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Abstract

It is well known that galaxies in the Universe tend to be found in either
clusters, groups, or in the field, and that the hierarchical growth of structure
dictates that galaxies can first aggregate in groups before falling into clus-
ter. The difference in properties between environments (e.g. mass, velocity
dispersion, gravitational potential) means that some mechanisms (e.g. ram
pressure stripping, harassment, galaxy–cluster tidal interactions) dominate
in certain environments. The main aim of this thesis is to study the effects
of the environment on the properties of galaxies, particularly between the
group and cluster environment, where galaxies can be transformed in groups
before entering clusters. To this end, in this thesis I present a detailed view
of the stellar structures hosted by galaxies in the Fornax cluster.

To study the structures in detail, we use data from the Fornax Deep
Survey (FDS), a deep multi-band imaging survey covering 26 deg2 around
the Fornax cluster. We use the catalogue of likely Fornax members from
Venhola et al. (2018) and split the sample into the Fornax main cluster
and the Fornax A group. To extract and quantify the stellar structures
of galaxies, we conduct structural decompositions with models of varying
complexity (single Sérsic, Sérsic+PSF, and multi-component) and calculate
non-parametric morphological indices, which provide a global measure of
morphology. Additionally, we apply aperture photometry to derive surface
brightness profiles in order to study the faint outskirts of galaxies, as well as
to measure the integrated and radial colour properties.

From the quantities derived from structural decompositions: g − r and
r − i colours; effective radius (re); Sérsic index (n); mean effective surface
brightness (µ̄e,r), and non-parametric morphological indices: concentration
(C); asymmetry (A); clumpiness (S); Gini (G); brightest second order mo-
ment of light (M20), we find significantly (KS test p-value < 0.05) different
distributions between galaxies in the Fornax main cluster and the Fornax A
group. Specifically, galaxies of a given stellar mass in the Fornax main clus-
ter tend to be redder in g − r, bluer in r − i, larger in re, fainter in µ̄e,r, less
asymmetric (lower A), and less clumpy (lower S) than their Fornax A group
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counterparts. Furthermore, we find significant correlations (Spearman’s ρ p-
value < 0.05) between the structural quantities and projected cluster-centric
distance for the Fornax main cluster galaxies, namely in r−i, re, µ̄e,r, A, S, G,
and M20. This implies that as galaxies fall deeper towards the Fornax main
cluster centre, they become bluer in r− i, more extended (re), fainter (µ̄e,r),
less asymmetric (lower A), less clumpy (lower S), possess higher equality in
terms of the light distribution (lower G), and have larger spatial distribution
in the brightest 20% of pixels (higher M20). In contrast, we did not find
significant group-centric trends for the Fornax A group galaxies, which is
potentially due to the low sample size.

In terms of hosting large scale stellar structures (i.e. bulges, bars), we find
that the vast majority of structures are hosted by massive galaxies (M∗ ≳
109M⊙). As such, the fraction of galaxies hosting these stellar structures
closely follows the galaxy stellar mass. This relation appears to be consistent
across different environments, as we find similar fractions at a fixed galaxy
stellar mass in the Virgo cluster and in the field. This suggests that the
formation and/or maintenance of stellar structures is primarily reliant on
the galaxy (stellar) mass, rather than from environmental influences.

The most prevalent structure is the nucleus, which corresponds to the un-
resolved nuclear star cluster (NSC). We use a combination of visual inspec-
tion and the model selection statistic Bayesian information criterion (BIC)
to detect nuclei, and also explore the use of the BIC as an unsupervised
method for nucleus detection. We find that the overall nucleation fraction
for the Fornax main cluster is much higher (0.29) than in the Fornax A group
(0.14), which alludes to the importance of the environment in the nucleation
of galaxies. Overall we find a dichotomy in the nucleus properties for host
galaxies with stellar masses above and below M∗,galaxy ≈ 108.5M⊙: the nuclei
of lower mass galaxies tend to be bluer than their host and follow a mass
scaling relation of M∗,nuc ∝ M∗,galaxy

0.5, whereas higher mass galaxies tend
to have redder nuclei compared to their host and follow M∗,nuc ∝ M∗,galaxy.
Comparing the host properties of the nucleated and non-nucleated galaxies,
we find significant difference in the distributions such that nucleated galax-
ies tend to be redder in g − r, less asymmetric (lower A), have redder outer
regions (relative to itself; ∆(g − r)), and show less scatter in M20 than their
non-nucleated counterparts.

To test whether cluster galaxies show signs of quenching (e.g. due to the
removal of gas via ram pressure stripping), we compare the colours and mean
effective surface brightnesses of galaxies in the Fornax and Virgo cluster to
predictions from stellar population models. We find that late-type dwarfs
show properties consistent with a fading and reddening stellar population,
but not for the early-type dwarfs, even though they must be passively evolv-
ing. This is possibly due to a quenching of star formation very early on,
which is supported by the fact that ETGs which appear to be recently addi-
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tions to the Virgo cluster show signs of fading and reddening. Additionally,
the sizes of ETGs and LTGs of a given stellar mass below M∗ ≲ 108M⊙ are
consistent with each other, which further supports the fading and reddening
scenario.

We also investigated the bright (mB < 16 mag) LTGs within the virial
radius of the Fornax main cluster and Fornax A group in terms of disk breaks.
Overall we find clear signs of differences in the disk breaks of LTGs between
the Fornax main cluster and Fornax A group. For example, the Fornax
main cluster LTGs follows a trend between their morphological Hubble type
and projected cluster-centric distance, whereas no such trend can be seen
for Fornax A group LTGs. Additionally, Type II and Type III disk breaks
are observed in the Fornax main cluster, with Type II disk breaks showing
bluer outskirts (relative to their own inner regions) and Type III disk breaks
showing redder outskirts. In contrast, these is an absence of Type II disk
breaks in the Fornax A group sample, and the Type III disk breaks show a
mix of inner–outer colours. Lastly, the majority of Fornax main cluster LTGs
have their break radius within 1re, whereas Fornax A group LTGs tend to
have break radius beyond 1re. The dichotomy of disk break properties likely
reflects the higher efficiency of environmental mechanisms (e.g. ram pressure
stripping, tidal effects) and the longer time spent in the Fornax main cluster
than the Fornax A group.

Key words: galaxies: structure – galaxies: evolution – galaxies: clusters –
galaxies: nuclei
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Chapter 1

Introduction

In this chapter I present a general overview of galaxies in our Universe, from
their formation after the Big Bang to how they appear to us in the night
sky. I review the external mechanisms which can act on the galaxies in the
cluster, as well as the internal mechanisms which give rise to the different
stellar structures we observe today. To study the evolution of galaxies, in this
thesis I make extensive use of the Fornax Deep Survey (FDS), a deep imag-
ing survey of the Fornax cluster which provides a detailed view of the cluster
and group environments. Additionally, the work in this thesis was part of
the SUrvey Network for Deep Imaging Analysis & Learning (SUNDIAL), an
innovative training network of astronomers and computer scientists from sev-
eral European institutes collaborating to apply novel algorithms to large scale
astronomical datasets. Overall, our collaboration has produced great work
in the realm of the low surface brightness Universe in the form of detailed
photometry (Chamba et al. 2020; Saifollahi et al. 2021), stellar populations
(Bidaran et al. 2020), simulations (Rathi et al. 2020; Mastropietro et al.
2021), and novel algorithms in object detection (Haigh et al. 2021; Nguyen
et al. 2021), structure extraction (Mohammadi & Bunte 2020; Canducci et al.
2022; Taghribi et al. 2022) and analysis (Nolte et al. 2019; Razim et al. 2021).
The works in this thesis (Papers I–V) address the structures of galaxies in
the context of the Fornax cluster.

1.1 Galaxies in our Universe

In this section I outline the origin of galaxies in the cosmological context
of structure formation, as well as the myriad of observed properties which
distinguish the galaxies.
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1.1.1 Cosmological origin

What are galaxies and how did they form? To answer this question, we need
to understand how the Universe was born. With the Big Bang 13.8 Gyr ago,
the Universe came into being and began to expand (Planck Collaboration
et al. 2020a). This period of exponential expansion (i.e. inflation) was so
drastic that the density fluctuations on the quantum scale expanded along
with the Universe to an astronomical scale (Liddle & Lyth 2000; Vazquez
et al. 2018). Over time, the Universe expanded and cooled, allowing protons
and electrons to combine and form neutral hydrogen. This is known as the
epoch of recombination, taking place roughly 0.25 Myr after the Big Bang
(Ryden 2016). Due to the decrease of the number of free electrons in the
Universe, photons were free to travel without being scattered, and so the
Universe became transparent. Because the photons were no longer coupled
to matter, this is also known as decoupling (completed roughly 0.37 Myr
after the Big Bang, Ryden 2016). On the other hand, dark matter (DM)
is not coupled to photons, so in regions with higher density fluctuation it
is free to collapse and form haloes before the baryons, which feel the effects
of radiation pressure (Liddle & Lyth 2000). These haloes are the seed from
which galaxies form, as baryons are attracted to the DM haloes through
gravity. Eventually, the hydrogen gas become dense enough and undergo
gravitational collapse to begin fusion, giving birth to the first stars which
light up the galaxy. The radiation from the stars ionise the gas, hence this
epoch is known as re-ionisation (roughly 650 Myr after the Big Bang, Ryden
2016).

The de facto framework which outlines the evolution of the Universe and
the formation of structures is ΛCDM. The Λ denotes the cosmological con-
stant, also known as dark energy (DE). CDM stands for cold dark matter,
which means the velocities of dark matter particles are much lower than the
speed of light. These two components make up the majority of the contents
of the Universe today, with DE and DM taking up 68% and 27%, respec-
tively, whereas baryons make up roughly 5% (Planck Collaboration et al.
2020a). It may appear counter-intuitive that the Universe is governed by
invisible matter and energy, but predictions from ΛCDM appear to be con-
sistent with observations of the Universe (e.g. the accelerated expansion of
the Universe, Riess et al. 1998; Perlmutter et al. 1999; the properties of the
cosmic microwave background, Bennett et al. 2003; Planck Collaboration
et al. 2020b; and Big Bang nucleosynthesis, Steigman 2007). One of the suc-
cesses of ΛCDM is that it can naturally reproduce the observed large scale
structure of the cosmic web (see Springel et al. 2006, and references therein).
Due to the cold nature of the DM, the first overdense regions which under-
went collapse (under gravitational instability) were not massive, and thus
the first objects in the Universe were small (but numerous) DM haloes. The
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baryons trapped within the potential well of these haloes eventually formed
the luminous parts of dwarf galaxies. These objects interacted with each
other under the effects of gravity, and over time formed larger, more mas-
sive galaxies. Eventually, these galaxies accumulated to form galaxy groups,
which in turn aggregated into galaxy clusters and ultimately formed super
clusters, interconnected with each other via filaments. Due to its escalatory
nature, this is known as the hierarchical growth or bottom-up formation of
galaxies (Press & Schechter 1974; White & Rees 1978).

Despite the remarkable success of ΛCDM in reproducing observations,
there are also some well known inconsistencies with observations when con-
sidering small scale structures (< 1 Mpc; see Bullock & Boylan-Kolchin 2017,
and references therein). One such inconsistency is known as the ’missing
satellite problem’, where the number of observed satellite galaxies around the
MW is much less than the predicted number of DM sub-haloes (e.g. Klypin
et al. 1999; Moore et al. 1999). However, with better understanding of the
effects of stellar feedback (e.g. from stellar winds, supernovae) and cosmic
re-ionisation on low-mass sub-haloes, the discrepancy has largely been re-
solved, at least down to the dwarf galaxy regime (Bullock & Boylan-Kolchin
2017; Kim et al. 2018). Another discrepancy is the ’too big to fail’ problem,
where the inferred DM halo of satellite galaxies are much more centrally con-
centrated (in mass) than expected from observations (Boylan-Kolchin et al.
2012; Tollerud et al. 2014; Kirby et al. 2014). The concentration is typically
calculated based on velocity measurements (also referred to as the velocity
function: VF) inferred from HI observations. However, recent studies com-
paring mock measurements of simulated galaxies appear to show consistent
VF with observed galaxies (Brooks et al. 2017; Verbeke et al. 2017); the
inconsistencies arise as the rotational velocities derived from HI linewidth
can lead to underestimation of the true kinematics. Verbeke et al. (2017)
attributed the underestimation to the fact that supernovae feedback leads to
turbulent and vertically extended gas such that they are not good tracers in
the case of late-type dwarfs.

Aside from ΛCDM, alternative theories have also been proposed to solve
the tension between observations. For example, warm dark matter (WDM),
which suppresses structure formation at the galaxy scale and below, can
produce more realistic massive DM haloes than in CDM (Bullock & Boylan-
Kolchin 2017; Paduroiu et al. 2015). Alternatively, the theory of modified
Newtonian dynamics (MOND, Milgrom 1983) has shown remarkable agree-
ment between observations and predictions (at the galactic scales) without
the need for DM (for a review, see Famaey & McGaugh 2012). Neverthe-
less, these theories are not without shortcomings and discrepancies still exist
which remain to be solved. Overall, cosmological models have mostly been
tested with observations of the Local Group (LG) so far, as the proximity
makes detecting faint, low-mass galaxies more likely. However, with upcom-
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ing deep sky surveys (e.g. Euclid1 Laureijs et al. 2011; LSST LSST Science
Collaboration et al. 2009; Ivezić et al. 2019), the limit in detection is steadily
decreasing such that faint members in nearby clusters will be observed, pro-
viding new observational testbeds for ΛCDM.

1.1.2 Diversity of galaxies

At a glance, the appearance of galaxies are similar enough that they can
loosely be placed in two categories; the majority of bright galaxies either
appear smooth and featureless (e.g. ellipticals), or show signs of star forma-
tion and potentially hosting coherent stellar structures (e.g. spiral galaxies).
This especially applied to early observations, which tend to be biased to
bright and/or nearby galaxies. This dichotomy, based on the shapes and
structures of the galaxies (i.e. their morphology), is reflected in the seminal
classification scheme of Hubble (1926) (also known as the Hubble sequence
or Hubble’s tuning fork), who classified galaxies as ellipticals, spirals (with
and without a bar), or irregulars (for those which did not fit in the previ-
ous classes). Within each class the galaxies were further divided based on
the apparent ellipticity (ellipticals and irregulars) or a combination of the
brightness of the central region and the tightness of the spiral arms (spirals).
Subsequent classification schemes (e.g. de Vaucouleurs 1959a; Sandage 1961;
Buta et al. 2015) became more detailed and complex2 to account for the
observed variety of structures and galaxy types, such as lenticular galaxies
(disk-like galaxies without signs of spiral arms; see D’Onofrio et al. 2016,
their Chapter 3.2), which were thought of as a transition between ellipticals
and spirals. Across the classes (and sub-classes) the terms ’early’ and ’late’
were used to describe the progression of morphologically ’simple’ ellipticals to
the more ’complex’ spirals along the Hubble sequence (note that it does not
refer to the age at which they form). Whilst the evolutionary aspect of the
Hubble sequence is no longer relevant, the nomenclature remains, with early-
type galaxies (ETG) covering both elliptical and lenticular galaxies, whereas
late-type galaxies (LTG) cover spirals and irregular galaxies. However, the
advent of deep imaging revealing low surface brightness (LSB) structures of
massive galaxies has called the usefulness of the classical Hubble sequence
into question (e.g. Duc et al. 2015). Towards the low-mass end, the diversity
of dwarf galaxies also warranted its own classification scheme (e.g. Sandage
& Binggeli 1984). The majority of dwarfs fall under the categories of dwarf
ellipticals (dE), dwarf irregulars, and dwarf spheroidals, although new dwarf
classes are being established with deeper observations, such as ultra-compact
dwarfs (UCDs; e.g. Hilker et al. 1999; Phillipps et al. 2001) and ultra-diffuse

1https://www.euclid-ec.org/
2Table 1 of Buta et al. (2015) provides an example of the complexity of modern mor-

phological classifications.
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galaxies (UDGs; e.g. van Dokkum et al. 2015). Although some dwarfs do
exhibit stellar structures such as spirals (Tolstoy et al. 2009) and bars (Dı́az-
Garćıa et al. 2016), dwarfs on the whole do not appear to exhibit as much
structure compared to bright galaxies (Janz et al. 2016).

Aside from morphology, the study of the stellar population of galaxies
is also crucial in understanding galaxies, particularly in terms of timescales
and formation histories. The star formation history (SFH) can be deduced
from the study of the chemical composition of stars in a galaxy, with the
chemical elements leaving imprints in the spectrum via absorption (or emis-
sion). As such, observations which sample multiple wavelengths, such as
spectroscopy and multi-band photometry, can be used to infer the stellar
populations of a galaxy. The colours of galaxies, which compares the amount
of light between different bands, can be used to classify galaxies when placed
on colour-magnitude diagrams (CMDs). Galaxies generally fall under two
groups: those which form a clear slope between increasing colour (i.e. red-
der) and increasing brightness/stellar mass, known as the red sequence; and
a scattering of galaxies with lower colours (i.e. bluer) which lie below the
red sequence, known as the blue cloud (Strateva et al. 2001; Baldry et al.
2004; Driver et al. 2006). Typically, galaxies along the red sequence are qui-
escent, where star formation has ceased due to the lack of gas and the stellar
population reddens as it evolves, and show early-type morphology. On the
other hand, galaxies in the blue cloud tend to be star forming and exhibit
late-type morphology, although exceptions such as red spirals and blue el-
lipticals do exist (e.g. Bamford et al. 2009; Schawinski et al. 2009; Masters
et al. 2010b). In between the red sequence and the blue cloud is the green val-
ley, where galaxies (both ETGs and LTGs) experiencing quenching in their
star formation pass through as they move between the blue cloud to the red
sequence (Schawinski et al. 2014). The low fraction of galaxies residing in
the green valley suggests that the transition between the blue cloud and red
sequence must be fast (∼ 1 Gyr), although the quenching timescale itself can
vary (Smethurst et al. 2015). Studies of the colours of galaxies through red-
shift suggests that the red sequence formed starting from the most massive
galaxies, whereas the low-mass end of the red sequence formed more recently
(Boselli & Gavazzi 2014). Moreover, the environment in which the galaxies
reside in also plays a role in the build up of the red sequence, with cluster
galaxies showing a clearer build-up of the low-mass end of the red sequence
than galaxies in the field (Tanaka et al. 2005). This is likely due to the envi-
ronmental effects such as ram pressure stripping removing the available gas
and expediting the quenching of star formation. I discuss the effects of the
environment on galaxies in Section 1.3.1.

Another aspect in which galaxies differ is the kinematics of their stars.
In principle, the motion of stars in galaxy disks can be thought of as more
ordered and the majority follow approximately circular orbits, whereas the
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motion of stars in ellipticals tend to be more chaotic (Merritt 1999; see also
Binney & Tremaine 2008, their Chapter 3). From this, a common percep-
tion in terms of kinematics is that disk galaxies (e.g. spirals) are rotation-
ally supported (via transport of angular momentum, Lynden-Bell & Kalnajs
1972) whereas ellipticals are pressure supported (i.e. by the random motion
of stars; see Sparke & Gallagher 2007, their Chapter 6.2). With the ad-
vent of integral field spectroscopy (e.g. SAURON, Bacon et al. 2001; SAMI,
Croom et al. 2012; MANGA, Bundy et al. 2015; CALIFA, Sánchez et al.
2016) and the introduction of the apparent specific stellar angular momen-
tum parameter λR (Emsellem et al. 2007), studies have revealed that galaxies
(M∗ ≳ 1010M⊙) can be split into two kinematic classes: fast-rotators and
slow-rotators (Emsellem et al. 2011; Cappellari 2016; Falcón-Barroso et al.
2019). The fast-rotators are characterised by regular stellar kinematics, with
general alignment between the photometric and kinematic axes which al-
lude to more disk-like shapes (e.g. oblate spheroids). Slow-rotators, on the
other hand, present more complex kinematics, with many hosting a kine-
matically distinct core (based on the velocity dispersion). Moreover, the
misalignment between axes suggest that slow-rotators are likely weakly tri-
axial in their shape. In general, slow-rotators are predominantly red, massive
(≳ 1011M⊙) ellipticals (Cappellari et al. 2013), whereas fast-rotators encom-
pass both early and late types (e.g. lenticulars and spirals, Falcón-Barroso
et al. 2019).

Studying the mass-size scaling relations between cluster and field environ-
ments, Cappellari (2013) found that the fast-rotator ETGs follow the same
size mass relation between the two environments, and that slow-rotator ETGs
tend to be more massive than their fast-rotator counterparts. Together with
the lack of spirals in the cluster environment, they interpret the results as
signs of separate formation channels for slow- and fast-rotators: spirals likely
transform into fast-rotator ETGs in clusters, reducing their effective size as
central concentration grows (e.g. bulges); and the slow rotators increase in
size and mass as they evolve in the cluster, likely via dry mergers (i.e. with-
out gas). Whilst most works have focused on massive galaxies, studies of
dEs (particularly in clusters) appear to suggest generally lower λR compared
to intermediate mass (M∗ ∼ 1010M⊙) galaxies, and as a weak function of
projected cluster-centric distance (Toloba et al. 2015; Scott et al. 2020). This
implies lower rotational support for dEs (relative to intermediate mass galax-
ies) and that environmental processes play a role in altering the kinematics
of dwarfs (Bidaran et al. 2020). Using zoom-in cosmological simulations,
Cardona-Barrero et al. (2020) found roughly half of the simulated UDGs to
be rotationally supported and exhibit oblate shapes. The other half which
were classed as pressure supported showed shapes consistent with triaxial or
prolate spheroids.

Additionally, galaxies can appear different depending on their redshift,
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Galaxy property Dwarf Massive Sources
re [kpc] 1 – 5 1 – 20 1

SFR [M⊙ yr−1] 10−3 – 10−1 10−1 – 100.5 2
Mgas/M∗ 1 – 10 10−1.5 – 1 2,3
g − r [mag] 0.2 – 0.7 0.4 – 0.8 4
M∗/Mhalo 10−3 – 10−2 10−3 – 10−1.5 5

Table 1.1: List of galaxy properties and a rough range of values dwarfs
(M∗ ≲ 109M⊙) and massive (M∗ ≳ 109M⊙) galaxies can take. Sources:
1=Trujillo et al. (2020), 2=Gavazzi et al. (2013), 3=Somerville & Davé
(2015), 4=Blanton & Moustakas (2009), 5=Behroozi et al. (2019).

as the light we observe at high redshifts are a glimpse into the past. As
a result, studies across redshift are power tools to study galaxy evolution
as they provide snapshots of galaxies at different epochs in the Universe.
Observations of z ≳ 1 galaxies show clear signs of star formation and clumpy
and asymmetric morphologies, as opposed to star forming spirals in the local
Universe (e.g. Conselice et al. 2004; Elmegreen et al. 2005; Guo et al. 2015,
2018). Studying spiral structure through redshift, Margalef-Bentabol et al.
(2022) found that the number of spirals increase towards the present day, with
a factor of ∼ 10 between z = 0.5 and z = 2.5. The fraction of clumpy galaxies
also decrease with decreasing redshift for massive (M∗ ≳ 1010M⊙) galaxies,
but remain roughly constant for lower mass galaxies (Guo et al. 2015). The
clumps are thought to be regions of enhanced star formation, which manifests
as generally bluer colours of the galaxies (see Guo et al. 2018, and references
therein). Redshift studies on the colours of galaxies show an evolution of the
fraction of galaxies in the red sequence and blue cloud over time, generally
bluer colours at higher redshifts (e.g. Bell et al. 2004; Williams et al. 2009;
Nicol et al. 2011). This is consistent with studies on the star formation rates,
showing peak star formation at z ≈ 2 and decreasing for z < 2 and z > 2
(Behroozi et al. 2013).

To summarise, the properties of galaxies are products of their evolutionary
history, which can be traced by their morphology, kinematics, and SFH.
The processes and mechanisms which drive the evolution can be internal to
the galaxy or come from external influences, in addition to the hierarchical
growth of galaxies in ΛCDM. Naturally, the cluster environment provides a
wonderful testbed to study galaxy evolution history. In particular, the Fornax
cluster hosts a wealth of galaxies (spanning six orders of magnitude in stellar
mass), and the neighbouring Fornax A group provides an opportunity to
study the influence of the environments on the properties of galaxies.
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1.2 Galaxy structures

As mentioned, galaxies can host a wide range of stellar structures, from large
scale structures such as bulges, disks, and bars, to the relatively compact,
such as nuclei. Here I briefly go over some of the most common structures
and their observational properties.

1.2.1 Nucleus

In the context of extragalactic observations, the nucleus of a galaxy refers
to a central excess of light above the inner extrapolation of light from other
parts of the galaxy (e.g. bulge, bar, disk) The source is typically compact
(and often unresolved), such as active galactic nuclei (AGNs) or nuclear star
clusters (NSCs). AGNs are powered by the accretion of material by super-
massive black holes (Salpeter 1964; Shields 1999) at the centre of galaxies and
are predominantly found in massive galaxies (Kauffmann et al. 2003). NSCs,
on the other hand, are relatively compact concentrations of stars (≲ 50 pc;
Neumayer et al. 2020) which appear to be ubiquitous, having been found
in both dwarfs and massive galaxies (106 ≲ M∗/M⊙ ≲ 1012, Côté et al.
2006; Turner et al. 2012; Georgiev et al. 2016; Sánchez-Janssen et al. 2019).
AGNs constitute some of the brightest objects in the Universe and can even
outshine their host galaxies (Padovani et al. 2017). In comparison, NSCs
typically only account for a few percent of the total light of the host galax-
ies (Neumayer et al. 2020). In this thesis I focus on the NSCs due to their
prevalence in our sample galaxies (see Section 3.4).

A significant portion of studies on NSCs have been based on photometric
surveys of galaxies. In particular, the high spatial resolution of the HST
allowed the NSCs to be resolved and studied in detail (e.g. Carollo et al.
1997, 2002; Côté et al. 2006), and soon it became clear that the NSCs appear
to follow scaling relations with their host galaxies (Carollo et al. 1998; Lotz
et al. 2001; Ferrarese et al. 2006). Additionally, there is compelling evidence
that the external environment can play a role in the nucleation of galaxies,
in terms of the fraction of nucleated galaxies across clusters of different mass
(Zanatta et al. 2021; Carlsten et al. 2021) and within individual clusters
(Venhola et al. 2019). As such, it is clear that the formation and evolution of
NSCs must be tied to their host galaxy properties, which can be influenced
by the external environment.

The formation of NSCs appears to follow two main channels: through
the in-spiral of globular clusters (GCs), or through in-situ star formation.
The in-spiral mechanism relies on the formation of GCs in the outer parts
(but not necessarily the outskirts) of the galaxy. Dynamical friction (e.g.
Tremaine et al. 1975; Capuzzo-Dolcetta 1993; Oh & Lin 2000; Lotz et al.
2001), which acts upon the GCs to reduce their angular momentum, brings
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them closer towards the centre of the galaxy. The timescale for a GC to
reach the galaxy centre from a distance of ri due to dynamical friction can
be described (according to Binney & Tremaine 2008, their Equation 8.12) as

tdf =
1.65

ln Λ

ri
2σ

GMGC

, (1.1)

where MGC is the mass of the GC, σ is the velocity dispersion, G is the
gravitational constant, and ln Λ is the Coulomb logarithm (dependent on the
ratio of GC to galaxy mass; ≃ 6, Binney & Tremaine 2008). The timescales
for infall due to dynamical friction is of the order of a few Gyr (e.g. Binney
& Tremaine 2008; Gnedin et al. 2014), although N-body simulations have
shown it can be significantly faster (Fujii et al. 2006).

In the case of in-situ star formation, stars can form from the collapse
of cold gas, for example, due to bar driven inflow (Maciejewski 2004; Hunt
et al. 2008; Emsellem et al. 2015), tidal compression (Emsellem & van de Ven
2008), or the coalescence of star forming clumps (Bekki et al. 2006; Bekki
2007). NSCs which form through the GC in-spiral mechanism are expected
to have old stellar populations, whereas NSCs which formed in-situ would
have a younger population of stars. Recent studies on the stellar population
of NSCs from dwarfs (predominantly ETGs) in clusters appear to suggest a
dichotomy in the dominant formation channel depending on the host galaxy
stellar mass: in-spiral is dominant at low galaxy masses (< 109M⊙) and in-
situ formation is dominant at high galaxy masses (> 109M⊙, Johnston et al.
2020; Fahrion et al. 2021). Nevertheless, some NSCs also show a mix of ages,
implying that the mechanisms are not mutually exclusive (see Neumayer
et al. 2020, and references therein).

1.2.2 Bulge

Historically, the bulge as a structure has been studied in two contexts: as
populations of stars located towards the centre of the MW, and as an ex-
cess of light above the inward extrapolation of light from the accompanying
galaxy disk (for an insightful historical overview, see Madore 2016). In prin-
ciple, bulges can be separated into three types based on their formation
mechanisms: classical bulge, disky pseudobulge, and boxy/peanut/barlens
bulge (e.g. Athanassoula 2005; Laurikainen & Salo 2016). The formation
scenario for classical bulges is that of a rapid process, such as through
the monolithic collapse of gas which efficiently create stars (e.g. Elmegreen
1999), or through mergers of galaxies during the early Universe (e.g. Abadi
et al. 2003). Disky pseudobulges, on the other hand, form through the
funnelling of gas to the centre of the galaxy through, for example, stel-
lar bars or spiral arms (Athanassoula 2003; Kormendy & Kennicutt 2004).
The boxy/peanut/barlens bulges form due to the buckling instability of bars
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(Raha et al. 1991), which lead to vertically extended structures (Combes
& Sanders 1981). It is worth clarifying that ’boxy/peanut’ and ’barlens’
describe the apparent shape of the bulge depending on the inclination at
which the bulge is viewed from: barlens when viewed face-on, boxy/peanut
when viewed edge-on (Laurikainen et al. 2014; Athanassoula et al. 2015; Lau-
rikainen & Salo 2017; Salo & Laurikainen 2017). As the boxy/peanut/barlens
bulge originated as part of the bar, it is also discussed in Section 1.2.4.

Observationally, classical bulges are generally devoid of distinct struc-
tures or features, predominantly consist of old stellar populations, and are
supported by random motion (Fisher & Drory 2016). Indeed, Kormendy &
Bender (2012) found that classical bulges appear to follow similar relations
in the fundamental plane (e.g. in terms of size and surface brightness), which
likely reflects their similar formation mechanisms. In comparison, disky pseu-
dobulges tend to be flatter or more disk-like in their intrinsic shape, and are
typically rotationally supported (Méndez-Abreu 2016; Kormendy & Kenni-
cutt 2004). Morphologically, it is not uncommon for disky pseudobulges to
exhibit rings and spiral structures (Fisher & Drory 2016). Using analytical
functions such as the Sérsic function (Sersic 1968) to model the surface bright-
ness profiles of bulges, Fisher & Drory (2008) found that classical bulges tend
to more centrally concentrated (Sérsic n > 2) than disky pseudobulge (Sérsic
n < 2). Unlike disky pseudobulges, boxy/peanut/barlens bulges are ver-
tically extended (Athanassoula 2005) and host older stellar populations on
average (Coelho & Gadotti 2011; Laurikainen et al. 2018). Observations have
shown that galaxies can host multiple types of bulges simultaneously, which
can obfuscate the analysis of bulge properties (see Laurikainen & Salo 2016,
and references therein).

1.2.3 Disk

Galaxy disks are thin, rotationally supported system of baryons (e.g. stars,
gas) and dark matter. When viewed in a face-on orientation disks are typ-
ically circular (barring any interactions with other massive objects, such as
mergers). The topic of galaxy disk formation very much coincides with the-
ories of galaxy formation. The current paradigm of hierarchical structure
formation suggests that overdense regions of DM collapse due to gravita-
tional instabilities, which trapped the baryons within the potential well of
these DM haloes. The work of Fall & Efstathiou (1980) tested this sce-
nario by considering the angular momentum of the collapsing DM and gas.
The main assumption is that the angular momentum of the ”protogalactic”
system was imparted to it through tidal torques exerted by neighbouring
systems. Whilst the DM is dissipationless, the baryons can dissipate energy
(e.g. through bremsstrahlung; Hoyle 1953) and collapse. However, the con-
servation of angular momentum means that the gas cannot freely fall to the
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centre of the potential, thus a rotating disk is formed (see also Dalcanton
et al. 1997).

From observations, the radial surface brightness profiles of the stellar
component of galaxy disks have been found to be remarkably well fitted by
an exponential profile down to many disk scale lengths (de Jong 1996). How-
ever, some galaxy disks were observed to deviate from a single exponential
(Freeman 1970). Instead, some disks appear to be a composite of two (or
more) exponential functions, in an apparent ’break’ from a single exponen-
tial: some appear brighter at large radii than a simple exponential, whilst
others appear fainter than expected. Using images which were deep enough
to reveal the outer regions of galaxies, Pohlen & Trujillo (2006) and Erwin
et al. (2008) categorised the different disk breaks into three groups: Type I,
which follows a single exponential; Type II, which has a steeper drop in its
outskirts (down-bending); and Type III, which has a shallower gradient in its
outskirts (up-bending). The origin of the different disk breaks are a topic of
discussion, with Type II disk breaks typically being attributed to a threshold
in star formation or due to stellar structures such as rings and spirals, whilst
Type III disk breaks appear to be remnants from gravitational interactions
(e.g. Pohlen & Trujillo 2006; Laine et al. 2014). Nevertheless, the underlying
physical mechanisms which give rise to the disk breaks can vary from galaxy
to galaxy (Watkins et al. 2019). Indeed, the faint outskirts of disks provide
fossil records into the past interactions of galaxies in the form of tidal tails,
streams, and shells (Duc et al. 2015; Iodice et al. 2016, 2017; Spavone et al.
2020). These faint structures, together with information on the kinematic
and stellar populations, can give insight into the mass assembly of galaxies,
particularly in the context of hierarchical growth over time.

Whilst not present in all galaxies, spiral arms are undoubtedly one of the
most visually spectacular features of galaxies. Spiral arms appear as over-
dense regions of the disk which tend to have enhanced star formation, and can
extend from the centres of galaxies towards the very outskirts. The generally
accepted theory on the origin of spiral arms is based on density wave theory
(Lin & Shu 1964), where stars in the disk form quasi-stationary structures
which rotate with the same pattern speed over a large range of distances.
The spiral arms are maintained by the mutual gravitational attraction be-
tween stars along the density waves, although stars do not necessarily remain
in the spiral arms at all times as stars in the inner region will move faster
than the spiral arms, and vice versa for stars in the outer region. As the
spiral density waves pass clouds of gas, the overdensity can induce the gas
to collapse, leading to enhanced star formation along the spiral arms.

The criterion for (local) stability of a thin rotating stellar disk against
axisymmetric gravitational collapse can be written following Toomre (1964):

Q =
κσ∗

3.36GΣ∗
, (1.2)
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where κ is the epicyclic frequency, σ∗ is the velocity dispersion of the stars, G
is the gravitational constant, and Σ∗ is the surface density of stars. In essence,
Equation 1.2 can be thought of as the balancing of the stabilising effect due
to pressure and rotation versus the destabilising effects due to gravity. As
such, Q > 1 denotes a stable disk whereas Q < 1 leads to instability. As the
quantities κ, σ∗, and Σ∗ depend on the distance to the galaxy centre, Q only
indicates the stability to local axisymmetric perturbations (see also Binney
& Tremaine 2008, their Sect. 6.2.3).

1.2.4 Bar

Galaxy bars are elongated overdense structures made up of stars and gas,
and are typically located in the inner region of the galaxies. The average bar
radius is of the order of one disk scale length of the host, as well as being
found in a range of host galaxy stellar masses (M∗ ≳ 108M⊙, Dı́az-Garćıa
et al. 2016). The bar interacts with the disk and DM halo over time, which
can drive the secular evolution of the galaxy (e.g. Kormendy & Kennicutt
2004).

Early simulations of massive (e.g. M∗ > 1010M⊙) rotating disks found
that bars can form naturally and rather efficiently (a few disk rotation peri-
ods) due to the growth of large scale non-axisymmetric perturbations in the
disk, in spite of conditions which imply a stable Toomre Q (> 1, e.g. Hohl
1971; Sellwood 1981). According to Sellwood (1981), a bar forms due to the
global instability in the disk (i.e. bar instability), after which it can continue
to grow if it is able to transfer angular momentum to dynamically cold stars
in the outer parts of the disk (e.g. swing amplification, Toomre 1981). By
transporting angular momentum outwards, over time, bars tend to slow down
as it becomes longer and thinner over time (e.g. Hernquist & Weinberg 1992;
Debattista & Sellwood 2000). However, several studies have also found that
bar formation can be diminished by the presence of a massive spherical halo
(Ostriker & Peebles 1973; Hohl 1976; Toomre 1981; Athanassoula & Sellwood
1986). More recently, studies based on cosmological simulations (e.g. Algorry
et al. 2017;  Lokas et al. 2016; Marioni et al. 2022) investigate bars in the con-
text of its effects on the DM halo as well as comparisons with observations
(e.g. size, abundance matching). Whilst there are differences between sim-
ulations and observations, the latest detailed, zoomed-in simulations appear
to be alleviating such tensions (e.g. Marioni et al. 2022).

Whilst bars are common in disk galaxies, a subset of barred galaxies show
a lens-like in the inner parts of the bar. Due to their appearance, these struc-
tures are known as barlenses (Laurikainen et al. 2011; see also Laurikainen &
Salo 2016, and references therein). As mentioned in Section 1.2.2, the bar-
lens is the face-on counterpart of the boxy/peanut bulge. Barlenses originate
from the buckling instability of bars, which give rise to more chaotic and ver-
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tically extended orbits that make up the barlens (Patsis & Katsanikas 2014;
Athanassoula et al. 2015). Visually, a barlens appears as a round excess
of light within the inner region of the accompanying bar, and as a verti-
cally extended structure when viewed near edge-on (e.g. Laurikainen et al.
2014). Owing to their central location in galaxies, barlenses can easily be
misclassified as part of a classical bulge, which can significantly alter the
bulge properties and interpretations (e.g. the amount of mass attributed to
a classical bulge, Laurikainen & Salo 2016; Laurikainen et al. 2018).

1.3 Environmental processes

The environment that the galaxies reside in can play an important role in
their evolution. Those which dwell in high density environments, such as
clusters, can gravitationally interact with the cluster or even other galaxies.
In contrast, galaxies in the field tend to be more isolated and experience little
interaction from other galaxies. The group environment, which bridges galax-
ies in the field to clusters, tends to be less massive and poorer (in the number
of member galaxies) than clusters (Sparke & Gallagher 2007; Poggianti et al.
2009; Dressler et al. 2013), allowing different interactions and mechanisms to
predominate. Here I explore the most prominent environmental mechanisms
which affect galaxies in clusters and groups.

1.3.1 Ram pressure stripping

In high density regions such as clusters, a significant component is the hot
intra-cluster medium (ICM). The temperature of the ICM can reach 107 −
108 K (Sparke & Gallagher 2007; Boselli et al. 2021), which is hot enough
to emit X-rays via bremsstrahlung. As a result, the ICM mostly consists of
ions and electrons. For a galaxy falling towards the cluster centre, the ions
from the ICM exert a ram pressure on the interstellar medium (ISM) of the
galaxy which can be described as

Pram ≈ ρICM v2, (1.3)

where ρICM is the density of the ICM, and v is the velocity of the galaxy
ISM (perpendicular to the galaxy disk plane) relative to the ICM. For the
infalling galaxy, its gas is gravitationally bound to the galaxy disk by a force
per unit area of

F = 2πGΣstarΣgas, (1.4)

where Σstar and Σgas denote the star and gas surface density, respectively,
and G is the gravitational constant. Thus, if the ram pressure exceeds the
gravitational force, the ISM will be stripped from the galaxy as it moves
through the cluster (Gunn & Gott 1972; Boselli & Gavazzi 2006). This is
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known as ram pressure stripping (RPS). It is worth noting that RPS does
not act on the stellar and dark matter components of the galaxy directly,
but on the ISM of the infalling galaxy. As Eqs. (1.3) and (1.4) suggest,
RPS depends on the properties of the environment and the infalling galaxy,
specifically ρICM, v, Σstar, and Σgas. These properties can be constrained
through multi-wavelength observations. For instance, ρICM is proportional
to the electron density (ne) of the ICM, which can be determined through
X-ray observations. In particular, Paolillo et al. (2002) and Kim et al. (1998)
mapped out the radial electron density profiles of NGC 1399 and NGC 1316
(the two brightest galaxies in Fornax), respectively; both profiles decrease
with increasing radial distance. The surface density of stars can be calcu-
lated through optical (or infrared) photometry, whereas the cool gas can be
evaluated as a combination of atomic and molecular hydrogen through radio
observations of the Hi and CO lines, respectively (Boselli et al. 2021).

Although the extent of gas stripping can vary depending on the mass of
the galaxy and the cluster, in general the amount of gas stripping depends
on the galaxy’s location in the cluster, with the effects of RPS strongest at
the cluster centre. Moreover, as the star and gas density typically decrease
with increasing distance from the galaxy centre (Bigiel & Blitz 2012), the gas
towards the outskirts of a galaxy will be more loosely bound. As a result, the
effects of RPS remove the gas from the outskirts of galaxies first and work
progressively towards the galaxy centre as the galaxy itself falls towards the
cluster centre (Vollmer 2009). Another crucial factor is the orbit of the galaxy
falling into the cluster, such as the inclination of the galaxy disk as it enters
the ICM (Boselli et al. 2021). As stated in Equation 1.3, the drag exerted
on the ISM is dependent on the relative velocity perpendicular to the galaxy
disk plane. Therefore, those that enter the ICM with a face-on orientation
(relative to the ICM) will likely experience stronger effects of RPS than those
who enter in an edge-on orientation.

The mechanism of RPS is known to act on a fast timescale relative to
the orbital timescale of the infalling galaxies (of the order of a few hundred
Myr to a Gyr, Boselli et al. 2008; Tonnesen et al. 2007; Roediger & Brüggen
2007). The efficient removal of cool gas greatly hampers star formation in
the stripped galaxies, leading to a decline in the number of young stars being
born. Over time the population of stars ages and the galaxies become redder
in colour when observed. Thus, RPS is commonly invoked in the literature
to transform blue star-forming galaxies to red quiescent galaxies in dense
environments. Despite the fast acting timescale, cluster galaxies have been
observed to be undergoing RPS, leaving trails of gas behind (e.g. Gavazzi
1989; Kenney et al. 2004; Poggianti et al. 2017). A subset of these, which
generally exhibit star formation and a disturbed morphology including trail-
ing tail(s) in the optical, are known as jellyfish galaxies, so called due to
its resemblance to the marine animal (Chung et al. 2009; Bekki 2009; Smith
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et al. 2010b; Ebeling et al. 2014; Mastropietro et al. 2021). Recently, the sim-
ulations of (Mastropietro et al. 2021) have demonstrated that a dwarf galaxy
falling into a cluster potential can produce jellyfish-like morphology, in close
agreement with observations of NGC 1427A in the Fornax cluster. Further-
more, they were able to estimate the most probable position for NGC 1427A
and its orbit around the Fornax cluster by studying the tails produced in the
simulations.

1.3.2 Tidal interactions

The relative proximity of galaxies in dense environments leads to non-negligible
gravitational interactions, both between the galaxies themselves as well as
between the galaxies and the potential well of the cluster/group. Here I
discuss the two scenarios separately and their effects on galaxies.

Galaxy-Galaxy interactions

Galaxies in a cluster are not stationary, but orbit around the cluster poten-
tial. The velocity at which they travel relative to each other depends on
the cluster, with typical speeds of hundreds to thousands of kilometres per
second for low and high mass clusters, respectively (Colless & Dunn 1996;
Drinkwater et al. 2001; Boselli & Gavazzi 2006). At these speeds, any en-
counter between two galaxies must be short, which gives limited time for
gravitational interactions to act. As a result, the stellar distribution of the
galaxies are generally unaffected after a single high speed encounter. How-
ever, with each encounter the galaxies impart an impulse upon each other,
which can accumulate and effectively heat up the stars in the galaxies. This
can lead to significant stripping of stars in the galaxy outskirts, leading to
truncation of disks as stars become unbound. This is known as galaxy-galaxy
harassment. The timescale of this disruption can be approximated following
Equation 8.54 of Binney & Tremaine (2008)

td ≃
0.043

W

σrelMsrh
2

GMp
2npa3

, (1.5)

where W is a numerical factor of order unity related to the mass distribution
of the perturber galaxy, Ms is the total mass of the galaxy being disrupted,
rh is the half-mass radius of the perturber galaxy, Mp is the total mass of the
perturber galaxy, np is the number density of perturber galaxies in the cluster,
a is the orbital semi-major axis (of stars) within the disrupted galaxy, and σrel

is the relative velocity of the perturber and disrupted galaxy (≈
√

2 σ, where
σ is the velocity dispersion of galaxies in the cluster). From Equation 1.5,
it is clear that the efficiency of galaxy-galaxy encounters increases at lower
relative velocities, such as in groups and low-mass clusters. Furthermore,
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a difference in mass between the perturber and disrupted galaxies can lead
to shorter timescales, such as in the case of a dwarf galaxy being perturbed
by a massive galaxy. In dense environments such as clusters and groups,
the number of dwarf galaxies will certainly outnumber the massive galaxies.
Thus, the effects of close encounters on dwarf galaxies in dense environments
cannot be ignored.

Simulations have been crucial to the study of the effects of galaxy-galaxy
harassment. For example, Moore et al. (1996) performed numerical simula-
tions which followed the evolution of disk galaxies in a cluster environment.
They found that the effects of multiple high speed galaxy-galaxy encounters
(combined with interactions with the cluster potential) can severely disturb
the rotationally supported disk galaxies by stripping material from the out-
skirts of the disks before morphologically transforming them into the more
pressure supported dwarf ellipticals or dwarf spheroidals (see also Mastropi-
etro et al. 2005). Additionally, harassed galaxies can become more centrally
concentrated in terms of its gas and stellar distribution, which sink to the
centre to trigger nuclear activity (Moore et al. 1996; Mastropietro et al. 2005).
From the simulations of Smith et al. (2010a), they found that galaxy-galaxy
harassment can account for roughly half the amount of DM loss of dwarfs,
with the other half attributable to the cluster-galaxy interaction. Accord-
ing to the simulations of Knebe et al. (2006), galaxy-galaxy interactions can
account for ∼ 30% of the total mass loss a galaxy experiences.

On the scale of massive galaxies, their interactions can produce tidal tails
and shells which are typically at the faint outskirts of the galaxies (Toomre
& Toomre 1972; Naab et al. 2007; Helmi et al. 2011; Duc et al. 2015). More-
over, in dense environments such as clusters, the material stripped from
galaxy interactions contribute to the intra-cluster light (Mihos et al. 2005;
van Dokkum et al. 2014; Iodice et al. 2019b). These structures are remnants
from past interactions, and as such can be compared to simulations to infer
their formation and evolution. In particular, using the deep photometry of
the Fornax Deep Survey (FDS), Iodice et al. (2016) discovered a faint stellar
bridge between NGC 1399 and NGC 1387, which was interpreted as a sign of
ongoing interaction. Furthermore, by comparing the observed stellar halo to
total mass ratio and cosmological simulations, they infer that the stellar halo
of NGC 1399 likely formed based on multiple accretion events and poten-
tially experienced a major merger in the past. Additionally, the debris from
interactions and mergers can even form dwarf galaxies (tidal dwarf galaxies,
Mirabel et al. 1992; Duc et al. 2004), which show that significant star for-
mation can occur at the outskirts of galaxies. Recently, Trujillo et al. (2020)
defined a galaxy size measurement, R1, which is based on the threshold of
gas density required for star formation in galaxies. As a proxy for the density
threshold, R1 is defined as the radius where the galaxy stellar mass density
equals 1M⊙ pc−2. This definition means that R1 is sensitive to the outskirts
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of galaxies, which can be useful in studying the effects of the environment
on galaxies.

Cluster-Galaxy interactions

For a galaxy falling towards a cluster, its trajectory can be defined by a set
of orbital parameters, such as the eccentricity and the pericentre distance to
the centre of the cluster potential. As the galaxy approaches the centre of the
cluster, the cluster potential can efficiently strip dark matter from the galaxy,
leading to significant mass loss. In comparison, the stellar component tends
to be more resilient from stripping as they are more centrally concentrated.
Nevertheless, the loss of dark matter leads to a shallower galaxy potential,
causing changes in the distribution of the stellar component. Indeed, the
maximum radius where material is still bound to the galaxy, Rtidal, can be
described following Equation 10 of Venhola et al. (2019) (adapted from King
1962)

Rtidal = Rperi

(
Mgalaxy

Mcluster(< Rperi)(3 + e)

)1/3

, (1.6)

where Rperi is the pericentre distance between the galaxy and the cluster
potential, Mgalaxy is the mass of the galaxy, Mcluster(< Rperi) is the mass of
the cluster within Rperi, and e is the orbital eccentricity of the galaxy. From
Equation 1.6, it is clear that the mass ratio between the galaxy and the
cluster and the pericentre distance are crucial in determining the amount of
material which become tidally stripped.

Using numerical simulations, Smith et al. (2015) found that, for early-
type dwarfs evolving within a Virgo-like cluster, the effectiveness of tidal
stripping depends on the pericentre distance as well as the number of peri-
centre passages; after multiple pericentre passages, only a small fraction of
the dark matter remain bound to the galaxies. Moreover, they found that
galaxies which experience the strongest tidal effects can also have a signifi-
cant amount of stars stripped away, leading to smaller sizes in terms of their
effective radius (i.e. radius which encloses half the total light). Similarly,
from the simulations of late-type galaxies, Bialas et al. (2015) also reported
the strong dependence between the orbital parameters and the efficiency of
tidal effects. Furthermore, they found that the amount of mass loss also
depends on the inclination of the galaxy disk with respect to the orbital
plane, where galaxies with higher inclination have higher bound stellar mass
fraction (see also Villalobos et al. 2012). They also noticed a reduction (on
average by 26%) in the effective radius of galaxies that initially have longer
disk scale lengths, which likely reflects the fact that the stars at the outskirts
of these galaxies are less well bound and so are removed first. It is worth
noting that the simulated galaxies in both aforementioned works have stellar
masses of M∗ ∼ 109M⊙ (with DM halo masses of 1011M⊙ and 1010M⊙ for
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Smith et al. (2015) and Bialas et al. (2015), respectively), which is much
more massive than many of the dwarf galaxies which have been observed in
recent observational surveys.

To address the low-mass dwarfs, some studies have turned towards cosmo-
logical hydrodynamical simulations, such as A Project Of Simulating The Lo-
cal Environment (APOSTLE; Sawala et al. 2016). In particular, Fattahi et al.
(2018) studied the effects of tidal forces on dwarf galaxies (M∗ ≳ 105M⊙)
from APOSTLE. Similar to previous studies, they found that tidal stripping
can efficiently strip away the DM component of dwarf galaxies, along with a
fraction of the stellar component depending on the severity of DM mass loss.
Moreover, they found that the effective radius of the simulated dwarfs can
(marginally) increase if they experience total mass losses of no more than
∼ 50%, although higher mass loss will ultimately reduce the effective radius.
In fact, the evolution of the stellar component of the simulated dwarfs are
consistent with the evolutionary tracks derived from Peñarrubia et al. (2008)
(see also Errani et al. 2015), which implies that the evolution of the stellar
components (e.g. effective radius, bound stellar mass, stellar velocity dis-
persion) of the stripped dwarf galaxies are governed primarily on the total
mass loss within their initial effective radii. This highlights the importance
of tidal stripping in transforming the structural parameters of galaxies. A
caveat is that the APOSTLE simulations are based on the LG, so there are
two haloes with virial masses of 1012M⊙. In cluster environments, the virial
masses are typically of the order of 1014M⊙. Substituting the higher mass
into Equation 1.6, one would expect even stronger tidal stripping.

1.3.3 Galaxy preprocessing

From the framework of hierarchical structure formation, galaxies tend to
form in groups and subsequently coalesce into clusters. Whilst galaxy groups
are generally less massive and contain fewer galaxies, similar environmental
processes which occur in clusters can also be relevant. This process where
the properties of galaxies can alter in the group environment before entering
clusters is known as preprocessing.

For example, the galaxy-galaxy tidal disruption timescale (Equation 1.5)
is dependent on the number density (∝ n−1) and the velocity dispersion (∝ σ)
of the member galaxies. According to the virial theorem, which describes the
kinetic and potential energy of a system (e.g. cluster), the velocity dispersion
is proportional to the mass of the system (σ2 ∝ M/R). Therefore, the lower
mass, and hence velocity dispersion, of groups can lead to a decrease in the
disruption timescale. Whilst the total number of galaxies in clusters tend to
be higher, the extent of the cluster (e.g. its virial radius) is also larger, so
the number density for clusters do not necessarily differ heavily from those
of groups.
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Fujita (2004) took an analytical approach to consider the impact of pre-
processing on massive disk galaxies (MW-like and M33-like). Specifically,
they considered the effects of RPS, strangulation (cessation of gas infall onto
a galaxy after entering a massive halo, Larson et al. 1980), and the evapo-
ration of the cold gas due to the ICM on the star formation rate (SFR) of
galaxies in clusters, sub-clusters, and groups (with approximate virial masses
of 1015M⊙, 1014M⊙, 1013M⊙ at z = 0, respectively). Overall, they find that
RPS can be effective in the progenitor of massive clusters at higher redshifts.
This, along with the effects of strangulation and evaporation, can work to
quench the star formation in galaxies before they fall into a massive cluster.
Aside from the quenching of star formation, Fujita (2004) also considered
the effects of galaxy mergers on transforming the morphology of galaxies.
They considered mergers through the context of dynamical friction bringing
galaxies towards the centre of the dense environment, and as such is depen-
dent on the dynamical friction timescale (Equation 1.1). Overall, they find
that mergers are only efficient in sub-clusters and groups at high redshifts,
as the environments grow more massive over time (leading to higher relative
velocities for galaxies).

A powerful tool in understanding the mechanisms of preprocessing is
through cosmological simulations, where galaxies and DM haloes grow hi-
erarchically. Recently, Donnari et al. (2021) studied the fraction of quenched
galaxies in the IllustrisTNG across different environments over cosmic time.
They define quenching as galaxies with SFR 1 dex below the star forming
main sequence. Overall, they found that the majority (∼ 75%) of satellite
galaxies become quenched within their final host, whereas just over 20% of
the galaxies have been pre-quenched (i.e. quenched before infall into their
current host). Although the fraction of pre-quenched galaxies is low, Donnari
et al. (2021) also note that up to ∼ 50% of satellite galaxies quenched by
their final host have been in groups before, which may have helped to lower
star formation in the galaxies before they are defined as quenched (see their
Sect. 4.4 for more detail). This suggests that groups are not effective in sig-
nificantly altering the SFR of member galaxies. Assuming that the change
in SFR is due to the removal of gas via RPS, Equation 1.3 suggest that the
lower ram pressure is likely due to the slower velocity of galaxies or the lower
density of the ICM in groups, or a combination of both.

It is worth noting that the previous studies typically model massive galax-
ies, as the resolutions are usually not high enough to accurately simulate the
processes in the lowest mass dwarf galaxies (for a review, see Vogelsberger
et al. 2020, their Table 2). Nevertheless, the most recent studies (e.g. Il-
lustrisTNG, Joshi et al. 2021; C-EAGLE, Pallero et al. 2021) are starting
to present results on the star formation histories of dwarf galaxies, although
detailed comparisons with observations are needed to validate the findings.
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1.3.4 Effects on galaxy structures

Environmental processes can clearly affect and alter the properties of galax-
ies, whether it is through the gaseous, stellar, or DM components, directly or
indirectly. Here, we explore whether structures (such as those discussed in
Section 1.2) can be disrupted or even induced by the environmental processes.

Several studies have shown that in N-body simulations, tidal interactions
between galaxies or with the massive potential of the environment, such as a
cluster, can induce the formation of bars in galaxies (e.g. Noguchi 1987; Salo
1991; Barnes & Hernquist 1991; Mihos et al. 1997). In particular, bars appear
to form more rapidly in galaxies with a higher disk-to-halo mass ratio and
form soon after the closest passage. Moreover, the bars can induce gas infall,
leading to an enhancement in the nuclear activity in the central regions of the
galaxy. In the simulations of  Lokas et al. (2016), they found that bars form
in MW-like galaxies soon after the first pericentre passage about a Virgo-like
cluster. They attribute the mechanism of bar formation to the transfer of
angular momentum from the stellar to DM component, which is the same
principle as the formation of bars in isolated galaxies (e.g. Athanassoula 2003;
Debattista et al. 2006). With the tidal induction of bars occurring close to
the cluster centre, simulations Berentzen et al. (2004);  Lokas et al. (2016)
have found that the faction of barred galaxies should be higher towards the
cluster centre, in line with observations Thompson (1981); Lin et al. (2014).

As discussed, tidal interactions can also lead to the stripping of material,
giving rise to changes in the disks of galaxies. For instance, (Roediger et al.
2012) found that the age gradients of disk galaxies in the Virgo cluster cannot
be explained by standard disk formation models, and suggest that environ-
mental processes such as harassment are responsible for altering the stellar
disks. Even in the group environment, where the tidal effects are not ex-
pected to be as strong as in clusters, group-galaxy tidal interactions can lead
to non-axisymmetric perturbations in the inner regions, although the initial
inclination of the galaxies play a major role in the morphological transforma-
tion (Villalobos et al. 2012). Interestingly, Villalobos et al. (2012) also found
that group-galaxy interactions neither significantly induce the formation of
significant central bulges, nor affect those which already existed prior to in-
fall. Alternatively, through mergers, a galaxy can experience an increase in
gas inflow towards the inner regions and a transport of angular momentum
outwards, leading to Type III disk breaks (Younger et al. 2007). There is
also evidence to suggest that the cluster environment is able to convert Type
II disk breaks to Type I disk breaks (Pranger et al. 2017).

In the realm of dwarf galaxies, it is thought that their typically low surface
mass density and the largely dark matter dominated mass content would not
suffer the same instabilities which plague massive galaxies. By calculating
analytical criteria for disk stability, Mihos et al. (1997) found that LSB disks
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should be stable against the formation of bars. In their subsequent simulation
of an encounter between a LSB galaxy and a high surface brightness galaxy,
Mihos et al. (1997) found that the LSB disk does not form a bar, but rings and
spiral features instead. In a similar vein, the simulations of Mayer & Wadsley
(2004) found that, in general, bar formation in LSB galaxies are unlikely as
they do not possess massive enough stellar disks. Nevertheless, they found
that for a disk in a very low central concentration halo, bar formation is
possible. Surprisingly, in the case where there is an encounter with a satellite
galaxy, a very weak, transient bar can form, whereas a stronger effect is seen
for a similar galaxy in isolation. In any case, these bars are relatively short
lived, dissolving into bulge-like central concentrations within a few gigayears.

1.4 The Fornax cluster

Located by the southern constellation of Fornax, the namesake cluster is a
collection of galaxies which can be split into two parts: a main cluster and an
infalling group. At a distance of 20.0± 0.3± 1.4 Mpc (Blakeslee et al. 2009),
it is the second closest cluster to us, after the Virgo cluster. The main cluster
(hereafter referred to as the Fornax main cluster) consists of several galaxies
ranging from dwarfs to NGC 1399, the brightest cluster galaxy (BCG) at
the centre of the cluster (R.A.=54.62093◦, Dec.=-35.45040◦, Jarrett et al.
2019). Based on dynamical analyses of the member galaxies, the cluster has
an estimated dynamical mass of 5.8 × 1013M⊙ (Maddox et al. 2019), and a
virial radius of 0.7 Mpc (Drinkwater et al. 2001). Next to the Fornax main
cluster is the Fornax A group, named after the formidable Fornax A galaxy
(NGC 1316) at its centre. The group is currently falling towards the Fornax
main cluster (Drinkwater et al. 2001) from a distance at least ∼ 1.3 Mpc away
from the centre of the Fornax main cluster. From the velocity dispersion of
its member galaxies, the Fornax A group has an estimated dynamical mass of
1.3×1013M⊙ (Maddox et al. 2019) and a virial radius of 0.35 Mpc (Drinkwater
et al. 2001). The Fornax main cluster and the Fornax A group are a part
of the Southern supercluster (de Vaucouleurs 1953; Mitra 1989), which also
includes the Eridanus cluster and the Dorado group. Using the catalogue of
galaxies within the local Universe (radial velocities < 3500 kms−1, Kourkchi
& Tully 2017), Figure 1.1 shows galaxies around the Fornax region and galaxy
groups, including the Fornax main cluster and Fornax A group, the Eridanus
supergroup (combining the NGC 1395, NGC 1407, NGC 1332 groups), and
the Dorado group (of which NGC 1553 is the brightest member).

Comparing the Fornax main cluster with other well studied clusters such
as Virgo and Coma, the Fornax main cluster is less massive and not as rich
in terms of the number of member galaxies (see Table 1.2 for a comparison of
cluster properties). Nevertheless, its proximity and the combination of both
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Figure 1.1: An overview of galaxies (green points) in the region surrounding
the Fornax cluster from the catalogue of Kourkchi & Tully (2017). The black
circles denote the projected virial radius of galaxy groups (N > 10) and the
black crosses denote the brightest galaxy associated with the galaxy group.
The blue and orange symbols denote the Fornax main cluster and the Fornax
A group, respectively.
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cluster distance mass velocity dispersion
Fornax 20.0 Mpc 7 × 1013M⊙ 356 kms−1 (405 km s−1)
Virgo 16.5 Mpc 4.2 × 1014M⊙ 753 kms−1 (1150 km s−1)
Coma 100 Mpc 9.2 × 1014M⊙ 1149 kms−1 (1560 km s−1)

Table 1.2: Properties of nearby galaxy clusters. For each cluster the veloc-
ity dispersion calculated from ETGs and LTGs are shown as outside and
within brackets, respectively. For the Fornax main cluster, the distance from
Blakeslee et al. (2009) and the mass and velocity dispersion comes from
Drinkwater et al. (2001). For the Virgo cluster, the distance comes from
Blakeslee et al. (2009), the mass from McLaughlin (1999), and the velocity
dispersion from Boselli & Gavazzi (2006). For the Coma cluster, the distance
comes from Carter et al. (2008), the mass from Falco et al. (2014), and the
velocity dispersion from Boselli et al. (2021).

the cluster and group environments makes the Fornax cluster an interesting
target for observation. In particular, the work of Ferguson (1989) on the
Fornax cluster catalogue (FCC) provided a comprehensive view of the cluster
for subsequent studies. The FCC covers roughly 40 square degrees centred
on the Fornax cluster and is complete down to mB ∼ 18. This included
2678 galaxies, of which 340 were deemed likely cluster members based on
their morphology (i.e. their appearance). By classifying galaxies between
gas-poor early-types and star-forming late-types, observations show that the
majority of galaxies classed as early-types, and that early-type galaxies are
concentrated at the centre of the Fornax main cluster, whereas the late-type
galaxies reside towards the cluster outskirt (Ferguson 1989; Venhola et al.
2019). Furthermore, by comparing observations of NGC 1399 to numerical
simulations, Iodice et al. (2016) found that the stellar halo mass fraction
of NGC 1399 is consistent with a halo which underwent several accretion
events in its past. Overall, the spatial distribution, early-type fraction, and
the stellar halo of the BCG NGC 1399 suggest that the Fornax main cluster is
more dynamically evolved than, for instance, the Virgo cluster. Nevertheless,
the infalling Fornax A group is evidence that accretion is actively ongoing in
Fornax.

In the wake of the FCC and the advent of the Advanced Camera for
Surveys (ACS) instrument on the Hubble space telescope (HST), a notable
effort to study the galaxies in Fornax was conducted by Jordán et al. (2007),
known as the ACS Fornax cluster survey (ACSFCS). The survey consists of a
sample of 43 early-type galaxies, which is complete down to MB ≈ −15 mag.
The lack of atmosphere in space and the high spatial resolution (∼ 0.1 arcsec)
of the HST means that the structures of galaxies can be observed in great
detail (Côté et al. 2007), including resolving stellar clusters such as GCs
(Masters et al. 2010a) and nuclear star clusters (NSCs; Turner et al. 2012).
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Lately, significant contributions in mapping the Fornax cluster have come
from ground-based observations, such as the Fornax Deep Survey.

1.5 Fornax Deep Survey

The Fornax Deep Survey (FDS; Peletier et al. 2020) is a joint collaboration
of two guaranteed time observation surveys: FOCUS (PI R. F. Peletier) and
VEGAS (PI E. Iodice). The FDS covers both the Fornax main cluster and
the Fornax A group, which spans several tens of square degrees on the sky
(see Figure 1.2). To cover such a large region efficiently, the survey makes use
of the OmegaCAM instrument mounted on the 2.6 m VLT Survey Telescope
(VST), located on Cerro Paranal in Chile. The OmegaCAM instrument
consists of 32 CCDs with 0.21 arcsec pix−1 resolution, and has a field of view
of 1 × 1 deg2. The observation strategy is detailed in Venhola et al. (2017,
2018); here a short summary is provided. The observation strategy splits the
Fornax region into several 1×1 deg2 fields, for a total of 26 deg2. Observations
were conducted with several 3 minute exposures with ≈ 1 deg dithers between
consecutive exposures. Additionally, between exposures in the same field
there is an offset of ≈ 10 arcmin from the centre of the field. The dithers
and offsets generally ensure that the same objects are covered by different
pixels in the CCDs, and that the background sky can be modelled well and
subtracted. The imaging was done between November 2013 and November
2017 under photometric conditions, with u, g, r, and i band coverage for the
Fornax main cluster and g, r, and i band coverage for the Fornax A group.
The u and g band observations were obtained in dark time, whereas the r
and i band in grey or dark time. The average seeing FWHM for the u, g, r,
and i bands are 1.2, 1.1, 1.0, 1.0 arcsec, respectively.

The data reduction was conducted by Aku Venhola using AstroWISE
(McFarland et al. 2013) and the steps are detailed in Venhola et al. (2018);
here a summary is provided. AstroWISE provides an environment to carry
out the necessary steps to produce science-ready images, including instru-
mental corrections, background subtraction, photometric and astrometric
calibrations, and producing mosaic images as the final product. At the in-
strumental corrections stage, the images were overscan corrected, bias sub-
tracted, and flatfielded. Additionally, corresponding bad pixel maps and
weight maps were created which excluded bad pixels and provided the ex-
pected uncertainties of each pixel in the images. Scattered light in the images
was accounted for by building a background model from consecutive expo-
sures and removed. Astrometric calibration was carried out using SCAMP
(Bertin 2006), with the 2 Micron All-Sky Survey Point Source Catalog (Cutri
et al. 2003) as reference. The flux calibration was performed by comparing
observed standard stars (atmospheric extinction corrected based on varying
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Figure 1.2: An overview of likely Fornax cluster members (coloured points)
based on FDS works (Venhola et al. 2018; Iodice et al. 2019b; Raj et al.
2019, 2020). The blue and orange open circles denote the virial radii of
the Fornax main cluster and Fornax A group, respectively (Drinkwater et al.
2001). The size and colour of the points denote whether the galaxy is massive
(M∗ > 109M⊙; big) or dwarf (M∗ < 109M⊙; small), and whether the galaxy
was classed as an ETG (red) or LTG (blue), respectively. The grey shaded
regions show the FDS footprint.
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Figure 1.3: Images of three galaxies from the FDS. Some of the structural
properties derived in Section 2 are annotated in the upper left of each sub-
plot (i.e. stellar mass, Sérsic quantities from Sérsic+PSF decompositions,
and non-parametric morphological indices). A common scale of 10 arcsec is
plotted in the lower left of each subplot. At the distance of Fornax, 1 arcsec
is approximately 0.1 kpc.

airmass) with the Sloan Digital Sky Survey Data Release 11 (Alam et al.
2015) catalogue. Lastly, the mosaic images were created by combining expo-
sures using SWarp (Bertin 2010). Each mosaic corresponds to a given FDS
field and includes a 5 arcmin overlap region on all sides (i.e. the final mosaic
is 1.17 × 1.17 deg2). The FDS images are calibrated to the AB magnitude
system.

To assess the depth of the images, 500 boxes with 200×200 pix2 sizes were
placed randomly on each field. After applying σ-clipping over three iterations
for each box, the 1σ signal-to-noise (S/N) per pixel for each field was taken as
the median of the standard deviations across all boxes. This corresponds to
surface brightness levels of 26.6, 26.7, 26.1, and 25.5 mag arcsec−2 in the u, g,
r, and i bands, respectively. Alternatively, the S/N over 1 arcsec2 are 28.3,
28.4, 27.8, and 27.2 mag arcsec−2 in the u, g, r, and i bands, respectively.
In general, the depths are similar across the FDS fields in each band (see
Venhola et al. 2018, their Table A.1). As an example, Figure 1.3 showcases
three galaxies with differing stellar masses from the FDS.

With the improvement in image depth over the whole Fornax region, a
wide range of objects can be studied in detail, leading to renewed interest in
the Fornax cluster. In particular, many previously undetected faint objects
have been discovered and catalogued (Venhola et al. 2017, 2018). Further-
more, a detailed study of the dwarfs in Fornax was conducted by Venhola
et al. (2019), who looked at the distribution and properties of dwarf galax-
ies and demonstrated the importance of the environment in their evolution.
Towards the high-mass end, the outskirts of massive galaxies in the Fornax
cluster have been mapped down to remarkable depths, revealing past (and
ongoing) interactions in NGC 1399 and NGC 1316 (Iodice et al. 2016, 2017).
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Additionally, the intra-cluster and intra-group light has been mapped out,
accounting for ∼ 34% of the total light in the Fornax main cluster (Spavone
et al. 2020) and ∼ 16% of the total light in the Fornax A group (Raj et al.
2020).
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Chapter 2

Methods

In order to measure and quantify the structures of galaxies, I employ two pho-
tometric approaches: structural decompositions and non-parametric morpho-
logical indices. Structural decomposition is the breakdown of galaxies into
individual structures, or components. This involves the fitting of the galaxy
surface brightness profile through parametric functions, of which a notable
example is the Sérsic profile (Sersic 1968). By using the parametric functions,
specific structures can be studied and compared across multiple galaxies in
a sample. In comparison, the non-parametric morphological indices do not
assume a model with which to fit to the galaxy. Instead, they measure cer-
tain quantities derived from the images of the galaxies themselves, with each
index typically focusing on a specific aspect of the galaxy morphology. Both
methods quantify the structures of galaxies by describing them as a set of
values, which allows for quantitative comparisons between structures from
different galaxies.

2.1 Data processing

The FDS dataset contains 26 fields, each of which is covered by a tile of
1.17×1.17 deg2. Since the galaxies are the objects of interest, postage stamp
images were cut out from the FDS tiles for each galaxy. This includes both
the science image, which contains photons from the galaxy, and the weight
image, which stores information on the expected uncertainty within each
pixel as well as any defective pixels (i.e. from the instruments). From the
postage stamp images, the centre coordinates were found by using a centroid
fitting routine. The routine takes an initial coordinate and fits centroids
iteratively to find the brightest pixel within a localised region and returns
the fitted coordinate. The centre coordinates are used in the sky subtractions
steps as well as in the decompositions.

Whilst the galaxies take up a large part of the postage stamp images,
there are typically light from sources which are not part of the galaxy, such
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as stars. The light from these objects can be significant, and must be excluded
from the decomposition process to ensure they do not bias the galaxy mod-
els. As a result, mask images were created using Source Extractor (Bertin &
Arnouts 1996), which systematically detects objects in an image and creates
a catalogue, including a segmentation map which indicates the regions in the
image that belong to each object. Regions from objects which did not belong
to the galaxy will be ’masked’ in the decompositions. To reduce the chance
that some sources might be missed due to being overlapped with the galaxy,
a residual image which has the majority of the galaxy subtracted was fed into
Source Extractor. The residual images were produced by creating a rudimen-
tary model for each galaxy through IRAF (Tody 1986) ellipse and bmodel
and subtracting it from the postage stamp images. For each postage stamp
image one Source Extractor configuration was used to create the preliminary
mask images. These mask images were checked individually via inspection
and edited manually where necessary, such as if structures (e.g. nucleus, bar)
belonging to the galaxy are masked.

The sky subtraction calibrates the zero level above which the light belongs
to the galaxy, and as such is a vital step before any analysis (including
decompositions) can begin. To determine the sky level, square boxes with
12 arcsec widths were placed on empty regions around the masked postage
stamp images. For each box, the median of the masked pixel values were
calculated. The sky level was then estimated as the mean of the median
values and the root mean square (rms) of the sky level as the standard
deviation values. To improve upon this sky estimate, a preliminary sky
subtracted image was made and IRAF ellipse was used to determine the
outer ellipticity and position angle of each galaxy. Using the same ellipticity
and position angle, concentric elliptical annuli with increasing semi-major
axis were placed on top of the postage stamp images. Within each annulus,
3σ clipping was applied to remove any spurious pixel values, and pixels which
were clipped or masked were filled with the median pixel value within the
annulus plus Gaussian noise based on the rms of the pixels within the annulus.
From this step, an azimuthally averaged flux profile and a cumulative flux
profile were constructed, which clearly show the radius where the galaxy light
is no longer distinguishable from the background noise. Beyond this radius,
an annulus is defined from which the sky level, and the corresponding rms,
is calculated as the mean and standard deviation of the pixel values. For
the majority of the galaxies a constant sky was subtracted from the postage
stamp images. However a subset of galaxies (38), usually located close to a
large galaxy or a bright star, showed a clear gradient in the sky background,
for which a plane subtraction (with two degrees of freedom in the x and y
directions) had to be used instead to avoid biasing the flux profiles. Sky
subtraction was done with these new sky levels and the outer ellipticity and
position angles were redetermined along with the azimuthally averaged and
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cumulative flux profiles.

Aside from the sky subtracted images, the uncertainty in the pixel values
must be accounted for during the decompositions. This uncertainty image is
known as the sigma image. The uncertainties in the pixel values are mainly
attributed to the noise from the detectors and from photon counts. The
uncertainty from the detectors are provided in the weight images, which
have pixel values calculated based on the number of overlapping frames and
the standard deviation of the values in each pixel in the coadded frames made
during the data reduction of the FDS tiles. The other source of uncertainty,
the photon noise, follows a Poissonian distribution. In general, the photon
noise dominates the uncertainty for pixels with higher photon counts, such
as in the central regions of a galaxy. Conversely, the detector noise typically
dominate in the sky regions where the photon counts are low.

As the FDS data was taken from a ground based observatory, the atmo-
sphere dominates the spreading of point sources to multiple pixels. The char-
acterisation of this spreading is known as the point spread function (PSF).
The PSF is vital in structural decompositions, as the decomposition mod-
els must be convolved with the PSF in order to be compared to the galaxy
images. In principle, the PSF can vary depending on the atmospheric con-
ditions, and by extension, across observations taken during different times
(such is the case between different FDS tiles). As a result, an individual
PSF was constructed for each FDS tile to be used in the decompositions of
galaxies belonging to the corresponding field. For each field, the PSFs was
constructed based on the stars located within the field, as stars are not re-
solved and are considered point sources. Source Extractor was used to create
a catalogue of stars along with corresponding postage stamp images. The
images were normalised, centred, converted to radial flux profiles and stacked
to create a general flux profile for the field. Radial bins were used to me-
dian average the values at a given radius, which resulted in an azimuthally
averaged flux profile for a point source. The PSF was then constructed via
interpolation of the averaged profile as an axisymmetric image, centred on
the peak of the profile. Overall, the PSFs are in agreement with (Venhola
et al. 2018) in terms of their profiles and FWHMs.

2.2 Aperture photometry

With the sky subtracted galaxy images, the analysis on the light of galaxies
can begin. Here I go over the definitions of the quantities which are derived
by placing apertures and measuring the amount of light. Whereas the non-
parametric indices measure the spatial distribution of light, here the focus is
on the difference in amount of light across different bands.
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2.2.1 Aperture colours

The colour of an object typically refers to the difference in the object’s mag-
nitude in two different bands, such as the g-r colour. The principle is that
each band covers a specific range in wavelength which can provide insight
into the properties of the light emission of an object. To quantify the light
from each band, elliptical apertures are placed on the galaxy images, within
which the values from each pixel are summed. The total flux within the
aperture can be converted to magnitudes as

maper = −2.5 log10

(∑
i

fi

)
, (2.1)

where fi is the flux value in pixel i and the summation is over pixels within
the aperture. In practice the cumulative flux profile created from Section 2.1
was used to calculate the total and half-light aperture magnitudes, from
which the g − r and r − i colours were derived from.

2.2.2 Outer-to-inner colour difference

As mentioned, the integrated colours provide some information on the stellar
population of a galaxy. This is useful when comparing the global characteris-
tics between different galaxies, but because the colours are integrated over the
whole galaxy, the spatial variations within the galaxies are lost. To address
this, the outer-to-inner colour difference can be used. For example,

∆colour = colour(1re < r < 2re) − colour(r < 0.5re), (2.2)

where the first term is the outer colour calculated within an elliptical annulus
of one to two effective radius, and the second term is the integrated colour
within an elliptical aperture of half an effective radius. The ellipticity and
position angle for both the elliptical aperture and annulus are the same,
taken from the measurements from Section 2.1. For practical considerations,
a gap was left between the two annuli (i.e. 0.5re < r < 1re) in order to
improve the contrast of any difference in colour between the inner and outer
regions. Moreover, the width of the outer annulus is larger than the inner
annulus in order to lower the uncertainty in colour due to lower signal to
noise in the outskirts. A colour difference greater than zero implies that the
galaxy outskirts are redder than its core, whereas a colour difference below
zero implies a bluer outer region than its inner region.

2.3 Structural decomposition

Here I will review the steps I took to conduct structural decompositions on
the Fornax galaxies. The decompositions were conducted in GALFIT (Peng
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et al. 2002, 2010), with which several decompositions models were made
for each galaxy: single Sérsic, Sérsic+PSF, and multi-component models.
A specific parametric function was assigned for each of the morphological
structures (e.g. bulge, disk, bar) in the galaxy, such that each structure is a
component in the resulting decomposition model.

2.3.1 GALFIT

GALFIT is a galaxy fitting algorithm which employs parametric functions to
model the light from photometric images. As images are required as input
and the best fitting models are returned as images, decompositions conducted
through GALFIT are also known as two dimensional structural decomposi-
tions. To find the best fitting parameters for the parametric functions used
in the galaxy model, GALFIT uses the Levenberg-Marquadt algorithm to
minimise a goodness-of-fit criterion, the reduced χ2:

χ2
ν =

χ2

Ndof

=
1

Ndof

∑
x

∑
y

[O(x, y) −M(x, y)]2

σ(x, y)2
, (2.3)

where Ndof is the number of degrees of freedom, which can be calculated
as the number of pixels in the images (i.e. xy) minus the number of free
parameters in the decomposition model, O(x, y) is the observed (galaxy)
image, M(x, y) is the PSF-convolved decomposition model, σ(x, y) is the un-
certainty in the observed image (i.e. sigma image), and x and y denotes the
pixels along the two dimensions of the images. The square brackets denote
the difference in pixel values between the observation and the model, which
is also known as the residual. In principle, if the residuals are within the
uncertainty of the observations, the expected value of χ2

ν is close to unity.
In practice, however, the χ2

ν is typically larger as the parametric functions
do not always fully describe the morphological structures. This is partic-
ularly the case for massive galaxies which can exhibit multiple structures
simultaneously.

To construct galaxy models, GALFIT utilises both azimuthal and radial
functions. The azimuthal function reproduces the projected 2D shape of
the galaxies through generalised ellipses (Athanassoula et al. 1990), with the
centre coordinates (xc, yc), axial ratio (q = b/a, where b and a are the semi-
minor and semi-major axes, respectively), position angle (PA, the orientation
of the semi-major axis in the image), and the shape parameter (Cshape = 2
creates simple elliptical isophotes, whereas deviation from this value leads to
boxy or disky isophotes). The radial functions are a collection of parametric
functions which fit the galaxy light distribution. One of the most common
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function is the Sérsic function (sersic in GALFIT; Sersic 1968)

Σ(r) = Σe exp

(
−bn

[(
r

re

)1/n

− 1

])
, (2.4)

where r is the isophotal radius, re is the effective radius, Σe is the surface
brightness at the effective radius, n is the Sérsic index, and bn is a normali-
sation factor dependent on the Sérsic index. The Sérsic index determines the
shape of the function, and as such, it is sensitive to the central concentration
of light. The more centrally concentrated a galaxy is, the higher the Sérsic
index. When the Sérsic index is equal to one, it is identical to the exponential
function.

The exponential function (expdisk ; Patterson 1940; de Vaucouleurs 1959b;
Freeman 1970) is defined as

Σ(r) = Σ0q
−1 exp

(
− r

rs

)
, (2.5)

where rs is the scale length (i.e. the radius where the flux has fallen by a factor
of 1/e), Σ0 is the central surface brightness (in the face-on orientation), and q
is the axial ratio. The terms Σ0q

−1 together is equal to the projected central
surface brightness in the images. As mentioned, the exponential function is a
special case of the Sérsic function where n = 1. In this case, the scale length
can be converted to the effective radius by the relation re = 1.678rs.

In the case where a disk galaxy is viewed edge-on, a separate function
can be used (edgedisk ; van der Kruit & Searle 1981)

Σ(r, h) = Σ0

[
r

rs

]
K1

(
r

rs

)
sech2

(
h

hs

)
, (2.6)

where rs is the scale radius, hs is the scale height, Σ0 is the central surface
brightness (consistent with the expdisk function), and K1 is the modified
Bessel function. The function is based on van der Kruit & Searle (1981) (see
their Equation 5), which assumes that the galaxy disk is locally isothermal,
self-gravitating, and has an exponential radial dependence.

Another useful function is the Ferrers function (ferrer ; Ferrers 1877)

Σ(r) = Σ0

[
1 −

(
r

rout

)2−β
]α

, (2.7)

where rout is the truncation radius (beyond which the function is set to zero),
Σ0 is the central surface brightness, α controls the gradient of the truncation
at rout, and β controls the gradient of the inner region (r < rout). The
function is characterised by its sharp truncation and flat inner profile.
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Figure 2.1: Sérsic+PSF (upper row) and multi-component (lower row) mod-
els for NGC 1326 (FDS25 0000). The first column shows the masked image
of the galaxy. The second column shows the surface brightness profiles from
the galaxy image as well as the decomposition models. The third and fourth
columns show the model and residual images. Taken from Paper I.

To model an unresolved structure, such as stars or galactic nuclei, the PSF
can be used (psf ). In GALFIT the PSF must be provided when decomposing
photometric data. As mentioned in Section 2.1, the PSF maps the spread
of light from a point source. Whilst the extent of the spread is typically
characterised by the full width at half maximum (FWHM), it is not a free
parameter which GALFIT can minimise; the only best fit parameter that is
minimised is the total magnitude.

2.3.2 Decomposition models

The decompositions were conducted using GALFIDL (Salo et al. 2015), an
IDL program which can conduct decompositions and visualise the resulting
outputs from GALFIT. Overall, two main types of decomposition models
were used, the two component Sérsic+PSF model and the multi-component
model. The aim is for the Sérsic+PSF model to provide a global charac-
terisation of the galaxies, whereas the multi-component models will provide
a detailed account of the multiple structures observed in galaxies. As an
example Figure 2.1 shows the images and surface brightness profiles of the
Sérsic+PSF and multi-component models for NGC 1326.

The Sérsic+PSF model essentially models the overall shape and radial
light distribution of a galaxy using the Sérsic component, where the Sérsic
parameters such as the total magnitude, effective radius, and Sérsic index
correspond to the galaxy as a whole. Due to the abundance of galaxies ex-
hibiting a bright unresolved central nucleus, the PSF component is included
in the model to account for the nucleus, where present. If the nucleus is not
accounted for in the model, such as in a single Sérsic model, the Sérsic func-
tion will attempt to compensate for the excess light from the nucleus. This
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often biases the resultant Sérsic parameters such that the Sérsic index will
be inflated, sometimes to the point of non-physicality. On the other hand,
for non-nucleated galaxies the additional PSF component no longer fits the
intended structure, and as such it is physically meaningless. Moreover, as
the PSF component can only vary its total magnitude, in cases where the
PSF component is unnecessary the magnitudes tend to reach unreasonably
faint values such that GALFIT crashes. To account for this, a constraint was
placed on the magnitude of the PSF component such that it cannot exceed
a limit of 35 mag. This effectively turns the model to a single Sérsic model
for non-nucleated galaxies, whilst also accounting for the nucleus component
in nucleated galaxies without the need to explicitly switch decomposition
models.

In order to ensure that the multi-component decompositions remain sys-
tematic across galaxies, a specific GALFIT function was used for each mor-
phological structure: bulges are modelled with sersic; disks are modelled with
expdisk or edgedisk ; bars are modelled with ferrer ; barlenses are fitted with
expdisk ; and nuclei are modelled using psf. Given the number of components
available, there can be a degeneracy in the best fitting parameters in the
galaxy models. To reduce the degeneracy, the ellipticity and position angle
of the outermost component (typically the disk component) are fixed to the
values measured in Section 2.1. This is particularly robust against galaxies
which exhibit multiple components with varying position angles with isopho-
tal radius. Furthermore, the complexity of the multi-component models were
built up gradually rather than all at once. The preliminary models tend to
start based on the residual images from the Sérsic+PSF models, progressively
adding additional components where necessary. Moreover, the initial values
for the individual component parameters were estimated via inspection of
the postage stamp images, thereby minimising the likelihood of obtaining
non-physical parameters. For a small number of galaxies where there is a
prominent Type III disk break, two expdisk functions were used to fit the
disk.

The decompositions model were primarily conducted in the r band. In
order to extract colour information from images in the g and i bands, the
fitted models conducted in the r band were used as templates in the other
bands. Whereas the parameters from the decomposition models were set free
to be determined by GALFIT in the r band, all parameters except the mag-
nitude become fixed to the best fit r band parameters for the decomposition
in the g and i bands. This ensures that the same model is used to derive the
magnitudes, effectively applying the same aperture across different bands1.
Both the Sérsic+PSF and multi-component models were applied to the g and
i bands, which provided the global galaxy colour as well as the colours of the

1By fixing the parameters across bands, we forgo the information regarding radial
colour gradients from the decomposition models.
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individual components.

2.3.3 Nucleus detection

The nucleus, similar to the other structures, was identified as part of the
structural decomposition process in Section 2.3.2. However, given that they
are unresolved in our data, it is possible that some elude detection. To
minimise the chances that a nucleus is not detected, the Bayesian information
criterion (BIC) was used to generate a list of potentially nucleated galaxies.
The BIC for a given galaxy and its decomposition model can be calculated
as

BIC = χ2 + k log(npix), (2.8)

where k is the number of free parameters in the model, and npix is the number
of pixels in the observation. Essentially, the BIC can be thought of as
a modified χ2 which penalises unnecessary complexity in a decomposition
model. The best fitting model can then be determined as the model which
minimises the BIC. In practice, GALFIT requires the region of the galaxy
image over which to fit the model, which corresponds to npix. It also requires
which parameters should be free to vary and which should be fixed for each
component, from which k can be calculated. Lastly, GALFIT returns the χ2

for the best fit model, so the BIC can be easily calculated as part of the
decomposition process.

An alternative form of the BIC exists which tries to account for the fact
that the flux values in each pixel are not fully independent from each other
due to the PSF. This modified BIC was formulated by Head et al. (2014):

BICres =
χ2

Ares

+ k log

(
npix

Ares

)
, (2.9)

where Ares = π HWHM2, also referred to as the resolution element. The
inclusion of the resolution element means that the BICres penalises the com-
plexity of models more severely than the BIC. As a result, the BIC should
be more sensitive to detecting nuclei than the BICres.

To apply the BIC for nucleus detection, for each galaxy which did not
already have a nucleus component in their multi-component model, a corre-
sponding multi-component model including a nucleus component was made
and conducted in GALFIT. For both models, the BIC was calculated and
compared as ∆BIC = modelnon−nuc − modelnuc. Under this formulation,
a ∆BIC > 0 implies that the nucleated model is preferred over the non-
nucleated model, and vice versa for ∆BIC < 0. Accordingly, for galax-
ies which presented ∆BIC > 0, their model and residual images were re-
examined particular towards the centre of the galaxies. Galaxies which
showed signs of excess flux in the central region and were accounted for
with the nucleus component were reclassified as nucleated.
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To check the completeness of our nucleation detection, in Paper II we
created a grid of synthetic nucleated galaxies with varying galaxy stellar
masses (106M⊙ < M∗,galaxy < 108M⊙) and nucleus stellar masses (104M⊙ <
M∗,nuc < 105M⊙). The galaxies were constructed using a single Sérsic func-
tion2 and the nucleus was modelled with a PSF. For each galaxy two decom-
position models were fitted: with and without a nucleus component, from
which the ∆BIC and ∆BICres were calculated. Figure 2.2 shows the ∆BIC
and ∆BICres values for all the synthetic galaxies. Using ∆BIC> 0 as an esti-
mate of when the BIC prefers a nucleated model, the BIC can detect nuclei
with M∗,nuc > 104.2M⊙ and BICres can detect nuclei with M∗,nuc > 104.8M⊙.
Figure 2.3 shows synthetic galaxies with M∗,galaxy = 107M⊙ and different
nucleus stellar masses. From visual inspection of the images and residuals,
we estimate that the nucleation label from visual inspections should be com-
plete down to M∗,nuc > 104.5M⊙. It is worth noting here that the synthetic
galaxies were made to mimic FDS data, where the nucleus is not resolved. In
higher spatial resolution data, such as from the HST, the nucleus will be less
spread out due to the narrower PSF. This means higher nucleus contrast (i.e.
nucleus flux will be the same, but the area over which the flux is spread will
be lower), and hence a higher probability to be observed. In practice this
means the completeness can potentially be improved as lower mass nuclei
can be detected.

Due to their compact size, nuclei are not well resolved in the FDS. Hence,
we compare our nucleation label with those of Turner et al. (2012), who
studied the nucleation of ETGs with BT ≤ 15.5 from the FCC using data
from the ACS Fornax cluster survey (ACSFCS). The ACSFCS data was taken
with the HST, which can spatially resolve the nuclei. In Paper II we cross-
matched the FDS galaxies with those from ACSFCS and found 34 matches.
Of these 34 galaxies, they were mostly massive (108.7M⊙ < M∗ < 1011.4M⊙)
and exhibited large scale stellar structures. Overall, 29 out of 34 galaxies
had agreeing nucleation labels between our work and Turner et al. (2012).
Of the 5 galaxies where the nucleation labels differed, 4 galaxies (FCC 177,
FCC 203, FCC 193, FCC 249) were labelled as nucleated in Turner et al.
(2012) but not in our work, and vice versa for 1 galaxy (FCC 184). In
Figure 2.4 we show the FDS and ACSFCS images of the five galaxies as well
as the residual images of the multi-component models with and without a
nucleus component. For FCC 203 and FCC 249, there were no clear signs of
a nucleus in the FDS images, hence we labelled them as non-nucleated. For
FCC 177 a bulge component was fitted in our decomposition rather than a
nucleus component. For FCC 193 the residual images suggest some excess
flux, although the model including a nucleus component did not offer any
improvement (∆BIC < 0). For FCC 184 a nucleus can be seen in the

2For mock galaxies with M∗,galaxy = 106M⊙, 10
7M⊙, 10

8M⊙, they were created with
Sérsic n = 0.70, 0.85, 1.15 and re = 2.93 arcsec, 7.99 arcsec, 13.0 arcsec, respectively.
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Figure 2.2: Values of ∆BIC (upper) and ∆BICres (lower) for synthetic nu-
cleated galaxies at varying nucleus and galaxy stellar masses. The ∆BIC
values are annotated in each square with positive and negative values shown
as red and blue, respectively. A positive value implies that the nucleated
model is preferred, and vice versa for a negative value. Taken from Paper II.
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Figure 2.3: Images and surface brightness profiles of synthetic nucleated
galaxies with M∗,galaxy = 107M⊙ and various M∗,nuc (same synthetic galaxies
as in Figure 2.2). In the first column the grey points denote the surface
brightness from the galaxy images. The galaxy and nucleus components are
shown in black and red, respectively, and the combined profile is shown in
white. The second column shows the galaxy image with the nucleus contrast
(calculated as the ratio of the total nucleus flux and the total galaxy flux
within the central two FWHM aperture) annotated. The third and fourth
columns show the residual images based on the single Sérsic and Sérsic+PSF
decomposition models, respectively. The BIC values for each model is anno-
tated in the images. The detection limit for the BIC, visual inspection, and
BICres is estimated as 104.2M⊙, 104.5 M⊙, and 104.8 M⊙, respectively. Taken
from Paper II.
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residual images and is well fitted by including a nucleus component.

2.4 Non-parametric morphological index

The non-parametric morphological indices are a compilation of methods
which measure and quantify the light distribution of galaxies. Each index
typically focuses on a particular aspect of the galaxy morphology, so a combi-
nation of appropriate non-parametric indices can be used to describe a galaxy.
Here I review the concentration, asymmetry, clumpiness, Gini, second order
moment of light, and the outer-to-inner colour difference (see Conselice 2014,
for a review).

2.4.1 Concentration (C)

The concentration index (e.g. Kent 1985; Conselice 2003) can be calculated
as

C = 5 log10

(
R80

R20

)
, (2.10)

where RX is the radius which encloses X percentage of the Petrosian flux
of the galaxy. The Petrosian flux is defined as the total flux within 1.5
times the Petrosian radius (rpetro), which itself is defined as the radius where
the flux is equivalent to 0.2 times the average flux within the same radius.
As the calculation of rpetro depends on a centre coordinate, C also has the
same dependence. By using the ratio of RX , galaxies which have a higher
central concentration of light would have a higher C value. Whilst the calcu-
lations are independent, the concentration index is strongly correlated with
the Sérsic index (e.g. Janz et al. 2014; Venhola et al. 2018).

2.4.2 Asymmetry (A)

An important aspect of galaxy morphology is to quantify features which
show signs of interactions. These structures are generally lopsided such that
typical ellipse fitting methods do not fully account for. The asymmetry index
(Conselice et al. 2000; Conselice 2003) is defined as

A = min

(∑
|I0 − I180|∑

|I0|

)
− Abackground, (2.11)

where Ix is the galaxy image rotated about a centre by x degrees, and
Abackground is the asymmetry of the background, defined as

Abackground =

∑
|B0 −B180|∑

|I0|
, (2.12)
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Figure 2.4: The 5 galaxies which had differing nucleation labels between our
work and Turner et al. (2012). Columns 1 and 2 show the FDS and ACSFCS
images, respectively. Columns 3 and 4 show the residual FDS images of
multi-component models without and with a nucleus component. Taken
from Paper II.
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where, similarly, Bx is a section of the sky rotated about a centre by x
degrees. The centre about which to rotate the images is determined as the
point which minimises the residual term in Equation 2.11. The minimisation
is conducted over pixels within 1.5rpetro. In essence, the asymmetry index is
based on the residuals of rotated galaxy images and the contribution from
the sky background is accounted for. The asymmetry index can have values
ranging from zero to two for a completely symmetric and completely lopsided
galaxy, respectively.

2.4.3 Clumpiness (S)

To measure, for example, clumpy regions where star formation is likely to
occur in galaxies, the clumpiness index can be insightful (Conselice 2003;
Rodriguez-Gomez et al. 2019). The clumpiness index is defined as

S =

∑
(I0 − Iσ)∑

I0
− Sbackground, (2.13)

where, similar to A, I0 and Iσ denote the original and convolved galaxy
images, and Sbackground denotes the clumpiness of the sky background, which
is defined as

Sbackground =

∑
(B0 −Bσ)∑

I0
, (2.14)

where B0 and Bσ are the original and convolved region of the sky background.
The convolution, which is typically done with a Gaussian kernel of width
σ = 0.25rpetro, removes the clumpy features in a galaxy so that the residual
term in Equation 2.13 should only contain the clumpy features that are of
interest. However, as many galaxies have high central concentration, the
central 0.25rpetro region of the galaxy is excluded from the calculations. A
galaxy with a higher S value can be considered as more clumpy, although S
has also been named the smoothness index colloquially.

2.4.4 Gini (G)

The Gini coefficient, which is commonly used in the field of economics to
measure the inequality of wealth, can be used to measure the inequality in
the distribution of light between pixels (Abraham et al. 2003; Lotz et al.
2004). The Gini coefficient can be defined as

G =
1

⟨|f |⟩npix(npix − 1)

npix∑
i

(2i− npix − 1)|fi|, (2.15)

where npix is the number of pixels in the region under consideration, |fi| is the
absolute flux of pixel i, and ⟨|f |⟩ is the mean of the absolute flux of the pixels.
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The summation in Equation 2.15 is evaluated over pixels ranked in ascending
order by absolute flux value. The region over which G is evaluated is based
on the segmentation map. The segmentation map can be constructed by
smoothing the galaxy image using a kernel (e.g. Gaussian with σ = 0.2rpetro)
and setting the threshold as the mean flux at rpetro in the smoothed image.
The segmentation map, and hence G, contains pixels above this threshold.
In principle, G ranges from zero, which implies that the galaxy light is spread
between all pixels equally, to one, where all the galaxy light belongs to one
pixel. In a sense, G is also a measure of concentration, such that a galaxy
with high C will also likely have high G. However, unlike C, G is not defined
to depend on the spatial location of the concentration.

2.4.5 Brightest second order moment of light (M20)

Whilst the Gini coefficient measures the inequality in the distribution of light
across pixels, the spatial distribution of the light is not fully accounted for.
Instead, the second order moment of the brightest 20% of light, M20, can be
used (Lotz et al. 2004). M20 is defined as

M20 = log10

(∑npix,20

i Mi

Mtot

)
, (2.16)

where npix is the total number of pixels under consideration, npix,20 is the
number of pixels which encapsulates the brightest 20% of the total galaxy
light, Mi is the second order moment of light of pixel i, and Mtot is the total
second order moment of light, which is defined as

Mtot =

npix∑
i

Mi =

npix∑
i

(
(xi − xc)

2 + (yi − yc)
2
)
fi, (2.17)

where fi is the flux value of pixel i, (xi, yi) are the coordinates of pixel i,
and (xc, yc) are the centre coordinate, which is determined as the coordinate
which minimises Mtot. M20 is evaluated over a region of the galaxy image
based on the same segmentation map as defined in the Gini coefficient. By
definition (Equation 2.16), the value of M20 is negative, and decreases for
galaxies with lower second order moments of light. In essence, M20 measures
the spatial separation of the brightest pixels. For example, galaxies which
have multiple bright nuclei (such as from merger remnants) would have high
M20.
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Chapter 3

Results

Here I summarise the main results from the structural analyses outlined
in Chapter 2. Significant attention is paid to the comparison of structural
quantities between the Fornax main cluster and the Fornax A group. Envi-
ronmental effects on the morphological transformation of galaxies were con-
sidered under the context of preprocessing. Another aspect is the prevalence
of nuclei in the cluster galaxies, which was investigated in terms of its colour
properties, the structural properties of its host galaxies, and constraints on
its formation mechanism.

3.1 Fornax: group versus cluster

The FDS presents an exceptional opportunity to study environmental prepro-
cessing, given the close proximity of both a cluster and a group environment.
In particular we studied the structures of the galaxies through the use of
structural quantities (i.e. best-fit parameters from decompositions and non-
parametric morphological indices), as well as by examining features in the
surface brightness profiles in terms of disk breaks.

3.1.1 Structural quantities

To investigate the potential signs of preprocessing, in Paper I, we used a set
of quantities derived from the best fitting Sérsic+PSF parameters to quantify
the galaxies: g − r and r − i colours, effective radius (re), Sérsic index (n),
and mean effective surface brightness (µ̄e,r = −2.5 log10(ftot/2πre

2q)). As
Figures 3.1 and 3.2 show, all the quantities show a dependence with stellar
mass. Since we are interested in comparing the difference in the structural
quantities between the environments, it is imperative that we account for
the range of values that the quantities can take based on the galaxy mass.
As such, we removed the dependence by taking the moving average over
all galaxies and subtracting it from the quantities (see Figure 3.1). With
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these residual quantities we compared their distributions between the envi-
ronments. Overall, the residual quantities show some differences between the
galaxies in the Fornax main cluster and the Fornax A group. In particular,
galaxies in the Fornax main cluster tend to be redder in g − r colour, bluer
in r − i colour, larger re, and fainter in µ̄e,r. To test the significance of the
differences, we applied hypothesis tests using the Kolmogorov-Smirnov (KS)
test statistic, with the null hypothesis that the both sub-samples were drawn
from the same population. Using a significance level of α = 0.05, the p-values
for the residual g − r and r − i colours, re, and µ̄e,r suggest that the null
hypothesis could be rejected, which implied a significant difference in the
distributions.

In addition to the Sérsic-derived quantities, we also investigate the non-
parametric indices (C, A, S, G, M20) in a similar manner. Employing the
same analysis, the significance tests suggest that the null hypothesis could be
rejected for the A and S indices, which in turn implies that the Fornax main
cluster galaxies tend to be less asymmetric and less clumpy than galaxies in
the Fornax A group (see Figure 3.2).

To further investigate the dependence of the structural quantities within
the environments, we studied the correlation between the quantities with the
projected cluster- and group-centric (hereafter halo-centric) distances using
the Spearman’s rank correlation coefficient, also known as Spearman’s ρ (see
Figures 3.3 and 3.4). Spearman’s ρ ranges from ±1 to denote a perfect mono-
tonic relation between the two variables, with the signs denoting a positive or
negative correlation. A Spearman’s ρ = 0 implies a lack of correlation. Ap-
plying Spearman’s ρ on the Sérsic-derived quantities and the non-parametric
indices with halo-centric distance, several quantities show weak halo-centric
trends (ρ ∼ 0.1). From hypothesis testing (assuming the null hypothesis that
there is no correlation), the p-values indicate that the null hypothesis can be
rejected for the r − i colour, re, µ̄e,r, A, S, G, and M20 for galaxies in the
Fornax main cluster. This suggests that galaxies residing towards the centre
of the Fornax main cluster tend to be: bluer in r − i colour; larger in re;
fainter in µ̄e,r; less asymmetric in A; less clumpy in S; higher equality in the
light distribution in terms of G; and larger spatial distribution of the bright-
est pixels in terms of M20. The lack of significant halo-centric trends in the
Fornax A group is potentially due to the low sample size, as bootstrapping
the Fornax main cluster galaxies to the same sample size as the Fornax A
group leads to p-values much greater than the significance level α.

Based on the significance tests of the residual quantities, the implication
is that, for a given mass, galaxies that reside in the Fornax main cluster
tend to be smoother, less asymmetric, more extended, and fainter in (effec-
tive) surface brightness than their Fornax A group counterparts, as well as
exhibiting signs of a difference in stellar populations. The stratification of
the Fornax main cluster into sub-samples via the virial radius showed signs
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Figure 3.1: Column 1 shows the distribution of r band Sérsic-derived quan-
tities with stellar mass. The Fornax main cluster galaxies are in blue and
the Fornax A group galaxies are in orange. Column 2 shows the stellar mass
dependence of the quantities, which is traced as the moving average over
all galaxies (solid black line). The grey dashed line denotes M∗ = 106M⊙,
below which the sample is largely incomplete and so were not included in
column 3. Column 3 shows the mass trend subtracted quantities, where the
solid lines denote median values within stellar mass bins. Column 4 shows
the distribution of the residual quantities and the p-values from KS tests are
labelled. Taken from Paper I.
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Figure 3.2: Same as Figure 3.1, but for non-parametric morphological indices.
Taken from Paper I.
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Figure 3.3: Sérsic-derived quantities as a function of projected halo-centric
distance. Left column shows the original quantities whereas the right column
shows the (mass trend removed) residual quantities. The solid lines show
linear fits to the data and are intended as visual guides to the correlation.
Taken from Paper I.
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Figure 3.4: Same as Figure 3.3, but for non-parametric morphological indices.
Taken from Paper I.
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of environmental transformation in the cluster compared to the group. In
particular, we found that, for a given stellar mass, galaxies beyond the virial
radius appear to have similar distributions of re and µ̄e,r as the Fornax A
group galaxies, but are likely different to those within the virial radius. A
possible explanation is that the tidal interaction with the cluster potential
is the dominant mechanism to transform the galaxy re and µ̄e,r, where the
galaxy DM can be stripped towards its pericentre passage, leaving the stel-
lar component to become less well bound gravitationally (e.g. Fattahi et al.
2018). However, the similarity in the distributions of Fornax A group galax-
ies and those beyond the virial radius implies that the tidal interaction with
the group potential must not be efficient, considering the same mechanism.
We also found that galaxies which are within or beyond the Fornax main
cluster virial radius have similar distributions in g − r colour, yet both are
significantly different to those residing in the Fornax A group. If one invokes
RPS as the responsible mechanism for such a difference, it would suggest that
the Fornax main cluster is very efficient in transforming the galaxy colours
and vice versa for the Fornax A group.

3.1.2 Disk breaks

As environmental processes tend to transform star forming late-type galaxies
to quiescent early-type galaxies, Papers IV and V concentrated on the bright
(mB < 16 mag) late-type galaxies located within the virial radius of the
Fornax main cluster and the Fornax A group, respectively. In particular, the
deep images of the FDS means that the surface brightness profiles capture the
faint outskirts which are more prone to environmental influences. Measuring
the surface brightness profiles and classifying the disk break types, we found
a mix of disk break types within the virial radius of the Fornax main cluster:
3 Type I, 4 Type II, 4 Type III, and one Type II+III. Of these LTGs, there
is a clear trend between the Hubble type and the projected cluster-centric
distance (see Figure 3.5). In comparison, 6 Type III and 3 Type I galaxies
were found for the Fornax A group, with no galaxies classified as having
Type II disk breaks. Moreover, there is no clear trend between the Hubble
type of the Fornax A group galaxies with projected cluster-centric distance.
As discussed in Section 1.2.3, one explanation for Type II disk breaks is a
truncation in star formation. As such, the presence and absence of Type II
disk breaks in the Fornax main cluster and the Fornax A group, respectively,
provides a strong indication of the environmental transformation of galaxies.
Indeed, using the g − i colours, we find that Type II galaxies in the Fornax
main cluster have bluer outskirts relative to their inner regions, whereas the
Type III galaxies tend to show redder outskirts relative to their inner regions.
However, the same is not observed for the Type III disk break galaxies in the
Fornax A group, which showed a mix of colours.
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Figure 3.5: Hubble morphological type as a function of the projected cluster-
centric distance for LTGs within the virial radius of the Fornax main cluster.
Taken from Paper IV.
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Figure 3.6: Projected phase space diagram of LTGs in the Fornax A group.
The solid blue line denotes the escape velocity of the Fornax A group. The
(shaded) regions mark the likely time a galaxy fell into the Group (as defined
in Rhee et al. 2017). Taken from Paper V.

Another difference appears when we compared the break radii of the Type
II and Type III disk break LTGs: we found that the break radii of the Fornax
main cluster galaxies tend to be within 1Re, whereas the majority of Fornax
A group galaxies were beyond 1Re. The difference in break radii between the
two environments potentially reflects the role of the environment in altering
the disks of galaxies. In particular, the projected phase space diagram in Fig-
ure 3.6 shows that the majority of the LTGs can be classed as either recent or
intermediate infallers. In comparison, the Fornax main cluster galaxies have
generally spent more time in the cluster than the Fornax A group galaxies
have spent in the group (Iodice et al. 2019a). Hence, the longer timescales
and the higher efficiency of mechanisms in clusters (e.g. harassment, tidal in-
teractions) are likely to have led to the observed differences between late-type
galaxies in the two environments.
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3.1.3 Efficiency of mechanisms

Given the clear differences in the observed properties of galaxies in the For-
nax main cluster and the Fornax A group, in Paper I we estimate the relative
efficiencies of RPS and galaxy-halo tidal interactions between the two envi-
ronments. The relative efficiencies of RPS and galaxy-halo tidal interactions
between the cluster and the group can be calculated using Equation 1.3 and
Equation 1.6, respectively. The ram pressure is dependent on the density of
the ICM and the velocity of the galaxies within the environment. The density
can be estimated by X-ray observations of NGC 1399 (Paolillo et al. 2002)
and NGC 1316 (Kim et al. 1998) for the Fornax main cluster and Fornax
A group, respectively, whilst the velocities can be estimated from spectro-
scopic data (e.g. Maddox et al. 2019). Substituting the relevant values, the
ram pressure in the cluster can be a factor of roughly ten higher than in the
group, assuming the same radial distance (∼ 10 kpc) from their respective
centres. This appears to be qualitatively in agreement with Boselli et al.
(2021) (see their Figure 1), where the averaged radial electron density profile
is higher for clusters than groups.

The strength of galaxy-halo tidal interactions is dependent on the peri-
centre distance between a galaxy and the halo potential (Rperi) and the mass
ratio of the galaxy and the halo potential within the pericentre distance
(Mgalaxy/Mcluster(< Rperi)). To estimate Mcluster(< Rperi), the mass profile of
Paolillo et al. (2002) can be used as an estimate for the Fornax main cluster,
whereas the mass profile estimate for the Fornax A group can be derived from
Kim et al. (1998). For a given galaxy with Rperi = 1 kpc, the mass estimates
suggest that the tidal radius of the galaxy is approximately 10% higher in
the Fornax A group than in the Fornax main cluster. Moreover, ETGs and
LTGs with M∗ ≲ 108M⊙ follow similar mass–size scaling relations such that
ETGs and LTGs of a given mass have similar sizes (re), which is consistent
with the transformation of LTGs to ETGs via fading and reddening.

3.2 Quenching of star formation

As previously discussed, the environment can severely inhibit a galaxy’s abil-
ity to form stars (e.g. via RPS), which in turn affects the galaxy’s appearance
as it fades and reddens due to the lack of young stars (Venhola et al. 2019).
In Paper III we used the colours and surface brightnesses of galaxies in both
Fornax and Virgo to investigate whether their properties are consistent with
the scenario of galaxies becoming fainter and redder as they dwell in a cluster.
To determine the amount of expected fading and reddening, we use the pho-
tometric predictions from single stellar population (SSP) models1 (E-MILES;

1Based on BaSTI isochrones (Pietrinferni et al. 2004), solar α abundances, and a revised
Kroupa initial mass function Kroupa 2001.
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Vazdekis et al. 2012, 2016; Ricciardelli et al. 2012). The models output the
predicted magnitudes in multiple photometric bands and at different ages,
which we model using linear fits between 2−12 Gyr to obtain the fading and
reddening track slope (FRTS).

Using the combined sample of Fornax and Virgo galaxies, the moving
average of colours and mean effective surface brightnesses of the low-mass
(M∗ < 108M⊙) late-type dwarfs appear to be consistent with the FRTSs,
implying they follow a passively evolving stellar population (see Figure 3.7).
In contrast, and somewhat counter-intuitively, early-type galaxies do not
follow the SSP models, even though they should consist of passively evolving
stellar populations. To mitigate the possibility that the observed relations
between colour and surface brightness are biased by their scaling relations
with galaxy stellar mass, we removed the mass trends to produce residual
colours and surface brightness (as in Section 3.1.1). Based on the residual
colour and residual surface brightness, it is clear that the observed relations
in Figure 3.7 for ETGs in Fornax and Virgo are due to the mass scaling
relations, and in fact do not show any signs of fading and reddening. In
contrast, the residual colour and surface brightness of low-mass LTGs are
consistent with fading and reddening. Interestingly, there appears to be
more massive late-type galaxies which follow the FRTS in the Virgo cluster
than in Fornax, which could be interpreted as a sign of stronger RPS that is
able to remove gas from more massive galaxies in the Virgo cluster.

One possible explanation for the disparity between ETGs and FRTS is
that the ETGs were quenched very early on, such that the FRTS approach
the limits of the passively evolving SSP models2. This is reinforced by the
sub-sample of ETGs with blue cores in the Virgo cluster (Lisker et al. 2006)
(which could be interpreted as more recent additions to the cluster) showing
signs of agreement with the FRTS.

3.3 Structural complexity

As outlined in Section 2.3.2, the multi-component decomposition models can
host a range of structures. Table 3.1 summarises the amount of structures
found in the galaxies. Overall, galaxies which hosted a bulge or bar com-
ponent tend to be massive (M∗ ≳ 109M⊙) galaxies, whereas the nucleus
appears to span a much larger stellar mass range (M∗ ≳ 106M⊙). Due to
their pervasiveness in clusters, the nucleus component is discussed at length
in Section 3.4. To investigate the distribution of the structures, we classi-
fied the decomposition models as complex, which contain large scale stellar

2More complex star formation histories were considered, such as an exponentially de-
clining SFR model and a constant SFR model, both with a truncation in SFR. Overall,
the complex stellar population models do not strongly affect the FRTS.
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Figure 3.7: Galaxy colour as a function of r band mean effective surface
brightness for galaxies in the Fornax and Virgo cluster. The solid coloured
lines show the moving averages in different stellar mass bins: red denotes
M∗ < 107M⊙, orange denotes 107M⊙ < M∗ < 108M⊙, green denotes
108M⊙ < M∗ < 109M⊙, blue denotes 109M⊙ < M∗ < 1010M⊙, and black
denotes M∗ > 1010M⊙. The dashed grey lines show the FRTS for different
metallicities (for most colours the metallicity does not significantly affect the
FRTS). The grey shaded regions show the range in colour used in the SSP
models to construct the FRTS. Taken from Paper III.
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Component Nucleus Bulge Bar Barlens
Count 148 22 29 7

Table 3.1: Summary of structural components used in the multi-component
decomposition models.

Figure 3.8: Distribution of multi-component decomposition models as a func-
tion of galaxy stellar mass. The multi-component models are split between
simple models (i.e. D and ND) and complex models. Taken from Paper I.

structures (e.g. bulges, bars), and simple, which encompasses models that
only contain a disk component or nucleus and disk components as their multi-
component model. On the whole, galaxies with simple decomposition models
dominate at lower galaxy stellar masses, whereas galaxies with more complex
morphology are typically more massive. The transition between simple and
complex models occurs around 109M⊙ (see Figure 3.8).

An alternative view on the complexity of the galaxy structures is through
the fraction of simple galaxies at a given magnitude (fsimple = Nsimple/Ntotal).
To make sure that the fraction is not biased by highly inclined galaxies
where most of the structures are obscured, an axial ratio limit of q ≤ 0.423
(equivalent to an inclination of 65 deg) was set. Overall, fsimple decreases
with brighter magnitudes, with a rapid change in fsimple occurring between
−14 < Mr < −19 mag. For Mr > −14 and Mr < −19, fsimple becomes
saturated at 1 and 0, respectively. Splitting the galaxy sample between the
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Fornax main cluster and the Fornax A group as well as between early- and
late-type result in the same aforementioned relation, with no significant dif-
ferences between the sub-samples. To examine whether this relation is spe-
cific to our Fornax sample, the simple fractions for the S4G (Salo et al. 2015)
and the SMAKCED (Janz et al. 2014) samples were calculated and compared
(see Figure 3.9). To briefly summarise the datasets: the S4G data contains
2352 nearby galaxies in 3.6µm; the SMAKCED data contains 121 early-type
dwarfs in the Virgo cluster; both datasets have multi-component decomposi-
tions available. Overall, the relation across the three studies are remarkably
similar, despite the differences in the data (e.g. image depth, wavelength).
To estimate the degree of subjectivity which may affect the classification of
galaxy models as simple or complex, limits based on the residual flux fraction
(RFF3) were included. Despite all the differences between the three studies,
the close resemblance between fsimple and Mr provides compelling evidence
that the galaxy (stellar) mass is the main factor in forming structures, rather
than the environment.

3.4 Nuclear star clusters

The nucleus components fitted in the multi-component decompositions cor-
respond to the unresolved NSCs at the centres of the galaxies. As alluded to
in Section 3.3, the nucleus was the most numerous structure in the Fornax
galaxy sample. Of the 148 nucleated galaxies, 137 belong in the Fornax main
cluster and 11 belong in the Fornax A group. The nucleation fractions are
thus 137/477=0.29±0.02 for the Fornax main cluster and 11/80=0.14+0.05-
0.03 for the Fornax A group. Comparing the nucleation fractions between the
two environments as functions of the host galaxy stellar mass, it is clear that
the nucleation fraction is lower for the Fornax A group than the Fornax main
cluster at a given stellar mass, particularly at M∗ ∼ 107M⊙ (see Figure 3.10).
Moreover, the peak of nucleation fraction occurs around M∗ ∼ 109M⊙, in
line with previous studies (Sánchez-Janssen et al. 2019; Zanatta et al. 2021;
Carlsten et al. 2021). In terms of the nucleation fraction as a function of
projected halo-centric distance, the nucleation fractions peak at the centres
for both the environments and gradually decrease with increasing distance
(see Figure 3.11).

The property of the nucleus and the host galaxy can be linked by compar-
ing their fluxes (hereafter the nucleus flux fraction fnuc/ftotal). By relating
the nucleus flux fraction with the host galaxy stellar mass, it is clear there
is a deviation from linearity between the two quantities (see Figure 3.12).
The change in relation occurs around M∗,galaxy ∼ 108.5M⊙, below which

3The RFF quantifies the amount of galaxy light which is not fully accounted for in a
galaxy model (see Blakeslee et al. 2006; Hoyos et al. 2011)
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Figure 3.9: Simple fraction (fsimple) as a function of r′-band magnitude for
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Paper I.
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the relation follows M∗,nuc ∝ M0.5
∗,galaxy and above which the relation follows

M∗,nuc ∝ M∗,galaxy. The relation for low-mass galaxies is in agreement with
some previous studies (Sánchez-Janssen et al. 2019; Neumayer et al. 2020),
but the exponent is smaller than in other studies (i.e. Georgiev et al. 2016).
The difference in relations with host galaxy stellar mass implies a potential
difference in the formation of NSCs, depending on the host mass. As dis-
cussed in Section 1.2.1, the main formation mechanisms for NSCs are GC
in-spiral and in-situ star formation. Comparing our observations to these
formation mechanisms, Figure 3.12 shows that GC in-spiral dominates for
the low-mass nuclei, but it is not enough for the massive nuclei. As other
studies have pointed out, the in-situ star formation mechanism likely dom-
inates for these massive nuclei (e.g. Neumayer et al. 2020; Johnston et al.
2020; Fahrion et al. 2021). Whilst there are no clear relations for the in-
situ formation mechanism, there is a clear trend of BH growth, which could
indirectly trace the growth of material towards the centre of massive galaxies.

To further investigate the environmental effects on the formation of NSCs
in galaxies, the structural properties of nucleated and non-nucleated galax-
ies were compared. Based on the same Sérsic-derived quantities and non-
parametric indices (see Section 3.3) to quantify the galaxy structures and hy-
pothesis testing (the null hypothesis is that the nucleated and non-nucleated
galaxies are drawn from the same population), the p-values indicate that the
null hypothesis can be rejected for the residual g − r colour, A index, M20,
and ∆(g− r). This implies that nucleated galaxies tend to be redder overall,
are less asymmetric, and exhibit redder outer regions (relative to itself) and
show less scatter in M20. However, the p-values based on Spearman’s ρ for
the structural quantities as a function of halo-centric distance suggest that
only the G index and ∆(g − r) have significant trends. The general lack
of halo-centric trends suggests that environmental effects are unlikely to be
the main driver of the observed differences in structure between nucleated
and non-nucleated galaxies. Nevertheless, the clear halo-centric trend with
nucleation fraction requires further investigation.
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63



64



Chapter 4

Conclusion

The aim of this thesis was to provide a detailed picture of the morphological
structures of galaxies and to investigate the effects of the environment on
these structures. The Fornax cluster (including the Fornax A group) was an
excellent testbed for this purpose, providing a sample which spans over five
orders of magnitude in stellar mass and resides within both a cluster and
group environment. The galaxies were viewed through the lens of the FDS,
which provided deep, multi-band photometry. The structures of galaxies
were quantified through aperture photometry, 2D structural decompositions,
and through non-parametric morphological indices.

Overall, we found that galaxies in Fornax can host a range of stellar
structures, including bulges, disks, bars, barlenses, and nuclei. Aside from
the nucleus, the tendency to host such structures appears to depend on their
stellar mass, with massive galaxies dominating the structural complexity of
the multi-component decomposition models. Moreover, after removing the
trends in stellar mass, we found significant differences in the colours and
structural properties of the galaxies between the Fornax main cluster and
the Fornax A group. Specifically, galaxies of a given mass in the Fornax
main cluster tend to be redder in colour, larger in effective radius, fainter in
mean effective surface brightness, less asymmetric and less clumpy than their
Fornax A group counterparts. Additionally, the bright late-type galaxies in
the Fornax main cluster show clear colour differences between their inner
and outer regions depending on disk break type, whereas no clear depen-
dence exists for those in the Fornax A group. The interpretation for these
differences are due to environmental effects, namely RPS and cluster-galaxy
tidal interactions in the Fornax main cluster. In particular, low-mass late-
type galaxies exhibit colours and surface brightnesses consistent with passive
evolving stellar population models. The deviation from the model for early-
type galaxies, on the other hand, points to the removal of gas at earlier
epochs. In turn, the larger observed effective sizes of Fornax main cluster
galaxies are consistent with models of tidal interaction with the cluster po-
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tential. In comparison, the low sample size of the Fornax A group obfuscates
the interpretation that the general lack of significant group-centric trends is
due to inefficient environmental effects.

We find that the nucleus is the most prevalent stellar structure for galax-
ies in the Fornax main cluster and the Fornax A group. In terms of the
nucleation fraction, the dependence on host galaxy stellar mass and the en-
vironment is clear: the nucleation fraction peaks at a mass of M∗ ∼ 109M⊙
and towards the centre of the environment in both the Fornax main cluster
and Fornax A group. Despite the similarities, the nucleation fraction is gen-
erally lower in the Fornax A group than in the Fornax main cluster when
considering both galaxies of the same stellar mass and at a given projected
halo-centric distance. In terms of the formation mechanisms, the nucleus flux
fractions point to a dichotomy where GC in-spiral and in-situ star formation
dominate at low and high masses, respectively. Comparing galaxy structural
properties between nucleated and non-nucleated galaxies, we find nucleated
galaxies of a given mass tend to be redder globally, show redder outskirts
(relative to its own inner region), less asymmetric, and a tighter range in
M20. Whilst there are observed differences in the structural quantities, the
lack of significant cluster-centric trends suggests that the environment is not
the main reason for the difference.

Overall, we have provided a comprehensive study of the structures of
galaxies in the Fornax main cluster and the Fornax A group. To build
upon the results presented here, the environmental effects on the galaxies
can be fortified by studying the stellar populations of the galaxies. This can
be achieved through complementary observations at different wavelengths.
Specifically, the inclusion of infrared data would allow a break in the age-
metallicity degeneracy, as well as minimise the obscuring of structure due
to extinction. Additionally, the analyses can be extended to other clusters
and groups. In particular, the increase in sample size would greatly benefit
the interpretation of environmental effects in galaxy groups. The combina-
tion of such works would certainly address the evolution of galaxy structures
across environments. We have also demonstrated the potential of the BIC
and structural decompositions as a tool for nucleus detection in an unsuper-
vised manner. Whilst more work is needed to investigate the feasibility on
different datasets, the BIC has a clear practical application on large scale
surveys from next generation telescopes, such as the Vera Rubin observatory
and Euclid.
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Emsellem, E., Cappellari, M., Krajnović, D., et al. 2007, MNRAS, 379, 401
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