenching star formation through ac-
tive galactic nucleus (AGN) feedback (Silk & Rees, 1998; Schawinski et al., 2006, 2007;
Brodwin et al., 2013). Mergers (in groups or the field) and galaxy harassment (in clusters,
Moore et al., 1996) are the most widely studied mechanisms of this type, both of which show
the potential to form SOs (Bekki, 1998; Governato et al., 2009; Moore et al., 1998, 1999).
Stellar disks of galaxies are typically disrupted by these processes, however, requiring spe-
cific environmental conditions for disk survival (Hopkins et al., 2009) or a long period of
disk regrowth (Kannappan et al., 2009).

A ‘disk fading’ scenario involves either the direct stripping of cold gas from the galaxy’s
disk (e.g. due to ram pressure Gunn & Gott, 1972; Quilis et al., 2000), or removal of its
hot halo gas reservoir over a long period of strangulation (Larson et al., 1980; Balogh et al.,
2000). These mechanisms act preferentially on gas, causing little or no disruption to the

galaxy’s stellar disk. Additionally, disk fading mechanisms are triggered by interactions be-



tween a galaxy and an external medium, such as a hot intra-cluster medium (ICM). This pre-
cludes disk fading in low density environments, requiring that such a transformation would
have had to occur since accretion into a group (or denser) environment.

Alternatively, secular processes driven by a galaxy’s internal astrophysics may also be an
important factor in the transformation of spirals to ETGs. Mechanisms of this type modify
the structure and star formation of a galaxy, without the need for external causes. Instead,
the galaxy’s intrinsic dynamics mediate changes to stellar orbits or internal gas reservoirs.
Galaxy bars, for instance can induce strong gravitational torques, potentially causing stel-
lar migration into the bulge, or triggering central starbursts (Zhang, 1998, 1999; Coelho &
Gadotti, 2011). Given the strong environmental dependences of morphology and star forma-
tion, secular mechanisms are unlikely to be the primary cause for ETG formation. However,
secular processes may influence the variety of galaxy morphologies and structures.

In the following subsections I present the theory describing the mechanisms which may
precipitate SO (trans)formation. A particular emphasis is placed on the importance of the

cluster environment, and the morphology-density relation in general.

1.2.1 Disk Fading

Disk fading transformation mechanisms operate via the direct removal of the galactic gas
supply, thus robbing the galaxy of the fuel for star formation. Affected spirals will subse-
quently fade as their stellar populations age, becoming increasingly red in colour as their
short-lived, massive blue stars die off. As gas-stripping mechanisms act preferentially on the
weakly-bound outer regions of galaxies, the disk is faded in preference to the bulge. This
outside-in galaxy fading would yield a boosted B/T relative to its progenitor.

The morphology distributions for quiescent galaxies as a function of parent halo mass
(analogous to environment density) supports environment-mediated disk fading (van der Wel
et al., 2010). For galaxies with masses M < 10! M, the high halo mass environment ex-
hibits a significant excess of disk-like galaxies relative to the low halo mass environment
(see Figure 4 in van der Wel et al., 2010). However, by adding an additional population of
‘quenched’ L, spiral galaxies to a low halo mass quiescent sample, the distributions in both

environments become consistent (see Fig. 5 in van der Wel et al., 2010). This is equivalent to



truncation of star formation in a late-type galaxy without disrupting its disk-like ‘morphol-
ogy’. However, an additional population of quenched spirals is insufficient to reconcile the
high and low halo mass distributions for galaxies more massive than M/ = 10*!' M. This
disparity supports bimodal evolutionary pathways for high and low mass galaxies.

The detection of a significant population of field SOs (Dressler, 1980b) disfavours a sim-
ple disk fading scenario for SO formation. In the field environment, the gas temperature
and density would have been insufficient for ablative gas-stripping processes to have driven
morphological transformations. Furthermore, the morphology-density relations observed in
regular and irregular clusters were equivalent, despite gas-stripping only acting in virialised,
regular clusters. Structurally, the bulges of SO galaxies were found to be systematically
brighter than the bulges of spiral galaxies. Assuming that late morphologies are the progen-
itors for SOs, a simple disk fading mechanism cannot account for this trend. However, this
structural trend could simply be a result of observational biases associated with classifying
morphology by eye. Furthermore, local ETGs could not have evolved from local late-type
galaxies; rather, both local populations evolved from a primordial spiral-like progenitor pop-
ulation. Thus, this structural disparity between local spirals and ETGs does not necessarily
impede a disk-fading evolutionary pathway.

In the following sections, I describe two main themes of disk fading: ram pressure strip-

ping due to a hot external medium, and ‘strangulation’ of a galaxy’s hot gas reservoir.

Ram Pressure/Viscous Stripping

As a spiral galaxy falls into a cluster with a hot, ionised ICM, the motion of the galaxy’s
interstellar medium (ISM) past the ICM causes a build up of ram pressure (F,) ahead of the

galaxy. This is described by the equation

Py = pev?, (1.2)

where p. is the density external to the galaxy, and v is the galaxy’s propagation velocity
through the ICM.
For the typical ICM density of a cluster (~ 103 atoms m~?), ram pressure will strip all of

the cold gas from a Milky Way-like galaxy within ~ 100 Myr (Gunn & Gott, 1972; Quilis
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et al., 2000). This abrupt removal of gas would lead to a rapid truncation of the star formation
within the galaxy similar to the predictions for SOs based on spectroscopic observations.
The increase in pressure that the ISM would experience during stripping could also lead
to a starburst in the central regions of the galaxy. Quilis et al. (2000) propose that this
temporarily boosted star formation rate would explain the presence of enhanced hydrogen
absorption lines in SO spectra.

There has been substantial observational evidence for ongoing, or past Ram Pressure
Stripping (RPS) events in clusters and groups (e.g. Irwin et al., 1987; Vollmer et al., 2004;
van der Wel et al., 2010; in Coma: Smith et al., 2010), nevertheless, the extent to which
ram pressure/viscous stripping influences SO evolution is disputed. Simulations performed
by Abadi et al. (1999) suggested that RPS would only result in a loss of ~ 80% of gas mass.
This would represent a significant truncation, but not total removal of the disk gas. Addition-
ally, Abadi et al. found that a galaxy with orbital inclination relative to their motion through
a cluster would lose substantially less gas (~ 50%) than those interacting with the ICM face-
on. However, this result has been disputed by Quilis et al. (2000), whose simulations indi-
cated total gas removal in even moderately inclined (: = 20°) galaxies. Additionally, they
argue that a galaxy’s motion within a cluster is such that it will be appropriately inclined for
stripping at some point during its orbit.

More recently, Tecce et al. (2010) have examined RPS using a hybrid of Smoothed Par-
ticle Hydrodynamics (SPH) and semi-analytical methods to calculate the ram pressure ex-
perienced by galactic gas. They find that ram pressure depends on both cluster virial mass
and redshift, increasing by an order of magnitude between z = 1 and 0. Including redshift-
dependent RPS, the simulated fraction of gas-depleted galaxies within a cluster’s virial radius
(r900) increases by ~ 60% relative to simulations excluding a treatment of RPS (see Fig 8 in
Tecce et al., 2010). Even at the cluster outskirts (~ 2r5g), there remains a significant in-
crease in the gas-depleted galaxy fraction with decreasing redshift, implying a significant
amount of pre-processing (see Section 1.2.4) via RPS in subgroups accreted by the cluster.

Clearly, ram pressure would have a significant effect on any gas-rich spiral galaxy enter-
ing a cluster’s virial radius. Until typical conditions, this can drive the abrupt star formation

truncation necessary to form an SO. Nevertheless, the existence of a significant population

11



of field SOs (Dressler, 1980b) challenges the dominance of RPS as the major mechanism
of SO formation. It is possible that RPS only influences galaxies that remain unquenched
prior to entering the cluster’s virial radius. Furthermore, partial, or ongoing transforma-
tions could be supplemented by RPS upon entering the virial radius. This would cause a
density-dependent acceleration of star formation truncation which may explain the observed

morphology-density relation.

Strangulation

In a simple, closed-box model of gas evolution, a steady rate of star formation would be
sufficient to consume all of the available cold gas within a few Gyr (Larson et al., 1980).
Therefore, spiral galaxies require a means of replenishing their gas content from their sur-
roundings (i.e. via accretion of gas-rich satellites in their halo or cooling of hot halo gas).
Strangulation (Balogh et al., 2000) is a mechanism for spiral transformation based on the
sweeping of gas content from a galaxy’s halo, thus starving it of the fuel for future gas ac-
cretion and star formation. Although this removal of halo gas may proceed via the same
physical mechanisms discussed earlier in this section, strangulation would result in a dis-
tinctly different star formation history. Specifically, removal of the halo gas reservoir would
cause a gradual reduction of the star formation rate, rather than a rapid truncation.

Kawata & Mulchaey (2008) demonstrated that the ram pressure in a low-mass group
environment could strip hot halo gas, but would be insufficient to permanently disturb the
cold galactic gas (see Figure 4 in Kawata & Mulchaey, 2008). Hence, strangulation of star
formation alone should be sufficient to explain the star formation history and morpholog-
ical transformation of spirals into SOs. Additionally, as strangulation can proceed even in
relatively low-mass groups, it counters the assertion of Dressler (1980b) that gas-stripping
mechanisms could not drive spiral transformations due to the presence of field SOs.

Feldmann et al. (2010) followed the evolution of a simulated group, noting that galax-
ies identified as present-day SOs entered the group environment earlier than the spirals that
maintained star formation up to z = 0. Hence, they conclude that the group environment
drives the morphological transformation into SOs for infalling gas-rich spirals. This transfor-

mation follows the pattern expected for strangulation, with the stripping of the galaxies’ hot
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halo gas driving the quenching of star formation. Nevertheless, additional RPS accelerates
the removal of cold gas relative to a pure strangulation scenario (~ 90 +10% of galactic cold
gas within ~ 1 Gyr).

For satellite galaxies accreted into approximately equal-mass halos, quenching must be
driven by processes which change colour, but not concentration (i.e. strangulation or RPS;
van den Bosch et al., 2008). However, differences in colour and concentration were found to
be independent of host halo mass, implying that environment-dependent mechanisms such
as RPS are disfavoured. It is also noted that for galaxies with stellar mass, M, ~ 10°h~2
M, roughly 30% of red sequence satellite galaxies were red prior to accretion into a larger
mass halo. The proportion increases to ~ 100% for galaxies of stellar mass M, > 1042
M. This mass-dependence for transformation time appears to suggest a dichotomy of trans-
formation mechanisms for high and low mass galaxies. Potentially, this correlates with the
observed trend that the most massive galaxies are more likely to have undergone a major
merger (Robaina et al., 2010).

Weinmann et al. (2006) found that semi-analytical models implementing strangulation do
not correctly reproduce the observed fraction of blue galaxies. Specifically, models produce
too few blue satellite galaxies, even without a treatment of RPS further truncating their star
formation. Hester (2010), however, suggests that this discrepancy can be solved by gas
inflow in a galaxy’s neutral hydrogen (HI) disk, following a partial quenching event. This
inflow of gas would feed star formation, prolonging the galaxy’s star forming lifetime and
thus producing a higher fraction of blue galaxies at late times on average.

Overall, strangulation presents a robust picture of star formation truncation for disk
galaxies entering a higher density environment. In combination with RPS, strangulation
is consistent with most observed trends in colour and morphology, and appears to be the
dominant mechanism for transformation of disk galaxies up to around M, = 10°~2 M,
Strangulation doesn’t, however, explain the evolution of those galaxies that had their star
formation truncated prior to entering the group environment, nor does it account for the

increased B/T ratio of SOs relative to unquenched spirals.
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1.2.2 Bulge Enhancement

In a bulge-enhancement scenario, the larger B/T for ETGs results from a build-up of mass
(and hence luminosity) in galaxy bulges. Galaxy quenching in this scenario involves the
rapid consumption of star-forming gas in a burst of accelerated star formation, rather than via
physical expulsion of gas. These starbursts occur as a result of increased central gas density
induced when disk gas loses angular momentum during a dynamic interaction, and falls
towards the bulge (Barnes & Hernquist, 1991; Mihos & Hernquist, 1994). In addition, the
inflow of gas to the galaxy centre can feed the Supermassive Black Hole (SMBH) expected
in most giant galaxies (Magorrian et al., 1998; Ferrarese & Merritt, 2000). The resulting
increase in AGN activity can cause gas to be expelled from the galaxy, causing a truncation
of ongoing star formation.

The proposed initiators of bulge enhancement (interactions between galaxies, or with a
cluster’s tidal field) are both more likely to occur in high density environments, hence pro-
viding a potential link with the morphology-density relation. As disks are typically disrupted
or destroyed by these interactions, the progenitors of a bulge-enhancement SO formation sce-
nario must be disk-like in structure. Furthermore, the interacting system must be gas-rich to
fuel a starburst. Thus, SOs must evolve from disk-dominated, late-type galaxies. However,
the ages of stars in SO bulges and inner thick disks typically exceed 10 Gyr (Stewart et al.,
2008; Rawle et al., 2010). These old central stellar populations contradict a recent starburst
formation mechanism.

A bulge enhancement scenario is supported by Christlein & Zabludoff (2004), who exam-
ined trends in B/T for SO galaxies, parametrised by the Schechter parameter, M * (Schechter,
1976), of the bulge and disk luminosity functions. A weakly negative gradient in M* with
increasing B/T was evident for disk components, while the equivalent gradient for bulge
components was strongly negative. Using Monte Carlo analysis, Christlein & Zabludoff
found that only a bulge enhancement scenario explains the observed gradients, and only for
a subset of the total range of B/T values (see Figure 5 in Christlein & Zabludoff, 2004).

It is worth highlighting that the Monte Carlo models of Christlein & Zabludoff (2004)
are based on the assumption that early-type galaxies share a common progenitor population

with late-types. Relaxation of this assumption might improve the extent to which a disk
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fading null hypothesis could account for the observed trends in M * for a limited B/T range.
Nevertheless, their conclusions support the importance of bulge-enhancement mechanisms
for the formation of S0s.

In the following section, I address three main themes of bulge formation: galaxy mergers

(in field/group environments), galaxy harassment (in clusters), and feedback from AGN.

Mergers

Galaxy mergers occur when gravitational interaction causes two (or more) galaxies to collide,
and eventually coalesce. For a simple two-body merger, this process will take place over
multiple orbits, during which the close proximity of the merging systems causes significant
alteration to their internal orbital dynamics. Galaxy mergers are well-characterised by the
mass ratio of their constituent interacting galaxies. Major mergers (mass ratios 1:1 to 4:1)
represent a unification of (approximately) equal-mass galaxies, such as the eventual collision
of the Milky Way with Andromeda. Conversely, minor mergers (mass ratios 5:1 to 10:1)
correspond to the accretion of a satellite by the more massive primary galaxy.

Mergers result in increased B/T and bulge n (Aguerri et al., 2001), and grow the bulge
R. g proportional to the mass growth, M“ (Naab et al., 2009; Hilz et al., 2012). For major
mergers, this results in an approximately linear growth in bulge size relative to mass growth
(o = 0.8—1.0; Boylan-Kolchin et al., 2005; Hilz et al., 2012). In addition, disk structures are
disrupted or destroyed by major mergers (Barnes & Hernquist, 1991; Bendo & Barnes, 2000;
Bois et al., 2011), yielding a (kinematically) elliptical-like remnant (Toomre & Toomre,
1972). For minor mergers, the bulge size growth is predicted to be significantly larger (o =
2.0 — 2.4; van Dokkum et al., 2010; Hilz et al., 2012). However, not all simulations agree
on this point; for example, Eliche-Moral et al. (2012) suggest that dry, minor mergers can
provide the B/T growth necessary for SO formation while causing no significant change to
either bulge or disk scale lengths.

Minor mergers are less disk-disruptive; remnant disk structures are thickened (Quinn
et al., 1993), but retain the kinematic and (radial) size properties of their progenitors (Bour-
naud et al., 2005). Consequently, individual minor merger events may be insufficient to

completely drive the evolution in morphology (Walker et al., 1996). Instead, multiple minor
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mergers drive galaxy morphology from spiral to SO to spheroidal, and eventually to elliptical
(Bournaud et al., 2007). In this case, SOs represent true intermediates of late- and early-type
galaxies in a multi-step evolution scenario.

The gas content of the progenitor galaxies plays a large role in determining the star-
formation properties of the resulting merger remnant. ‘Dry’ (dissipationless) mergers involve
the interaction of gas-poor (e.g. E/S0O) systems, producing a massive remnant with little or no
additional star formation. While this may explain the formation of some of the most massive
ETGs (Tran et al., 2005), it does not address the issue of the origin of these quenched early-
type progenitors. By contrast, ‘wet’ mergers of gas-rich galaxies, or ‘mixed’ mergers of a
gas-rich object with a gas-poor system are expected to drive strong (central) starbursts in the
remnant galaxy. This epoch of heightened star formation follows the inward radial migration
of disk gas (due to tidally-induced asymmetries) and/or the accretion of a gas rich satellite. It
has been demonstrated that the majority (~ 75%) of a progenitor’s disk gas can be consumed
during merger-induced starbursts, resulting in a remnant with distinct spheroid, thick disk,
and thin bar structures (i.e. a SBO galaxy; Bekki, 1998).

In order to satisfy the conditions of SO formation, a merger must be sufficiently gas-rich
to drive the bulge growth of the remnant while being of a low enough mass ratio that the disk
structure of the remnant is preserved. However, N-body simulations suggest that ~ 95% of
galaxies experience a major merger between z = 2 and O (Stewart et al., 2008). Hence, the
observed fraction of local disk-dominated ETGs cannot be reproduced unless mergers with
mass ratios up to 5:1 do not always destroy disks. For instance, the most efficient mode
of angular momentum loss for gas is due to merger-induced asymmetries in the galaxy’s
internal stellar disk (Hopkins et al., 2009). Hence, galaxies with a high disk gas fraction
(low mass stellar disk) or high stellar winds (driving gas to large radii) will lose very little
angular momentum and thus potentially survive the merger (see Figure 1 in Hopkins et al.,
2009).

SPH simulations have demonstrated the regrowth of a thin disk following a wet merger
event at z = 0.8 (Governato et al., 2009; e.g. their Figure 1). Disk regrowth has been iden-
tified observationally within blue ETGs in modest to low density environments (Kannappan

et al., 2009). The dynamics of these galaxies indicate a past (unequal-mass) merger event,

16



with regrowth assembling a stellar disk over the early-type remnant. This regrowth process
would require abundant cold gas (either within the merger progenitors or acquired via cold
flow accretion) and efficient star formation (i.e. lower mass). However, renewed star forma-
tion on a scale sufficient to reform a dominant disk would move the remnant galaxy back to
the blue cloud. Thus, in order to form red, quiescent SOs in this manner, it is necessary to
invoke additional gas-stripping effects (Roediger et al., 2010).

Overall, gas-rich mergers seem a likely candidate for driving the formation of SOs from
late-type progenitors through central starburst events. Although major mergers tend to form
elliptical-like remnants, the expected merger rate between z = 2 and the present day does
not necessarily pose a problem, as disk-regrowth or survival could preserve SO morphology.
However, neither gas-poor mergers nor disk regrowth can explain the final quenching of star

formation, and supplementary gas-stripping mechanisms may thus be required.

Harassment

Within virialised clusters, the relative velocities of any two galaxies is usually too large for
a direct merger to occur. Even if the galaxies collided head-on, the entire interaction would
be too brief for the gas to react dynamically. Due to the relatively high galaxy density within
the cluster environment, however, each cluster galaxy is likely to experience many brief tidal
interactions over its lifetime. The cumulative effect of these repeated encounters with other
galaxies and the host cluster’s tidal field is termed ‘galaxy harassment’.

Acting on typical spiral galaxies, harassment causes heating of the stellar disk and loss
of gas angular momentum to its dark matter halo (Moore et al., 1996). Similar to the effect
induced by direct mergers, this will prompt funneling of gas towards the galaxy centre, where
it could fuel a central starburst. Additionally, as the disk of the infalling galaxy is disturbed
by the cluster’s tidal field, large ‘tails’ of stellar and gaseous matter (as observed by Haynes
et al., 2007) would form. Loss of stellar matter in this manner can remove as much as 50%
of a galaxy’s stars, which would account for the diffuse intracluster light (ICL) observed in
clusters (Moore et al., 1998).

Harassment has a far lesser effect on a more densely concentrated system, such as a

galactic core or giant elliptical galaxies. Hence, the overall influence of harassment differs
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depending on the surface brightness of the target galaxy (Moore et al., 1999). Low surface
brightness (LSB) galaxies - as characterised by large disk scale lengths and slowly rising
rotation curves - can lose up to 90% of their stellar mass to repeated tidal shocks, resulting
in a dwarf elliptical remnant. High surface brightness (HSB) galaxies, however, can react
adiabatically to tidal shocks. Thus, HSB galaxies will experience disk heating and thick-
ening, but will otherwise remain stable to harassment (see Figure 5 in Moore et al., 1999).
Dwarf galaxies are similarly stable to harassment due to their high mass concentration (Smith
et al., 2010), losing only ~ 10% of their stellar mass in most cases. These harassed dwarfs
remained disk dominated, with some gaining tidally-induced spirals.

Harassment would not be sufficient to drive the complete morphological transformation
of HSB galaxies. However, this process is sufficient to erase the spiral features of an in-
falling galaxy within a few Gyr. Therefore, these harassed remnants are ideal SO precursor
candidates, requiring an additional gas-stripping event to complete their transformation to
early-type morphologies.

Harassment is a more relevant morphological transformation mechanism in the cluster
environment than direct mergers. Acting on a mid-to-high surface brightness galaxy, it can
cause transformation to an SO-like morphology within a few Gyr. The highest surface bright-

ness galaxies are more stable, however, requiring gas-stripping to supplement harassment.

AGN Feedback

The velocity dispersion of a galaxy’s bulge (and therefore its mass) correlates strongly with
the mass of the SMBH it hosts, Mpy (the ‘Magorrian relation’; Magorrian et al., 1998;
Ferrarese & Merritt, 2000). Thus, the properties of the stellar bulge and SMBH are directly
inter-related. As these objects differ in mass and physical size by factors of ~ 103 and ~ 10®
respectively, this causal link cannot result from gravitational effects. Instead, the kinetic or
radiative activity of the galactic nucleus on accretion of mass must influence the galaxy’s
stellar properties.

AGN eject collimated jets of ionised matter perpendicular to the plane of their accretion
disk due to interaction between black hole rotation and the magnetic field of the disk itself

(Rees et al., 1982; Begelman et al., 1984; Semenov et al., 2004). These jets (supplemented
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by radiation pressure from the AGN, and existing wind from supernovae) impart significant
kinetic energy to the host galaxy’s ISM. If the accretion rate is sufficiently high (i.e. ‘quasar
mode’), these AGN winds can cause kpc-scale outflows of gas (Springel et al., 2005; King,
2005; Di Matteo et al., 2005; Harrison et al., 2012), suppressing star formation via removal
of the galaxy’s cold gas supply. While such outflows would not exist for lower accretion rates
(‘Radio mode’), the transfer of kinetic energy would nevertheless cause mechanical heating
of the galaxy’s cold gas reserves. This mechanism can also cause galaxy quenching by
preventing gas from cooling and collapsing to form stars (Best et al., 2005, 2006; Danielson
et al., 2012). Additional gas heating can result from the emission of ionising radiation or the
production of energetic particles (cosmic rays etc.) by the AGN (Ferland et al., 2008, 2009).

AGN activity and star formation appears to be correlated on average (e.g. Chen et al.,
2013). This reflects that both processes are triggered by the same conditions (i.e. increased
gas density). However, a causal connection between AGN feedback and galaxy quenching is
disputed observationally: red (i.e. quenched) galaxies are not more likely to host AGN (Aird
et al., 2012), while AGN-hosting galaxies do not exhibit significant deviation from expected
star formation rates (Harrison et al., 2012). Further studies suggest that AGN regulate star
formation via both negative (i.e. star formation suppressing) and positive (i.e. star formation
triggering) feedback (Zinn et al., 2013; Karouzos et al., 2014). In this scenario, the dominant
feedback mechanism in a particular galaxy depends on the properties of the AGN it hosts.
However, the resulting star formation suppression would not necessarily be sufficient to fully
quench a galaxy.

Feedback from AGN is of particular relevance for bulge-enhancing evolutionary mecha-
nisms due to the potential for tidal interactions to feed gas to the central black hole. However,
the morphological signatures of major merger events have been detected in only a minority
of AGN-host galaxies (Liu et al., 2011; Kocevski et al., 2012). Such observational evidence
is limited by imaging depth, with deeper data yielding significantly higher fractions of post-
merger AGN (Schawinski et al., 2010; Imanishi & Saito, 2014). Furthermore, AGN fed by
tidal harassment in clusters would be unlikely to host detectable morphological features (see

earlier in this section).
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1.2.3 Secular Processes

Galaxy evolution via secular (i.e. internal) processes provides a means of forming ETGs in
environments in which most quenching mechanisms do not occur. However, the existence
of strong environmental trends in colour and morphology suggest that this is not the primary
evolutionary pathway. Secular mechanisms can nevertheless supplement the environment-
mediated evolutionary mechanisms discussed above. In this way, the apparent discrepancies
between bulge-enhancing or disk-fading processes and the observed properties of ETGs may
be reconciled by invoking additional secular effects (e.g. increasing bulge size in disk-faded
galaxies, or providing additional star formation truncation in post-merger starburst galaxies).

Most secular processes relevant to disk-dominated late-type galaxies involve the inter-
action of disk stars or gas with structural density perturbations. Galaxy bars are ellip-
soidal/rectangular structures consisting of stars on elongated orbits due to orbital resonances
and/or disk instabilities (see review in Sellwood & Wilkinson, 1993). As the bar pattern ro-
tates, disk gas is accelerated, forming shocks. Outside the radius of corotation (where stars
are at rest on average with respect to the bar), angular momentum is transferred from the bar
to disk gas, potentially forming an outer stellar ring. Inside corotation, the gas loses angular
momentum and falls towards the galaxy centre. The increased central gas density thus leads
to the formation of an inner ring and/or stellar bulge'(Kormendy & Kennicutt, 2004). Cen-
tral gas concentration can similarly be induced by the galaxy’s spiral pattern. However, the
effect is weaker in this case due to non-incident interaction of spiral-induced shocks with the
gas.

As with the bulge-enhancement mechanisms discussed in Section 1.2.2, AGN activ-
ity can be fed by secularly-driven gas inflow (Knapen et al., 2000; Orban de Xivry et al.,
2011). A secular AGN mode explains observations of AGN hosts without indications of
previous merger events. AGN feedback can therefore provide a quenching mechanism in-
dependent of local environmental conditions. This self-quenching could also supplement
environment-mediated quenching to produce the observed quenching timescales (e.g. accel-
erating a gradual quenching via strangulation), or age gradients (e.g. centralised quenching

for disk-quenching mechanisms).

"Bulges formed via secular processes are termed ‘pseudobulges’, distinct from the “classical bulges’ formed
via mergers.
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Secular interactions with galaxy structures can also directly influence disk stars. Scatter-
ing due to spiral patterns can cause thickening/heating of the stellar disk (Sellwood, 2014),
and explain the observation that older stars (as detected in the Solar neighbourhood) have
greater velocity dispersions (Wielen, 1977). More generally, radial redistribution of disk
stars due to secular processes leads to a build up of bulge stellar mass (Zhang, 1998, 1999)
and production of thickened outer disks (Roskar et al., 2013). As these processes can lead
to a change in bulge fraction without additional star formation, they are of particular rele-
vance for the morphological evolution of galaxies post-quenching. Furthermore, migration
of stars from their radius of formation can lead to compositional mixing (e.g. as stars formed
in metal-rich regions move to metal poor regions). This may explain the radial gradients in
stellar metallicity detected in ETGs (Di Matteo et al., 2013, see Section 1.3).

Galaxy bars are apparent in only ~30% of galaxies in optical surveys of the local
Universe (Masters et al., 2011), but have been detected in ~ 70% of Coma SOs (Lansbury
et al., 2014). Orientation/inclination effects (Erwin & Debattista, 2013) and dust obscuration
(Marinova & Jogee, 2007) significantly limit the detected bar fraction. Furthermore, bars are
intrinsically unstable to the central mass build-up they induce (see Kormendy & Kennicutt,
2004), decaying to lens-like remnants (Kormendy, 1979). Therefore, many galaxies are ex-
pected to have hosted a bar at some point since z ~ 1, even where these structures are not
detected in the present day. Thus, bar-driven secular evolution is a relevant consideration for

a large proportion of galaxies.

1.2.4 Pre-Processing

Within a hierarchical model of galaxy evolution, most galaxies assemble in groups prior
to entering a cluster at low/intermediate redshift. ‘Pre-processing’ refers to a scenario in
which galaxies within groups are subjected to local environmental effects prior to enter-
ing the clusters they inhabit at = = (. Pre-processed galaxies are subjected to incremental
shift to earlier-type morphologies, and/or have their star formation rate partially truncated.
Hence, these galaxies are more susceptible to environment-driven quenching when their par-
ent groups enter a cluster potential.

In most cases, pre-processing corresponds to an early truncation of the galaxy’s star
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formation rate via gas stripping processes. This earlier, group-based stripping would help
explain the prevalence of SOs beyond the virialised clusters best suited to RPS. Additionally,
gradual truncation mechanisms (e.g. strangulation) initiated at the group stage would be
more likely to fully quench star formation by the time at which such galaxies are observed
in the cluster. This would yield a star formation history more consistent with observations of
SO truncation times (= 1 Gyr; Fujita, 2004).

Despite the decreasing mass of a hierarchically grown group with redshift, the increasing
mass density of the group at earlier times would make RPS increasingly effective. Thus, if
ram pressure is present in pre-cluster groups, it would have a non-negligible (if not dominant)
effect on star formation. Nevertheless, there exists doubt that RPS can act in groups: Fujita
argues that non-gravitational heating of the group’s intergalactic medium (e.g. by AGN
feedback) would prevent ram pressure stripping from occurring at high redshift (z ~ 2-3),
and at lower redshifts if tidal acceleration (of the group by its parent cluster) is significant.

Pre-processing is also an important consideration for bulge enhancement processes. Close
galaxy pairs in intermediate density environments (= infalling galaxy groups) have a larger
fraction of red galaxies than lone galaxies regardless of host halo mass (Perez et al., 2009).
This reflects the increased probability that group galaxies will experience mergers relative to
isolated field galaxies. By contrast, high and low-density environments (clusters and the field
respectively) both exhibit strongly mass dependent red sequence fractions. This suggests a
higher frequency and/or increased efficiency of morphology-transforming galaxy-galaxy in-
teractions within group environments.

Although the fraction of red galaxies in a cluster would increase as it accretes more
merger-enriched groups over time, merger pre-processing simultaneously poses a problem
in terms of SO survival. As discussed in Section 1.2.2, subsequent mergers (or major merg-
ers) can destroy disks, driving the evolution to elliptical morphologies. Thus, the high merger
frequency in intermediate-density groups would reduce the number of surviving SO galax-
ies observed in the cluster potential. Group-based disk destruction can be counteracted,
however, by disk regrowth. Relative to mergers/harassment occurring at low-redshift in the
cluster environment, the remnant of a merger within a group would spend a significantly

longer period of time in a (relatively) cold, gas-rich environment. Thus, these galaxies will
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have a larger chance of fully reconstructing their disks. However, as discussed above, disk
regrowth necessitates an additional quenching event to produce red sequence SOs.

To summarise, pre-processing represents an important stage in galaxy evolution at inter-
mediate redshifts. Typically, this acts as an initiating stage for transformation mechanisms
that will conclude after the galaxy group is accreted by its parent cluster. Although relatively
few SOs are formed within groups in this manner (thus meaning that pre-processing cannot be
the primary driver of SO formation), pre-processing provides an explanation of the existence

of ‘field’ SOs.

1.3 Stellar Populations and Scaling Relations

Using observations of stars in the Milky Way and models of their astrophysics, synthetic
spectra can be produced for stars of any given mass, age, and composition. Assuming stars
form with a particular distribution of masses (the initial mass function, IMF), synthetic stel-
lar population (SSP) models can be used to predict the spectra (and photometric colours)
of stellar populations. Hence, the ages and metallicities (the compositional fraction of met-
als) of distant galaxies’ stellar populations can be interpolated from either spectroscopic or
photometric (colour) observations.

Early-type galaxies possess old, ‘red-and-dead’ stellar populations, lacking the emission
lines indicative of active star formation. Spectroscopic studies of cluster ETGs have revealed
strong negative internal gradients in metallicity and a-enrichment, strongly anti-correlated
with equivalent gradients in stellar population age (Rawle et al., 2010; Bedregal et al., 2011;
Sil’chenko, 2011; Johnston et al., 2012). Hence, stars in an ETG’s outer regions are metal-
poor, but older than the stellar populations close to the galaxy centre. This indicates an
‘outside-in’ quenching scenario where the outskirts ceased forming stars first, while star
formation (and thus metal enrichment) persisted in the core until later times.

The (central) stellar population ages of giant red sequence galaxies vary minimally as a
function of local environment, but depend strongly on total galaxy mass (Smith et al., 2012).
Conversely, the trends for red sequence dwarf galaxies are inverted, with stellar population
age depending strongly on environment, but not mass. Dwarf galaxies are thus predicted

to be quenched by a high-efficiency environment-driven mechanism. Any environmental
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trends for giant galaxies would therefore be removed by environment-independent, secular
processes. Spectroscopic bulge-disk decompositions (Johnston et al., 2012) detected neg-
ative component colour gradients (i.e. increasingly blue component colours with radius)
in both the bulges and disks of SOs, but no corresponding gradients in compositional line
strengths. Johnston et al. therefore attribute the component colour gradients to decreasing
dust obscuration, rather than stellar population gradients.

For disk-dominated (late-type) galaxies, a galaxy’s maximum rotational velocity is strongly
correlated with its total luminosity (the ‘Tully-Fisher relation’, TFR; Tully & Fisher, 1977).
The TFR was measured spectroscopically for the Coma cluster in Rawle et al. (2013). For
a fixed rotational velocity (i.e. for equivalent disks), SOs were found to be systematically
fainter than cluster spirals by 1.1 + 0.2 mag in the g band. This offset was found to be

consistent with SO formation via an abrupt quenching of spirals at intermediate redshift.

1.4 The Sérsic Profile

Data analysis in this thesis focuses on surface brightness profile fitting using the Sérsic func-
tion (Sérsic, 1963, see also Cen, 2014), a model profile whose shape is characterised by the
Sérsic index, n. For n = 4, the Sérsic function is identical to the de Vaucouleur’s profile
(de Vaucouleurs, 1948), which is typically considered to be a good fit for most giant ellip-
ticals, and ‘classical’ bulges. At large n, the Sérsic function peaks strongly in the centre,
with slowly decaying outer wings. Conversely, at small n, the Sérsic function has a sup-
pressed core and decays rapidly at large radii. Hence, n can be used as a measure of light
concentration, with higher n indicating more centrally-concentrated models (see Figure 1.5).

For a Sérsic model with arbitrary n, the intensity (counts pixel 2), ¥, at a radial distance,

r, along the profile major axis is given by,

$(r) = X, exp [—m ((}%)1 - 1)] (1.3)

where R, is the effective half-light radius, .. is the effective intensity at » = R., and &
is a constant whose value is determined by the Sérsic index such that half the model flux

is contained within 1?.. This constant can be approximated as x ~ 1.9992n — 0.3271 (for

24



— n = 0.25
— n =050 ]
2| — n =100 -
| — n=200] |
\ — n =4.00]| |
1t — n =8.00]| -
N(D
~
N e e
o
2
_1_ i
_2:_
_3l . . . | .
0 1 2 3 4 5

Figure 1.5: Plot of Sérsic profile intensity, >, as a function of radius, 7, for models with
different Sérsic index, n. Grey dotted and dashed lines indicate R, and .. respectively.
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0.5 < n < 10; Capaccioli, 1989).

An important special case of the Sérsic function is the exponential profile (n = 1), which
has been determined empirically to provide a good description for galaxy disks (Freeman,
1970). In this case, the equivalent intensity profile, Y, at  can be written simply as,

—-Tr

Lexp(r) = Xpexp (?) (1.4)

where Rj is the exponential scale length, and ., is the central surface brightness (at » = 0).
For direct size comparison with Sérsic components, the exponential effective radius can be
calculated as R, = 1.678R; (since x(n = 1) = 1.678).

Other notable applications for the Sérsic function include galaxy bars (Gaussian-like
profiles n ~0.5), and so-called ‘pseudobulges’ (1 < n < 3; see Section 1.2.3). High n
profiles (n > 8) generally represent underfit multi-component systems (i.e. concentrated
central + outer profiles) rather than a single coherent structure.

When analysing galaxy colours and luminosities, it is convenient to describe components
using total magnitudes, rather than effective or central surface brightnesses. Integrating the

above expressions for X and Y., over the model area (to r = oco) yields the total model flux,

Fiot = 2mR*S.exp(r)nk 2"T'(2n)q (1.5)

Fiot = 27R*%q (forn=1) (1.6)

where ¢ is the component axial ratio (b/a), and T is the gamma function (Graham & Driver,
2005). In either case, the units of R./R, (pixels or arcseconds) and X./3, (counts/pixel® or
counts/arcseconds?) must be consistent to yield F' in counts. Hence, the total model apparent

magnitude can be evaluated as

Meer = Myp —2.510g10[27rRzZeeXp(/ﬁ)nn’Q"F(Zn)q] (1.7)

Mexp = Myp — 2.510g10[27rR§Zoq] (for n =1) (1.8)
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Figure 1.6: Cartoon surface brightness plots for Sérsic (red) + disk (blue) systems of each
Allen type (Allen et al., 2006). Type 1 profiles are termed ‘archetypal’, while all other
profiles are described as ‘atypical’. Profile Types 4 and 6 are inversions of Types 1 and 3
(respectively), and may indicate erroneous fitting results.
where m;, is the zero point of the magnitude scale.

It is useful to express Sérsic intensity profiles in terms of surface brightness, ;& (magni-

tudes arcsec™2), as the p-radius plot for an exponential component is a straight line. The

surface brightness profile can be expressed as

p(r) = my, — 2.5log;o[X(r)6?] (1.9)

where 6 is the image pixel scale in arcseconds per pixel.

For a multi-component system, it is convenient to describe the combined model in terms
of its component surface brightness profiles. Profile types for Sérsic + exponential models
were first formalised in Allen et al. (2006) based on which component dominates at r = 0,
and how many times the component profiles cross (see Fig. 1.6). Type 1 profiles corre-
spond to the archetypal central bulge + outer disk of spirals and SOs. Type 2/Type 5 profiles
represent dominant disks/bulges at all radii, with sub-dominant bulges/disks. Conversely,
the centrally-dominant Sérsic component in Type 3 profiles re-dominates the model at large
radii. These profiles may be non-physical representations of more complex (3+ component)

systems. Profile Types 4 and 6 are equivalent to Types 1 and 3 with the roles of the Sérsic
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Figure 1.7: Cartoon surface brightness plots for bulge (red) + disk (blue) systems of each
Erwin outer disk type (Erwin et al., 2008). Left: Non-truncated (Type I) disk. Middle:
Truncated (Type II) disk. Right: Anti-truncated (Type III) disk. Black dashed lines corre-
sponding to the non-truncated disk are included in the Types II and III profiles for compari-
son.

and exponential components swapped. As such, these inverted profiles may be symptoms of
erroneous fitting pathways, rather than true physical structures.

The outer profiles of disk-dominated galaxies do not have to correspond to a classical
exponential disk. ‘Broken’ disks have been observed for SO and spiral galaxies (Erwin et al.,
2008), wherein surface brightness profiles beyond a break radius deviate either downwards
(i.e. fainter; ‘Type II’) and upwards (i.e. brighter; “Type III’) relative to a simple exponential
(‘Type I’) profile. A Type II profile corresponds to the truncation of an exponential disk due
to, for example, the stripping of disk stars at large r, or inward radial migration. However,
the physical interpretation of Type III profiles is less clear, and may indicate the renewed
dominance of the central spheroid. Studies of outer SO profiles indicate an absence of Type

IT disks in the (Virgo) cluster environment, despite approximately even numbers of Types I,

II, and III in the field (Erwin et al., 2012).

1.5 Thesis Overview and Aims

Measurements of broad-band colours can be used to probe a galaxy’s star formation history.
Using stellar population synthesis models, optical colours can constrain the ages and metal-
licities of the observed stellar populations, albeit with degeneracies due to the common bias
towards redder colours caused by both properties. Many photometric studies of galaxy evo-
lution only investigated global colours (e.g. Gavazzi et al., 2010). While straightforward,

this approach glosses over the rich variation of stellar population properties within and be-
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tween component structures. Alternatively, bulge-disk decomposition of imaging data (e.g.
Hudson et al., 2010, hereafter H10; Simard et al., 2011; Lackner & Gunn, 2012) separates
the photometric contributions of the galaxy bulge and disk, and thus enables stellar popu-
lation properties of these structures to be measured separately. An age difference between
the bulge and disk would constrain the transformation mechanisms that drove the galaxy’s
evolution in the past.

First discovered in the late 18" century (Herschel, 1785), the Coma cluster (Abell 1656)
possesses one of the richest, and most well-studied ETG populations in the local Universe
(# =~ 0.024). As such, Coma is an excellent laboratory for studying the morphologies (e.g.
Wolf, 1902; Shapley, 1934; Dressler, 1980b) and evolution of ETGs (e.g. Lucey et al., 1991;
Bower et al., 1992; Jgrgensen, 1999). In addition, Coma encompasses a wide range of local
environment conditions (~ 100 x difference in galaxy density between the core and the virial
radius; Rawle et al., 2013), allowing in-depth investigation of radial trends of environment-
mediated processes (Gavazzi, 1989; Guzman et al., 1992; Carter et al., 2008; Gavazzi et al.,
2010; Smith et al., 2012; Cappellari, 2013; Rawle et al., 2013; Lansbury et al., 2014).

In this thesis, multi-component (2+) model fitting is used to characterise the structural
and photometric properties of red sequence galaxies in the Coma cluster. Galaxies are se-
lected in an absolute magnitude range —17 > M, > —22, yielding a large (N ~ 600)
initial catalogue of ETGs over a wide range of local environment densities. Decomposition
analysis yields insight into the morphological and star-formation histories of galaxies which
reside in rich galaxy clusters in the present day. Thus, structural variation along the Hubble
sequence and the nature of star-formation quenching (environment-mediated or otherwise)

is investigated. Five main questions are addressed:

e Are progenitor bulge and/or disk structures preserved in present-day SOs?

Do the bulges and disks of ETGs follow a common red sequence slope?

How separated (in colour) are the stellar populations of these components?

In what way do the observed colour distributions vary during cluster infall?

Do the profiles of galaxy disks maintain an exponential profile to large radii?
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The results of the study presented in this thesis are based on deep observations of Coma
taken during March-June 2008 at the Canada-France Hawaii Telescope (CFHT) on Mauna
Kea, Hawaii. In Chapter 2, these observations are described in detail, including discussion
of the data pipeline and the data products derived from the initial imaging (e.g. noise maps,
point spread functions). In addition, the sample selection criteria used to identify Coma
cluster galaxies for analysis are described.

In Chapter 3, I first describe both the general principles of bulge-disk decomposition (in-
cluding discussions of the models and software used), and the specific algorithm developed
for this work to extend and automate this data reduction. Secondly, I present details of the
sample filtering and model selection techniques used to isolate a sample of galaxies for anal-
ysis which provide meaningful bulge + disk fits. Thirdly, the reliability of results produced
by this reduction pathway is discussed, along with a description of its limitations. Lastly,
techniques for multi-band fitting (i.e. fitting using constraints derived from fits to another
photometric band) of varying complexity are discussed and contrasted.

The results of the present decomposition analysis are contrasted to the equivalent stud-
ies of independent imaging data (SDSS, HST) in Chapter 4. This comparison investigates
both literature decomposition catalogues, and the results of applying the present decompo-
sition pipeline to equivalent data sources. This provides a valuable test of the fitting scatter
and highlights the improved reliability of the present work relative to the decomposition of
shallower imaging.

Rather than forcing a Sérsic bulge + exponential disk morphology on all galaxies regard-
less of model suitability, I focus exclusively on a sample of galaxies with SO-like structural
morphologies (i.e. central bulge + outer disk; described as ‘Classic’/Type 1 in Allen et al.,
2006). The cherry-picked nature of this sample introduces selection biases as only symmet-
ric galaxies with idealised morphologies are included. However, the aim of this work is to
examine galaxies expected to be well-fit by a bulge + disk model, rather than to address a
complete sample. The resulting distributions of component structural properties (i.e. size,
shape, and orientation on the sky) are presented in Chapter 5, along with a discussion of
trends with galaxy mass/luminosity or local environment.

Galaxy and component photometric results (luminosity and colour) are described in
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Chapter 6. This chapter includes a full discussion of the component red sequences and en-
vironmental trends, and any variation therein caused by the choice of the multi-band fitting
technique. The resulting component stellar population properties are then derived via simple
stellar population models. In addition, this chapter investigates variations in the measured
photometric properties if the sample is divided by (visually-classified) galaxy morphology.

In Chapter 7, I describe the extended decomposition routine for more complex multi-
component galaxy analysis, highlighting pipeline, fitting, and filtering differences from Chap-
ter 3. I also describe the broken disk model used during this analysis to identify deviations
from a simple exponential profile in the outer regions of ETGs. The structural results of this
analysis are described in Chapter 8. This includes discussion of multi-Sérsic galaxies, and
the formation mechanism of truncated/anti-truncated disk structures.

Finally, in Chapter 9 I summarise the results of this work, and the final conclusions of
this study are drawn.

Throughout this thesis, I make use of the following notation conventions: Galaxy mor-
phologies (see Section 1.1) are indicated in italics (e.g. ‘Sa’) to distinguish them from fitted
model structures (see Section 7.2.3; e.g. ‘S’). Disk break types (i.e. Freeman types; un-
truncated, truncated, anti-truncated, see Section 1.4) are denoted with Roman numerals (e.g.
‘Type II’), and galaxies containing such structures are referred to as Type I, Type II, or Type
IIT galaxies. Conversely, galaxy types using Arabic numerals (e.g. ‘“Type 2’) refer to Allen
et al. (2006) surface brightness profile types (see Sections 1.4 and 7.2.3). The Type 1 profile
is a special case describing a central bulge and an outer disk, and is referred to as an ‘archety-
pal SO’ profile (‘archetypal’, or ‘SO’ as shorthand). All other Allen et al. (2006) types are
referred to as ‘atypical SO’ profiles (or simply ‘atypical’).

Furthermore, I use the WMAP7 cosmology: Hy = 70.4 km s~ Mpc™* (i.e. hyo = 1.01),
Q,, = 0.272, and Q, = 0.728 (Komatsu et al., 2011). Using zcmp(Coma) = 0.024, the
luminosity distance for the Coma cluster is 104.1 Mpc, and the distance modulus, m — M =
35.09. Equivalently, the angular size distance for Coma is 99.3 Mpc, and thus 1’ corresponds
to 28.9 kpc. Taking a value for velocity dispersion of ocoma = 1008 km s™! (Struble &
Rood, 1999) and virial mass, Mooy = 5.1 x 10*h-y M, (Gavazzi et al., 2009), the virial

radius, 7999, for Coma is 2.2 Mpc (~ 75).
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Chapter 2

Data and Initial Sample

2.1 Introduction

In this chapter, I describe the optical imaging data used in this thesis to analyse red sequence
ETGs in the Coma cluster. This encompasses a full description of the observations (including
details of the detector, initial data processing, and observed fields), and the selection criteria
used to define a sample of target galaxies for analysis. In addition, I discuss the data products
derived from the (as-received) imaging for use in the decomposition analysis, along with the

corrections applied to enable robust measurement of rest-frame photometry.

2.2 Observations and Initial Reduction Pipeline

Optical imaging of the Coma cluster was acquired in the u, g, and 7 bands at the 3.6 m
Canada-France Hawaii Telescope (CFHT) during March - June 2008 (Run ID 2008 AC24,
PI: M. Hudson). These observations made use of the MegaCam instrument (Boulade et al.,
2003), a 340 Megapixel optical/near infrared Charge-Coupled Device (CCD) detector with
a square degree field of view. In total, a ~ 9 deg? area (= 5.2 Mpc x5.2 Mpc, 2 7500 X 2 300
for Coma) was observed, comprised of nine subfields (details in Table 2.1, illustrated in Fig
2.1). Total (coadded) exposure times of 300 s were obtained for the g and 7 bands, and 1360
s for the u band. Compared to Sloan Digital Sky Survey (SDSS; York et al., 2000) imaging

(2.5 mtelescope, 53 s exposures), these observations were ~ 12x deeper in the g and 7 bands,
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Field RALin [deg] RAL.x [deg] Decpi, [deg] Decpax [deg]
COMA-F1 193.30714 194.43549 +26.54732 +27.56709
COMA-F2 194.36464 195.49299 +26.54732 +27.56709
COMA-F3 195.42297 196.55133 +26.54732 +27.56709
COMA-F4 193.30245 194.44043 +27.48061 +28.50038
COMA-F5 194.35995 195.49793 +27.48061 +28.50038
COMA-F6  195.41828 196.55626 +27.48061 +28.50038
COMA-F7 193.29745 194.44570 +28.43056 +29.45033
COMA-F8 194.35495 195.50320 +28.43056 +29.45033
COMA-F9 195.41328 196.56154 +28.43056 +29.45033

Table 2.1: The maxima and minima in Right Ascension (RA) and Declination (Dec) for the
nine Coma CFHT fields in degrees. These fields are illustrated graphically in Figure 2.1 by
green boxes.
and ~50x deeper in the u band (from exposure time, .y, and aperture size, D'). We note
that the MegaCam w filter is shifted slightly redward relative to SDSS u. This difference
is accounted for by calibrating the u band zero points with SDSS aperture photometry (see
Section 2.4). The MegaCam point spread function (psf) full-width half-maximum (fwhm)
was between 0.65” and 0.84”. For comparison, the psf for SDSS imaging in the Coma region
has a fwhm of ~ 1”. The pixel scale for all MegaCam imaging was ~ 0.186 arcseconds/pixel.
Each 1 deg? MegaCam field image was combined from four 75 second exposure frames
(in g and 7; 340 second exposures in u), each of which comprise 36 individual CCDs. The
raw data frames were pre-processed via the Elixir pipeline (Magnier & Cuillandre, 2004),
and subsequently stacked using the TERaPTX pipeline (Bertin et al., 2002). Elixir is a 2-3
stage pre-processing routine: First, biases and errors resulting from the optics/CCD system
were corrected: this included bad pixel masking (setting their value to 0 ADU), and the re-
moval of overscan (y-axis) gradients and ringing at the beginning of the pixel rows in each
CCD. Flat-fielding was also carried out to correct for variation in optical transmission, filter
bandwidth, and pixel scale across the detector. By normalising the gain/quantum efficiency
ratio for each CCD, this also yielded a uniform zero point across the detector. Secondly,
fringe correction was carried out in the ¢ band based on a master fringe pattern generated
from multiple fringed images (linearly-scaled to the same level). The scaling factor used for
fringe correction was a median of the values computed for all 36 CCDs. Lastly, a correction

was applied to all bands to remove an apparent increase in intensity towards the centre of the

Y(texp,cFHT/texp,spss) (Dorut/Dspss)?
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Figure 2.1: Plot of the Right Ascension (RA) and Declination (Dec.) of the CFHT Coma
field of view, and the resulting galaxy sample used for analysis. The CFHT fields (see Table
2.1) are marked as green boxes. Galaxies which meet the selection criteria for analysis (the
Coma sample) are plotted as filled red circles. All other galaxies (too faint, too blue, or non-
cluster members) are plotted as small, unfilled circles. A dashed blue line indicates the area
within 1 Mpc of the cluster centre.

34



frame introduced by the photometric flat-field image. Image astrometry was calibrated via a
first-order fit (~ 1” error) to astrometeric catalogues based on rough World Coordinates Sys-
tem (WCS) data in the raw data frames. Band-wise photometric calibration was performed
via repeated observation of standard star fields over the course of the observing run.

The TERAPTX pipeline was used to sky-subtract and stack the Elixir-processed data frames.
In addition, TERAPIX provided an additional stage of astrometric and photometric calibration:
Elixir astrometry is tuned up through iterative fitting of a global astrometric solution to the
imaged fields (Astrometrix) via cost function minimisation. A similar routine (Photometrix)
is used to calibrate the photometric zero-points. Calibrated frames were then stacked using
SWarp, including automated sky-subtraction with a 64 pixel mesh.

In this section, I have described the MegaCam observations used in this thesis, including
details of the target Coma fields, ug: observation depth, and the imaging data pre-processing.
The resulting data products comprise 27 one deg? stacked, (photometrically + astrometri-

cally) calibrated, and sky-subtracted images (u, g, and ¢ for all nine Coma fields).

2.3 Coma Sample Selection

An initial sample of target galaxies in the 9 deg? area covered by the MegaCam observations
(see Section 2.2) was taken from the SDSS Data Release 9 (DR9; Ahn et al., 2012) cata-
logue. In total, this initial sample comprised N = 1449 galaxies with SDSS photometry, and
spectroscopic redshifts. A magnitude limit of g < 18 (M, < —17.1) was applied to ensure
sufficient signal-to-noise (S/N?) for reliable measurement of galaxy bulge and disk struc-
tures (< 1% uncertainty on model magnitude). This limit removes N ~ 550 galaxies from
the initial SDSS galaxy sample. Likewise, an apparent colour limit of (g —r) > 0.5 (selected
for consistency with Smith et al., 2012) was used to isolate red sequence galaxies (/N ~ 100
removed). These photometric selection criteria are illustrated in Figure 2.2. Targets were
also limited to the redshift range 0.015 < z < 0.032 (heliocentric vcoma &= 2.501p) to ensure
that only cluster members were included (/N ~ 200 removed). These selection criteria yield

a sample of N = 570 red-sequence galaxies (hereafter ‘Coma sample’).

2Calculated as the sum of sky-subtracted pixel counts within the target ellipse (see Section 2.4), divided by
the quadrature sum of the noise map in the same area.
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Figure 2.2: Colour-magnitude diagram for the Coma cluster, using total galaxy magnitudes
from SDSS (DR9). The (g — r) colour, and g band brightness limits used to define the Coma
sample are included as a solid blue line and dashed black line respectively.
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1237667442974785715

Figure 2.3: Example u, g, © image frames for galaxies with median, and first and third
quartile (g band) S/N. Upper: SDSS DR8 ObjID 1237667442974785715; M, = —19.1,
S/N~1000. Middle: SDSS DR8 ObjID 1237667444048723991; M, = —18.9, S/N~ 530.
Lower: SDSS DR8 ObjID 1237665440442155197; M, = —18.2, S/N~ 310. A red scale
bar corresponding to 10” (= 4.8 kpc) is included in each frame.
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2.4 Input Analysis Data

2.4.1 Dataimages

For the primary data input, ~ 100" x 100" (536 x 536 pixel) thumbnail images were extracted
from the coadded MegaCam image frames, centred on each target galaxy (see Fig. 2.3). To
ensure that no pixels contained negative values, a soft sky of 100 counts was added to each
thumbnail. The resulting local background sky was then measured from the thumbnail using
elliptical annuli: first, SExtractor (Bertin & Arnouts, 1996) was used to identify an ellipse
enclosing all pixels containing flux from the target galaxy (at a 0.504, threshold above the
sky value; hereafter ‘moments ellipse’). Next, the moments ellipse was doubled in radius
(hereafter ‘sky ellipse’) to ensure the galaxy does not contaminate the measured sky value.
This sky ellipse was then sequentially scaled up (by 10% in radius, preserving axis ratio and
position angle)®, and the median sky flux was measured within the resulting annuli (Figure
2.4). As no significant variation (< 0.1%) was detected between sky measurement annuli,
the sky value was assumed to remain constant for each thumbnail.

Galaxy thumbnails are masked during fitting to prevent the sky from dominating the
value of chi-squared (x?) during fitting. The sExtractor moments ellipse was extended by
5" along the semi-major axis (with axis ratio fixed) to ensure that no target flux was omitted
(hereafter ‘target ellipse’). All pixels outside of the target ellipse were masked, except for
~ 1" wide strips along its major and minor axes (see Figure 2.5). This unmasked cross area
was included to avoid discontinuities at the mask boundary. In addition, SExtractor was

used to detect and mask other sources or defects in the thumbnail (> o, threshold).

2.4.2 Noise maps

The results of x2-minimisation fitting is highly dependent on the weighting of each image
pixel. If pixels with high uncertainty (due to Poisson noise) and well-known brightnesses
are assigned equal importance during fitting, then y? struggles to distinguish between im-
provement/worsening of the goodness-of-fit. Therefore, in order to carry out model fitting

reliably, a robust estimate of the underlying noise distribution is essential. This noise map

3Until the (outermost) ellipse radius exceeds 300/q pixels, where ¢ is the ellipse axis ratio, to ensure a
sufficient number of pixels per annulus.
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Figure 2.4:  Sky determination for an example galaxy (SDSS DRS8 ObjID:
1237667444048199866). Upper panel: g band galaxy thumbnail indicating the sextractor-
determined moments ellipse (green), and the corresponding sky ellipse (red) which is
sequentially scaled up (by 10%; black ellipses) to form elliptical annuli for sky measure-
ment. For clarity, neither the external source masking or annuli within the sky ellipse are
indicated. Middle/lower panels: The median pixel intensity (in counts) in each elliptical
annulus (square points) plotted against the median (major axis) radial distance from the
galaxy centre. The radii of the moments and sky ellipses are indicated as green and red
dotted lines (respectively), and the measured sky value is indicated by a solid black line.
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Figure 2.5: Example of image masking for SDSS DR8 ObjID 1237665427553321062. Left:
Galaxy thumbnail with target ellipse overplotted in black. Right: Galaxy thumbnail with
final cross mask (including neighbouring source masking) overlaid in green.

was estimated using

1
o(x,y) = <|f(x’éﬁﬂ\lf3kY| + asky(:v,y)z) ’ (2.1)
where f(x,y) is the signal in analogue-to-digital units (ADU) for a pixel at position (z, y),
Osky (@, y)? is the root mean squared (RMS) sky variance in that pixel (in ADU?), fy, is the
mean sky level (in ADU), and GAIN is the CCD gain in ADU/counts (Peng et al., 2010).
However, the chosen fitting software (GALFIT, see Chapter 3) estimates the sky parameters by
removing the faintest and brightest 20% of pixels and calculating a filtered median and RMS
value from the remaining regions. This approach assumes that 60% of the image contains
no source objects. If this is not the case, then the sky will be overestimated by sampling
pixels corresponding to low surface brightness sources, and thus produce an incorrectly-
weighted sigma image. Therefore, the mean sky flux and RMS sky variance were estimated
independently. To avoid overestimates of the sky variance due to exposure frame mosaicing
or faint unmasked sources, o, is determined locally in 16 pixel x 16 pixel regions in the

(source-masked) image frame. Where less than 50% of the pixels in a region are unmasked,

a median value is calculated from valid surrounding regions.
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2.4.3 PSF characterisation

Stars in the MegaCam frames were used to characterise the psf of the data images. Thumb-
nail images covering an area of 9.3"” x 9.3” (50 x 50 pixels) were extracted from the sky-
subtracted frames. These psf images were vetted via ellipse fitting to exclude saturated,
binary, or contaminated star images. For each band, the closest five clean psf thumbnails
(of sufficient S/N) were averaged using kappa and MAKEMOS (from the starlink package,
Giaretta et al., 2004) to produce an master psf image. Stars were sampled from no further
than 5’ from the target galaxy, as the psf varies across the detector CCD (see Figure 2.6). For

the u, g, and 7 bands, fwhm of ~ 0.8”, ~0.7”, and ~ 0.6” were typical.

2.4.4 Photometric zero point corrections

The photometric zero points were calibrated by comparing SDSS photometry (7.43" aper-
ture) with the magnitude measured in an equivalent radius aperture in the MegaCam images.
To avoid erroneous zero points in cases where deblending is required, the median zero point
correction for each MegaCam field (determined on a galaxy-by-galaxy basis) is applied to all
galaxies within that field. The size of this correction was typically 0.35 mag, 0.15 mag, and
0.05 mag in the u, g, and ¢ bands respectively (see Fig. 2.7). This correction allows direct
comparison of this work’s results with studies utilising the Sloan ugriz magnitude system
(Fukugita et al., 1996; Smith et al., 2002). To first order, this also accounts for the differ-
ences between MegaCam and SDSS u band filters. The zero point uncertainty was typically
< 0.01 mag in the g and 7 bands, but ~ 2-3x greater in the u band, due to sky determination

issues in the (relatively shallow) SDSS imaging.

2.4.5 Conversion to rest-frame photometry

In this study, fitting results are considered primarily as a function of absolute galaxy lu-
minosity. This approach is favoured over the prediction of galaxy stellar masses, as di-
rectly measurable parameters require the fewest number of assumptions (e.g. the choice of
initial mass function). If galaxies luminosities were converted to stellar masses (e.g. via
log,o(M/L) = 0.914(g — i) — 0.379 from Bell et al., 2003), then the Coma sample covers

a 100x range (=~ 10°-10'* M,). However, given the small range of colours covered by the
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Figure 2.6: The point spread function FWHM (in arcseconds) as measured from stars in
each MegaCam field (F1-F9) plotted against field-centric radius, rgy. The u, g, and ¢ band
FWHM are plotted as blue, green, and red circles respectively.
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Figure 2.7: The correction to the MegaCam photometric zeropoints, Am,,, in magnitudes
plotted against field-centric radius, rpy for galaxies within each MegaCam field (F1-F9).
The u, g, and ¢ band corrections calculated for each galaxy are plotted as blue, green, and
red circles respectively. The field median corrections (applied to all galaxies in that field) are
plotted as solid lines, using the same colour scheme for the three bands.
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red sequence galaxies, a light-to-mass conversion would not significantly alter the measured
trends (i.e. a constant offset, with only ~ 10% uncertainty in mass due to colour scatter).

Absolute rest-frame magnitudes were calculated by subtracting the distance modulus
(m — M = 35.09), and applying galactic dust extinction- and k-corrections. Using the maps
of Schlafly & Finkbeiner (2011), average galactic extinction corrections of 0.034, 0.026, and
0.014 mag were applied to the u, g, and 7 bands respectively. The k-correction was calculated
using SDSS spectroscopic redshifts and ‘the k-correction calculator’ (Chilingarian et al.,
2010; Chilingarian & Zolotukhin, 2012). This correction was typically 0.12, 0.05, and 0.01
mag in the u, g, and ¢ bands.

Throughout this thesis, no formal correction is included for the presence of dust internal
to the observed galaxies. Dust effects will contribute to the scatter in structural and photo-
metric distributions presented below. This effect is pronounced in highly inclined galaxies,
but will also influence face-on galaxies (Driver et al., 2007). However, dust-contaminated
ETGs are rare in cluster environments (Kaviraj et al., 2012). By filtering the analysis sam-
ple to remove the few galaxies with strong dust lanes or asymmetries (see Section 3.5), the

effects of dust on the conclusions of this thesis have been minimised.

2.5 Chapter Summary

In this chapter, I have described the preparation and calibration of the MegaCam imaging
data for use in bulge - disk decomposition, and the selection of a sample of Coma cluster
member galaxies.

Analysis thumbnails were extracted from the (pre-processed; astrometrically and pho-
tometrically calibrated) parent MegaCam frames with a 100” x 100" field of view. These
thumbnails were then re-calibrated to SDSS magnitudes using aperture photometry, and their
background sky fluxes were robustly measured. Maps of the pixelwise statistical noise were
estimated from each thumbnail in order to correctly weight galaxy pixels during fitting anal-
yses. In addition, the MegaCam psf was characterised by extracting (uncontaminated) star
images from no further than 5’ from each target galaxy.

The initial sample of Coma cluster galaxies was selected from the MegaCam fields using

the SDSS DR9 catalogue. Red sequence target galaxies were selected where g < 18, and
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g—r > 0.5. Cluster membership was determined using a (SDSS DR9 spectroscopic) redshift
range of 0.015 < z < 0.032. This yielded a sample of 570 galaxies.

In the next chapter, I will describe the galaxy decomposition pipeline used to measure the
bulge and disk properties of Coma cluster galaxies. This includes a discussion of the model
selection and sample filtering techniques used, and a description of the resulting galaxy sub-

samples.
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Chapter 3

Bulge-disk Decomposition Techniques

3.1 Introduction

To measure the structural and photometric parameters of galaxy bulges and disks, galaxy
decomposition has been carried out using GALFIT (version 3.0.4), a 2D fitting routine (Peng
et al., 2010). Given a user-specified model (of arbitrary complexity), GALFIT varies param-
eters based on a non-linear chi-squared minimisation algorithm until no significant decrease
in (reduced) chi-squared (X?j) is found. The parameter values of this best-fit model are used
to estimate the underlying structure and photometry of the target galaxy.

In this chapter, I describe the bulge-disk decomposition methodology used to fit 2-
component models (consisting of a Sérsic ‘bulge’ and exponential ‘disk’) to the Coma clus-
ter galaxy sample described in Chapter 2. This includes a description and critical analysis
of techniques for fitting consistent model structures across multiple photometric bands. In
addition, the statistical tests and selection criteria used to filter out galaxies which are not

well-described by a bulge + disk interpretation are presented.

3.2 Decomposition Routine - AGONTI

AGONII (Automated Galfitting of Optical/Near Infrared Imaging) - a python wrap-around
script for GaLFIT - was developed for this work to automate and extend the fitting pro-
cess. This circumvents the two major issues with running stand-alone GALFIT: a) sensitivity

of fitting results to initial parameters, and b) inability to differentiate between local and
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Figure 3.1: Flow chart: Overall fitting process for 1- and 2-component model fitting. The
reduction loop process is described in Figure 3.2.

Type 4
Surface Brightness
Profile?

global y? minima. Relative to other automated GALFIT wrap-arounds (e.g. GALAPAGOS; Bar-
den et al., 2012), acon11’s extended search provides a more thorough exploration of the
parameter-space. In addition, AGonIT includes a prescription for multi-band decomposition
(i.e. variation of model parameters between photometric bands). While complex multi-band
approaches have been presented previously for Sérsic-only fits (e.g. GALFITM/MegaMorph;
Vika et al., 2013), acon1I represents the first multi-wavelength application of bulge-disk
decomposition. Furthermore, aconTT implements an additional stage of sample filtering
to ensure applicability of the assumed bulge + disk model structure. This ensures that the
resulting analysis data products are not contaminated by inappropriately-fit galaxies (i.e. dis-

sonance between model and stellar structures).
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Figure 3.2: Flow chart: Reduction loop for a specified series of model parameters (X, Xo,...,
Xn) to be varied. Variations are dependent on parameter type (e.g. logarithmic, linear, or
ratio), and cycle number, ¢.
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Parameter Value

Total magnitude, m 10.0
Effective radius, k. 24.0 pix
Sérsic index, n 4.0
Axis ratio, g 0.5
Position angle, PA 60.0°

Table 3.1: The initial fitting parameters used for a one component (Sérsic) galaxy model.
Note that the pixel scale for all MegaCam images was 0.186 arcseconds/pixel.

aGONTIT’s fitting extension (see Figures 3.1 and 3.2) is implemented by perturbing the
GaLFIT model parameters from their apparent best-fit positions and re-fitting. A large per-
turbation (a 3x increase/decrease) will shift GALFTT out of any local minimum in x?2-space,
thus improving the true global minimum detection rate. Extended fitting is carried out in
cycles in which each parameter! is varied twice (increased/decreased) until a stable 2 mini-
mum solution is found. In this context, ‘stable’ means that no improvement in X?, was found
over an entire cycle. To avoid repeatedly testing the same parameter values from cycle to
cycle, the magnitude of the variation decreases with cycle number.

In order to acquire realistic starting values for our fit parameters, model complexity is
built up over subsequent stages of the analysis. Initially, a single Sérsic model is exhaus-
tively fit to the galaxy using generic initial parameter values (see Table 3.1). The choice of
these starting values has no effect on the final two-component results due to the low level of
degeneracy and scatter in a single-component fit. The resulting best-fit is then used as the
basis for the 2-component fit initial conditions: the Sérsic component is duplicated (increas-
ing both components’ magnitudes accordingly), and the Sérsic indices of the new ‘bulge’
and ‘disk’ are fixed at n = 4 and n = 1 respectively. GALFIT is run again for this input
(Sérsic + exponential) model, and the resulting fit parameters are used as the initial values
for exhaustive two-component fitting.

The influence of unrealistic models can be mitigated through use of fitting constraints to
set upper and lower limits to the acceptable parameter values. Excessive use of constraints
can introduce model biases, however, by limiting GALFIT’s search of the parameter space,

and thus preventing the true best-fit model from being found. In this study, constraints are

lExcluding Sérsic index due to covariance with R, and component PA, which is well determined without
fitting extension.

49



Parameter Constraint Notes

x ordinates (rg, xp) IR = IDp Component centres fixed
y ordinates (yg, Yp) YB = Yp "
Bulge Sérsic index (n) 0.15 < n < 10.0 k(n < 0.15) poorly-defined
Bulge magnitude (mp) —100 < mp < 100  Extreme value limits
Disk magnitude (mp) —100 < mp < 100 "
Bulge effective radius (R,) 1 < R, <500pix Lower limit < resolution,
Disk scale length () 1 < Ry, <500 pix  upper limit > thumbnail
Disk axis ratio (gp) 0.05 < gp < 1.0 Model quantised if ¢ < 0.05
Bulge axis ratio (gg) 0.1<gg<1.0 > qp to deter BD swap

Position angles (PAg,PAp) —180° < PA < 180° Extreme value limits

Table 3.2: The fitting constraints for a two component (Sérsic bulge + exponential disk)
galaxy model. x refers to the dimensionless normalisation parameter in the Sérsic profile (see
Section 1.4). Note that the pixel scale for all MegaCam images was 0.186 arcseconds/pixel.

only used to provide extreme limits to model parameters (see Table 3.2). This minimally-

2 or unreasonable

constrained approach reduces the likelihood of parameter underflow errors
parameter values. By placing limits significantly in excess of the expected range of parameter
values (e.g. n > 0.15 rather than n > 1), these constraints will not artificially restrict
GaLFIT’s search through parameter space. In addition, a thorough a posteriori sample filter

(as described in Section 3.5) is utilised to test applicability of the imposed (bulge + disk)

model, thus ensuring reliable fitting results.

3.3 Fit parameter uncertainty

The statistical uncertainties associated with the fit parameters were estimated through the
Monte Carlo fitting of synthetic model galaxies. Model Sérsic, and 2-component (bulge +
disk) galaxies were generated external to GALFIT using the analytical forms of the Sérsic and
exponential disk models (Equations 1.3 & 1.4), and convolved with a typical MegaCam psf.
These noiseless models were then Poisson resampled to simulate photon noise, including
treatments of sky RMS and CCD gain using values typical for the MegaCam imaging. This
was repeated to produce 100 Monte Carlo realisations of each underlying model. AcoNTI’s
fitting analysis routine (see Section 3.2) was carried out for these model galaxies, the results
of which were used to measure the uncertainty in each parameter value: The measurement

scatter, og, was found from the ensemble standard deviation in parameter values, and the

2Wherein GaLFIT iterates a parameter value below zero during fitting, yielding a non-physically large value.
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Parameter \ A B « I5; v Type

Ms, 0.0 1 —1.202 0.0 8.330E —1 Pow
Ms., 0.0 +1  —0.913 0.0 7.104E —1 Pow
Res 0.0 +1  —1.126 0.0 8.580E —1 Pow
nss 0.0 +1  —1.020 0.0 4397TE—1 Pow
Gs.s 0.0 +1  —1.092 0.0 357TE—1 Pow
Mg, 0.0 1 —1.260 ~1.012 1.392  Pow
Mg, 0.0 +1  —0211  —7770E—1 —1.293  Pow
Reps 0.0 +1  —1.316 —1.081 1.631  Pow
B 0.0 +1  —1.059  —9961E—1 T7.429E—1 Pow
B 0.0 +1 —9685E—1 —-9353E—1 2237E—1 Pow
Mp., 0.0 +1 —1.074 9.198E -1 5.961E —1 Mix
Mpes | —97E—3 +1 —9943E—1 —5152E—1 7.902E—1 Mix
Mpo., 34E—-3 —1 —4105E—2 9262E—1 —2301 Mix
Mp o 0.0 ~1 —6.163E—5 1.261 —2.593  Exp
R.p 0.0 +1 —1.143 8.525E —1 B5.587TE—1 Mix
b 0.0 +1 —1.142 7912E -1 6.958E —1 Mix

Table 3.3: Definition of the equations determined for the random scatter (subscript ‘s’)
and systematic offsets (subscript ‘0’) in parameter values for pure Sérsic (subscript ‘S’),
Sérsic bulge (subscript ‘B’), and exponential disk (subscript ‘D’) components. Equa-
tion types are pure power law (‘Pow’; A + B(107(S/N)*(B/T)")), pure exponen-
tial (‘Exp’; A + B10@S/MN+8B/T)+7)) and mixed power law/exponential (‘Mix’; A +
B((S/N)*108B/T)+7)) " Uncertainties and offsets do not vary from band to band except
as noted for Mp.

systematic offset, o, was calculated from the difference between the ensemble average pa-
rameter value and the true input value.

To characterise the variation of parameter uncertainty with S/N, this Monte Carlo process
was carried out for models with seven values of total magnitude (used as a simple proxy for
total S/N). Parameter uncertainties for model components are dependent on their component
magnitudes (i.e. the S/N when that component is considered in isolation). Thus, five differ-
ent values for B/T are also considered for the Monte Carlo models. Linear regression was
used to obtain expressions for each parameter’s o5 and o, as power-law or exponential func-
tions of galaxy S/N (as measured within the target ellipse, see Section 2.3) and model B/T.
These expressions are summarised in Table 3.3 for component magnitudes, effective radii,
axis ratios, and Sérsic indices (where appropriate). Note that no significant variation in the
functional forms of these expressions was noted between photometric bands, with the excep-

tion of disk magnitude offset. Corrections applied to the measured component photometry

to account for systematic fitting bias was no more than £0.02 mag in most cases. These
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Figure 3.3: Distribution of ABIC, ., (for comparison between Sérsic-only and Sérsic + disk
models) plotted in bins of width 0,5, and normalised to the total Coma sample size (N =
570). A dashed line is given at the 30,5, below which the Sérsic-only model is preferred.
uncertainties are the minimum value for the error on a measured parameter value, under the
assumption that the galaxy is perfectly represented by the fitting model.

While the fitting remains robust for thumbnails with low S/N (m, ~ 17; S/N ~ 300), the
uncertainty associated with bulge component photometry increases exponentially for low
B/T galaxies. At B/T = 0.1, the bulge of a faint galaxy can only be measured to £0.1
magnitudes. Below B/T = 0.1, therefore, only a single (disk) component can be reliably fit.

Similarly, disk magnitude measurement is limited (uncertainty > 0.1 mag) above B/T = 0.9.

3.4 Bayesian Model Selection

An important consideration for any study involving the fitting of multiple candidate models
is the selection of a ‘best fit’ model. For example, pure Sérsic systems can be erroneously
classified as possessing a disk due to weak ripples in their surface brightness profiles. Thus,
it is necessary to apply a statistical test to identify true 2-component galaxies (e.g. an F-test,
as performed by Simard et al., 2011). In this thesis, I use the Bayesian Information Criterion

(BIC, Schwarz, 1978) to remove galaxies which would be overfit by a 2-component (Sérsic +
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exponential) model. BIC modifies the standard x? assessment of goodness-of-fit to penalise
the addition of unnecessary free parameters. Thus, this statistic can be used to identify
galaxies for which the addition of a (disk) component does not significantly improve the

model fit. The general form of BIC is

BIC = x? + k-1In(n) (3.1

where £ is the number of model free parameters, and n is the number of independent data
points. When comparing two fitting models, A and B, the fit which results in the lowest BIC
is considered the preferred model. Thus, if ABIC = BIC, — BICg > 0, model B provides
a better fit than model A, regardless of any difference in number of free parameters.

A BIC test is selected over the similar Akaike Information Criterion (AIC, Akaike, 1974)
as it more strongly penalises unnecessary model parameters. Thus, the BIC is a more thor-
ough statistic for the identification of overfit models (e.g. bulge + disk fits to 1-component
galaxies). As this work aims to provide a clean sample of 2-component galaxies, ‘false-
negative’ detections of overfitting (i.e. 2-component galaxies categorised as 1-component)
is preferable to ‘false positive’ detections (i.e. 1-component galaxies categorised as 2-
component). Furthermore, in contrast to an F-test, the BIC allows ‘non-nested” model com-
parison even where simpler models cannot be expressed in the form of more complex models
(i.e. comparison of boxy Sérsic and Sérsic + exponential models).

Independence of data points is a key assumption of the BIC, however the individual pix-
els in the image thumbnails cannot be considered statistically independent. Instead, model
selection must be evaluated from all independent resolution elements. Following the pre-
scription of Simard et al. (2011), the number of pixels, npiy, in Equation 3.1 is substituted for
the number of resolution elements, 1,5 = Npix/Npst, Where N is the size of the resolution
element in pixels. As a practical method of determining the resolution element size, NV is
calculated as the area within the psf half-width at half maximum (fwhm/2, as determined via
fitting).

For consistency, the fitting y2 must also be evaluated across independent resolution ele-
ments. However, the identification of which pixels contribute to each resolution element is

non-trivial. Instead, we approximate the resolution-chi-squared as, Y2, ~ Xf)ix /Npst. This
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approach is equivalent to evaluation of x2_ via summation of the average contributions to

x? of each resolution element. The resolution-modified BIC, BIC,.s, is thus:

BIC,., = A’f—; 4 k-In (%’;) . (3.2)

Since measurement of NV, has an associated error (< 1%, determined from the individ-
ual star images used to produce the master psf), the use of BIC,s introduces uncertainty to
the value of ABIC. This error, o,.s, 1S estimated via Monte Carlo simulation. Thus, when
comparing models we select the simpler model unless ABIC, s > 30,s. This is illustrated in
Figure 3.3, where the distribution of ABIC, is plotted in o, bins. The majority of galaxies
possess a ABIC, significantly higher than 0, with a long tail towards negative values. Set-
ting the acceptance limit for 2-component galaxies at 30,¢ thus only affects a small minority
of galaxies, but ensures an analysis sample uncontaminated by misclassified 1-component
galaxies.

Model selection tests via BIC,.s and pixel-wise BIC (BIC,;; i.e. Equation 3.1) were
compared to visual model selection via inspection of 1D surface brightness profiles. For the
majority (~ 83%) of (uncontaminated, symmetric) galaxies, all three tests select the same
‘best-fit” model (e.g. upper panel of Figure 3.4). Where the test results do not agree, BIC i
selects models which are overfit (relative to the visually-selected ‘best-fit’; e.g. middle panel
of Figure 3.4), while BIC,, selects an underfit model (~ 10% and ~ 3% of cases respectively;
e.g. lower panel of Figure 3.4). The remaining ~ 4% of cases are ambiguous.

As identification of a clean sample of well-fit 2-component (bulge + disk) galaxies is
the primary goal of model selection in this work, the incorrect rejection of a small number
of bulge + disk galaxies is preferable to contamination by overfit 1-component galaxies.
Thus, I use BIC, to distinguish between the goodness-of-fit of the Sérsic (k = 7), Sérsic +
exponential (k = 11), and and boxy Sérsic (£ = 8) models in this work.

A 1D BIC test is also used during multi-band fitting to select between component gradient
models (see Section 3.7). Radial colour profiles (for the image and models) are measured in
elliptical annuli (in the v and ¢ bands) within the unmasked target ellipse. BIC is evaluated
as per Equation 3.1, where n is the number of annuli, for £ = 8 (no gradient), £ = 10 (x2;

disk or bulge gradient), and k£ = 12 (bulge and disk gradients).
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Figure 3.4: 1D surface brightness profiles and galaxy thumbnails (both g band) for three
example galaxies. Upper: SDSS DRS8 ObjID 1237667323261026354, for which BIC,.,
BIC,;«, and visual classification all select a 2-component best fit. Middle: SDSS DR8 Ob-
JID 1237667444585857184, incorrectly assigned a 2-component best fit by BIC,;. (over-
fit). Lower: SDSS DR8 ObjID 1237665440442155197, incorrectly assigned a 1-component
best fit by BIC,s (underfit). Black data points indicate the galaxy surface brightnesses mea-
sured in elliptical annuli. The bulge/disk/total model surface brightnesses from the best
2-component fit are included as red/blue/black lines respectively. Values for ABIC,;, and
ABIC, ¢ (Sérsic model — Sérsic + exponential model) are indicated for each example. A red
scale bar corresponding to 10” (= 4.8 kpc) is displayed in each thumbnail.
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3.5 Sample Filtering

The aim of this study is to characterise the photometric and structural properties of the
bulges and disks of ETGs. The Coma sample (as defined in Section 2), however, contains
many galaxies that are poorly described by an archetypal (centrally bulge-dominated, disk-
dominated at large radii) SO morphology. It is necessary, therefore, to identify a sub-sample
of galaxies which are well-fit by 2-component (Sérsic + exponential) models to ensure the
applicability of a ‘bulge + disk’ interpretation.

A suitable sample of archetypal SO models were selected for analysis via an a posteriori
sample filter applied to the 2-component fitting results. This process involves a series of
parameter cuts, and statistical tests which are described in detail in the following section.
The overall filter is illustrated graphically in Figure 3.6, and the resulting filtered subsamples

are described in Section 3.6.

3.5.1 Badly-fit galaxies

Asymmetric, contaminated, or poorly-fit galaxies (i.e. high x?) were removed from the sam-
ple. This includes cases where galaxy crowding (prominent towards the cluster core) would
require additional deblending steps to accurately model. These fits do not yield reliable
model parameters, and therefore cannot be considered accurate representations of the under-
lying galaxy structures. Hence, we remove any 2-component model fits with x> > 1.7 as
unstable. This cut was calibrated on visual inspection of fit residuals. However, galaxies with
significant contamination or strong asymmetrical features may yield artificially low values
of x? (e.g. due to overzealous masking). Therefore, an upper limit to permitted values of x?
is insufficient to selectively remove all unstable galaxies.

Contamination of the galaxy thumbnails was parametrised via the fraction of masked
pixels (due to sExtractor-detected sources; see Section 2.4), fu.c. For an ellipse with

semi-major axis, a, and axis ratio, g, this masked fraction is calculated as,

nmask(@7 Q)

—_— 3.3
npix(aa Q) ( )

fmask(a7 Q) -

where np, 1s the total number of pixels contained in the ellipse, and 1, 1S the number of
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masked pixels. If the fraction of masked pixels within the target ellipse (see Section 2.4),
fmask (Ctarget qtarget) > 0.4, then the thumbnail is considered contaminated. Additionally,
since contamination at small galaxy-centric radii is more disruptive to fitting, galaxies are
also removed as contaminated if the fraction within the inner quarter of the target ellipse,
fmask(atarget/Za Qtarget) > 0.3.

Thumbnails were tested for asymmetric features using the asymmetry parameter, A (Home-

ier et al., 2006). A is defined as

1
A= - [E(|I = Lso|) — Beor) T (3.4)
t

|

where [ is the flux in a particular pixel, /gy is the flux in the same pixel after rotating the
image by 180° around the galaxy centre, and [; is the sum of flux in all pixels. B is a
correction for uncorrelated noise (equivalent to calculating (|1 — I159|) for a empty region
of sky). If a galaxy image has A > (.2 (as calculated in the unmasked target ellipse), then it is
removed from analysis as unstable. The galaxy is also removed if the asymmetry calculated

for the Sérsic + exponential model-subtracted residual, A..s > 0.3.

3.5.2 Single component galaxies

Galaxies best fit by a single-component model were excluded. These Sérsic-only galaxies
were identified where the addition of the exponential disk component provided no significant
improvement to the model fit. The comparative goodness-of-fit of the models was assessed
using the Bayesian Information Criterion (see Section 3.4). Furthermore, model fits which
yielded extreme values of B/T were considered indistinguishable from pure Sérsic systems
due to high fitting parameter uncertainty (> 10%) in components contributing < 10% of the

total galaxy luminosity (i.e. B/T > 0.9 or B/T < 0.1).

3.5.3 Surface brightness profiles

Surface brightness profile types (see Section 1.4) were used to separate archetypal SO galax-
ies (Type 1; i.e. inner bulge, outer disk) from those with all other (atypical) morphologies.

These surface brightness profiles were calculated analytically in the g band out to the edge
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Figure 3.5: The measured g — ¢ colour separation (bulge - disk) of two component model fits
plotted against the axis ratio of the disk component (qp). ‘Archetypal’ (Type 1) bulge + disk
systems are plotted as red circles (unfilled circles indicate less reliable fits), while all other
profile types (2, 3, 4, 5 and 6) are plotted as green squares. A line at (¢ — )puige = (g — @) aisk
is plotted for clarity.

of the target ellipse (see Section 2.4).

Profile Types 4 (exponential-dominated at small radii, Sérsic-dominated at large radii)
and 6 (exponential-dominated at small and large radii, Sérsic-dominated at intermediate
radii) are inappropriate for a ‘bulge + disk’ interpretation and are removed from the sam-
ple. As these profiles are centrally disk-dominated, such models may result from artificial
swapping of the ‘bulge’ and ‘disk’ roles of the Sérsic and exponential components. It is
possible to recover a fraction of the inverted fits by manually swapping the parameter val-
ues of each component and re-fitting. When the re-fitted model yields a Type 1 profile, that
galaxy is returned to the analysis sample. However, as a forced parameter swap may result
in a higher value of x2 (< 0.01), galaxies recovered in this way are flagged as potentially
unreliable. Such galaxies may be better fit by a double Sérsic model.

Profile Types 2 (exponential-dominated at all radii), 3 (Sérsic-dominated at small and
large radii, exponential-dominated at intermediate radii), and 5 (Sérsic-dominated at all radii)
can be considered as ‘bulge + disk’ systems, however, galaxies with these types are not
archetypal SOs (i.e. non-central bulges and/or non-outer disks), and hence are removed from
the sample. While genuine galaxies with sub-dominant disks (Types 3 and 5) exist within
the Coma sample, fits of these types can also result from the underfitting of more complex

morphologies (e.g. barred or ring galaxies). Including underfit models would render a pho-
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tometric analysis unreliable, as measured photometry would not necessarily cleanly probe
the intended structures. An example of this issue is displayed in Figure 3.5, which shows
bulge - disk (¢ — ) colour separation as a function of the apparent disk model axial ratio.
While the majority of model bulges are ~ 0.1 mag redder than their disks, a subsample of
(predominantly Type 3 and Type 5) models have high ellipticity disks ~ 0.1 mag redder than
their bulges. Here, the exponential components are following bar structures, while large-n
Sérsic components account for both the bulge and the outer disk. The introduction of a sec-
ond Sérsic component to account for a bar corrects the photometric swap of the bulge and

disk. This issue is investigated in detail in Chapters 7 and 8.

3.5.4 Blue core galaxies

Galaxies were removed from the sample based on their radial colour profiles, as measured
for use during multi-band fitting (see Section 3.7.2). A two-component model is insuffi-
cient to reproduce a galaxy colour profile which includes a significant downturn towards
bluer colours in the core. Thus, if the innermost colour data point (as measured from the
galaxy thumbnails) is more than 0.01 mag bluer than the adjacent measurement, that galaxy

is considered unsuitable for bulge-disk decomposition analysis.

3.5.5 Flagged sample

A fraction of archetypal galaxies were highlighted as stable but lower-quality fits. Although
selecting galaxies with Type 1 model profiles ensures that the Sérsic and exponential com-
ponents measure inner and outer structures respectively, bars can still distort the photometry
of the Sérsic component: Models in which the Sérsic component follows a bar rather than
the bulge are also identified by flagging ‘bulges’ with low Sérsic indices (n < 1.0). Bar-like
disks are flagged if the exponential component is smaller (R. p/R. p > 0.8) and narrower
(¢gp < qp) than the Sérsic component. A large PA misalignment between the two model
components (|[PAp — PAg| > 45°) also indicates a bar-like structure, so such galaxies are
flagged unless one or both components are circular (¢ > 0.9). Furthermore, a cut at x2 > 1.2
is used to flag fits which suggest the presence of additional (unfit) structural components

which would distort interpretation of bulge and disk component colours.
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Figure 3.6: Flow chart for sample filtering following Sérsic + exponential fitting. For profile
type definitions, refer to Section 1.4 and Allen et al. (2006).
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3.5.6 Overview of sample filtering

To summarise, the results of bulge-disk decomposition are filtered to select a sub-sample
of well-fit, archetypal 2-component galaxies from which bulge and disk properties can be
measured reliably. Galaxies with high x? , asymmetry, or contamination are removed as
poorly-fit (hereafter ‘unstable sample’). Pure Sérsic galaxies are identified and removed
where one component is either not a significant improvement to the model, or has significant
parameter uncertainty (hereafter ‘Sérsic sample’). The remaining galaxies are all well-fit 2-
component systems (hereafter ‘stable sample’). However, 2-component models which do not
exhibit ‘central bulge + outer disk’ surface brightness profiles (hereafter ‘atypical sample’)
are not representative of SO morphologies, and are also removed. The remaining galaxies
(hereafter ‘archetypal sample’) are subdivided into high and moderate-quality fits (hereafter
‘regular sample’ and ‘flagged sample’ respectively). The latter category includes galaxies
with weak indications of additional components (e.g. bars), and fits which require manual

adjustment to produce archetypal profiles.

3.6 Filtering Results

Galaxies are assigned to different subsamples depending on when and how each galaxy was
removed from the filtering process. In this section, I describe the properties and statistics of
the resulting filtered samples in detail. The samples are presented graphically in Figure 3.7,
and summarised in Table 3.4.

From the 570 galaxies initially contained in the Coma sample (see Section 2.3), 127
(22%) galaxies are classified as unstable fits, having no adequate Sérsic-only or Sérsic +
disk model solution. These fits are distorted by the presence of additional strong and/or el-
liptically asymmetric structures (e.g. spiral patterns, isophotal twists, peanut-shaped bulges),
or possess colour profiles with blue cores. Contamination of the galaxy images by neighbour-
ing stars, galaxies, or dust is also a contributing factor. Additionally, the fitting accuracy is
very limited for the minority of galaxies with highly-inclined (edge-on) disks. In such cases,
the infinitely thin exponential profile is a poor representation of a true structure of the disk.

A further 106 (19%) are identified as having no significant disk component. While the
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Figure 3.7: Venn diagram describing the main filtering samples and sub-samples (see Table
3.4) for galaxies best fit by Sérsic + disk or Sérsic-only models.

majority of these galaxies can be considered pure Sérsic systems, six are best represented by
a boxy Sérsic profile. These boxy structures imply an underlying triaxial 3D galaxy shape.

The remaining 337 galaxies (59%) are better fit by two-component models. Of these,
137 (24%) possess an atypical SO surface brightness profile type (Types 2, 3, 4, 5 or 6; see
Sections 1.4 & 3.5). As the Sérsic and exponential components of atypical fits cannot be
reliably interpreted as bulge and disk structures, these galaxies are not considered for further
analysis.

200 galaxies (35%) are found to be well-fit by an archetypal (bulge + disk) model. Of
these, 96 (17%) are flagged as potentially unreliable fits due to the presence of (weak) addi-
tional structures (hereafter ‘flagged sample’), but are not removed from the analysis sample.
12 galaxies are included in the analysis sample due to forcibly inverting a Type 4 model. As
such inversions are only necessary when the corresponding Type 1 model yields a slightly
higher x2 (< 0.02), these galaxies are also flagged. The remaining 104 (18%) galaxies are
considered good fits which robustly represent the underlying stellar structures. Example
galaxy (g band) thumbnails for each subsample are presented in Figures 3.8 and 3.9.

The global (bulge + disk) colour-magnitude properties of the ‘Sérsic’, ‘unstable’, ‘atypi-
cal’, and ‘archetypal’ filtering samples are presented in Figure 3.10. ‘Regular’ and ‘flagged’
subsample galaxies are plotted in the lower panel as filled and unfilled points (respectively)

to highlight the results of lower-quality fits.
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Figure 3.8: Example (g band) thumbnail images of galaxies illustrating the filter subsamples
described in Table 3.4. Each thumbnail includes the SDSS (DRS8) ObjID of the example

galaxy, and a red scale bar corresponding to 10” (= 4.8 kpc).
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Figure 3.9: Example (¢ band) thumbnail and radial (v — ) colour data (as measured in
elliptical annuli) for a ‘blue core’ galaxy (SDSS DR8 ObjID 1237667444048331015). A red
scale bar corresponding to 10” (= 4.8 kpc) is included in the thumbnail.

Sample Subsample Fig. N
Initial All Galaxies Fitted 570 (100%)

Analysis Regular Fit 3.8a 104 (18.2%)
Sample Flagged (High x?) 38b 52 (9.1%)

N =200 Flagged (Bar Component)  3.8c 33 (5.8%)
(35.1%) Flagged (Swapped Profile) 3.8d 11 (1.9%)
Atypical Profile 3.8¢ 137 (24.0%)

Unsuitable ~ Asymm./Spiral/Dust Struct. 3.8f 55 (9.6%)
B+D Fits Contaminated/Defective 382 23 (4.0%)

N =264 Bar/Twist/Edge-on 38h 17 (3.0%)
(46.3%) Ring/Peanut Structure 3.8i 16 (2.8%)
Blue Core Col. Profile 3.9 16 (2.8%)

Sérsic Sample  Sérsic (BIC) 3.8j 88 (15.4%)
N =106 Sérsic (B/T) 38k 12 (2.1%)
(18.6%) Sérsic (Boxy) 3.81 6 (1.1%)

Table 3.4: The samples (and subsamples) of galaxies resulting from applying the logical filter
to the fitting results. The number of galaxies occupying each sample, IV, is given along with
the percentage fraction of the initial data sample. For each subsample, the corresponding
example thumbnail (Figs. 3.8 & 3.9) is indicated.
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Figure 3.10: The measured (GaLr1T) model g — 2 colours plotted against their absolute
(bulge + disk) g band magnitudes. Top Panel: Galaxies best fit with a Sérsic-only model.
Upper-middle Panel: Galaxies with no stable 1 or 2-component fit. Lower-middle Panel:
2-component galaxies which do not possess an archetypal central bulge + outer disk mor-
phology. Bottom Panel: Regular (filled points) and flagged (unfilled points) fits. The large
square points indicate median colour values calculated in magnitude bins, to which a linear
trend (solid line) is fitted. The slope uncertainty is calculated from bootstrap fitting the un-
binned data. This best fit line is plotted for comparison as a dashed line in the other three
panels.
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D8O No Stable 2-Component Model Sérsic-only Total
Morph. Solution | Typel Type2 Type3 Typed4 TypeS Model
8 20 15 20 2
E, E/SO 12.3% 30.8% 23.1% ) 30.8% 3.1% 65
S0, SO/E, 33 54 1 21 2 8 1 120
S0/a 27.5% 45.0% 08% 175% 1.7% 6.7% 0.8%
11 6 1 1
S, 5/50 57.9% 31.6% ) 5.3% 5.3% 19

Table 3.5: The number of unstable, 1-component, and 2-component galaxies (of differing
surface brightness profile types) separated by Dressler (1980a) morphological classification.
Archetypal SO galaxies (central bulge + outer disk) are highlighted in bold.

Galaxies in both the ‘regular’ and ‘flagged’ samples follow a common red sequence, with
similar scatter in both samples (0.058 mag and 0.054 mag respectively). Atypical galaxies
exhibit a consistent red sequence slope and scatter. Thus, while a forced bulge + disk in-
terpretation of atypical galaxies would yield incorrect component photometry, their global
properties are consistent with archetypal galaxies. ‘Unstable’ sample galaxies, by contrast,
appear bluer on average (e.g. due to the prevalence of spiral morphologies), and possess a
far larger scatter in colour.

Galaxies classified as pure Sérsics (n = 1.9 £ 0.1 on average) are mainly found at M, >
—18.5. This result partly reflects the prevalence of dE and dSO galaxies at the faint end of
the magnitude range, as detected in Virgo (M, > —18, Sandage et al., 1985) and Coma
(Mpr > —19.5 = M, > —18.5, Aguerri et al., 2005). Misclassification of faint 2-component
galaxies due to the low S/N remains a possibility, however, especially for highly bulge- or
disk-dominated galaxies. Nevertheless, the absence of classic (1-component) giant ellipticals
supports a multi-component structure paradigm for ellipticals (see e.g. Huang et al., 2013).
These additional components are not necessarily classical disks, and may require additional
model components to be fully characterised. The scatter of ‘Sérsic’ sample galaxy colours is

similar to the ‘archetypal’ sample (0.056 mag vs. 0.055 mag).

3.6.1 Morphological fractions

Morphology classifications for Coma cluster galaxies are drawn from the Dressler (1980a)
catalogue (hereafter ‘D80’). These classifications are based on visual inspection of photo-

metric plates (103a-O emulsion; 10.9” mm™! plate scale) taken at the 2.5m du Pont telescope
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1237667324334702748 1237667444048396291 1237667252945748053
D80 E D80 SO D80 Sc

Figure 3.11: Example (¢ band) thumbnail images for example galaxies illustrating the D80
morphological types. Left: Elliptical (E); SDSS DRS8 ObjID 1237667324334702748 (D80
A1656:143). Middle: Lenticular (S0); SDSS DR8 ObjID 1237667444048396291 (D80
A1656:163). Right: Spiral (Sc); SDSS DRS8 1237667252945748053 (D80 A1656:247).

(Las Campanas Observatory, Chile). From the 247 galaxies classified in the 2.1 deg® D80
Coma field, 204 are present in the initial Coma sample of the present work. Note that nine
galaxies from the original D80 catalogue lack SDSS DR9 spectroscopy, 12 are not within
the Coma redshift range (0.015 < z < 0.032), and 22 are removed due to galaxy colour.

Of the 204 valid D80 galaxies, 65 are classified as E or E/SO, 120 are classified as SO,
SO/E or SO/a (including barred variants), and 19 are classified as Sa-d or $/50. A significant
second component is found in 55 (85%) of D80 ‘ellipticals’. 20 (31%) of these 2-component
ellipticals are archetypal bulge + disks, while the remaining 35 exhibit atypical structures
(54%; Type 5, and some Type 3). 86 D80 ‘SOs’ have a second component (72%), of which
53 are archetypal (44%), and 33 are atypical (28%; Type 3, and some Type 5). Only seven
(37%) D80 ‘spirals’ have a stable, significant 2-component solution, all but one of which are
archetypal bulge-disk systems. If galaxies with unstable fitting solutions are excluded, the
fractions of general/archetypal 2-component models increase to 96%/35% for elliptical D80
morphologies, 99%/62% for D80 S0s, and 88%/75% for D80 spirals. The morphologies of
filtering subsample galaxies are summarised in Table 3.5, and example galaxy thumbnails

are presented in Figure 3.11.

3.6.2 Summary of filtering samples

To summarise, a stable fitting solution (either a Sérsic-only or Sérsic + exponential model)

is found for 443 of the 570 galaxies in the initial Coma sample. Evidence for a significant
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second structural component is found in 76% (/N = 337) of these galaxies. ‘Archetypal’ SO
(central) bulge + (outer) disk structures are found in 59% of 2-component galaxies (N =
200). The remaining 41% represent ‘atypical’ 2-component structural morphologies (e.g.
centre-dominating bulges which re-dominate the outer regions, dominant or sub-dominant
disks at all radii, or inverted disk-bulge structures). Across the entire Coma sample, stable
2-component structures (of any type) are detected in 59% of galaxies, while 35% correspond
to stable, ‘archetypal’ galaxies.

In the following analysis, we exclude ‘unstable’ and ‘atypical’ fits (hereafter ‘unsuitable’
sample), and the pure Sérsic sample. The remaining 200 ‘archetypal’ Sérsic + exponen-
tial galaxies in the ‘regular’ and ‘flagged’ samples are described as the ‘analysis sample’

hereafter.

3.7 Multi-band Fitting

ETGs (particularly ellipticals) are well-known to possess internal radial gradients in colour
(e.g. Vader et al., 1988; Franx & Illingworth, 1990). These colour gradients result from
variation of stellar population properties; primarily metallicity. Gradients of —0.1 mag dex*
in B— R (~ g —1i)and —0.2 mag dex ! in U — R are typical (Wu et al., 2005).

For a 2-component galaxy model, galaxy colour gradients can be interpreted as the tran-
sition between inner- and outer-dominating structures with differing component colours. The
detection of bluer outer disks than inner bulges thus reflects the typical negative galaxy colour
gradients (i.e. bluer with increasing galaxy radius). Alternatively (or in addition), the struc-
tural components may possess internal colour gradients due to variation of stellar population

properties with galaxy radius.

3.7.1 Fixed Multi-band Fitting

A straightforward method of fitting a galaxy across multiple photometric bands would be to
fit each band entirely independently (e.g. Gadotti, 2009). In practice however, model degen-
eracies often yield inconsistent model structures if the fitting is not appropriately constrained.

In order to ensure that the photometry is being measured reliably, consistent structures must
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be fit to the galaxy in each band.

The most basic method of implementing multi-band fitting is to adopt a common struc-
ture for the models of all fitted bands. This ‘fixed multi-band’ approach is carried out by
determining the structural parameters (Sérsic effective radius, 7., Sérsic index, n, exponen-
tial scale length, Rs, position angle, PA, component axis ratio, ¢) from one freely-fit band,
and fixing their values for fits to other bands. These ‘dependent’ fits allow only the compo-
nent magnitudes to vary, with both components sharing a common centre. Here, the g band
is selected for ‘free’ fitting (i.e. all structural parameters unfixed).

The limitation of fixed multi-band fitting is that no allowance is made for variation in
surface brightness profile shape from band to band, and thus internal colour gradients in the
bulge or disk are precluded. This is equivalent to the dual-band mode of cimM2p (Simard
et al., 2002), wherein a single average model is fit to images in two bands. Where a fixed
approach fails to adequately describe a galaxy’s colour information, fitting can be improved

by introducing band-dependent variation of structural parameters.

3.7.2 Component Gradients

If fixed multi-band fitting is not sufficient to reproduce the overall colour gradient of a galaxy,
internal component colour gradients may be necessary. In this section, I describe the use of
bulge and/or disk colour gradients to more accurately model the galaxy across the u, g, and
1 bands.

The goodness-of-fit of galaxy colour gradients resulting from multi-band fitting was as-
sessed using observed 1D radial colour profiles. Free fitting was carried out in the g band to
determine the model structure. Colour profiles are measured numerically from the thumb-
nails and model images of the dependent » and 7 bands. For robust measurement of the
colour profile, identical annuli and a consistent resolution must be used across all photomet-
ric bands. Resolution-matching was carried out by smoothing each band’s psf image such
that the modified fwhm was equal to the largest (unmodified) value from the three band’s
psfs. The same smoothing was then applied to the data and model images in each band.

Colour gradients are added to the model components by allowing systematic band-to-

band variations in R, for bulge gradients, or R, for disk gradients. As R, and n are covariant,
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Figure 3.12: w — 4 colour profiles for a typical galaxy (SDSS DRS8 ID:
1237665440979026019) as measured in elliptical annuli. Black error bars indicate the colour
measured from the galaxy thumbnail, while the derived model bulge, disk, and total colour
profiles are plotted as red, blue and black solid lines. Unfilled red and blue points are plotted
at the bulge and disk R, indicating their global average colours. From top to bottom, the dif-
ferent panels show colour profile models with no component gradients, disk gradients only,
bulge gradients only, and both bulge and disk gradients. For each profile, the (non-reduced)
1D chi-squared, and corresponding BIC statistic are included. Vertical green dotted lines
indicate the edges of the object ellipses used during masking.
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n is held fixed where bulge gradients are included to avoid this degeneracy. Increasing
the number of free parameters in the ‘dependent’ bands reduces the reliability of the fit by
introducing additional model degeneracy. To minimise this problem, a 1D BIC is calculated
to select the simplest model (i.e. fewest free parameters) that sufficiently represents the
underlying colour profile (see Section 3.4 for details).

Example colour profiles (with and without component gradients) for a typical galaxy
are presented in Figure 3.12. In this case, the measured galaxy colour information in the
disk-dominated region of the galaxy (r > 6 kpc) is only reproduced when a disk gradient
is permitted. The 1D BIC shows no significant further improvement if both bulge and disk
gradients are included. Alternatively, this outer region of the galaxy colour profile could be
reproduced if the disk of the model with no component gradients (Figure 3.12, top panel)
was shifted to a bluer colour. However, this shift would worsen the fit to the more precisely
known inner region of the profile (2 < r < 6 kpc), yielding a poorer fit overall.

A total of 200 galaxies are found to be well-fit by an archetypal bulge + disk morphol-
ogy, including 96 galaxies (48%) flagged as lower-quality fits (see Section 3.5). Of these
archetypal galaxies, 60 (30%) require the inclusion of colour gradients in at least one model
component (see Section 3.7.2). Nine (4.5%) require bulge gradients, 40 (20%) require disk
gradients, and 11 (5.5%) require both bulge and disk gradients.

The ratios of measured R, in the u:g:z bands in models requiring bulge gradients were
1.14:1.00:0.94 on average. The equivalent average u:g:% ratios of 2, in models requiring
disk gradients were 1.03:1.00:0.98. Kelvin et al. (2012) presented wavelength-dependent
variation of structural parameters for single Sérsic fits of disk- and spheroid-dominated
galaxies. Calculating R, and R, using median passband wavelengths yields u:g:: ratios
of 1.08:1.00:0.87 and 1.05:1.00:0.92 respectively. Thus, the internal component gradients
included in this work are similar to previous measurement of size variations for bulge- and
disk-dominated galaxies. The component size variations are systematically smaller than
global size variations measured by Kelvin et al. (with the exception of the u band bulge R.).
This reflects the shallower colour gradients of bulge and disk components relative to their

parent galaxy as a whole.
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3.8 Summary

In this chapter, I have introduced and discussed the main techniques used in the (bulge +
disk) decomposition analysis of this thesis. The aconII decomposition pipeline has been
detailed, including a description of the extended parameter space search and the use of fitting
constraints. In addition, the extensive sample filtering/model selection process used to isolate
a sample of well-fit, ‘archetypal’ (central bulge + outer disk) 2-component galaxies was
discussed.

The results of sample filtering is summarised as follows:

1) From an initial sample of 570 Coma cluster member galaxies, a ‘stable’ fitting solution

(i.e. symmetric, uncontaminated, with low x?) was measured for 443 galaxies (78%).

ii) A significant additional structural component was identified (via Bayesian model se-
lection) in 337 (76%) of these stable fits. Hence, 106 galaxies (24%) were best-fit by

a pure Sérsic model.

iii) The bulge-disk structure was deemed ‘atypical’ (the bulge does not dominate only
at the galaxy’s centre and/or the disk does not only dominate its outer regions) in
137 galaxies (41% of 2-component fits). The remaining 200 bulge + disk galaxies
(59%) were considered archetypal SOs, and define the sample used for analysis in later

chapters.

Finally, I have described techniques for ensuring that bulge-disk decomposition is carried
out consistently across multiple bands. Two such ‘multi-band fitting’ methods have been im-
plemented: i) where model structure does not vary from band-to-band (‘fixed multi-band’
fitting); ii) where bulge R, and/or disk Ry is allowed to vary in order to incorporate internal
component colour gradients. The latter (internal gradients) approach provides a significant
improvement to the colour profile fitting for 30% of the analysis sample galaxies. The frac-
tion of galaxies requiring component gradients decreases with luminosity, suggesting that
the detection of internal component gradients is magnitude limited.

In the next chapter, the pure Sérsic, bulge, and disk measurements obtained via applica-
tion of acon1T to the Coma MegaCam imaging data will be contrasted with the equivalent

results of published decomposition studies covering the Coma cluster. The detailed structural
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and photometric properties of Coma S0s, as measured in the present work, will be discussed
in Chapters 5 and 6. The extension of the decomposition techniques presented in the present
chapter to include a broader range of multi-component candidate models is discussed in

Chapter 7.
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Chapter 4

Comparison with Studies of Independent

Imaging Data

4.1 Introduction

Decomposition studies using imaging data of varying quality (i.e. observation depth, and
seeing) have been previously carried out for Coma cluster galaxies (e.g. Gutiérrez et al.,
2004; Aguerri et al., 2005), and from SDSS data (Simard et al., 2011; Meert et al., 2014).
As imaging S/N decreases, detection of faint features in a galaxy’s surface brightness profile
are inhibited. Hence, the reliability of galaxy parameters measured from galaxy fitting de-
creases for shallower imaging (particularly for the degenerate Sérsic + exponential model).
Likewise, increased psf fwhm limits the accurate separation of distinct galaxy structural com-
ponents. In particular, bulge measurements become highly sensitive to psf effects as seeing
becomes comparable to size of the galaxy bulge. While better seeing (smaller fwhm) allows
additional profile features (e.g. stellar bars) to be resolved, these structures can distort the
parameters determined from simple 1- or 2-component models.

In this chapter, I compare measurements from the main decomposition analysis of the
CFHT data with equivalent decomposition studies using both lower-quality (SDSS), and
higher resolution (Hubble Space Telescope) image data. This analysis provides a valuable
test for the decomposition results presented in this thesis using independent imaging data.
For consistency, I also apply my decomposition pipeline (aconT1; described in Chapter 3) to

these alternate imaging data sources where possible.
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The structure of this chapter is as follows: first, the MegaCam decomposition results are
compared to equivalent analyses of SDSS imaging. This entails both application of AGoNTT
to SDSS Data Release 8 (DR8) data, and comparison with independent studies based on
SDSS Data Release 7 (DR7) data (Simard et al., 2011, hereafter ‘S11°; and Meert et al.,
2014; hereafter ‘M14°). Secondly, the MegaCam measurements are compared with Hubble
Space Telescope (HST) fitting results for a subsample of Coma cluster galaxies from the
ACS Coma Cluster Treasury survey (Weinzirl et al., 2014). Finally, I summarise the key
results of these comparisons.

Note that sample filtering (see Section 3.5) used in this Chapter is based on the MegaCam
results only. Thus, reference to the ‘analysis sample’ refers to the filtered sample defined
from MegaCam decomposition. Furthermore, filtering in this Chapter is for illustrative pur-
poses only: comparison analyses are carried out using all galaxies contained in both datasets
(unless noted otherwise). Hence, the bin medians in Figures 4.1 - 4.14 are calculated from
both the MegaCam analysis sample (filled data points), and filtered galaxies (unfilled data

points).

4.2 SDSS

Due to its availability and large sky coverage, SDSS data has been used extensively in
previous galaxy decomposition studies (e.g. Simard et al., 2011; Lackner & Gunn, 2012,
2013; Meert et al., 2014). A relatively small (2.5 m) telescope aperture, and short expo-
sure times (53.9 s in all bands), however, result in considerably shallower imaging than the
CFHT MegaCam data used throughout the present work. Consequently, structural compo-
nent detection is less robust for SDSS-based decomposition, particularly for the lower sur-
face brightness features. In addition, in the direction of the Coma cluster, the SDSS image
data seeing (~ 1”) is worse than CFHT (~ 0.8").

In this Section, I compare the Sérsic-only and 2-component (Sérsic+exponential) mea-
surements of Coma cluster galaxies as presented in this thesis to equivalent measurements
from decomposition studies using SDSS imaging. First, MegaCam decomposition measure-
ments are compared with the results of applying the data reduction methodology described

in Chapter 3 directly to SDSS DR8 image data. Comparisons with the Simard et al. (2011)
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and Meert et al. (2014) measurements are then made, providing tests of model consistency

independent of the analysis pipeline used in the present work.

4.2.1 SDSS AGONITI

The acon1T pipeline (including independent sky determination) was used to analyse thumb-
nails of Coma galaxies drawn from ¢ and ¢ band SDSS DR8 imaging (psf ~ 1”). Galaxies
were selected for analysis from the MegaCam fields area, however to ensure sufficient S/N
for decomposition, the magnitude limit' for the SDSS sample was set at m, < 17. In ad-
dition, galaxies were removed from the comparisons where global or component sizes were
measured at the GALFIT constraint minimum (due to increased plate scale for the SDSS im-
ages). The resulting SDSS acon1T sample contains N = 237 galaxies, of which 84 galaxies
are also contained in the MegaCam analysis sample (i.e. well-fit, archetypal bulge + disk
galaxies from fitting MegaCam data).

The total (¢ band) apparent galaxy magnitudes, as measured from 1-component Sérsic
model fits to data from both sources are presented in Figure 4.1. Strong agreement is found
(Pearson’ correlation coefficient, p = 0.95), with low scatter (0.08 mag), and a small average
systematic offset (SDSS - MegaCam; A = —0.02). This result is unsurprising, given that
MegaCam magnitude zeropoints are calibrated from SDSS (aperture) photometry.

Comparison of component (g band) apparent magnitudes (Figure 4.2) indicates a strong
correlation between MegaCam and SDSS measures of bulge (p = 0.91) and disk (p =
0.83) magnitudes. Nevertheless, bulge magnitudes are systematically fainter when measured
from MegaCam data (A = —0.08 mag), with a factor of ~ 4x greater scatter (~ 0.3 mag)
than measures of total galaxy magnitude. Conversely, disk magnitudes are systematically
brighter on average from MegaCam (A = 0.03 mag), with ~ 2.5 greater scatter than global
magnitudes. The increased component magnitude scatter indicates the reduced reliability of
disk measurement from shallower imaging data. Here, light from the poorly-determined disk
was traded to the bulge component, yielding systematically brighter bulges and fainter disks
than MegaCam. These disk-determination issues are a major limitation for decomposition

studies using the relatively shallow SDSS data.

"From SDSS DR9 modelMag.
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Figure 4.1: Plot comparing the total apparent (¢ band) magnitudes measured from MegaCam
() and SDSS DRS (y) imaging of Coma cluster galaxies, and histograms of the resulting
magnitude distributions. Analysis sample galaxies, and galaxies removed by sample filter-
ing (see Section 3.5) are indicated by small filled, and unfilled data points respectively (and
filled/unfilled portions of the histograms). Large round points represent median values cal-
culated in magnitude bins, with error bars indicating the robust standard error in each bin.
A dashed line corresponding to y = x is plotted for comparison. The Pearson’s correlation
coefficient, p, and the median (y — x) offset, A, (measured from all plotted points) are in-
cluded. In addition, the overall scatter in galaxy magnitude and the K-S probability, Pkg, are
presented for analysis sample galaxies (and all galaxies).
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Figure 4.2: As Figure 4.1, displaying the (g band) apparent magnitudes for 2-component
model bulges (red) and disks (blue), as obtained from decomposition of MegaCam (x) and
SDSS DRS8 (y) imaging of Coma cluster galaxies. Regions of the histograms where both
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Figure 4.3: As Figure 4.1, displaying the (¢ band) galaxy bulge fractions (B/T) obtained
from decomposition of MegaCam (x) and SDSS DRS (y) imaging of Coma cluster galaxies.

The galaxy g band bulge fractions (B/T) as measured from the MegaCam and SDSS data
are compared in Figure 4.3. As with the bulge colours, the bulge fractions agree reasonably
well (rpearson = 0.71), although a small bias towards larger B/T is evident in the SDSS results
(A = 0.02). This amplified bulge fraction is further evidence for poor disk detection in
SDSS, which results in weaker disks relative to the well-measured bulges. Moderate scatter
is detected in B/T measurements (0.12 for analysis sample galaxies, 0.11 for all galaxies),
however this scatter is significantly increased above (MegaCam-measured) B/T values ~ 0.6.
These bulge-dominated galaxies almost all have atypical profiles and faint, sub-dominant
disks. Such galaxies are thus vulnerable to disk measurement issues, and/or inversion of the
bulge and disk model components.

The measured g band Sérsic model, and bulge Sérsic indices are compared in Figure 4.4.
Note that here, the GALFIT constraints on n have been lowered (to n < 8.5) for consistency
with literature SDSS decomposition studies?. Global galaxy n shows high agreement be-

tween both data sources (p = 0.84), and no net offset (A = 0.00). Bulge n is equally-well

>The limit is placed at 8.5, rather than 8.0 as in Simard et al. (2011) to avoid excessive limitation of the
fitting range.
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model bulge (lower plot) obtained from fitting MegaCam (x) and SDSS DRS () imaging of
Coma cluster galaxies.
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correlated (p = 0.83), however a factor of ~ 2x higher scatter is measured for the analy-
sis sample (~ 3x for all galaxies). In addition, a bias towards higher n is noted for SDSS
models (A = 0.18), indicating more centrally-concentrated bulges. This lopsided scatter
is particularly evident for low-n (< 3) Sérsic objects detected from the MegaCam imag-
ing, suggesting a bias against disk-like bulge detection when fitting SDSS data. Such a bias
would be expected if outer galaxy profiles were fit by the wings of high-n Sérsic profiles,
rather than the exponential component.

Effective half-light radii for the bulge and disk components, and galaxy R, from single
Sérsic fits are presented in Figure 4.5. The global (Sérsic-only) R, are correlated (p = 0.68),
with a small offset (A = 0.10 kpc). Disks are measured to be systematically larger than
bulges (by a factor of ~ 3) from both data sources, even for atypical (i.e. not central bulge +
outer disk) galaxies not included in the analysis sample. As noted for n, however, component
half light radii exhibit weaker correlation between SDSS and MegaCam measurements (p =
0.53 for both bulges and disks). Nevertheless, disk sizes exhibit a similar level of scatter to
global size measurements (~ 0.4 kpc), and a smaller systematic size offset (A =0.07 kpc).
Bulges exhibit fundamentally distinct parameter distributions from MegaCam and SDSS
(Pgs ~ 0), reflecting a ~ 1.5 increase in scatter relative to global R, measurements, and
a systematic bias towards larger bulges (A =0.18 kpc) from SDSS decomposition. Note
that for R, < 2 kpc (MegaCam), there exists a population of bulges with strong scatter
towards larger sizes in SDSS. This offset is partially a consequence of increased sensitivity
to psf effects as R, becomes comparable with the seeing (1” = 0.5 kpc for SDSS), but also
indicates cases where poor disk detection trades more outer profile (i.e. disk) light to the
bulge, yielding a larger bulge with higher B/T and n.

In summary, while global (Sérsic-only model fit) galaxy properties are measured con-
sistently from MegaCam and SDSS data, component (bulge and disk) parameters measured
from each dataset are only moderately correlated (p < 0.6), exhibiting greater measurement
scatter and/or significant systematic parameter differences. Decomposition of SDSS data
results in larger, more centrally concentrated bulges, and less dominant, weakly constrained
disks. This is interpreted as a consequence of less robust disk-detection for decomposition

of the shallower SDSS imaging. However, increased bulge size scatter at low 7. also reflects
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psf effects as bulges become comparable in size to the (larger) SDSS psf.

4.2.2 Comparison with Simard et al. (2011; S11)

S11 used cimM2p (Simard et al., 2002) to perform automated decomposition of a large sample
of galaxies (= 10°) from the SDSS DR7 catalogue. Decomposition was performed on g
and  band DR7 imaging data using a fixed multi-band approach’. A total of 455 galaxies
are common to the S11 and MegaCam Coma samples, of which 167 are contained in the
MegaCam analysis sample. Here, the colour cut (9 — r > 0.5) was removed from the
MegaCam Coma sample, as no such sample selection criterion is applied for S11 galaxies.

A comparison of the resulting (¢ band) total Sérsic model apparent magnitudes for S11
and MegaCam is given in Figure 4.6 (upper panel). The galaxy magnitudes measured from
both data sources are very well correlated (p = 0.94). However, relative to the equiva-
lent comparison of MegaCam with acontr SDSS (Figure 4.1), measurement scatter was
increased by a factor of four (to ~ 0.3 mag). Here, the median magnitude offset (S11 —
MegaCam, A = 0.05) indicates that galaxies are systematically fainter on average when
measured in S11 (relative to MegaCam). Therefore, S11 does not detect ~ 5% of galaxy
light (on average), indicating poor characterisation of outer galaxy profiles.

Component apparent magnitude measurements (lower panel of Figure 4.6) are less well-
correlated than global magnitudes (p = 0.74 for bulges, p = 0.65 for disks), with a factor
of ~2-3x greater scatter. This component magnitude scatter between S11 and MegaCam
is also ~ 2x larger than the equivalent comparison for SDSS aconr1z (Figure 4.2). Further-
more, both components are measured to be 0.07 mag fainter on average in S11, reflecting the
systematic bias in global magnitudes noted above. Hence, S11 component magnitudes are
highly unreliable, and suffer from serious outer-profile (i.e. disk) measurement issues.

The corresponding (g band) B/T measurements from S11 and MegaCam are poorly cor-
related (p = 0.38), with a small offset on average (A = 0.02; Figure 4.7). However, for B/T
< 0.5, both estimates are moderately well correlated, with a significant offset (A = 0.09; S11
B/T is systematically larger than for MegaCam on average) and substantial scatter (~ 0.2).

For more bulge-dominated galaxies, SDSS B/T is weakly correlated with MegaCam B/T,

3Note that while DR7 imaging contains significantly overestimated sky levels for galaxies close to other
bright sources, Simard et al. independently determine the mean sky flux via cIm2p fitting of sky pixels.
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Figure 4.6: As Figure 4.1, displaying apparent (¢ band) Sérsic model magnitudes (upper
panel), and 2-component model bulges and disks (lower panel; red and blue) for Coma
cluster galaxies as measured in the present work from MegaCam imaging (z), and from
SDSS DR7 imaging (y) as presented in Simard et al. (2011). Regions of the lower plot
histograms where both component distributions overlap are indicated in purple.
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Figure 4.7: As Figure 4.1, displaying the (g band) B/T for Coma cluster galaxies as mea-
sured in the present work from MegaCam imaging (x), and from SDSS DR7 imaging (y) as

presented in Simard

etal. (2011).

and offset in the opposite direction (A = —0.15; S11 B/T systematically smaller than Mega-

Cam). This apparent bimodality (as evident from the weakly double-peaked distribution for

MegaCam B/T) reflects the difference between archetypal (low B/T) and atypical (= tradi-

tional giant ellipticals; high B/T) galaxy fits in our sample.

Measurements of (single Sérsic fit, and component bulge) Sérsic indices from MegaCam

and S11 are presented in Figure 4.8. Global n measured from MegaCam data is well corre-

lated with S11 (p = 0.87), but bulge n shows poor agreement (p = 0.39), and high scatter

(~1.4). However, the distribution of S11 bulge n is broader, and more strongly offset from

the MegaCam results (A = 0.80) than results measured from SDSS data using acon11. Thus,

while disk-detection issues exist in both SDSS-based decomposition studies (yielding more

dominant bulges at large profile radii), S11 includes a further bias towards higher n bulges.

Figure 4.9 displays the (half-light) sizes of galaxies, bulges, and disks for MegaCam and

S11. As seen previously for colour and 7, global R, measurements exhibit reasonable agree-

ment (p = 0.68) between both measurements. However, unlike the equivalent analysis in
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Section 4.2.1 (Figure 4.5), galaxy sizes are measured to be systematically smaller on aver-
age when measured in S11 (A = —0.08 kpc). Likewise, disk components are systematically
smaller in S11 (to a lesser degree; A = —0.02 kpc). This difference is small for both disks
and galaxies as a whole, but may result from sky determination issues in the DR7 imaging
(i.e. over-subtracted sky yielding artificial truncation of the outer galaxy profiles).

Galaxy bulges measured from SDSS data (in S11) are larger than MegaCam, however the
average offset is a factor of three times smaller than that reported in Figure 4.5 (A =0.06
kpc relative to 0.19 kpc). This implies that bulges are also affected by underestimation
due to sky-subtraction errors, but remain larger than MegaCam measurements due to the
bias towards outer-dominating (high n) bulges in SDSS decomposition. As a whole, R,
measurements from each data source are effectively uncorrelated (p = 0.09). This implies
that S11 and MegaCam ‘bulges’ are not measured from consistent galaxy structures. The
disk components, however, remain moderately well-correlated (p = 0.51), consistent with
the findings of Section 4.2.1, but with a factor of two greater scatter. However, this result is
unsurprising given that the analysis sample contains galaxies with outer-dominant disks by
definition.

As noted in Section 4.2.1, a population of extreme outliers in S11 bulge R. (> 3 kpc;
N = 88) exist for small MegaCam bulge R. (< 1 kpc). These galaxy bulges are measured
as systematically larger in S11 (with high R, scatter), with higher bulge n, and B/T on
average. The increased scatter is caused both by increased sensitivity to psf effects in S11
as bulge sizes approach the SDSS seeing limit (1”7 = 0.5 kpc), and poor disk measurement
for SDSS imaging. Hence, trading of disk light into the bulge component yields larger,
higher n bulges for S11. An equivalent additional population of outliers with high scatter
in MegaCam R, (N = 75) exists for small S11 R, (< 2 kpc). Here, MegaCam-measured
bulges are systematically larger, and more dominant (higher B/T), but consistent in Sérsic
index with measurements from S11. However, unlike the S11 outlier galaxies, a significant
offset is detected between the total galaxy magnitudes of MegaCam outliers (AM = —0.27
mag for MegaCam — S11,). This indicates that S11 models detect only ~ 80% of the galaxy
flux measured from MegaCam. Hence, MegaCam Sérsic components (in these outliers)

account for the central bulge plus additional outer structural components undetected in S11.
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In summary, global (Sérsic-only model fit) galaxy properties measured from MegaCam
and S11 are well-correlated. However, as with Acon1T analysis of SDSS DR data (Section
4.2.1), component (bulge and disk) parameters measured from each dataset are moderately
correlated at best, with greater measurement scatter. Notably, S11 bulges are systematically
more centrally-concentrated (higher n) objects than MegaCam bulges, and exhibit no corre-
lation in size. The outer structure measurement issues for SDSS data noted in Section 4.5
are also present in S11, yielding either systematically more dominant bulges at large radii (a
consequence of trading outer disk light to the Sérsic component), or neglecting significant
additional structures in the outer parts of galaxies. Galaxy and disk effective half-light radii
are measured to be systematically smaller in S11 than MegaCam. As no such effect is de-
tected in Section 4.5, this bias is attributed to sky-determination issues in the SDSS DR7 data
of S11 (i.e. an overestimation of the sky flux yields a truncated outer galaxy profile). From
the poor agreement with the results determined from MegaCam data, I conclude that the
bulge-disk decomposition results of S11 are not measured from consistent galaxy structures

as those reported in this thesis.

4.2.3 Comparison with Meert et al. (2014)

A recent study has emerged (Meert et al., 2014; ‘M14°) which revisits the SDSS DR7 imag-
ing (as used in S11) with a more sophisticated decomposition pipeline using PyMorph
(Vikram et al., 2010) and carLr1T. During pre-processing, M14 re-evaluates the DR7 sky
background for each galaxy, finding values 0.25% lower on average than the SDSS sky val-
ues used in S11. In total, 456 galaxies are contained in both the CFHT Coma sample and
M14, of which 167 galaxies are also contained in the analysis sample of the present work
(i.e. are well-fit, archetypal bulge + disk systems). M 14 also implements a system of galaxy
fit assessment and flagging. Thus, 254 galaxies (out of the 456) are described as ‘well-fit
2-component’ systems in M14 (/N = 125 in the CFHT analysis sample).

Here, I briefly compare the decomposition results of the present work to Coma cluster
galaxies in M14. Since M14 uses r band imaging, I do not consider structural properties
(due to wavelength dependence). Here,  band magnitudes for MegaCam are calculated as

r = g—0.67(¢g—1i)—0.01 for global and bulge measurements, and r = g —0.53(g —i) —0.15
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Figure 4.10: As Figure 4.1, displaying apparent (r band) Sérsic model magnitudes (upper
panel), and 2-component model bulges and disks (lower panel; red and blue) for Coma
cluster galaxies derived from MegaCam imaging (x), and measured from SDSS DR7 imag-
ing (y) as presented in Meert et al. (2014). Regions of the lower plot histograms where both
component distributions overlap are indicated in purple.
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Figure 4.11: As Figure 4.1, displaying the (r band) B/T for Coma cluster galaxies as derived
for the present work from g band component photometry (), and from measurements of
SDSS DR7 imaging (y) as presented in Meert et al. (2014).

for disks*.

The resulting (r band) global (Sérsic-only fit) apparent magnitudes from MegaCam and
M14 are presented in the upper panel of Figure 4.10. Here, both measures of galaxy mag-
nitude are extremely-well correlated (p = 0.98), with low measurement scatter (0.05 mag),
and a negligible average offset (M14 — MegaCam; A =0.02 mag). These magnitudes are
comparable (in terms of scatter, correlation, and offset) with the g band measurements of
MegaCam and acon11 SDSS. However, the equivalent comparison with S11 yields a factor
of eight greater scatter in (g band) galaxy magnitudes. This indicates a significant improve-
ment in the reliability of global galaxy property measurements in M 14 relative to S11.

Component (bulge and disk) apparent magnitudes (Figure 4.10 lower panel) exhibit a
similar level of scatter to acon1T SDSS measurements (~ 0.35 mag for bulges, ~ 0.20 mag
for disks) but are less well-correlated with MegaCam measurements (p = 0.74 for bulges,

p = 0.65 for disks). Nevertheless, scatter from M14 component magnitudes remains a

“These magnitude conversions are determined empirically from SDSS aperture photometry in the appropri-
ate colour ranges.
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factor of ~ 2x less than equivalent measurements for S11. Furthermore, the bulges in M14
are significantly brighter on average than in MegaCam (A = —0.13 mag), while disks are
slightly fainter (A = 0.03 mag). Thus, while measurement scatter is greatly reduced in
M14, the trading of disk light to the bulge component (and hence disk measurement issues)
remains a significant limitation of their decompositions.

Bulge fractions (B/T) in the r band from MegaCam (from the converted g band compo-
nent magnitudes) and M 14 are presented in Figure 4.11. As seen for component magnitudes,
M14 B/T has similar measurement scatter to that found in acon11 SDSS (~ 0.1 mag), but is
less well-correlated with MegaCam (p = 0.65). Relative to S11, M14 does not exhibit in-
verted 2-component models (i.e. systematically lower B/T) for the range 0.5 <B/Tyiegacam<
0.8, indicating improved assignment of model bulge and disk components to the correspond-
ing galaxy structures. However, a significant population of high B/T scatter galaxies exists
in M14 for B/Tyjegacam > 0.8 (as also seen in S11), indicating that disk measurement issues
remain in this bulge-dominated regime.

In summary, the r band decomposition study presented in M 14 is a significant improve-
ment (in terms of measurement reliability) over the previously-examined S11 catalogue, de-
spite both studies using the same (SDSS DR7) imaging data. However, the measurement
of outer surface brightness profile features (e.g. disks) remains significantly limited by the
(lack of) observation depth. Hence, M 14 fails to characterise galaxy component properties

as well as the MegaCam decomposition of Coma presented in this thesis.

4.3 Hubble Space Telescope

The Hubble Space Telescope is a 2.4 m optical/near infrared space telescope, located in low
Earth orbit. Due to the lack of atmospheric effects, the HST is capable of significantly better
angular resolution than is possible from equivalently-sized ground-based observatories, and
reduced contaminating sky flux (~ 1 mag fainter in g). However, for bulge-disk decomposi-
tion studies of low-redshift sources (e.g. Coma) this enhanced resolution can be a hindrance;
fitting results are skewed by resolved structural sub-components (e.g. rings, shells, tidal

tails).

92



Count
S

@5

12- Ve
p=0.98 Py =1.00/(0.98) | |
A =-0.06 Scatter: 0.09 (0.13) e

14} gf/

15

F814W [HST]
L
»

Ya

17t ¢
17 16 15 14 13 12 10 20 30
1 [MegaCam] Count

Figure 4.12: As Figure 4.1, plotting 7 band galaxy magnitudes for Coma cluster galaxies as
measured from Sérsic model fits to MegaCam imaging (x) and the equivalent HST F814W
magnitudes (y) as presented in Weinzirl et al. (2014).

93



€ 20}
-}
o
O 1ot i E
T + T + \//
10} e
p=0.75 Py =0.56(0.98) e
A =0.06 Scatter: 0.30 (0.65) il
8 yd
/
/7
/
/
— 6 //
- 4
wn il
T /% .
ﬁ 4 © o o,&,o
° . o%?;
2 &
/
7/
/
/
or,”
0 2 4 6 8 10 10 20 30
n [MegaCam] Count

Figure 4.13: As Figure 4.1, plotting galaxy n for Coma cluster galaxies as measured from
Sérsic model fits to (z band) MegaCam imaging (x) and from HST Sérsic fits (F814W; y) as
presented in Weinzirl et al. (2014).

Weinzirl et al. (2014) presented caLrIT Sérsic fit parameters for 68 Coma galaxies (from
a small, central area of the cluster) derived from the HST F814W (= ¢ band) imaging of the
ACS Coma Cluster Treasury survey (Carter et al., 2008). 54 galaxies from the Hubble sample
are also contained in the CFHT Coma sample, of which 23 are analysis sample galaxies. A
comparison of the F814W/i Sérsic magnitudes is presented in Figure 4.12. Measurements
from both data sources are extremely well correlated (p = 0.98), with a small offset (A =
—0.06 mag) such that MegaCam measurements are fainter than those from HST. However
this variation may be due to differences between the HST F814W and MegaCam ¢ filters.

Comparisons of Sérsic index and effective radii are presented in Figures 4.13 and 4.14. In
both cases, the structural parameters measured from HST correlate well with those measured
from MegaCam (p = 0.75 and 0.69 for n and R, respectively), and both distributions (for all
galaxies) are very likely to have been drawn from equivalent distributions (Pxs = 0.98 for
n and R,). The HST-based measurements are systematically smaller (R.: A = —0.10 kpc),

but more centrally concentrated (n: A = 0.06) than MegaCam. These offsets are consistent
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Figure 4.14: As Figure 4.1, plotting galaxy R, for Coma cluster galaxies as measured from
Sérsic model fits to ( band) MegaCam imaging (z) and from HST Sérsic fits (F814W; y) as
presented in Weinzirl et al. (2014).

with those measured between S11 SDSS measurements and MegaCam (Section 4.2.2). As
sky-subtraction is a negligible consideration in HST imaging, this offset is attributed to dif-
ferences in psf between HST and MegaCam yielding more centrally peaked galaxy profiles
(higher n), which in turn would require smaller R, to fit the entire profile.

In summary, for the ~ 50 galaxies in common with the MegaCam sample of the present
work, our Sérsic-only structural parameters (n, R.) correlate extremely well with the values
reported in Weinzirl et al. (2014). Small structural offsets yield smaller, but higher n galaxies
in HST relative to MegaCam, which is attributed to pst effects for the better-resolved HST
fitting. Note that no comparison of HST B/T could be made, as only 14 galaxies (including

six well-fit analysis sample galaxies) in T14 possess bulge and disk (but no bar) components.

4.4 Chapter Summary

In this chapter, I have compared the structural and colour measurements from the decompo-

sition analysis of Coma cluster galaxies (using MegaCam imaging) to equivalent literature
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measurements obtained from both SDSS and HST imaging. In addition, the decomposition

routine presented in this thesis was applied to SDSS DRS8 imaging data, allowing measure-

ment differences to be analysed independent of the data reduction technique.

The main findings are summarised as follows:

)

iif)

Vi)

Sérsic-model parameters, as determined from independent SDSS DR7 (S11 & M14),
DR8 (with acon11), and HST (Weinzirl et al., 2014) imaging, correlate well with the
measurements of global structural and colour properties from MegaCam imaging data,

and are distributed equivalently.

Component (Sérsic bulge + exponential disk) properties measured from SDSS imaging
data (Simard et al., 2011; Meert et al., 2014), however, are only moderately correlated
with MegaCam measurements, with significant systematic offsets. Nevertheless, M14
shows a significant improvement in component and global measurement scatter rela-
tive to S11. SDSS decomposition measurements thus do not measure galaxy structures

that are consistent with those measured from MegaCam data.

Sérsic bulges measured from SDSS image data are larger, more centrally-concentrated,
and dominate a greater proportion of galaxy surface brightness profiles. This is at-

tributed to poor disk detection due to the shallower SDSS imaging.

Exponential disks exhibit greater parameter scatter for the same reason, particularly

for galaxies not identified as archetypal central bulge + outer disks.

Size measurements in S11 are systematically smaller on average than those measured
in the present work from SDSS DRS. This is attributed to truncation of galaxy surface

brightness profiles due to overestimation of the sky value in SDSS DR7 data by S11.

Global size measurements derived from HST data (Weinzirl et al., 2014) are system-
atically smaller than those measured from MegaCam. This is attributed to differing

Sérsic profile shapes at small radii due to psf differences (i.e. higher n for HST).

The relatively large scatter in galaxy component measurements from SDSS data (even for

alternative reductions of the same images) indicates that SDSS-based decomposition stud-

ies are unreliable. Given that the considered (Coma) sample contains some of the closest,
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most well-resolved galaxies in the SDSS catalogue, this calls into question the robustness
of decomposition of galaxies based on SDSS imaging. The MegaCam decomposition anal-
ysis used in this thesis yields reliable bulge + disk measurements, agreeing favorably with
measurements from deeper, better-resolved HST imaging data. Furthermore, the significant
reduction in component parameter measurement scatter for analysis sample galaxies con-

firms that the filtering process selects a robust sample of well-fit (bulge + disk) galaxies.
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Chapter 5

The Structural Properties of Coma S0s

5.1 Introduction

Galaxy quenching, and the formation of early-type morphologies is not a purely photometric
change. The evolutionary pathways responsible for these changes also significantly alter
galaxy structural morphology (e.g. Toomre & Toomre, 1972). Furthermore, the structural
changes expected under the competing ‘bulge enhancement’ and ‘disk fading’ scenarios (see
Section 1.2) would be highly distinct. Therefore, by investigating the structural properties
of ETGs, the evolutionary mechanisms that acted upon these galaxies in the past can be
constrained.

In this chapter, I present the (¢ band) Sérsic and exponential structural properties of
Coma cluster red sequence galaxies (in the magnitude range —17 > M, > —22) following
the decomposition analysis detailed in Chapter 3. As noted previously, rather than forcing a
bulge + disk morphology on all galaxies regardless of model suitability, I focus exclusively
on a sample of galaxies with archetypal SO structural morphologies (central bulge + outer
disk; i.e. the ‘analysis sample’). Thus, the Sérsic and exponential components discussed in
this chapter implicitly correspond to the bulges and disks of Coma ETGs (respectively).

First, I present the overall distributions in the structural parameters of the analysis sample.
Secondly, I investigate structure variation along the red sequence via structural trends as a
function of galaxy magnitude. Thirdly, the dependence of bulge and disk properties on
clustercentric radius is used to investigate the role of the cluster environment in structural

evolution. Finally, the structural results are summarised, and conclusions are drawn.
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5.2 Structural Fitting Results

5.2.1 Parameter Distributions

In this section, I describe the distributions of bulge and disk structural parameters for galaxies
in the analysis sample (as described in Section 3.6). A full catalogue of structural fitting
measurements is presented in Table A.1 of Appendix A.

Galaxy bulges exhibit the full range of permitted Sérsic indices (0.15 < n < 10), al-
though bulges with n = 4 (i.e. more centrally concentrated) are rare, and the majority fall
within the range n ~ 1 - 3 (Figure 5.1a), indicating that most archetypal SOs possess ‘pseu-
dobulges’ (n < 2; Kormendy & Kennicutt, 2004), rather than classical (n ~ 4) bulges. The
median bulge n 1s 1.86 £ 0.11. This distribution of Sérsic indices is similar to those reported
in Krajnovi¢ et al. (2013) for ATLAS3P ‘fast rotator’ galaxies in less dense environments
(~75% within 0.5 < n < 3). Conversely, ctM2D bulge-disk decompositions of a broader
sample of galaxies in Simard et al. (2011) yielded a more even spread of bulge n in the range
0.5 < n < 8 (peaking at n ~ 6).

The measured bulge fractions of the sample are consistent with a relatively flat distri-
bution in the range 0.1 < B/T < 0.6 (median B/T = 0.38 £ 0.01), but the occupancy of
bins above B/T~ 0.6 drops sharply (Figure 5.1b). This lack of bulge-dominated galaxies
partially reflects an underlying deficit in the initial (i.e. unfiltered) distribution of B/T, but
is exacerbated by sample filtering, which excludes galaxies wherein the bulge dominates the
surface brightness profile at large radii. If ‘atypical’ fits are included, the combined bulge
fraction distribution becomes consistent with the distribution measured for the initial (i.e.
unfiltered) sample. The (B and R band) decompositions in Hudson et al. (2010; ‘H10’)
for cluster galaxies exhibit a sharp peak for 0.4 <B/T< 0.6, with greater occupancy of the
0.6 <B/T< 1.0 bin, and lesser occupancy of the 0.0 <B/T< 0.4 bin than in the present
work. This lower median B/T reflects the higher magnitude limit (i.e. fainter galaxies) in
this work relative to H10. ATLAS®P B/T distributions exhibit a similar peak in the range
0.05 <B/T< 0.40 for fast rotator galaxies (Krajnovi¢ et al., 2013), but are otherwise domi-
nated by the 0.95 <B/T< 1.00 bin (~ 36%).

The physical sizes of bulges are distributed across a narrow range of effective half-light
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Figure 5.1: The measured (analysis sample) structural parameter distributions for the (freely-
fit) g band galaxy models. The unfilled portion of each histogram bar corresponds to the
number of ‘flagged’ fits (see Section 3.5) in that bin. a): Bulge Sérsic index, n. b): Bulge-
to-total luminosity ratios, B/T (bulge fractions). ¢): Effective half-light radii of bulges (1. p;
red) and disks (R, p; blue). Distribution overlap is indicated in purple. d): Disk axis ratio
(b/a), qo.
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radii (0.5 S R p S 1.5 kpce), with a median value of 0.9 kpc (Figure 5.1c). Note that these
sizes are not seeing-limited, as the half-width at half maximum (hwhm) of the MegaCam
imaging (~ 0.4") corresponds to 0.2 kpc. Galaxy disks are larger (median R. p = 3.6 kpc),
and spread over a wider range of effective radii (2.0 < R.p < 6.0 kpe)'. By comparison,
Huang et al. (2013; hereafter H13) performed 3-component Sérsic fits to ~ 100 Carnegie-
Irvine Galaxy Survey elliptical galaxies across a range of environments. The bulge Sérsic
indices measured in our study are distributed similarly to the ‘inner’ (median n ~ 2.0) and
‘outer’ (median n ~ 1.6) H13 Sérsic structures, with sizes approximately consistent (< 20)
with the former (1. g ~ 0.6 kpc). Coma disk sizes fall between the median value of ‘middle’
(Re.p ~ 2.5 kpc) and ‘outer’ (R, g ~ 10.5 kpc) H13 structures. Thus the bulge components
in our study are equivalent to the ‘inner’ H13 structures, while the disks in this work are a
combination of the ‘middle’ and ‘outer’ components.

The R, p and n values measured here for bulges (n ~ 2, R, p ~ 1 kpc) are similar to pre-
vious measurements of dwarf ellipticals (Graham & Guzman, 2003) and the (pseudo)bulges
of giant SOs and (early-type) spirals in Coma (Aguerri et al., 2004). A more general study of
ETGs in the core of Coma (Gutiérrez et al., 2004) found a broader range of bulge sizes due
to the presence of giant ellipticals in the sample. Nevertheless, this E + SO sample yielded
average IR, p and n values consistent with the results of the present work. Additionally, as
noted in other relevant works (Graham, 2013, H13), these bulges are comparable in struc-
ture with ‘red nugget’ galaxies (e.g. Buitrago et al., 2008; Damjanov et al., 2009) observed
at z > 1.5 (R, p ~1kpc, n ~2). This similarity between SO bulges and high-redshift,
compact galaxies may indicate formation of SO progenitors via rapid disk-growth around
pre-existing bulges between z ~ 1.5 and the epoch of quenching. However, current stel-
lar mass estimates for red nuggets are approximately an order of magnitude larger than the
mass of typical Coma galaxy bulges. Hence, a scenario in which disks are assembled around
existing red nuggets is disfavoured.

The disks’ apparent axis ratios are approximately equivalent to the cosine of their incli-
nations to the line-of-sight. The measured axis ratios are consistent with the expected flat

distribution of inclinations down to ¢p = 0.3 (Figure 5.1d). Significantly fewer disks with

I'The effective half-light radius of an exponential disk is related to the scale length parameter (R,) used
during fitting as R, p = 1.678 R,
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smaller axis ratios (more inclined) are detected, particularly for well-fit galaxies. This deficit
of highly inclined galaxies is apparent even if the initial sample is not filtered, and a similar
distribution of Sérsic-only axis ratios is measured. This indicates a systematic bias in the
fitting against high ellipticity (i.e. edge-on) structures, and/or reflects the intrinsic thickness
of SO disks.

In summary, archetypal SOs are disk-dominated (B/T~ 0.4) systems with compact (R, ~ 1
kpc) ‘pseudobulges’ (n ~2). The exponential disks in these galaxies are larger (by con-
struction), with a wider range of measured sizes (R. ~ 4 kpc on average). A small deficit
of high-ellipticity galaxies is apparent in the analysis sample, which is attributed to either

fitting bias, or intrinsic SO disk thickness.

5.2.2 Trends with galaxy luminosity/mass

Variation of galaxy structure with luminosity indicates structural evolution due to the quench-
ing mechanisms responsible for populating the red sequence. Conversely, detection of equiv-
alent structural scaling relations for SOs and their (spiral-like) progenitors would indicate
preservation of component structures during quenching. As such, trends in component struc-
ture can be used to distinguish between the bulge enhancement and disk fading scenarios. In
this section, I investigate variation of archetypal SO bulge and disk structures as a function of
total galaxy magnitude.

The measured structural parameters correlate with the total luminosity of the galaxy.
More luminous SOs are more bulge-dominated (Figure 5.2), with more centrally concentrated
(larger n) bulges (Figure 5.3), and larger disks (Figure 5.4). No significant size-luminosity
trend is detected within galaxy bulges. Thus, the process(es) responsible for building mass
in these galaxies caused significant disk growth, with relatively little change to their bulge
sizes. No significant change is noted in the size-luminosity slopes if component sizes are
compared to component magnitude instead of total magnitude. By comparison, Laurikainen
et al. (2010) found a significant correlation between I, 5 and (bulge) K band luminosity for
S0s. However, their SO sample is intrinsically brighter (Mg (bulge) < —21 ~ M, (total)
< —20) than the present work. Thus, the size-luminosity trend for SO bulges is flat for

the range of galaxy luminosities studied here (M, > —20.5) with a significant upturn for
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Figure 5.2: The galaxy bulge fractions (B/T) measured from g band (analysis sample) galaxy
models plotted against the corresponding absolute (bulge + disk) magnitudes (). Unfilled
points indicate flagged fits (see Section 3.5). Best-fit linear trends (solid lines) are fit to
median parameter values calculated in magnitude bins (large square points), weighted by
the robust standard error in each bin (error bars). The slopes and their bootstrap errors
(calculated from the unbinned data) are included in each plot. Dashed lines in each plot
indicate any constraints on parameters values (green: hard limits imposed on GALFIT; red:
sample filtering cuts).
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Figure 5.3: As Figure 5.2: the bulge Sérsic indicies (n) for g band (analysis sample) galaxy
models plotted against the corresponding absolute (bulge + disk) magnitudes (M,).
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Figure 5.4: As Figure 5.2: bulge (red) and disk (blue) effective half-light radii (R.; kpc)
measured from ¢ band (analysis sample) galaxy models plotted against the corresponding
absolute (bulge + disk) magnitudes (M,).

brighter SOs (see also Méndez-Abreu et al., 2008; Hyde & Bernardi, 2009; Allanson et al.,
2009).

The disk size-luminosity slope (R. p vs. M ) measured in the present work is —0.85 &
0.14 kpc mag~*, consistent with the equivalent observed slope for star-forming spiral galax-
ies measured for the same magnitude range (—0.93 4 0.06 kpc mag~'; see Figure 5.5). This
spiral sample was selected from Simard et al. (2011) using Galaxy Zoo morphology (Lintott
et al., 2011), and MPA-JHU DR?7 star formation rates. A marginal offset in total magnitude
is noted between the best fit trends of SOs and spirals (—0.52 = 0.20 mag; i.e. for a fixed
disk size, ‘archetypal’ SO galaxies are 0.52 mag brighter than star forming spirals). If the
size-luminosity trend is instead measured in terms of disk luminosity, the slopes for SOs and
spirals do not change significantly, but the luminosity offset is reduced to —0.27 4= 0.12 mag
(see Figure 5.6).

The slope of the B/T-luminosity trend measured here (—0.07 = 0.02) is consistent with
the R band slope in H10 (—0.069 £ 0.020) despite differing B/T distributions. This indi-
cates a significant trend of increasing bulge dominance for brighter red sequence galaxies
(or alternatively: fainter galaxies are more disk-dominated). This trend cannot be caused by

fading of the disk component for more luminous galaxies due to shallowness of the B/T-1,
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Figure 5.5: The size-luminosity relation (R, p [kpc] vs. absolute bulge + disk g band magni-
tude) for the disks of SOs (this work; red) and star forming spirals (black). Spiral galaxies are
plotted using bulge-disk decomposition parameters from Simard et al. (2011) for all galaxies
at z < 0.03 where a debiased probability of spiral morphology (Galaxy Zoo, Lintott et al.,
2011) is greater than 0.5. Star forming galaxies were selected using the MPA-JHU DR7 star
formation catalogue (Brinchmann et al., 2004) where the specific star formation rate, log( M,
yr— ' M) > —10.5. Median disk size values are measured in bins of absolute magnitude
(0.5 mag width), to which best fit lines are fit. The slope uncertainties are bootstrap errors
calculated from the unbinned data. This robust fitting is carried out over the same magnitude
range for both datasets.
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Figure 5.6: As Figure 5.5, the size-luminosity relation as a function of component luminosity
(Re,p [kpc] vs. absolute disk g band magnitude).

slope?. Thus, SO galaxy luminosity is more strongly correlated with the luminosity of the
component bulges, than with disk luminosity.

A significant variation in apparent inclination with total magnitude is noted (0.06 + 0.02;
Figure 5.7), suggesting that brighter galaxies are more likely to be inclined to the line-of-
sight. However, this correlation results from the presence of ‘flagged’ galaxies (¢p biased
by bar component), and the absence of ‘atypical’ galaxies (high qp on average) towards the
more luminous end. Removal of either bias results in no significant variation in axis ratio
with luminosity. The apparent inclination of a galaxy does not correlate with its physical
properties. Thus, the bias against detection of edge-on systems does not impede the analysis
of the colour and luminosity distributions reported in later sections. However, galaxies more
inclined than 60° (¢gp < 0.5) may contain additional undetectable structures (e.g. bars or
spiral patterns seen edge-on). As such, these galaxies may yield unreliable model parameters.

In summary, with increasing galaxy luminosity, archetypal SOs become increasingly
dominated by their bulge components (which in turn are higher n structures). Bulge size

does not correlate with galaxy luminosity over the range studied, while disks exhibit a strong

2AB/T < —0.6(1 — B/T) per mag indicates a reduction of disk luminosity.

106



1.0

0.9
0.8
0.7
0.6
0.5

0.4t a
0.3} . o ao e o ., o ° 4

Disk axis ratio (qp)

0.2} et ]
0.1f 1

0.0
Slope = Q.06 +0.02 |

-17 -18 -19 -20 =21

Mg

Figure 5.7: As Figure 5.2: disk component axis ratio (¢gp) measured from ¢ band (analysis
sample) galaxy models plotted against the corresponding absolute (bulge + disk) magnitudes
(My).

size-luminosity trend consistent with the equivalent scaling relation for local (star-forming)

spiral galaxies.

5.2.3 Structural trends with environment

With increasing projected distance from the cluster core, galaxies exhibit no significant cor-
relation in bulge Sérsic index (Figure 5.8), disk axis ratio (Figure 5.9), or the half-light radii
of either structural component (Figure 5.10). Thus, any contribution by bulge enhancement
effects must have occurred prior to entering the cluster potential. Conversely, if SO forma-
tion is driven primarily by the cluster environment, then the quenching mechanism cannot
significantly alter the structure of the bulge or disk components. Therefore, the offset in
size-luminosity trends between SOs and spirals noted in Section 5.2.2 cannot be due to an
(environment-driven) physical truncation of the disk component.

Galaxy bulge fraction increases towards the cluster core at a ~ 20 level (Figure 5.11).
Thus, the relative luminosities of structural components in archetypal SOs vary significantly
between the cluster outskirts and core. This implies either environment-driven enhancement
of bulge luminosity or disk fading, despite consistent structures at all cluster radii. Since

bulge enhancement mechanisms are less likely to be structure-preserving, this supports disk
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Figure 5.8: The measured (analysis sample) bulge Sérsic indices (n) for g band (analysis
sample) galaxy models plotted against their radial distance from the cluster centre (7¢juster;
units of 7900). Unfilled points indicate flagged fits (see Section 3.5). Best-fit linear trends
(solid lines) are fit to median parameter values calculated in magnitude bins (large square
points), weighted by the robust standard error in each bin (error bars). The slopes and their
bootstrap errors (calculated from the unbinned data) are included in each plot. Dashed lines
in each plot indicate any constraints on parameters values (green: hard limits imposed on
GALFIT; red: sample filtering cuts).
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Figure 5.9: As Figure 5.8: disk component axis ratio (¢p) measured from ¢ band (analysis
sample) galaxy models plotted against their radial distance from the cluster centre (7cjuster;
units of r9g).
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Figure 5.10: As Figure 5.8: bulge (red) and disk (blue) effective half-light radii (R.; kpc)
measured from g band (analysis sample) galaxy models plotted against their radial distance
from the cluster centre (7 cjuster; UNIitS of rog0).

fading mediated by the cluster environment.

In summary, galaxy component structures do not vary between the Coma cluster outskirts
and core. Nevertheless, bulge fraction increases with decreasing clustercentric radius. Since
bulge enhancement mechanisms are unlikely to increase bulge luminosity without changing
its structure, environment-driven fading of the disk component is favoured as the formation

mechanism for archetypal SOs.

5.2.4 Fingerprints of quenching in the structural parameters of S0s

Different quenching mechanisms (see Section 1.2) cause distinctive changes to a galaxy’s
structure in addition to truncating its star formation. As such, the structural ensemble prop-
erties of the galaxy sample provide a fossil record of the physical mechanisms which have
influenced their evolution. In this section, I investigate trends in bulge and disk structure
with the aim of identifying the primary mechanism responsible for the formation of Coma
cluster SOs. In particular, I focus on the B/T disparity between SOs and their less bulge-
dominated, spiral-like progenitors (Dressler, 1980b; Lackner & Gunn, 2012). This apparent
B/T increase is discussed in the context of either ‘bulge-enhancement’ (increased B/T from

mass build-up in the bulge) or ‘disk-fading’ (increased B/T from decreased disk luminosity)
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Figure 5.11: As Figure 5.8: galaxy bulge fraction (B/T) measured from ¢ band (analysis
sample) galaxy models plotted against their radial distance from the cluster centre (7cjuster;
units of r9gp).

transformation mechanisms.

As discussed in Section 1.2.2, galaxy (minor/major) mergers cause bulge size growth,
and may disrupt or destroy disk structures. Thus, if brighter (higher B/T) galaxies built a
greater fraction of their present-day mass through merger events, then bulge 2. p should
correlate with total galaxy luminosity. These predictions are incompatible with our observed
size-luminosity relations; the measured physical sizes of these bulges do not vary signifi-
cantly with luminosity over the galaxy luminosity range analysed in the present work (Figure
5.4). A correlation may exist for more luminous galaxies (M, < —20.5), however the small
number of galaxies in this luminosity range limits its detection in the present sample.

For galaxy disks, a strong correlation is measured between half-light radius and total
galaxy luminosity, indicating that the disks survive after transformation. This trend is present
even if the requirement that disks dominate the outer part of their galaxies (i.e. archetypal
structures) is relaxed, and thus is not a consequence of our selection bias. Furthermore,
when compared to the disks of local, star-forming spiral galaxies, the SOs in Coma have a
similar size-luminosity slope (Figure 5.5), albeit with an offset in magnitude (see disk fading
discussion below). Thus, the structural scaling relations of (spiral-like) progenitor galaxies

are preserved for SO disks. Disk-destructive mechanisms (i.e. major mergers) are disfavoured
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as the dominant process in SO formation.

Rawle et al. (2013) found that Coma SO galaxies are offset from the Tully-Fisher Relation
(TFR) for spirals such that for a fixed rotation velocity, SOs are 1.1 4= 0.2 mag fainter in total
galaxy luminosity than spirals in the g band. Assuming that this offset is a pure change in
disk luminosity, then the progenitor of an ‘average’ Coma S0 (M, = —18.8 & 0.1 mag,
B/T = 0.38 & 0.01) was brighter (M,, = —19.9 & 0.2 mag) and less bulge dominated
(B/Ty = 0.14 £ 0.02). Hence, disk components were faded by 1.5 £ 0.2 mag on average
in g. However, it has been shown that for a fixed disk size, Coma S0Os are brighter (g band:
0.52 £ 0.20 mag globally, 0.27 £ 0.12 mag for disks) than local star-forming spiral galaxies
(Figures 5.5 and 5.6). Thus, the simplest model of disk fading - wherein only disk luminosity
is changed - is incompatible with the results of the present work.

To reconcile disk fading with the observed size-luminosity relations, either progenitor
(exponential) disks must be intrinsically smaller (and/or brighter) than the disks of present-
day spirals, or disks must have been truncated in size during transformation to SOs (as previ-
ously noted in Coma; Aguerri et al., 2004). This may be observed as e.g. ‘“Type II’ surface
brightness profiles (see Pohlen & Trujillo, 2006; Erwin et al., 2012; Roediger et al., 2012;
see also Chapter 8). Physical truncation may result from the stripping of outer disk stars
predicted from galaxy harassment (de Jong et al., 2004; Aguerri & Gonzalez-Garcia, 2009),
however the lack of correlation between disk size and 7oy disfavours environment-driven
truncation. Fading the total galaxy luminosity of star-forming spirals by 1.1 mag requires a
disk size offset (i.e. SO disks smaller than spiral disks) of 1.5+ 0.3 kpc (at fixed galaxy lumi-
nosity) to be consistent with the observed global Coma S0 size-luminosity trend. Repeating
this analysis for size-luminosity as a function of disk luminosity yields a similar size offset
(1.540.2 kpc). From the average observed disk size for our sample (R, = 2.24+0.1 kpc), SO
disks are thus 41 4 6% smaller on average than the equivalent disks of local spiral galaxies.

A progenitor size bias scenario (i.e. SO progenitors are intrinsically smaller than present-
day spirals) is in qualitative agreement with Trujillo et al. (2006), who found low n objects
at z ~ 2.5 with sizes ~ 3x smaller than local galaxies. If present-day spirals and SOs share
a parent progenitor population, then the disk size offset can be explained as interruption of

disk growth when SO progenitors were quenched, while spiral progenitor disks continued
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to grow via star formation. Using the size growth predictions of Trujillo et al. (2006), the
measured disk size offset corresponds to a quenching redshift of 2 ~ 1.5 for Coma cluster
S0s. Note however, that galaxies at lower 7 ster €ntered dense environments (e.g. the Coma
cluster or preceding galaxy groups) at earlier epochs. If the quenching formation mechanism
for SOs was driven by the cluster environment (or by pre-processing in groups), then disk
growth ended earlier for galaxies in the cluster core. However, as reported in Section 5.2.3
no trend in disk size was found with clustercentric radius. Thus, termination of disk growth
cannot explain the spiral/S0 size offset if quenching is driven by the cluster environment.

A disk-fading scenario is supported by the detection of a strong correlation between disk
component and total galaxy colours (Lackner & Gunn, 2012)*. The (global) colour transition
from blue [cloud] to red [sequence] galaxies was thus interpreted as driven by redder disk
colours. Disk-fading was disputed by Burstein et al. (2005; see also Christlein & Zabludoff,
2004), who found that SOs have equal (or greater) K band luminosity than spirals, rather
than less. However, this offset compares present-day SOs to present-day spirals, rather than
to their progenitors. In addition, the measurement of global luminosity differences does not
strictly rule out disk fading (i.e. if the bulge is brighter).

In summary, through analysis of the structural parameters of the bulges and disks of SOs,
I have investigated the physical mechanisms responsible for their formation. The detection
of a strong size-luminosity relation for disks - but not for bulges - does not support a bulge-
enhancing origin for SOs, particularly for disk-disruptive (major) and bulge size growing
(minor) mergers. While the probable importance of mergers in bulge mass assembly at
early times has been previously noted (e.g. Fisher et al., 1996; Barway et al., 2009, 2013),
here I am asserting that this process is not responsible for the final transformation which
yields the observed SOs. This work therefore supports disk-fading as the dominant formation
mechanism for SOs in the Coma cluster. However, as SOs are brighter (at a fixed disk size)
than local spirals, SO disks must be significantly smaller than the disks of today’s star-forming
spirals. Therefore, either the disks of cluster SO progenitors were intrinsically smaller or
brighter than local field spiral disks, or these disks were truncated during transformation to

SOs.

3Lackner & Gunn also report an increase in ‘bulge size’ (from B/T) as galaxies transition onto the red
sequence. However, it is not necessary to invoke bulge growth to explain an increase in B/T if disk fading is a
dominant effect.
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5.3

Summary

The bulge and disk structures of red-sequence galaxies (with —17 > M, > —22) in the Coma

cluster have been characterised using deep u, g, and ¢ band imaging. Extensive sample vet-

ting was carried out to isolate a sample of 200 galaxies well-described by an ‘archetypal’ SO

(central) bulge + (outer) disk morphology. In this chapter, I have described the distributions

and trends (as functions of total/component luminosity, and cluster-centric radius) of the g

band structural bulge and disk parameters resulting from decomposition analysis.

The main results of this chapter are as follows:

)

1i1)

S0 bulges have physical sizes, R. g ~ 1 kpc, and profile shape, n ~ 2, on aver-
age.

Bulges are thus structurally similar to both dwarf ellipticals in Coma, and ‘red nugget’
galaxies observed at z > 1.5 (albeit an order of magnitude smaller in mass than the

latter).

No significant correlation between bulge half-light radius and total galaxy lumi-
nosity is detected (for galaxies fainter than M= —20.5).
This is inconsistent with predictions for a ‘bulge-enhancement’ scenario of SO forma-

tion via major mergers (R, increases oc M) or minor mergers (R, o< M?).

No significant variation in bulge or disk structure (i.e. bulge n, bulge and disk
R.) is observed with projected distance from the Coma cluster centre.

Thus, environmental quenching mechanisms (if present) do not affect galaxies struc-
turally, implying a relatively gentle formation mechanism for SOs. Alternatively, envi-
ronment mediated evolutionary pathways may cause galaxies to cease to be structurally

archetypal.

Disk effective half-light radius is strongly correlated with total galaxy luminosity.
The R.-M slope for SO disks is consistent with the size-luminosity relation for today’s
star-forming disk galaxies. However, these trends are separated in luminosity such that
SOs are brighter than such spirals. If SO galaxies are formed through disk fading, then
their disks are 40% smaller on average than the disks of equally luminous local spirals.

Thus, either their progenitor’s disks were intrinsically smaller than the disks of today’s
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spirals (suggesting a quenching epoch of z ~ 1.5), or were truncated in size during
transformation to SOs. However, as no trend in disk size was noted with clustercentric

radius, neither scenario could be driven by environment-dependent mechanisms.

As this study focuses purely on galaxies with ‘archetypal’ bulge + disk structures, we
do not rule out a merger-based formation scenario in all early-types. ‘Atypical’ SO galax-
ies in the present work represent the most bulge-dominated ETGs, and hence are the most
likely candidates for ‘traditional’ ellipticals. The possibility of multiple evolutionary path-
ways for ‘archetypal’ and ‘atypical’ ETGs (e.g. due to a relatively quiet merger history for
‘archetypal’ S0s) is investigated through multi-component decomposition in Chapter 7.

In the next chapter, the colour characteristics of bulge and disk components will be de-
scribed, including discussion of the colour-magnitude and colour-(cluster) radius trends. SSP
models will be used to estimate the stellar population property differences which yield the
measured offsets in component colour. In addition, variation of the colour properties with

(visual) morphological classification will be investigated.
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Chapter 6

Photometric Component Properties

6.1 Introduction

The photometric colour of an early-type galaxy is strongly correlated with the physical prop-
erties of its constituent stars. Through use of simple Synthetic Stellar Population (SSP)
models, colours can be used to constrain the age (and metallicities) of galaxy stellar pop-
ulations, and hence investigate their star formation history. Analysis of colours is thus an
important tool when investigating the quenching and evolution of ETGs.

In this chapter, I report the separated photometry of Sérsic bulges and exponential disks
following the decomposition analysis described in Chapter 3. A sample of 200 galaxies
well-fit by an archetypal SO structure (central bulge + outer disk) was selected to ensure that
dissonance between the models and underlying galaxy structure does not distort the mea-
sured component photometry. Through analysis of component colour-magnitude trends, 1
investigate whether Coma’s SO red sequence is a consequence of global or component colour-
magnitude trends (i.e. more luminous SO galaxies redder as a whole, or increasingly red in
only one structural component). As such, I place photometric constraints on the quenching
history of Coma S0s, based on estimates of component ages. Furthermore, variations of
component colours as a function of cluster radius and with morphological types are investi-
gated, yielding insight into the role of the Coma cluster environment in quenching, and any
variation of quenching mechanisms with observed structural morphology.

The structure of this chapter is as follows: First, I present a comparison of the component

colour magnitude results derived using both fixed multi-band, and internal gradient fitting
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techniques. Analysis of the colour offsets between bulges and disks is performed using SSP
models, yielding constraints on the age/metallicity differences between these components.
Secondly, (cluster) radial trends of component colours are investigated, yielding estimates
of age differences between the components of galaxies in the cluster core and outskirts.
Thirdly, visual morphological classifications (where available) are investigated in the context
of component photometry and photometric trends. Fourthly, I present a comparison between
the (cluster-radial) photometric results of the present work, and those presented in similar

literature decomposition studies. Finally, I summarise the conclusions drawn in this chapter.

6.2 Colour-magnitude trends

This section presents an analysis of the separated red sequences for bulge and disk compo-
nents in the Coma cluster. The slopes and systematic colour offsets between these compo-
nents are then used to constrain the stellar population properties of archetypal Coma S0Os. A
full catalogue of the u, g, and ¢ band photometry measurements is presented in Tables A.1

(9) and A.2 (u, i) of Appendix A.

6.2.1 Fixed multi-band fitting

Here, I report on the results where the structural parameters measured in the g band were
imposed on the galaxy images in the v and ¢ bands. This results in a uniform colour for
both the bulge and disk components at all radii (‘fixed multi-band fitting’; see Section 3.7).
Thus in this section, the galaxies’ colour gradients are only interpreted as a colour difference
between the bulge and disk.

The g — i colours and colour differences between the two components are presented
in Figure 6.1 (upper plot). Both the bulges and disks follow significant colour-magnitude
trends, with more luminous SOs possessing both redder bulges and redder disks. This trend
is significantly steeper for bulges. A median (bulge — disk) g — ¢ colour offset of 0.097 +
0.004 mag separates the two components, which increases significantly (> 3c0) for brighter
galaxies. For example, an average M, = —18 galaxy has a bulge — disk separation of 0.080

mag in g — ¢, while the separation for an average M, = —21 galaxy is 0.146 mag. The bulge
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Figure 6.1: Colour-magnitude diagrams (top: g — ¢, bottom: u — g) for fixed multi-band
structure. Upper panels: The bulge (red) and disk (blue) colours plotted against the absolute
band magnitudes of each galaxy. Lower panels: The colour difference
(bulge — disk) plotted against absolute g band magnitude. Unfilled points indicate ‘flagged’
fits (containing weak extra components or asymmetries, see Section 3.5). Best-fit linear
trends (solid lines) are fit to median colour values calculated in magnitude bins (large square
by the robust standard error in each bin (error bars). Slope uncertainties
are bootstrap errors calculated from the unbinned data. A dashed black line at A(g — i) =0
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Figure 6.2: As Figure 6.1 for g — ¢ (top) and ©u — g (bottom) colours and colour differences
(bulges — disks) as a function of component magnitude for fixed multi-band structure. Note
that the slope of A(C') is zero by definition for component magnitudes.
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colours have a slightly lower level of intrinsic scatter (i.e. additional scatter after removing
measurement uncertainty) in g — ¢ relative to the colours of disks; 0.048 and 0.066 mag
respectively.

The u — g colour-magnitude trends (Figure 6.1; lower plot) are steeper than g — ¢, with
no difference between the two components’ slopes. Thus, the component colour offset in
u — g does not vary significantly with total luminosity. The median value of this offset is
0.178 & 0.007 mag in u — g. Intrinsic scatter of component colours is significantly larger in
u — g than g — 7. For bulges, the scatter relative to the © — g colour magnitude trend is 0.077
mag, while the equivalent scatter for disks is 0.124 mag (i.e. an increase by a factor of 1.6
and 1.9 respectively, relative to g — 7).

If the colour-magnitude trends are measured as a function of component (bulge or disk)
magnitude (Figure 6.2), the colour-magnitude slopes of bulges and disks are consistent in
both g — ¢ (bulges: —0.048 + 0.003, disks: —0.040 4 0.005) and v — g (bulges: —0.075 +
0.008, disks: —0.077 4= 0.010). The corresponding bulge — disk colour separations at fixed
component magnitudes are A(g — 7) = 0.131 + 0.008 mag and A(u — g) = 0.219 4+ 0.008
mag. Here, a common colour-magnitude slope is assumed for both components such that
colour differences are measured as a constant offset between the bulge and disk trends. Thus,
A(g—1i) and A(u—g) are significantly increased relative to the median (pairwise) separations
at fixed total galaxy luminosity reported above.

A colour-colour plot depicting the bulge and disk g — ¢ colours is presented in the upper
plot of Figure 6.3. The majority of galaxies form a broad sequence below the illustrative
y = x line. This indicates that galaxies with redder bulges have redder disks, and a galaxy’s
bulge is intrinsically redder than its disk. This is equivalent to the B — R bulge/disk colour
plot in MacArthur et al. (2004; see Figure 8). Converting component colours to B — R
(= g — 1+ 0.5 using Jester et al., 2005), the SOs in the present work occupy the same region

as the SO and Sa galaxies measured by MacArthur et al..

6.2.2 Models with Internal Gradients

Colour gradients were permitted in the model components to better reproduce the observed

colour profiles of the galaxies. Thus in this section, the sample galaxies’ colour gradients are
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Figure 6.3: Colour-colour (¢ — ¢) diagrams of analysis sample bulges (z-axes) and disks
(y-axes). Top plot: Fixed multi-band models. Bottom plot: Models where internal colour
gradients are permitted. Unfilled points indicate ‘flagged’ galaxies, and red points highlight
the galaxies which require internal gradients for at least one component. A line of y =
(dashed line) is included in each plot for comparison.
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interpreted as a combination of internal colour gradients and a colour difference between the
bulge and disk.

Of the 200 galaxies in the analysis sample, 60 require component colour gradients (see
Section 3.7.2). For these galaxies, the average (gradient — no gradient) colour differences
for bulge components are —0.022 4= 0.005 mag and —0.059 4+ 0.009 maging —iand u — g
(respectively), and 0.009 4 0.005 mag and 0.023 + 0.011 mag for disks. Thus, bulges are
measured as systematically bluer when internal colour gradients are accounted for, while
disks are redder (albeit at a marginal level). These systematic colour offsets result in the
suppression of apparent bulge — disk colour separations. For the 60 galaxies which require
colour gradients, this decreases the apparent median g — ¢ colour separation from 0.104 £
0.010 mag when internal gradients are ignored, to 0.073 4= 0.014 mag if those gradients are
included. In u — g, this decrease in colour separation is even more pronounced (0.175£0.013
without colour gradients; 0.104 4+ 0.018 mag with).

The colour shifts measured when gradients were introduced highlights systematic biases
in the measurement of bulge and disk colours if internal gradients are not accounted for.
Hence, the exaggerated average bulge — disk colour separations for fixed multi-band fitting
is a consequence of attempting to account for complex colour profiles with offsets in compo-
nent colour alone. In all subsequent sections, I report the ‘best-fit’ multi-band model results
for the analysis sample (N = 200). Of these, 60 galaxies include internal gradients in at least
one component, while 140 galaxies are adequately fit by a ‘no component gradient’ model.

The g — ¢ and u — g colour-magnitude diagrams for the analysis sample when internal
component gradients are permitted is presented in Figure 6.4. Here, the median g — ¢ colour
separation for the sample as a whole is only ~ 0.01 mag smaller than was seen previously
where component structures were held fixed from band to band (a difference of ~ 0.02 mag
for u — g separation). However, colour offsets are most evident towards the bright end of
the galaxy magnitude distribution, where component gradients are required more frequently.
This results in a larger decrease in the g — ¢ colour separation for brighter galaxies (0.03 mag
at M, = —21.5). For u — g, this is manifested as a steeper bulge colour-magnitude slope.
However, this change is not significant (~ 10).

As reported above for fixed multi-band fitting, the colour-magnitude slopes as a function
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Figure 6.4: As Figure 6.1 for g — ¢ (top) and u — g (bottom) colours and colour differences
(bulges — disks) when internal component gradients are permitted. 60 galaxies (out of 200)
are affected by the inclusion of component gradients.

122



| Bulge slope'= -0.045+0.005 Scatter = 0.055

1.5

Median = 0,120+0.007
-16 -17 ~18 ~19 ~20 -21
M, [Component]

, 1|Bulge slope = -0.069 +0.006 Scatter = 0.083 |
T
S
1.3p ° . ° ° o o 7
1-1Disk slope = -0.073+0.008 Scatter = 0.102 | I
0.4} ]
’TE 0.3} 1
3 0.2
g 0.1f ]
00F — = - - m o ]
Median = 0,197 +£0.008 ‘ ‘

~16 -17 -18 ~19 —20 -21
M, [Component]

Figure 6.5: As Figure 6.1 for g — ¢ (top) and ©v — g (bottom) colours and colour differences
(bulges — disks) as a function of component magnitude when internal component gradients
are permitted. Note that the slope of A(C') is zero by definition for component magnitudes.
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of component magnitude (Figure 6.5) for bulges and disks are consistent in g — ¢ (bulges:
—0.045£0.005, disks: —0.047£0.005) and u— g (bulges: —0.069 +0.006, disks: —0.073 +
0.008). Here, the bulge — disk colour offset at fixed component luminosity is 0.120 4 0.007
mag in g —%, and 0.1974+0.008 mag in u© — g. Thus, as with the component colour-magnitude
results as a function of total magnitude, the g — ¢ and u — ¢ colour separations (bulge — disk)
are ~0.01 mag and ~ 0.02 mag smaller here than was measured for a fixed multi-band
analysis.

Allowing for internal component gradients increases the number of free fitting parame-
ters, and hence introduces additional fitting degeneracies. Thus, scatter in measured bulge
and disk colours increases when component gradients are permitted. This effect is illustrated
in Figure 6.3 by the increased scatter (0.09 mag from 0.07 mag) of gradient-requiring galax-
ies (red points) in the lower panel relative to the upper. Nevertheless, the increase in scatter
due to additional free fitting parameters is substantially smaller than the resulting change in

average component colours for the analysis sample.

6.2.3 Stellar population properties

The slope of the red sequence implies a luminosity dependence of the average stellar pop-
ulation properties (age and/or metallicity). From the bulge-disk decompositions of Hudson
et al. (2010; H10), the global colour-magnitude slope was found to be a consequence of
change in bulge colour in cluster galaxies. For the Coma S0s in the present work, I measure
a bulge colour-magnitude slope of —0.059 4 0.005 (Figure 6.4). This is consistent with the
equivalent B — R slope measured in H10 (—0.037 & 0.014). However, I also measure a
similar significant colour-magnitude slope for SO disks (—0.043 4= 0.005). By contrast, H10
reported no colour-magnitude slope for disk components (0.000 = 0.010). This difference is
not a consequence of selection bias: the colour-magnitude slopes measured in this work are
not significantly altered if either the initial colour cut (g — r > 0.5) or later sample vetting
(see Section 3.5) are removed. Thus, I find that the red sequence of our archetypal Coma S0
sample is due to similar trends towards redder colours for both structural components, rather
than being driven only by the bulge colour-magnitude relation.

The colours of bulges and disks represent a fossil record of their star-formation history
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and subsequent quenching. A A(B — R) colour separation (~ A(g — 1)) of ~0.25 between
bulges and disks of L, galaxies was previously reported in H10. Since most galaxies have
a negative colour gradient, this colour offset reflects the radial positions of the bulge and
disk structures in SOs. As such, bulge stellar populations are expected to be older (or more
metal-rich) than disks.

The bulges of Coma S0s are measured in this work to be 0.089+0.004 mag redder in g —1¢
than their disks on average, and 0.164 4+ 0.007 mag redder in © — g on average at fixed total
galaxy luminosity. At a fixed component luminosity, bulges are 0.123 £ 0.008 mag redder
in g — ¢ than disks on average, and 0.201 4 0.009 mag redder in u — g on average. Hence,
bulges are significantly redder than disks in both colours when either measured between
components of an average galaxy, or between equal luminosity components.

The average A(g — i) colour separation reported here at fixed total luminosity is thus
~ 3x smaller than the equivalent A(B — R) offset reported in H10, while the offset at fixed
component luminosity is ~ 2x smaller. Removing the sample filters yields a significantly
bluer median colour for galaxy bulges, although the median disk colours remain consistent
with the filtered sample median. However, the average colour offsets are not changed sig-
nificantly. Thus, the measurement of a smaller bulge — disk colour offset for red sequence
galaxies relative to H10 is a secure result, robust to the choice of sample selection criteria.

SSP models connect measured photometry to the underlying stellar population properties
of a galaxy. Applying multi-linear fitting to Maraston (2005) SSP models (single burst star
formation, Kroupa initial mass function) yields expressions for g — ¢ and u — g colours as
linear combinations of stellar population ages and metallicities. The bulge and disk colours,
and colour separations measured above can thus be used to constrain the timescales involved
in galaxy quenching. However, given the degenerate effects of age and metallicity on optical
colours (Worthey, 1994), I do not attempt to attribute colour differences to exact values of
either stellar population property.

If interpreted as purely an age difference, the 0.089 + 0.004 mag bulge — disk colour
separation in g — ¢ (at a fixed galaxy magnitude) corresponds to a bulge age (t5) (1.9£0.1) x
larger than the disk age (fp) on average. Using the u — g colour separation, a larger age

offset of t5 = (3.0 £ 0.5)tp is measured. To estimate the absolute age difference between
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bulges and disks, At, T assume tp = tp.x = 13.8 Gyr. Using A(g — 7), SO bulges are
thus 6.4 = 0.4 Gyr older than their disks on average. This is equivalent to disk formation
at zgisk = 0.9 £ 0.1. From A(u — g), a significantly larger age offset, At = 9.2 + 0.8 Gyr
(zaisk = 0.4 £ 0.1) is measured between the two components. The apparent discrepancy
between these estimates is caused by increased sensitivity of © — ¢ to emission from young
stars (i.e. disks are younger than detected in g — 7). These disk ages are consistent with the
presence of (relatively) recent star formation activity in a fraction of the measured Coma S0s.
This may indicate contamination of the sample by red spiral galaxies which have been dust-
reddened (e.g. Cibinel et al., 2013), or are currently undergoing truncation (e.g. Crossett
et al., 2013).

Alternatively, if interpreted as only a difference in the metallicity, the (¢ — %) colour
separation between bulges and disks corresponds to a bulge metallicity (Z5) (2.2 £+ 0.1) x
greater than the metallicity of the disk (Zp). From u — g, the metallicity difference would
be Zp = (2.4 +0.1)Zp for fixed galaxy magnitude.

For typical ETGs, spectroscopic investigation of stellar populations report negative global
metallicity gradients (Fisher et al., 1996; Moorthy & Holtzman, 2006; Morelli et al., 2008;
Rawle et al., 2010; Johnston et al., 2012; La Barbera et al., 2012) indicating galaxy cen-
tres more metal-rich than than their outer regions. Global age gradients have been reported
as either weakly negative/flat (Kuntschner et al., 2010; Rawle et al., 2010; Eigenthaler &
Zeilinger, 2013), or positive (Bedregal et al., 2011; Johnston et al., 2012; La Barbera et al.,
2012). If both age and metallicity gradients are negative, then the negative colour gradients
measured in this work correspond to bulge — disk age/metallicity offsets smaller than calcu-
lated above. Conversely, if age gradients are positive (i.e. centres of SOs younger than their
outer regions), then a larger metallicity offset is required, relative to the (pure metallicity)
values calculated above.

The measured bulge — disk colour offsets can be interpreted as the difference in stellar
population properties between the half light radii of the bulge and disk (with R, p < R p
in archetypal SOs). On average, this corresponds to a 0.089 mag decrease in g — ¢ colour
(0.164 mag decrease in u — g) across Alog(R) = —0.55 dex in radius. A negative metal-

licity gradient and a weakly negative age gradient (A[Z/H]/Alog(R) = —0.13 £ 0.04 and
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Alog(age)/Alog(R) = —0.02 £ 0.06 from Rawle et al., 2010) yield bulge — colour offsets
of A(g—1) = 0.0224+0.013 mag and A(u—g) = 0.036£0.017 mag. These predicted colour
offsets are significantly smaller than the observed A(g—i) and A(u— g), indicating that stel-
lar population gradients alone are insufficient to explain the colour difference between bulges
and disks. Further, the Rawle et al. (2010) sample is dominated by E or E/SO morphologies.
The metallicity gradient for a sample of SOs would be shallower (e.g. Koleva et al., 2011),
and thus the gradient-predicted colour offset would be even more discrepant with the mea-
sured values presented above. Alternatively, a negative metallicity gradient and positive age
gradient (A[Z/H]/Alog(R) = —0.6 + 0.5 and Aage/Alog(R) = 2.3+ 4.6 Gyr dex ™! from
Prochaska Chamberlain et al., 2011) yield bulge — colour offsets of A(g—i) = 0.097+0.074
mag and A(u — ¢g) = 0.160 + 0.102 mag, assuming a bulge age of {5 = 13.8 Gyr. These
colour offsets are similar to the observed values, but the substantial uncertainty prevents a
strong conclusion from being drawn.

To summarise, the colour-magnitude slopes of SO bulges and disks are similar, with an
average colour separation of ~ 0.1 mag in ¢ — ¢, and ~0.2 mag in v — g. Using SSP
models, the redder colours of SO bulges can be calculated as a difference in either a stellar
population age, or metallicity relative to SO disks. At a fixed galaxy luminosity, bulges are
found to be ~ 2-3x older than disks, or ~ 2x more metal rich. Alternatively, both age and
metallicity may contribute to the colour-magnitude slopes. However, such combined stellar
population property offsets cannot be quantified without additional (infra-red/spectroscopic)

information.

6.3 Variation with Environment

In this section, I investigate variation of bulge and disk colour as a function of the (projected)
distance from the Coma cluster centre, r.uster- Observed rqusier correlates with the time at
which a galaxy first entered the cluster environment (Gao et al., 2004; Smith et al., 2012;
De Lucia et al., 2012; Taranu et al., 2014), albeit with substantial scatter. A radial analysis
therefore highlights variations of stellar population properties during cluster infall. By inves-
tigating the cluster-centric radial trends for bulges and disks, I thus trace the environment-

mediated processes that have acted on these structural components, and hence the cluster
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Figure 6.6: Colour-magnitude and colour-separation diagrams (gradients included). The
sample is divided at 7uster = 35’ (= 0.4671990), defining the inner (top plots) and outer
(bottom plots) cluster samples. Upper panels: Bulge (red) and disk (blue) g — 7 colours
plotted against the absolute (bulge + disk) g band model magnitude. Lower panels: g — ¢
colour difference (bulge — disk) plotted against absolute magnitude. Unfilled points indicate
‘flagged’ fits (containing weak extra components or asymmetries, see Section 3.5). Best-
fit linear trends (solid lines) are fit to median colour values calculated in magnitude bins
(large square points), weighted by the robust standard error in each bin (error bars). Slope
uncertainties are bootstrap errors calculated from the unbinned data. The best-fit bulge and
disk trends for the inner sample are included in the upper panel of the outer sample plot as
dashed lines for comparison.
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Figure 6.7: Colour-radius diagrams for Coma cluster galaxies (component gradients in-
cluded). Upper panels: bulge (red) and disk (blue) g—: colours plotted against the projected
separation between the galaxy and the Coma cluster centre (in fractional units of r54,). Mid-
dle panels: Bulge g — 7 colours after subtracting the equivalent colour-magnitude trend,
d(g — 1), plotted against rqyster- Lower panels: disk g — i colours after subtracting the
equivalent colour-magnitude trend, 6(g — i), plotted against 7cjuse;. Unfilled points indicate
‘flagged’ fits (containing weak extra components or asymmetries, see Section 3.5). Best-fit
linear trends (solid lines) are fit to median colour values calculated in bins of projected radius
(large square points), weighted by the robust standard error in each bin (error bars). Slope
uncertainties are bootstrap errors calculated from the unbinned data.
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Figure 6.8: As Figure 6.7: Colour-radius diagrams for Coma cluster galaxies (component
gradients included) displaying bulge (red) and disk (blue) v — g colours and 6 (u — g) colour
residuals as a function of rygster-
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environment’s role in star formation quenching and SO formation.

6.3.1 Cluster colour-radial results

First, galaxies are sub-divided into ‘inner’ and ‘outer’ cluster samples (Figure 6.6) based
on a cut at 7guster = 39 (~ 1.0 Mpc). This radial division is chosen such that each radial
sub-sample contains ~ 50% of the analysis sample. Intrinsic scatter in the measured bulge
colours around the corresponding colour-magnitude trend for galaxies in the cluster core
is remarkably low (0.036 mag) relative to galaxies in the outer sample (0.063 mag). This
difference in scatter is significant (from an F-test) at a very high confidence level > 99%).
The scatter of disk colours in the cluster outskirts (0.057 mag) is comparable to this global
colour scatter for all analysis sample galaxies (0.055 mag), but is significantly higher (> 99%
confidence) for galaxies in the cluster core (0.076 mag). This increased scatter for disks may
result from poorer disk detection at low 7¢uster due to contamination by neighbouring galaxy
haloes. The average bulge — disk colour separations are similar for both samples, but bulge
red sequence slopes are weakly (< 20) steeper for galaxies in the cluster core. In addition,
a trend towards redder bulges and disk colours at smaller r¢,ste; 1S detected. Between the
inner and outer samples, the average offset for bulges is ~ 0.03 mag in g — 7 and ~ 0.05 mag
in u — g. For disks, the offset is ~ (.04 mag in both colours.

For the cluster sample as a whole, there exist marginal trends of redder galaxy bulges and
disks towards the cluster centre (Figure 6.7). Disks have a colour-radius slope (—0.032 £
0.017 mag 754 in g — 7) consistent with the trend for bulges (—0.040 & 0.017 mag r5p),
but have greater intrinsic scatter (0.079 mag vs. 0.068 mag). However, the cores of galaxy
clusters are populated by more luminous, bulge-dominated galaxies than the cluster out-
skirts. Thus, any observed colour-radius trends would need to be decoupled from the colour-
magnitude relation. Instead, deviation from the observed (component) colour-magnitude
trends, d(g — ¢) and 6(u — g), as a function of radius is used as an unbiased probe of cluster-
radial trends in stellar population properties.

The scatter in §(g —7) is ~ 0.02 mag smaller (relative to the raw colour-radius results) for
both components. However, the radial correlation slope is steeper for disks, and shallower for

bulges. This change remains small for both components (~ 1¢), but results in §(g — i) slope
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for disks (—0.046 £ 0.013 mag r,,) which is significant at a 3.80 level. The corresponding
(g — 1) slope for bulges is weakly significant (—0.029 + 0.012 mag 75, but differs by less
than 20 from the disk result.

Colour-radius slopes in © — ¢ are significant at a ~ 30 level for both components (Figure
6.8). Compared to g —i, these correlations are steeper, and have greater scatter (~ 1.5x). Re-
moving the best-fit component colour-magnitude trends results in shallower §(u — g) slopes
for both components (—0.064 + 0.023 mag r5y, for bulges, —0.082 4 0.023 mag 75, for
disks). As with (g — 7), these residual trends are consistent but only significant at a > 30
level for disks. Scatter in 6(u — ¢g) is ~0.02 mag smaller for both components (relative to
scatter in u — g).

H10 previously noted a significant dependence of disk colours on projected cluster-
centric radius (—0.103 4 0.023 mag ry, in B — R). This trend is steeper, but consistent at a
~ 20 level with the correlation reported above for g — ¢ disk colours. Similarly, H10 bulge
colours were found to be invariant with radius (0.007 + 0.038 mag 5, in B — R), consistent
with the (weak) correlation between g — ¢ bulge colour and 7,6 1n this work. Conversely,
Lackner & Gunn (2013) found that disk colours drove global colour-density trends, but only
for galaxies in poor groups. In rich clusters, disk colours were measured as invariant with
local density, while bulge colours were weakly anti-correlated with environment.

In summary, SO disks become significantly bluer in ¢ — ¢ radially outwards from the
cluster core. SO bulge g — ¢ colour, however, only correlates weakly with r¢jster. Steeper
colour-radial trends are measured in v — g for both components, but at similar significance
levels to g —¢. These results are unchanged if instead multilinear fitting is used to investigate

component colour as a function of component magnitude and cluster radius simultaneously.

6.3.2 Environmental Quenching

In this section, simple SSP models (from Maraston, 2005; see Section 6.2.3) are used to
quantify variation of component stellar population properties with environment, and hence
constrain the influence of environment-driven evolutionary pathways on Coma cluster SOs.
The measured residual colour-radius slopes (6(C'); where C' is either g — i or u — g) are

equivalent to colour offsets between galaxies with equal luminosities at r¢ustey = 0 and
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Fixed Multi-band Internal Gradients

N =200 Bulge Disk Bulge Disk
Mg —18.842 + 0.072 —18.842 + 0.072
B/T 0.382 +£0.011 0.382 +£0.011
(u — g) 1.718 £ 0.010 1.520 +0.010 1.682 4+ 0.008 1.524 4+ 0.009
(g —1) 1.112 4+ 0.006 1.006 + 0.006 1.108 + 0.006 1.006 4+ 0.006
Median Ar(u—g) 0.178 +£0.007 0.164 £ 0.007
Value AT(g — Z) 0.097 +£0.004 0.089 + 0.004
Ac(u—g) 0.219 £+ 0.008 0.197 £ 0.008
Ac(g — Z) 0.131 £ 0.008 0.120 £ 0.007
(u — g) —0.078 £ 0.009 —-0.078 +£0.012 —0.085+0.007 —0.077+0.007
Col-Mag (g — z) —0.060 £0.004 —0.036£0.005 —0.059+0.005 —0.043+0.005
Slope Ap(u—g) —0.006 £ 0.007 —0.001 £ 0.007
AT(g — Z) —0.022 +0.005 —0.013 £ 0.005
(u—yg) —0.03940.032 —0.0554+0.030 —0.096 £0.024 —0.079 £0.027
Col-Rad o(u—g) —0.010 4 0.022 —0.086 + 0.025 —0.064 £ 0.023 —0.082 +0.023
Slope (g — Z) —0.003 £+ 0.020 —0.044 4+ 0.016 —0.040 £+ 0.017 —0.032 £ 0.017
6(g — Z) —0.015£0.014 —0.028 & 0.013 —0.029 £ 0.012 —0.046 £ 0.013

Table 6.1: Table of median absolute galaxy magnitudes, bulge fractions, and colour values
for bulges and disks, and their corresponding colour-magnitude and colour-cluster radius
[fractional units of r9y] trend slopes. A(C') denotes the bulge — disk colour separation
measured pairwise as a function of total galaxy luminosity (A7(C)), or as a constant offset
between bulge and disk trends (sharing a common slope) as a function of component mag-
nitude (A (C')). The slope of Ax(C') with magnitude or radius is zero by definition. 6(C')
refers to residual colour-radius trends after subtracting component colour-magnitude trends.
Results are presented for the entire analysis sample (N = 200) for models with no internal
gradients (left) and where internal component gradients are permitted (right). Significant
values (> 30) are highlighted in bold.
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Teluster = 7200 after removing the luminosity-(cluster) radius trend. Thus, the §(C') slopes
reflect structural component age and/or metallicity differences between SOs at Coma’s virial
radius (t209, Z200) and those in the cluster core (tg, Zy).

Interpreted as a pure age difference in SO disks with radius, the 0 (u—g) slope of —0.082+
0.023 mag per ragg yields top = (1.6 & 0.2)t00 p. Equivalently from the §(g — 7) slope, the
disk age difference is estimated as top = (1.4 £ 0.1)t200p. The stellar population age
differences for SO bulges are top = (1.5 £ 0.2)ty0p from §(u — g), and top = (1.2 +
0.1)t9005 from 0(g — ¢). Upper limits can be placed on bulge age offsets by using ¢t 5 =
tmax = 13.8 Gyr. From §(u — g), SO bulges in Coma’s core are older than those found in
the cluster outskirts by 4.6 + 1.2 Gyr, while the equivalent age difference from 0(g — 7) is
2.3 £ 1.0 Gyr. No corresponding limits can be placed on the ages of SO disks without an
estimate for ¢yax p.

Alternatively, if a pure metallicity difference was responsible for the 6 (u — g) component
colour changes between the virial radius and cluster core, then Z¢ g = (1.4 & 0.2) Zyg g for
bulges, and Zc p = (1.5£0.2) Zago p for disks. From d(g —1), the equivalent disk metallicity
changes would be Z¢p = (1.3 £0.1)Zygp and Zcp = (1.5 £ 0.2) Zygo p-

In summary, I confirm that the increasingly red global colours of SO galaxies towards the
cluster centre are mainly driven by a cluster-radial trend in the colours of component disks.
The detection of a weak trend in bulge colours with radius indicates that the environment-
dependent bulge reddening contributes to the global colour-radius trend for red sequence
galaxies. However, compared to the significant disk colour-radius trend, this bulge evolution
is not the dominant factor in SO formation. Therefore, our component colour data favour
SO formation via an environment-driven fading of the disks of spiral-like progenitors. Thus,
information about the earlier formation history of SO bulges is largely preserved in their

stellar population properties.

6.4 Variation with Morphology

In this section, the analysis sample (/N = 200) is divided according to various (by-eye) mor-
phological classification schemes. I thus explore how these traditional morphological clas-

sification schemes modify the reported colour-magnitude, and colour-radius characteristics
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of galaxies in Coma. This enables quantification how the red sequence varies with classical
morphology, and isolates any bimodality of galaxy structure due to differing evolutionary
pathways. Hence, I investigate whether consideration of visual morphology provides addi-
tional information regarding galaxy properties which would be missed by analyses utilising

photometric structure fitting alone (as used in this thesis).

6.4.1 Dressler (1980a) Morphologies

As described in Section 3.6.1, 204 galaxies (out of 247) with visual morphology classifi-
cations from the Dressler (1980a; D80) catalogue meet the Coma sample selection criteria
(as described in Section 2.3). Of these, 65 have E or E/SO morphologies (32%), 120 have
S0, S0/a, or SO/E morphologies (59%), and 19 (9%) have Sa-Sc and S/S0 morphologies (see
Table 3.5). To simplify the analysis, no distinction is made between barred and unbarred
classifications.

Morphological subsamples are drawn from the analysis sample (i.e. where galaxies ex-
hibit archetypal structures). These are described as the D80 ‘elliptical’ (‘D80 E’; N = 20),
‘lenticular’ (‘D80 S0’; N = 53), and ‘spiral’ (‘D80 S’; N = 6) samples hereafter. Note that
most of the rejected D80 ellipticals (along with ~ 50% of rejected D80 S0s) were removed
due to atypical surface brightness profiles (Type 5, and some Type 3). Hence, many of the
‘traditional’ D80 ellipticals (wherein the Sérsic component dominates the majority of the
surface brightness profile) are removed from consideration in favour of ensuring meaningful
interpretation of all ‘bulge’ and ‘disk’ parameters.

Rejected D8O spiral galaxies were removed primarily as badly-fit (i.e. due to asymmetry,
contamination, or high x?). Hence, the remaining six analysis sample D80 spirals are ‘ane-
mic’ spirals (see Figure 1.3 in Chapter 1) wherein the spiral pattern is too weak to disrupt the
fitting process (due to asymmetry or high x?). However, the spiral sample is excluded from
further analysis due to its insignificant sample size. The resulting (median) galaxy magni-
tudes, bulge fractions, and component colours, colour offsets, and trends with magnitude and
cluster radius are presented in brief in Table 6.2.

Component bulges are redder on average in u — g for D80 ellipticals compared to bulges

in SOs (~ 3o significance), while the disks of elliptical galaxies are only moderately redder
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D80 SO (N = 53) D80 E (N = 20)

Bulge Disk Bulge Disk
M, —19.462 £+ 0.084 —19.277 £ 0.253
B/T 0.446 + 0.020 0.542 + 0.029
Median (u—yg) 1.754 + 0.011 1.576 +0.015 1.822 +0.022 1.646 + 0.029
Value (g —1) 1.143 £ 0.010 1.050 + 0.008 1.161 £0.012 1.052 +£0.016
Ar(u—g) 0.172 +0.019 0.186 = 0.021
Ap(g—1) 0.087 +0.010 0.106 = 0.011
(u—g) —0.057+0.013 —-0.102+0.019 —0.0484+0.019 —0.095 + 0.023
Col-Mag (9g—i) —0.072+0.010 -0.040+0.009 -0.038+0.010 —0.040+0.012
Slope Ap(u —g) 0.034 +0.024 0.017 £0.017
Ap(g—1) —0.021 £ 0.011 —0.010 £0.010
(u—yg) —0.108 +0.052 —0.228 £0.086  —0.042 4+ 0.099 0.122 £ 0.146
0(u—g) —0.068 £0.047 —0.143 £ 0.065 0.010 £ 0.070 0.124 £0.118
Col-Rad (g—i) —0.207+0.056 —0.170+0.045 —0.094 £0.052 0.012 £ 0.081
Slope 0(g—4) —0.067+£0.049 —0.154+0.035 0.000 £ 0.046 0.006 £ 0.062
Ar(u—g) 0.072 £0.079 —0.135£0.116
Ar(g—1) 0.023 £ 0.042 —0.082 £+ 0.058

Table 6.2: As Table 6.1: the median absolute galaxy magnitudes, bulge fractions, and com-
ponent colours, colour separations, and colour trend slopes for D80 elliptical and SO galaxies.
Significant values (> 30) are indicated in bold.

(~20) in u — g. Neither component’s g — ¢ colour varies significantly with morphology.
Elliptical bulges display the least intrinsic scatter in (g — ¢) colour (0.034 mag), while the
g — 1 scatter for all other E or SO components (and u — ¢ scatter for all components) are
consistent with the equivalent measurements for the parent analysis sample (~ 0.06 mag for
both components in g — ¢, ~ 0.07 mag for bulges and ~ 0.10 mag for disks in u — g).

Note, however, that the D80 ellipticals are intrinsically more bulge-dominated (AB/T
= 0.096 4+ 0.035) than D80 SOs, if not significantly more luminous on average (AM =
—0.185+0.267 mag). Hence, the reduced scatter for D80 E bulges is a result of the increased
bulge component S/N in these galaxies. Likewise, all component colour offsets between D80
S0 and E morphologies are consistent (< 1.5¢0 difference) with the expected colour increase
for 0.185 mag brighter galaxies given the component colour-magnitude trends measured
from the parent analysis sample.

All component colour trends in u — g are consistent between D80 SO and E morphologies.
Similarly, consistent colour-magnitude slopes are measured for SO and E disks in g — 1.
However, bulges in elliptical galaxies have a shallower g — ¢ colour-magnitude slope than
SO component bulges (at ~ 2.50 significance). This suggests weak bimodality of the bulge
red sequence for high/low B/T systems, with a sharper colour change per magnitude galaxy

luminosity for disk dominated galaxies.
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GZ S (N = 47) GZE (N = 140)

Bulge Disk Bulge Disk
M, —18.389 +£0.130 —18.938 +0.089
B/T 0.335 +0.025 0.412 +0.013
Median (u—yg) 1.619 £0.015 1.522 +0.022 1.730 +0.010 1.531 £0.010
Value (g—1) 1.041 +£0.014 0.988 +£0.016 1.126 + 0.006 1.016 + 0.006
Ar(u—g) 0.102 +0.012 0.177 +0.008
Ap(g—1) 0.057 4+ 0.009 0.100 £+ 0.004
(u—g) —0.049+0.014 —0.076+0.018 —0.069+0.008 —0.079 + 0.008
Col-Mag (9g—i) —0.049+0.012 -0.039+0.010 —0.045+0.006 —0.041+0.005
Slope Ap(u —g) 0.009 £ 0.020 0.007 £ 0.008
Ap(g—1) 0.008 +0.011 —0.008 £ 0.005
(u—yg) —0.0784+0.054 —0.097 £ 0.069 —0.083 4+ 0.026 —0.070 4+ 0.033
o(u—g) 0.029 £ 0.055 0.008 £+ 0.065 —0.064 4+ 0.024 —0.034 £+ 0.022
Col-Rad (g—i) —0.068 £0.044 0.014 £ 0.054 —0.011 £ 0.015 —0.033 £ 0.017
Slope 0(g—14) —0.068 £0.042 0.072 £ 0.060 —0.027 £0.012 —0.030 +0.012
Ar(u—g) 0.012 £0.073 0.002 £ 0.025
Ar(g—1) 0.004 £+ 0.052 —0.001 £0.013

Table 6.3: As Table 6.1: the median absolute galaxy magnitudes, bulge fractions, and com-
ponent colours, colour separations, and colour trend slopes for GZ combined spiral and
elliptical galaxies. Significant values (> 30) are indicated in bold.

Due to low sample size, and limited radial coverage of the cluster (r < 0.7ryg), the
D80 morphologies are not suited for analysis of cluster-radial trends. This will instead be
addressed in the next section from a wider catalogue of Coma cluster morphologies from
Galaxy Zoo.

In summary, the photometric properties of galaxies do not differ significantly from the
parent analysis sample for either D80 morphology (E, S0). Structural components in D80
E galaxies are slightly redder (in © — g only) than the SO equivalents, however these colour
offsets are not significant relative to the measured colour-magnitude trends. Conversely,
a significant bulge fraction offset is noted between D80 elliptical and lenticular galaxies.
Hence, D80 E and SO samples do not represent morphologically distinct galaxies in photo-
metric structure, but rather represent the bulge-dominant/bulge-weak ends of the archetypal
galaxy distribution. As such, the misclassification of archetypal bulge + disk galaxies as
pure ellipticals in D80 is a consequence of poor disk detection for high B/T (i.e. faint disk)

galaxies.

6.4.2 Galaxy Zoo Morphology

Galaxy Zoo (Lintott et al., 2008) is a citizen science morphological classification project

based on SDSS Data Release 6 (DR6) imaging. Users are presented with monochrome
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or three-colour image of target galaxies, and are asked to catagorise each as one of six
broad morphological classes (elliptical, clockwise/anti-clockwise/other spiral, unknown, or
merger). Galaxies are then assigned morphology classifications based on group consensus
via the de-biased vote fraction (f,oc). Since no distinct SO class is considered, lenticular
galaxies are assigned to either the elliptical or (other/edge-on) spiral categories, depending
on observed galaxy orientation.

Classifications from the Galaxy Zoo catalogue (Lintott et al., 2011; hereafter ‘GZ’) are
available for 195 of the 200 Coma MegaCam analysis sample (i.e. well-fit, archetypal bulge
+ disk) galaxies. Of these, 78 are flagged! as ellipticals (40%), and 12 are flagged as (any
type of) spirals (6%). If the required vote fraction threshold is relaxed to fyote > 0.5, then 140
galaxies are classified as ellipticals (72%; hereafter ‘GZ E’ sample), while 47 galaxies are
classified as spirals (24%; hereafter ‘GZ S’ sample). These morphology fractions (for either
f threshold) are not significantly changed if the entire CFHT Coma sample is considered.

GZ ‘ellipticals’ are more luminous, and more bulge-dominated than GZ spirals on aver-
age, with similar disk colours in both © — g and g — ¢ (Table 6.3). However, GZ S bulges
are 0.1 mag bluer than GZ E bulges in both colours (S — E: —0.11 + 0.02 mag in v — g,
—0.09 £ 0.02 mag in g — 7). Given that the bulge and disk colour-magnitude trends are
equivalent (Figure 6.4), this bulge colour offset cannot be explained by the luminosity offset
of the GZ § and E samples. Furthermore, bulge colours do not vary with disk axis ratio (¢p)
for either morphology. Hence, the bulge colour offset is not a result of galaxy inclination
bias (i.e. GZ S preferentially selected for edge-on S0s).

Colour magnitude trends for both GZ E and § galaxies are consistent with those measured
for the entire analysis sample (see Table 6.1). Scatter in component colours for GZ ellipticals
is likewise consistent with analysis sample measurements (~ 0.09 mag in v — g, ~ 0.05 mag
in g — ¢ for both components). Conversely, while bulge colour scatter for GZ spirals is
similar (0.05 mag in g — 7) or lower (0.06 mag in u — ¢) than the parent sample, their disks
exhibit a twofold increase in scatter (0.10 mag in g — 7, 0.12 mag in u — g). However, this is
unsurprising, given that the majority of GZ § galaxies (62%) have previously been flagged
as poor fits (see Section 3.6). Hence, the Galaxy Zoo ‘spiral’ category includes systems

poorly-suited to fitting due to faint spiral features, asymmetry, or high galaxy inclination.

]%J fvote > 0.8
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Conversely, the GZ E class preferentially selects galaxies with smooth isophotes, and hence
is an amalgam of traditional elliptical and lenticular morphologies.

The residual trends in GZ spiral component colours with cluster-radius (after subtracting
the best-fit colour-magnitude slope) are non-significant due to high scatter and poor radial
coverage of the GZ S sample. The bulges of GZ ellipticals exhibit radial colour trends consis-
tent with the parent analysis sample, while the trends for GZ elliptical disks are significantly
shallower (~ —0.03 in both bands vs. —0.08 and —0.05 in © — g and g — ¢ previously). This
indicates a stronger environmental dependence of bulge colours than was seen previously,
suggesting that environment-driven quenching affects both structural components.

In summary, rather than categorising morphologically distinct samples, Galaxy Zoo clas-
sifications identify galaxies with low-level deviations from a smooth, regular profile. Galaxy
Zoo ‘spirals’ are thus fainter and more disk-dominated, but exhibit greater levels of scat-
ter in (disk) colour measurements. Galaxy Zoo ‘ellipticals’ are primarily well-characterised
lenticular galaxies and thus are consistent (in terms of median colours and colour trends)
with the results of the entire analysis sample. Galaxy Zoo 2 (Willett et al., 2013) implements
a more complex system of visual classification, involving multiple additional morphology
subsamples. However, the majority of the new classification steps involve the description of
spiral patterns or obvious structural features (e.g. bars, rings, and dust lanes). As such, there

remains no means of distinguishing between elliptical and lenticular morphologies.

6.5 Comparison with Taranu et al. (2014)

In this section, the bulge + disk model photometry from the present work (hereafter ‘Mega-
Cam Coma’) are compared to bulge-disk decomposition of SDSS imaging for a large galaxy
sample from a set of rich (o1p > 800 km s™!) clusters in a redshift range 0.04 < z < 0.10
(Taranu et al., 2014; hereafter T14). Note that the Coma cluster is not included in the T14
sample. Note also that the T14 data is also drawn from the previously-examined (see Section
4.2.2) Simard et al. (2011; S11) decomposition catalogue.

For comparison with T14, we use our entire (unfiltered) Coma sample, as no such sample
filtering is applied to the T14 galaxy sample to remove unsuitable model fits. The colour cut

(g —r > 0.5) is removed from our sample for the same reason. The T14 selection criteria are
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Figure 6.9: Colour-(cluster) radius plots for bulge (red, upper panel), total galaxy (green,
middle panel), and disk (blue, bottom panel) g — r colours. Filled circular points indicate the
results of the present work (converted from g — ¢). Unfilled square points indicate the data
from Simard et al. (2011) for Coma. The equivalent data for rich clusters from Taranu et al.
(2014) are included as dotted lines in each panel for comparison. Plotted colour data (from
all three sources) are median values measured in 7¢jygier DINS.
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then applied to our data to ensure equivalence of the compared samples: the magnitude limit
for galaxies is thus set to M, < —19.3 (= Mp < —20.25, i.e. ~ 2 mag brighter than our
sample limit). In addition, a sample of Coma cluster galaxies were drawn from S11 using
the same selection criteria for comparison (hereafter ‘Coma SDSS’).

Colour-cluster radius plots are displayed in Figure 6.9 for bulge, disk and total galaxy
colours. As per T14, bulge data are only included if B/T > 0.2, and disk data are only
included if B/T < 0.8. The g — r colours are calculated for MegaCam Coma data using
(9 —1r) =0.67(g —7) + 0.01 for bulge and galaxy colours and (g — r) = 0.53(g —4) + 0.15
for disk colours. These conversion maps are measured empirically from SDSS aperture
photometry in the appropriate colour ranges.

Coma bulges are found to be systematically bluer (from MegaCam and SDSS) than
bulges in the full T14 cluster sample. This offset is less prominent in the cluster core, but
increases with r.,ser due to a weakly positive radial trend in T14 and a weakly negative/flat
trend for MegaCam/SDSS. On average, T14 bulges are ~ (.04 mag redder in g — r. Total
galaxy colours are marginally redder on average in Coma than in T14, albeit with equivalent
radial trends in all three datasets. MegaCam galaxies are ~ 0.03 mag redder in g — r than
T14 on average, while SDSS galaxy colours are in agreement with both MegaCam and T14.

Disks in Coma galaxies are found to be systematically redder than T14 disks, although
SDSS disk colours are consistent with T14 beyond r559. MegaCam Coma disks are ~ (.08
mag redder than T14 (~ 0.03 mag redder than SDSS in Coma), but follow a similar negative
radial colour trend. Similarly, the disks of SDSS Coma galaxies are ~ (.05 mag redder
than T14 in g — r, with a noisy (negative) radial trend in colour. The discrepancy between
Coma galaxy disk colours may be caused by the improved disk detection from MegaCam
imaging due to increased depth relative to SDSS (as seen in Chapter 4). Disks measured
from MegaCam dominate to lower galaxy-centric radii than in SDSS (i.e. lower B/T). Hence,
inner galaxy flux is traded from the (SDSS) bulge to the (MegaCam) disk. As galaxies have
redder centres, this makes the MegaCam disks redder on average.

To summarise, MegaCam colours agree well with the decomposition of SDSS data except
for disk colours, which are systematically redder than SDSS. The bulges/disks of Coma

galaxies are bluer/redder in g — r on average than the same components measured from a
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larger cluster galaxy sample. Discrepancy between Coma SDSS component colours and T14
(despite both using the same decomposition catalogue) implies that either the Coma cluster
is not representative of the ensemble properties of the rich cluster considered, or the increase
in size of the seeing disk in physical units (i.e. kpc; MegaCam Coma < SDSS Coma <

SDSS higher z clusters) causes a systematic trend in structural component colours.

6.6 Conclusions and Chapter Summary

The bulge and disk structures of red-sequence galaxies in the Coma cluster have been char-
acterised using deep u, g, and ¢ band imaging. Extensive sample vetting (as described in
Chapter 3) was carried out to isolate a sample of 200 galaxies well-described by an ‘archety-
pal’ (central) bulge + (outer) exponential disk morphology. Fitting was carried out using two
approaches: 1) where model structure does not vary from band-to-band; ii) internal compo-
nent colour gradients were permitted in one or both components.

The component colours of archetypal galaxies in Coma have been reported as functions
of galaxy luminosity and clustercentric radius. In addition, variation of component colours
and colour trends were investigated for visual classifications of galaxy morphology.

The main results of this chapter are as follows:

i) If either galaxy or component luminosity is fixed, the bulges of S0s are signif-
icantly redder than their disks (by ~ 0.1 mag in g — ¢, ~ 0.2 mag in © — g on
average).

Thus, bulge stellar populations are ~ 2-3x older, and/or ~ 2x more metal rich than

those found in disks.

ii) Significant colour-magnitude slopes are detected for both the bulge and disk struc-
tural componentsing — < and u — g.
In either colour, the measured trend slopes for bulges and disks are consistent at a 20
level. Hence, the global red sequence in Coma is a consequence of the increasingly

red colours of bulges and disks in more luminous galaxies.

iii) After subtracting the best-fit colour-magnitude trend, galaxy disks become bluer

in both g — ¢ and © — g with increasing projected distance from the centre of the
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Coma cluster.

Bulge component colours also become bluer with 7j,gter, but this trend is only margin-
ally significant (2.50) and more sensitive to the treatment of component colour gradi-
ents. The global colour-radius trend for SOs is thus dominated by increasingly red disks
in galaxies closer to the cluster core. Therefore, the environment-mediated mechanism
which drives SO formation is a ‘disk-fading’ process (i.e. quenching acts primarily on

the disk).

iv) ‘E’ and ‘S0’ classifications from Dressler (1980a) represent the bulge-dominant
and bulge-weak ends of the archetypal galaxy distribution rather than morpho-
logically distinct galaxies.

D8O ellipticals are significantly more bulge dominated, indicating poor disk detection
for faint disks (high B/T). No significant difference in component colours are noted

for morphology relative to predictions from the colour-magnitude trend.

v) Galaxy Zoo classifications identify galaxies with low-level deviations from a smooth,
regular profile, rather than categorising morphologically distinct samples.
Galaxy Zoo ‘spirals’ are thus fainter and more disk-dominated, but exhibit greater
levels of scatter in (disk) colour measurements. Galaxy Zoo ‘ellipticals’ are primar-
ily well-characterised lenticular galaxies and thus are consistent (in terms of median

colours and colour trends) with the results of the entire analysis sample.

These results are taken from analysis of galaxies where internal component colour gra-
dients are permitted due to the significant exaggeration of bulge — disk colour separation
for fixed multi-band fitting. No significant change is noted (on average) due to either the
inclusion of blue galaxies removed during the selection of the initial galaxy sample, or the
removal of the a posteriori sample vetting used to select only well-fit, ‘archetypal’ galaxies.

From the results of fitting ‘archetypal’ bulge + disk galaxies, the red sequence is inter-
preted as a consistent shift towards redder colours for both the bulges and disks of more
luminous galaxies. Significant trends towards bluer disks (but only marginally bluer bulges)
further from the cluster core indicate that the colour-environment relation is caused by an

environment-driven disk fading mechanism. To reconcile disk fading with more luminous
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SOs (see Section 5.2.4), either the disks of SOs must be truncated in size during transforma-
tion, or their progenitors were intrinsically smaller and/or fainter than today’s star-forming
spirals.

In the next chapter, I will discuss the extension of the decomposition analysis to include
a wider range of (2-3 component) candidate models structures. With this multi-component
analysis, I will explore the range of galaxy structures present in the Coma cluster, including

those galaxies which were not best described by archetypal bulge + disk structures.
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Chapter 7

Multi-component Fitting, and Deviations

from the Exponential Disk Profile

7.1 Introduction

The simple exponential model (Type I; Freeman, 1970) adopted in the preceding chapters
does not fully represent of the true range of SO outer disk structures. Truncated or anti-
truncated disks (Type II and III respectively; see Section 1.4 and Erwin et al., 2008) as
detected in both cluster and field galaxies, result from the redistribution of stars due to evo-
lutionary processes. For example, truncated (Type II) disks may be formed when stars are
physically removed from a galaxy’s outer regions (e.g. during tidal interaction), while anti-
truncated (Type III) disks may result from major merger events (Borlaff et al., 2014). In-
vestigation of these ‘broken’ disks reveals their environmental or secular origins, and thus
provides a deeper understanding of the evolutionary history of Coma cluster SOs.

In this chapter, decomposition analysis is carried out using a wider suite of candidate
models (including 2- and 3-component broken disk galaxies) in order to explore the diversity
of galaxy structure in the Coma cluster. Thus, I reinvestigate the structural morphologies of
the ~ % of galaxies in the initial Coma sample which are not well-described by an archetypal
bulge + disk model. While a primary goal of this analysis is the investigation of Type I, II,
and III disks galaxy structures, the extended range of (multi-component) models is necessary
to avoid mis-classification of additional component structures (e.g. bars or rings) as surface

brightness profile breaks. Bayesian model selection and sample filtering are applied to avoid
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overfitting, and to ensure that best fit models are reliable representations of the underlying
galaxy structures.

The structure of this chapter is as follows: first, I describe the multi-component de-
composition methodology, highlighting differences from the previously-described acon1I
bulge-disk decomposition. The broken disk component model is also described in this sec-
tion. Secondly, I present the broad fitting results, including investigation of morphological
(model) fractions. Lastly, I summarise the findings and conclusions of this chapter.

A detailed analysis of this multi-component decomposition will be presented in Chap-
ter 8. Therein, the structural properties and possible evolutionary formation scenarios of

galaxies whose outer regions are not dominated by an exponential disk will be discussed.

7.2 Methodology

In this section, the fitting process is described for a range of multi-component galaxy mod-
els, including Sérsic + broken disk models. With the exception of this broken disk model
(hereafter ’Dd’), all other models are combinations of the previously-discussed Sérsic (here-
after ’S’, or 'B’ when used to describe a central bulge) and exponential disk (hereafter *D’)
profiles.

First, I outline the 1D surface brightness profile fitting that was used as an initial stage of
disk break detection and parameterisation. Next, the analytical form of the broken disk com-
ponent profile (used during 2D fitting) is presented, and its photometric properties are briefly
discussed. Lastly, the 2D multi-component decomposition pipeline is described (highlight-
ing changes to the AGoNT1T fitting routines described in Section 3), including details of fitting
techniques, model selection, and sample filtering (i.e. the selection of robustly-fit multi-

component galaxies).

7.2.1 1D Break Parameterisation

A simple 1D (outer) profile fitting procedure was used as a preliminary method of disk break
detection. This was used primarily to produce realistic input parameter values for the 2D

broken disk model fitting (see Section 7.2.2), but also identifies a sample of candidate broken
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disk galaxies.

Galaxy surface brightness profiles (as measured along the major axis in 45° wedges)
were fit with a simple linear or broken linear model (analogous to exponential or broken
exponential). Fitting was restricted to the range 3.54” < r < 1y, (Where g, is the radius
at which the total model surface brightness is equal to 4.94 x the sky uncertainty, following
the methodology in Erwin et al., 2012) to avoid contamination of the surface brightness
profile by the bulge or low level sky background uncertainty. The inner limit (3.54”) comes
from the radius at which the bulge contribution, B/T(r), of an average archetypal galaxy
(as determined in preceding chapters) drops below 1%. The outer limit is increased relative
to the analysis presented in previous chapters to allow the outer regions of galaxy surface
brightness profiles to be characterised.

A 1D BIC (see Section 3.4) was used to identify cases where the additional degrees of
freedom afforded by the profile break significantly improved the model goodness-of-fit. For
such broken galaxies, inner and outer disk scale length values were calculated from the inner
and outer slopes of the best-fit broken linear models. The break radius was measured directly
from the point at which the linear model switches from the inner to the outer slope.

Following 1D break detection, 215 galaxies (from an initial sample of 631 Coma cluster
galaxies) were selected as candidate broken disks. Subsequent analysis stages also include
galaxies with no 1D-detected break, however such galaxies must use generic input parameter

values for broken disk model fitting.

7.2.2 2D Broken Disk Model

Fitting a broken disk structure requires a model profile with distinct inner and outer exponen-
tial scale radii, connected via a smooth transition. In GALFIT, this profile is implemented by
linking two exponential disk profiles (32, and >,,¢) with (hyperbolic) truncation functions

at some break radius. This (pixel surface brightness) profile can be expressed as:

S(r) =Ti(r) S (r) + To(r)Xouw(r) (7.1)

where 77 and 75 are the outer and inner truncation functions available for GaLF1T (see Peng

et al., 2010). The full functional form of the broken disk profile is:
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Figure 7.1: Cartoon example of the broken disk profile, indicating surface brightnesses of
the inner (red) and outer (blue) disks (and their untruncated forms). r is normalised to the
inner disk scale length, R, ;,, (black dotted line), and X is normalised to the inner disk surface
brightness at R, ;, (black dashed line). The inner (7,,x — Ar) and outer (7,) truncation radii
are indicated by red and blue dotted lines. In this example, R, out = 0.8 Rs in, "brk = 1.5 in,
and Ar = 0.3R; .

YX(r) = % (1 — tanh [(2 ~B)— + BD 20, CXP (R_T )

Tbrk s,in

n % (tanh {(2 -B)- 4 B} + 1) S0.0ut€XP ( R_T ) (7.2)

Tbrk s,out

where R, i, and R, . are the inner and outer disk scale radii, Yo ;, and XJg oy are the (untrun-
cated) central surface brightnesses of the inner and outer disks, and 7}, is the break radius.
Here, 7, is defined as the radius at which the inner and outer disk surface brightnesses are
1% and 99% of their untruncated values respectively. Dimensionless parameter B is defined
as B = 2.65 —4.98 (Tz—;‘) where Ar is the break softening radius (radial difference within
which the truncated flux drops from 99% to 1%). An example of the broken disk profile is
presented in Figure 7.1 for a truncated (Type II) disk with a greatly exaggerated Ar.

The surface brightness of this model component can be fully described by a single
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GALFIT input parameter: surface brightness at the break radius, p(r = 7). The value
of p(r = k) is constrained to be identical for the inner and outer disk structures, ensuring
continuity of the total component profile. Additionally, the axis ratios and position angle
parameters of both disks are coupled for structural consistency, and Ar is fixed at 0.1 pixel
(0.02"). Hence, the broken disk profile includes only two more free fitting parameters (R out,
and 7,,x; £ = 6) than the usual exponential disk model (£ = 4; see Table 7.1).

Fitting using a truncation function with GALFIT yields a component’s surface brightness
at 7k, rather than the total component magnitude. Integrating Equation 7.2 to infinity, how-
ever, is non-trivial due to the tanh function. Instead the total broken disk profile luminosity

can be approximated using:

Tbrk [e'¢)
Liot :/ Ein(r)Qﬂdr—i—/ Yout (r)2mdr (7.3)
0

Tbrk

which approximates the truncation as a step function at r},,;.. The corresponding total profile

magnitude is thus:

Mior = Myp — 2.5log[27q]

— 2.510g10 EO,inRE,inV(QJ ;brk ) + ZO,outRiout (1 - 7(27 };brk )>:| (74)

s,in s,out

where ¢ is the common disk axis ratio, and -y is the incomplete gamma function.

7.2.3 Processing Differences from AGONT T

Fitting is carried out on ¢ band' thumbnails using GALFIT with an automated python wrap-
around derived from aconII. Sérsic-only (hereafter ‘S’) and bulge + disk (hereafter 'BD’)
models are carried forward from the previous analysis. In addition, I also consider boxy
bulge + disk (hereafter ‘CD’), double Sérsic (hereafter ‘BS’), bulge + broken disk (hereafter
‘BDd’), boxy bulge + broken disk (hereafter ‘CDd’), bulge + double disk (hereafter ‘BDD’),

bulge + bar + disk (hereafter ‘BSD’), bulge + double Sérsic (hereafter ‘BSS’) and bulge +

The i band imaging is selected for this structural investigation as it has the best seeing of all the MegaCam
bands.
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Parameters

x’ y

mg, Rep,nB, q8,PAp

ms, Re g, ns, qs,PAs

ms, Res,ns, qs,PAg, Cy

mp, Rsp, qo,PAp

mp, s ins R out» ¢0,PAD, Thrk

Component Label
Model centre -
Sérsic (bulge) B
Sérsic (general) S
Boxy (Sérsic) bulge C
Exponential (disk) D
Broken exponential ~ Dd

[ NF "Nl NNV, B, T S =)

Table 7.1: Table of model component types used during multi-component decomposition
analysis, including the number of free parameters, k.

bar + broken disk (hereafter ‘BSDd’) models. Note that usage of ‘bar’/‘barred’ throughout
this chapter is loose terminology referring to galaxies with two distinct (inner) Sérsic compo-
nents, rather than explicitly requiring a stellar bar structure. As such, a ‘bar’ may correspond
also to a distinct lens structure (i.e. high intrinsic axis ratio spheroids with flat inner surface
brightness profiles, dying rapidly at larger radii; Kormendy & Kennicutt, 2004). A full de-
scription of these model components is provided in Table 7.1, and the candidate models are
described in Table 7.2.

The fitting procedure in this chapter is not exhaustive (i.e. the search through parameter
space is not extended) as such an approach becomes computationally expensive (and highly
sensitive to parameter degeneracies) for 3+ component models. Thus, the results of each
input model are the product of one GaLFIT cycle. Instead, greater care is taken to generate
sensible initial parameter values: in addition to building model complexity iteratively, multi-
ple input models are generated for a single model type if the prior model’s components could
be interpreted ambiguously. For example, a best-fit BD model’s bulge (or disk) structure can
be used as the basis for the bulge, bar, or disk for an input BSD model. This build-up of

model complexity is illustrated in Figure 7.2.

Extended Profile Typing

Models with two structural components are classified by Allen et al. (2006) surface bright-
ness profile types as before. In addition, models including broken disks (BDd, CDd) can be
assigned a subscript ‘+’ /=" where the surface brightness profiles of the two components
cross more/fewer times than if their inner structures were unmodified (e.g. a Type II BDd

model wherein truncation causes the disk profile to become fainter than the bulge at large
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Model Label k ncomp

Sérsic S 7 1
Sérsic + exponential BD 11 2
Boxy Sérsic + exponential CD 12 2
Double Sérsic BS 12 2
Sérsic + broken exponential BDd 13 2
Boxy Sérsic + broken exponential Chd 14 2
Sérsic + double exponential BDD 15 3
Double Sérsic + exponential BSD 16 3
Triple Sérsic BSS 17 3
Double Sérsic + broken exponential BSDd 18 3

Table 7.2: Table of the multi-component models used during decomposition analysis, includ-
ing the number of independent structural components, 72comp, and number of free parameters,
k. The individual components are described in Table 7.1.

J

(abcdef) |aBSD dBSD
bBSD eBSD
cBSD BSD

Figure 7.2: Graphical illustration of the relation between the models during multi-component
decomposition. Black arrows indicate which models take input parameter values from the
best fit of a simpler model. Blue arrows indicate models which also take input parameter
values from external sources. Models with multiple input variants (differing in their inter-
pretation of progenitor model components) are noted in red. The inset illustrates multiple
input generation for BSD models from the best fit BD components.
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Type 111 Type 311
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Type 531 Type 316
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Figure 7.3: Cartoon surface brightness profiles for 3-component galaxies with profile Types
111 (top left), 311 (top middle), 33,1 (top right), 531 (bottom left), 316 (bottom middle),
and 31_2_ (bottom right), indicating the bulge (red), bar (green), and disk (blue) component
surface brightnesses as a function of distance from the galaxy centre. The Type 33,1 profile
is identical to the Type 311 example, except for the disk truncation which causes the bulge
to dominate at large radii. Likewise, the Type 31_2_ profile is equivalent to the Type 316
profile, except the outer Type III disk does not cross the bulge or bar profiles.
radii would be assigned Type3,; a Type III CDd model wherein the disk profile is never
fainter than the bulge due to the outer disk would be assigned Type2_).

3-component model surface brightness profiles cannot be completely described by Allen
types (i.e. the relative brightnesses of the bulge and disk component alone). Instead, I assign
each 3 component model a three digit surface type (“Type abc’) based on the interaction of all
its components. For a generalised model with components A, B, and C, a corresponds to the
Allen type for A/B, b corresponds to the Allen type for A/C, and c corresponds to the Allen
type for B/C. For example, a BSD model of Type311 has bulge and bar surface brightness
profiles which are brighter than the disk at all radii (b = 1, ¢ = 1), but the bulge is dominated
by the bar at intermediate radii (a = 3). For BSDd models, both b and ¢ can be modified
by the +/— subscript as described above. Cartoon examples of three of the most common
3-component profiles types (Types 111, 311, and 331) are presented in Figure 7.3, including
one profile wherein a broken (Type II) disk modifies the profile type (Type 33, 1 rather than

311).
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Filtering

Sample filtering is applied to the fitting results (similar to Section 3.5) in order to isolate a
sample of accurately-fit galaxies. A key step in this process is the selection of best-fit mod-
els which are meaningful descriptions of each galaxy’s underlying morphological structure.
Hence, galaxy models are assessed on both goodness-of-fit (i.e. ensuring that a galaxy is
neither underfit nor overfit), and suitability of component structures (i.e. rejecting compo-
nents with unrealistic parameters, or which do not measure the intended target substructure).
By removing such instances of structural dissonance between the galaxy and model, the
reliability of multi-component analysis results is vastly improved.

The filtering process for multi-component fits is illustrated in Figure 7.4, and summarised

as follows:

1. Galaxies are excluded if contaminated by nearby sources (using fimask (@target, Gtarget) =

0.4 and finask(Gtarget/2; Grarger) > 0.3 as before).

2. Asymmetrical galaxies are also removed (A > 0.2), but the threshold for removing
galaxies based on BD-residual asymmetry was raised to A,.s > 0.5, as moderate resid-

ual asymmetry may simply indicate the presence of unfitted structural components.

3. For models with multiple variants (e.g. BSD, ¢), a single (best fit) model is selected
for analysis based on a simple X2 test. However, for models with broken disks (BDd,
CDd, BSDd) model variants are excluded from consideration if 0.47p, > 1.678 R gt
(i.e. the outer disk contributes less than 8% of its total flux) or 0.2r,; > 1.678 R,y
(i.e. less than 0.3% of the inner disk’s total flux is truncated). These cuts remove
anomalous model structures resulting from the broken disk component fitting to unin-

tended structures.

4. For broken disk (Dd) models, galaxies are removed if R, o, < 0.1r, as a bug in

GALFIT’s truncation yields an additional (strong) central point source in this regime.

5. Additionally, broken disks with r,,,, < 5” are removed, as the inner disk of such

systems behave like point sources.

6. A BIC test is applied to select the best-fit model, which introduces the least extra
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Figure 7.4: Flow chart illustrating multi-component fitting model selection for models S,
BD, CD, BS, BDd, CDd, BDD, BSD, BSS, and BSDd. For profile type definitions, refer to
Section 1.4 and Allen et al. (2006).
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10.

11.

12.

13.

14.

fitting parameters. To provide a more stringent model selection test, the pst area (Np4)
used for Equation 3.2 is increased to the area within two Gaussian o (a factor of ~ 3
increase). Conversely, the scatter in psf area (0,5) is measured here from the individual

psf images (typically ~ 3%).

. Models with (one or more) component-to-total ratios, C/T< 0.05 are removed from

consideration during the BIC test due to high parameter uncertainty. This is similar to
the B/T cut for the selection of Sérsic-only models in Section 3.5, but does not make

assumptions regarding the preferred ‘simpler’ model.

. The 2 limit for (BIC-selected) models is lowered to x? > 1.2, while galaxies are now

flagged if 1.1 < x2 < 1.2. This more critical cut in model x2 has been calibrated

through visual examination of model residuals.

. Galaxies with disk/outer component axis ratios, ¢ < 0.2 are removed, as multi-compo-

nent decomposition cannot be meaningfully applied to edge-on systems.

Models with Type 4 Sérsic/disk profiles (i.e. Type 4, z4x, xz4) are removed due to

swapping of the bulge/bar and disk roles of the structural components.

Models with Type 4 Sérsic/Sérsic profiles (e.g. Type 4, 4zx) have their components
swapped (e.g. bar and bulge swap) to maintain the ‘inner’ role of the bulge component
(or ‘inner’/‘middle’/‘outer’ roles for components 1, 2, and 3 in BSS models). Galaxy

models modified in this way are not removed or flagged.
Remaining models with 0.05 < C/T < 0.1 are flagged as unreliable.

Galaxies are no longer flagged via cuts based on the relative sizes (R.), axis ratios
(q), or position angles (PA) of any two components (as in Section 3.5). Likewise,
Sérsic components are no longer flagged if n < 1. Such tests were intended to identify

underfit 3-component systems, which are now explicitly identified via the BIC test.

As no colour analysis will be carried out, galaxies are also no longer removed for

possessing blue cores.
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7.3 Overview of Results

7.3.1 Best-fit Models

A wide mix of best-fit model morphologies are found for the 631 galaxies (570 Coma sample
+ 61 blue Coma galaxies) considered for 2D multi-component fitting. Figure 7.5 presents
an illustrative example galaxy best fit by a Sérsic-only model (upper panels), and the corre-
sponding (overfit) bulge + disk model (lower panels). Surface brightness plots (y;) and model
residuals (image — model in counts) are included for both model fits (top left), as measured
from the galaxy and model thumbnails in wedges of elliptical annuli (angle cos™*(e?), where
e is the eccentricity of the galaxy’s target ellipse). The 7 band residual images (including
only the central quarters) are presented in the bottom right corners (black border) for each
model fit. In addition, component residual images (i.e. the residual image after all model
components except the target component are subtracted) are included along the bottom in
panels bordered by their p; plot line colours (i.e. red and blue for Sérsic and exponential
components respectively). Here, the addition of a disk component improves the goodness of
fit (lower x?2), but this improvement is not statistically significant given the increased number
of fitting parameters (increased BIC).

Equivalent example plots for galaxies best fit by all other model types (except CD, and
CDd due to small sample sizes) are presented in Figures 7.6-7.12. Each best fit model (upper
panels) is compared to its next simplest equivalent (lower panels). Hence, best-fit BD (Figure
7.6) and BS (Figure 7.7) models are compared to (underfit) S models; best-fit BDd (Figure
7.8), BDD (Figure 7.9), BSD (Figure 7.10), and BSS (Figure 7.11) models are compared to
(underfit) BD models; and the best-fit BSDd model (Figure 7.12) is compared to an (underfit)
BSD model.

The fractions of Coma cluster galaxies best fit by each candidate multi-component model
are illustrated in Figure 7.13. From the initial sample of 631 galaxies, 162 are best fit by a
Sérsic-only model (26%), 102 are best fit by BD (16%), 43 are best fit by BS (7%), three
are best fit by CD (< 1%), 18 are best fit by BDd (3%), three are best fit by CDd (< 1%),
43 are best fit by BDD (7%), 97 are best-fit by BSD (15%), 98 are best fit by BSS (16%),
and 62 are best fit by BSDd (10%). Thus, the majority of Coma cluster galaxies (58%) have
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Figure 7.5: An example galaxy best fit by an S model (DR8 ObjID 1237667444048527567):
Surface brightness profiles (1;), residuals (Ay;), and i band thumbnails for the S model (top:
Sérsic = red), and the corresponding BD model (bottom: bulge = red, disk = blue). Small
images depict isolated model components (border colours = ; plot), and the total residual
(black borders). The target ellipse is noted in black in all thumbnails, and 1D X12, (major axis)

and 2D BIC values are included for both models.

157




r [arcsec]

0 5 10 15 2 2 . 1237667444048527520
—_ xJ = 0.62 : : o
(.\|1
]
N
(o]
o
‘U ;
g ‘ ; -
.‘_f X
bl :
-
Y s
c
8 0 HHI iy bt by o oo oo
9 [ S
-10} | "mic - 3336, & :
r [arcsec]
0 5 10 15 20 2 0 1237667444048527520
— 20} x]=255 | =
IU
B 22t : \
£ _
o 24t
= &
ST
10 .
g [m{
] L.
~ 0 \ B TR N
—10H ] 'B|c=3394 & ' .

Figure 7.6: An example galaxy best fit by a BD model (DR8 ObjID 1237667444048527520).

As Figure 7.5 for a BD model (top: bulge =red, disk = blue), and the corresponding S model
(bottom: Sérsic = red).
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Figure 7.7: An example galaxy best fit by a BS model (SDSS DR8 ObjID
1237667444048855252). As Figure 7.5 for a BS model (top: bulge = red, Sérsic = green),
and the corresponding S model (bottom: Sérsic = red).
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Figure 7.8: An example galaxy best fit by a BDd model (SDSS DR8 ObjID

1237667323797504020). As Figure 7.5 for a BDd model (top: bulge = red, inner/outer
disk = blue/cyan), and the corresponding BD model (bottom: bulge = red, disk = blue).
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Figure 7.9: An example galaxy best fit by a BDD model (SDSS DR8 ObjID

1237667443511591025). As Figure 7.5 for a BDD model (top: bulge = red, diskl = blue,
disk2 = cyan), and the corresponding BD model (bottom: bulge = red, disk = blue).
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Figure 7.10: An example galaxy best fit by a BSD model (SDSS DR8 ObjID
1237667323797635239). As Figure 7.5 for a BSD model (top: bulge = red, bar = green,
disk = blue), and the corresponding BD model (bottom: bulge = red, disk = blue).
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Figure 7.11: An example galaxy best fit by a BSS model (SDSS DR8 ObjID
1237667323797504163). As Figure 7.5 for a BSS model (top: bulge =red, Sérsicl = green,
Sérsic2 = blue), and the corresponding BD model (bottom: bulge = red, disk = blue).
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= green, disk = blue).
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Figure 7.14: Histograms of best-fit model numbers (as fractions of the initial sample, N =
631) for 2-component decomposition (left: acont1, see Chapter 3) and multi-component de-
composition (right: this chapter). Bar colours indicate the filtered sub-samples from AGoNT T
(see Section 3.5), and the additional sample of blue Coma galaxies (¢ — r < 0.5) considered
in this chapter. Faint bars indicate the model fractions prior to applying the multi-component
sample filter described in Section 7.2.3.
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Removed Removed Removed Removed Removed Filtered

Model Total A, fmask X2 D rbk Brrors — Type4  Sample
S 162 28 0 0 - - 134
BD 102 4 0 2 - 2 94
CD 3 1 0 0 - 0 2
BS 43 5 1 3 - - 34
BDd 18 2 0 0 3 0 13
CDd 3 2 1 0 0 0 0
BDD 43 4 0 1 - 0 38
BSD 97 11 6 2 - 24 54
BSS 98 12 12 4 - - 70
BSDd 62 11 3 1 2 6 39
All 631 80 23 13 5 32 478

Table 7.3: The distribution of model types resulting from multi-component fitting (including
the number removed by sample filtering). Dashes indicate models for which a particular
sample filter is not valid.
morphologies more complex than the simple S and BD models considered previously.
Many of these complex structure galaxies were considered to be (archetypal S0) bulge +
disk systems previously (see Figure 7.14). In total, 51 ‘archetypal’ galaxies (from N = 200;
25.5%) remain best-fit by a BD model, while 129 (64.5%) require more complex models and
20 (10.0%) are demoted to a single-Sérsic model (due to the more stringent model selection
tests in this chapter). The fractions of prior ‘atypical bulge + disks’ adequately fit by a BD
model (21.1% of 137), requiring more complex models (73.0%), and demoted to S (5.8%)
are similar. Note that many galaxies classed as ‘unstable’ previously are best-fit here by
complex 3-component models (68% of 128). This is due to significant reductions in x?2 as

additional structural components are accounted for.

7.3.2 Filtering Results

After filtering, 478 galaxies from the sample of 631 (76%) remain. The 153 galaxies removed
by filtering comprise: 80 galaxies removed due to asymmetry or contamination, 23 galaxies
with high y?, 13 highly-inclined galaxies, three galaxies with anomalous outer disks due to
R out > 0.17,, two galaxies with anomalous inner disks due to r,;; < 5”, and 32 galaxies
removed due to inverted Sérsic/disk components (Type 4, 4zxx etc.). Of the remaining
filtered galaxies, 134 are best fit by a Sérsic-only model (28.0%), 94 are best fit by BD
(19.7%), 34 are best fit by BS (7.1%), two are best fit by CD (0.4%), 13 are best fit by
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BDd (2.7%), none are best fit by CDd (0.0%), 38 are best fit by BDD (7.9%), 54 are best-
fit by BSD (11.3%), 70 are best fit by BSS (14.6%), and 39 are best fit by BSDd (8.2%).
The number of galaxies best fit by each model type (before and after sample filtering) are
summarised in Table 7.3.

Note that in total, 93 galaxies (19.5773%) are well-described by ‘barred” models (BSD,
BSDd). This barred fraction for Coma is significantly lower than the value reported in Lans-
bury et al. (2014) from either decomposition (721’2%) or ellipse (481“2%) analyses. This
difference cannot be reconciled, even if BSS models are included in the ‘barred’ sample
(vielding 34.1753% bar fraction). However, if the present sample is restricted to only con-
tain galaxies with D80 morphological classifications (as in Lansbury et al., 2014), then the
barred fraction (including BSS galaxies) rises to 62.5712%. This fraction rises further if
only D80 S0s (including S0/a, E/S0) galaxies are considered, yielding bars in 70.5725% of
galaxies. As the D80 catalogue only covers the bright end of the Coma sample (M, < —18),
the bar fraction increase for D80 galaxies indicates a significantly decreasing bar detection
rate for faint galaxies. However, the lower bar detection rate relative to Lansbury et al.
(2014), particularly if BSS galaxies are not considered ‘barred’, reflects the more stringent
conditions for accepting a more complex model in the present work.

Based on the results of model selection in the filtered sample, I note the following results:

e 215 galaxies (45% of total) are selected by 1D fitting to have a disk break. Of these,
only 37 are also detected as containing breaks from 2D analysis (17%). In total, 52
galaxies (11%) have 2D-selected disk breaks. Thus, 1D fitting correctly identifies
(71%) of all broken disk galaxies.

Thus: A 1D break detection method detects 71% of (2D-detected) broken disk
galaxies, but reports a false positive result (i.e. breaks reported in unbroken pro-

files) 83% of the time.

e If only 1- or 2-component models (excluding double Sérsic models; i.e. S, BD, CD,
BDd, CDd) are considered for 2D analysis, a broken disk model (BDd, CDd) is pre-
ferred for 152 galaxies (32% of total). Of these, 53 galaxies would be better-fit by a
double Sérsic model.

Thus: A 2-component 2D analysis falsely reports broken disk models 35% of the
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time if only (2-component) models with exponential disks are considered.

e Alternatively, if all 1-, 2-, and 3-component models are considered (excluding dou-
ble/triple Sérsic models) for 2D analysis, a broken disk model (BDd, CDd, BSDd) is
selected for 94 galaxies (20% of total). Of these, 42 galaxies would be better-fit by a
double or triple Sérsic model.

Thus: A 2D analysis falsely reports broken disk models 45% of the time if only

models with exponential disks are considered.

e [f 3-component models are excluded from consideration for 2D analysis, a 2-component
model is preferred in 342 galaxies (72% of total). However, 199 of these galaxies
would be better fit by a 3-component model?.

Thus: A 2D analysis selects an overly-simplistic 2-component model 58% of the

time if 3-component models are not considered.

e Ofall 141 galaxies with 2-component structures, 82 galaxies (58%) exhibit Type 1 (i.e.
‘archetypal’ inner + outer component) profiles, while 44 Type 3 profile galaxies (recur-
rent bulge; 31%) make up the second most common structural type. For 3-component
galaxies (N = 201), the three most common profile types are Type 31z (‘archetypal’
bulge + disk, with bar-like Sérsic ; N = 87; 43%), Type 33z (recurrent bulge with bar-
like Sérsic ; N = 36; 18%), and Type 11z (‘archetypal’ bulge + disk, with ‘archetypal’
bulge + Sérsic; N = 31; 18%).

Thus: 2D analysis selects 2- and 3-component galaxies with archetypal disk struc-
tures in the majority of cases, with recurrent bulges (dominant over their disks at

large radii) being the second most common structure.

e Of the 478 galaxies in the filtered sample, 214 (62%) yield a Type 1 (archetypal) pro-
file if fitted by a BD model, with 72 galaxies (21%) corresponding to Type 3 (recurrent
bulge) profiles. If 2- and 3-component galaxies are considered separately, no signif-
icant differences in (imposed BD model) Type 1 and 3 profile fractions are detected

(Type 1/3: 66% /20% for 2-component galaxies, 59% /22% for 3-component galaxies).

Disparity between this value and the 201 3-component models reported above is due to two galaxies which
would be better fit by a single Sérsic model, if 3-component models are excluded.
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Figure 7.15: Histogram of outer disk type fractions for Left: barred (BSD, BSDd) and
unbarred (BD, BDd) bulge + disk models, Right: galaxies in the core (7¢uster < 800 kpc),
intermediate (0.8 < 7custer < 1.6 Mpc), and outskirts (reuster > 1.6 Mpc) cluster samples.
Types I, 11, and III refer to unbroken, truncated, and anti-truncated disks respectively. Error
bars are 68% confidence limits.

Thus: Type 3 BD profiles do not intrinsically represent underfit galaxy structures,

but rather a structural morphology distinct from archetypal bulge + disk systems.

7.3.3 Freeman Disk Type Fractions

Galaxies with single disk-like outer profiles (BD, CD, BDd, CDd, BSD, BSDd) were cat-
egorised by their disk types (i.e. Type I, II, or III). In total, 202 valid disk galaxies are
contained within the sample after filtering. Of these, 150 galaxies (74.3729%) have Type I
(untruncated) disks, 25 galaxies (12.43:‘;’%) have Type II (truncated) disks, and 27 galaxies
(13.41%‘;’%) have Type III (anti-truncated) disks (Figure 7.15, left panel). Compared to the
disk type fractions reported in Erwin et al. (2012), I detect significantly more Type I and
IT disks in Coma than are reported in the Virgo cluster (45.873%'% and 073 % respectively),
but fewer Type IIT disks than Virgo (54.277,%). By comparison, the field SO sample in
Erwin et al. (2012) yields significantly fewer Type I disks (26.0155%), but greater Type II
(28.0787%) and 11T (46.0779%) fractions than the Coma sample.

If considered separately, Type I disks are found more frequently in unbarred (BD, CD,
BDd, CDd; 88.173 %) galaxies than those containing bars (BSD, BSDd; 58.172%). Con-

sequently, barred galaxies have a greater fraction of Type II and IIT disks (22.6755% and
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19.4731%) than galaxies without bars (3.77249% and 8.33:5%). Erwin et al. also reported a
decrease in the Type I fraction for barred Virgo galaxies (23.3752%), however the increased
barred Type II fraction in this work only widens the disparity between Coma and Virgo Type
IT disk detection.

To test the variation of disk type with environment, the filtered Coma sample was sub-
divided into core, intermediate, and outskirts samples based on galaxy distance from the
cluster centre (7ciuster < 800 kpc, 0.8 < 7ouster < 1.6 Mpc, and 7¢puster > 1.6 Mpc re-
spectively; Figure 7.15, right panel). These clustercentric radial ranges are selected such
that each sample has approximately equal occupancy (N = 70, 68, and 64). In all three
samples, Type I disks form the vast majority, with a slightly increased Type I disk fraction
for outskirt galaxies (72.9752%, 72.1121%, and 78.173:1% for core, intermediate, and out-
skirt galaxies). Type II and III disk fractions are consistent across all radial samples (Type
I: 10.0733%, 16.2749%, 10.9743%; Type IIL: 17.1749%, 11.8744%, 10.9*43%) although
slight peaks in Type II and Type III disk fractions are apparent in the intermediate and core
samples (respectively).

In summary, thorough 2D decomposition analysis reveals a rich range of galaxy struc-
tures in the Coma cluster, with 3(+) structural components required in a significant propor-
tion of cases. Archetypal central bulge + outer disk structures were detected most frequently
(N = 202), with 52 galaxies possessing broken outer disk profiles. This broken disk fraction
would be overestimated, however, if double/triple Sérsic models were excluded, or if 1D
analysis was applied alone. Greater fractions of Freeman Type I (untruncated) and Type II
(truncated) disks were detected in the present work than have been reported previously in
Virgo, with fewer Type III (anti-truncated) disks. These Type II and III disks were detected
significantly more frequently in barred galaxies than those without bars, but no significant

variation in Type I/II/III fraction was detected with local environment within Coma.

7.4 Conclusions and Chapter Summary

In this chapter, I have extended the decomposition analysis for the Coma galaxy sample
to include a wider range of candidate model structures. An analysis pipeline was developed

(based on the previously-described Acon1T) to perform thorough (if not exhaustive) fitting of
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2- and 3-component models based on combinations of Sérsic, boxy Sérsic, and exponential

structural components. In addition, a broken exponential profile was developed for this work

for the detection and parameterisation of (Freeman) Type II and I1I disk galaxies. This model

component comprised an exponential disk with a smooth transition between inner and outer

scale lengths at a break radius.

Sample filtering was applied to remove unreliable fits, and select the most statistically

meaningful model (from Bayesian analysis) of the underlying galaxy structures (i.e. to en-

sure galaxies are neither under- or overfit). After filtering, a total of 478 galaxies remain for

analysis from the initial sample.

The main findings of this chapter are as follows:

i)

1i1)

The variety, and complexity of galaxy structure in the Coma cluster is far greater
than has previously been reported from bulge-disk decomposition studies from
shallow imaging data.

Only 48 +3% of galaxies are best-represented by simple Sérsic, or Sérsic + exponential
models, and a 3(+) component structure is necessary to fully describe 42 + 3% of
galaxies. The remaining 10% are 2-component systems requiring more complex outer

profiles (e.g. Sérsic, or broken disk).

Galaxies with archetypal SO structures (central bulge + outer disk; N =202) are
most frequently untruncated exponential disks (74 + 3%). Similar numbers of
‘truncated’ (123%) and ‘anti-truncated’ (13'3%) disks are detected.

Compared to the (cluster galaxy) results of Erwin et al. (2012), a significantly higher
truncated disk fraction, and lower anti-truncated disk fraction are measured in the

present work for the Coma cluster.

Detection of genuine broken disk galaxies is significantly limited if too narrow a
range of models are considered.

False positive broken disk detection (i.e. the fraction of reported ‘broken disk’ galax-
ies revealed to have more complex, unbroken structures via a more mature analysis)
can exceed 50% if 3-component and/or multi-Sérsic models are not considered for

decomposition analysis.
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iv) The fraction of barred galaxies detected in the present work (20 + 2%) is signifi-
cantly lower than previously reported for the Coma cluster.
However, if triple Sérsic galaxies are considered ‘barred’, and analysis is limited to
galaxies with morphological classifications from Dressler (1980b), then this value rises

to 71 £ 5%, consistent with previous measurements.

In the next chapter, the structural characteristics of these multi-component galaxies will
be described in detail. In particular, the properties of galaxies with Type II and Type III
(broken) disks will be investigated, constraining their formation mechanisms (and hence the

evolutionary pathways for galaxies observed in the Coma cluster).
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Chapter 8

The Structural Properties of

Multi-component Galaxies

8.1 Introduction

Evolutionary pathways will not necessarily preserve archetypal bulge + disk galaxy mor-
phologies. Depending on the specific nature of the mechanism involved, disks may cease to
be simple exponential structures (e.g. disk truncation) or may be entirely disrupted, shifting
the global morphology towards that of classic (i.e. pure spheroid) ellipticals. Thus, investi-
gation of galaxies with a wider range of structural morphologies provides a more complete
picture of the ETG formation mechanisms relevant to the Coma cluster.

Following the decomposition procedure presented in Chapter 7, I explore here the (¢
band) structural characteristics of Coma cluster red sequence galaxies with a range of multi-
component structures (in the magnitude range —17 > M, > —22). Particular emphasis is
placed on disk galaxies with outer structures which deviate from the simple exponential disk
profile (truncated or anti-truncated; i.e. Freeman Types II and III), with an aim to constrain
the evolutionary histories of such galaxies. Note that discussion of ‘disk galaxies’ here refers
specifically to systems where an exponential (or broken exponential) component dominates
the surface brightness profile at large radii only. This ensures that the resulting properties
measured from these ‘disk components’ are meaningful measurements of astrophysical disk
structures. A full catalogue of the best-fit multi-component model structural measurements

discussed in this chapter is presented in Table A.6 of Appendix A.
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Model Parameter  Comp. 1 Comp. 2 Comp. 3
S n 1.90 +0.05 - -
N =134 R, [kpc] 1.99 £ 0.07 - -
m; = 16.58 £0.03 C/T 1.0 - -
BS n 2.124+0.30 0.66 £0.10 -
N =234 R, [kpc]  5.27+0.90 14.574+0.90 -
m; = 15.76 £0.12 C/T 0.354+0.04 0.6540.04 -
BSS n 2.17+0.23 0.43+0.13 0.55+£0.04
N =170 R. [kpc] 4.20+£0.55 12.68+0.76 25.80+ 1.75
m; = 14.454+0.08 C/T 0.42+0.02 0.264+£0.02 0.27+£0.02

Table 8.1: Table of the median structural parameter values for multi-Sérsic model galaxies
(S, BS, BSS), indicating the half-light radii, Sérsic indices, and component fraction (C/T) of
each model component. In addition, the median total apparent magnitude (1m;), and number
of galaxies (/NV) are given for each model type.

This investigation will address four main questions regarding galaxy evolution: Does the
multi-component structure of giant ellipticals suggest the ‘puffing-up’ of a compact progen-
itor, or the accumulation of additional structures around a compact spheroid? Are broken
disks structures (truncated or anti-truncated) correlated with the properties of the bulge/bar
components? Do the structures of Freeman Type II galaxies indicate physical truncation of
disks? Does such a truncation scenario explain the apparent size offset of SO disks relative
to star-forming spirals reported in Chapter 5?

The structure of this chapter is as follows: First, I describe the overall structural proper-
ties of multi-component galaxies for which a Sérsic component (n # 1) is a better description
of their outer profiles than an exponential disk (i.e. S, BS, and BSS). Secondly, I investigate
the influence of bar structures on galaxies with broken disk profiles. This explores whether
barred and unbarred broken disk galaxies are equivalent structures, and thus can be com-
pared as a singular class. Thirdly, I contrast the bulge, disk, and break properties (where
applicable) of outer-disk galaxies with Freeman Type I, II, and III profiles. The resulting
structural trends are then discussed in the context of the evolutionary histories, and forma-

tion mechanisms of each disk type. Finally, I summarise the key results of this analysis.
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Figure 8.1: Histograms of Sérsic index, n, for multi-component Sérsic galaxies. Left: the
n distribution for inner-dominant Sérsic structures (S, BS, BSS), divided by best-fit model
type. Right: the n distribution of outer-dominant Sérsic structures (BS, BSS) divided by
best-fit model type. The equivalent distributions including middle Sérsic structures (BSS) or
outer Sérsic n for BS fits to galaxies best-fit by a BD model are included as dashed blue and
red histograms respectively.

8.2 Multi-Sérsic Systems

From the initial sample of 478 galaxies (filtered to exclude badly-fit galaxies; see Section
7.2.3), ~50% were best-fit by a model comprising one or more Sérsic components (28%
S; 7% BS; 15% BSS). In this section, I briefly discuss the structural results for these multi-
component Sérsic galaxies (Table 8.1). Note that average galaxy luminosity increases with
number of model components, highlighting the strong S/N and spatial size dependence of
multi-component structure detection.

In all Sérsic model variants, the central structure is compact and has a ‘pseudobulge-
like’ (n ~ 2) profile (Figure 8.1, left panel). For S model galaxies, the Sérsic structure is
equivalent to a ‘naked’ bulge for BD galaxies, albeit a factor of 2 x larger (R, ~ 2 kpc). The
central ‘bulges’ of both BS and BSS galaxies are consistent in size, but larger on average
than a single Sérsic (R. ~4 kpc). Note that very few inner structures refer to a classic
n = 4 (de Vaucouleur’s) profile. If BSS (or other 3-component) galaxies were force fit
by a single Sérsic structure, however, the resulting n distribution would extend to n ~ 8§,
peaking strongly for n = 3-4. Hence, de Vaucouleur’s profile arises from underfitting more
structurally complex systems.

Outer Sérsic structures have Gaussian-like profiles (n ~ 0.5) on average, although a weak
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tail exists in the n distribution towards higher values (Figure 8.1, right panel). Since an outer
component with n = 1 would be described by a BD model, the 1.00 < n < 1.25 bin is empty
for outer structures. If the disk n is allowed to vary for these bulge + disk galaxies (i.e. fitting
a BS model), then a continuous distribution of outer structure Sérsic index becomes apparent
(red dashed histogram in Figure 8.1). The resulting ‘disk’ n distribution covers the range
0.5 < n < 1.5, but peaks strongly at n = 1 (median value: 1.00, standard deviation: 0.24)!.
Hence, the outer structures considered in this section may represent (non-exponential) disks.
However, this hypothesis cannot be confirmed without information regarding the kinematics
of these multi-component Sérsic galaxies. As a practical choice, only n = 1 disks will be
considered in discussion of disk structure in later sections due to the uncertain nature of outer
Sérsic structures.

The outer and middle Sérsic structures of BS and BSS galaxies are both = 10 kpc larger
than ‘bulges’, but represent drastically different fractions of their parent galaxy’s total lu-
minosity (~§ and N;ll respectively). Conversely, the outer structure of BSS galaxies is
comparable in luminosity to the middle Sérsic , but is an additional 10 kpc larger. As such,
BSS galaxies are structurally equivalent to BS galaxies with the addition of an outer Sérsic
structure. The outer Sérsic structures may be the remnants of past merger events. As such,
the distinction between BS and BSS may be a difference in the number of major merger
events experienced in the past.

By comparison, the triple Sérsic structures measured by Huang et al. (2013; H13) in a
small sample of nearby ellipticals consist of a faint, compact central object (R, < 1 kpc),
a middle component (R, ~ 2.5 kpc), and a dominant outer envelope (R, ~ 10 kpc). If the
compact structure is neglected, the H13 structures are comparable with the BS models in
the present work, albeit with smaller bulges, different component profiles (n ~ 1-2 in H13),
and C/T for the outer structure (~ 0.6 in HI13). Given that the galaxy sample in H13 comes
from a less dense environment on average, the increased detection rate of weak outer Sérsic
structures in the present work may reflect a more active merger history of present-day Coma

cluster galaxies. This is supported by the higher average bulge size in the present work, as

mergers will also increase bulge R..

Recall however, that these changes in outer profile n do not yield statistically significant improvements to
the goodness-of-fit relative to fixing n = 1.
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If the models considered in this section represent the multi-component structures of tra-
ditional elliptical galaxies, then such galaxies comprise a (relatively) compact pseudobulge
(~5 kpc) around which large (~ 10-20 kpc) outer (Gaussian) structures have been assem-
bled. These compact central structures are 2-3x larger than ‘red nugget’ objects (~ 1-2 kpc)
detected at high redshift (z ~ 2; Damjanov et al., 2009). Thus, if the multi-component Sérsic
galaxies observed in Coma in the present work evolved from red nuggets, then their bulge
structures must have experienced significant size growth (‘puffing up’). However, the fo-
tal effective radii for BS and BSS galaxies (estimated from the combined luminosities of
all model components, assuming alignment of component PAs) is ~ 10-11 kpc on average?,

suggesting an even more drastic growth mechanism (~ 6x, consistent with van Dokkum

et al., 2014).

8.3 Barred/Unbarred Broken Disk Systems

In this section, I contrast the properties of galaxies with ‘bar’ components (specifically, any
inner Sérsic component in addition to the bulge; hereafter ‘barred’) with the equivalent galax-
ies lacking these structures (hereafter ‘unbarred’). This analysis will determine whether
barred and unbarred galaxies are the same class of object, or whether the observed bar com-
ponent implies an intrinsically distinct galaxy structure and evolutionary history. As such, I
aim to determine whether galaxy disks can be categorised solely by Freeman type (unbroken,
truncated, anti-truncated), or whether the presence/absence of a bar must also be accounted
for.

Here, the distributions and trends in structural parameters for galaxies with (single) disk-
dominated outer regions (BD, CD, BDd, BSD, BSDd; see Figures 7.6, 7.8, 7.10, 7.12) are in-
vestigated. In order to ensure that model parameters are measured from consistent structures
(i.e. exponential/broken exponential components measure galaxy disk properties), I only
consider galaxies with archetypal bulge/disk models (i.e. Type 1 for 2-component galaxies,
Type x1x for 3-component galaxies), or those which become/cease to be archetypal due to

disk breaks (Types 1_, 3;, x1_z, 23, x). This reduces the sample of analysed galaxies to

ZEven if the outermost structures in BSS galaxies were dismissed as fitting artefacts, the total R, of such
systems would remain in excess of 7 kpc.
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146 (67 2-component galaxies, 79 3-component galaxies), of which 97 galaxies have Type
I disks, 25 have Type II disks, and 24 have Type III disks. As a convenient shorthand, I
hereafter use the phrase ‘Type I/II/III galaxy’ to refer to galaxies containing Freeman Type
I/TI/I disks.

The sizes and Sérsic indices of bulges and bars (where present) of galaxies with broken
disks (models BDd and BSDd) are presented in Figure 8.2. On average, unbarred galaxies
are fainter (median M; = —19.8 + 0.2) than galaxies with bars (median M; = —20.6 +0.1),
and have smaller bulge sizes (R, = 0.81 &£ 0.06 kpc for barred, R, = 0.63 + 0.05 kpc for
unbarred) at a ~ 2.50 level. However, the bulge Sérsic indices are consistent for both barred
(n = 2.06 £ 0.15) and unbarred (n = 2.04 4 0.27) galaxies.

With increasing galaxy luminosity, all galaxy bulges increase weakly in size (~ —0.2 kpc
per magnitude). For unbarred galaxies, bulge Sérsic index sharply increases with total lumi-
nosity (—1.91 + 0.76 per mag), but no trend is detected for barred galaxies (0.01 £ 0.25 per
mag). This apparent disparity in bulge profile shape should be treated with skepticism, given
the small samples sizes involved. Indeed, if both barred and unbarred bulges are considered
together, then neither trend (n or R.) differs significantly from those measured from barred
galaxies alone. Hence, the bulge components of barred and unbarred galaxies are the same
class of structure, albeit with greater scatter in the properties of unbarred bulges.

In contrast with bulges, galaxy bars exhibit a narrow range of (low) n profiles (n =
0.43 £ 0.04 on average), but are systematically larger structures (R, = 2.65 £ 0.18 kpc on
average). Note that this is not an artefact of selecting archetypal galaxies in this section,
as no constraints are placed on the bulge/bar or bar/disk profile types (i.e. bars are not
required to dominate bulges at large radii). Low n profiles are expected for bar-like systems
(Gadotti, 2011), yielding approximately constant brightness towards the galaxy centre, but
fading rapidly at larger radii. Galaxy bars exhibit no significant trends in n (0.02 £ 0.36) or
size (0.14 + 0.59 kpc per mag) with luminosity.

The sizes of inner and outer disks (the structures inside and beyond 7y,y) for barred
and unbarred galaxies are presented in Figure 8.3. With the exception of the inner disks of
barred galaxies, all inner and outer disks exhibit similar R.-M; trends (slope ~ —1.5 kpc

per mag), consistent with the strong size-luminosity trend detected for disks in Chapter 5.
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Figure 8.2: Sérsic component structural parameters for BDd, CDd, and BSDd models as a
function of total absolute 7 band model magnitude. Upper plot: Sérsic index for barred and
unbarred bulges (red and blue), and bars (green). Lower plot: Effective half-light radii for
barred and unbarred bulges (red and blue), and bars (green). Unfilled data points indicated
flagged galaxies. Large square points are median parameter values in bins of M;, to which a
linear trend has been fit.
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Figure 8.3: Disk structural parameters for BDd, CDd, and BSDd models as a function of
total absolute ¢ band model magnitude. Upper plot: Inner disk effective half-light radii
for barred and unbarred bulges (red and blue). Lower plot: Outer disk effective half-light
radii for barred and unbarred bulges (red and blue). Unfilled data points indicated flagged
galaxies. Large square points are median parameter values in bins of M;, to which a linear
trend has been fit.
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However, these trends are non-significant due to high scatter in size measurement. Unbarred
(inner/outer) disks are visually consistent (i.e. lie on the same best-fit trend) with barred
galaxies, with similar levels of scatter. As such, the (broken) disk components of barred and
unbarred galaxies form a single family of consistent galaxy sub-structures.

On average, inner disks are smaller (barred: R, = 4.66+0.99 kpc, unbarred: R, = 3.26+
0.56 kpc) than outer disks (barred: R, = 4.72 + 0.28 kpc, unbarred: R, = 3.97 £ 0.29 kpc),
reflecting the greater proportion of Type III disks in the sample. Since Type II and III disks
are considered together in this comparison, however, this difference is not significant. Disks
in barred galaxies are systematically larger than unbarred disks, but since barred galaxies
are also systematically brighter, this size offset reflects the overall size-luminosity trend for
disks. Hence, for a fixed galaxy luminosity, the sizes of barred and unbarred galaxies are
consistent (as in Courteau et al., 2003).

In summary, the bulges of broken disk models have an order of magnitude weaker size-
luminosity trend than their disks. This is consistent with the strong and negligible luminosity-
dependence for disk and bulge sizes (respectively) for the BD analysis in Chapter 5. No
significant differences are detected between the broken disks of galaxies with or without
bars. As such, barred and unbarred broken disks are concluded to form the bright and faint
end (respectively) of a continuous sequence of consistent structures. Similarly, the bulges of
barred and unbarred galaxies are structurally consistent. I conclude that barred and unbarred
(archetypal; inner bulge, outer disk) disk galaxies belong to the same family of structurally

consistent objects, differing only in the presence/absence of a bar component.

8.4 Freeman Type I, I1, and III disks

In this Section, the galaxy sample is divided by Freeman type to investigate differences in
structure for galaxies with untruncated (Type I), truncated (Type II), or anti-truncated (Type
IIT) disks. I consider all models with a single (exponential) disk component which dominates
(relative to the bulge) at large galaxy-centric radii (BD, CD, BDd, BSD, BSDd). As in the
previous section, only galaxies with archetypal disks (and those which cease to be archetypal
due to a broken disk; Allen Types 1, 1_, 3, zlz, x1_x, and x3, ) are considered for this

analysis.
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Figure 8.4: Bulge and bar Sérsic indices (n) for BD, CD, BDd, CDd, BSD, and BSDd model
galaxies with Type I (black), II (red), and I1I (blue) disks as a function of total absolute 7 band
model magnitude. Upper plot: Bulge Sérsic index. Lower plot: Bar Sérsic index. Unfilled
data points indicate flagged galaxies. Large square points are median parameter values in
bins of M;, to which a linear trend has been fit. Type I galaxies are indicated by faint grey
points.
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8.4.1 Central component properties

The bulge and bar Sérsic indices for galaxies of each disk type are presented in Figure 8.4.
Bulge n is smaller (on average) in Type I (1.89 £ 0.08) galaxies those with Type II (2.32 +
0.14) broken disks, and consistent with the bulges of Type III galaxies (1.74 £ 0.19). By
comparison, bar Sérsic index is consistent across all Freeman types (0.44 4 0.04 for Type I,
0.44 £+ 0.04 for Type II, and 0.43 & 0.03 for Type III). Thus, while consistent bar profiles are
measured independent of disk type, the bulge profile shape depends on disk structure. Note
that the Type I averages are calculated from galaxies in the magnitude range —19 < M; <
—22 for consistency with the range of Type II and IIT galaxy luminosities

With increasing galaxy luminosity, no significant variation in bar n is detected for any
galaxy type. However, the bulges of both Type I and Type III galaxies become more centrally-
concentrated (higher n) for more luminous galaxies. Similar n-M; slopes are measured for
both galaxy types (consistent with the equivalent trend measured previously for archetypal
BD models in Chapter 5). The reverse trend (lower n for higher galaxy luminosity) is mea-
sured for Type II galaxies. While this trend is not significant (~ 1.50), it remains discrepant
with the measured Type I/I1I trends at a 30 level. Thus, the bulges of galaxies with truncated
disks are structurally distinct from those found in galaxies with untruncated, or anti-truncated
disks. This is analogous to the distinct n-luminosity trends measured in the previous section
for barred and unbarred galaxies. However, as barred galaxies comprise approximately equal
numbers of Type II (237%) and III disks (19 & 4%), this apparent bulge n bimodality is not
strongly related to the presence of a bar component.

Half light radii for the bulges and bars of Type I, II, and III galaxies are presented in
Figure 8.5. The bulges of Type I and III galaxies show no significant size difference on
average (Type I: 0.57 = 0.05 kpc, Type III: 0.54 £ 0.05 kpc), while Type II galaxies have
systematically larger bulges (0.96 + 0.07 kpc). No notable trends in bulge size with galaxy
luminosity is noted for galaxies of any Freeman type.

The bars in Type II galaxies are systematically larger on average (2.91 &£ 0.22 kpc) than
those found in Type I galaxies (1.95 + 0.18 kpc), but similar to the bars of Type III galaxies
(2.821+0.49 kpc). As with bulge components, no significant size-luminosity trends are noted

for galaxy bars. Thus, large galaxy bars are found more frequently in galaxies with broken
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Figure 8.5: Bulge and bar effective half-light radii (R.) for BD, CD, BDd, CDd, BSD, and
BSDd model galaxies with Type I (black), II (red), and III (blue) disks as a function of total
absolute ¢ band model magnitude. Upper plot: Bulge R.. Lower plot: Bar R.. Unfilled
data points indicate flagged galaxies. Large square points are median parameter values in

bins of M;, to which a linear trend has been fit. Type I galaxies are indicated by small grey
points for clarity.

184



(truncated/anti-truncated) disks, regardless of total galaxy luminosity.

In summary, the bulges of galaxies with Type II disks have systematically larger » and R,
than the bulges of Type I or III galaxies. In addition, no significant bulge n-luminosity trend
is detected for Type II galaxies. Thus, the bulges of galaxies with truncated disks are distinct
in structure and origin from the equivalent components in galaxies with either untruncated
or anti-truncated disks. Galaxy bars are consistent in profile shape across all Freeman types,

but have systematically larger [?. in galaxies with Type II or III broken disks.

8.4.2 Disk Properties

The effective half-light radii for the inner and outer disks (i.e. the disks internal and external
to the break radius, 7)) of Type II (truncated) and III (anti-truncated) galaxies are presented
in Figure 8.6, with the disk [z, for Type I galaxies included in both panels. Note that by
definition, the inner R, of Type II/III galaxies is larger/smaller than the outer R., yielding
a shallower disk surface brightness profile within/beyond 74,x. On average, Type III inner
disks are consistent in size (3.58 £ 0.20 kpc) with Type I disks (3.68 £ 0.18 kpc), and have a
consistent size-luminosity relation (despite a ~ 2x difference in slope). By contrast, Type 11
inner disks are substantially larger (than Type I disks) on average (9.28 + 1.44 kpc), with an
extremely steep trend (4.76 4-3.09 kpc per mag) of decreasing inner disk size with increasing
galaxy luminosity, albeit at low significance (~ 1.50).

The outer disks of Type II galaxies have scale lengths (4.12 £ 0.20 kpc) consistent with
Type I disks (for galaxies in the range —19 < M; < —22) on average, while Type III outer
disks are systematically larger (5.62 £ 0.34 kpc). Outer disk size-luminosity relations are
similar for both Type II and III disks, yielding size increases for more luminous galaxies a
factor of approximately two times greater than the measured trend for Type I disks. However,
this difference relative to Type I disks is only significant (at a ~2.50 level) for Type 11
galaxies. The detection of consistent scale lengths (and similar size-luminosity relations)
for Type I disks, Type II outer disks, and Type III inner disks (in agreement with Laine
etal., 2014) suggests that the outer/inner structures of Type II/I1I disks preserve the structural
properties of their progenitor disks.

The break radius, 7k, 1s plotted in Figure 8.7 for Type II and III disks as a fraction of
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Figure 8.6: Inner and outer disk effective half-light radii (R.) for BD, CD, BDd, CDd, BSD,
and BSDd model galaxies with Type I (black), II (red), and III (blue) disks as a function of
total absolute ¢ band model magnitude. Upper plot: Inner disk R.. Lower plot: Outer disk
R.. Unfilled data points indicate flagged galaxies. Large square points are median parameter
values in bins of M;, to which a linear trend has been fit. Type I galaxies are indicated by
faint grey points.
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Figure 8.7: Break radius, 7, as a function of the total absolute : band model magnitude
for galaxies with Type II (red) and III (blue) disk models relative to the inner (top) and outer
(bottom) disk .. Unfilled data points indicate flagged galaxies. Large square points are
median parameter values in bins of A/;, to which a linear trend has been fit.
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both inner and outer disk R.. For Type II disks, the break radius is a small fraction of the
inner disk size (~0.25). However, since R, is large for these structures, the contribution
of the (flat) inner disk to the total disk luminosity is non-negligible. By comparison, Type
IIT disk break radii are significantly beyond the inner disk half-light radius (rp ~2R,),
indicating that only the outer wings of Type III inner disk structures are modified by the
profile break. Alternatively, both Type II and III profile breaks are comparable in size to the
outer disk R,. Thus, in both cases, the outer structure of broken disks contribute ~ 50% of
the light of an equivalently-sized untruncated disk.

In comparison to either disk, Type III breaks occur at smaller fractions of disk 7. for
increasingly luminous galaxies. Note, however, that this correlation is significant at a > 3o
level for outer disk R., but only significant at a ~ 2.50 level for inner disk R.. A decreased
fractional break radius indicates that a Type III disk contains a smaller proportion of the pri-
mordial disk. Conversely, Type II break radii exhibit a non-significant increase (as fractions
of both R?.) with galaxy luminosity. Thus, the break radius of a Type II disk is approximately
the same fraction of the inner/outer disk size for any galaxy. Note that if Type II disks where
R, in reaches the GALFIT limit are excluded, the trend in 7y, relative to R, oy 1S made con-
siderably shallower. Hence, 7, increases in size at a similar rate to outer disk 12, with total
galaxy luminosity.

In summary, the inner disks of anti-truncated (Type III) galaxies are consistent in size
with the disks of unbroken (Type 1) galaxies. Conversely, Type I1I outer disks are systemati-
cally larger than unbroken disks. Both inner and outer Type III disks exhibit a size-luminosity
relation consistent with Type I disks. Thus, the inner disks of Type III galaxies preserve the
properties of the unbroken progenitor disk. The inner disks of truncated (Type II) galax-
ies are not consistent in size or size-luminosity trend with unbroken disks. This rules out
a formation scenario in which physical truncation preserves the primordial disk within the
break radius. Conversely, the outer disks of Type II galaxies have sizes (and size-luminosity

relations) consistent with untruncated disk structures.
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Figure 8.8: Component fraction (C/T) as a function of total absolute : band model magnitude
for galaxies with Type I (black), Type II (red) and Type III (blue) disk models. Upper plot:
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bins of M;, to which linear trends have been fit.
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N Agr Ag/ Ap/r

Typel 56 —0.01+£0.03 - 0.01 £0.03
2-comp. Typell 4 —0.10=£3.65 - 0.10 £ 3.65
Typelll 7 —0.12+£0.11 - 0.12£0.11

Typel 41 —-0.04+£0.03 —-0.10+0.03  0.124+0.04
3-comp. Typell 21 0.11 +£0.07 0.01 +£0.05 —0.22 4+ 0.06
TypelII 17 —-0.14+£0.02 0.07x=0.03  0.0540.03

Table 8.2: Table of best-fit component light fraction-luminosity trends (Ac,r; C/T per
magnitude galaxy luminosity) measured for 2-component (top) and 3-component (bottom)
galaxies. Here, a negative value indicates increasing C/T with luminosity.

N rg/xT xg/xT xp/Tr
Type I 41 1.164+0.12 1.41+£0.13 0.76 £0.08
Typell 21 0.65£0.23 0.964+0.20 1.51+0.15
Typelll 17 1.56£0.09 0.664+0.16 0.91 £ 0.06

Table 8.3: Table of approximate fractional component luminosity changes for 3-component
Type I, 11, and III galaxies as total galaxy luminosity increases (rp = 2.5).

8.4.3 Component fractions (C/T)

In this Section, I discuss the component flux fractions (B/T, S/T, and D/T for bulges, bars,
and disks respectively) for galaxies with Type I, II, and III disks.

Measured across all (2- and 3-component) galaxies, Type I galaxies are strongly disk-
dominated (median D/T = 0.62 £ 0.02), with (sub-dominant) bulges (B/T = 0.28 £ 0.02)
and weak bar components (S/T = 0.10 4= 0.01). The corresponding component fractions for
Type III galaxies are measured to be consistent with Type I galaxies (D/T= 0.62 £ 0.03,
B/T = 0.24 £ 0.02, S/T = 0.14 = 0.03). By contrast, Type II galaxies have a diminished
disk light fraction on average (D/T= 0.46 4 0.04), with corresponding increases in bulge
(B/T= 0.3340.04) and bar (S/T= 0.21+£0.03) fractions. Note, however, that these averages
are heavily biased by the lack of a bar (i.e. S/T= 0.00) in 2-component galaxies. If the
average is calculated from only 3-component galaxies, then bar light fraction (S/T) increases
significantly for all three disk types (Type I: 0.2440.02; Type II: 0.25£0.02; Type III: 0.20+
0.03). The corresponding disk light fractions (D/T) decrease on average for 3-component
galaxies (Type I: 0.51 £ 0.03; Type II: 0.43 £ 0.04; Type III: 0.55 £ 0.03), while average
bulge fractions (B/T) are not significantly changed (Type I: 0.25£0.02; Type II: 0.31 +0.04;
Type I1I: 0.20 £ 0.03).
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Bulge and disk fractions (for the combined 2- and 3-component galaxy sample) are plot-
ted as a function of total galaxy luminosity in Figure 8.8 for Type I, II, and III galaxies. For
increasingly luminous Type II/Type III galaxies, bulge light fraction decreases/increases,
while disk light fraction increases/decreases. These trends are significant for Type III galax-
ies, but only marginal for Type II galaxies. Unbroken disk galaxies (Type I) exhibit no lu-
minosity dependence of B/T, but are significantly less disk-dominated (lower D/T) for more
luminous galaxies. This is caused by the increased frequency of barred galaxies at higher
galaxy luminosities.

The corresponding best-fit component light fraction trends with galaxy luminosity (2-
component and 3-component galaxies considered separately) are presented in Table 8.2. For
2-component galaxies, no significant trends are noted in Type I galaxy B/T or D/T, while no
conclusions can be drawn for Type 1I and III galaxies due to small sample sizes. However,
with increasing luminosity, 3-component Type I galaxies become significantly more bar-
dominated (—0.10 +0.03), and less disk-dominated (0.12 £ 0.04). Conversely, 3-component
Type 1I galaxy disk light fraction and Type III galaxy bulge light fraction increases with
galaxy luminosity (—0.22 £ 0.06 and —0.14 £ 0.02 respectively).

These component light fraction-luminosity trends can be used to estimate whether the
distinction between faint and bright galaxies is dominated by the luminosity difference of
one particular component. This can characterise, for example, whether the difference be-
tween an average galaxy and an equivalent galaxy one magnitude brighter is primarily due
to an increase in bulge or disk luminosity. Hence, we will determine whether the appar-
ent differences in C/T trends between Freeman Types corresponds to intrinsically different
component light scaling relations.

For two galaxies separated in total galaxy luminosity by one magnitude (M, — M =
1.0), the fractional difference in the luminosity of a particular component (‘C’) can be
parametrised as ¢ = L¢ /L. For example, if the galaxy luminosity difference in Type I
galaxies at M; o = —20 and M; = —21 was caused by the bulge and disk components being
3x brighter at M; = —21 (but bars being as luminous in both cases), then zp = 3, g = 1,

and zp = 3.
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Figure 8.9: ‘Additional’ component light fractions (i.e. the proportions of the luminosity
difference for each component structure per unit galaxy luminosity) for average galaxies
with Freeman Type I, II and III disk components. Indicates the fraction of light added to the
bulge (red), disk (blue) or bar (green) per unit galaxy luminosity increase. Type I galaxies
- bulge: 33 + 3%, disk: 35 4+ 3%, bar: 32 + 4%; Type II galaxies - bulge: 10 4 2%, bar:
19 + 2%, disk: 70 & 12%; Type III galaxies - bulge: 50 + 4%, bar: 4 + 1%, disk: 47 + 6%.

The reported C/T slopes (Ac,r; Table 8.2) can be expressed as:

Acyr = Co/Ty — C/T = Co/T, (1—“"6—0), (8.1)

xXr

where fractional difference in total luminosity, xr = 2.5 across one magnitude. Note that
xco/xp is greater than unity if component luminosity increases at a greater rate than galaxy

luminosity. The component luminosity difference relative to an average galaxy can be esti-

B Ag/r
To = <1 - <C/T>) T (8.2)

mated as:

where (C/T) is the mean value of C/T.

Table 8.3 presents x values relative to a galaxy of average luminosity and C/T (i.e.
Co/Ty = (C/T)). For a galaxy brighter than the average by an arbitrary magnitude difference
(Mot = Mior0 + AMio), the proportion of the total luminosity difference (A Lq; where
Lioto = Liot + ALyt attributed to each photometric component (AL¢) can be estimated

using:
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(.’L‘T — 1) — xTAC/T
T — 1 ’

(8.3)

The resulting component fractions of the additional galaxy luminosity is illustrated in Figure
8.9 for Type I, I and III galaxies.

For Type I galaxies, bars become more luminous at a significantly greater rate than the
overall galaxy luminosity (bar luminosity doubles for a 42% increase in total luminosity),
while disks increase in luminosity at a slower rate (52% increase in disk luminosity as
galaxy luminosity doubles). However, the luminosity difference for Type I galaxies arbitrar-
ily brighter than the average is distributed equally between all three structural components
(from Equation 8.3; Figure 8.9). For example, an average Type I galaxy ((M;) = —20.3) has
a total luminosity of 8.6 x 10° L. Relative to this average, a 9.6 x 10° L., Type I galaxy
(i.e. 10° L brighter) would have a bulge more luminous by (3.34-0.4) x 10® L, a bar more
luminous by (3.5 4 0.3) x 10® L, and a disk (3.2 £ 0.4) x 108L,, more luminous.

For Type II galaxies, the disk component is the dominant contribution to luminosity
growth (70 + 12% of A Ly,), doubling in luminosity for each 32% increase in galaxy lumi-
nosity. Hence, the disk-total luminosity trend is significantly steeper for Type II disks than
Type 1, indicating a larger difference in disk luminosity between faint and bright Type II
galaxies than for Type I galaxies. This implies that fainter Type II galaxies have experienced
a greater truncation (of light) than intrinsically more luminous galaxies.

For Type III galaxies, the bulge is the dominant component (doubling in luminosity for a
28% increase in global luminosity). For an average Type III galaxy, the bulge component’s
contribution to galaxy luminosity is approximately equal to the (intrinsically more luminous)
disk. The corresponding bar light contribution is minimal (3.7 £ 0.4% of A L), indicating
approximately equally-luminous bars in all Type III galaxies, independent of total galaxy
luminosity.

No other components (bulges in Type I galaxies, bulges and bars in Type II galaxies,
and bars and disks in Type III galaxies) differ significantly from increasing in luminosity
proportional to the galaxy (xo ~ 1). Note that since xr = 2.5, no component in Type I, II,
or III galaxies decreases in luminosity in brighter galaxies.

In summary, 3-component archetypal (central bulge + outer-dominant disk + any bar)
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galaxies are disk-dominated on average, with approximately equal bulge and bar light frac-
tions, independent of Freeman disk/galaxy type. The measured trends in component light
fraction with total magnitude were used to quantify the contributions of each structural com-
ponent to galaxy luminosity. All three structural components contribute equally on average
to the increasing total luminosity in galaxies unbroken disks (Type I). However, the bar com-
ponent exhibits the largest fractional increase in luminosity. disks were found to dominate
truncated (Type II) galaxy luminosities. The corresponding disk-total luminosity trend is
steeper than for Type I galaxies, which may indicate disk (luminosity) truncation. Increasing
anti-truncated disk (Type III) galaxy luminosities correlate strongly with both their bulges

and disks. Hence, bar luminosity in Type III galaxies is independent of galaxy luminosity.

8.5 Disk break formation scenarios

In this section, I investigate the evolutionary origins of archetypal broken disk (truncated/anti-
truncated; Freeman Type II/III) galaxies through comparison of their structural and com-
ponent photometric properties to unbroken (Type I) galaxies. As a working hypothesis, I
assume a break formation scenario in which Type II and III galaxies had Type I disks at
some point in the past. While the observed present-day Type I disks cannot be the progeni-
tors of present-day broken disks, all three Freeman type galaxies must have evolved from a
common population of primordial galaxies with (Type I) disks. Thus, features of the struc-
tural/photometric distributions unique to galaxies of a particular Freeman type can be used
to constrain the evolutionary pathways that acted exclusively on them.

Significant increases in bulge luminosity for more luminous Type III galaxies (zp =
1.5z7; see Table 8.3), and moderate increases in bulge size supports a paradigm of forming
anti-truncated disks through merger events (in which the disk is preserved), as in Borlaff
et al. (2014). Such a merger event would add mass (=luminosity) to the galaxy, and would
grow the bulge component (o< M“, as discussed in Section 1.2.2), thus creating a correlation
between I?. and total luminosity. Additionally, Type III bulge n is systematically larger than
the bulges in Type I (i.e. nyy ~ 1.7 vs. n; ~1.5) galaxies, and correlates strongly with
galaxy luminosity. This suggests that starburst events (induced during merging via gravi-

tational torques) contribute to Type III galaxy formation, as increasing n indicates greater

194



concentration of profile light (e.g. due to an additional starburst remnant at radii < R.). The
resulting increase in bulge light concentration with luminosity would lower the reported I,
for higher n structures. This explains the relatively weak size-luminosity relation for Type
III bulges.

Consistency in component scale-lengths (and size-luminosity trends) between Type II1
and Type I galaxies implies that the Type III inner disks may correspond to undisturbed
primordial (Type I) disks. Conversely, the (significantly larger) outer disk represents an
extended merger remnant structure. Nevertheless, the outer disk maintains a disk-like size-
luminosity relation. An evolutionary scenario from Type I (or Type I progenitors) to Type 111
is supported by the consistent bulge and disk component light fractions for both disk types,
despite Type III galaxies being a factor of 1.9x brighter on average (Type I: my = 14.8+0.1,
Type III: mpy = 14.1 £ 0.2). This implies that both components increase in luminosity
proportional to the whole galaxy. For bulges, this would correspond to bulge growth during
a merger, while the increased disk light corresponds to an additional merger remnant (i.e.
the outer disk). If brighter galaxies assembled more mass via mergers, then the observation
of decreasing 7,/ R. in With increasing Type III galaxy luminosity can be understood as a
decreasing fraction of the primordial disk surviving increasing mass ratio mergers.

Systematically larger disk scale lengths (and inconsistent size-luminosity relations) com-
pared to untruncated Type I galaxies indicates that the inner/outer disk of Type II galaxies are
not structures equivalent to Type I disks. This disfavours a scenario in which Type II disks
represent a truncated system in which the outer disk is suppressed relative to the surviving
primordial inner disk. Furthermore, while D/T is systematically lower in Type II galaxies
compared to Type I, the fractional change in disk light does not differ significantly from
unity (xp/zr = 0.9 £ 0.1 as in Equation 8.1, where z 1 is the galaxy luminosity change be-
tween Type I and Type 1I galaxies). Hence, assuming an evolutionary scenario in which Type
II galaxies evolve from from Type I, disk luminosity increases proportional to the ~ 40% in-
crease in total galaxy luminosity (Type I: mp = 14.8 & 0.1, Type 1I: my = 14.5 + 0.1).
Intrinsically brighter Type II disks rule out a formation mechanism in which Type I disks are
physical truncated. This conclusion is not compromised by the the comparison of present-

day truncated and untruncated disks unless evolution from primordial to present-day Type I
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galaxies also involves reduction of disk luminosity while preserving their untruncated pro-
files.

Rather than a truncation of the outer disk profile, Type II disk light has been redistributed
from the inner region, such that the profile is flattened inside the break radius. Correspond-
ingly, the outer disk represents a remnant more structurally reminiscent of the primordial
(Type I disk). These effects may be enhanced via interaction with a bar potential, yield-
ing steeper inner/outer disk size trends with luminosity due to the strong bar size - galaxy
luminosity relation.

Bulge sizes in Type II galaxies are systematically larger than for untruncated galaxies,
implying that bulge enhancement effects are significant for the formation of Type II galaxies.
Consistency of average bulge n and R., and bar R, with Type III galaxies may indicate that
Type II galaxies have a similar, merger-based evolutionary origin. If true, then evolutionary
distinction between Type II and III disks may purely result from differing trajectories of the
merging progenitor galaxies (e.g. a difference between aligned/misaligned merging disks).
Consistency of r,,x and R, o, growth for brighter Type II galaxies implies that, in contrast
to Type III galaxies, the Type II break always contains a consistent fraction of the progenitor
disk.

Bar structures appear to be very important for the formation of Type II and III galaxies:
while one half of all Type I galaxies contain a bar (4272% barred, 5872% unbarred), the bar
fraction is considerably higher for Type IT (8913 %) and Type III (71*$,%) galaxies. Further-
more, galaxy bars are significantly larger if their host galaxy has a truncated/anti-truncated
disk than if the galaxy disk remains untruncated. This implies that either the truncation
mechanism induces bar growth, or that bars stabilise the disk during truncation, such that the
detection of a disk break for bright galaxies is more likely if a bar is present. For Type Il
galaxies, the bar also increases in size significantly for more luminous galaxies. This may

imply that destabilisation of the inner disk causes significant migration of stars into the bar.

8.6 Conclusions and Chapter Summary

In this chapter, I have discussed the structural properties beyond the simple bulge + (expo-

nential) disk morphology. This has allowed investigation into the multi-component structure
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of classic ellipticals, and the role of galaxy bars in the evolution of disk-dominated galax-

ies. Furthermore, the properties of broken disk structures (Freeman Types II and III) have

been contrasted with the previously-considered (unbroken) exponential disk (Freeman Type

I), allowing investigation of the formation mechanisms (and hence evolutionary history) of

galaxies containing such structures.

The key findings of this chapter are summarised as follows:

i)

1i1)

Galaxies best fit by double (N = 34; 7% of the filtered sample of 478) and triple
Sérsic (N = 70; 15%) profiles have n ~ 2 bulges twice as large as single Sérsic
galaxies (N = 134; 28%), with additional, significantly larger Gaussian (n ~ 0.5)
outer structures. The total (combined) half-light radii for these multi-component Sérsic
galaxies are typically ~ 11 kpc.

Thus, multi-component Sérsic galaxies resemble a compact core, surrounded by
large Gaussian structures. If formed from the compact ‘red nuggets’ detected at

high redshifts, these objects require a factor of ~ 6 X growth in size.

If truncated (Freeman Type II) galaxies evolve directly from the observed untruncated
(Type 1) disk galaxies, then disk luminosity increases despite a significant reduction in
D/T. Enhanced bulge/bar size and luminosity implies a bulge-enhancement origin (e.g.
mergers) for truncated disk galaxies.

Thus, ‘truncated’ disks may not be physically truncated. Rather, inner disk sur-
face brightness is suppressed in these structures, while the outer disk approxi-
mately preserves the progenitor disk properties. However, Type II disk luminos-
ity trends are steeper than untruncated disks, suggesting luminosity truncation

in fainter galaxies.

Significant growth of bulge size and luminosity implies a bulge enhancement origin
for anti-truncated (Freeman Type III) galaxies, while the inner disk (r < 7,)) remains
structurally consistent with that of untruncated galaxies.

Thus, ‘anti-truncated’ disks are likely to result from (disk-preserving) merger
events, causing bulge growth, and the addition of a disk-like remnant structure

(the outer disk; » > rp.i).
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iv) 8915% of truncated galaxies, and 711%,% of anti-truncated galaxies are barred, com-
pared to only 42 4+ 5% untruncated galaxies. Furthermore, bar sizes are found to
correlate with the inner/outer disk structures of truncated and anti-truncated galaxies.
Thus, galaxy bars play an important role in the formation or stabilisation of Free-

man Type II and III disk structures.

The evolutionary origins of truncated and anti-truncated galaxies may differ only in the
orientation of progenitor merging systems. Structural similarities in nuclear components,
and equivalent size-luminosity relations imply a common, bulge-enhancing origin for both
disk types.

Further investigation into this subject will require analysis of a far wider galaxy sample
to better constrain the structural trends reported in this work. Additionally, the measurement
of component colours (via analysis of additional photometric bands) would provide valuable
information regarding the stellar populations in inner and outer broken disks. In both cases,
deeper imaging data would greatly improve the reliability with which the multi-component

structures of galaxies can be measured.
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Chapter 9

Summary and Conclusions

In this thesis I have presented detailed decomposition analyses (both bulge-disk and more
complex, multi-component models) of Coma cluster red sequence galaxies (in the luminosity
range —17 > M, > —22) using MegaCam ugi imaging data. As this data is 22 12x deeper
than SDSS, fitting accuracy and reliability was substantially improved relative to studies
based on SDSS imaging data. This work focused on early-type galaxies (notably outer disk-
dominated galaxies, i.e. SOs). The key aim has been to constrain the evolutionary pathways
which lead to the formation of these galaxies, and the role of the rich cluster environment
therein.

A particular emphasis has been placed on ensuring that the (best fit) models are struc-
turally consistent with the true underlying morphologies of the studied galaxies. As such,
galaxies which cannot be reliably fit by simple, symmetric models, or where the models
do not accurately represent the galaxies’ structures were removed from analysis. This ap-
proach is a significant improvement over a naive enforcement of an assumed model structure
on all galaxies regardless of propriety, wherein measurement scatter would be increased by
the effect of structural dissonance. Furthermore, model selection via visual examination -
employed in many previous studies - is purely subjective, and hence limits repeatability of
results relative to clearly-defined parametric methods. Here, rigorous statistical tests were
applied to ensure that each structural component of every best-fit model provides a statisti-
cally significant improvement to the goodness-of-fit (i.e. neither overfitting, nor underfitting
of the data takes place). Result filtering is implemented (via thresholds in acceptable pa-

rameter values) to reject erroneous fits wherein model components do not correspond to the
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intended target galaxy structures.

Throughout this thesis, I made use of the following notation conventions: Galaxy mor-
phologies (see Section 1.1) were indicated in italics (e.g. ‘Sa’) to distinguish them from
fitted model structures (see Section 7.2.3; e.g. ‘S’). Disk break types (i.e. Freeman types;
untruncated, truncated, anti-truncated, see Section 1.4) were denoted with Roman numerals
(e.g. “Type II’), and galaxies containing such structures were referred to as Type I, Type II,
or Type III galaxies. Conversely, galaxy types using Arabic numerals (e.g. ‘Type 2’) referred
to Allen et al. (2006) surface brightness profile types (see Sections 1.4 and 7.2.3). The Type
1 profile is a special case describing a central bulge and an outer disk, and was referred to as
an ‘archetypal SO’ profile (‘archetypal’, or ‘SO’ as shorthand). All other Allen et al. (2006)

types were referred to as ‘atypical SO’ profiles (or simply ‘atypical’).

9.1 Chapter Summaries

The content and conclusion of the chapters contained within this thesis are as follows:

e In Chapter 2, I described the deep MegaCam imaging of Coma used for decomposition
throughout this thesis, including details of the selection criteria for the initial galaxy
sample, and the data products derived from the raw imaging to ensure reliable GALFIT

analysis.

— In total, 570 (spectroscopically selected) Coma cluster members were identified
as sufficiently bright (M, < —17), red sequence galaxies for decomposition anal-

ysis.

e Chapter 3 provided details of the aconTT (Automated Galfitting of Optical and Near
Infrared Imaging) data reduction pipeline used for robust bulge-disk decomposition
in this thesis. This included a description of the thorough sample filtering criteria
and tests used to detect and remove cases of structural dissonance, yielding a sample
containing only smooth, symmetrical galaxies well described by an archetypal cen-
tral (Sérsic) bulge and outer (exponential) disk model. Model selection tests based on
the Bayesian Information Criterion (BIC; assessed over independent resolution ele-

ments) ensured that only galaxies in which the disk component provided a statistically
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significant improvement to the goodness-of-fit are analysed as 2-component systems.
Multi-band fitting was carried out with the model structure either entirely fixed from
band-to-band, or partially allowed to vary, in order to reproduce the observed internal

component colour gradients.

a) A stable, 2-component fitting solution was found in 337 galaxies (59%) of the
initial sample, from which an analysis sample of 200 galaxies (35%) was drawn
where model structures were consistent with an archetypal bulge + disk morphol-
ogy.

b) The remaining 370 Coma cluster members include 106 galaxies well-fit by a pure
Sérsic model, and 137 galaxies with atypical SO profiles (e.g. bulge components

which dominate at small and large radii).

¢) Internal component colour gradients provides a significant improvement to the
colour profile fitting for 60 (30%) of the analysis sample galaxies. The compo-
nent gradient fraction decreases with luminosity, suggesting that the detection of

internal component gradients is magnitude limited.

e A comparison of the bulge-disk decomposition results in the present work with equiv-
alent studies using SDSS (both using the acon11 pipeline, and from literature) and

HST data was presented in Chapter 4.

a) The pure Sérsic model parameters reported in the present work are in good agree-
ment with measurements from independent HST and SDSS imaging data (inde-

pendent of the reduction pipeline).

b) Large measurement scatter in galaxy (bulge and disk) component properties is
detected between results derived from MegaCam and SDSS imaging. Inconsis-
tency of of SDSS-derived measurements (even for alternative reductions of the
same images) is attributed to the shallow image data of SDSS, which limits reli-

able disk detection and measurement.

e In Chapter 5, I described the structural properties of archetypal (central) bulge + (outer)
disk galaxies, which are labeled as ‘SOs’. This included a description of structural

trends with galaxy luminosity and distance from the Coma cluster core.
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a) SO bulges have physical sizes, R. p ~ 1 kpc, and profile shape, n ~ 2, on average.
Bulges are thus structurally similar to both dwarf ellipticals in Coma, and ‘red
nugget’ galaxies observed at z > 1.5 (albeit an order of magnitude smaller in

mass than the latter).

b) Disk effective half-light radius is strongly correlated with total galaxy luminos-
ity. The slope of the size-luminosity relation for SO disks is consistent with that
of today’s star-forming disk galaxies. However, these trends are separated in lu-
minosity such that SOs are brighter than such spirals. If SO galaxies are formed
through disk fading, then their disks are 40% smaller (on average) than the disks
of equally luminous local spirals. Thus, either their progenitor’s disks were in-
trinsically smaller than the disks of today’s spirals (suggesting a quenching epoch

of z ~1.5), or were truncated in size during transformation to SOs.

¢) No significant correlation between bulge half-light radius and total galaxy lumi-
nosity is detected (for M, > —20.5). This is inconsistent with predictions for a
‘bulge-enhancement’ scenario of SO formation via major mergers (R, increases

o< M) or minor mergers (R, oc M?).

d) Archetypal galaxy structure does not vary with radial position in the Coma clus-
ter. Thus, either environmentally-driven evolution does not significantly alter
galaxy structure (if present), or environmental effects cause evolution to atypical

(i.e. not archetypal) structural morphologies.

e Chapter 6 presented the photometric colour properties of bulges and disks in archety-
pal galaxies, including colour-magnitude and colour-cluster radial trends for both the
whole analysis sample, and for subsamples with different morphological types. Simple
SSP models were used to convert the measured colour offsets (e.g. colour differences
between bulges and disks within each galaxy, galaxies at different clustercentric radii,
or with different morphologies) into estimated differences in stellar population prop-

erties (i.e. age or metallicity).

a) If either galaxy or component luminosity is fixed, the bulges of SOs are signif-

icantly redder than their disks (by ~0.1 mag in ¢ — %, ~0.2 mag in « — g on
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average). Thus, bulge stellar populations are ~ 2-3x older, and/or ~ 2x more

metal rich than those found in disks.

b) Significant colour-magnitude slopes are detected for both structural components
in g —1 and u— g. In either colour, the measured trend slopes for bulges and disks
are consistent at a 20 level. Hence, the global red sequence is a consequence of

the increasingly red colours of bulges and disks in more luminous galaxies.

c) After subtracting the best-fit colour-magnitude trend, galaxy disks become bluer
in both g — 7 and u — ¢ with increasing projected distance from the centre of the
Coma cluster. Bulge component colours also become bluer with 7¢yster, but this
trend is only marginally significant (2.50) and more sensitive to the treatment of
component colour gradients. The global colour-radius trend for SOs is thus dom-
inated by increasingly red disks in galaxies closer to the cluster core. Therefore,
the environment-mediated mechanism which drives SO formation is primarily a

‘disk-fading’ process.

d) ‘E’ and ‘SO’ classifications from Dressler (1980a) represent the bulge-dominant
and bulge-weak ends of the archetypal galaxy distribution rather than morpholog-
ically distinct galaxies. D80 ellipticals are significantly more bulge dominated,
indicating poor disk detection for faint disks (high B/T). No significant difference
in component colours are noted for morphology relative to predictions from the

colour-magnitude trend.

e) Galaxy Zoo classifications from Lintott et al. (2008) identify galaxies with low-
level deviations from a smooth, regular profile, rather than categorising morpho-

logically distinct samples.

e In Chapter 7, the decomposition analysis was extended to a wider range of candidate
models including 3-component and/or broken disk models. The acontT decomposi-
tion pipeline was modified, with more rigorous model selection testing to ensure no
dissonance exists between galaxy and (best-fit) model structure, ensuring reliable re-

sults.

a) Only 48 + 3% of galaxies (N = 230) are well-described by a Sérsic, or Sérsic +
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exponential model, with 3(+) component models required to describe 42 + 3% of
galaxies. Coma cluster galaxies structure is thus more complex and varied than

has previously been considered.

b) Archetypal (central bulge + outer disk) structures are most frequently untruncated
exponential disks (74 + 3%), with equal numbers of truncated (12 j:fg %) and
anti-truncated (1375%) disks. This corresponds to a significantly higher truncated
disk fraction, and lower anti-truncated disk fraction than has previously been

detected for cluster galaxies.

c) Detection of genuine broken disk galaxies is significantly limited if too narrow
a range of models are considered. False positive broken disk detection (i.e. the
fraction of reported ‘broken disk’ galaxies revealed to have more complex, un-
broken structures via a more mature analysis) can exceed 50% if 3-component

and/or multi-Sérsic models are not considered for decomposition analysis.

d) The fraction of barred galaxies detected in the present work (20 + 2%) is sig-
nificantly lower than previously reported for the Coma cluster. However, if
triple Sérsic galaxies are considered ‘barred’, and analysis is limited to galaxies
with morphological classifications from Dressler (1980a), then this value rises to

71 4+ 5%, consistent with previous measurements.

e Finally, Chapter 8 described the structural properties of multi-component Sérsic galax-
ies (i.e. galaxies comprised only of Sérsic components with n ## 1), and archetypal
galaxies containing disk breaks. This included a discussion of possible formation
mechanisms for truncated and anti-truncated disks (Freeman Types 1I and III), for a

scenario in which such galaxies were formed from primordial untruncated disks (Type

0.

a) Multi-component Sérsic galaxies were resolved into a compact core (with n ~ 2),
surrounded by large Gaussian structures. The total (combined) half-light radii for
these multi-component Sérsic galaxies are typically ~ 11 kpc. Thus, if formed
from the compact ‘red nuggets’ detected at high redshifts, these objects require a

factor of ~ 6x growth in size.
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b) ‘Truncated’ (Freeman Type II) disks may not be physically truncated. Rather, in-
ner disk surface brightness may be suppressed in these structures, while the outer
disk approximately preserves the progenitor disk properties. However, Type 11
disk luminosity trends are steeper than untruncated disks, suggesting luminosity

truncation in fainter galaxies.

c) Significant growth of bulge size and luminosity implies a bulge enhancement
origin (e.g. mergers) for anti-truncated (Freeman Type III) galaxies, while the
inner disk (r < 7,,x) remains structurally consistent with that of untruncated
galaxies. Thus, ‘anti-truncated’ disks are likely to result from (disk-preserving)
merger events, causing bulge growth, and the addition of a disk-like remnant

structure (the outer disk; r > ry.).

d) Disk breaks are found overwhelmingly in barred galaxies (truncated: 8975%,
anti-truncated: 71%%,% vs. untruncated: 424-5%), and are structurally correlated
with bar size. Such structures therefore play an important role in the formation

or stabilisation of Type II and Type III broken disks.

9.2 Future Directions and Concluding Remarks

Confirmation of the complex galaxy structures detected in Coma via independent, deep(er)
imaging data (e.g. existing Surbaru imaging; Okabe et al., 2014) is an important short-term
extension to this project. In particular, improved imaging depth would allow galaxy surface
brightness profiles to be traced to a greater number of I2., allowing the Type 1 (central bulge,
outer disk)/Type 3 (central and outer bulge, intermediate disk) dichotomy to be investigated
(e.g. do all bulges re-dominate if sufficiently high radii are considered?). Likewise, extension
of multi-component analysis to additional target fields (e.g. SDSS Stripe 82; see e.g. Kaviraj,
2010) would allow differences in this structural diversity to be assessed across alternative
(high and low density) environments. The analysis of additional photometric bands (e.g.
NIR J or K bands) would also yield valuable information; breaking the age-metallicity
degeneracy (i.e. are colour differences between the measured structural components caused

primarily by age or metallicity differences between their stellar populations?), and allowing
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the stellar population properties of broken disks to be investigated (e.g. have inner Type
[I/Type III disks traded stars with their bars or bulges?).

Furthermore, the addition of Integrated Field Unit (IFU) spectrograph data (e.g. from
the CALIFA; Sanchez et al., 2012, MaNGA; Law & MaNGA Team, 2014, or SAMI; Bryant
et al., 2014 surveys) to the existing imaging decomposition results would provide valuable
(spatially resolved) spectroscopic information for the analysed galaxies. This would allow
the galaxy kinematics to be investigated, confirming or refuting galaxy rotation, and hence
disk structures (e.g. are outer-dominant Sérsic components with 0.5 < n < 1.5 disks?). Rel-
ative to typical centralised or long-slit spectroscopic measurements, IFU data would allow a
thorough investigation of stellar population properties in all structural components across all
radii. Thus, component colour gradients could be analysed in parallel with gradients in stel-
lar population properties (similar to Johnston et al., 2012, 2014). In addition, spectroscopic
constraints would break the age/metallicity degeneracy present in this work for SSP analysis,
allowing precise offsets in stellar population properties to be measured (e.g. between com-
ponents, or between galaxies at differing cluster radii). As the component stellar population
properties of cluster red sequence galaxies become more well-constrained, comparison with
the predictions of simple quenching model scenarios (e.g. Smith et al., 2012; Taranu et al.,
2014) would provide a valuable means of characterising their quenching histories (e.g. can
the observed colour scatter be explained by instantaneous quenching upon cluster infall?).

In the intermediate-term, the multi-component decomposition routines developed in this
thesis can be applied to artificial ‘observations’ drawn from simulations of galaxy structure
(e.g. EAGLE; Schaye et al., 2014, Illustris; Vogelsberger et al., 2014). This would not
only test whether such simulations reproduce the range of structure seen in real galaxies, but
would also reveal the evolutionary histories of the star particles in such structures. Hence,
galaxy simulations can reveal candidate progenitor galaxies for the multi-component galax-
ies observed in the Coma cluster.

The long-term direction of research into galaxy structure and evolution will be shaped by
the advent of cutting-edge wide surveys such as the Panoramic Survey Telescope And Rapid
Response System (Pan-STARRS; Kaiser et al., 2002), and the Large Synoptic Survey Tele-

scope (LSST; Ivezic et al., 2008). These projects will yield immense catalogues of galaxies
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over a wide range of environments and redshifts with greater imaging quality and depth than
pioneer wide area studies such as SDSS or 2MASS. However, the resulting large datasets
will require automated reduction pipelines capable of consistently robust measurements of
structural and photometric galaxy properties. Furthermore, these wide galaxy surveys would
be significantly devalued if efforts are not made to remove or least limit (even at the cost
of sample size) the additional measurement scatter caused by model/galaxy structural disso-
nance.

While the sample filtering techniques presented in this thesis lay considerable ground-
work towards a conclusive, robust prescription of model selection, further development is
required before any singular test (or series of tests) can be considered the final word on the
subject. In particular, the a posteriori approach taken in the present work (via the never-
theless promising BIC statistic) is not suitable for the reduction of larger datasets due to the
necessity of fitting and comparing a multitude of possible models. Rather, an additional a
priori test (e.g. the residual flux fraction test of Lansbury et al., 2014) capable of identifying
the required model structure (or narrowing the range of candidate models) is necessary to
keep require processor time per galaxy at a reasonable level. A smaller, focused pool of
candidate models would thus enable exhaustive multi-component fitting to be carried out on
large datasets.

To conclude, galaxy classification and model selection via visual morphologies is neither
objective nor repeatable, while goodness-of-fit (considered in isolation) is not good enough.
Instead, propriety-of-fit (assessed via clearly-defined parameter cuts and statistical model
selection tests) is essential in decomposition studies to avoid disagreement between the in-
tended target galaxy components and the stellar structures which are actually fitted. This
structural dissonance (e.g. fitting an exponential model to a bulge structure, and interpreting
the resulting parameters as a disk) is a major contribution to measurement scatter, but can
also cause systematic biases in measured parameters if the ‘true’ galaxy structural form is
not in the range of candidate models. As such, it is time to re-examine (or abandon outright)
the morphological tropes (e.g. ‘ellipticals are pure spheroids’) and empirical models (e.g.
‘disks have exponential profiles’) inherited from 30+ year old observational studies which

still shape the current paradigm of internal galaxy structures.
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Appendix A

Supplementary Data Tables

The fitting results for the entire Coma cluster sample (N = 571) are presented for Sérsic-
only (‘S’) and Sérsic + exponential (‘BD’) g band models in Table A.1 (column descriptions
in Table A.3), and for (dependent) Sérsic + exponential © and ¢ band models in Table A.2
(column descriptions in Table A.4). Independent fitting was carried out in the g band. Thus,
the g band structural parameters were used for u and 7 band models except where internal
component gradients are included. The best-fit multi-band fitting model (see Sections 3.5 and
3.7.2) have either no internal component colour gradients (‘N”), or internal colour gradients
in the bulge (‘B’), disk (‘D’), or both components (‘BD’). This is indicated by column (xxxvi)
in Table A.2. The results of sample filtering (see Section 3.5) are included in Table A.1,
along with some of the key parameters involved in the filtering process (asymmetry, masking
fraction, x2. The meaning of the filtering sample codes used in Table A.1 are summarised in
Table A.5. Erroneous parameter values (e.g. in fits which failed to converge) are set to 999.0
in both tables.

Multi-component ¢ band fitting results for the extended Coma cluster sample (N = 631,
including blue galaxies) are presented in Table A.6 (column descriptions in Table A.7). The
structural parameters of the best-fit model (indicated by column (ab)) are presented for each
galaxy, including values for the total luminosity and combined half-light radius'. A value
of 999.0 indicates a parameter is not present in the relevant best-fit model (e.g. disk break

radius in an unbroken BD galaxy). Fit quality flags (column (ad)) are explained in Table A.8.

IThis value is an upper bound to the true value based on the assumption that major axes of all model
components are aligned on the sky.

208



‘(#107) 'Te 32 PeIH UI 9[qB[IBAE SI UOISIOA 9)9[dW0d Y] (ATUO SMOI BJep Uud) Is1y Ay} sAe[dsIp 9[qe) SIY], "€'V S[QRL Ul PaqLIOSIp I8 SSUIpedy
uwnjod Ay, -ordures Axered aimud ayy 10J (pueq bH) s1y S[Epow [erjuauodxad + 91S19S pue 119§ Jo sidjowered omowojoyd pue [ermonns YL, 'V J[qeL

01v I 60| 60 SOl | 1200 9180 | ¥100 | <Ce¥0 180°0 eCcl'l 8S1°0
ov6’L | TvS0 L0g’c | S00°0 L9G°0 | 9200 IPL'T | OVI°0 | #9T°9 gc00 Geeo Sv0°0
OCr'LT- | €€0°0 | €96'91- | 91T°0 | 19T91- | ST00 | ¥OV'LI- | 9200 | €9°08 | LC8SBC | 1€CE961 | OLTCSYESSLIYSI9LETT
9S I §6'0 | S60 T | €000 Gce’0 | 8000 | S9T0 6500 196°0 €500
6169 | 19C0 ¥60°C | 100°0 L0€°0 | ¥10°0 Y8L'T | 9900 | ¥S8°S €100 S0c0 1200
LOT8I- | €100 | LV6'LT- | 8800 | 6CS91- | LOOO | ¥¥PC8I- | 9C0°0 | ¥S'LL | TI99°8C | €50T°961 | S60CSYESSLIYSIILETT
Iy I 660 | €I'T 80 | S00°0 SIS0 | Y000 | L9€0 960°0 €9y 9200
0cse | v€0°0 8680 | 1000 LLY'0 | 0200 €66°¢ | 200 | L88T L00°0 68¢°0 ¥10°0
VLT 8T~ | €10°0 | STL'LT- | 000 | OLTLI- | SO00 | €6€°81- | 9200 16°T9 | 6SVS'8C | 89€6°SOT | C90TTEESSLIYSIILETT
120! S 860 | 101 0T | €00°0 GZI'0 | C000 | 6¥€0 €00 65¢°¢ 6600
€89°C | LLOO SI8¥ | 1000 ¥8¢°0 | ST0°0 698C | 9¢00 | S96V ¥00°0 0580 100
S9'81- | €600 | CLE9I- | €100 | ¥6C8I- | ¥00°0 | ¥E¥'8I- | 0CO0 | OI'09 | €LT9'8C | STER'SOHI | 8COTTLESSLLYSIILETT
8V I 9T1 | L8C ¥'0 | 1000 €el’0 | €000 | S09°0 0200 65TV 8200
6008 | SO0 8SI'¥ | 0000 ¥6C¢°0 | S00°0 vL8C | ¥IO0 | P19 2000 0190 ¥00°0
CCT0C | LOOO | €81°61- | SO00 | S69°61- | 1000 | L61°0C- | €200 | OI'LS | SE€8S'8C | 906L°S61 | 86VSSTESSLTYSIILETT
9S S 760 | S60 €0 | €200 190 | TI00 | €vL0O $90°0 13 ¢ 801°0
06v'1 | €L1°0 €L9°C | 900°0 990 | 9¢0°0 CLT'C | §90°0 | €SCST 600°0 1260 9100
081°LT- | 6Z1T°0 | 98€¥I- | 6¥0°0 | ¥60'LI- | LTOO | TLT'LT- | OC00 | 6STS | S60L8C | TLOY' S61 | LI966BIESSLTYSIILETT
98 I S6'0 | 960 0C | 8100 G890 | 8200 | 6LL0 €800 901 LC10
¥8€9 | 6L£°0 9L0C | 9000 0€L0 | ¥20°0 6LST | COT'0 | CIv'¥y 9200 CIeo L¥00
SOV'LI- | €€0°0 | 6L691- | 6C1°0 | ¥8T91- | STO'0 | SI¥LI- | 6200 | VYL'8Y | TO99'8CT | €6V SOT | LESYTIESSLIYSIILETT
[TV [ ¢6'0 | 860 ['09 | TT0°0 L¥6'0 | €100 | SLSO 101°0 €10C C¢LO0
8098 | €C€°0 ceCe | €000 108°0 | 0200 68S°C | 6010 | ¥EL6 €100 1SC0 1200
SYC81- | ¥10°0 | OC6'LI- | TLO'O | 8LLOT- | LOO'O | 9¥¥'8I- | TCO'0 | TOLE | SYLS'8CT | 9Y60°S6T | 8LYE66LSSLIYSIILETT
LS [ 160 | LO'T 9vS1 | €000 96L°0 | €200 [LS0 0cr1o SLE] ¢a00
'8 | LI1TO 01€ T | 200°0 €8L°0 | 6000 0S1C | LSOO | 85001 L00°0 SLOO 0100
¢60°61- | SO0'0 | 000°6I- | YIT'0 | 69€91- | €000 | 08T'6I- | €200 | TTYE | S€09'8C | €810°G61 | 9EVEO6CSSLTYSIILET]
120! € Y60 | 860 00C | ¥10°0 680 | ¥€00 | 980 6260 00001 €00
¥19C | vCTO 990°T | 9000 €¥8'0 | 9200 [CI'C | 8700 | 89T €00 SIco LEOO
€0y’ L1- | 1200 | 8CI'LI- | Ov1°0 | LLL'ST- | TIO0 | €8V LI- | ¥C0'0 | 61v¥ | T00L'8C | SSL8 V6L | 188LCOCSSLIYS99LETI
99 | (€9 e | (€9 o | (9 09 | (60 (80) (Lo (92 (s
&o | (€0 @ | (9 0o | (6D QD | @p oD (SD (D (€D
@ | ap oD (6) &) W © © ) (© @ 49)

209



‘($1027) ‘Te 32 PeoH UI J[qe[IBAR ST UOISIdA 9)o[dwod Ay ‘A[UO SMOI BIep ud) Is1y ay) sAe[dsip 91qe) sIyJ,
¥V 9[qEL Ul paqLIOSIp Ik s3uIpeay uwnjod dy ], ‘(A1esseoau are sjuaIpess Juouodwod [BUIdJUI QI9YM “9'T) papn[oul a1 ('Y 9[qe], 99S) SaInjonns pueq
b oy woiy suoneradp Auy -ojdwes Axe[es aImuo ay) JoJ (Spueq 2 pue n) sy S[epow [enuauodxa + J1s19S Jo s1vjoweted Jumy pueq-ninuw Y[, 17V qeL

N 1100 | 6100 ILT°0 €000 110°0 S0°0- €20 1€0°0- 60 2600 CEL'Y
196°0 LOE'E €200 ¥2€0 €v0'0 | SOV’ 8I- €200 | ¥96°LI1- 0cro | SITLI- 560 2600
ceLy | 0LS0 LOE°E 800 0C€0 190°0 | LL6°CI- 6900 | ISSSI- CCl'0 | LSLYI- | OLTITSYESSLTYSO9LETI

N SI0°0 | 8S0°0- 2600 | 0S0°0- 9100 200 el o LT00- 0101 €€0°0 €Cl'y
¥€C0 60°C €100 9¢C0 0200 | 90T'61- 0100 | SI88I- 080°0 | ¥ES'LI- £€86°0 €00
ey 1ST°0 60°C 710°0 [4140) 8700 | L899I~ 9200 | 61¥91- €80°0 | 8€0°SI- | S60TSYESSLTIYS99LETI
ad ¢200 9LE 0 L9T°0 | S9S°0- 1€0°0 60T 0- L6170 12v°0- SCO'l 9100 6¢0'C
€00 CE80 LOO0 90%°0 €100 | 6€€°61- 600°0 | 8SL'SI- 6200 | €8€°8I- 6L60 SI10°0
(444 9%0°0 0101 6000 7S€°0 €200 | 88L9I- 0€0°0 | C0£91- €€0°0 | I89°CI- | T90ITEESSLTYS99LETI

a 0100 10€°0- 8S1°0 | 62C0 100 LCC O 2020 LLOO- 770°1 S0°0 9L0°¢
LLOO CI8Y €000 168°0 1100 | 61S°61- €c00 | vIV'LI- €100 | 0S¢6I1- 1L6°0 LLOO
80L¥ | 0800 SISY 0100 0Z8°0 LT00 | S98°91- 9L0°0 | ¥86'11- €100 | €5991- | 8TOITEESSLTYS99LET]

a 0100 S7ala 8900 | €1€0- cl1o00 LT O LOT0 9L1°0- 999°1 9100 (425 %
¢c00 8CI'Y 100°0 1€9°0 000 | LYE 1T €000 | S¥Coc- €000 | 8S8°0¢- 8CI'I LT100
16€°C LT0°0 8SI'Y 7000 €LS°0 L0000 | ¥¢S'8I- S10°0 | L8S'LI- S00°0 | 0E6'LT- | 86%SSTESSLTYS99LET]

N ¢100 | ¢6l0- S61°0 | Ty 0- 8100 or1o- L9170 16€°0- 9¢6°0 £€90°0 888°0
SLT0 €L9°C 8000 160 9%0°0 | 091°8I- €600 | LO9Y'SI- 6¥0°0 | S90°'8I1- 1660 1L0°0
8880 Y91°0 €L9°C 800°0 6960 9700 | 9CL°CI- $8C°0 | €€6'11- LY0'0 | T69°CI- | L96681ESSLTYS99LETI

N 6000 | LET'O- ri’o | L9170 I[T0°0 870°0- [¥1°0 or1ro- L86°0 8L0°0 08¢
LSE0 9L0°C ¢2c00 €ee0 SY0'0 | TIE8I- 9200 | 9S8°LI- o | 6vILI- 6960 7L0°0
S08°¢ L6E°0 9L0°C 6200 20€°0 1900 | 01091~ 900 | CI9°SI- SEL'0 | LTLYI- | L8SYTIESSLTYS99LET]

N L0000 | €200 I11°0 L1000 L0000 6200 8Y1°0 7900 1260 10°0 ocl's
20€0 [4a" cl100 L9T0 1200 | ¢cC6l- 100 | €L8'8I- 890°0 | €C8'LI- ev6'0 7¥70°0
([0S 01€0 4% 7100 09C°0 1€0°0 | SIL9I- €00 | LLEIIT- 6900 | C8CSI- | 8LVE6O6CSSLIYSI9LETT

N 00°0 | 990°0- 6L0°0 | CTLOO- 00°0 8170°0- €L00 LY0°0- CE6°0 SI10°0 610°¢
€0C0 01¢’l L00°0 6L0°0 0100 | OIT°0¢C- 000 | C10°0C- LOT°0 | OSY'LI- €60 SI10°0
610°S 16C°0 01¢’l L00°0 €900 SI0°0 | #SS'LI- €100 | €LV LI- 0€1°0 | L69FVI- | 9EVE66CSSLTIYSI9LETT

N 6100 | 8LOO- IST°0 | 8¢€€°0- 8100 9¢0°0- €ero €61°0- 0€6°0 1200 8S¢C°1
20T0 990°[ 00 9¢T0 Se00 | 19¥°8I- 910°0 | 9S1'81- €er'0 | 9¢691- L16°0 6100
8661 69C°0 990°[ ¢c00 181°0 ¢S0°0 | 0S8°SI- 1[S00 | ¥C9°SI- CLT'0 | ¥EOVI- | 188LT6CSSLTYS99LETI
(axxx) | (Axxx) | (AIXXX) | (Ixxx) | (xex) | () | (0xx) | (axy) | (WAxx) | (HAXY) | (1axx) (AxXX)
() | (mxo | (o | 0 | o | 6o | | | | a0 | () (1)
m | ®| | | | @ W] | ) 0

210



Column name (n) Description

ObjID (1)  SDSS DRS Object ID
RA (2)  Object Right Ascension [degrees]
Dec (3)  Object Declination [degrees]
R @ Projected distance from Coma
pro) cluster centre [arcmin]
z (5) Object SDSS Redshift
Rest-frame Sérsic magnitude
M5 ©) (g band S model)
€M, s (7)  Uncertainty in M 5
Rest-frame bulge magnitude
My ®) (g band BD model)
€M, (9)  Uncertainty in M,
Rest-frame disk magnitude
My, 10) (g band BD model)
€M, p (11)  Uncertainty in M, p
Rest-frame total magnitude
My,r (12) (g band BD model)
€M, (13)  Uncertainty in My 1
B/T g (14) g band bulge fraction (BD model)
/T, (15)  Uncertainty in B/Tg
R ' (16) Effective Sérsic half-light radius
e.S.9 (g band S model) [arcsec]
€R..s.9 (17)  Uncertainty in R g 4
ng.,g (18)  Sérsic index (g band S model)
€ns., (19)  Uncertainty in ng 4
Sérsic axis ratio
95.9 (20) (b/a,g band S model)
€qs (21)  Uncertainty in gs 4
Effective bulge half-light radius
Re,B7g (22) 8 &

(g band BD model) [arcsec]
€R. 1.9 (23)  Uncertainty in . g 4
Effective disk half-light radius

Repg (24) (g band BD model) [arcsec]
€R..» 4 (25)  Uncertainty in R. p 4
np (26) Bulge S index (BD model)
eng (27)  Uncertainty in ng
qB (28)  Bulge axis ratio (b/a, BD model)
€qn (29)  Uncertainty in gp
qD (30) Disk axis ratio (b/a, BD model)
€qn (31)  Uncertainty in gp
Absolute position angle difference
A(PA) (32) between components [Degrees]
Xis.g (33) Reduced x? (¢ band, Sérsic model)
Xi g (34) Reduced x2 (g band, BD model)
Major axis surface brightness
ProfType (35) projﬁle type (see Allenget al., 2006)
FiltSamp (36) Filtering sample (Table A.5)

Table A.3: This table describes the column headings (1-36) for Table A.1. Fitting results are
presented for Sérsic-only (‘S’) and bulge + disk (‘BD’) models in the g band.
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Column name (n) Description

ObjID @) SDSS DR8 Object ID
M, B (i) Rest frame bulge magnitude (v band)
€M, 5 (iii) Uncertainty in M, 5
My p @iv) Rest frame disk magnitude (u band)
€M, W) Uncertainty in M, p
M, T (vi) Rest frame total magnitude (v band)
eM,. 1 (vii) Uncertainty inM,, T
B/T, (viii) u band bulge fraction
€B/T, (ix) Uncertainty in B/T,
R ) Effective bulge half-light radius
&b, (u band) [arcsec]
€ReB.u (xi) Uncertainty in R, B 4
Roo (xii) Effective disk half-light radius
@ (u band) [arcsec]
€Rp.u (xiii) Uncertainty in R, p 4,
X?,,u’ (xiv) Reduced x? (v band)
M; (xv) Rest frame bulge magnitude (7 band)
€M, p (xvi) Uncertainty in M; B
M;p (xvii) Rest frame disk magnitude (¢ band)
eM; b (xviii) Uncertainty in M; p
M; 1 (xix) Rest frame total magnitude (¢ band)
eM,; ¢ (xx) Uncertainty inM; 1
B/T, (xxi) 1 band bulge fraction
€B/T, (xxii) Uncertainty in B/ T,
Rep. (xxiii) Effective bulge half-light radius

(¢ band) [arcsec]
€R.p. (xxiv) Uncertainty in R, B ;
Effective disk half-light radius

Repsi (xv) (¢ band) [arcsec]

€Rp; (xxvi)  Uncertainty in R. p ;

Xoi ' (xxvii)  Reduced 2 (i band)

A(u — g) (xxviii) Radial gradient in galaxy (u — g)
EA(u—g) (xxix) Uncertainty in A(u — g)

Au = g)m (XXX) Radial gradient in model (u — g)
EA(u—g)m (xxxi)  Uncertainty in A(u — g)m

A(g —1) (xxxii)  Radial gradient in galaxy (g — 7)
eA(g—i) (xxxiii)  Uncertainty in A(g — 9)
Al(g—1)m (xxxiv)  Radial gradient in model (g — 7)
EA(g—i)m (xxxv)  Uncertainty in A(g — %),
MultiType (xxxvi)  Best-fit multi-band model

Table A.4: This table describes the column headings (i-xxxvi) for Table A.2. Results are
presented for bulge + disk models in the » and 7 bands.
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Sample Subsample

Reason for filtering

1

Unsuitable (U)

Masking fraction
Asymmetry
High x;

SB profile type
Blue core

Sérsic (S)

BIC
B/T

O 0|3 O\ B W

Analysis (A)

—_ —
— O

Flagged (x*)

Flagged (Bar-like structure)
Flagged (Forced swap)
Regular fit

Table A.5: Filtering sample/subsample codes for Table A.1.
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Column name (n) Description

ObjID (a) SDSS DRS8 Object ID

RA (b)  Object Right Ascension [degrees]
Dec. (c)  Object Declination [degrees]

z (d)  Object SDSS Redshift

M; tot (e)  Total rest-frame magnitude

Re tot (f)  Upper limit total half-light radius [kpc]
M; 4 (g) Component 1 rest-frame magnitude
R (h)  Component 1 half-light radius [kpc]
nq (i) Component 1 Sérsic index

q1 (G)  Component 1 axis ratio (b/a)

PA, (k)  Component 1 position angle [degrees]
C0q (1)  Component 1 boxiness

M; o (m) Component 2 rest-frame magnitude
R (n)  Component 2 half-light radius [kpc]
> (o) Component 2 Sérsic index

Q2 (p) Component 2 axis ratio (b/a)

PA, (@ Component 2 position angle [degrees]
M; 3 (r)  Component 3 rest-frame magnitude
R 3 (s)  Component 3 half-light radius [kpc]
n3 (t)  Component 3 Sérsic index

q3 (u)  Component 3 axis ratio (b/a)

PA; (v)  Component 3 position angle [degrees]
Re out (w)  Outer disk half-light radius [kpc]

Thrk (x)  Disk break radius [kpc]

/T (y) Component 1 light fraction

Cy/T (z)  Component 2 light fraction

Cs/T (aa) Component 3 light fraction

Model (ab) Best-fit model

Profile (ac) (Extended) Allen et al. (2006) type
Flag (ad) Fitting flag

Table A.7: This table describes the column headings (a-ad) for Table A.6, presenting multi-
component fitting results in the 7 band. Best-fit model types are described in Section 7.2.3,
extended Allen et al. (2006) types are described in Section 7.2.3, and fitting flags are de-

scribed in Table A.8.
Flag code Description Condition
0 Normal fit N/A
1 Bad fit (removed) See Figure 7.4
2 High chi-squared 1L1<x2<1.2
3 Low component fraction Any 0.05 < C/T < 0.10
4 Small break radius ook < D

Table A.8: This table describes the multi-component fitting flag codes, as used in Table A.6.
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