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Abstract

The morphological properties of galaxies are important tracers of the physical processes, e.g. minor/ma-
jor mergers, gas accretion and tidal interactions, that have shaped their evolution. This thesis first stud-
ies the morphological and structural properties of dwarf galaxies (which remain relatively unexplored
compared to massive galaxies). It then explores the measurement of morphology using unsupervised
machine learning (UML) algorithms, which will become important in the forthcoming era of peta and

exascale surveys that will dominate the astrophysical landscape in the future.

I use a complete, unbiased sample of 257 dwarf (108 M < M»> < 10°°> M ) galaxies at z < 0:08, in the
COSMOS field, to study the morphological mix of the dwarf population in low-density environments.
Visual inspection of extremely deep optical images reveals three principal morphological classes: 43
and 45 per cent of dwarfs exhibit the traditional ‘early-type’ (elliptical/S0) and ‘late-type’ (spiral) mor-
phologies respectively, while 10 per cent populate a ‘featureless’ class, that lacks both the central light
concentration seen in early-types and any spiral structure. This class is missing in the massive-galaxy
regime. Compared to their massive counterparts, dwarf early-types show a much lower incidence of
interactions, are significantly less concentrated and share similar rest-frame colours as dwarf late-types.
This suggests that the formation histories of early-types is different in the dwarf and massive regimes.
While massive early-types are likely shaped by interactions, their dwarf counterparts are shaped more
by secular processes. This study suggests that featureless dwarfs in low-density environments are cre-
ated via internal baryonic feedback, rather than by environmental processes. Finally, I show that while
interacting dwarfs can be identified using the asymmetry parameter, it is challenging to cleanly separate
early and late-type dwarfs using traditional morphological parameters, such as ‘CAS’, My and the Gini

coefficient (unlike in the massive-galaxy regime).

I proceed by using 211 out of the 257 dwarf described above to study their structural properties: effective
radii (R.), effective surface brightnesses (M) and colour profiles and gradients. I explore these proper-
ties as a function of stellar mass and the three principal dwarf morphological types (early-type galaxies
(ETGs), late-type galaxies (LTGs) and featureless systems). The median effective radii of LTGs and
featureless galaxies are factors of 2 and 1.2 larger than the ETGs. While the median effective bright-
ness of the ETGs and LTGs is similar, the featureless class is much fainter. Dwarfs residing within the
‘UDG’ region in m. vs R, space are a continuous extension of the galaxy population towards lower val-
ues of effective brightness, indicating that UDGs are not a distinct class of objects. While massive ETGs

typically exhibit negative or flat colour gradients, dwarf ETGs show positive colour gradients (bluer



centres). The growth of ETGs changes from being ‘outside-in’ to ‘inside out’ as I move from the dwarf
to the massive regime. The colour gradients of dwarf and massive LTGs are, however, similar. I show
that, compared to their non-interacting counterparts, interacting dwarfs are larger, bluer at all radii and
exhibit similar median effective surface brightness, suggesting that interactions enhance star formation

across the entire galaxy.

Forthcoming ‘Big data’ surveys (e.g. LSST/SKA), which will produce peta and exabyte volumes of
data will become the new ‘normal’ in the coming decades. These volumes will make morphological
classification using traditional methods (e.g. direct visual inspection, as used in the first two chapters)
impractical. Even semi-automated techniques, e.g. supervised machine learning with training sets built
via visual inspection, may be difficult, because of the time-consuming nature of creating these sets.
However, UML, does not require training on labelled data, making it ideal for galaxy morphological

classification for large surveys.

Here I present an UML algorithm, that utilizes hierarchical clustering and growing neural gas networks
to group together survey image patches with similar visual properties, followed by a clustering of objects
(e.g. galaxies) that are reconstructed from these patches. I implement the algorithm on the Deep layer
(27 deg?) of the Hyper Suprime-Cam Subaru-Strategic-Program, to reduce a population of hundreds of
thousands of galaxies to a small number ( 150) of morphological clusters, which exhibit high purity.
These clusters, rather than individual galaxies, can then be rapidly benchmarked via visual inspection and
classified into typical morphological types. Using these morphological clusters, I successfully reproduce
known trends of galaxy properties as a function of morphological type, which demonstrates the efficacy

of the method.

Finally, I study 108 blue, low-mass ellipticals (which have a median stellar mass of 1087 M ) at z <
0:3 in the COSMOS field, which have been autonomously detected by the algorithm described above.
How elliptical galaxies form is a key question in observational cosmology. While the formation of
massive ellipticals is strongly linked to mergers, the low mass (M»/M < 10°) regime remains less
well explored. In particular, studying elliptical populations when they are blue, and therefore rapidly
building stellar mass, offers strong constraints on their formation. Visual inspection of the deep optical
HSC images indicates that less than 3 per cent of these systems have visible tidal features, a factor of 2
less than the incidence of tidal features in a control sample of galaxies with the same distribution of stellar
mass and redshift. This suggests that the star formation activity in these objects is not driven by mergers
or interactions but by secular gas accretion (i.e. steady gas accretion over Gyr timescales). I show

that these blue ellipticals reside in low-density environments, further away from nodes and large-scale



filaments than other galaxies. At similar stellar masses and environments, blue ellipticals outnumber
their normal (red) counterparts by a factor of 2. Thus, these systems are likely progenitors of not only
normal ellipticals at similar stellar mass but, given their high star formation rates, also of ellipticals at
higher stellar masses. Secular gas accretion, therefore, likely plays a significant (and possibly dominant)

role in the stellar assembly of elliptical galaxies in the low mass regime.
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Chapter 1

Introduction

1.1 The morphological diversity of galaxies

For over 100 years the study of galaxy morphology has been a cornerstone of extra-galactic research.
The detailed analysis of galactic structure and morphology began in the ftartearly 28 cen-

turies when photographic plates were used to record the uxes of astronomical objects (e.g. Wolf, 1908;
Lundmark, 1926, 1927; Holmberg, 1937). A rst general galaxy classi cation scheme was introduced
by Hubble et al. (1926) and revised by Hubble (1936) under the terminology "The Hubble Tuning Fork'
(or the "Hubble sequence"), which can be seen in Figure 1.1. This classi cation system generally seg-
regates two main morphological types, early and late type galaxies, where late type systems are further
sub-divided according to the sizes of their bulges, the tightness of their spirals arms and the presence of

bars in the galactic centres.

Early type galaxies consist of two morphological sub-classes: elliptical and lenticular (S0). Elliptical
galaxies are spheroidal, dispersion-dominated systems with a prominent central light concentration (or
“bulge’) and a diffuse and smooth outer structure (e.g. Almeida et al., 2007). The lenticulars, on the
other hand, present some structural characteristics resembling a smooth disk component alongwith a
bulge (e.g. Laurikainen et al., 2010; D'Onofrio et al., 2015). Late-type galaxies are typically disk-like,
rotation-dominated systems generally exhibiting low central light concentrations and containing non-
axisymmetric features such as spiral arms and galactic bars (e.g. Pohlen & Trujillo, 2006) (see examples

in Figure 1.2).

Although the visual morphological differences between early and late type galaxies already point to dif-
ferent formation and evolution channels, there is a rich literature which presents evidence supporting a

1
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FIGURE 1.1: The classi cation scheme from Hubble (1936).

strong interdependence of galaxy structure with galaxy properties like stellar mass, star formation rate
or environmental density (e.g. Dressler et al., 1997; Hogg et al., 2002; Conselice, 2006a; Bamford et al.,
2009; Lee et al., 2013; Hashemizadeh et al., 2021; Dimauro et al., 2022). Since the physical properties of
galaxies are strongly linked to their morphology, morphological information provides important insights
into the physical mechanisms that shaped their intrinsic structure. For example, early type galaxies
generally dominate the high mass regime, have old stellar populations and are in a quiescent state (pre-
senting red optical colours) (e.g. Kelvin et al., 2014; Doguez $nchez et al., 2023) as opposed to

late type galaxies, which are still star-forming (exhibiting blue optical colours), have generally younger
stellar populations and are less massive (e.g. Bell & de Jong, 2000'nQoez $nchez et al., 2023)

(see examples in Figures 1.3 and 1.4).

Many studies, such as Buitrago et al. (2013), Conselice (2014) and Huertas-Company et al. (2024), show
that the galaxy morphological fractions change as we approach the present day with the number density
of massive i1, > 1019° M ) early type galaxies increasing as the number density of the late types
decreases. In addition, a signi cant number of high redslift ) galaxies are highly star forming

and have been found to have disturbed and peculiar morphologies as opposed to present day galaxies
which are more quiescent and have a more organized intrinsic structure (e.g. Huertas-Company et al.,
2024; Conselice et al., 2024). Therefore, the morphological diversity of galaxies changes as a function of
time and the major questions of extra-galactic astrophysics revolve around understanding the dominant

evolutionary channels of galaxies as a function of morphology and redshift.

The advent of galaxy morphological analysis at a large scale begins in the last decade Bftkat2éy

with HST and continues in the rsttwo decades of thé2&ntury with surveys such as Sloan Digital Sky
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FIGURE 1.2: Examples of galaxies from different morphological classes. Late type galaxy M101 (top-
left), lenticular galaxy (or SO type) NGC 3156 (top-right) and elliptical galaxy IC 2006 (bottom). Credit:
ESA/NASA.

Survey (SDSS) (e.g. Yamauchi et al., 2005; Fukugita et al., 2007; Ball et al., 2008) or the Spitzer Survey
of Stellar Structure in Galaxies (e.g. Buta et al., 2010; Holwerda et al., 2014; Buta et al., 2015) which
offer complete samples of thousands of galaxies in the high mass regime (i.e. high surface brightness
objects), particularly at low redshift. More recently, deep-wide surveys such as those from the Hyper
Suprime-Cam (Aihara et al., 2018) have been able to resolve millions of objects out to higher redshift and
down to much fainter surface brightnesses than shallower surveys such as SDSS. This is now allowing
for large scale unbiased morphological studies not only in massive galaxies (e.g. Kawinwanichakij et al.,
2021; Ghosh et al., 2023) but also in the dwarf regime (e.g. Greco et al., 2018; Lazar et al., 2024). New

and forthcoming surveys such as LSST, Euclid, Roman and SKA will shed more light into the low
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FIGURE 1.3: Figure showing examples of galaxies from different morphological classes present in dif-
ferent locations on the color-stellar mass diagram. Top-left panel shows all the different morphologies
while the other panels present galaxy postage stamps in the locations of the different galaxy morpholo-
gies. Early type galaxies are given by E and S0-Sa and late type galaxies are Sab, Scd, Sd and Irr (as
shown in Figure 1.1). LBS are a class of blue spheroids. Credit: Kelvin et al. (2014).
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FIGURE 1.4: Figure showing examples of galaxies from different morphological classes present in
different locations on the SFR-stellar mass diagram. Here the morphological classes are shown as the
Hubble T-Type number which is based on the Hubble sequence and corresponds to early type galaxies
for T-Type=[-3,0] and late type galaxies for T-Typ¢l,7]. Credit: Domnguez Snchez et al. (2023).
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surface brightness regime from a more statistical perspective including objects at higher redshifts.

1.2 Stellar mass assembly over cosmic time

The rst galaxies emerging after the Big Bang were most likely gas disks embedded within dark mat-
ter (DM) haloes (e.g. Pawlik et al., 2011). The general formation model for a disk galaxy assumes a
spherical overdense region of space consisting of both dark and baryonic matter which are spun up by
the tidal torques caused by the large scale structure (Peebles, 1969; Doroshkevich, 1970). Over time the
dark and baryonic matter (which is initially relatively pristine hydrogen and helium) contained within

the overdense region collapses and some regions increase in density. This causes baryons to cool in these
regions by decoupling from the dark matter particles which have halted their collapse once the system
reached virialization, since they are dissipationless particles. The baryons condense into the centre of
the dark matter halo and since they possess non-zero angular momentum they settle onto a rotating disk
(e.g. Dalcanton et al., 1997; Mo et al., 1998). The initial angular momentum of the baryons is thought
to be created as a direct consequence of the bottom-up assembly (White & Rees, 1978) or cold ows
(Kimm et al., 2011; Stewart et al., 2013). Even though the exact physical process is less known, as soon
as the gas accumulates into dense clumps within the disk and is suf ciently cool, the optimal conditions
for star formation are reached and stars are able to form (Tonini et al., 2016). However, it has been
shown by studies such as Sommer-Larsen et al. (1999), Thacker & Couchman (2001) and Zavala et al.
(2008) that baryonic feedback regulates the gas cooling in the early times an plays an important role in

the formation of the nal disk structure.

Even by considering stellar mass loss due to stellar evolutionary processes (e.g. AGB winds or SNe
events) galaxies need access to gas in order to continue their star formation activity at the same rate
otherwise the star formation would decrease after the rst few Gyrs of evolution (Bigiel et al., 2008;
Leroy et al., 2008; Rahman et al., 2012). Once these primordial disk structures are formed, the assembly
of stellar mass in these systems can continue via two main channels: gas accretion from the intergalactic
medium and mergers with other galaxies. The major mechanisms that play an important role in the

formation and evolution of galaxies are described by these two evolutionary channels.

1.2.1 Gas accretion

One of the mechanisms that allows galaxies to access fresh gas is via direct accretion from ambient

inter-galactic medium on the halo of the galaxy. Once the gas crosses the viral radius, it experiences
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subsequent shocks with the halo gas which increase the temperature of the in- owing gas. If the temper-
ature of the gas maintains below the virial temperature (i.e. it does not escape the potential of the halo),
it cools and collapses onto the galaxy. The cooling of the in-falling gas proceeds at a slower pace if the
accreting gas has a high temperature (i.e. comparable to virial temperature) and star formation is delayed
as a consequence of shock heating at the edges of the halo (Rees & Ostriker, 1977; White & Rees, 1978).
This results in "hot' mode accretion (e.g. Rees & Ostriker, 1977; Cole et al., 1994, Stevens et al., 2017;
Stern et al., 2024), where the halo is dominated by new shocked gas which slowly cools giving rise to
isotropic accretion. However, cold streams of gas can spiral in on the dark matter halo at high angular
momentum. As a result, shock heating takes place at smaller distances from the galactic centre where the
energy injected by the shock on the baryons is easily dissipated, since the temperature of the in-falling
gas is signi cantly below the virial temperature. This “cold' mode accretion is an ef cient mechanism of
the inside-out formation of a stellar disk (Dekel & Birnboim, 2006; Dekel et al., 2009; Danovich et al.,

2012; Stewart et al., 2017).

Studies which use hydrodynamical simulations highlight the importance of accretion into the central
regions of galaxies via cold ows from the cosmic web (e.g. Kimm et al., 2011; Danovich et al., 2012,
2015) at high angular momentum (Powell et al., 2011). Supported also by observations, cold mode
accretion is thought to represent an important element for galaxy mass assembly, where evidence of this
type of events is found at low redshifts in the form of regular or warped gas disks with signi cant spins
(e.g. Diamond-Stanic et al., 2016; Ho et al., 2017; Ba&uetal., 2016) or at high redshifts in the form of

gas disks or rings (e.g. Prescott et al., 2015). Additionally, signatures of cold mode accretion can also be
seen in the scale lengths of disks (Brooks et al., 2009) and the galaxy geometry with respect to cosmic

web laments (e.g. Chen et al., 2019; Barsanti et al., 2022).

Some studies such as Keret al. (2005) and van de Voort et al. (2011) suggest that cold mode accre-
tion has a signi cant contribution in galaxy mass assembly generally in the early Universe and for low
mass dark matter haloes due to denser intergalactic lamentary gas and due to the lower galactic halo
temperatures which cause gas accretion do develop in a rapid manner and over shorter timescales since
heating caused by shocks is not as important. At low redshifts hot mode accretion becomes important
since haloes start to heat up and the gas density of the cosmic web drops. As a result, gas accretion
is slowed down due to shock heating and takes a longer time to collapse. Nevertheless, while gas cold
ows become less dominant, they may still contribute to the stellar mass assembly of low mass galaxies

(e.g. van de Voort et al., 2011).

The importance of gas accretion is also provided by the observed star formation rates of galaxies where
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there is observational evidence that mergers alone could not have accounted for all the stellar assembly
in galaxies. High redshift studies such as Conselice et al. (2013) nd that in order to explain the high
star formation rates observed in galaxiegz at 2 with M.< 10'* M , gas accretion must happen at a

rate of 90 M yr 1. Therefore, accumulating gas through accretion can play an equally important role

as mergers in driving star formation and stellar mass growth.

Lastly, high gas in-fall rates from the intergalactic medium or from minor mergers causing chaotic accre-
tion can also drive mass growth. This chaotic accretion can give rise to a gravitational instability within
a galactic disk and the gas must lose angular momentum in order for the disk to re-enter a state of hydro-
dynamical equilibrium (Tonini et al., 2016). The gas excess fails to maintain a high angular momentum
and falls towards the center of the galaxy generating high levels of star formation and increasing the

central light concentration of the system.

1.2.2 Intrinsic star formation

The accreted supply of gas has to be converted into stars for the accretion events to have effects on
stellar mass assembly. Since stellar mass growth in galaxies can be the result of in-situ star formation
from accreted gas but can also originate from ex-situ mass from mergers, the major fraction of stellar

mass assembly must have occurred in-situ (i.e. within the galaxy's halo) for galaxies beloho

M (e.g. Rodriguez-Gomez et al., 2016a).

The exact underlying physics of star formation is poorly understood mostly due to the large dynamical
range that must be taken into account. Nevertheless, the star formation law also know as the Kennicutt-
Schmidtt law (Kennicutt, 1998), provides a reliable picture of the relationship between star formation
rate density and surface gas density for a wide range of spatial scales dovit®@@opc (e.g. Onodera

et al., 2010; Khoperskov & Vasiliev, 2017). Moreover, galaxy observations also point towards a tight
correlation between the star formation rate and stellar mass (i.e. the "main-sequence”) (e.g. Noeske
et al., 2007; Rodighiero et al., 2010; Salmon et al., 2015) which may suggest that the majority of star

formation carry on at a constant rate.

The correlation between the galaxy gas fractions and star formation rate density maintains across cosmic
time (e.g. Genzel et al., 2010) where the star formation activity is at its maximum at arouritl
(Madau & Dickinson, 2014). Gas-rich galaxies exhibit signi cant start formation rates (greater than 150

M yr 1) at high redshifts{ 2) (e.g. Daddi et al., 2005). However, star formation is limited at low
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FIGURE 1.5: Two merging galaxies in the constellation Come Berenices. Credit: NASA/ESA.

redshifts due to feedback processes and low gas densities. As a result, in-situ star formation allows for

gradual growth of stellar mass and is an important channel for the stellar mass assembly of galaxies.

1.2.3 Minor and major mergers

The in-situ formation of stars is not the only way that stellar mass can be assembled within galaxies.
An alternative channel that allows for mass growth is through mergers of two or more galaxies. This
is viewed as a signi cant evolutionary channel via which galaxies accumulate stellar mass and change
morphologies, particularly at the highest stellar masses (e.g. Robotham et al., 2014; Ferreras et al., 2017;

Qu et al., 2017) in the hierarchical paradigm of galaxy formation and evolution (White & Rees, 1978).

Mergers are broadly split into two categories: minor and major mergers. Major mergers are de ned as
mergers between galaxies of similar stellar masses where the stellar mass ratios are greater than 1:4. In
minor mergers one galaxy is considerably larger than its companion and the system has a stellar mass

ratio less than 1:4 (e.g. Somerville & D&V2015).
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Mergers are identi ed observationally by the disturbed morphology of the remnant or, in the case where
both of galaxies are seen interacting or in close proximity (Conselice et al., 2014), through the tidal

features the merger produces around them (see examples in Figures 1.5 and 1.6).

Mergers create gravitational torques which produce tidal forces that strip away stellar mass from the
host galaxies. Depending on the merger ratio the tidal forces in icted on the stellar content can vary in
intensity, where major mergers are usually the most violent, displacing the most amount of mass from
the interacting galaxies, creating tidal features. Fly-by events, galaxy interactions that do not end with
coalescence, can also create tidal features usually of less intensity and which are less extended than
in the case of major mergers but which can also have important effects on the morphology of the host

system, such as disk thickening (e.g. Kumar et al., 2021).

Observationally, the timescale of the tidal features for which they remain visible to the observer depends
on the depth of the galaxy images, where shallower instruments produce images with more amount
of noise, putting constraints on the clarity of the image. For example, in an empirical study done by
Conselice et al. (2009), the author uses Hubble Space Telescope imaging data from the Extended Groth
Strip and COSMOS surveys at 2 to nd that, based on the merger rates observed in this redshift range,
the timescale of the tidal features for which they remain visible to the observer (until they are dispersed
or pulled back towards the galaxy) is in the range between couple hundred Myrs to 1 Gyr which is also

con rmed in N-body simulations (e.g. Conselice, 2006b; Conselice et al., 2007).

Major and minor mergers can contribute to stellar mass assembly with the aid of several underlying
physical mechanisms. Firstly, mergers simply increase the overall stellar mass of the systems in question.
However, they can also enhance the density of the existing gas, in addition to increasing the galaxy's gas
supply (Barnes, 2004; Renaud et al., 2014; Buck et al., 2023). Nevertheless, mergers do not always
enhance star formation (Robotham et al., 2014) even though, generally, galaxy populations at any given
redshift exhibiting very high star formation rates tend to have a high fraction of mergers. The requirement
for a merger to result in a signi cant star formation activity is that one or more of the interacting galaxies
has to be rich in gas (also known as “wet' mergers) (e.g. Lin et al., 2008; Athanassoula et al., 2016). Wet
mergers generally increase the star formation activity of the host galaxy considerably (an enhancement
by 3 or 4 times). Very signi cant sustained enhancement of star formation is not common since the

duration of the starburst period is very short (Conselice et al., 2014).

Mergers are also a direct cause for changes in the kinematics and morphology of a galaxy by randomizing
stellar orbits which results in an increase of the system's velocity dispersion and an enhancement of its

bulge component (e.g. Toomre & Toomre, 1972; White & Rees, 1978; Bournaud et al., 2007; Kormendy
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et al., 2009; Martig et al., 2009; Bezanson et al., 2009). Some studies suggest that single major mergers
could directly produce elliptical galaxies (e.g. Farouki & Shapiro, 1982; Negroponte & White, 1983;
Zeng et al., 2021). Such mergers are typically violent and short lived events lasting only a couple
of orbits before the galaxies coalesce (a few hundred Myrs) (e.g. Conselice et al., 2009; Bournaud,
2010). Major merger events act on shorter timescales on the gravitational potential of a galaxy than its
dynamical timescale. This causes stellar orbits to be randomised, while their angular momentum and
energy is altered via “violent relaxation' (Bournaud, 2010), resulting a dispersion-dominated system.
Due to violent relaxation, stars that gain energy progress towards the edges of the system or are removed
entirely from it and stars which lose energy migrate towards the centre of the merger remnant. The end
result is an increase in the remnant's central light concentration and also an increase in the extent of the
remnant's outer envelope (Hernquist & Mihos, 1995). Using the TNG 100 simulation Zeng et al. (2021)
nd that the morphology of the major merger remnant is strongly dependent on the orbit type where
spiral-in collisions lead to a disk remnant and head-on collisions result in a bulge-dominated remnant.
However, there is some debate about whether the dominant channel by which elliptical galaxies develop
their morphologies is uniquely due to major mergers (e.g. Brennan et al., 2015) followed by subsequent

guenching of star formation via AGN feedback (e.g. Hopkins et al., 2008).

Minor mergers are statistically more frequent since the luminosity function increases towards the faint
end (e.g. Man et al., 2012). Although, minor mergers have little impact in altering the structural prop-
erties of the galaxy, they can still produce conditions for starting star formation events by triggering the
gas supply of the host galaxy (Tonini et al., 2016), resulting in stellar mass growth. The mass growth due
to a minor merger is more gradual since the orbital decay rate of the interacting galaxies is much smaller
than in the case of a violent galaxy coalescence with a 1:1 or 1:2 stellar mass ratio (Toomre, 1977). This
mechanism produces a framework where the larger galaxy progressively strips matter from its smaller
companion. If the satellite is large enough it can affect the host's structure by randomizing some of its

stellar orbits and causing warps and thickening of its disk (Qu et al., 2011).

When considering a minor merger system, the stellar mass growth of the host can depend on its mor-
phology. If the host is a bulge-dominated galaxy the minor merger may result in an inside-out mass
growth where the galaxy accretes matter in the outskirts of the system (Wellons et al., 2016). For a
disk-dominated host (i.e. rotationally supported system) radial migration of stars towards the galactic
center can be triggered via a minor merger therefore increasing the central mass density of the system

(Croton et al., 2016).

Minor mergers are thought to play an important role in the assembly of late type galaxies throughout
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FIGURE 1.6: Galaxy showing shell-like tidal features. Credit: NASA/ESA and Liverpool John Moores
University.

cosmic time mainly because they can provide a natural explanation for which late type galaxies have
maintained their structured morphology while at the same time acquiring signi cant amounts of mass
(Schweizer, 2000; Somerville & Déay2015; Martin et al., 2018a). Martin et al. (2018a) also show that

the survival of the galactic disk after a merger is highly dependent on the geometry of the orbiting system
and support a scenario where pairs of disk mergers can maintain a rotationally supported system as long
as the galaxies undergo a wet merger (which maintains star formation) and the galaxies collide while

their spins are aligned.

In addition, studies such as Martin et al. (2018a) or Zeng et al. (2021) use the Horizon-AGN and TNG
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100 cosmological simulations to show that minor mergers represent a dominant channel for the stellar
mass assembly of both late and early type galaxies where early type galaxies experience more major
mergers or mergers with higher mass ratios in their histories. The authors also nd that the majority
of the interactions experienced by early type galaxies are minor mergers &t This claim is also
supported by Kaviraj et al. (2009) who demonstrate by means of numerical simulations that the UV light

excess seen in early type galaxies in the local Universe likely originates from minor mergers.

1.2.4 The regulation and quenching of star formation in galaxies

1.2.4.1 Feedback

Feedback plays an important role in regulating the star formation activity in a galaxy and can either

reduce the ef ciency of star formation or quench it entirely, halting the stellar mass growth of the galaxy.

The epoch of reionization, know from observations to have taken place at azoufde.g. Fan et al.,

2006), is the era when the gas was largely ionized to temperatures of arotiid MAthough the

source of this ionization is not well known, it is thought to originate from the UV radiation produced

by young stars and QSOs. The result of this process was to infuse the gas within low mass haloes with
enough energy that would prevent its cooling and collapse, since once heated it is easier for baryons
in shallow potential wells to escape the collapse. Therefore, low mass haloes that could have hosted
galaxies with stellar masses less thdn 10’ M are thought to be prevented from doing so (Silk,
2011). This can make the dwarf part of the galaxy mass function very dependent on the UV radiation
from the reionization epoch, which regulates the abundance of galaxies in that mass range. A better
understanding of the source of the ionization is necessary in order to constrain the masses of the haloes

that are being prevented from forming galaxies.

In the low mass regimeM» < 10°° M ) stellar feedback is a signi cant driver of baryonic out ows and
heating of the interstellar medium via supernovae (SN) events and stellar winds (Collins & Read, 2022).
As aresult, such mechanisms regulate the star formation ef ciency of the system through the heating and
removal of its gas (e.g. Hayward & Hopkins, 2017). The material in the out ows can then be recycled
by cooling and re-entering the galaxy, a process which gradually forms new generations of stars over
long timescales. Type Il SN events and stellar winds from young stars have a signi cant role in heating
the interstellar medium in the initial stages of the star formation episode (Tenorio-Tagle, 1996). Type la
SN events and stellar winds from new generations of stars act over longer timescales and they become

an important source for heating the interstellar medium over Gyr timescales.
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AGN feedback is thought to have signi cant effects on galaxies at the massive end of the mass function
(M, > 10°°> M ) (e.g. Beckmann et al., 2017). The energy released by an AGN originates from the
underlying accretion events onto the supermassive black hole located in the galactic centre. The effects

of stellar feedback are negligible in massive galaxies due to the deep potential wells of these systems.

Generally, AGN are of two types: quasars (also called radiative or wind mode AGN) and jet (or radio)
mode AGN (e.g. Fabian, 2012). Depending on the type of AGN, its released energy can affect both
the interstellar and the intergalactic medium. The jet mode outputs lower levels of energy due to lower
accretion rates of matter onto the supermassive black hole and acts to continuously keep the halo at high
temperatures, resulting in the halo gas not being able to cool and be accreted onto the galaxy. This type of
AGN has been shown to also have effects on the inter-galactic medium where it can prevent gas in galaxy
clusters and groups to cool (e.g. Fabian, 2012; Hardcastle et al., 2019). The quasar mode AGN feedback
results from periods of rapid accretion of matter onto the supermassive black hole, generally occurring in
the most massive halos at high redshifs (e.g. Combes, 2017). It typically affects the interstellar medium
around the black hole at smaller spatial scales (pc to kpc) by injecting energy into this environment and

therefore, preventing it from forming stars (e.g. Veilleux et al., 2017).

1.2.4.2 Environment

Environment has been shown to have a signi cant role in galaxy evolution, where the observed distribu-
tion of galaxy morphologies at low and intermediate redshift is strongly correlated with environmental
density (Dressler, 1980; Dressler et al., 1999). These observations indicate that early type galaxies typi-
cally inhabit denser environments compared to late type galaxies. Dense environments such as clusters
or groups can have a strong in uence on galaxies due to strong tidal forces which can inject energy into
the stars and the gas and processes like ram pressure which can strip gas from the system (e.g. Hester,

2006). Both these processes can result in the quenching of star formation.

The in uence of environment on galaxies at high redshatt (1) is generally not as clear. While some
observations show a tendency for massive galaxies to be quiescent in clusters (e.g. Papovich et al., 2012),
some authors nd elevated star formation rates in cluster galaxies at high redshift (Alberts et al., 2016;

Laishram et al., 2024).

While much progress has been made in recent years, the principal drivers of morphological transfor-
mation and stellar assembly for different galaxy types are still under debate. This is particularly true

in the low mass regime. However, the arrival of data from surveys such as LSST, Euclid, Roman and
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SKA is set to change our understanding of this regime. Accurate and ef cient galaxy morphological

classi cation analysis methods will be crucial for this endeavour in the coming years.

1.3 Galaxy morphology metrics: from classical to modern methods

Galaxy morphological classi cation via visual inspection is a common traditional method of quanti-
fying the structural properties of galaxies using morphological classes de ned by studies like Hubble
et al. (1926). While individual astronomers can classify small datasets, citizen science platforms such
as Galaxy Zoo have performed millions of galaxy classi cations by crowd sourcing the process using
several thousand citizen scientists (Lintott et al., 2011) and making use of galaxy images from large scale

surveys (e.g. Willett et al., 2013; Ahn et al., 2014).

However, more automated ways of analysing galaxy structure exist. A common parametric way of
performing this task is via@sic tting of galaxy light pro les (Srsic, 1963), where the shape of the

pro le is characterized by the&sic index ). The standard classi cation threshold for late and early

type galaxies is at = 2:5, wheren > 2:5 corresponds to early type galaxies arwd 2:5 corresponds to

late type galaxies (e.g. Shen et al., 2003). Other popular non-parametric methods are the CAS system
(Conselice, 2003), My and the Gini coef cient (Lotz et al., 2004) which do not assume any underlying

shape for the galaxy light pro le and are able to measure galaxy structure out to high redshift.

However, the arrival of big data surveys such as SDSS, DES and DECaLS has prompted a move towards
automated methods that exploit machine-learning techniques. A successful classi cation technique is
using supervised machine learning via convolutional neural networks, where labelled data is trained to
obtain a model which is then used for large scale galaxy classi cation (e.g oz $inchez et al.,

2018; Cheng et al., 2021; Walmsley et al., 2022). This method is however often dependent on human
classi ers to construct the training sets. The peta and exa-scale volumes of upcoming surveys such as
LSST and Euclid may present challenges in creating these training sets. This is particularly true for
LSST data, where the data itself will become deeper and therefore change over small periods of time.
Unsupervised machine learning does not rely on labelled training datasets and may become important

for classifying such surveys (as we explore in this thesis).
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1.4 Overview

The broad aim of this work is two fold. First, we aim to further our understanding of the physical
processes that drive galaxy evolution in the dwarf regime and compare our results to what is known
in massive galaxies. We do this by studying morphology and structure in complete, unbiased samples
of dwarf galaxies in the nearby Universe using deep photometric data in the COSMOS eld. Second,
we develop algorithms that employ unsupervised machine learning on datasets that are similar to those
from new and forthcoming surveys (e.g. LSST) and use them to classify galaxies across the dwarf and

massive galaxy regimes.

In Chapter 2, we quantify the morphological mix of dwarf galaxies in the local Universe08) as

a function of stellar mass, colour, interaction rate and environment. We use both visual inspection and
morphological parameters such as CASgMnd the Gini coef cient to quantify dwarf morphology and
highlight differences between the physical processes that drive galaxy evolution in dwrafs and massive
galaxies using our results. Finally, we investigate how reliably traditional morphological classi cation
techniques such as CAS,Jyland Gini can discriminate between visually classi ed early and late type

galaxies in the dwarf regime.

In Chapter 3, we continue our study from Chapter 2 by investigating the structural properties of dwarfs,
as a function of stellar mass and morphology: effective radii, effective surface brightnesses and colour
pro les and gradients. We combine our results with those from Chapter 2 to further investigate the

differences in the evolutionary histories of dwarfs and massive galaxies.

In Chapter 4, we present an unsupervised machine learning technique designed for large scale galaxy
morphological classi cation. We demonstrate how the algorithm classi es galaxies in the Hyper Suprime-
Cam surveys, estimate the accuracy of these classi cations and investigate the capability of the algorithm

to detect rare or peculiar objects.

In Chapter 5, we continue the analysis of a population of low mass blue elliptical galaxies @
found using the algorithm presented in Chapter 4. By studying their interaction rates and environments

we explore the relative role of interactions and secular processes in their evolution.

Finally, in Chapters 6 and 7 we end with a summary of this thesis and a plan for future work.



Chapter 2

The morphological mix of dwarf galaxies

In the nearby Universe

2.1 Introduction

Morphology is a fundamental parameter in observational astrophysics, which is strongly correlated with
the evolution of galaxies. In the massive-galakp(> 10°° M ) regime, the principal morphological
classes are well described by the classical "Hubble sequence' (Hubble, 1936): “early-type' galaxies
(ETGs), which include SO and elliptical systems, and "late-type' galaxies (LTGs), which include different
types of disc (spiral) galaxies. Many studies have shown that, in massive galaxies, these morphological
types differ not only in their structural characteristics but also in their physical properties, such as colour,
star formation rate (SFR) and stellar mass (e.g. Conselice et al., 2014; Martin et al., 2018a; Sampaio et al.,
2022). ETGs, which are more pressure-supported than LTGs, typically exhibit low SFRs, red colours
and high stellar masses (e.g. Bernardi et al., 2003; Kaviraj et al., 2007; Cappellari et al., 2013). LTGs,
which are largely supported by rotation (and exhibit spiral arms as a result), typically exhibit higher

SFRs, blue colours and lower stellar masses.

Morphology encodes key information about the dominant physical processes that have shaped the for-
mation of galaxies. The general consensus, in the massive-galaxy regime, is that LTGs largely form
via secular cold gas accretion (White & Rees, 1978; Fall & Efstathiou, 1980) and experience either a
relatively quiet history (e.g. Jackson et al., 2022) or a larger fraction of gas-rich (and mainly prograde)
mergers that helps maintain their discy morphologies and relatively high SFRs over their lifetimes (e.g.

Martin et al., 2018a). ETGSs, on the other hand, are thought to be the end products of multiple minor or

17
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major mergers (e.g. Martin et al., 2018a) and, in high density environments, also experience processes
that promote gas depletion, such as tidal interactions (Moore et al., 1998; Jackson et al., 2021a) and ram

pressure stripping (Walker et al., 1996; Martin et al., 2019; Jackson et al., 2021a).

A wide array of methods have traditionally been used to determine the morphology of galaxies (where
some notable innovative studies include the work done in e.g. de Vaucouleurs, 1959; Sandage, 1961; Buta
& Combes, 1996). Direct visual inspection of galaxy images, whilst the most time-consuming, produces
accurate classi cations (e.g. Lintott et al., 2011; Kaviraj, 2014a), against which automated methods are
often calibrated. The classi cation of galaxies in large surveys typically requires automation, which

is often achieved using both parametric and non-parametric methods. A commonly used parametric
method for distinguishing between early and late-type galaxies is ttiagi€ indices (8rsic, 1963)

using galaxy surface brightness pro les (e.g. Bottrell et al., 2019). In massive galaxies, the steeper
pro les of ETGs results in them having larger values of tleestc index (> 2.5), while LTGs typically

exhibit indices lower than this value (e.g. Shen et al., 2003).

While parametric techniques require the assumption of a tting function (such assa& $ro le), many
non-parametric methods have been successfully used to measure morphology from survey data. The
pioneering studies of Conselice (2003, C03 hereafter), Abraham et al. (2003) and Lotz et al. (2004, L04
hereafter) introduced ve such morphological parameters which have been widely used in galaxy mor-
phological classi cation in the literature: concentration, asymmetry and clumpiness (known collectively
as the "CAS' systemMyo and the Gini coef cient (e.g. Pearson et al., 2021). Many studies that probe
optical and near-infrared images, particularly in the nearby Universe where galaxies are well resolved,
show that massive ETGs exhibit higher concentration, lower asymmetry and lower clumpiness than their

LTG counterparts (e.g. Conselice, 2003; Holwerda et al., 2014; Cheng et al., 2021).

Mergers and tidally-disturbed systems typically show the highest values of asymmetry, while galaxies
undergoing starbursts typically show the highest values of clumpiness (e.g. Conselice, 2003). The Gini—
Moo space in the optical wavelengths offers a reliable discriminant, at least in the massive-galaxy regime,
both between early and late type galaxies and between interacting systems and their non-interacting
counterparts (e.g. Lotz et al., 2004, 2008). Similar results have been found in the near-infrared (Hol-
werda et al., 2014), which is less sensitive to dust obscuration (and therefore a more reliable indicator
of the underlying structure of the system), using galaxies from the local Universe in the Spitzer Sur-
vey of Stellar Structure in Galaxies4S) (Sheth et al., 2010). Forthcoming “Big Data' surveys, from
instruments like the Rubin Observatory's LSST (I\@eet al., 2019) and Euclid (Laureijs et al., 2010),

will present unique challenges for morphological classi cation work due to their unprecedented data
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volumes. Machine learning techniques (e.g. Hocking et al., 2018; Matrtin et al., 2020; Walmsley et al.,
2022; Pearson et al., 2022; Darguez %nchez et al., 2023), used in conjunction with visual inspec-
tion and morphological parameters, are therefore likely to become important for the next generation of

surveys.

While a rich literature already exists on galaxy morphology in the massive-galaxy regime (elg. B

et al., 2020; Fraser-McKelvie & Cortese, 2022; Nersesian et al., 2023), much less is known about the
dwarf regime > < 10*> M ) outside the very local Universe. For example, are the principal visual
morphological classes and their formation histories in dwarf galaxies similar to what is seen in their
massive counterparts? How frequent are morphological details like bars and interactions? How do
commonly-used morphological parameters perform in the dwarf regime in separating morphological

classes and identifying interacting systems?

The current lack of statistical knowledge about dwarf morphology is partly driven by the fact that, while
dwarfs can be studied in detail in the very local Universe, up to distances0fMpc (e.g. Mateo,

1998; Tolstoy et al., 2009; Besla et al., 2016), typical dwarfs are too faint to be detected, at cosmological
distances, in past wide-area surveys like the SDSS (e.g. Jackson et al., 2021a; Davis et al., 2022). This
is because, while these surveys provide large sky areas, they have relatively shallow detection limits.
The dwarfs that are visible in large shallow surveys of the past tend to be those which have relatively
high SFRs. The high star formation boosts the luminosity of the dwarfs above the detection thresholds
of shallow surveys, making them detectable (e.g. Jackson et al., 2021a). However, this also biases these
dwarf samples towards systems that are blue and therefore more likely to have late-type morphology
(Kaviraj et al. in prep). Unbiased morphological studies in the dwarf regime have so far been possible,
either in our local neighbourhood (e.g. Tolstoy et al., 2009), in nearby groups and clusters (e.g. Boselli
et al., 2008; Venhola et al., 2017; Eigenthaler et al., 2018) or around nearby massive galaxies (e.g. Duc
etal., 2015; Gehaetal., 2017; Carlsten et al., 2021; Mao et al., 2021; Trujillo et al., 2021; Holwerda et al.,
2023), regions where relatively complete dwarf samples can be assembled. Exploring the morphological
mix of dwarfs in the general Universe, in low-density environments, requires surveys which are both
deep and wide, like the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara et al., 2018),
in which dwarf galaxy populations are likely to be complete, dowmMi® 10° M out to at least

z 03.

It is worth noting here that recent work has shown that typical morphological classes, such as ETGs

and LTGs, behave differently in the dwarf regime compared to the massive-galaxy regime. For example,
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Lazar et al. (2023) use ultra-deep HSC-SSP imaging, which has a point source depgroagnitude’s

(more than 5 magnitudes deeper than standard-depth SDSS imaging) of over 100 blue dwarf ellipticals to
show that less than 3 per cent of these systems show signs of tidal interactions, lower than the interaction
fraction seen in the general galaxy population at similar stellar masses. This is in contrast to the massive-
galaxy regime, in which more than 70 per cent of ellipticals show tidal features in deep images (e.g. van

Dokkum, 2005).

The past literature shows that, in the high mass regime, ETGs typically exbigic$ndicesif) around

4, whilen 1 corresponds to LTGs (de Vaucouleurs, 1959, 1977; De Propris et al., 2016). However,
some studies indicate that these trends may not be preserved in the dwarf regime. For example, Conselice
(2003), who study galaxy morphology in the local Universe (out & Mpc) using optical data, show

that concentration cannot be used to separate the ETG and LTG populations in the dwarf regime. Such
results suggest that, rather than being strongly shaped by interactions, which would increase the central
concentration and result in tidal features, ETGs in the dwarf regime may evolve preferentially via secular
processes like steady gas accretion over large (i.e. Gyr) timescales. More broadly, the evolutionary
histories of traditional morphological types (e.g. ETGs and LTGSs) in the dwarf regime could potentially

be different from those in the massive-galaxy regime.

A detailed census of the morphological mix of dwarf galaxies in the general Universe, outside the local
neighbourhood and in low-density environments, is largely missing and clearly desirable for establishing
the morphological trends in the dwarf population. Such a census, which requires an exploration using
surveys that are both deep and wide, is the purpose of this study. This chapter is organized as follows. In
Section 2.2, we describe the datasets used in this chapter and the selection of a sample of nearby dwarf
galaxies that underpins this study. In Section 2.3, we explore the morphological mix of our dwarfs via
visual inspection of their HS@ri composite images and their unsharp-masked counterparts, identify
the principal morphological classes in the dwarf regime, explore the role of morphological details like
bars and interactions and study their recent star formation histories via their rest-frame colours. We also
compare our ndings in the dwarf regime to what is known in massive galaxies. In Section 2.4, we
explore dwarf morphology using commonly-used morphological parameters, such &ssheiglex,
concentration, asymmetry and clumpiness (CA%)y and the Gini coef cient, and compare the distri-
butions of these parameters in dwarfs to those in their massive counterparts in the nearby Universe. In
Section 2.5, we bring our results together and discuss the implications of our ndings for the evolution

of different dwarf morphological classes. We summarise our ndings in Section 2.6.

IThei-band 3 limiting surface-brightness (measured in a 2 pixel patch) is around 31 mag arcséc
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2.2 Data

Our study is underpinned by the Classic version of the COSM0S2020 catalogue (Weaver et al., 2022),
which provides physical parameters, such as photometric redshifts, stellar masses and SFR8 for
million sources in the 2 deg COSMOS eld (Scoville et al., 2007). These parameters are calcu-
lated using deep photometry from 40 broadband and narrowband lters, across the UV through to
the mid-infrared, from the following instruments: GALEX (Zamojski et al., 2007), MegaCam/CFHT
(Sawicki et al., 2019), ACS/HST (Leauthaud et al., 2007), Hyper Suprime-Cam (Aihara et al., 2019),
Subaru/Suprime-Cam (Taniguchi et al., 2007, 2015), VIRCAM/VISTA (McCracken et al., 2012) and
IRAC/Spitzer (Ashby et al., 2013; Steinhardt et al., 2014; Ashby et al., 2015, 2018). The optical and
infrared aperture photometry is extracted using th&«B8&cToR and IRACLEAN codes respectively

and physical parameters are calculated using #eHARE SED- tting algorithm (Arnouts et al., 2002;

libert et al., 2006). The 40- Iter photometry results in accurate parameters, with photometric redshift
accuracies better thanl and 4 per cent for brighti(< 225 mag) and faint (25 i < 27 mag) galax-

ies respectively. Our visual inspection uses optgrlcolour composite images from the HSC-SSP
Ultra-deep layer, which have & 5point source depth of 28 magnitudes. This is around 5 magnitudes
deeper than standard depth SDSS imaging and almost 10 magnitudes deeper than the detection limit of
the SDSS spectroscopic main galaxy sample. The median seeing of the HSC imaQdsascseconds

(around a factor of 2 better than the SDSS).

2.2.1 A complete sample of nearby dwarf galaxies

To construct our dwarf galaxy sample, we rst select objects which are classi ed as galaxiesFby L
HARE (‘type' = 0 in the COSMOS2020 catalogue). We then restrict our study to galaxies which have
stellar masses in the range®1@ < M, < 10°®* M and redshifts in the range< 0:08 and which

lie within the HSC-SSP footprint and outside the HSC-SSP bright-star masks de ned by Coupon et al.
(2018). We restrict ourselves < 0:08 because visual inspection of these dwarfs via their HSC im-
ages suggests that morphological classi cation becomes more dif cult beyond this redshift. The sample

obtained after applying these constraints is comprised of 283 dwarf galaxies.

We then further exclude 26 objects that either have an “extendedness' of 0 in thgrizSi&rs (i.e.
are classi ed as stars via this parameter, even though they are classi ed as galaxieBHyRE?) or,

after visual inspection, either appear to have low signal to noise or are objects where a large foreground

2These objects clearly look like stars when visually inspected (see Figure 2.6).
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or background galaxy is contaminating the photometry of the object in question. The nal sample we
use for our analysis contains 257 dwarf galaxies. The median redshift and stellar mass errors in our
dwarf sample are 0.02 and 0.08 dex, respectively. Notezthd®:08 is much lower than the redshift out

to which COSM0S2020 is expected to be complete (0:3), for galaxies that have stellar masses of

M, > 10® M (see e.g. Figure 1 in Jackson et al., 2021a). This completeness range is also con rmed
by Kaviraj et al. (2024; submitted) who investigate the completeness of dwarf galaxies in the HSC
survey by considering a hypothetical object with a purely old simple stellar population (SSP) at low
redshift that forms in a star formation burst at a redshift of 2. Even though such object does not exist in
reality, the authors use this object as the faintest limiting case which if it is brighter than the detection
limit of the survey then all galaxies brighter than this hypothetical object will be detectable. Figure
2.1 (reproduced with permission from Kaviraj et al. (2024), submitted to MNRAS) shows redshift
estimates for 2 different metallicity assumptions (0.5 @&d 0.05 Z shown by the dotted and solid
lines, respectively) for the SSPs built using the Bruzual & Charlot (2003) stellar models, at which a
survey with a given detection limit would be complete as a function of stellar mass. For the survey used
in this work, which is HSC-SSP UDEEP the completeness limit is shown by the black solid and dotted

lines, where all galaxy samples with lower redshifts and higher masses than the black lines are complete.

The sample of dwarfs used here therefore offers an unbiased statistical sample of galaxies which can be

used to study the morphological properties of the general dwarf population in the nearby Universe.

It is instructive to consider the types of large-scale structures that are actually present in the COS-
MOS2020 footprint at the redshifts probed in this study. Using the X-ray group catalogues compiled by
Finoguenov et al. (2007), George et al. (2011) and Gozaliasl et al. (2019), which incorporate HST-ACS
data from Leauthaud et al. (2007) and photometric redshifts from llbert et al. (2009), we ch&tithe
values of groups that reside within the COSMOS2020 footprinka0:1. The virial masses of the three
groups that t this description lie in the range™®8 M < Mygo< 1032 M . In comparison, a small
cluster like Fornax has a virial mass ofl0**°® M (Drinkwater et al., 2001), while larger clusters like
Virgo and Coma have virial masses ofl0'®> M (e.g. Fougé et al., 2001; Gavazzi et al., 2009). The
COSM0S2020 galaxy population, in our redshift range of interest, therefore resides preferentially in

low-density environments.
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FIGURE 2.1: Redshift completeness estimates as a function of stellar mass. The solid and dashed lines
represent redshift estimates for the purely old SSPs with metallicity assumptions of 0208l2.5 Z ,
respectively. The black lines correspond to the detection limit of HSC UDEEP (used in this work). The
blue, yellow and red lines are associated with the detection limit of HSC WIDE, DESI BGS and SDSS
MGS, where SDSS presents the brightest detection limit among the surveys presented in this plot. This
Figure has been reproduced with permission from Kaviraj et al. (2024), submitted to MNRAS.

2.3 Morphological classi cations via visual inspection

We use visual inspection of HS@r colour composite images to classify our dwarf galaxies into their
principal morphological classes. In order to generate the red-green-blue composite images we make
use of the Python functiomakelupton _rgb (described in Lupton et al., 2004) from the python library
astropy . Unlike massive galaxies, dwarfs are intrinsically faint and their internal structures (disks, bars,
tidal features etc.) may have low contrast in our images. Therefore, for each galaxy, we also create and
visually inspect an “unsharp masked' version of each colour composite image. In unsharp masking (e.g.
Malin, 1977), a blurred image is created by convolving the original with a kernel. The blurred version

is subtracted from the original and the difference image is then multiplied by a factor which represents
the strength of the sharpening. The kernel size and sharpening strength are the free parameters in this
process. The technigue has the effect of sharpening the edges of structures in a galaxy. Given that the
sizes of structures may vary in different galaxies, and since our dwarfs span a range (albeit small) in

redshift, we explore multiple values for both the blurring kernel and the sharpening strength in each
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galaxy.

Unsharp masking has previously been used in astronomy to detect faint, low-contrast features like shells
and tidal features inside and around nearby massive galaxies (e.g. Malin & Carter, 1983). Since they are
intrinsically bright, the internal constituents of massive galaxies (spiral arms, bars etc.) are readily visi-
ble in contemporary surveys without unsharp masking. However, the same may not be true for dwarfs,
which are relatively fainter and unsharp masking could increase the ef cacy of our morphological clas-
si cations. The visual classi cations were performed by one expert classi er (Sugata Kaviraj). The
images were randomised, both the original and unsharp-masked images of each galaxy were classi ed
at the same time and physical parameters (e.g. stellar mass and redshift) were kept hidden during the

classi cation process to avoid introducing any biases.

Finally, visual inspection is performed after applying unsharp masking on ¢t§€olour composite
images. We classify galaxies with a disk-like spiral structure as late type galaxies and objects with a
diffuse structure and high central light concentration as early type galaxies. Galaxies which present a
diffuse structure but with a lack of central light concentration are classi ed as featureless galaxies and
objects which present disturbed/irregular morphology are classi ed as irregular. We also assign a ag
for each galaxy if it presents a bar. A separate ag (signalling an interaction) is used if the objects show
signs of ongoing or recent interactions such as tidal features, visible large-scale internal asymmetry,

shells and dust lanes.

2.3.1 Principal morphological classes in dwarf galaxies

We begin by presenting, in Figures 2.2, 2.3 and 2.4, the three principal morphological classes yielded
by our visual inspection: ETGs, i.e. ellipticals and SOs (Figure 2.2), LTGs (Figure 2.3) and featureless
dwarfs (Figure 2.4). ETGs and LTGs in the dwarf regime are similar to the classical morphological types
known from studies of massive galaxies. While we do not attempt to divide our LTGs into more granular
subclasses, our dwarf LTGs are typically akin to the "Sc' or “Sd' morphologies seen in the massive-
galaxy population. The featureless dwarfs, on the other hand, have at, smooth pro les that lack either
the central light concentration that typi es ETGs or any disk structure that is found in LTGs. Not only
that the featureless type lacks a central light concentration but, as we show in Chapter 3, compared to
the ETG class, it has similar effective radii but signi cantly fainter effective surface brightness values

for a xed stellar mass, which signals that the distribution of stellar mass within these galaxy types is

3We use the interactive unsharp mask lter in the GIMP software package to interactively vary the kernel and the strength
in individual dwarf galaxy images.
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different. A very small number of objects (less than 2 per cent) have a mostly irregular morphology that
does not t into these classes. Examples of these objects are shown in Figure 2.5. Given their small
contribution to the overall number of dwarfs, these galaxies are omitted from the analysis below for

clarity.

Finally, in Figure 2.6, we show examples of the 26 objects that are excluded from our analysis (as
described in Section 2.2.1), either because they are classi ed as stars by the HSC extendedness parameter
(even though they are classi ed as galaxies IBPHARE) or because they are contaminated by nearby
massive galaxies or are low signal to noise objects. Table 2.1 summarises both the number fractions of
dwarfs in these different morphological classes (upper sub-table) and the fractions of galaxies in each
morphological class which show evidence for ongoing or recent interactions (lower sub-table). The rst
column (presented in bold) indicates fractions for the entire dwarf sample, while the second and third
columns show values for the lower and upper halves of our stellar mass range respectively. Throughout

this work uncertainties are calculated following Cameron (2011).

We note that the featureless class strongly resembles what in the nearby Universe are commonly referred
to as dwarf spheroidals (dSph). Indeed, similar galaxies were discovered near the Milky Way as early as

the 1930s (Shapley, 1938), and in the Virgo Cluster as early as the 1950s (Reaves, 1956; van den Bergh,
1959). Reaves (1956) referred to those in Virgo as IC 3475-type objects, and described them as having
"no trace of any small central nucleus or arm structure”, with "relatively slight concentration of light to

the center, if any”, which is extremely similar to our description of the featureless galaxies found in this

study. These featureless dwarfs thus may be dSph-type galaxies.

In this context, it is also instructive to explore the connection between the featureless class and the
population of "ultra-diffuse galaxies' (UDGs, e.g. van Dokkum et al., 2015; Koda et al., 2015), which
are a subset of the dSph population (Conselice, 2018) and have been prominent in the recent literature.
Typical UDGs have effective surface brightnesses;) fainter than 25 mag arcsec and effective

radii (Refr) larger than 1.5 kpc (e.g. Conselice, 2018). However, while 19 out of 24 galaxies in our
featureless class haW larger than 1.5 kpc, virtually all of these galaxies hanebrighter than 25

mag arcsec?. Only two of our featureless galaxies are consistent with the de nition of a UDG (if either

r or i band images are considered). Thus, while the featureless objects are likely related to dSphs, and
could be brighter versions of UDG-like systems, we choose to call them featureless for now, until we
can conduct more detailed comparisons of their structural properties with dSph galaxies using larger

datasets.
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