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Abstract
I present a study into the stellar mass assembly and size growth of low redshift, massive, central
galaxies using a three-stage process. Stage one investigates the stellar mass assembly times of ∼
90,000 galaxies from the SDSS. Stellar mass is the main driver of assembly, with secondary depen-
dencies on environment. A comparison to simulations shows that despite reproducing isolated trends,
simulations struggle to reproduce secondary trends. Stage two investigates the nature of low surface
brightness (LSB) features around a sub-sample (236) of these galaxies using deep, multi-band imag-
ing from Subaru-HSC. High levels of interaction features are found from minor mergers, imprinted
on stellar mass profiles. The LSB material properties such as stellar mass and colours are similar to
SDSS satellites. This provides the first direct observational evidence of minor mergers driving the size
evolution of galaxies. Stage three uses stellar population fitting of IFU data for a further sub-sample
(15) of these galaxies. Subtle differences in age and metallicity profiles in galaxies of different inter-
action classes are found, however no difference in fractions of ex-situ stars are found. Differences in
the stellar populations of galaxies are found to be preferentially linked to the assembly histories, not
interaction morphologies.

Zusammenfassung
Ich präsentiere eine Studie über die Anordnung von Sternmassen und das Größenwachstum von
massereichen Zentralgalaxien mit niedriger Rotverschiebung in drei Teilen. Der erste Teil untersucht
die Anordnungszeiten von Sternmassen aus ∼ 90.000 Galaxien der SDSS. Die Anordnungszeiten
hängen primär von der Sternmasse ab, sekundär von der Umgebung. Der Vergleich mit Simula-
tionen zeigt, dass Simulationen trotz der Reproduktion isolierter Trends Schwierigkeiten haben,
sekundäre Trends zu reproduzieren. Der zweite Teil der Studie untersucht die Eigenschaften von
Materie niedriger Oberflächenhelligkeit (LSB-Materie) um eine Teilprobe (236) dieser Galaxien,
unter Verwendung von tiefen Multiband-Bildgebung durch Subaru-HSC. Große Mengen an Inter-
aktionsmerkmalen weisen ein hohes Maß an kleinen Galaxienverschmelzungen auf, die auf Stern-
massenprofilen zu erkennen sind. Die Eigenschaften der LSB-Materie, wie Sternmasse und Farbe
ähneln denen von SDSS Satellitengalaxien. Dies liefert den ersten direkten Beobachtungsnachweis
für kleinere Galaxienverschmelzungen, die die Größenentwicklung von Galaxien vorantreiben. Der
dritte Teil der Studie verwendet Datenanpassung von Sternpopulation aus IFU-Daten für eine weitere
Teilprobe (15) dieser Galaxien. Es werden leichte Unterschiede in den Alters- und Metallprofilen in
Galaxien verschiedener Verschmelzungsklassen gefunden, jedoch keine Unterschiede in den Profilen
von ex-situ Sternen. Unterschiede in den Sternpopulationen von Galaxien hängen bevorzugt mit der
Anordnungsgeschichte zusammen, nicht mit Interaktionsmorphologien.
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1
Introduction

A full description of the stellar mass assembly history and growth of galaxies is unfortunately
impossible to summarise in just one thesis. This is due to the extremely wide range of as-
trophysical processes which may influence the assembly and evolution of any one galaxy or
a population of galaxies. The astrophysical processes involved range from star formation
and giant molecular clouds on astronomical unit (AU) and parsec (pc) scales respectively
to galactic instabilities and environmental processes on kpc and Mpc scales, to name but
a few. Having to track and account for such processes over twelve orders of magnitude,
which can also be interlinked or interdependent on each other presents a major challenge
to improving our models of galaxy assembly and evolution. Other problems are presented
by the exact contributions of each of the various processes mentioned above and the numer-
ous other processes not covered here, both relatively well and poorly known to researchers.
Indeed astronomers are likely to be working for a long time yet using both observations and
theory, in an attempt to unravel many of the questions associated with galaxy assembly and
evolution.

The introduction of this thesis attempts to provide an overview of the relevant astrophys-
ical processes and the techniques used throughout this research into galaxy evolution, parts
of which have been published in the following studies of Jackson et al. (2020b), Jackson
et al. (2021) and Jackson et al. (in, prep.). Citations are also included where the reader
can find more detailed information on the subjects provided. The reader is also referred to
the following book of Mo, van den Bosch & White (2010), commonly known in the research
group as the "Bible" of galaxy formation and evolution, which covers a much wider range
of topics and astrophysical processes within the subject of galaxy formation and evolution
than this thesis. I concentrate this research on one type of galaxy, so as to avoid spreading
the scope of this research too thinly trying to encompass the significant variety of galaxies
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within the known Universe. In particular, as the title of this thesis states, on the assembly
and size evolutionary processes of low redshift, massive, central galaxies.

Massive, central galaxies are defined as the galaxy with the highest stellar mass (usually
1010−12 M�) or highest luminosity within their dark matter halo (Yang et al. 2007). They
also make up the most massive objects in our universe today, with masses up to and greater
than 1012 solar masses (Vulcani et al. 2011; Vázquez-Mata et al. 2020). They are also the
likely evolutionary endpoint of all galaxies, including our own Milky Way. Studying samples
of massive, central galaxies at low redshift means that these types of galaxies can also be
studied in great detail due to good spatial resolution and the wealth of data sets compared
to high redshift objects, thereby better constraining their evolutionary histories.

Numerous observational, theoretical and simulational studies have been carried out prob-
ing the nature and properties of massive, central, quiescent galaxies ("quiescent" indicates
low levels of star formation, such as a specific star formation rate < 10−11 Gyr−1 in Pasquali
et al. 2019, where specific star formation rate = star formation rate / stellar mass). This pop-
ulation appears visually, on average, rather homogeneous and relatively simple compared to
their late morphological type counterparts. This simplicity is reflected by the tight scaling
relations that these galaxies display between numerous galaxy properties such as the size,
surface brightness and the stellar velocity dispersion (which is tightly correlated to the stel-
lar mass). These relations between size, surface brightness and velocity dispersion are all
different dimensional projections of what is commonly known as the fundamental plane of
elliptical galaxies (Faber & Jackson 1976; Dressler et al. 1987). The majority of these galax-
ies have also been found to display relatively smooth structure and surface brightness profiles
(Gott 1975; Carter 1979; Huang et al. 2018b), old stellar ages (Thomas et al. 2005; Gallazzi
et al. 2005), little star formation (Brinchmann et al. 2004) and relatively little molecular gas
(Lees et al. 1991; Young et al. 2011).

These properties and observational trends led early studies to conclude a fairly simple
formation and evolution scenario for such galaxies. The scenario presented by these early
studies claimed that the bulk of the stellar mass was formed in a short but massive and
intense burst of star formation at high redshift, before an almost completely passive evolution
to the present epoch (Thomas et al. 2005; Renzini 2006). However, a renewed interest in
this population of galaxies was motivated by evidence of a more complex evolution than a
simple burst of star formation followed by a completely passive evolution. This spark came
from one observational study in particular, that of Daddi et al. (2005). The results of their
study have led to numerous follow-up studies over the last 15 years into the formation and
evolution of massive, quiescent galaxies, both observational and theoretical.

In their study, Daddi et al. (2005) used a colour-colour selection criterion (BzK, see
Daddi et al. 2004, 2005, for more details) to select and study seven massive, early-type,
quiescent galaxies in the Hubble Ultra-Deep Fields (see the left panel of Figure 1.0.1 for an
example galaxy). They used ACS grism spectra to confirm the high redshifts of these objects,
ranging from 1.4 . z . 2.7. They also used spectral energy distribution (SED) fitting on
the extracted photometry of the imaging data to estimate high stellar masses and relatively
old average stellar ages at these cosmic epochs, confirming their quiescent nature. The sur-
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Figure 1.0.1: Figures 5 and 12 from the study of Daddi et al. (2005). Left panel: An example of one of the
quiescent galaxy sample, with HST imaging in the inset and the corresponding ACS grism spectra in the main
section of the panel (black lines) with two different stellar population fits (orange and green). The quiescent
nature is confirmed by the large drop at λ ∼ 8200 Å and the relatively red spectrum. A visual inspection of the
imaging data shows red colours and a fairly early-type morphology. Right panel: The high redshift, quiescent
galaxy sample represented by black points in the size - surface brightness plane compared to a low redshift
sample of quiescent galaxies represented by the empty squares. The quiescent sample occupy a part of the
phase space not populated by galaxies in the local Universe, being much more compact than their low redshift
counterparts.

prising result from this study, however, was the seemingly compact sizes of their sample.
They found that the radius enclosing half of the integrated light of the objects, better known
as the effective radius, of four out of their seven galaxies was < 1 kpc. This is compared
to an average effective radius of 5 - 10 kpc expected for galaxies of similar stellar mass in
the low redshift universe (Kormendy 1977). When a passive evolution for these objects is
assumed, they populate a part of the Kormendy relation (Kormendy 1977), or alternatively
the fundamental plane (Faber & Jackson 1976; Dressler et al. 1987), not populated by low
redshift galaxies (Daddi et al. 2005, see the right-hand panel of Figure 1.0.1). These dif-
ferences in size imply a substantial stellar mass density difference of an order of magnitude
(Bezanson et al. 2009). The corresponding lack of compact, massive objects at low redshift
and the dearth of large, massive systems at high redshift re-ignited the debate of how the
most massive elliptical galaxies in our local universe were formed and what their connection
is to these abundant, high redshift, compact, massive objects.
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1.1 The Stellar Mass Assembly and Properties of Central Galaxies

To understand the evolution of low redshift, massive, quiescent galaxies, the assembly of a
galaxy’s stellar mass needs to be understood initially. The stellar mass is the result of any
one galaxy’s integrated star formation history (SFH), making it an indicator of the processes
that a galaxy may have undergone throughout its lifetime. There are a number of different
techniques used for estimating the stellar mass of a galaxy, such as colour relations motivated
by simple stellar population assumptions (e.g. Bell et al. 2003), dynamical estimates from
orbiting systems such as globular clusters or satellite galaxies (e.g. Callingham et al. 2019),
SED fitting of observed photometry (e.g. Brinchmann et al. 2004; Salim et al. 2016) or fitting
stellar populations to observed spectra (e.g. Cid Fernandes et al. 2005). I will outline the
latter two techniques as these are the most commonly used in current studies and are also
utilised within this research.

Both SED fitting and stellar population modelling (also referred to as spectral fitting) rely
on the utilisation of a large database of stars, better known as a stellar library. This stellar
library can be built in two different ways. The first route is to use a collection of observed
stars in the vicinity of our solar system which are well known and calibrated, better known
as an empirical library (like those of Bruzual & Charlot 2003; Vazdekis et al. 2010). The
second route is to use a collection of simulated stars which are theoretically synthesised
using techniques such as modelling of stellar atmospheres and radiative transfer codes (like
those of Maraston 2005).

Both the libraries of empirical and theoretical single-age stellar spectra need a wide and
detailed range of models in order to sufficiently sample the parameter space in age and
metallicity, resulting in stellar libraries of up to hundreds of possible stars. The stars usually
cover a wide range of ages, from the youngest stars with an age of approximately 10 Myr
to the oldest with ages of ∼ 13 Gyr. The stellar libraries also cover a range of metallicities,
from extremely metal-poor stars containing 1/100th of the solar metallicity to metal-rich at
a few times solar metallicity. An example empirical stellar library of different metallicities
and ages is shown the top panel of Figure 1.1.1. Some libraries also contain models with
stars which display an enhancement in the abundance of α elements, usually indicative of a
stellar population which has undergone a short, intense burst of star formation.

Importantly, there are degeneracies between the colour of the star, its age, and its metal-
licity, whereby a stellar population may be redder either because it is older, more metal-rich,
or both and vice-versa (known as the age-metallicity degeneracy, see e.g. Vazdekis et al.
2010, and references therein for more information and possible ways to break this degener-
acy). This means that such techniques have to be used with care.

The library of stellar spectra is then combined with the assumption of a certain stellar
Initial Mass Function (IMF, e.g. Salpeter 1955; Chabrier 2003). The IMF determines the
relative fractions of certain masses of stars in a stellar population as a function of stellar
mass of those stars, i.e. the fraction of low to high mass stars expected to be born on average
in a cloud/galaxy. A further combination is performed with models of stellar evolution in the
form of isochrones (e.g. the BaSTI isochrones, Hidalgo et al. 2018) in order to calculate the
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Figure 1.1.1: Top panel: Figure 1 of Cid Fernandes et al. (2005). Stellar populations with different metallicities
ranging from left to right and ages varying between 1 and 13 Gyr from top to bottom in each metallicity bin.
Mid and bottom panels: Figure 2 from Boecker et al. (2020). Mid panel: A simulated spectra in black, with the
best-fitting stellar population combination given in red, with residuals shown in green directly below. Bottom
panels: From left to right the true distribution in age and metallicity of the stellar populations (obtained from
simulations) and the age and metallicity distributions estimated by different fitting parameters in the same full
spectral fitting code in the following 3 sub-panels (see Boecker et al. 2020, for more details).
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relative amount of certain types of stars still contained in an evolved population of a certain
age and metallicity. The library of stellar spectra are then summed additively in various
weighted fractions according to the expected amount of stars in each population to create a
model spectrum of combined stellar populations.

The model spectra are then compared or fitted to the observed spectrum of a galaxy.
This fitting process then estimates the best-fitting combination of the stellar populations for
each observed spectra. A probability distribution function of each combination can then be
built, yielding estimates on the properties of the stellar population such as the total stellar
mass, the average stellar age, the stellar metallicity, or alpha element to iron ratio [α/Fe] of
a population. The estimated properties can then reveal the details of the formation history
(see Conroy et al. 2009, and references therein for a detailed summary and overview). An
example of this fitting process can be seen in the mid and bottom panels of Figure 1.1.1,
whereby the mid panel shows the original spectra in black with the best-fitting spectra in
red, with the corresponding true distribution of the stellar population in age and metallicity
in the lefthandmost bottom sub-panel and the estimated distributions in age and metallicity
found in the other three bottom panels (using different techniques, see Boecker et al. 2020,
for more details).

There are, however, some restrictions associated with stellar spectral fitting. The sample
sizes can be significantly smaller compared to photometric studies of galaxy evolution, as
spectroscopic data requires much longer integration times than imaging. They may also
focus mainly on early-type galaxies rather than the general galaxy population due to the
problems in breaking degeneracies in dust, age and metallicity, which all cause the colours
of stellar populations to redden, that dominate late-type galaxies. Late-type galaxies also
generally have more complicated star formation histories, which cannot be well described
by a single or relatively simple mixture of stellar populations (see Conroy et al. 2009, and
references therein).

An alternative technique to estimate properties of galaxies is via the use of photometric
SED fitting (e.g. da Cunha et al. 2008). SED fitting is based on the same principle as the stel-
lar population modelling described above, whereby a library of stellar populations, either
empirical or theoretical is used. The difference, however, is that rather than immediately
comparing the constructed library of model spectra to an observed spectra, the model li-
braries are initially combined with filter functions. These filter functions provide the relative
amount of light per wavelength collected by a broad band filter spanning a specific wave-
length range (such as those in Doi et al. 2010, describing the filters of the Sloan Digital Sky
Survey, or SDSS). The measured fractions are convolved with the model spectra and inte-
grated to calculate the total flux expected in a certain filter from a certain stellar population
or combination of stellar populations.

The integrated fluxes from the models are then compared to the fluxes from observed
galaxies. Similar to the stellar population modelling, estimates of the best-fitting stellar pop-
ulation properties can then be inferred, such as the stellar mass or approximate stellar age
of any one galaxy. The advantage of SED fitting is that other components such as heating
from dust via the process of star formation (Dale et al. 2014) or components from Active
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Figure 1.1.2: Figure 13 of Leja et al. (2019). Top panel: An example best-fitting model spectral energy dis-
tribution (SED) represented by the solid black line (1σ uncertainties represented by the shaded area), with the
expected fluxes from the SED given by the black circles, compared to the observed photometry given by the blue
circles. Bottom panels: The probability distributions of the certain galaxy properties, such as stellar age, star
formation rate and metallicity, as a function of the corresponding photometric indicators included in the SED
fitting process.

Galactic Nuclei (AGN, Mullaney et al. 2011) can be modelled and accounted for in the fitting
process. Due to this enhanced flexibility, as well as the fact that photometry requires much
lower exposure times for similar depths or signal-to-noise levels compared to spectra, SED
fitting on photometry can be applied on much larger samples of galaxies than stellar popu-
lation modelling. An example SED can be found in Figure 1.1.2, where the solid black line
represents the best-fitting model SED (1σ uncertainties represented by the shaded area),
with the expected fluxes from the SED given by the black circles, compared to the observed
photometry given by the blue circles. The bottom panels show the probability distributions
of certain galaxy properties yielded by the fitting process.

Due to different approaches in the philosophy applied to SED fitting, there are a num-
ber of different codes available. Some SED fitting codes use an energy balance principle,
whereby the Ultraviolet (UV) light generated by massive, young stars is absorbed by dust
and completely re-emitted in the Infrared (IR), such as cigale (Noll et al. 2009) or mag-
phys (da Cunha et al. 2008). Other SED fitting codes use combined Bayesian and Monte
Carlo methods, along with options like the simultaneous fitting of both photometry and
spectroscopy such as bagpipes (Carnall et al. 2018). Another technique gaining increasing
usage is the utilisation of SFHs that are not just described by simple mathematical models,
such as a declining exponential burst, but which consist of a mixture of functions or shapes.



8 1.1. THE STELLAR MASS ASSEMBLY AND PROPERTIES OF CENTRAL GALAXIES

These irregular SFHs are better known as non-parametric SFHs and are used in codes such
as prospector (Leja et al. 2017). The range of philosophies and available models and tech-
niques means that care needs to be taken when selecting an SED code for use, whereby the
selected code considered is usually chosen dependent on the type of galaxy or galaxy prop-
erties of most interest to the researcher. This is because estimates of some parameters, such
as a stellar mass, may be well constrained with agreements between different codes within
0.2 dex of each other, but others such as star formation rates can differ by up to an order of
magnitude (see e.g. Leja et al. 2019).

Early studies utilising stellar population modelling on integrated galaxy properties found
evidence that more massive galaxies form their stars earlier and on shorter timescales than
less massive ones (Thomas et al. 2005; Gallazzi et al. 2005; Thomas et al. 2010). This
phenomenon of more massive galaxies assembling their stellar mass earlier than less massive
ones is commonly known as downsizing (Cowie et al. 1996). These results have also been
confirmed by studies using SED fitting on photometric datasets such as the studies of Pacifici
et al. (2012, 2016). In their study Pacifici et al. (2016) found a range of values at which
galaxies assembled 90 per cent of their stellar mass (t90), with the most massive galaxies
estimated at having t90 values of up to 10 Gyr, whereas the youngest have an average t90 of
∼ 2 Gyr. This difference in t90 values is coupled by a steady transition, in agreement with
previous studies using stellar population modelling.

Studies using both stellar population modelling and SED fitting have also found that, as
well as displaying older stellar ages, more massive galaxies tend to be metal-enriched and
have higher values of [α/Fe], indicative of shorter, more intense bursts of star formation at
early cosmic epochs (Thomas et al. 2005; Gallazzi et al. 2005; Thomas et al. 2010). This
shows that the stellar mass assembly history is also imprinted on the present-day properties
of each galaxy. This work has also been extended by follow-up studies, utilising long slit
spectroscopy (La Barbera et al. 2012, 2019; Martín-Navarro et al. 2015) and, more recently,
integral field spectroscopy (Wilkinson et al. 2015; Zibetti et al. 2020) to explore galaxy
assembly and evolution processes in more detail. Some of the results which have implications
on the stellar mass assembly processes of galaxies include evidence for a variable IMF (La
Barbera et al. 2019) and the imprints of the energy injected by a black hole quenching star
formation (Martín-Navarro et al. 2018).

Estimated stellar ages or stellar mass assembly lookback times are usually compared as a
function of stellar mass, which is postulated to be the main driver in galaxy evolution, espe-
cially in central galaxies (Gallazzi et al. 2005; Pasquali et al. 2010). Environment, however,
is also known to have an effect on galaxy assembly (Pasquali et al. 2010). Processes rang-
ing from star formation (Kennicutt 1998) to the quenching of star formation via supernova
or AGN feedback (see e.g. Bower et al. 2006) correlate strongly with the stellar mass of a
galaxy. On the other hand major and minor mergers supplying molecular gas for starbursts
(e.g. Sanders & Mirabel 1996) and processes which shut down star formation such as stran-
gulation and ram-pressure stripping (see e.g. De Lucia 2011) are triggered by environment.
All of the processes mentioned here can affect how any one galaxy assembles its stellar mass.

This variety of astrophysical processes driving stellar mass assembly can also affect the
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same present-day galaxy properties meaning that there may be degeneracies between the
two drivers of galaxy evolution, including the aforementioned assembly times. By compar-
ing galaxy properties as a function of both stellar mass and environment simultaneously, re-
searchers can attempt to somewhat separate secular evolution from environmental effects.
To do this, two proxies for the environmental and secular processes are commonly selected,
namely the stellar mass of the galaxy itself for secular processes and the parent halo mass
of a galaxy for the environment (Weinmann et al. 2006). Galaxy properties are then usu-
ally averaged in bins of stellar and halo mass, or compared in a number of different fixed
stellar (halo) masses while varying halo (stellar) mass. This concept has been employed suc-
cessfully in previous studies in order to investigate galaxy morphological types (Weinmann
et al. 2006), AGN activity types (Pasquali et al. 2009), star formation rates (van den Bosch
et al. 2008; Wetzel et al. 2012), ages and metallicities (La Barbera et al. 2014; Trussler et al.
2020), and satellite assembly and evolution (Pasquali et al. 2019; Smith et al. 2019) and
their dependencies on both halo and stellar mass. This allows us to somewhat disentan-
gle which factors contribute most in influencing the stellar mass assembly of low redshift,
massive, central galaxies.

In summary; a number of techniques can be used to estimate the stellar mass assembly
of galaxies, such as stellar population modelling or spectral energy distribution fitting. Stud-
ies utilising these techniques have already helped constrain our models of the stellar mass
assembly of galaxies, also showing that the assembly history of any one galaxy is also im-
printed on the average properties of a galaxy population. Many studies have also shown that
the stellar mass assembly processes of galaxies can be influenced by both secular effects,
driven by the stellar mass of a galaxy, or by the environment that a galaxy is situated in.
This means that both stellar mass and environment need to be accounted for simultaneously
to break degenacies which may bias interpretations of observed trends in the stellar mass
assembly of low redshift, massive, central galaxies.

1.2 The Size Growth of Central Galaxies

With some of the aforementioned studies having proposed models of the mass assembly of
low redshift, quiescent galaxies, I will now concentrate on the link between low and high
redshift galaxies. Firstly there is a relative lack of compact, massive objects at low redshift
comparable to the high redshift, compact, massive systems observed. Secondly both high
redshift, compact, quiescent galaxies and low redshift, massive galaxies display similar times
of formation (e.g. Daddi et al. 2005; Carnall et al. 2020). These two results led to researchers
trying to connect the two galaxy types in an evolutionary sequence.

After the initial study of Daddi et al. (2005), numerous follow-up studies found similarly
small sizes for larger samples of high redshift galaxies with similar stellar masses at the
same cosmic epochs (Trujillo et al. 2006, 2007; Zirm et al. 2007; van Dokkum et al. 2008;
Cimatti et al. 2008). Later studies investigating this size growth in more detail utilised
samples spanning across multiple redshift ranges (Ferreras et al. 2009; van Dokkum et al.
2010), finding a smooth and gradual growth curve across redshift. To date, one of the most
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Figure 1.2.1: Figure 5 from van der Wel et al. (2014). Top left to bottom right: The galaxy distributions
of quiescent (red points) and star-forming (blue points) galaxies in the stellar mass - size plane, in increasing
redshift bins. Noticeable is the decrease in physical size with increasing redshift at fixed stellar mass, as can
be seen by the solid lines which give the average trends at each epoch, compared to the dashed line which
represents the z = 0.25 relation.

detailed studies of the size growth of galaxies across cosmic time is that of van der Wel et al.
(2014).

van der Wel et al. (2014) built upon earlier studies by extending their study to also
include star-forming galaxies as well as quiescent galaxies across multiple redshift ranges.
They found a similar growth behaviour across redshift for star-forming galaxies to quiescent
galaxies, albeit with a shallower gradient (i.e. a size difference that is not as great between
high and low redshift star-forming galaxies as for quiescent galaxies). Their results can be
seen in Figure 1.2.1, where the blue and red points represent star-forming and quiescent
galaxies respectively, separated into multiple redshift bins and are plotted in the size-stellar
mass plane. A gradual decrease in the average size (fitted solid black lines) at constant stellar
mass is observed from low to high redshift. The size difference between the highest redshift
quiescent galaxies and their low redshift counterparts can amount to a factor of∼ 4 (Trujillo
et al. 2007) and thereby implies significant stellar density differences of up to 1 or 2 orders
of magnitude greater (van Dokkum et al. 2008).

Although progenitor bias, which implies that high redshift galaxies may not necessarily
be the progenitors of low redshift galaxies (van Dokkum & Franx 2001), may be used to
argue that these multiple samples are not evolutionarily linked, there are arguments against
this. One of these arguments is that there is a lack of compact massive galaxies in the local
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universe (Trujillo et al. 2009; Valentinuzzi et al. 2010; Taylor et al. 2010), which would
be expected if all of these objects evolved completely passively and without interactions. A
second argument is the old average age of the stellar material in the majority of early-type
galaxies in the local universe (e.g. Thomas et al. 2005, 2010), whereas a significant fraction
of galaxies with young ages would be expected in the progenitor bias driven scenario. These
arguments rule out progenitor bias as the sole driver of the size growth processes of massive
galaxies, hence numerous physical mechanisms have therefore been suggested to account
for the size evolution of massive galaxies.

Some studies argue that major mergers (stellar mass ratio < 1:4) could increase the size
of an object dramatically (Feldmann et al. 2010). In this scenario, material from both galax-
ies involved in the merger is significantly disturbed and displaced in such interactions. Other
studies, however, state that this is likely to increase the stellar mass of an individual object
too greatly (van der Wel et al. 2008; Bezanson et al. 2009), especially in the central regions
of massive galaxies (Naab et al. 2009). This scenario would result in much greater numbers
of extremely high mass objects than observed in the local universe and stellar mass density
profiles which would be much steeper in the central regions of galaxies than observed.

Feedback from AGN is another argument proposed that could cause the size growth of
such galaxies (Fan et al. 2008, 2010). In this scenario outflows and winds driven by AGN
could remove gas from the galaxy and induce an expansion of the stellar component. Nu-
merous counterarguments to this theory, however, have been presented (see Trujillo et al.
2009; Bezanson et al. 2009, and references therein). These counterarguments include that
the amount of feedback would need to be extremely fine tuned to reproduce the properties
of local, massive ellipticals and that the dynamically expected size-to-mass ratio increase of
such a mechanism disagrees with the observed trends such as in van der Wel et al. (2014).

The theory currently favoured by the astronomical community to explain this observed
size growth behaviour has emerged as the two-phase evolutionary scenario of massive galax-
ies (e.g. Naab et al. 2007, 2009; Oser et al. 2010, 2012). This scenario postulates that the
first phase of evolution is the rapid formation of the bulk of the stellar mass through a main
dissipative episode of star formation, resulting in a compact, massive object. This is followed
by a secondary phase with the accretion of material onto the massive galaxy from satellite
galaxies via gas-poor or "dry" minor mergers (stellar mass ratio & 1:4), gradually increasing
the physical sizes of the central galaxies (e.g. Bezanson et al. 2009).

Simulations have provided some of the strongest evidence to date supporting the scenario
that minor mergers drive the size growth of massive galaxies. Many have found a rapid
build up of the bulk of the stellar mass via gas accretion, dissipation and rapid, in-situ star
formation at high redshifts (from z = 8 to z = 2) for many high mass galaxies. This initial
stellar mass assembly phase is followed by a relatively small increase in mass and a large
increase in size, with this secondary phase coinciding with multiple minor mergers (Naab
et al. 2007, 2009). Similar studies have also presented evidence that massive galaxies are
made up of an increasing amount of old ex-situ material towards higher stellar masses and
lower redshifts, connecting this old ex-situ material to satellite galaxies (Oser et al. 2010,
2012). The most recent studies have provided yet more evidence for this scenario, finding
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that the outskirts of massive galaxies are increasingly dominated by ex-situmaterial delivered
from satellite galaxies (Hirschmann et al. 2015; Davison et al. 2020; Remus & Forbes 2021).

Hints of minor mergers driving the growth of massive galaxies has also been found in
various observational studies. Early studies showed that the surface brightness profiles at
various redshifts increases the most in the outer regions of galaxies, likely driven by the
accretion of ex-situ material (Hopkins et al. 2009; van Dokkum et al. 2010; Bílek et al.
2020). Other studies also find a high estimated rate of minor mergers for early-type galaxies
(Ferreras et al. 2014), which is argued to be sufficient to account the growth of central
galaxies below z . 1 (Newman et al. 2012). Arguments such as the expected size growth
to mass growth of quiescent galaxies expected by either major merger, AGN feedback or
minor merger scenarios have also been invoked in order to favour the minor merger scenario
(Bezanson et al. 2009; Trujillo et al. 2011), whereby major mergers provide too much mass
growth and AGN feedback not enough for the expected size growth of the average galaxy.
These arguments, however, are all indirect, with direct links of accreted stellar material and
satellite galaxies via observations still lacking.

In order to search and study minor mergers around low redshift, massive galaxies, re-
searchers need to target the ongoing process. The accreted stellar material from lower mass
galaxies in the process of merging is usually extremely diffuse in comparison to the host
galaxy, manifested in so called "Low Surface Brightness" features (LSB features) located in
the outskirts of central galaxies. Extremely deep imaging is needed in order to detect a signal
from such diffuse material. Studies ranging from using a number of small aperture and ama-
teur telescopes with long exposures (e.g. Martínez-Delgado et al. 2010; Koch et al. 2017) to
surveys on larger class telescopes such as the Canada-France-Hawaii Telescope (e.g. Ludwig
et al. 2012; Atkinson et al. 2013; Duc et al. 2015; Morales et al. 2018) have been carried out.
Such studies have successfully found signatures of the accretion of stellar material with LSB
features detected down to surface brightnesses of µg−band ∼ 29 - 30 mag arcsec−2 (Bílek
et al. 2020; Duc 2020). Simulations also show that as imaging data go increasingly deeper,
an increasing number of tidal features and distorted stellar material is revealed (Mancillas
et al. 2019).

However most observational studies considering larger samples, although finding signifi-
cant signs of tidal material, generally have not attempted to quantify the physical properties
such as colour or stellar mass of this material. This is namely due to a lack of multi-band or
multi-wavelength data that is deep enough to enable the colour of the material to be deter-
mined or SED fitting to be carried out. Properties of the material such as colour and stellar
mass (as well as the prevalence of this merger activity) can help us understand its origin
and thereby possibly constrain the processes driving the size evolution of galaxies via direct
observations.

In summary: low redshift, massive galaxies are found to have old ages, similar to their
high redshift, compact counterparts. This has led researchers to believe that compact, mas-
sive galaxies grow in size to evolve into their low redshift counterparts. This size growth has
also been shown to proceed fairly steadily over cosmic time. Major mergers and AGN feed-
back were initially proposed as a potential physical mechanism to explain this size growth,
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but have however been found to predict a different size growth scenario to observations.
Hence, minor mergers have become the favoured explanation. In the minor merger sce-
nario, satellite galaxies likely orbit their central galaxy and get accreted onto the outskirts
of the central, massive galaxy, causing a large size increase of the galaxy without adding
significant stellar mass. Although simulations have found evidence of these processes and
there are some hints of observational evidence, a direct link has yet to be made between the
tidal features and outskirts of central galaxies and the surrounding satellite population in
observations.

1.3 The Effect of Mergers on Central Galaxies

As previously mentioned in Section 1.1, the stellar mass assembly history of galaxies cor-
relates with certain properties of the stellar material. This means that the assembly and
evolutionary history of any one galaxy is imprinted on the properties of its stellar material.
One recently developed set of data is especially useful for such investigations, namely Inte-
gral Field Unit (IFU) spectroscopy. The release of data from a number of large scale, public
IFU surveys over the last few years such as Mapping nearby Galaxies at Apache Point Obser-
vatory (MaNGA, Bundy et al. 2015), Sydney-AAO Multi-object Integral-field spectrograph
(SAMI, Croom et al. 2012) and Calar Alto Legacy Integral Field spectroscopy Area (CALIFA,
Sánchez et al. 2012) surveys to name a few, have significantly developed our understanding
of many of the details of galaxy evolution on smaller scales. These surveys contain spatially
resolved spectra of between hundreds and thousands of galaxies, providing, for the first time,
detailed spectral data of galaxies while also containing statistically significant sample sizes.

The analysis carried out on IFU data sets covers a wide range of areas of astronomical
research such as the spatially resolved kinematics of galaxies (Cappellari et al. 2013; van de
Sande et al. 2017b), our understanding of AGN and their ionised outflows (Scholtz et al.
2020; Wylezalek et al. 2020) and star formation processes and their relation to various local
scales or galaxy properties (Sánchez et al. 2013; Bluck et al. 2020). These data sets have also
enabled researchers to extensively investigate the stellar population properties of galaxies
in higher detail than previously possible (Martín-Navarro et al. 2018; Zibetti et al. 2020).
Studying the stellar populations of galaxies has allowed researchers to constrain processes
such as star formation and quenching inmore detail across multiple epochs, with one popular
method concentrating on radial gradients of certain stellar properties.

The radial gradient of a stellar population of a galaxy (i.e the change of properties such as
stellar age or metallicity as a function of radius) indicates how a galaxy has formed its stars.
A negative gradient in stellar age, meaning that the stars in the centre are older than those
in the outskirts, indicates an inside-out scenario. This is where star formation ceases in the
central regions of a galaxy earlier than the outskirts. In contrast, positive gradients may indi-
cate an outside-in formation scenario. Similarly, negative metallicity gradients, whereby the
central regions of a galaxy are more metal-rich than the outskirts, may indicate the renewal
of star formation in the outskirts by metal-poor gas which is accreted onto the outskirts of
the galaxy and a starvation of star formation in the central regions. This picture, however
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can be complicated by other processes such as ongoing star formation bursts or mergers,
especially in late-type star-forming galaxies.

In the case of a simple monolithic collapse model similar to the scenario outlined earlier,
whereby a galaxy undergoes an intense, short burst of star formation to form the bulk of its
stellar mass, models predict strong negative age and metallicity gradients (Carlberg 1984;
Thomas et al. 1999). Galaxy merging, however, is expected to cause a flattening of these
gradients in the outskirts of a galaxy or the entire profile, depending on the type of merger
(Kobayashi 2004). Therefore, as star formation may proceed from different regions in galax-
ies and the subsequent quenching may have many possible causes, including feedback from
AGN or supernovae, regulation of gas, or mergers, the analysis of radial gradients must be
carried out with care.

Studies utilising low redshift IFU data sets in combination with stellar populations have
generally found shallow or flat age and metallicity gradients in galaxies, albeit with some
variation (Sánchez-Blázquez et al. 2014; Goddard et al. 2017a). Such studies generally agree
about a smooth and fairly linear transition from slightly positive gradients at low stellar
masses or line of sight velocity dispersions to slightly negative gradients at higher stellar
masses or velocity dispersions (Sánchez-Blázquez et al. 2014; Goddard et al. 2017a). This
indicates a likely progression of outside-in star formation and metal enrichment in lower
mass galaxies before a proceeding of inside-out quenching at higher stellar masses. Caution
must be taken, however, as the two processes can imprint themselves in similar ways on the
same stellar population properties, meaning disentangling star formation from quenching is
not straightforward.

Despite some agreement on the general radial gradients of various galaxy properties be-
tween studies, mixed results are presented on the dependence of these gradients with mor-
phology or galaxy type among other galaxy properties. This is likely due to varying sample
sizes or different sample selections. Similarly Goddard et al. (2017a) also find no significant
difference in the gradients when splitting their sample by environmental density, indicating
that stellar mass is the main driver of the observed trends. Further studies, however, have
not been carried out to date to confirm these initial results, as such investigations are still
relatively recent.

Further studies such as those of Martín-Navarro et al. (2018) and Zibetti et al. (2020)
have tried to connect low redshift, massive galaxies to high redshift, massive compact ob-
jects by investigating the metallicity and age gradients of galaxies contained within CALIFA
(Sánchez et al. 2012). They find negative metallicity gradients in the centre of their low red-
shift galaxies with a flattening towards the outskirts, indicative of a transition in the origin
of the stellar material. Martín-Navarro et al. (2018) also compare the age and metallicity
gradients of their sample to compact, old, relic galaxies in the local universe (similar to the
high redshift, compact massive galaxies from Section 1.2), finding similar ages, metallicities
and trends in these low redshift, compact objects as is expected for high redshift, compact
objects. They claim that this indicates that the centres of local, massive galaxies were formed
in gas-rich, rapid bursts of star formation at high redshift, producing the negative metallic-
ity gradients, which are flattened in the outskirts by the steady accretion of material from
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minor mergers over a longer time span. This result provides more support to the two-phase
assembly scenario outlined in the previous sections.

Cosmological simulations have also been used to investigate the resolved properties of
galaxies and their radial gradients (e.g. Tissera et al. 2016; Trayford & Schaye 2019), gen-
erally finding similar trends to the observations. However, simulations also provide another
advantage, in that each stellar particle can be precisely tracked throughout cosmic time
within the simulation (Schaye et al. 2015; Qu et al. 2017). This means that the time at
which the original gas particle is converted into a stellar particle can be determined as well
as the geometric position of the particle at this timestep with respect to the present-day po-
sition of the particle or the present-day host galaxy. In other words if the star is formed in-
or ex-situ (Qu et al. 2017; Boecker et al. 2020).

The tracking of the in- and ex-situ stellarmaterial of galaxies has been used to great effect.
For example, some studies of cosmological simulations find that higher mass galaxies contain
higher fractions of ex-situ stars (Oser et al. 2010, 2012; Pillepich et al. 2018b). Recently, this
has been explored further, with studies such as Davison et al. (2020) and Remus & Forbes
(2021) finding that the bulk of this ex-situ material is located in the outskirts of galaxies.
These studies find that the centres of galaxies are, on average, dominated by in-situ stellar
material with a crossover point at a certain radius, whereby the ex-situ fraction of stars is
greater than the in-situ component in the outskirts of galaxies.

In their study, Remus & Forbes (2021) take this a step further, finding that the fraction
of in- to ex-situ stars can vary, and correlates with the average merger history of the sub-
sample. They find that a minority of galaxies display high fractions of ex-situ stars at all
radii and have undergone major mergers, such as the galaxies in the two left panels of
Figure 1.3.1. They also find that another minority display high in-situ fractions of stars
and have undergone cumulatively less mergers, however these mergers have been gas-rich.
The majority of their sample, however, displays a crossover from being in-situ dominated
in their central regions to ex-situ dominated in their outskirts (i.e. with increasing radius).
They find that these galaxies undergo very few major mergers, instead undergoing multiple
minor mergers which deliver the ex-situ stars to the outskirts of the galaxy. An example
of this type of galaxy can be seen in the right-hand panel of Figure 1.3.1, whereby the top
panel shows the in-situ (red) and ex-situ (blue) stellar mass, the mid panel shows the relative
fractions and the bottom panel shows the merger histories (with blue lines showing minor
mergers and red showing major mergers). This work provides an insight that may allow
researchers, observationally, to further connect the radial gradients in age, metallicity and
the fractions of in- and ex-situ stellar material to a galaxy’s assembly and evolution history,
including the evolutionary paths of low redshift, massive, central galaxies.

1.4 This Work on Central Galaxies

In order to thoroughly investigate the assembly and evolutionary processes of low redshift,
massive, central galaxies I will take a three step approach. I will concentrate one by one on
the points of each section in this introduction, using the processes outlined above. From here
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Figure 1.3.1: Figure 1 from Remus & Forbes (2021). Top two rows of each column: The density and fraction
of in-situ (red lines) and ex-situ (blue lines) stellar material as a function of galaxy radius in certain galaxy
types (3 of 6 possible categories shown here). Ex-situ dominated galaxies are presented in the first two columns
and galaxies which have a turnover from being in-situ dominated in their centre, to ex-situ dominated in their
outskirts in the right-hand set of panels. These galaxies with a turnover constitute the majority of galaxies in their
simulation (∼ 72 per cent). Bottom row of each column: The merger histories of these galaxy categories, with
blue dot-dashed lines indicating minor mergers and red dashed indicating major mergers. The galaxies with
in-situ dominated centres but ex-situ dominated outskirts have undergone more minor mergers on average,
whereas ex-situ dominated galaxies have undergone at least one major merger.
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on I use the pronoun "we" to reflect that although the majority of this work has been carried
out by myself, there have also been contributions by various collaborators, whose specific
contributions are presented at the start of each chapter.

In Part I of this research, covered by Chapters 2 and 3, we present the assembly processes
of low redshift, central galaxies and how they are affected by secular and environmental ef-
fects, connecting them to high redshift, compact objects. In Chapter 2, we present our initial
observational sample of central galaxies selected from the SDSS group catalogues. We also
present the methods for estimating the assembly histories of our sample via the SED fitted
models from the work of Pacifici et al. (2016). We then present the cosmological simulations
used for comparing the mass assembly of central galaxies. In Chapter 3, we initially present
the effect that both environmental and host galaxy stellar mass has on the assembly histories
of central galaxies. We then compare the findings inferred from the observational data with
the cosmological simulations before analysing which factors may be responsible for points of
tension between the observations and simulations.

In Part II, covered by Chapters 4 and 5, we present a direct link between the abundant
merger features of central galaxies and the surrounding satellite population, providing evi-
dence of minor mergers driving the size growth of central galaxies. In Chapter 4, we present
the deep imaging data from the Hyper Suprime-Cam (HSC) Subaru Strategic Programme
(-SSP) of a sub-sample of 118 of our original galaxies, with an added comparison sample
of younger galaxies. We also outline our morphological classification and then explain our
processing of the imaging data and the subsequent SED fitting. In Chapter 5, we present
our spatially resolved radial profiles in colour and stellar mass surface density in order to
investigate and quantify the nature of the tidal features and provide the link to the satellite
population. Finally, we briefly compare our results to other techniques from previous studies
on the size growth of massive galaxies.

In Part III, covered by Chapters 6 and 7, we take a further sub-sample of our galaxies,
observed by the SAMI IFU survey, in an attempt to constrain the effects that minor mergers
may have on the evolution of these objects, imprinted in the stellar population properties
and radial gradients. In Chapter 6 we present the sub-sample of galaxies with available data,
followed by the stellar population modelling parameters and techniques used to estimate the
age and metallicity gradients, as well as the in- and ex-situ fractions of stellar material. In
Chapter 7, we present our gradients in age and metallicity and how this may depend on the
morphological state of the galaxy.

A discussion of these results is given in Chapter 8, including a deeper interpretation of
the trends in the assembly times due to secular and environmental effects, the direct link
between the colours and stellar masses of the LSB features and the surrounding satellite
population, and the effect minor mergers may imprint on the stellar population radial gradi-
ents of galaxies. This is followed by a conclusion of this research in Chapter 9, with ancillary
analysis referred to throughout the paper presented in Appendix A.
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James Rebanks – The Shepherd’s life, 2015 2
Data and Methods for the Stellar Mass

Assembly of Central Galaxies

We begin by considering the stellar mass assembly of low redshift, massive, central galaxies.
We present the SDSS group catalogues, the catalogues and SED fitting techniques of Pacifici
et al. (2016), the IllustrisTNG simulations, and our matching criterion between observa-
tions and simulations. This Chapter of the thesis is contained in the paper of Jackson et al.
(2020b). Contributions by collaborators to this Chapter are as follows: Dr. Camilla Pacifici
for providing her catalogue of SED fitted galaxies; Mr Christoph Engler for the collection of
the IllustrisTNG data; Dr. Anna Pasquali, Dr. Annalisa Pillepich and Mr Christoph Engler for
the discussion on the optimal sample selection techniques for the IllustrisTNG sample.

2.1 The SDSS Group Catalogues

Group catalogues are extremely useful for exploring the characteristic properties of various
sub-populations of galaxies, including stellar mass assembly histories. This is due to their
statistically significant sample sizes, which reduce biases introduced by outliers in host galaxy
property distributions and reveal an overall and continuous picture of galaxy formation and
evolution and its possible dependencies on both secular and/or environmental effects. In this
section of this research we used the SDSS group catalogues of Lim et al. (2017) which build
upon the group catalogues of Yang et al. (2007) to build our initial parent galaxy sample.
We give a brief outline of the catalogues here: A full description of the entire catalogues and
techniques can be found in the paper of Lim et al. (2017).

The group catalogues of Lim et al. (2017) use data from the SDSS Data Release 13 (DR13,
Albareti et al. 2017), which improves on the DR7 (Abazajian et al. 2009) used in the group
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catalogues of Yang et al. (2007). Two of the main improvements are in the photometry,
which implements refined reduction of the raw data and uses updated zero-points, and the
multi-object spectroscopy, which obtains spectroscopic redshifts for some objects that were
missed in DR7 due to fibre collisions. Lim et al. (2017) also use an improved Friends-of-
Friends (FoF) algorithm to link galaxies to their parent haloes. This has been compared to
Yang et al. (2007), with no significant differences in the majority of groups, however better
constraints on the halo masses of groups with low numbers of galaxies.

Stellar masses for each galaxy are initially derived using an approximation from Bell
et al. (2003), based on the g and r colours and r-band magnitude. Each galaxy is then
treated individually while the algorithm estimates corresponding halo masses based on the
derived stellar masses. These halo masses are generated from mock catalogues from the
eagle simulation (Schaye et al. 2015; Crain et al. 2015), which assumes a Lambda Cold Dark
Matter (ΛCDM) cosmology and returns dark matter halo profiles consistent with Navarro,
Frenk & White (1997, NFW) profiles. Line-of-sight velocity dispersions (σLoS) and halo radii
(r180, the radius of the halo where the mean mass density is 180 times the mean density
of the Universe) are then estimated based on relations with the halo mass. A probability
function of any two galaxies belonging to the same parent halo is derived using σLoS and
r180 and is then compared to a background probability in order to cut any galaxies that are
not likely to belong to the group. We note that there is no distinction made between groups
and clusters in these catalogues.

Final halo masses are then calculated as follows: For groups with more than one member,
the GAP correction of Lu et al. (2015) is applied. This uses the luminosity difference between
the brightest galaxy assigned to the group and then nth nearest neighbour. For galaxies with-
out companions, halo masses are estimated either using galaxy luminosity or stellar mass.
We use the luminosity derived halo masses, which are derived from the relation between
luminosity and halo mass yielded by the eagle simulations, defined as the total mass con-
tained within a sphere where the density is 180 times the mean density of the Universe.
Lim et al. (2017) state that the typical uncertainty of these estimations is ∼ 0.2 dex. For the
purposes of this analysis, we scaled the halo masses using the same cosmological parameters
as in IllustrisTNG300 (TNG300) for consistency between the observational data and simu-
lations, whereby h = 0.6774 and Ωm = 0.3089 (Planck Collaboration et al. 2016). It should
be noted, however, that for all that concerns the shape and properties of the stellar-to-halo
mass relations of the SDSS and TNG300 data, differences may arise because of modeling
differences between the eagle and the TNG300 simulations and do not necessarily reflect
failures of one or the other with respect to reality, which we cannot assess.

In order to obtain further galaxy properties that were not contained in the Lim et al.
(2017) catalogues, we cross-matched the sample with the New York University value-added
catalogue of SDSS galaxies presented in Blanton et al. (2005) and the Yang et al. (2007)
group catalogue, using the SDSS identification number. We then obtained properties such
as the Malmquist bias weightings, which account for the sensitivity of the survey, allowing
us to correct any average galaxy properties for galaxies that fall under the survey limits
(see Yang et al. 2007, and references therein) and the Sérsic index (obtained by fitting az-
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imuthally averaged surface brightness profiles), which provides an indicator for the charac-
teristic galaxy morphology. All observational values presented here forth are corrected for
these bias weightings.

To link the star forming histories back to present-day properties such as halo mass, we
then further cross-matched the catalogues with those of Pacifici et al. (2016, presented in
more detail below in Section 2.2) using a matching radius of 5 arcsec. This reduces the
likelihood of miss-matches while still allowing for small differences in the astrometry. We
retrieved better constrained estimations of the stellar mass from the photometric SED fitting
method of Pacifici et al. (2016, described in Section 2.2) than those in the other group cata-
logues, hence these are the stellar masses referred to hereafter. We also used the specific star
formation rates (sSFR) estimated by the photometric SED fitting and the g and rmagnitudes
used by Pacifici et al. (2016) for consistency in our analysis.

We finally applied a cut in halo mass of MHalo > 1012 M� and selected only central
galaxies in their respective groups. This halo mass cut was chosen as below this value the halo
mass estimates display increasingly significant uncertainties. Our final sample, hereafter
referred to as our SDSS sample, contains 89,647 galaxies, of which 12,663 have companions
according to the group catalogues and are hereafter referred to as group environments and
76,984 are without a companion, hereafter referred to as field galaxies. The sample spans
a redshift range of z = 0 − 0.13. We characterise this sample in Figure 2.1.1, where galaxy
properties are plotted in 0.1 dex bins of stellar and halo mass.

By splitting our sample into bins with a size of 0.1 dex in both stellar mass and halo mass
and calculating the (Malmquist weighted) properties for each bin, we can reveal any trends
in the data. This binning allows us to simultaneously control for both secular processes, of
which stellar mass is a proxy, and environmental processes, of which halo mass is a proxy.
This enables us to highlight how secular and environmental processes can shape the evolu-
tion of a specific galaxy population, imprinted in their characteristic present-day properties
and average evolutionary sequences.

The top left-hand panel of Figure 2.1.1 shows the logarithm of the number of galaxies per
bin of stellar and halo mass. As could be expected, those bins in the centre of the distribution
contain the highest number of galaxies (& 1000 galaxies per bin) with the edges of the
distributions containing the least (∼ 10 galaxies per bin). The top right-hand panel shows
the mean amount of satellites within the parent halo (as determined by the modified FoF
halo finder algorithm from Lim et al. 2017). The most massive galaxies (MStellar & 1011M�)
in the most massive haloes (MHalo & 1013.5M�) in our sample have the most satellites.

The mean aperture size used in the photometry from Pacifici et al. (2016) divided by
the SDSS effective radius from Blanton et al. (2005) is plotted in the mid left panel. We
see that most galaxies use an aperture of 1.9 effective radii with no obvious trend in halo
or stellar mass, except for a sub-sample (MStellar ∼ 1011M�, MHalo ∼ 1012M�) which have
∼ 0.3R/Re smaller aperture sizes, showing any trends in further analysis are unlikely to
be biased by aperture variations in each bin. In the mid right panel we compute the mean
Sérsic index (mid left panel) in order to give an indication of the average morphology of
each bin. Similar to previous studies, we find that galaxies with greater stellar masses have,
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Figure 2.1.1: The average properties of our SDSS galaxy sample per bin in both stellar and halo mass. Top left
to bottom right: The logarithm of the counts of galaxies, the average number of satellites (NSat), the ratio of
the radius in which the photometry was measured to the effective radius, the average Sérsic index, the mean
g − r colour and the sSFR estimated from the SED fitting of Pacifici et al. (2016).
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on average, higher Sérsic indices, with the exception of a sub-sample (MStellar ∼ 1011M�,
MHalo ∼ 1012M�) which show lower Sérsic indices at higher stellar masses for constant halo
mass. We also see subtle halo mass dependencies, whereby in galaxies with stellar mass
MStellar < 1011M�, at constant stellar mass but with higher halo masses have, in general,
lower Sérsic indices.

The bottom left panel shows the mean g - r colour from the photometry used by Pacifici
et al. (2016). We see that the average colour of a galaxy correlates heavily with the stellar
mass, however similar to the Sérsic index there is a slight halo mass dependence at stellar
masses MStellar < 1011M�. A galaxy of the same stellar mass in a more massive halo is, on
average, bluer in this regime. The bottom right panel shows the mean sSFR as determined
from the SED fitting of Pacifici et al. (2016). The behaviour correlates in the same way as
the Sérsic index, as a strong function of stellar mass, however with a secondary halo mass
dependency below MStellar < 1011M�, whereby galaxies with the same stellar mass but in
more massive haloes have higher sSFRs. We also see an exception in a sub-sample of galaxies
with MStellar ∼ 1011M� and MHalo ∼ 1012M�, which have higher sSFRs than less massive
galaxies at constant halo mass.

2.2 The Photometric SED Fitting Process of Pacifici et al. (2012)

In their paper, Pacifici et al. (2016) carried out photometric SED fitting on a large sample
of galaxies (∼ 230,000) from the SDSS. This catalogue of galaxies includes estimates of the
assembly times (i.e. the formation time of both in- and ex-situ stars) of 10, 50 and 90 per
cent of the stellar mass (t10, t50, t90) as well as estimates of the Star Formation Rate (SFR)
and stellar mass of each galaxy. A full description of the SED fitting process can be found in
Pacifici et al. (2012) and Pacifici et al. (2016), however we provide a brief outline here.

Pacifici et al. (2016) initially take photometry in 4 optical bands from the SDSS DR10
(Ahn et al. 2014): g, r, i and z (with central wavelength, λc: 4770 Å, 6231 Å, 7625 Å and
9134 Å), excluding the u-band due to systematic differences of 0.1 mag compared to the
model library (see Pacifici et al. 2016, for more details). The SDSS Petrosian radius is used
to measure the photometric fluxes and has a median aperture of 5 arcsec, with 16th and 84th

percentiles of 3.8 and 7.8 arcsec. In order to more accurately constrain the stellar masses,
SFRs and the SFHs, photometry was added in the ultraviolet from GALEX: the far-ultraviolet
(λc ∼ 1550 Å) and the near-ultraviolet (λc ∼ 2200 Å), and in the infra-red from WISE: W1
(λc = 3.4µm). A 3 arcsec matching radius was applied between surveys.

All data were corrected for foreground extinction using the dust maps of Schlafly &
Finkbeiner (2011) and the extinction law of Fitzpatrick (1999), except for W1, where the
reddening is assumed to be negligible. The redshifts required for the SED fitting process
were obtained from optical fibre spectroscopy from the SDSS DR10. Pacifici et al. (2016)
also exclude any type 1 AGN, which are expected to significantly affect the shape of the
SED, by using the emission line catalogue of Oh et al. (2011). Pacifici et al. (2016) state
they do not exclude type 2 AGN as previous studies argue that continuum emission from
these objects does not affect the estimates of the physical parameters derived from optical
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photometric fits (Kauffmann et al. 2003).

Individual galaxies within a wider sample can undergo an extremely wide range of evo-
lutionary histories, which in turn affects their SFH. This SFH is reflected in the shape of the
expected SED, implying that a wide variety of SFHs needs to be constructed to compare to
the observed photometry, in order to cover a wide range of possible evolutionary histories.
The library of SFHs used in Pacifici et al. (2016) is built from the Millennium Simulation
(Springel et al. 2005) post-processed with the semi-analytic models (SAMs) from De Lu-
cia & Blaizot (2007). These SFHs contain a number of different star formation scenarios
(e.g bursty, smooth, declining etc.) and account for a number of different metal enrichment
histories.

These models are then combined with the empirical stellar population synthesis models
from Bruzual & Charlot (2003). Nebular emission is computed using cloudy (Ferland et al.
1998, 2017) and dust attenuation models account for internal reddening, including both
spatial distribution and orientation uncertainties, via an implementation of Charlot & Fall
(2000). The final full library contains around 1.5 million corresponding SED models.

A Bayesian method is then applied to match the observed photometry of any one galaxy
to the SED models. The weighted likelihood of all possible models is used to construct a
probability distribution (with median, 16th percentile and 84th percentile values) for host
galaxy properties such as the stellar mass and SFR averaged over the last 10 Myr. The SFH,
however, is calculated from the weighted 10 best model fits to significantly reduce compu-
tational time, this then yields the t10, t50 and t90 values. We note that the SED fitting does
not depend on the steepness of the stellar mass - halo mass relation and does not depend on
the SAMs used (Pacifici et al. 2012), hence differences in the analysis should not be biased
by these factors.

The mean uncertainties on the assembly times range from 0.3 Gyr for t90 to up to 0.9
Gyr for t10, with mean uncertainties on the stellar mass and SFR estimations of 0.1 and 0.5
dex respectively. Pacifici et al. (2016) state that although a wider range or the full library of
models could be used to generate better constrained probability distributions for the SFHs,
the difference in the precision compared to using the 10 best-fitting models does not justify
the significant increase in computational time needed.

As our SDSS sample is distributed between 0 < z < 0.13, each lookback time is not the
expected z = 0 value. We calculate the luminosity distance based on the redshift and apply
a correction to the lookback time, to bring these values into line with those expected as if
each galaxy was observed at z = 0. This provides a uniformity over the observational sample
and allows an easier comparison with the simulations, as described in the next section.

Further checks of these catalogues and possible biases are presented in Appendix A.1.

2.3 The Illustris TNG Simulation Suite

Cosmological simulations have recently progressed to the stage where they can re-produce
multiple properties of the observed universe to a significant degree of detail and accuracy.
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Some of the numerous examples include the reproduction of the stellar mass function, Hub-
ble sequence of morphologies, colour bi-modality, star-forming main sequence, AGN galaxy
properties etc. (Schaye et al. 2015; Furlong et al. 2015; McAlpine et al. 2017; Trayford et al.
2017; Scholtz et al. 2018; Pillepich et al. 2018a; Springel et al. 2018; Genel et al. 2018;
Jackson et al. 2020c). As our observational sample contains ∼ 90, 000 galaxies, IllustrisTNG
provides the advantage of having a comparable sample size after matching in their 300 cMpc
simulational run compared to other similar simulations which have sizes of 100 cMpc such
as eagle or Horizon-AGN (Dubois et al. 2014), while still including a reasonable baryonic
particle resolution of 1.1 × 107 M� for tracking the relevent astrophysical processes for this
research.

IllustrisTNG is a suite of magnetohydrodynamical simulations (Pillepich et al. 2018b;
Marinacci et al. 2018; Springel et al. 2018; Nelson et al. 2018; Naiman et al. 2018) which
build upon the original Illustris simulations (Vogelsberger et al. 2014a,b; Genel et al. 2014)
while trying to address and improve on points of tension with observations (Nelson et al.
2015). It includes a number of different simulation boxes (50 co-moving Mpc, 100 cMpc
and 300 cMpc per side), and dark-matter-only counterparts. The simulation uses the arepo
moving mesh code (Springel 2010), which utilises an adaptive Voronoi tessellation to solve
the ideal magnetohydrodynamical equations and TreePM to solve the coupled equations of
self-gravitation at discrete timesteps. Galaxy groups are identified using a FoF algorithm,
with galaxies identified using the Subfind algorithm (Springel et al. 2001) and connected
in each timestep using merger trees.

IllustrisTNG includes schemes to account for a number of astrophysical processes includ-
ing some that take place below the resolution limit of the simulations, i.e. the sub-grid
physics. This covers gas radiative processes featuring multiple heating and cooling mecha-
nisms as well as star formation given by a pressure dependent law according to the models
of Springel & Hernquist (2003). Stellar evolution and chemical enrichment are governed
by yield tables and stellar, supernova and AGN feedback are included (see Pillepich et al.
2018a, and references therein). One of the main refinements in IllustrisTNG compared to
the original Illustris simulations is the implementation of a different AGN feedback scheme.
This includes both a thermally injected mode (at high Eddington accretion ratios) and a
kinetically injected mode (at low Eddington ratios, see Weinberger et al. 2017).

The sub-grid physics choices are made so that specific relations are approximately con-
sistent with observations. These include the galaxy stellar mass function, the galaxy stellar
mass - size relation, the stellar mass - black hole mass relation and the halo gas fraction
versus halo mass at z = 0 as well as the cosmic star formation rate density evolution.

These improvements in the physics and sub-grid physics yield a better reproduction of
a number of observables than the original Illustris simulations, even without specific cali-
bration. Pillepich et al. (2018b) showed that IllustrisTNG reproduces galaxy sizes and the
stellar mass function more accurately, especially at lower stellar masses. They also showed
that the stellar-to-halo mass relation is more consistent with other semi-empirical findings
and that the gas fraction-to-halo mass relation is in better agreement with X-ray inferences
above a halo mass of ∼ 1013 M�. Nelson et al. (2018) showed that IllustrisTNG reproduces
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the colour bi-modality to a better degree than the original Illustris, and Springel et al. (2018)
showed that the clustering of red versus blue galaxies is also consistent with observations at
z ∼ 0.

2.4 The Selection of the Simulated Sample
Comparing observations to simulations is advantageous in such studies for a number of rea-
sons: Simulations can track the entire stellar material of galaxies throughout cosmic time,
allowing for a full construction of the star formation and mass assembly histories (De Lu-
cia & Blaizot 2007). Therefore, by comparing trends in both data sets, we can improve
the modelling within simulations, leading to more accurate predictions. We can also use
simulations to better constrain and estimate the physical processes driving the evolution of
galaxies. However, when employing these sorts of techniques, a deep level of matching is
needed and a realisation of the limits for both observations and simulations needs to be
clearly acknowledged in order to avoid over-interpreting results.

Hence, to be able to make a meaningful comparison between observations and simula-
tions, we first need to select the samples of galaxies in the considered data sets as similarly
as possible. Second, the galaxy properties from the simulated data need to be computed in
as similar a way as possible to how they are inferred from the observational data. If the two
data sets are unmatched then biases in either data set cause a comparison to be of little worth
and the possibility that results appear completely different. A number of possible matching
or selection techniques are in volume, stellar mass, redshift or flux. Some of these options,
along with their possible impact on our results, are discussed further in Appendix A.2.

In this research, we use the publicly-available data from the largest simulation box (Nel-
son et al. 2019) with the best resolution at this level, TNG300-1 (hereafter TNG300), in
order to obtain a simulated sample with a comparable number of galaxies to the SDSS set
and thereby reduce volume-driven biases. We use the z = 0 snapshot from the TNG3001
and apply a cut in halo mass, computed as the total mass of all particles enclosed in a sphere
whose mean density is 200 times the mean density of the universe, to all galaxies of MHalo

> 1012 M�. We note that although this radius is not 180 times the mean density which is
used for the observations, it is the closest match in the TNG catalogues, and that using subtly
different halo mass definitions has a minimal effect on later results.

This yields 46,241 central galaxies, hereafter our TNG300 galaxy sample, seen in Fig-
ure 2.4.1. We also note that although the FoF halo finders used for the simulations and
the observational group catalogues are not exactly the same, such as the designation of the
central galaxy in a halo being the most luminous member of the assigned group in the ob-
servations compared to the most massive in the simulations. We proceed by assuming that
the algorithms should provide similar results as they are based on the same basic concepts,
and any minor errors should not significantly impact trends in the data as we expect this to
be mitigated by binning in both stellar and halo mass. A thorough test of this, however, is
beyond the scope of the research presented here.

1We correct SDSS stellar assembly times to bring them in line with expectations at z = 0, see Section 2.2
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The majority of the SDSS photometry used in Pacifici et al. (2016) was measured within
approximately two effective radii (hereafter 2 Reff,SDSS, see Figure 2.1.1), hence we choose
to use this as our matching criterion for the simulations. Although the photometry apertures
are not uniform and there is a slight scatter, we do not expect this to impact significantly
on the results and trends we see. We take the available aperture of 2 Rhalf−mass in TNG300
(in three dimensions) to calculate the majority of our values. We stress at this point that we
are making the assumption that Rhalf−mass and Reff,SDSS are equivalent, which although not
exact (Suess et al. 2019; Pillepich et al. 2019) is not expected to significantly impact our
results. All measurements from the simulation are hereforth within the three-dimensional
stellar half-mass radius (2 Rhalf−mass).

As explained in Section 2.2, the t10, t50 and t90 times for the observational data are
calculated from the weighted 10 best-fitting SFHs. These SFHs are also weighted by the
initial stellar birth mass. In order to create the best comparison possible, we considered all
the present-day stellar particles in each TNG300 galaxy within 2 Rhalf−mass. We then used
the formation times of each stellar particle weighted by the initial stellar birth mass of each
particle (the same as the observations) to construct a profile of the cumulative initial stellar
mass at birth as a function of time for each galaxy in the simulation. From these profiles we
calculated the corresponding t10, t50 and t90 times for each galaxy in our simulated sample.

We also retrieve the stellar masses which are calculated from the combined mass of all
stellar particles within 2 Rhalf−mass, and are re-scaled according to Pillepich et al. (2018a)
to account for biases caused by the lower resolution limit of the simulation with a 300 cMpc
box size (TNG300) compared to the simulation with higher resolution with a 100 cMpc
box (TNG100). We compute the SFR averaged over the last 10 Myr (Donnari et al. 2019)
within 2 Rhalf−mass. This provides a comparable estimation to the observations, which are
also averaged over 10 Myr. In their study Donnari et al. (2019) show that resolution has
no significant effect on the SFRs, therefore no re-scaling of the SFRs due to resolution is
needed. Colours, namely the g and rmagnitudes, are calculated by summing the luminosity
of all stellar particles belonging to that galaxy within 2 Rhalf−mass. We also convolve all
simulational values with the uncertainties in the observational results to better represent
the simulational data.

A comparison of the final distributions in stellar versus halo mass of the observational
sample and simulated sample can be seen in Figure 2.4.1. We highlight again that SDSS
galaxies halo mass estimates are generated from mock catalogues of the eagle simula-
tion and therefore no conclusions can be derived here regarding the level of realism of
the TNG300 model in relation to the overall shape of its stellar-to-halo mass relation. Fig-
ure 2.4.1 shows that the distributions in halo masses are similar, however our sample from
IllustrisTNG has a slightly different stellar mass distribution, compared to our observational
sample. These differences however are small at the most massive end (< 100 galaxies with
MStellar & 1012M�) and should be somewhat accounted for by binning in both stellar and
halo mass, minimising the impact on the average trends presented and the resulting conclu-
sions drawn later in this work.
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Figure 2.4.1: Central panel: The distributions in stellar mass versus halo mass for our SDSS observational
sample (black points) compared to the simulated sample from TNG300 (blue contours). Sub-panels: The
respective distributions in log-space of the two samples in stellar and halo mass in their corresponding colours.



"Neither high-born nobleman, knight or esquire was
here; but many of these humble sons of the hills had
a conciousness that the land, which they walked over
and tilled, had for more than five hundred years been
possessed by men of their name and blood."
William Wordsworth – A guide through the district of

the lakes in the north of England, 1810

3
Results I - The stellar mass assembly of central

galaxies in SDSS and TNG

With our sample of SDSS group catalogue galaxies selected and a matched simulation sam-
ple, we now present the results of this section of the thesis. Here we present the stellar
mass assembly times and trends of both the observed and simulated sample, the similarities
and differences in the times and trends between observations and simulations and a further
exploration of the simulations and observational sub-samples. This Chapter of the thesis
is contained in the paper of Jackson et al. (2020b). Contributions by collaborators to this
Chapter are as follows: Dr. Anna Pasquali, Mr Christoph Engler, Dr. Annalisa Pillepich, Dr.
Camilla Pacifici and Prof. Eva Grebel for the discussion of tests and plots throughout and the
discussion of results.

3.1 The Average Assembly Times of SDSS and TNG300 Galaxies

To compare at which epochs our observational and simulated samples assembled most of
the stellar mass in their inner regions and how environmental and secular processes may
shape these processes, we initially investigate the stellar mass assembly times. As outlined
in Section 2.2, the SED fitting process yields estimations for the lookback time at which each
galaxy in our observational sample formed 10, 50 and 90 per cent of its stellar mass in the
SDSS sample. Like in Figure 2.1.1, we bin in 0.1 dex bins of stellar and halo mass. The
results are presented in Figure 3.1.1.

We also test how well TNG300 reproduces the assembly of 10, 50 and 90 per cent of the
stellar mass as a function of present-day stellar and halo mass by applying the same binning
procedures as for the observational data, to provide a like-for-like comparison: results are
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Figure 3.1.1: Left to right: The mean lookback times at which 10%, 50% and 90% of the stellar mass was
assembled for our SDSS sample of central galaxies at z = 0 in bins of halo and stellar mass. The colour bar gives
the lookback time at which these percentages were formed. Going from the left to right of each distribution, we
initially see clear downsizing behaviour, whereby more massive galaxies assembled specific percentages of their
stellar mass at earlier times. An exception to this trend is a sub-population in the bottom right of the distribution
which can be seen to display the opposite trend, i.e. more massive galaxies at fixed halo mass with younger ages.
The solid black lines give the median stellar-to-halo mass relation of the sample.

given in Figure 3.1.2.

Figure 3.1.1 shows the mean lookback times at which 10 (left-hand panel), 50 (central
panel) and 90 (right-hand panel) per cent of the stellar mass was assembled. We see that the
range of assembly times in t10 is relatively small, ranging from 10 Gyr to 12 Gyr. This range
increases as wemove to t50 (6 - 9 Gyr) and to t90 (2-6 Gyr). There is also a strong dependency
of the lookback times on stellar mass, whereby holding the halomass constant (i.e going from
left to right) we observe, on average, a clear case of downsizing. This is in line with previous
studies of galaxy assembly (see e.g. Thomas et al. 2005; Gallazzi et al. 2005; Pasquali et al.
2010; Pacifici et al. 2016), whereby massive galaxies form a certain percentage of their stars
earlier than less massive galaxies. We also see, however, a simultaneous dependency on the
halo mass, whereby galaxies at constant stellar mass (below a stellar mass of 1011 M�) but
with higher halo masses, display on average younger lookback times, especially t50 and t90.
This reflects the behaviour seen in the sSFRs and Sérsic indices from Figure 2.1.1.

A sub-sample (∼2 per cent of our SDSS sample), located in the bottom right corner of
the distribution, seems to contradict hierarchical mass assembly behaviour. These galaxies
have the highest stellar-to-halo mass ratios (MStellar ∼ 1011 M� and MHalo ∼ 1012 M�), and
have younger ages than some less massive galaxies at constant halo mass. This is the same
sub-sample which have low Sérsic indices and raised sSFRs in Figure 2.1.1. We investigate
this sub-population further in later sections and discuss these results in Section 8.1.1.

We see that the average assembly times are, in general, fairly well reproduced by TNG300,
as seen in Figure 3.1.2. Our TNG300 sample generally predicts similar times for the assembly
of 10 (left-hand panel), 50 (central panel) and 90 (right-hand panel) per cent of the stellar
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Figure 3.1.2: From left to right: The mean assembly times at which 10%, 50% and 90% of the stellar mass was
assembled for our TNG300 sample of central galaxies at z = 0 in bins of present-day halo and stellar mass. The
colour bar gives the lookback time at which these percentages were formed. The simulation predicts lookback
times, in general, that are similar to the observations, however it predicts a different overall behaviour with
respect to halo and stellar mass than the observations. The solid black lines give the median stellar-to-halo mass
relation of the sample.

mass across most stellar and halo masses. There are some subtle differences, such as at the
lowest stellar masses (MStellar ∼ 1010 M�) in the t10 and t50 times, which tend to be differ-
ent by ∼ 0.5 - 1 Gyr, however these are still within the observational uncertainties. We also
see that although the most massive objects in general formed early on in TNG300, the same
as in the observations, a significant fraction of the oldest assembled objects appear to have
intermediate stellar and halo masses (MStellar ∼ 1010.5 M� and MHalo ∼ 1013 M�). This is
in qualitative disagreement with our observational results, where these objects usually have
some of the youngest assembly times. These differences in the lookback times can be up to
2-3 Gyr, well outside of the observational errors. We discuss these differences in more detail
in further sections.

3.2 The Differences in the Lookback Times between SDSS and
TNG300

Having qualitatively presented the stellar assembly times of both our SDSS and TNG300
samples in Section 3.1, we now attempt to quantify and compare some of these results. In
order to do this we first compare trends in either halo or stellar mass to see howwell TNG300
reproduces the SDSS data if only one variable is considered. This is presented in the top row
of Figure 3.2.1. The trends of t10, t50 and t90 as a function of stellar mass alone are in left-
hand panel and halo mass alone in the right-hand panel. The solid lines give the medians of
the SDSS data with 16th and 84th percentiles given by the shaded area and the dotted lines
give the median of the TNG300 sample. We see that the trends in the observational sample
can be fairly well reproduced by the simulation, as the simulated values are mostly within
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Figure 3.2.1: Top row: The t10 (black), t50 (magenta) and t90 (cyan) times for our observational sample (solid
line) compared to TNG300 (dashed) as a function of stellar mass (left panel) and halo mass (right panel). We
see generally good agreement, whereby TNG300 is mostly within the scatter of the observational distribution.
Middle row: The t90 lookback times as a function of stellar mass (left panel) and halo mass (right panel), split
into three different halo/stellar masses. When we account for both halo and stellar mass we see disparities
between the observations and simulations, especially at intermediate values. Bottom row: The fraction of
galaxies that are quiescent (Log10 sSFR < -11 Gyr−1) as a function of stellar and halo mass, split into bins in
halo/stellar mass as above.
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the scatter of the observational sample at almost all stellar and halo masses. We also, once
again, see downsizing, whereby less massive galaxies have younger t10, t50 and t90 values as
a function of both stellar and halo mass. Comparing the top left panel to the top right panel,
we see that these trends tend to be stronger (represented by the steeper gradients) in stellar
mass than in halo mass for all lookback times. We also note an increase in the scatter of the
distributions from an average of∼ 2 Gyr in t10 to∼ 4 Gyr in t90, as seen above in Section 3.1.

To quantify the effect that accounting simultaneously for stellar and halo mass has on any
comparison, and thereby highlighting tensions between the simulations and observations,
we took 3 different samples at low (MHalo = 1012 M�), intermediate (MHalo = 1013 M�),
and high halo masses (MHalo = 1014 M�) with a bin width of ± 0.2 dex around the central
halo mass and plotted the median, 16th and 84th percentiles of the t90 values as a function
of stellar mass, seen in the left mid panel of Figure 3.2.1. We also take three stellar masses
(MStellar = 1010.25, 1010.75, 1011.25 M� ± 0.1 dex) and plotted the median and 16th and 84th

percentiles of the t90 values as a function of halo mass in the right mid panel. We use t90 as
this is the best constrained value of the three lookback times, with the smallest uncertainties.

We first observe a consistent, non-monotonic behaviour in the observational sample (me-
dian given by the solid line and 16th and 84th percentiles shaded) when considering the
halo mass sub-samples as a function of stellar mass (mid left-hand panel). We also see that
for most stellar and halo masses, TNG300 (median given by the dashed line and 16th and
84th percentiles shaded) predicts lookback times within the scatter of the SDSS sample. We
see, however, that the greatest differences between the simulation and observations are at
intermediate stellar and halo mass. This difference can be up to 3 Gyr, significantly outside
of the observational errors. At these stellar masses and greater, we also observe subtly dif-
ferent trends compared to those inferred from observations, although the values are within
the scatter of the distributions.

In the mid right-hand panel we see the lookback times as a function of halo mass in the 3
different stellar mass bins defined above. We see young lookback times with a flat trend as a
function of halo mass for the lowest stellar mass bin. For intermediate stellar masses we see
intermediate lookback times, with a slight negative trend between the lookback time and
halo mass, i.e. galaxies in more massive haloes have slightly younger ages. This behaviour is
repeated in the highest stellar mass bin, except at low halo masses, where the sub-population
with the highest stellar-to-halo mass ratios lowers the lookback times. When we compare
this to TNG300, we see a good agreement of the lookback times in the lowest stellar mass
bin and a reasonable agreement in the highest stellar mass bin between the observations
and simulations as a function of halo mass. We see, however, that the halo mass trends in
TNG300 are reversed with respect to the observations in the intermediate and high stellar
mass ranges (MStellar ∼ 1010.75 M�, 1011.25 M�), whereby t90 increases with halo mass at
fixed stellar mass. This causes differences of up to ∼ 3 Gyr at fixed stellar and halo mass.
We also observe that the scatter in MHalo at fixed MStellar is smaller than in the observations.

To further investigate the drivers behind these differences in the stellar assembly times
when we account for both stellar and halo mass, we investigate the quiescent fraction of
galaxies (here defining quiesence as Log10 sSFR < -11 yr−1, Pasquali et al. 2019) as this can
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cause major differences when comparing the ages of two galaxy populations. The quiescent
fraction of galaxies yielded by IllustrisTNG has been previously investigated, reproducing
observational results to a good agreement at both z = 0 and z . 2 (Donnari et al. 2019),
however much like the stellar mass assembly times, we want to highlight the effects that
stellar and halo mass may have on sub-populations and to reveal more subtle trends.

In Figure 3.2.1, bottom panels, we see that TNG300 (dashed lines) reproduces the ob-
served quiescent fraction (solid lines) well in the domains where the lookback times have
some level of agreement in the mid panels, however in the domains where we have dif-
ferences in the lookback times as both a function of stellar or halo mass, there are major
differences in the quiescent fraction. This is best seen in the intermediate halo mass bin in
the left-hand panel at intermediate stellar masses, whereby TNG300 predicts that ∼80 per
cent of all galaxies should be quiescent, while in the observations < 20 per cent are, and
the lookback times are therefore much higher than expected. This is confirmed by the inter-
mediate stellar masses as a function of halo mass in the right-hand panel, whereby nearly
all galaxies in this sub-sample are quiescent compared to < 20 per cent on average for the
observations.

3.3 The Characteristic Galaxy Properties of TNG300 Galaxies

To investigate possible mechanisms that may give rise to the tensions seen in the assem-
bly times between SDSS and TNG300, especially at intermediate stellar masses (MStellar ∼
1010.5 M�), we explored a number of host galaxy properties at z = 0 in TNG300 that were
likely to be physically linked to the star formation histories or to the quenched fraction of
galaxies. Any behaviour or trends in these properties as a function of both stellar and halo
mass may indicate possible drivers of these differences in TNG300. Figure 3.3.1 shows the
most relevant properties to this investigation.

In the top left-hand panel we have the sSFR as a function of stellar and halo mass. We
see a significant change in the sSFR at stellar masses of MStellar ∼ 1010.5 M� with a very
slight halo mass dependence at low halo masses (MHalo ∼ 1012−12.5 M�). In the top right-
hand panel, we show the g - r colour binned in stellar and halo mass. The trends in the
colours mirror the trends in the sSFR closely, whereby galaxies with lower sSFR rates have
redder colours, as expected. The mean cumulative amount of energy injected into the galaxy
from AGN feedback via the thermally injected mode (ETh) is shown in the bottom left-hand
panel, compared to the kinetically injected mode (EKin) in the bottom right-hand panel. We
see that the amount of energy supplied by the thermal mode increases approximately with
stellar mass relatively smoothly. The mean cumulative energy injected by the kinetic mode,
however, shows more similar behaviour to the colours and sSFR at MStellar ∼ 1010.5 M�, with
a sharper transition from low to high amounts of energy injected compared to the thermal
mode, with a slight halo mass dependence after this point, reflecting the behaviour seen in
the assembly times and sSFRs.

We postulate a scenario whereby galaxies in IllustrisTNG reach a critical stellar/halo
mass (MStellar ∼ 1010.5 M�, MHalo ∼ M12.5 M�) and the kinetic mode AGN feedback starts
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Figure 3.3.1: The top left panel shows the mean sSFR and the top right panel shows the mean g − r colour as
a function of both stellar and halo mass in TNG300. The bottom left panel shows the mean cumulative energy
injected into the galaxy thermally from AGN feedback, and the bottom right panel shows the same but kinetically.
The kinetic mode feedback reflects on average the trends seen in the upper panels and in the assembly times of
galaxies in Figure 3.1.2.
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to take effect. Taking a scenario with two galaxies of similar halo mass but slightly different
stellar masses, we propose that the AGN feedback may rapidly shut down star formation in
the slightly less massive galaxy, resulting in old stellar assembly lookback times and higher
quenched fraction as seen for intermediate mass galaxies (MStellar ∼ 1010.5 M�, MHalo ∼ 1013

M�). This means that the second galaxy with slightly more stellar mass is more resistant,
due to a larger gravitational potential, and can continue forming stars, albeit likely at a lower
rate, thereby lowering the stellar assembly lookback times. Beyond this critical stellar/halo
mass (∼ 0.5 dex higher in stellar and halo mass), the kinetic mode AGN feedback dominates,
shutting down star formation inmost systems and causing lookback times to be even in stellar
and halo mass phase space. Further investigation beyond the scope of this research is needed
in order to confirm this scenario however.

3.4 The Stellar Mass Growth Rate of SDSS Galaxies

In order to investigate the assembly of each present-day stellar and halo mass bin of our
observational sample in more detail, with a focus on the galaxy sub-population with the
highest stellar-to-halomass ratios (MStellar ∼ 1011 M� andMHalo ∼ 1012 M�) andwith young
t90 lookback times, we calculate the mean growth rate of each galaxy per Gyr. This reveals
at which epochs certain sub-populations of galaxies experienced greater rates of growth
with respect to others, disclosing more detail about the evolution of each sub-population.
As outlined in Section 2.2, the SED fitting process also estimates the stellar mass of each
individual galaxy in 1 Gyr intervals, ranging from 0 Gyr to 11 Gyr. From this we can define
the growth of a galaxy per Gyr as follows:

Growth = ∆M/M = (Mi −Mi+1)/Mi+1 (3.1)

where Mi is the stellar mass of a galaxy at a specific epoch and Mi+1 is the stellar mass
of the same galaxy 1 Gyr earlier (e.g. when Mi = MStellar, 1 Gyr ago, Mi+1 = MStellar, 2 Gyr
ago).

Applying the same binning procedure in present-day stellar and halo mass as before and
calculating the Malmquist weighted means of each bin yields Figure 3.4.1. This shows the
mean stellar mass growth of each bin in 1 Gyr intervals, from 11 Gyr ago up to the present
day, with the specific epoch given by the labels inset in each plot. We note here that each
sub-plot has a separate colour bar, in order to be able to differentiate growth accordingly at
various epochs. We see that the average trends in stellar and halo mass in the observational
sample from Figure 2.1.1 and Figure 3.1.1 are replicated. At fixed MHalo the mass growth
slows down as MStellar increases, while at fixed MStellar (where MStellar < 1011 M�) the mass
growth is stronger in more massive haloes.

The most massive galaxies in this sample (MStellar ∼ 1011.5 M�, MHalo ∼ 1014 M�) have
undergone, relatively, very little growth in stellar mass since early epochs, as expected from
the old lookback times in Section 3.1. The sub-population of galaxies with the highest stellar-
to-halo mass ratios (MStellar ∼ 1011 M� and MHalo ∼ 1012 M�) and with young t90 lookback
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Figure 3.4.1: The average percentage growth rate of each SDSS galaxy bin over a Gyr (lookback time given in
each panel) as defined in Equation 3.1. We see that the lowest mass galaxies have significantly the highest rate
of growth from ∼ 5 Gyr ago until the present day. We also see that the galaxies with high stellar-to-halo mass
ratios have relatively steady growth rates at all epochs, although significantly less than the lowest mass galaxies
from ∼ 5 Gyr ago to the present.
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times from Figure 3.1.1, appear to have had a fairly steady relative growth throughout cosmic
time. The growth rate in stellar mass for this sub-sample in the last 6 Gyr is an average of ∼
10 per cent per Gyr and attains a maximum of ∼ 25 per cent per Gyr.

We also see that those galaxies with low stellar mass and low stellar-to-halo mass ratios
(i.e. those on the left-hand side of the distribution) have the highest relative growth from
∼ 5 Gyr ago until the present day, as expected for low mass star-forming galaxies. We note,
however, that this growth rate is still at maximum ∼ 30 per cent per Gyr in the last 6 Gyr,
and is unlikely to be high enough to shift them towards the median of the distribution in
stellar and halo mass phase space.

3.5 Assembly Trends Yielded from the eagle Simulations
A useful test for the IllustrisTNG simulations is to investigate if other hydrodynamical cosmo-
logical simulations yield similar trends in the assembly times, or if not the assembly times,
a similar property. Similar trends could indicate a problem altogether for simulations as a
whole in their implementation of AGN feedback and the effects it has on galaxy formation
and assembly, whereas different trends may indicate a problem specific in the modelling ap-
plied in IllustrisTNG. There are a number of different such simulations such as simba (Davé
et al. 2019) or horizon-agn Dubois et al. (2014). For this test, we use the Evolution and As-
sembly of GaLaxies and their Environments (eagle) simulations (Schaye et al. 2015; Crain
et al. 2015).

The eagle simulations are a suite of hydrodynamical simulations 1 (Crain et al. 2015;
Schaye et al. 2015). The simulations use a version of the GADGET-3 Smoothed Particle Hy-
drodynamics (SPH) code (Springel 2005), with the cosmological parameters from the Planck
mission (Planck Collaboration et al. 2015) implemented, whereby ΩΛ = 0.693, Ωm = 0.307,
Ωb = 0.04825 and H0 = 67.77 km s−1. As with IllustrisTNG, to account for all processes
which operate below the numerical resolution limit, the simulations employ sub-grid physics
prescriptions relying only on local hydrodynamic properties. This includes schemes cover-
ing radiative cooling and photo-ionisation heating (Wiersma et al. 2009a), stellar mass loss
(Wiersma et al. 2009b) and stellar feedback (Dalla Vecchia & Schaye 2012), black hole
growth and feedback and star formation (Schaye & Dalla Vecchia 2008). These are then
calibrated to reproduce the stellar mass function, the black hole mass - bulge mass relation
and the galaxy stellar mass - size relation at z = 0.1. A full description of the simulations
can be found in Schaye et al. (2015) and Crain et al. (2015).

We briefly outline the processes star formation and black hole accretion in more detail
as they are the most relevant to this work. Star formation is modelled according to Schaye
& Dalla Vecchia (2008) as a stochastic process based on the pressure dependent Kennicutt-
Schmidt law with a Chabrier (2003) IMF. Black holes are seeded in the densest gas particle
in every dark matter halo greater than 1.48 × 1010 M�, which then grow through accretion
of other particles. The energy attained via accretion, assuming a radiative efficiency ε = 0.1,
is not released immediately, but stored as an energy reservoir for a period of time given

1http://icc.dur.ac.uk/Eagle/

http://icc.dur.ac.uk/Eagle/
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by an injection probability distribution and then injected into the gas particles surrounding
the black hole. This purely thermal feedback differs then from the two-stage feedback in
IllutrisTNG outlined above, meaning that any differences in the trends may indicate that the
AGN feedback is responsible for tensions between the observations and simulations rather
than the simulations as a whole.

The eagle simulation suite also has various simulation box sizes, resolutions and phys-
ical models (Rosas-Guevara et al. 2016) such as higher AGN heating temperature and in-
creased black hole viscosity. Further details of these variations can be found on the eagle
database (McAlpine et al. 2016). The standard model referred to hereafter incorporates
AGN feedback and standard values for multiple parameters which can be found in Crain
et al. (2015) as RefL0100N1504. We note that the box size is significantly smaller than
the TNG300, meaning we are only searching for approximate trends, rather than a fully
quantitative comparison.

Due to the difference found in simulations and collaborations, not all parameters avail-
able in the IllustrisTNG simulations are available in eagle, hence we select the parameters as
closely as we can. We apply a similar cut in halo mass as for TNG300, which is based on the
friends-of-friends algorithm and which corresponds to M200,mean. Hence, although not the
same, we do not expect this difference in halo mass definition to significantly affect trends,
and we select only central galaxies. This yields a total sample of ∼ 4800 galaxies, about 10
per cent of the TNG300 sample. We therefore have to be careful of over interpretation with
such different sample sizes. We then use the available data for the average stellar ages of
each galaxy and bin using the same method as above in stellar and halo mass (0.1 dex bins,
minimum of 10 galaxies per bin). The results can be seen in Figure 3.5.1.

We see very similar behaviour as a function of stellar and halo mass in the average stellar
ages yielded by eagle compared to the assembly time in IllustrisTNG. We see that at low
halo masses (MHalo . 1012.5 M�), as we increase stellar mass, we observe an increase in the
average stellar age, as may be reasonably expected. Immediately above these halo masses
(MHalo ∼ 1013 M�), we see an inversion of this behaviour, whereby the age decreases with
increasing stellar mass. At the highest halo masses (MHalo > 1013 M�), we find an even
distribution of ages, all of which are old. Interestingly, we also find that some of the old-
est objects in the simulations reside at intermediate halo and stellar masses. We conclude
then, that it is likely that cosmological hydrodynamical simulations struggle to reproduce
the observed trends in stellar mass assembly, and that AGN feedback regardless of its imple-
mentation may be over aggressively quenching galaxies around a critical halo mass (i.e. it is
not just the implementation scheme of AGN feedback in IllustrisTNG which causes tensions
when considering both stellar and halo mass in the assembly of central galaxies).
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Figure 3.5.1: The average stellar age of central galaxies within the eagle simulations as a function of stellar and
halo mass. We see very similar trends in stellar and halo mass to the stellar assembly times in IllustrisTNG300.



"Tough work knocks the silliness out of you when you
grow up in places like ours. It teaches you to get
tougher, or get lost. Them that are all talk are soon
found out, left sitting, feeling sorry for themselves, ex-
hausted by mid-afternoon, whilst the older men are
grafting away like they have only just started."

James Rebanks – The Shepherd’s life, 2015

4
Data and Methods for the Size Growth of

Central Galaxies

Having studied the stellar mass assembly of a sample of massive, central galaxies in the low-
redshift universe, we now turn our attention to the size growth histories of a sub-sample
of these galaxies. As we are investigating the likelihood of the minor merger scenario, we
want to investigate the satellite galaxy population and the nature of stellar material in the
outskirts of galaxies, manifested in LSB features. For this part of this research we present
the deep imaging data taken from public surveys and a number of techniques to quantify the
properties of the stellar material in these galaxies. This Chapter of the thesis is contained
in the paper of Jackson et al. (2021). Contributions by collaborators to this Chapter are as
follows: Dr. Anna Pasquali for helping with the visual classification of the galaxy samples and
Dr. Surhud More for general advice on the HSC imaging data and data reduction pipeline.
Thanks also go to Dr. Song Huang for his advice on accounting for residuals from the sky
background subtraction.

4.1 The Subaru Hyper-Suprime-Cam Survey and Data

Large scale extragalactic surveys such as the SDSS (York et al. 2000) have revolutionised our
understanding of galaxy evolution by providing a large sample of uniform imaging across
a significant area of the sky. The drawback with these samples, however, is that they usu-
ally lack the depth of other surveys for more detailed studies such as the Mass Assembly of
early-Type GaLAxies with their fine Structures survey (MATLAS survey Duc et al. 2015; Duc
2020). These types of surveys are usually carried out with larger aperture telescopes. The
disadvantage of such deeper observations however is that the coverage of the sky is usually
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smaller. The Subaru Hyper Suprime Cam (HSC) - Subaru Strategic Programme (-SSP Aihara
et al. 2018) is one survey that is trying to bridge this gap.

The HSC-SSP is an ongoing survey designed to image significant parts of the sky, in 5
different bands (g, r, i, z, y). 1400 sq degrees of the sky are being imaged down to 26.1 mag
(wide survey), 27 sq degrees down to a magnitude of 27.1 mag (deep survey) and 3.5 sq
degrees down to 27.7 mag (ultra-deep survey) in the r-band. The camera has a pixel scale of
0.168” (Miyazaki et al. 2018) and the survey has so far experienced a median seeing in the i-
band of 0.6” (Aihara et al. 2018). In order to attain a statistically significant sample we used
the wide survey of the incremental DR2 (300 sq degrees, Aihara et al. 2019). The HSC data
reduction pipeline (Bosch et al. 2018) automatically performs sky subtraction, bias, flat field
correction and flux calibration. Huang et al. (2018a) injected synthetic galaxies into HSC
images, achieving a 13 and 18 per cent precision at a depth of 20 and 25 mag respectively
in the i-band for extended objects when fitting single Sérsic profiles. The HSC fields have
been chosen especially for their low levels of extinction along the line of sight, however we
still applied a correction for Galactic foreground reddening to each image according to the
law of Cardelli et al. (1989), using the extinction maps of Schlafly & Finkbeiner (2011).

To obtain the galaxy sample for this part of the research, we applied the following cuts to
our sample of ∼ 90,000 SDSS central galaxies from Chapter 2: In order to capture galaxies
that have experienced a passive stellar mass evolution over the last few Gyr, and thereby sim-
ilar systems to those analysed in higher redshift studies, we selected those galaxies contained
in the HSC DR2 fields that have a t90 value larger than 6 Gyr (reducing the sample to ∼ 440
galaxies). We also selected those galaxies with a spectroscopic redshift of 0.05 < z < 0.1
in the group catalogues of Lim et al. (2017), in order to perform the best spatially resolved
analysis we could on the individual galaxies themselves, while still retaining a statistically
significant sample (reducing the sample to 142 galaxies). We also applied the criterion that
each galaxy must have coverage in all 5 bands of HSC (g, r, i, z, y, reducing the sample to
134 galaxies) and a minimum of 50 bins at a S/N > 10 in its outskirts (beyond the SDSS
Petrosian radius of ∼ 2 Reff,SDSS as given in Pacifici et al. 2016) as computed by the Voronoi
binning (see Section 4.3). Selecting galaxies that have a minimum number of the bins in the
outskirts may slightly bias our results, whereby galaxies with little activity are likely to have
less light/mass excess in their outskirts and are therefore more likely to be discarded, how-
ever we stress that only 4 galaxies are discarded from this specific selection process. Hence,
we do not expect our results to be significantly impacted by galaxies discarded due to low
numbers of Voronoi bins in their outskirts. Two galaxies contained in the Kauffmann et al.
(2003) catalogues defined as AGN or low-ionization nuclear emission-line region (LINER,
based on the selection methods of Baldwin et al. 1981) were also removed so as to avoid
radiation from AGN biasing our results.

In the visual classification we also removed galaxies that had problems in the data with
at least 1 band, such as missing data, over-saturation of pixels or imaging artefacts (10
galaxies). The final sample contains 118 centrals from the parent sample of ∼ 90, 000,
hereafter referred to as our passive galaxy sample and shown in the left half of Figure 4.1.1.
The morphological splits are described in Section 4.2 and their relative distributions in halo
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Figure 4.1.1: Main panel of each half: The distribution of our observational sample in stellar and halo mass
phase space. Black points give the parent sample of∼ 90,000 SDSS central galaxies as detailed in Chapter 2. Blue
(green, red) points show galaxies with signs of merger activity (a diffuse stellar halo, no activity) as determined
by the visual classification described in Section 4.2. Side and bottom panel of each half: The distributions in
stellar and halo mass of each classified sub-sample. Bottom right panel of each half: The distribution of each
sub-sample in redshift.

and stellar mass space are shown in the side and bottom panels of the left half of Figure 4.1.1.
The bottom right panel of the left half of Figure 4.1.1 shows the distributions in redshift for
later checks in sensitivity biases.

We also selected a comparison sample of 118 galaxies from the same parent sample
of central galaxies using the same selection criteria in order to build a full picture of the
evolutionary processes we want to investigate. We selected these galaxies to have as small a
combined difference in stellar mass (< 0.1 dex), halo mass (< 0.1 dex) and redshift (< 0.01)
phase space to the passive galaxy sample while avoiding selecting the same galaxy twice.
This comparison sample was chosen, however, to have a t90 < 4 Gyr, in order to compare
relatively young centrals to our older and passive galaxy sample. This sample is seen in the
right half of Figure 4.1.1, with the same scheme for the subplots as for the passive galaxy
sample in the left half.

We see that each distribution spans a significant range in halo mass (∼ 2 dex) and stellar
mass (∼ 1.5 dex). We also notice that those galaxies that display a diffuse stellar halo (see
Section 4.2 for more details of the morphological classification) generally occupy the most
massive haloes (MHalo & 1013 M�) and those that display no tidal features (featureless)
generally occupy the least massive haloes (MHalo . 1013 M�). The galaxies that display tidal
features, indicative of merger activity (features) display a tendency to occupy more massive
haloes, however are distributed across the full range of halo masses. These trends are similar
in stellar mass, in agreement with findings from previous studies (Bílek et al. 2020). In their
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study, Bílek et al. (2020) find 1.7 times the amount of tidal features above a stellar mass of
1011 M� than below, which compares to an increase of 1.2 in our sample (a difference of
1σ). This difference may be due to slightly different classification schemes or, more likely,
the different data sets, whereby the data of Bílek et al. (2020) is deeper than that used in
this study. They also find an increase in some of their features with increasing environmental
density, similar to our results. In the bottom right panel, we see a fairly even distribution
of all three sub-samples across redshift. The implications of this behaviour are discussed
further in Section 8.2.

We also visually classified galaxies into early- and late-type, finding that ∼ 1 per cent of
our passive galaxy sample is classified as late-type with the rest of the sample classified as
early-type. This statistic rises to∼ 26 per cent for our comparison sample, with∼ 74 per cent
of galaxies classified as early-type. To reinforce this, we calculated the average Sérsic index
of each sample using the catalogues of Blanton et al. (2005) and the bulge-to-total mass
ratios using the catalogues of Mendel et al. (2014). We find that the average Sérsic index of
the passive galaxy sample is 5.00 with an average bulge-to-total mass ratio of 0.78, compared
to an average Sérsic index of 3.14 for the comparison sample with an average bulge-to-total
mass ratio of 0.60. This shows that our older, passive galaxy sample is dominated by early
type morphologies, which have larger Sérsic indices than the comparison sample.

4.2 The Visual Classification Scheme

Visual morphological classification, although with a reasonable degree of subjectivity, has
proven to be an extremely useful tool in the study of galaxy evolution, with one of the first
and the most used classification systems first developed by Hubble (1926). Morphological
classification can be used as an indicator of the current stage of evolution that a galaxy may
be at in its lifetime. Similarly, morphological features or disruptions of the stellar material
or gas can help indicate if a galaxy may be undergoing environmental processes such as
merging or stripping. Today, researchers can use a number of methods: they can either
manually classify their own data set or, if it is too large, public schemes such as Galaxy Zoo
(Lintott et al. 2008) have been set up. Machine learning techniques have also been and are
being developed for this application (e.g. Banerji et al. 2010; Hocking et al. 2018).

As both of our samples are relatively small and previous studies in this field have used
similar classification schemes, each galaxy was independently visually inspected and classi-
fied with the help of different co-authors. Changing the contrast of each image in the i-band
was used to search for LSB features, with a high level of agreement of the classifications
between the different co-authors. The i-band was chosen as it has the best median seeing
(∼ 0.6”) of all HSC bands. We note that there is a degree of subjectivity to this system that
needs to be taken into account when drawing conclusions from the results or comparing to
previous studies. We classified both the passive galaxy sample and the matched comparison
sample into three categories.

In order to quantify the abundance (or lack of) minor merger activity that may be driving
the size growth of central galaxies, the first category is those galaxies that display features
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Figure 4.2.1: A selection of galaxies taken from the HSC passive galaxy sample and classified in the "features"
sub-sample. We see a range of activity. Streams are present in the top-left, top-right, upper mid-left and upper
mid-right and bottom right. Shells are present in the upper mid-right and lower mid-left. We see a stellar ring
in the lower mid-right, and a minor merger in the bottom right. We also classify umbrellas in the upper mid-left
and bottom right.
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caused by merger activity. As we are dealing with central galaxies, we expect any features
observed to be almost exclusively caused by galaxy interactions with their satellites. This sub-
sample was identified in the following ways: galaxies which display shells, those that display
a ring of material around the main body of the galaxy, those with streams of material, those
that display umbrella-like features (e.g. Martínez-Delgado et al. 2010), those that have clear
distortions to the light distribution and those undergoing a minor merger (when a clear and
significant secondary peak/core in the light distribution is seen). Some galaxies may display
multiple features. This sub-sample is hereafter referred to as "features", and some examples
are given in Figure 4.2.1.

The second category is those galaxies with no clear tidal features but that visually exhibit
a diffuse stellar halo (hereafter labelled as "diffuse"). These galaxies were classified as such
as a clear diffuse stellar halo may indicate past merger activity with the accreted material
now settled into a state of relative equilibrium. We note that galaxies that have diffuse
stellar haloes but also display clear signs of merger activity are classified into the features
sub-sample.

The last category is those galaxies that display neither tidal features nor a diffuse stellar
halo (hereafter labelled as featureless). Examples of each of the three categories (features,
diffuse and featureless) can be seen in Figure 4.3.1.

4.3 The Treatment Process of the HSC Imaging Data
In order to analyse the data while accounting for biases and reducing errors we implemented
the following procedures on the HSC imaging data presented in Section 4.1.

In order to account for the effects of the Point Spread Function (hereafter PSF) over all
photometric bands we measured the Full-Width-Half-Maximum (FWHM) for each galaxy in
each band as given by the PSF models constructed by the HSC pipeline (see Bosch et al.
2018, for more details). In order to account for the worst PSF across the entire sample, we
took the largest FWHM in the entire galaxy sample and convolved each galaxy in each band
with the quadrature of the difference between that band and the maximum overall FWHM.
We note that this technique has been used in the majority of previous studies investigating
similar galaxy properties, but that this technique does not take into account the effects of
the wings of the PSF. We address this problem further in Section 5.3.

We then assigned a threshold signal-to-noise (S/N) > 3 per pixel to the imaging data.
This S/N was chosen since, on visual inspection, lower cuts introduce too much contami-
nation from foreground and background objects and higher cuts discard many of the tidal
features we observe in the data at low surface brightness. We then used the source detec-
tion routine from the photoutils package in astropy in order to locate all pixels associated
with each galaxy, including the tidal features. The routine uses an algorithm based on the
number of neighbouring pixels also associated with the source to find all pixels associated
with a local maximum. Examples of this can be seen in the top two rows of Figure 4.3.1,
where the top rows show the original i-band images from HSC and the second rows show
the detected galaxies in the r-band surface brightness maps.
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Some pixels in our sources have low signal-to-noise, however, just reaching the threshold
S/N of 3 per pixel. These are usually the low surface brightness features we want to quantify.
In order to reduce uncertainties in the estimates yielded by the SED fitting process we used
Voronoi binning (Cappellari & Copin 2003) to maximise the signal-to-noise of these features,
while still preserving the spatial resolution of higher S/N areas. We took the SDSS Petrosian
apertures (∼ 2 Reff,SDSS) for the central areas of our galaxies as this is the aperture used in
the study of Pacifici et al. (2016) from which the parent sample is built in Jackson et al.
(2020b) and from within which many of the integrated galaxy properties are estimated
such as t90. We then Voronoi binned all pixels inside of this aperture to a constant S/N =
50 per bin, as the signal-to-noise per pixel in these regions is high. For all pixels outside
of this aperture, the outskirts of the galaxy, we defined a constant S/N = 10 per bin, as
this is a high enough signal-to-noise to reduce uncertainties in the stellar mass estimates
while avoiding the washing out of detail that can occur when Voronoi binning at a signal-
to-noise of 50. This allowed us to probe features that have a surface brightness as low as ∼
28 mag arcsec−2 in the r-band. We also masked bins with contamination from significant
foreground and background objects in order to reduce contamination that could bias our
results. We note that this makes up only 1.4 per cent of all bins, and although increases
with radius, due to less bins at higher radii, never contributes above 2.5 per cent of all bins,
hence we do not expect this to significantly bias our radial profiles. As tidal features are not
uniform, we do not attempt to interpolate across neighbouring bins as this method would
introduce its own biases to our results.

Total fluxes were then calculated for each Voronoi bin from the imaging data in the fol-
lowing manner: The median flux of each Voronoi bin was calculated and multiplied by the
amount of pixels in the Voronoi bin, so as to avoid fluctuations due to contaminating ob-
jects that can bias the mean, especially at low surface brightness. Associated errors were
calculated using the variance maps added in quadrature with the flux calibration error. The
fluxes and associated errors were then converted into magnitudes for colour profiles, with a
median error of ∼ 0.2 mag, smaller than the scatter in the stacked radial colour profiles of
both samples of galaxies. We also calculate the physical area of each Voronoi bin, allowing
us to calculate the stellar mass surface density after the SED fitting process outlined in Sec-
tion 4.4 and surface brightness (we probe features that have a surface brightness as low as
∼ 28 mag arcsec−2 in the r-band). We also ran Voronoi binning at constant signal-to-noise
ratios of 20 and 30 per bin, to verify if our adaptive Voronoi binning process introduces bi-
ases to our results, finding minimal overall differences in the profiles, however the loss of
spatial resolution means fewer Voronoi bins, and hence more stochastic fluctuations.

As a final step we also address the issue of sky background subtraction: As outlined in
Section 4.1, the HSC pipeline performs automatic sky background subtraction, however there
are systematic issues in some bands. In order to circumvent this problem, we collect forced
photometry performed using a 1 arcsec aperture on empty parts of the sky from the HSC
database. We then calculate the median flux per pixel of the sky background of the nearest
100 points to each galaxy in each band. These median flux per pixel values are then applied
to each Voronoi bin, in order to account for systematics in the sky background subtraction.
We note that the sky background contributes between 1 and 5 per cent of the integrated flux
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Figure 4.3.1: Top to bottom panels of each column: The i-band image of a galaxy, the Voronoi binned r-band
surface brightness map, the Voronoi binned g - r colour map and the stellar mass density map as yielded by the
SED fitting on the Voronoi binned maps. Left to right: An example of a galaxy classified as displaying no merger
activity, a galaxy classified as displaying a diffuse stellar halo, a galaxy with a stream of material to the top right
and a galaxy that displays a slight shell structure to the bottom right.
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per Voronoi bin, and is smaller than the scatter on the distributions and the uncertainties in
the majority of our integrated fluxes.

The results of this process can be seen in Figure 4.3.1, where the third panel shows the
corresponding g - r colour map and the bottom panel shows the corresponding stellar mass
surface density map as recovered by the SED fitting process described in Section 4.4. From
left to right we see an example of a featureless galaxy, a diffuse galaxy, a galaxy that exhibits
a stream and a galaxy that displays a shell (both classified in the Features sub-sample).

4.4 The SED Fitting Process with cigale
In order to estimate the stellar mass corresponding to each Voronoi bin in our data, we used
the SED fitting software cigale (Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019).
We chose cigale due to its speed, since due to the resolution and depth of our imaging data,
the Voronoi binning process yielded over 500,000 SEDs that needed fitting for each sample.
cigale can fit SEDs spanning from the UV to the IR range of the electromagnetic spectrum
and is based on an energy balance principle, whereby the attenuation due to dust of the UV
radiation produced by massive young stars is expected to be re-radiated in the IR part of the
spectrum. It also has models to account for AGN emission, dust attenuation, multiple star
formation histories and stellar population models.

As we expected these systems to be dominated by old stellar material, however with
the possibility of some recent star formation triggered by interactions, we generated models
in cigale based on double-exponential star formation histories spanning ranges between 2
and 12 Gyr for the main burst. As our passive galaxies are selected to have formed 90 per
cent of their stellar mass over 6 Gyr ago (this is between 3 and 4 Gyr for our comparison
sample in almost all cases), we limit the additional burst to a contribution of between 0.1
and 5 per cent of the mass with ages ranging between 100 Myr and 2 Gyr. The best-fit
SFH contains a 0.1 per cent secondary burst in the overwhelming majority of cases. We
then used these star formation histories with the synthetic stellar libraries of Bruzual &
Charlot (2003), assuming a Chabrier (2003) IMF and metallicities spanning the full range
from 1/30th solar to 4 times solar in order to generate the model SEDs to fit to the HSC
photometry. We neglected AGN contributions to the modelling as we removed AGN from the
sample as described in Section 4.1.

We also inserted the g, r, i, z and y HSC filter functions into cigale and fit the SEDs. The
average uncertainties yielded by the SED fitting process for the estimations of stellar masses
are of the order of 0.3 dex, which when accounted for in the stellar mass surface densities
are, on average, smaller than the scatter in the corresponding radial profiles of our sample
of galaxies, meaning that the errors do not significantly bias our results.

Example SEDs of the central regions of two galaxies (i.e. within ∼ 2 Reff,SDSS) can be
found in Figure 4.4.2 while the SEDs of two Voronoi bins can be found in Figure 4.4.1. In all
cases: The top panels of each subplot show the best-fitting model SED (black line), model
fluxes (red points) and the observed photometry (magenta open circles). The bottom panels
of each subplot show the residuals between the observed and best-fitting model photometry
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Figure 4.4.1: Example SED fits of the HSC photometry of the integrated central regions of two of our HSC galax-
ies. Top panel of each sub-plot: The best-fitting model SED is indicated by the black solid line, the expected
model fluxes are indicated by the red points and the observed photometry is represented by the magenta open
circles. Bottom panel of each sub-plot: The residuals between the expected fluxes from the best-fitting model
and the observed photometry.
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respectively.
Further checks of the reliability of the SED fitting presented here are discussed in Ap-

pendix A.3.
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Figure 4.4.2: 8 example SED fits of the HSC photometry of random Voronoi bins from two of our HSC galaxies.
Top panel of each of the 8 sub-plots: The best-fittingmodel SED is indicated by the black solid line, the expected
model fluxes are indicated by the red points and the observed photometry is represented by the magenta open
circles. Bottom panel of each of the 8 sub-plots: The residuals between the expected fluxes from the best-fitting
model and the observed photometry.
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Results II - The Size Growth of Central Galaxies

Through Radial Profiles

Having presented our data, sample and methods in the previous Chapter, we now present
the results in the form of the level of merger/interaction activity, radial gradients of both
the passive and comparison samples and a comparison to previous studies. This Chapter of
the thesis is contained in the paper of Jackson et al. (2021). Contributions by collaborators
to this Chapter are as follows: Dr. Francesco La Barbera for carrying out the convolution of
the manually constructed PSFs with the constructed stacked galaxy; Dr. Anna Pasquali, Dr.
Francesco La Barbera, Dr. Surhud More and Prof. Eva Grebel for the discussion of tests and
plots throughout and the discussion of results.

5.1 The Levels of Merger Activity

Figure 5.1.1 shows the statistics yielded by our morphological classification. The left-hand
panel shows the split of our passive galaxy sample into those centrals that display tidal fea-
tures (features) which make up 42.4 per cent of the sample, those that show a diffuse stellar
halo (diffuse) that make up 43.2 per cent of our sample, and those that are featureless that
contribute 14.4 per cent of our passive galaxy sample. We note that the percentage of galax-
ies displaying some sort of interaction features is very similar to previous studies such as Duc
et al. (2015) (40 per cent).

When we compare these statistics to the comparison sample of younger central galaxies
in the central panel we see that the percentage of centrals classified with features remains
similar at 39.2 per cent. The percentage of galaxies classified as diffuse, however, drops to
19.1 per cent and the percentage of galaxies classified as featureless increases to 41.7 per
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Figure 5.1.1: Left-hand panel: A pie chart of the percentage of the passive galaxy sample that was classified
as either displaying visual signs of merger activity (features), no activity but a diffuse stellar halo (diffuse), or
no activity at all (featureless). Central panel: The same as the left-hand panel but for our younger comparison
sample. Right-hand panel: The sub-samples of galaxies that were classified as displaying visual signs of merger
activity, split dependent on the type of merger activity.

cent. Assuming Poissonian errors on each sub-sample, we can calculate that the differences
in the diffuse and featureless sub-samples seen between the passive and comparison samples
are significant (> 5σ), however are not significant (< 1σ) in those galaxies classified as
exhibiting features. We discuss these differences and possible scenarios for this behaviour in
Section 8.2.2.

The right-hand panel shows the further morphological classification we used on the fea-
tures sub-sample of galaxies. We note that some galaxies may display different kinds of fea-
tures simultaneously and therefore may count many times in this specific sub-plot. We see
a range of different features, from shells and significant distortions in the light distribution
to minor mergers and rings. In our passive galaxy sample we see that distortions and shells
are the most prevalent signs of merger activity with respect to the comparison sample. The
comparison sample, on the other hand, shows an increased amount of streams compared to
our passive galaxy sample, with all three signs of merger activity the most prevalent in both
galaxy samples. When we calculate the Poissonian errors, we find no significant differences
(< 1σ) in the number of shells, rings and umbrellas, differences above 1σ in the number
of streams and minor mergers, and differences above 2σ in the numbers of distortions. We
caution, however, against over interpretation due to relatively small number statistics.

5.2 Colour and Stellar Mass Density Profiles of HSC Galaxies

One of the most effective ways to investigate the star formation and assembly histories of
galaxies is to plot radial profiles of various properties. This can help reveal possible evolu-
tionary scenarios which a galaxy has undergone. For example, metallicity and age profiles
in the central regions may reveal inside-out star formation (e.g. La Barbera et al. 2011). The
outskirts, however, are dominated by ex-situ stars according to simulations (Davison et al.
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Figure 5.2.1: Top left-hand panel: The stacked radial profile (in bins of 0.1 R/Reff,SDSS) of g - r colour for the
118 galaxies in our older (t90 > 6 Gyr), passive galaxy sample. The solid black line gives the median of the
distribution of each bin, while the shaded areas represent the 5th, 16th, 25th, 75th, 84th and 95th percentiles of
each stacked bin. For comparison, the results from the study of La Barbera et al. (2012) are given by the solid
red line and shaded areas. Top right-hand panel: The stacked radial profile (also in bins of 0.1 R/Reff,SDSS)
of the stellar mass surface density with corresponding percentiles, normalised by the integrated stellar mass
within 1 Reff,SDSS. Bottom left and bottom right panels: The logarithm of the number of Voronoi bins and the
number of galaxies as a function of radius respectively.

2020). Radial profiles out to large Reff,SDSS therefore reveal the nature of accreted material
(La Barbera et al. 2012; Hirschmann et al. 2015; Davison et al. 2020), which is the aim of
this part of this study. We utilise this technique to explore the nature of the stellar material
in the outskirts of our galaxy sample through the colour and stellar mass surface density
profiles of the accreted material in both the passive and comparison galaxy samples.

From the Voronoi binning process we calculated an average distance for each Voronoi
bin to the centre of the galaxy. Using these radii measurements, we then stacked every
Voronoi bin from every galaxy in our passive galaxy sample in bins of 0.1 R/Reff,SDSS and
constructed distributions of g - r colour and stellar mass surface density. We use the effective
radius as measured by SDSS Reff,SDSS, in order to be able to better compare these results to
previous studies. We note that whenwemeasure the light profiles from our HSC data, we find
an average 10 per cent difference in the measured effective radii from our data and those
measured from SDSS, which is in agreement with previous studies using similar datasets
(Duc et al. 2015). Therefore, we do not expect biases in the results presented here from
using Reff,SDSS. We also add the constraint that each bin of 0.1 R/Reff,SDSS requires 100
Voronoi bins, to reduce statistical biases due to stochastic fluctuations. We note that very
few Voronoi bins (< 0.1 percent) contains pixels in multiple radii. From the distribution in
each bin we calculate the median of each bin, and the 5th, 16th, 25th, 75th, 84th and 95th

percentiles to construct our stacked radial profiles. In order to account for different stellar
masses biasing results, we also weight each estimation in stellar mass density by the total
stellar mass of its parent galaxy within Reff,SDSS of each galaxy following previous studies
(we note that normalising by 2 or 3 Reff,SDSS has a negligible difference on the results).

The top left-hand panel of Figure 5.2.1 shows the g - r colour profile of our passive
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Figure 5.2.2: Top left-hand panel: The stacked radial profile (in bins of 0.1 R/Reff,SDSS) of g - r colour for
the 118 younger (t90 < 4 Gyr) galaxies of the comparison sample. The solid blue line gives the median of the
distribution of each bin, while the shaded areas represent the 5th, 16th, 25th, 75th, 84th and 95th percentiles of
each stacked bin. For comparison, the results from the study of La Barbera et al. (2012) are given by the solid
red line and shaded areas and the median of the passive galaxy sample is given by the black dotted line. Top
right-hand panel: The stacked radial profile (also in bins of 0.1 R/Reff,SDSS) of the stellar mass surface density
with corresponding percentiles, normalised by the integrated stellar mass within 1 Reff,SDSS. The median of the
passive galaxy sample is given by the black dotted line. Bottom left and bottom right panels: The logarithm
of the number of Voronoi bins and the number of galaxies as a function of radius respectively.

galaxy sample. The black solid line shows the median value of the distribution in each bin of
R/Reff,SDSS, the dark grey shading shows the 25th and 75th percentiles, the mid grey the 16th

and 84th percentiles and the light grey the 5th and 95th percentiles. We see a slight decrease
of the order of 0.1 dex in the g - r colour in the inner 2 Reff,SDSS, with a very narrow distribu-
tion. As we go beyond this radius towards 6 Reff,SDSS, the g - r colour still declines, becoming
bluer by another 0.1 dex, however the distribution experiences much greater range (up to ∼
0.5 - 1 magnitude). Beyond 8 Reff,SDSS, the stellar material is bluer, reaching a median g - r
colour of 0.4 mag.

On closer inspection of the maps and imaging data of the galaxies predominantly con-
tributing at these radii, this material is dominated by incoming streams and from satellite
galaxies in the process of minor mergers. We investigate this further in Section 5.4. We also
observe similar gradual decline of ∼ 0.1 mag in various other colour profiles such as (g - i,
r - i, i - z) within 6 Reff,SDSS, however beyond this the r - i and i - z colour profiles continue
to gradually decline rather than dropping ∼ 0.4 mag. We postulate that this is likely due to
the material being slightly bluer due to dwarf galaxies with bluer stellar populations being
accreted onto the central galaxy.

We compare these colour profiles to a previous study carried out by La Barbera et al.
(2012). In their work they investigate the colour profiles of 674 massive early-type galaxies,
with stellar masses between 1010.5 and 1011.8 M�, and contained in the SDSS and United
Kingdom Infrared Deep Sky Survey (UKIDSS) out to 8 Reff,SDSS. Their results are repre-
sented by the solid red line for the median and the red shading indicating the 16th and 84th

percentiles. We find good agreement between our results and those from La Barbera et al.
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(2012) as the values are well within the scatter of our distribution at almost all radii.
The top right-hand panel of Figure 5.2.1 shows the stellar mass surface density profile

as yielded by the estimates of stellar mass from cigale. Once again the median of each
distribution in a bin of 0.1 R/Reff,SDSS is represented by the black solid line with the 5th,
16th, 25th, 75th, 84th and 95th percentiles given by the various shading levels. We see a
fairly smoothly declining profile within ∼ 3 Reff,SDSS, as expected, but beyond this radius
we observe a flattening of the average stellar mass density profile, with some bumps. This
behaviour occurs not only in the median values of the distribution but also in various per-
centiles of the distribution. This indicates that significant stellar material is present in the
observed tidal features we see in the imaging and specifically detect and isolate using our
method in Section 4.3.

The bottom right panel of Figure 5.2.1 shows the number of Voronoi bins per radius bin
in log-space and the bottom right panel shows the amount of galaxies contributing Voronoi
bins to each radius bin as a function of radius.

Figure 5.2.2 shows the same radial profiles for our comparison galaxy sample, with the
median (in bins of 0.1 R/Reff,SDSS) represented by the solid blue line and the shaded regions
indicating the 5th, 16th, 25th, 75th, 84th and 95th percentiles, the same as for our passive
galaxy sample in Figure 5.2.1. The median g - r colour for our passive galaxy sample is given
by the dotted black line for comparison. We see in the top left panel of Figure 5.2.2 slightly
bluer average colours of the order of∼ 0.1 mag in the central regions of our galaxies up until
∼ 5 Reff,SDSS. Beyond this point, we observe a slight spike, whereby material is redder than
our passive galaxy sample or the measured profiles of La Barbera et al. (2012, given by the
solid red line). We note, however, that the profile beyond this point relies on a lower number
of Voronoi bins, which introduces large variations. These spikes are predominantly driven
by streams of accreted material and minor merger remnants, similar to the passive galaxy
sample.

The stellar mass density profile of our comparison sample is presented in the top right
panel of Figure 5.2.2. We observe similar behaviour to our passive galaxy sample (median
represented by the dotted black line), whereby we observe a steeply declining profile in
the inner parts of the galaxy before a flattening of the profile at larger radii with some
bumps (median represented by the solid blue line with shaded regions showing the various
percentiles of the distribution). This profile does not extend out as far as our passive galaxy
sample due to lower numbers of Voronoi bins. As for Figure 5.2.1, the bottom left panel
shows the logarithm of the number of Voronoi bins per galaxy radius and the bottom right
panel shows the number of galaxies.

5.3 The Profiles Yielded from Stacked Imaging
Some previous works have carried out similar studies of the growth processes of massive
galaxies, including the stellar mass content of their outskirts such as that of van Dokkum
et al. (2010). In their study, they took imaging data from a number of surveys such as
SDSS and their own NEWFIRM Medium Band Survey. They then stacked the galaxy images
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in bins of redshift and constructed normalised, radial profiles of the stellar mass density.
Their profiles showed an increase in the average stellar mass density in the outskirts of their
sample with decreasing redshift, which drives the increase in effective radius and thereby
the measured size of their galaxy sample. These profiles, however, are smooth in contrast to
our passive galaxy and comparison galaxy profiles. This is because averaging, either through
stacking or isophotal analysis, washes out or dampens the signal of specific merger features
which generally have an asymmetric orientation on the sky compared to the host galaxy. To
check if this hypothesis holds, we employed similar processes. We stacked our galaxy images
and ran source detection, followed by Voronoi binning and SED fitting to see if we replicate
similar trends to van Dokkum et al. (2010).

We took the galaxy images convolved to the worst seeing (as described in Section 4.3 in
each band) and magnified each image to the median redshift of 0.086 using iraf1 in order
to bring each galaxy onto the same physical spatial scale while conserving the flux (i.e. the
sum of the total fluxes in all of the old and new pixels is equal). We normalised each flux
value by the integrated stellar mass, like in van Dokkum et al. (2010), corrected for redshift
dimming, and then stacked all images in each band, taking the median for each stacked
pixel. We then applied the same Voronoi binning procedure as before, measured the g and
r colours, and fitted the photometry for each Voronoi bin with an SED to yield stellar mass
estimates for the stellar mass surface density profiles. We then constructed similar radial
profiles as the previous section.

In order to compare these stacked image profiles with our radial profiles from Section 5.2,
we also multiplied the effective radii of each galaxy by the same magnification factors yield-
ing a median angular effective radius of 3.4 arcsec. The results are shown in Figure 5.3.1,
with the solid black line representing the median with the accompanying grey shaded areas
representing the same percentile limits as in Figures 5.2.1 and 5.2.2.

As stated earlier, the wings of the PSF may also have an effect on surface brightness
profiles, and thereby on the colour and stellar mass surface density profiles. To investigate
the effect this may have on our results, we constructed full PSFs to be convolved with our
stacked galaxy image. For each galaxy in our sample we attempted to select a field star in the
vicinity that was suitably isolated and reasonably bright. Altogether we found 95 suitable
field stars from 118 galaxies, choosing at random one of the 95 stars as a replacement for
those galaxies without a star. As the radial profiles extend to∼ 10 Reff,SDSS, we cut out stellar
images in each of the HSC bands which extend to these angular scales (∼ 30 arcsec radius).
We magnified each PSF image in the same way as its corresponding galaxy, then stacked
and normalised the PSF images in each band to produce a final median PSF in each band.
This constructed PSF decreases 5 orders of magnitude between the centre and a radius of 10
arcsec, qualitatively similar behaviour to previous studies investigating the effects of PSFs in
detail (e.g. Sandin 2014). Beyond this radius we observe some minor bumps of 0.2 or 0.3
dex, however these peaks are still ∼ 5 orders of magnitude smaller than the central regions.

We then took the stacked galaxy images in each band, fitting each with a two-component
profile containing a bulge and disk contribution in two dimensions. This fitting process

1http://ast.noao.edu/data/software
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Figure 5.3.1: Left-hand panel: The g - r colour profile for our stacked galaxy. The solid black line indicates the
median of the profile, with the various shadings representing the 5th, 16th, 25th, 75th, 84th and 95th percentiles
of each stacked bin. The golden lines represent the stacked galaxy profile when convolved with the constructed
PSF. For comparison the results of La Barbera et al. (2012) are indicated by the solid red line and shading and
the dotted black line represents the median profile from our passive galaxies in Figure 5.2.1. Right-hand panel:
The stellar mass surface density profile for our stacked galaxy (black line) with respective percentiles and for the
accounting of the constructed PSF (golden line). For comparison the observed profile in Figure 5.2.1 is shown
by the black dotted line.

yielded a bulge-to-total luminosity fraction of 0.85, slightly higher than our average bulge-
to-total mass fraction of 0.78 measured in our sample. We find the bulge component has a
Sérsic index of 8.0, whereas the disk component is fixed at an index of 1. Once again, these
are slightly higher than the average values (n = 5.00) retained from the catalogues. These
slight differences are likely due to the different depths of the data from the study of (van
Dokkum et al. 2010) and this one, the treatment of the PSF and slight differences in the
fitting algorithms, even though both fit two dimensional bulge and disk models.

We then convolved each fitted profile with the constructed PSFs in each band, to produce
final images of the stacked and PSF convolved galaxy. We ran the same process of Voronoi
binning and SED fitting using cigale in order to estimate stellar mass surface densities, and
subsequently used these to construct the profiles seen in Figure 5.3.1. The solid golden line
represents the median in each bin of 0.1 R/Reff,SDSS and accompanying shaded areas are as
in previous figures.

We observe little difference in the g - r colour profiles in both the stacked galaxy profile
(median given by the solid black line and accompanying grey shaded areas showing the var-
ious percentiles) and when convolved with the constructed PSF (median given by the golden
line with corresponding shaded areas showing the various percentiles), with differences less
than 0.1 mag at almost all radii. The stacked galaxy stellar mass density profile appears as
a smooth decline out to ∼ 6 Reff,SDSS, similar to previous works. As may be expected due
to the smoothing of the PSF wings, we see a deficiency of stellar mass surface density of
roughly 0.5 dex in the central regions of the galaxy and some excesses of 0.2 dex in the
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outskirts beyond 5 Reff,SDSS compared to the stacked galaxy profile. When the total stellar
mass is computed by integrating the stellar mass density profiles, the differences in the total
stellar mass are less than 1 per cent. We come to the conclusion that although PSF effects
may contribute minorly to the stellar mass density seen in the outskirts of galaxies using our
techniques from Section 4.3, they are not the main driver, meaning that the bumps seen in
the stellar mass density profiles are driven by the tidal features we specifically detect.

Using the median redshift and effective radius of our sample, we can calculate an approx-
imate median physical effective radius of our stacked profile of 5.9 kpc. We can therefore
approximately compare our stellar mass surface density profile of the PSF corrected stacked
(golden) sample to that of van Dokkum et al. (2010). We choose physical radii of 10, 20 and
30 kpc: van Dokkum et al. (2010) find stellar mass densities of ∼ 108, 107.2 and ∼ 107 M�
kpc−2 at 10, 20 and 30 kpc respectively, that compares to our results of ∼ 107.5, 106.8 and
106.5 M� kpc−2 at 10, 20 and 30 kpc respectively. We therefore see very similar behaviour
in our profiles compared to van Dokkum et al. (2010), however a systematic offset of ∼ 0.5
dex, which may be due to different data sets (i.e. SDSS and NEWFIRM imaging data com-
pared to HSC) or the different methods used to treat the data, such as that the study of van
Dokkum et al. (2010) assume a Kroupa (2001), whereas we assume a Chabrier (2003) in
our SED fitting.

5.4 The Profiles of Interaction Sub-samples

In order to further investigate the nature of the bumps in the passive galaxy stellar mass
density radial profiles, we split the sample by the morphological classifications, namely the
features, the diffuse, and the featureless sub-samples outlined in Section 4.2. We then plot
the same radial profiles as in the two previous sections.

We see in the top left-hand panel of Figure 5.4.1 that all sub-samples have extremely
similar g - r colour profiles inside ∼ 4 Reff,SDSS, decreasing from ∼ 0.9 mag in the centre
to ∼ 0.8 mag by 4 Reff,SDSS. The featureless galaxies (solid red line for the median, 16th

and 84th percentiles are shaded) do not extend out beyond this radius. The diffuse galaxies
(solid green line for the median, 16th and 84th percentiles are shaded) increase in g - r colour
by 0.1 mag to ∼ 0.9 mag beyond this radius. The features sub-sample (solid blue line for
the median, 16th and 84th percentiles are shaded) dominates the sample number counts at
high radii, and follows a similar profile to the overall passive galaxy sample (dotted black
line for the median).

We see that the stellar mass surface density profiles for all sub-samples in the top right-
hand panel of Figure 5.4.1. We see a fairly smooth decrease of the stellar mass surface
density in the central regions, until ∼ 3 Reff,SDSS. For the featureless sub-sample, this trend
appears to generally decrease, but cuts off at 4 Reff,SDSS, meaning that they do not con-
tribute to the flattening of the stellar mass surface density profiles we observe. For the dif-
fuse sub-sample, we see a flattening off of the profile beyond 3 Reff,SDSS, until a truncation
in the stellar mass surface density at 6 Reff,SDSS. The features sub-sample (solid blue line
for the median, 16th and 84th percentiles are shaded) shows very similar behaviour to the
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Figure 5.4.1: Top left-hand panel: The g - r colour profiles of those galaxies that display signs of merger
activity (features, median represented by the blue solid line and 16th and 84th percentiles represented by the
blue shaded region), those that do not display clear signs of merger activity but a diffuse stellar halo (diffuse,
median represented by the green solid line and 16th and 84th percentiles represented by the green shaded
region) and those that display nomerger activity or diffuse halo (featureless, median represented by the red solid
line and 16th and 84th percentiles represented by the red shaded region). Top right-hand panel: The stellar
mass density profile for each of the three aforementioned sub-samples. Bottom left and bottom right panels:
The logarithm of the number of Voronoi bins and the number of galaxies as a function of radius respectively for
each sub-sample.

diffuse sub-sample, initially flattening off at 3 Reff,SDSS. However, beyond 6 Reff,SDSS, this
sub-sample dominates the excess material we detect, remaining flat with some bumps. On
visual inspection, these bins are dominated by galaxies that are undergoing minor mergers
or have stellar streams. This shows that the stellar material in the outskirts of our passive
galaxy sample is dominated by the tidal features seen in these galaxies that are indicative of
recent galaxy interactions and/or mergers. As for Figures 5.2.1 and 5.2.2 the bottom left and
bottom right panels show the logarithm of the number of bins and the number of galaxies.

We see that in both the passive galaxy sample and the comparison sample there is signif-
icant overlap in redshift between the three sub-samples and that any differences in the aver-
age redshift are minimal (∆z < 0.002). We also searched imaging data from the HSC ultra
deep survey fields for galaxies in both samples which we classified as featureless. Although
only 6 galaxies were available in these fields, none displayed any low surface brightness fea-
tures when using imaging two orders of magnitude deeper. We argue that this shows that
we are not significantly redshift or sensitivity biased in our morphological classification.

In summary: using our method of specifically detecting and isolating low redshift, mas-
sive central galaxies, and their surrounding LSB features, we find a number of results. We
firstly find widespread minor merger activity, across all galaxy types. We also find similar
g - r colour profiles to previous studies in the central regions of our galaxy sample and at
large radii we find much greater variance in the colour of the stellar material in LSB fea-
tures. When we construct stellar mass surface density profiles using our method, we find
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expected smooth and steep declines in the central regions with a flattening at outer radii,
indicating the presence of significant stellar mass. When splitting by interaction types, we
find that the galaxies which display minor merger activity are responsible for the majority
of the stellar mass in the outskirts of galaxies. We also find that previous methods cannot
quantify the properties due to the techniques used. We discuss these results and present our
interpretation on how this material connects to the minor merger growth scenario further
in Section 8.2.2.



"Most people, after one success, are so cringingly afraid
of doing less well that they rub all the edge off their
subsequent work."

Beatrix Potter (author of the tales of Peter Rabbit) -
1866 to 1943

6
Data and Methods for the Radial Gradients of

Central Galaxies

Having now constrained the stellar mass assembly of a sample of low redshift, massive, cen-
tral galaxies and taken a sub-sample of these galaxies and quantified their merger activity
and LSB features, we now turn our attention to the stellar population properties of a further
subset of these galaxies. We present the IFU data, the stellar population models and the stel-
lar population fitting and techniques in this Chapter. This Chapter is contained in the study
of Jackson et al. (in prep.). Contributions by collaborators to this Chapter are as follows:
Dr. Anna Pasquali and Dr. Francesco La Barbera for discussion of the starlight fitting code
and suggestions for manually correcting bad fits; Ms Alina Böcker for the advice on the pPXF
fitting process and for fitting the resulting age and metallicity grids with empirical models
in order to estimate the in- and ex-situ fraction of stellar material from her own method
presented in Boecker et al. (2020).

6.1 The SAMI Survey and Data

The Sydney - Australian Astronomical Observatory Multi-Object Integral Field Spectrograph
(SAMI) Galaxy Survey (Croom et al. 2012; Bryant et al. 2015) is a spatially resolved, extra-
galactic IFU spectroscopic survey. The survey has observed∼ 3000 nearby (z . 0.1) galaxies
using the 4 meter Anglo-Australian Telescope at the Siding Spring Observatory. Spectra are
available in both the blue (3650 - 5800 Å) and red parts (6240 - 7460 Å) of the optical
spectrum, with dispersions of 1.05 Å pixel−1 and 0.596 Å pixel−1 and a FWHM of ∼ 2.6
Å and 1.6 Å respectively. Each IFU bundle contains 61 fibres, each spanning a 1.5 arcsec
diameter, and are arranged in a configuration that has a ∼ 15 arcsec sky coverage. The
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Figure 6.1.1: The distribution in stellar mass of the parent sample taken from part II of this work (Chapter 4,
grey histogram) and the sub-sample used for part III of this work split into the three morphological classes
described in Section 4.2 (referred to as the SAMI-HSC sample, coloured histograms). We see that the SAMI-HSC
sample covers a wide range of stellar masses with a median stellar mass less than 0.1 dex more than the original
HSC parent sample.

SAMI survey is designed to observe target galaxies with a broad range of stellar masses
(107.6 < MStellar < 1011.6), morphologies (late-type galaxies through to early-type galaxies)
and environments (from field to cluster environments).

We take the parent sample of galaxies from both the passive and comparison galaxy sam-
ples in Chapters 4 and 5. We then cross-matched this parent sample of 236 galaxies with the
catalogues contained in the SAMI IFU survey DR2 (Scott et al. 2018) using a 5 arcsecond
matching radius in right ascension and declination. We note that no extra galaxies are con-
tained in the DR3, as this data release focuses almost exclusively on cluster environments
not contained in the HSC fields.

This final sample, hereafter known as our SAMI-HSC sample, is presented in Figure 6.1.1.
The SAMI-HSC sample contains 15 galaxies, 11 of which are contained in the older, passive
sample and 4 of which are in the younger comparison sample. 14 out of the sample were vi-
sually classified in Section 4.2 as displaying early-type morphologies (E or S0) and only one
with a late-type morphology. 6 of these galaxies were further visually classified as displaying
some form of interaction signatures (such as tidal streams, shells etc.), 7 were classified as
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displaying no features but a diffuse stellar structure in the outskirts and 2 were classified
as showing no signs of interaction or diffuse stellar structure. These sub-samples are la-
belled as features, diffuse and featureless respectively, the same as in Chapters 4 and 5. The
distribution in stellar mass of the parent sample (grey) and our SAMI-HSC sample split by
the interaction morphologies outlined above and in Section 4.2 (coloured histograms) can
be seen in Figure 6.1.1. We see that our SAMI-HSC sample covers almost the full range of
stellar masses of the parent sample from 1010.5 - 1011.5 M�, with a median stellar mass of
1011.05 M�, less than 0.1 dex greater than the median of the parent sample.

Following the procedure of Ferreras et al. (2019), we selected the standard SAMI IFU
datacubes, correcting the spectrum of each spaxel for the radial velocities of the stellar pop-
ulations as derived by van de Sande et al. (2017a,b) and the redshift to bring each spectrum
to rest-frame wavelengths. Reddening due to dust in the Milky Way foreground was cor-
rected as advised in the data sets using the extinction law of Cardelli, Clayton & Mathis
(1989). We then grouped spaxels according to the circular annuli for the SAMI data (see
Green et al. 2018; Scott et al. 2018, for more details) of which there are 5 for each galaxy,
and stacked the spectra, summing the fluxes and calculating the error by adding the noise
in quadrature from the provided variance spectra. We exclude annuli under a S/N of 20
(similar to Gallazzi et al. 2005) in order to minimise the uncertainties in the stellar popu-
lation fitting process outlined in the following section and to remove poor fits to the data.
This removes 16 out of the 75 original annuli, almost exclusively the outer annulus, from
our sample leaving 59 spectra from 15 galaxies.

6.2 Stellar Populations and starlight

In order to estimate the stellar properties of the stacked annuli spectra from our SAMI-
HSC sample, we use Simple Stellar Population (SSP) model predictions using the Medium-
resolution Isaac Newton Telescope library of empirical spectra (MILES, Sánchez-Blázquez
et al. 2006; Vazdekis et al. 2010; Falcón-Barroso et al. 2011). This library contains ∼ 1000
stars with spectra taken from the 2.5 metre Isaac Newton telescope in the optical range of
3525 - 7500 Å with a FWHM of 2.5 Å.

We selected the MILES models based on the BaSTI isochrones with the base models,
whereby [Mg/Fe] = 0.0, and assuming a Chabrier (2003) IMF. Following the study of Fer-
reras et al. (2019), we restricted the range of the ages of the models to between 1 and 14
Gyr, in 1 Gyr intervals, as the majority of our galaxies are old (t90 > 6 Gyr). The IFU spectra
also cover only the central regions of each galaxy, which we expect to have old stellar ages
and be metal-enriched. We included, however, an additional population with an age of 100
Myr, in case the interactions that some of the galaxies in our sample are undergoing due to
minor mergers have triggered some minor star formation. We also constrained the metallic-
ity values of the models to [Z/H] = [-0.96, -0.66, -0.35, -0.25, + 0.06, +0.15, +0.26], as
from previously derived relations between stellar mass and metallicity in other studies, we
do not expect the majority of the stellar material in our sample to be metal-poor (Gallazzi
et al. 2005, 2020). We then convolved the MILES spectra to the resolution of the SAMI data,
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with an added component corresponding to a velocity dispersion of 100 km s−1 so as to
account for any extra systematic biases.

We use the starlight code (Cid Fernandes et al. 2005; Mateus et al. 2006; Asari et al.
2007) in order to find the best combination of model spectra. starlight retrieves the SFH
of galaxies by fitting the observed flux spectrum, together with the associated errors on
the flux, with a mixture of N SSPs from the bases described above and estimating the best
weighted combination of the input models. From the best weighted combination of fits, a
light-weighted age, metallicity and stellar mass can be estimated.

For the fitting process, we masked the standard SDSS emission line regions of Ne[III]
and O[III] (at λ ∼ 3870, and 4990 Å respectively) and significant sky lines in the rest-frame
spectra ranging between ∼ 5100 and 5300 Å depending on the redshift of the galaxy. This
reduces emission lines biasing the stellar population estimates. We limit the fit of the rest-
frame spectra between the wavelengths of 3800 Å and 5400 Å (or the end of the spectrum if
it does not have wavelength coverage up to this wavelength) in order to avoid slight problems
with the flux calibration observed at the blue end of each spectrum. We use the standard set
up for most of the parameters in the fitting configuration (see e.g. Cid Fernandes et al. 2005,
for more details). We select the Cardelli et al. (1989) extinction law for consistency between
themodels and observations and an intermediate set up for the number ofMarkov Chains= 7
and First Fits = 5 (as standardised in Cid Fernandes et al. 2005), as a setup with more chains
yields no significant improvement on the estimation of the stellar population parameters
while adding significant computation time. We re-fit four of our spectra manually in the
wavelength range 4000 Å - 5200 Å, due to significant systematic residuals found between
the observed spectra and best-fit models at both the blue and red ends of the respective
spectra.

An example fit can be found in Figure 6.2.1, with further example fits of different annuli
found in Figure 6.2.2. In the top panel of Figure 6.2.1, we show the normalised flux as a
function of wavelength of the observed spectra (black solid line) and the best-fitting model
(red solid line). The shaded grey regions represent the masked regions. The mid panel of
Figure 6.2.1 shows the residuals between the observed spectrum and the best-fitting model
(black points), with the red line representing zero difference. The bottom panel of Fig-
ure 6.2.1 shows some of the parameters and estimates of the fits such as the signal-to-noise,
the estimated age, the estimated metallicity etc. The same applies for each sub-plot of Fig-
ure 6.2.2 where from top left to bottom right we have different galaxies (first number of
each title) and different annulus (ranging from 0 for the central annulus to 4 for the furthest
possible annulus, indicated by the second number). The bottom right subplot of Figure 6.2.2
also includes one of the galaxies which had to be fit manually between 4000 and 5000 Å
due to flux calibration issues at the red and blue ends of the spectrum.

As starlight does not provide an error on each estimate of the stellar population proper-
ties, we estimate the uncertainties on our fits in the following manner: We take the residuals
between the observed and best-fitting spectra and randomly assign these residuals additively
to the flux at a different wavelength (excluding the masked regions in the whole process).
This also has the advantage of negating any systematic biases contained in the observed spec-



CHAPTER 6. DATA AND METHODS FOR THE RADIAL GRADIENTS OF CENTRAL
GALAXIES 67

2

1

0

1

2

3

4

L 
(L

 Å
1 )

177232_0_estimates.txt

3500 3750 4000 4250 4500 4750 5000 5250 5500

 (Å)

0.4

0.2

0.0

0.2

0.4

 L
 (L

 Å
1 )

2: 2.41779
Age (Gyr): 11.87
[Z/H]: 0.14
Log10 MStellar: 10.61

Av: 0.1008
S/N: 133.538

Figure 6.2.1: An example full spectrum fit from starlight on one of the galaxy annuli. Top panel: The
normalised, observed spectrum is indicated by the black solid line, with the best-fitting spectrum represented
by the red solid line. The shaded regions indicate masked regions in the fitting procedure. Middle panel: The
residuals of the fit are indicated in black, with the red line representing 0 difference and the shaded regions
indicating the masked regions in the fit. Bottom panel: The estimation of the stellar population properties such
as the stellar mass, light-weighted stellar age, metallicity, and internal extinction as modelled by a Calzetti et al.
(2000) extinction law.
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Figure 6.2.2: 4 further examples from starlight of fits for various galaxies (denoted by the first number in
the title) at different annuli (indicated by the second number in the title). The scheme for each panel in each
subplot is the same as in Figure 6.2.1. The bottom right panel shows one of the annuli for which we had to
manually fit between 4000 and 5000 Å due to flux calibration issues at the blue and red ends of the spectrum.
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tra from the flux calibration. We repeat this process 100 times, and fit each of the 100 spectra
again to extract the estimates on the weighted best-fitting age and metallicity. From these
100 estimates, a probability distribution can be built and the 1σ scatter on the distributions
used as the uncertainties on the estimates of age and metallicity.

6.3 The In- and Ex-Situ Fractions of Stars (via Boecker et al.
2020)

As outlined in Section 1.3, significant progress has been made in the realm of simulations
on studying the fraction and distribution of in- and ex-situ stars within a large sample of
galaxies (Oser et al. 2010, 2012; Hirschmann et al. 2015; Davison et al. 2020; Remus &
Forbes 2021). Relatively little progress, however, has been made so far in observations. This
is due to the thorough mixing of in- and ex-situ stars and the multiple degeneracies this can
cause.

Multiple techniques, such as the use of kinematic modelling (Zhu et al. 2020), surface
brightness profile decomposition (Spavone et al. 2017) or the accretion of globular clusters
(Kruijssen et al. 2019) are currently being developed with the potential to overcome some
of these problems. The technique which we use for this research is presented in the study
of Boecker et al. (2020), which we outline here, however refer the reader to the study of
Boecker et al. (2020) for further details.

In the technique presented by Boecker et al. (2020), each galaxy (or IFU annulus in
the case of this study) spectrum is initially fitted using the The Penalized Pixel-Fitting code
(pPXF Cappellari 2017) in conjunction with the MILES stellar population library (Sánchez-
Blázquez et al. 2006; Vazdekis et al. 2010; Falcón-Barroso et al. 2011). This is a similar
process to that described in Sections 1.1 and 6.2. An example is presented in the top panel
of Figure 6.3.1, whereby the black line represents the observed spectrum and the red line
represents the best-fitting model. The grey shaded areas in Figure 6.3.1 indicate masked
regions not used in the fitting process and the green points show the residuals of the fit.
The fitting process yields the weighted fractions of the best-fitting combination of stellar
populations in age and metallicity phase space. The distribution of the weighted fractions,
however, can be sparsely populated due to a number of issues such as the degenerate nature
of stellar populations or noise driven biases. To circumvent issues such as these, pPXF has
the option to apply a suitable regularisation matrix for the spectral fitting. This has the effect
that the weights of neighbouring stellar populations are smoothed out (see Boecker et al.
2020, and references therein for more details). This provides a more accurate, realistic and
continuous distribution of stellar population estimates in age and metallicity, as can be seen
in the mid panel of Figure 6.3.1, whereby we have the best-fitting combination of stellar
populations in age and metallicity space and are colour coded by the weighted fraction of
each population (colour bar to the right of the main panel).

To link the regularised, weighted grids in age andmetallicity phase space produced by the
fitting process to sources of ex-situ material, a number of empirical models are implemented.
These models assume, to first order, a leaky box model to describe the metallicity distribution
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function and the age - metallicity relation (AMR) of the galaxy population.
The chemical enrichment of the models is described as a function of the mass-dependent

metallicity yield and gas fraction. The mass-dependent metallicity yield is based on the
positively correlated trends presented in Leaman et al. (2013) at the low stellar mass end
before a turnover at a critical stellar mass to account for the flattening of themass - metallicity
relation at stellar masses ∼ 1010 M�. The gas fraction, on the other hand, is dependent on
the time by which the galaxy has formed its in-situ stars, denoted as the formation time.
The formation time is itself dependent on the final stellar mass of the galaxy and allows for
various lengths of the in-situ burst. The constructed empirical models are then compared to
the regularised grid of ages and metallicities yielded by the fitting of the observed spectra.
This is also seen in the mid-panel of Figure 6.3.1, where the various coloured lines indicate
different satellite galaxy masses, corresponding to the colour bar above the panel.

The fractions of ex-situ stars are then estimated by integrating the estimates of the
weighted mass fractions contained underneath the constructed empirical models (i.e. we
integrate the area under each curve in increasing stellar mass successively to estimate the
total fraction delivered by satellites of a certain stellar mass and below) and multiplying by
the total stellar mass of the galaxy. In this way, a cumulative fraction of stellar mass deliv-
ered by satellites of a certain stellar mass can then be estimated. An example of the results
of this process are seen in the bottom panels of Figure 6.3.1, whereby the bottom left panel
shows the cumulative fraction of the total stellar mass contributed to by a satellite of a given
stellar mass. The bottom right panel shows the amount of galaxies needed to account for the
accreted mass (i.e. the mass function of galaxies which contribute to the ex-situ stars in each
galaxy annulus). The grey line in each panel shows the cut-off point (NSat = 1) at which all
mass above this point must be in-situ, as satellite galaxies above this point would deliver too
much mass for the scenario to be physically viable. The grey line in the bottom left panel
of Figure 6.3.1 shows the cumulatative estimate of the total fraction of stars accreted. The
point at which the satellite function intersects the NSat = 1 line in Figure 6.3.1 indicates
the mass of the most massive accreted satellite. Further examples of the fitting process for a
variety of annuli are given below in Figure 6.3.2, although we remove the mass function, as
we do not utilise this estimate in this work.

For our work here, we assume the same IMF and isochrones as for our fitting with
starlight in Section 6.2 to avoid biasing our results, however due to the regularisation
techniques we cannot avoid using the full MILES spectral library (i.e. not just the specific
age and metallicity ranges). Boecker et al. (2020) have shown, however, that this does not
have a significant effect on the average estimates of the ages and metallicities. We discuss
systematics in the fitting process further in Section 8.3 and present a comparison of different
fitting methods in Appendix A.4.
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Figure 6.3.1: An example of the various stages of the fitting process utilised to estimate the in- and ex-situ
fraction of stars for our galaxy annuli. Top panel: The fitting of the spectra using pPXF, whereby the observed
spectra is represented by the black line and the best-fitting model as yielded by pPXF is represented by the red
line. Masked areas not used for the fits are represented by the grey shaded areas and the residuals of the fit are
indicated by the green points. Middle panel: The weighted fractions of the best-fitting combination of stellar
population as a function of age and metallicity are indicated by the colour bar to the side. The constructed
empirical models of satellite galaxies to estimate the accreted fractions are represented by the coloured lines,
corresponding to the colour bar immediately above the subplot. Bottom left panel: The ex-situ weighted fraction
of stars as a function of the satellite mass. The grey line gives the cumulative total accretion fraction. Bottom
right panel: The mass function of satellite galaxies which account for the fractions in the bottom left panel. The
point at which the mass function intersects the NSat = 1 line yields an estimate on the largest accreted satellite.
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Figure 6.3.2: Further examples of the process utilised to estimate the in- and ex-situ fraction of stars. Each
row represents the fitting process for a different galaxy and annulus. First panel of each row: The fitting
of the observed spectra (black solid line) with pPXF, resulting in the weighted combination of the best-fitting
models (red solid line). The grey shaded areas indicated masked areas not used for the fitting process and
the green points represent the residuals between the observed spectra and fits. Middle panel of each row:
The weighted fractions of the best-fitting combination of stellar models (colour coded on the right), with the
constricted empirical models of satellite galaxies indicated by the coloured lines (colour bar at the top). Right-
hand panel: The ex-situ cumulative fraction of stars as a function of satellite mass, obtained by integrating the
area under each of the empirical models. The total ex-situ fraction is calculated by the intersection of the orange
and grey lines.



"But soon as Luke, full ten years old, could stand
Against the mountain blasts; and to the heights,
Not fearing toil, nor length of weary ways,
He with his Father daily went, and they
Were as companions, why should I relate
That objects which the Shepherd loved before
Were dearer now? that from the Boy there came
Feelings and emanations—things which were
Light to the sun and music to the wind;
And that the old Man’s heart seemed born again?
Thus in his Father’s sight the Boy grew up:
And now, when he had reached his eighteenth year,
He was his comfort and his daily hope."

William Wordsworth - Michael. A pastoral Poem.
1909. 7

Results III - The Stellar Population Radial
Gradients of Central Galaxies

Having set out our methods into researching the stellar populations of low redshift, massive,
central galaxies, we now present the results in the form of radial gradients. We will also
examine how these may or may not link to the interaction classification of each galaxy. We
will also present the in- and ex-situ stellar mass fraction of the sample. This Chapter is
contained in the study of Jackson et al. (in prep.). Contributions by collaborators to this
Chapter are as follows: Dr. Anna Pasquali, Dr. Francesco La Barbera and Ms Alina Böcker
for the discussion of tests and plots throughout and the discussion of results.

7.1 The Age and Metallicity Profiles of SAMI-HSC Galaxies

As outlined in the introduction of this thesis (Chapter 1), radial gradients of stellar population
properties, such as age or metallicity profiles, may reveal much about a galaxy’s assembly
and evolution. However, due to the limited amount of galaxies we used in this analysis, a
significant scatter in the profiles in age and metallicity is present. The problems associated
with low sample statistics and therefore stochastic fluctuations are further exacerbated by
a limited number of annuli per galaxy, as outlined in Section 6.1, whereby galaxies have
between 3 and 5 annuli, each at various radii with respect to other galaxies. When binning
in radius and calculating average values of age and metallicity to provide an average profile,
the average trend is driven by stochastic fluctuations, rendering a comparison to other studies
hard.

In order to give a better indication of our SAMI-HSC galaxy sample and the average
trends, we first plot the individual profile of each galaxy in age and metallicity. We then
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Figure 7.1.1: Left panel: The light-weighted stellar age profiles of our individual SAMI-HSC galaxies (indicated
by the grey lines) compared to the interpolated average (solid black line) and the scatter in each bin in radius
(shaded areas). We see a fairly flat gradient in stellar age. Right panel: The estimated metallicity gradients
of our individual SAMI-HSC galaxies and interpolated average (scheme same as for the stellar ages). We see a
smoother profile and a slight decrease in the metallicities, with a lower relative scatter in the profile compared
to the stellar age profiles.

linearly interpolate each profile in age and metallicity in bins of 0.1 R/Reff,SDSS and calculate
the mean, requiring at least half of all galaxies to contribute to the mean at any one point.
The corresponding error is calculated as the sum of the quadrature of the associated errors
divided by the square root of the number of errors in that bin. These average trends are
indicated by the solid line in each panel of Figure 7.1.1, with the scatter indicated by the
shaded regions.

We see in the left hand panel of Figure 7.1.1 that the average light-weighted stellar age of
our sample is fairly flat at∼ 10.5 Gyr with variance between 10 and 11 Gyr. These variations,
however are much smaller than the uncertainties, which can be of up 1.5 Gyr. We see in the
right-hand panel of Figure 7.1.1 that the average logarithmic metallicity decreases from
∼ 0.0 or approximately solar at 0.5 Reff,SDSS to ∼ -0.3 at 2 Reff,SDSS. We also see a slightly
smoother behaviour in the averagemetallicity profile than for the age profiles and a relatively
smaller uncertainties of ∼ 0.05 - 0.1 dex.

Comparing to previous studies, flat age and shallowly declining metallicity gradients are
expected in galaxies in the stellar mass range of our SAMI-HSC sample (Sánchez-Blázquez
et al. 2014; Goddard et al. 2017a). We take the study of Goddard et al. (2017b) for com-
parison. In their study, Goddard et al. (2017b) find light-weighted age gradients of -0.07 ±
0.01 per Reff and light-weighted metallicity gradients of -0.13 ± 0.01 per Reff . In compari-
son we find a gradient of ∼ -0.05 per Reff (calculated from a drop from 10.51 Gyr to 10.43
Gyr in the light-weighted stellar ages between 0.5 and 2 R/Reff,SDSS). When considering
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the errors on our mean stellar age gradient, however, the trend of Goddard et al. (2017b) is
well within the scatter of our observed sample. We observe a gradient in the light-weighted
stellar metallicities of ∼ -0.13 per Reff (calculated from a drop from -0.02 to -0.22 between
0.5 and 2 R/Reff,SDSS). This is in agreement with the expected decrease from the trends
found in Goddard et al. (2017b). We caution for these results and the following sections,
however, about over interpretation of these trends due to the small size of our SAMI-HSC
galaxy sample.

7.2 The Stellar Mass Density Profiles of SAMI-HSC Galaxies

One of the main points of focus in Chapter 5 was the stellar mass surface density profiles of
galaxies within HSC, as estimated using multi-band imaging data from HSC in conjunction
with SED fitting using cigale. We showed that the central regions of our galaxy sample
display a fairly smooth, steeply declining profile, before specifically detected and isolated
merger features cause a flattening of the stellar mass surface density profiles beyond 3 effec-
tive radii with some excesses/bumps. As starlight yields an estimate for the stellar mass,
using the distances of the galaxies and the pixel coverage of each spectra we can also cal-
culate an estimated stellar mass surface density profile for each galaxy. These individual
profiles can then be compared to the mean profile, calculated in the same manner as the
profiles in Section 7.1, and the median profile of our SAMI-HSC galaxies taken from the SED
fitting process of Chapter 4. This is shown in the left-hand panel of Figure 7.2.1.

We first note a significant variance in the individual profiles, given by the grey lines in
Figure 7.2.1, although all profiles show a declining behaviour. Whenwe plot our interpolated
average, indicated by the solid black line with corresponding uncertainties indicated by the
shaded regions, we see a smooth declining behaviour from ∼ 109 M� kpc−2 at 0.5 Reff,SDSS

to ∼ 108 M� kpc−2 at 2 Reff,SDSS. This is in good agreement with the estimations yielded
by the SED fitting on the Subaru-HSC imaging data presented in Chapter 5, whose median
is indicated by the solid red line with corresponding 1σ shaded regions. We see that the
average profile as estimated by starlight is always within the scatter of the HSC profile,
and the differences in the estimation vary between 0.1 and at most ∼ 0.3 dex, similar to
or within the uncertainties of the estimations themselves by both photometric SED fitting
or full spectral fitting (∼ 0.2 dex uncertainties). The similar behaviour of the two average
profiles and the differences between the SED fitted values and starlight estimates being
within the uncertainties means that we are confident that our fitting of the full spectra to
estimate the stellar population properties of our SAMI-HSC is robust. We present further
checks in Appendix A.4.

Another parameter which can reveal much about a galaxy’s state is the line-of-sight ve-
locity dispersion, usually denoted as σ or σLoS. Large velocity dispersions can be due to
either increased stellar mass/stellar mass densities or older stellar populations, or can be
indicators of interactions. Hence, we plot σ as a function of radius in the same manner as
the age, metallicity and stellar mass surface density. This shown in the right-hand panel of
Figure 7.2.1. We observe a wide range of values in the individual profiles, which are repre-
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Figure 7.2.1: Left-hand panel: The stellar mass surface density profiles as estimated by starlight of individ-
ual SAMI-HSC galaxies (grey lines) and the interpolated average (black solid line with corresponding scatter
shaded). The median profile as determined by SED fitting of HSC imaging data, from Section 5.2, is given by the
solid red line with corresponding 1σ scatter indicated by the shaded areas. Right-hand panel: The line-of-sight
velocity dispersion profiles of individual galaxies (thin grey lines) and the interpolated average given by the solid
black line with scatter given by the shaded grey area.

sented by the thin grey lines. We also observe a slight decrease in the σ interpolated average
from 200 to 170 km s−1. This is likely due to the decreasing stellar mass surface density.

7.3 The Stellar Population Profiles of Interaction Sub-Samples

With the estimations of the age and metallicity profiles presented for the full SAMI-HSC
sample and having shown that the stellar mass surface density profiles in agreement with
alternative methods from Section 5.2, we now turn our attention to how the stellar popu-
lation profiles depend on morphology. We split our sample of 15 galaxies according to our
morphological classification scheme presented in Section 4.2. As a reminder, these galaxies
are classified according to if they display tidal features indicative of ongoing interactions due
to minor mergers (features, 6 galaxies represented by the blue lines), display no features but
a diffuse stellar halo (diffuse, 7 galaxies represented by the green lines) or no features or
stellar halo at all (featureless, 2 galaxies represented by the red lines). As these sub-samples
are small, especially the featureless sub-sample, we refrain from drawing strong conclusions
from the following comparisons. We instead describe the trends and interpret these as hints
of possible general behaviour. Greater samples would be needed to confirm or rule out these
postulations.

We plot the individual profiles (thin lines with corresponding colours) in stellar mass
surface density, stellar line-of-sight velocity dispersion, light-weighted stellar age and light
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Figure 7.3.1: Top to bottom: The radial profiles of the sub-sample which display interaction features caused
by minor mergers (features), the sub-sample which display no features but a diffuse stellar halo (diffuse) and
the sub-sample which display neither features nor a diffuse stellar halo (featureless). Left to right: The stellar
mass surface density profiles, the stellar line-of-sight velocity dispersion profiles, the light-weighted stellar age
profiles and the light-weighted metallicity profiles. In each plot the individual profiles are indicated by the thin
coloured lines, the interpolated average by the thick coloured lines and the average of the full SAMI-HSC sample
by the thick, black line.

weighted metallicity as a function of effective radius in subsequent panels going from left
to right in Figure 7.3.1. Inspecting the panels from top to bottom in Figure 7.3.1 shows
each of the three sub-samples (features - blue, diffuse - green and featureless - red). In
order to compare the behaviour of each sub-sample to the average trends presented above
in Sections 7.1 and 7.2, we plot the interpolated average of the full SAMI-HSC sample in
black. We also calculate an interpolated average for each sub-sample, represented by the
thick line of corresponding colour, to contrast differences more easily. We also still apply the
requirement that at least half of the galaxy sample (in this case each sub-sample) contributes
to each interpolated average.

Initially considering the features sub-sample in the top row of Figure 7.3.1, we observe
an average stellar mass surface density profile similar to that of the full SAMI-HSC sample.
We note a significantly greater variety in the stellar mass surface density profiles despite
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similar numbers compared to the diffuse sub-samples and a slight increase in the outskirts,
however this is not significant enough to fully interpret. This may indicate that the minor
merger activity may be actively perturbing the stellar mass surface density profiles of our
sample. The velocity dispersion profiles are, on average, fairly flat and slightly below the
average of the full SAMI-HSC sample, however these differences are minor (25 km s−1) and
only in the very central regions of the sub-sample. We see stellar age profiles which are,
on average, slightly younger than the full SAMI-HSC sample by between 1 and 2 Gyr, flat
and with a greater scatter than the diffuse sub-sample. The metallicity profiles are slightly
metal-enriched compared to the average profile of the full sample, however these differences
are less than 0.05 dex and not significant.

Considering the diffuse sub-sample of galaxies in the middle row of Figure 7.3.1, we ob-
serve stellar mass surface density profiles very similar to the average of the full SAMI-HSC
sub-sample. We also see much less variation in the individual profiles compared to the fea-
tures sub-sample, indicating that these objects are much more uniform. We see, however, a
much greater variance in the stellar velocity dispersion profiles which are on average greater
by 25 km s−1 than the average found for the full SAMI-HSC sample. The age profiles of the
diffuse sub-sample are flat and above the average of the full SAMI-HSC sample by between
1 and 2 Gyr, while the average metallicity profile displays no significant difference from the
average of the full SAMI-HSC sample.

We finally consider the featureless sub-sample, presented in the bottom row of Fig-
ure 7.3.1, although with caution as two galaxies are not enough to draw conclusions from.
These two galaxies appear to closely follow the average trend of the full SAMI-HSC sample
in stellar mass surface density. They appear to have increasing velocity dispersions with in-
creasing radius, opposite to the full SAMI-HSC sample. They also appear to be older than
average by between 1 and 2 Gyr at all radii, with a shallow decrease in light-weighted stel-
lar age with increasing radius, and metal-poor, with both objects metal deficient at all radii
compared to the average trend by between 0.1 and 0.5 dex.

In summary: The features sub-sample appears significantly younger than average, with
a significantly greater scatter in light-weighted stellar age and stellar mass surface density
than other sub-samples. The diffuse sub-sample seems to contain fairly uniform and average
objects in metallicity and stellar mass surface density, however appear slightly older than the
average for the entire sample. The featureless objects appear older and metal-poorer than
average. These trends, however, may also be driven by differences in stellar mass between
the different sub-populations due to trends in stellar mass and stellar population properties
(Gallazzi et al. 2005, see e.g.). Hence, in the next section, we investigate if our results are
intrinsic or driven by stellar mass differences.

7.4 Stellar Mass vs Intrinsic Differences in Stellar Populations

In order to investigate whether stellar mass is biasing any possible differences in the stellar
population profiles we observe, we need to compare the estimations of age, metallicity and
velocity dispersion as a function of stellar mass for each annulus. This is seen in Figure 7.4.1.
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Figure 7.4.1: Top panels left to right: The stellar mass versus the metallicity, stellar age and stellar velocity
dispersion estimations for each IFU annulus within each of the three interaction sub-samples (features - blue,
diffuse - green and featureless - red). The black solid line gives the least squares best-fit for each trend for
all galaxies. Bottom panels left to right: The differences between the best-fit and each annulus estimation
represented by the corresponding histogram for each column (median for each sub-sample indicated by the
dotted line).

The top left-hand panel shows the estimations of stellar mass versus stellar metallicity. We
see a fairly tight correlation between mass and metallicity altogether (least squares fit given
by the solid black line), with significant differences only found in the featureless sub-sample.
We quantify these differences by calculating the difference between each estimation and
the least squares best-fit estimation at the same stellar mass, and plot as a histogram in the
bottom left panel. We see that the diffuse and features sub-samples show amedian difference
significantly smaller than 0.1 dex, hence are not different from each other.

We see in the bottom left histogram, however, that the median metallicity of the fea-
tureless sub-sample lies 0.13 dex below the average trend. This is slightly greater than the
average uncertainties on the metallicity estimations, although the small sample size is sus-
ceptible to stochastic fluctuations. This is in agreement with the trends in the metallicity
profiles presented above in Section 7.3, however we note that the average differences in the
featureless sub-sample are smaller here (0.13 dex) compared to the 0.1 - 0.5 dex in the
profiles. This greater difference in the featureless sub-sample metallicity profiles compared
to the median, than the expected mass-matched metallicity deficiency means that although
intrinsic differences are responsible, low stellar masses are also likely to be playing a role
here.

The top mid panel of Figure 7.4.1 shows the estimations of stellar mass versus light-
weighted stellar age with the corresponding differences indicated by the histograms in the
bottom mid panel. We see that the medians of the featureless and diffuse sub-samples lie
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0.9 and 0.7 Gyr above the average trend, however these are still within the uncertainties on
the estimations. The median difference of the features sub-sample is located 1.4 Gyr below
the average trend, hence although a difference is found, these are only hints, rather than
significant results. These differences, however, are of similar values to the differences found
in Section 7.3, showing that the main driver of the differences in the stellar age profiles are
intrinsic rather than due to differences in the stellar masses of the sub-samples.

The top right-hand panel of Figure 7.4.1 shows stellar mass versus velocity dispersion,
with the corresponding differences to the average trend found in the histogram in the bottom
right-hand panel. We see differences in the medians of ∼ 35 km s−1 for the diffuse sub-
sample and ∼ -35 km s−1 for the features and featureless sub-samples, once again reflecting
the trends seen in Section 7.3.

We therefore conclude that although differences in the stellar mass of the different in-
teraction sub-samples may drive small differences in the stellar populations, the differences
found in the radial gradients in Section 7.3 are likely to be intrinsic (i.e. different interaction
sub-samples are intrinsically different in their stellar populations). We caution once again,
however, that the small nature of our samples and sub-sample mean these results should be
interpreted carefully.

7.5 The In- and Ex-situ Fractions of SAMI-HSC Galaxies
Having established that our estimates of the properties of the stellar material in our SAMI-
HSC galaxy sample are not systematically biased by stellar mass differences in each sub-
sample but that any differences in stellar age andmetallicity are intrinsic, we now investigate
if these differences are imprinted on the fraction of in- to ex-situ stellar material. We take
the estimated ex-situ fraction of stars for each annulus, as outlined in Section 6.3, and first
investigate the trends found in all galaxies in order to establish the average trend of the
full SAMI-HSC sample. As in previous sections of this chapter, we initially plot all separate
profiles, followed by an interpolated mean to provide an idea of the average of the sample.
This can be seen in Figure 7.5.1.

We first observe a general trend in the individual profiles, whereby the central regions of
each galaxy are dominated by in-situ stellar material. The values of ex-situ stellar material
within ∼ 1 Reff,SDSS range between 4 to 20 per cent, with most values below 10 per cent.
This indicates that the central regions of these massive galaxies are, on average, extremely
in-situ dominated. As we increase the radius of most galaxies, we see an increase in the
ex-situ fraction of stellar material, with an increasing scatter, ranging from between 10 to
80 per cent at 1.5 Reff,SDSS, although all values but one are between 10 and 40 per cent.

These trends are reflected in the interpolated average, where at 0.5 Reff,SDSS, we observe
an average ex-situ fraction of 4 per cent. This increases steadily to an ex-situ fraction of 18
per cent at 1.5 Reff,SDSS. The drop observed in the interpolated average after this point is
driven by the lack of galaxies contributing to the average profile rather than the trends seen
in the individual profile and hence should not be interpreted in these overall trends. We
discuss this behaviour in more detail, including that these values are more likely to be lower
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Figure 7.5.1: The fraction of ex-situ stars as a function of radius for our entire SAMI-HSC galaxy sample. The
grey thin lines indicate each of the 15 individual profiles, the black thick line gives the interpolated median,
which is calculated in the same way as previous sections in this chapter, with the associated error indicated by
the grey shaded regions. We see an increase in the ex-situ fraction of stellar material with increasing material in
nearly all cases.

limits on the fraction of ex-situ stellar material, in Section 8.3.
Having established the average trends for the entire SAMI-HSC sample, we then split

by interaction class and plot the ex-situ fraction as a function of radius in the same way
as for the stellar ages, metallicities etc. in Section 7.3. This can be seen in Figure 7.5.2,
whereby from left to right we observe the ex-situ fraction of stars as a function of radius
for the features sub-sample (blue), diffuse sub-sample (green) and featureless sub-sample
(red). In the same manner as for Figure 7.3.1, we plot the individual profiles as thin lines in
each respective colour, the interpolated median as the thick line in each respective colour,
and the interpolated mean of the entire SAMI-HSC sample in black, in order to compare how
the trends in each sub-sample compare to the general population.

We observe no significant difference in all sub-samples of the interpolated mean com-
pared to the average of the population, with differences of ∼ 2 per cent between the average
of each sub-sample and the average of the SAMI-HSC sample at most points (at maximum 5
per cent). This is within the uncertainties calculated for the average profile at most radii. We
do notice, however, that the features sub-sample displays a higher variation in the individual
profiles than the diffuse sub-sample, although once again this behaviour is weak. We discuss
this further in Section 8.3.
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Figure 7.5.2: The fraction of ex-situ stars as a function of radius for each of the three interaction classes in our
SAMI-HSC galaxy sample (features - blue in the left-hand panel, diffuse - green in the middle panel, and fea-
tureless - red in the right-hand panel). The respectively coloured thin lines in each panel indicate the individual
profiles of the galaxies contained in each sub-sample, the interpolated mean for each sub-sample is represented
by the respective thick, coloured line and the black line gives the interpolated median of the entire SAMI-HSC
sample. We see a range of behaviours in the individual profiles of each sub-sample, however no significant dif-
ference in the interpolated average between each sub-sample. We do see, however, a possible hint of a larger
scatter in the individual profiles of the features sub-sample.



"Although we, as people, move around, go on adven-
tures and explore the world around us, a lot of us, es-
pecially those of us who have grown up on and been a
part of the land, are just as hefted as the sheep on the
land and fells around us."

Jeremy Jackson (my father) - 2020

8
Discussion

In this research, we (my collaborators and myself) have investigated for the first time from
beginning to end, the stellar mass assembly and growth processes of low redshift, massive,
central galaxies.

We initially investigated the stellar mass assembly of a sample of such galaxies and linked
their average assembly histories and characteristic present-day properties to the environmen-
tal and secular processes that have influenced these characteristics. We found secular effects
to be the main driver of the stellar mass assembly of galaxies, with environmental processes
playing a subtle role. We found slight tensions when comparing observations to the sim-
ulations, which we postulated was due to over-aggressive AGN feedback. We also found
a sub-population of galaxies which displayed behaviour not expected from a downsizing
scenario, with younger lookback times than galaxies with lower stellar masses. The subtle
role of the environment and the possible reasons for the behaviour of the aforementioned
sub-sample will be the subject of Section 8.1.

We then investigated the possible size growth processes of a sub-sample of these galax-
ies. We attempted to find signs of minor mergers of galaxies, which is the expected driver
of the size growth of massive galaxies, with deep multi-band optical imaging contained in
the Subaru HSC survey. We visually classified these objects according to their LSB features,
finding widespread interaction activity at similar levels to previous studies. We created a
method to specifically detect the galaxy and these surrounding features and ran SED fitting
to estimate the colours and stellar mass densities of the material We found a flattening of the
stellar mass surface density profiles due to this specifically detected material (and howmeth-
ods used in previous studies may wash out the signatures of this material). In Section 8.2,
we will discuss these results and provide the direct link of this material to the surrounding
satellite population and the implications of this result for the size growth via minor merger
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scenario.

Finally, we investigated the imprints of these processes on the stellar populations of a
further sub-sample of these galaxies with data coverage in the SAMI IFU galaxy survey in
Chapter 7, which we referred to as our SAMI-HSC sample. We used full spectral fitting codes
in conjunction with the MILES empirical stellar library in order to estimate properties of the
stellar populations. We found gradients in stellar age and metallicity in approximate agree-
ment with previous studies, stellar mass surface densities in agreement with the estimates
yielded by photometric SED fitting in previous sections of this work, and an increase in the
ex-situ fraction with increasing radius. We also found hints of differences in some gradients
of age and metallicity when split by interaction class, and that these differences are intrinsic
to the galaxy rather than driven by differences in the stellar masses of the sub-samples. In
Section 8.3 we will shortly discuss the pitfalls associated with the estimations of the ex-situ
stellar fraction. We will also discuss the drivers of the differences we see. We will then dis-
cuss the significance of the differences in the various interaction classes and how this ties
into the work carried out using the HSC imaging data in Chapter 5 and possible sources of
the intrinsic differences.

I also include an outline of possible future directions for this research and the techniques
contained within it in Section 8.4.

Parts of this Chapter are contained in the studies of Jackson et al. (2020b), Jackson et al.
(2021) and Jackson et al. (in prep). Contributions by collaborators to this Chapter are as
follows: Dr. Anna Pasquali, Dr. Francesco La Barbera, Mr Christoph Engler, Dr. Annalisa
Pillepich, Ms Alina Böcker, Dr. Surhud More, Dr. Rory Smith and Prof. Eva Grebel for the
discussion of tests, plots and tables throughout and the discussion of results and interpreta-
tions.

8.1 Discussion I - Interpreting the Stellar Mass Assembly of Cen-
tral Galaxies

8.1.1 Trends in the Formation Times: Stellar Mass vs Halo Mass

While investigating the stellar mass assembly of low redshift, massive, central galaxies, we
have seen that a number of interlinked galaxy properties display the same average trends as a
function of stellar and halo mass, such as the Sérsic index, sSFR, lookback times and growth
rates. Figures 2.1.1, 3.1.1, and 3.4.1 show that all of these galaxy properties have a strong
dependency on stellar mass, consistent with previous studies which claim that stellar mass
is the dominant driver in galaxy assembly and evolution. This can be seen in Figure 3.2.1,
where the stellar mass assembly lookback times display steeper trends with stellar mass than
with halo mass. We see that, in general, more massive galaxies (at constant halo mass) as-
sembled certain percentages of their stellar mass earlier. This result follows previous studies
which find downsizing, whereby more massive objects assemble specific percentages of their
stellar mass at earlier cosmic times than less massive objects (Cowie et al. 1996; Thomas
et al. 2005; Pacifici et al. 2016).
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We also see, however, that there are secondary dependencies on halo mass, albeit subtler
than the trends in stellar mass. If we hold stellar mass constant (in the regime that MStellar <
1011 M�), those galaxies which reside in more massive haloes tend to have younger lookback
times which are reflected in their higher growth rates, higher sSFRs and lower Sérsic indices.
One scenario could be that the more massive halo has a larger gravitational potential and
is able to cool hot accreted gas more efficiently for steady star formation, presented as the
"hot-mode" accretion in Katz et al. (2003) and Kereš et al. (2005), or recycle earlier accreted
hot gas easier (e.g. O’Donnell et al. 2020). A second scenario could be that higher mass
haloes contain more satellites, which could supply gas to their centrals via interactions and
mergers in order to sustain their star formation (e.g. De Lucia & Blaizot 2007; Jackson et al.
2020a). These scenarios are likely to become clearer in further studies over the coming years
utilising multi-wavelength data to investigate the nature of gas accretion across multiple
environments.

8.1.2 High Stellar-to-Halo Mass Objects: The Exception to Downsizing

The exception to the observed downsizing and environmentally driven behaviours is a sub-
population of objects (MStellar ∼ 1011 M� and MHalo ∼ 1012 M�) with high stellar-to-halo
mass ratios, which constitute ∼ 2 per cent of our entire sample and drive the non-monotonic
trends seen in the lookback times when comparing different halo masses as a function of stel-
lar mass (Figure 3.2.1). We postulate that these objects are massive spirals in the field with
a relatively quiet accretion history. The characteristic low Sérsic indices indicate late-type
morphologies, while the higher sSFRs show that star formation is not yet quenched in these
systems, a phenomenon that is fairly rare in galaxies with stellar masses of 1011 M�. Accord-
ing to the group catalogues, they are also located on average in haloes with no companions,
supporting the idea that they may not have been morphologically transformed due to a lack
of interactions, at least in recent times. To test this hypothesis, we also visually inspected
50 of these objects selected at random using SDSS imaging data, finding no significant signs
of interactions, very few neighbours and mostly disk-like structure in the majority of these
objects.

When we observe their growth from epoch to epoch in Figure 3.4.1, we see that they have
a fairly constant and steady growth history. They do not grow as quickly at early epochs and
as slowly at later epochs as the most massive galaxies, however not as quickly as the least
massive galaxies at low redshift. They instead display an intermediate relative value at almost
all epochs. We postulate that this steady growth is most likely driven by one of two scenarios.
The first is steady gas accretion from the surrounding environment either via filaments or
minor mergers, similar to the "cold mode" presented in Kereš et al. (2005). The second is
the cooling of recycled internal gas which has already been accreted at much earlier times
such as postulated in O’Donnell et al. (2020). Such galaxies have been studied, albeit in
individual cases or small samples in Ogle et al. (2016) and Ogle et al. (2019), where they
also propose that these objects could be sustained by the cooling and recycling of already
accreted gas.

We postulate that this rare population is likely to exist in TNG, albeit at much lower
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numbers. From Figure 3.2.1, by tracking our lowest stellar mass population as a function
of halo mass (blue lines, mid left-hand panel), we see that this sub-population is not as
prominent in TNG300. This is likely due to volume driven effects (the smaller the volume of
the sample, the less likely we are to find peculiar objects statistically) as these galaxies are
extreme and only make up 2 per cent of our observational sample.

8.1.3 Connecting the Oldest Galaxies and High Redshift, Compact Objects

We now turn our attention to the most massive and oldest objects in our sample. Taking
values from Figure 3.2.1, we see that the most massive galaxies have a median t90 value of
6 Gyr, with some t90 values reaching 8 Gyr. This shows that these galaxies have passively
evolved since between z = 0.7−1.1. When we quantify the t50 values of these objects, which
is a proxy for the stellar ages, we find values of 8 - 11 Gyr. This corresponds to redshifts of
1.1 - 3. The t90 values are slightly below the original study of Daddi et al. (2005), whose
passive galaxies were located at z = 1.4 − 2.5, however we stress that different samples and
techniques prevent a fully quantitative comparison.

Daddi et al. (2005) also estimate average stellar ages of 0.5 - 1.5 Gyr for their sample,
placing the average stellar age of their sample at a redshift between z = 2 − 4, somewhat
in line with our own t50 values. This shows that the most massive galaxies in our sample
were likely quiescent at these higher redshift epochs (z > 1) and are most likely similar to
the massive, compact objects found in the study of Daddi et al. (2005). This poses the likely
scenario that these objects were also compact at these redshifts.

8.2 Discussion II - Interpreting LSBMaterial around Central Galax-
ies

With the connection of the stellar mass assembly history of low redshift, massive, central
galaxies and the high redshift compact objects drawn, we now need attempt to put the
results from Section 5 into context of the two-phase growth scenario.

8.2.1 Comparison of the Colour Profiles to SDSS Satellites

In Section 5.2, we showed that tidal features due to accreted material can be quantified in
colour and stellar mass surface density. These tidal features are reflected as a flattening in
the outskirts of stellar mass surface density profiles (& 3 Reff,SDSS) when trying to specifi-
cally detect and quantify these features. We see from Sections 5.3 and 5.4 that PSF effects,
although shifting some of the stellar mass surface density from the centres of the radial pro-
files to the outskirts, cannot account for the levels of stellar mass surface density at radii
of & 3 Reff,SDSS. We have also seen that the stellar mass surface densities are driven pre-
dominantly by galaxies that show features, hence signs of merger activity, with some minor
contributions by galaxies which display a diffuse stellar halo.

In order to link this LSB material we have detected and quantified in the outskirts of
these central galaxies to the minor merger driven growth scenario of massive galaxies, we
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Figure 8.2.1: The distribution in g - r colour of satellites taken from SDSS catalogues in bins of 0.5 dex in stellar
mass. The dashed black and red lines mark the approximate colour limits of the bulk of stellar material in the
centre (< 2 Reff,SDSS) and outskirts (> 2 Reff,SDSS) of our passive galaxy radial profiles respectively.

directly compare the colours of various populations of satellite galaxies. To do this, we take
the SDSS catalogues of Lim et al. (2017) and select only satellite galaxies, defined as those
galaxies in a halo that are not designated as the central galaxy of that halo, across the same
redshift range as our passive galaxy sample (0.05 < z < 0.1). We then calculate the g - r
colour of each satellite from the SDSS photometry and bin in intervals of 0.5 dex in stellar
mass. The distributions can be seen in Figure 8.2.1. We see the well-known trend whereby
more massive galaxies tend to be on average redder in their g - r colour.

The median g - r colour profile in the inner parts of our passive galaxy sample decreases
from 0.9 to 0.8 mag between 0 and 6 Reff,SDSS (indicated by the black dashed lines in Fig-
ure 8.2.1), with an average scatter of∼ 0.1mag. As we increase the radius beyond 6 Reff,SDSS,
we observe a range of median g - r colours, from ∼ 0.4 to 0.8 mag, with increased scatter
in the g - r colour range ∼ 0.5 mag. The approximate boundaries of the profiles in these
regions (> 6 Reff,SDSS) are indicated by the red dashed line in Figure 8.2.1. The comparison
sample displays similar behaviour in the nature of the stellar material inside of 6 Reff,SDSS,
with median g - r colours ranging between 0.9 and 0.7 mag, however with greater scatter (∼
0.3 mag). The profiles in the outer regions exhibit a greater range of g - r colours between
0.2 and 1.2 mag, probably because of stochasticity due to the small sample and of the merger
activity.

When we compare to the distribution of SDSS satellites in Figure 8.2.1, we see that those
satellite galaxies ranging in stellar mass MStellar < 1010.5 M� have the most similar colours
to the LSB material. Some of the redder material may be linked to higher mass satellites,
however this is not themajority of thematerial beyond 6 Reff,SDSS. If we account for a possible
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contribution from redder, in-situ stars with similar colours to the profiles within 6 Reff,SDSS,
we would expect the accreted material to have even bluer average colours. This would shift
potential accreted satellite galaxies to even bluer colours and, on average, smaller stellar
masses.

8.2.2 Interpretation of the Merger Activity and Radial Profile Excesses

We showed in the previous section that the material in the outskirts of our galaxy samples
has similar g - r colours to satellite galaxies ranging in stellar mass MStellar < 1010.5 M�. We
now take this a step further by inspecting the plausibility of the minor merger scenario to
deliver the amount of stellar material. We conduct this by quantifying the total stellar mass
of this material in both our passive and comparison galaxy samples. A large percentage of
the stellar mass contained in the outskirts may indicate different origins of this material.

We first isolate the features and diffuse sub-samples of galaxies in both the passive and
comparison galaxy samples. We then calculate the average stellar mass per galaxy contained
in a bin of 1 R/Reff,SDSS from the estimates of stellar mass yielded by the SED fitting process.
We then work out the percentage stellar mass that each bin in 1 R/Reff,SDSS contributes to the
total stellar mass contained on average in one galaxy. The integrated or total stellar masses
can be seen in Table 8.2.1 for the passive galaxy sample and Table 8.2.2 for the comparison
galaxy sample.

We first see that for both our passive and comparison galaxy samples, those galaxies that
display features show a larger stellar mass contribution in their outskirts. The integrated
stellar mass in these regions, however, is relatively small. In the passive galaxy sample this
totals a stellar mass outside of 2 Reff,SDSS of 1010.4 M� (equating to ∼ 9 per cent) for those
galaxies which display features and 1010.3 M� (equating to ∼ 8 per cent) for our diffuse
sub-sample. In the comparison sample, the stellar mass contained outside of 2 Reff,SDSS is
1010.1 M� both for galaxies that exhibit features and for those that have a diffuse halo (or ∼
6 and 5 per cent respectively).

Taking the median integrated stellar mass estimates at all radii (denoted as "Total") from
both Table 8.2.1 and 8.2.2 of ∼ 1011.3−11.4 M� and convolving them with the standard def-
inition of a minor merger as 1:4 < µ < 1:100 (as in Hirschmann et al. 2015), we get an
average stellar mass of the accreted satellites of ∼ 109.3−10.8 M�. Comparing this figure to
the integrated stellar mass in the outskirts (outside of 2 Reff,SDSS) of 1010.2−10.4 M�, we see
that minor mergers are capable of delivering the amount of stellar mass required to explain
the stellar material found in the outskirts.

The amount of mass required to be accreted is, however, also likely to be smaller than
this estimate, as not all stars at these radii are ex-situ. Davison et al. (2020) find that some
in-situ stars exist at these radii using simulations, whereby the ex-situ fraction of stars in
galaxies of stellar mass 1010 M� - 1011 M� is ∼ 25 per cent at 2 Reff,SDSS, and up to 40 per
cent at 4 Reff,SDSS. This is increased to 65 and 70 per cent, respectively, for galaxies of stellar
masses of 1011 M� - 1012 M�. This significantly lowers the required mass to be delivered by
the satellite galaxies by 30 - 60 per cent.
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Table 8.2.1: The total stellar mass in bins of 1 R/Reff,SDSS of the HSC passive galaxy sample

Radius Passive (features) Passive (diffuse)
(Reff,SDSS) Log10 M (M�) per cent Log10 M (M�) per cent
Total 11.41 - 11.42 -
<1 Reff,SDSS 11.30 77.71% 11.33 80.65%
1 - 2 Reff,SDSS 10.52 12.75% 10.49 11.68%
2 - 3 Reff,SDSS 10.18 5.88% 10.11 4.96%
3 - 4 Reff,SDSS 9.72 2.08% 9.69 1.85%
4 - 5 Reff,SDSS 9.30 0.77% 9.12 0.51%
5 - 6 Reff,SDSS 9.04 0.42% 8.84 0.27%
6 - 7 Reff,SDSS 8.55 0.14% 8.26 0.08%
7 - 8 Reff,SDSS 8.49 0.12% - -
> 8 Reff,SDSS 8.53 0.13% - -

Table 8.2.2: The total stellar mass in bins of 1 R/Reff,SDSS of the HSC comparison galaxy sample

Radius Comparison (features) Comparison (diffuse)
(Reff,SDSS) Log10 M (M�) per cent Log10 M (M�) per cent
Total 11.31 - 11.38 -
<1 Reff,SDSS 11.22 79.95% 11.29 81.88%
1 - 2 Reff,SDSS 10.45 13.62% 10.49 12.87%
2 - 3 Reff,SDSS 9.98 4.58% 9.85 2.96%
3 - 4 Reff,SDSS 9.34 1.07% 9.42 1.10%
4 - 5 Reff,SDSS 8.91 0.40% 9.34 0.90%
5 - 6 Reff,SDSS 8.66 0.22% 8.58 0.16%
6 - 7 Reff,SDSS 8.26 0.09% 8.51 0.13%
7 - 8 Reff,SDSS 7.85 0.03% - -
> 8 Reff,SDSS 7.91 0.04% - -
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Another factor to account for in this type of comparison is the survival time of various
merger features. A recent study by Mancillas et al. (2019) used N-body simulations to com-
pare the formation of merger features or tidal activity to observational data and calculated
the average survival time for these types of features. They estimated a survival time of ∼ 2
Gyr for tidal tails, ∼ 3 Gyr for streams and ∼ 4 Gyr for shells. They do not, however, state
how this relates to the surface brightness that these features are detectable at. As the study
uses surface brightness limits of 29 and 33 mag arcsec−2, we assume that these times will
be longer than what we would expect with our imaging, which only goes down to µr−band

∼ 28 mag arcsec−2. As our passive galaxies are selected to have assembled 90 per cent of
their stellar mass over 6 Gyr ago, this means that the features are extremely unlikely to be
due to major mergers, as a major merger with a stellar mass ratio of at least 1 to 4 would
deliver more than 10 per cent of the stellar mass observed today. Any activity therefore can
not be older than this time, agreeing with the hypothesis that these tidal features caused by
minor mergers.

To summarise: The average stellar mass per galaxy contained in the outskirts of our sam-
ple, mainly in the form of tidal and merger features is of the order of 1010.2−10.4 M�. The
ex-situ mass contained here is likely to be lower as not all stars at these radii (> 2 Reff,SDSS)
are ex-situ (simulations predict anywhere between 25 to 80 per cent Davison et al. 2020;
Remus & Forbes 2021). The colour of this material is similar to the average SDSS satellite
population with stellar masses MStellar < 1010.5 M�. This leads to the plausible scenario that
this material was accreted from the surrounding satellite population. These results, com-
bined with the widespread merger activity we see (∼ 40 per cent in both samples) quan-
titatively strengthen the scenario in which minor mergers drive the size growth of central
galaxies observed in previous studies (e.g. van Dokkum et al. 2010; van der Wel et al. 2014).

8.2.3 Comparison to HSC studies and Difference in Activity Levels

We can also compare some of our results to those found in previous studies of massive galax-
ies in HSC. Huang et al. (2018b) investigated the stellar mass surface density profiles of
massive (M > 1011.4 M�) galaxies by fitting concentric ring models to HSC imaging data
and performing SED fitting. Their profiles are fairly smooth compared to our own, in line
with the expectations outlined in Section 5.3. They find stellar mass excesses of up to 0.1 -
0.2 dex (corresponding to masses of up to 1011 M� or roughly 10 per cent, however in more
massive galaxies than in our sample) due to low surface brightness material in the outskirts
of galaxies due to low surface brightness material when comparing their profiles to cModel
photometry. Their profiles for individual galaxies can extend up to 100 kpc, much further
than our sample, however we stress that this is probably due to our S/N cut of 3 per pixel
and our lower mass galaxy sample.

We finally postulate that although the levels of merger activity are fairly constant across
our two samples, as our passive galaxy sample is older than our comparison sample, these
galaxies have had more time to allow features to settle into a state of equilibrium and hence
form a diffuse stellar halo, accounting for the difference in the percentage of diffuse to
featureless galaxies classified in the passive galaxy and comparison samples.
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Figure 8.2.2: The lookback times at which a galaxy formed 90 per cent of its stellar mass (t90) as a function of
stellar mass for each of the three interaction classes (features - blue, diffuse - green and featureless - red) in both
the passive and comparison sub-samples. Average values of t90 as a function of stellar mass for each sub-sample
are given by the respective coloured lines. We see that in general the features sub-sample covers the whole range
of t90

Indeed this can be seen in Figure 8.2.2, where we plot the stellar mass versus lookback
time at which each galaxy formed 90 per cent of its stellar mass for each sub-sample (features
- blue, diffuse - green and featureless - red) in both the comparison and passive galaxy
samples. We also bin in 0.25 dex bins in stellar mass and calculate the mean lookback
time, represented by the corresponding coloured lines. We see that the features sub-sample
covers the largest range of lookback times and stellar masses, indicated by the averages
which are in the mid-ranges of each parent sample. We also see a preference for featureless
galaxies to be located in the mid-range of the younger comparison sample, however those
that are contained in the older passive sample, display younger ages (1 Gyr younger than the
features or diffuse sub-samples). Conversely, in the younger comparison sample, we observe
that the diffuse galaxies are on average 1 - 1.5 Gyr older than the features and featureless
sub-samples.

We connect these older times to the state of equilibrium postulated earlier in this Chapter.
Hence, we get a three-stage scenario: The first stage is where galaxies assemble the bulk of
there stellar mass but have undergone relatively fewerminormergers, hence are younger and
featureless (although still larger than higher redshift galaxies). In stage two galaxies then
undergo continually more minor mergers, revealed by the increasing amount of detectable
interaction features, which builds up the outskirts of their stellar material and growing in
size. This is followed in stage three by the material settling into equilibrium as the galaxy
gets older, settling into our diffuse category. This scenario then provides a growth in size via
minor mergers.
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8.3 Discussion III - Interpreting the Stellar Populations of Cen-
tral Galaxies

So far in this discussion, we have collected our results from Chapters 3 and 5 and pre-
sented arguments for the minor merger scenario driving the growth of massive galaxies in
the Universe. We also saw hints of the imprints that these processes may leave on the stellar
populations of their host galaxies in Chapter 7. There are, however, some points that need
to be taken into consideration before we may draw conclusions about different interaction
classes displaying different behaviour in their stellar population gradients.

8.3.1 Upper Limits on the Fractions of Ex-Situ Material

One of the major problems in the determination of the ex-situ fraction of stars using the
method presented in Boecker et al. (2020) is the use of smoothing in the regularisation. In
short, the usual method of fitting the best combination of model stellar populations in pPXF
(or indeed most fitting codes) usually leads to just a few of the models with certain ages and
metallicities being combined. In reality, star formation histories are much more continuous.
As mentioned in Section 6.3, to provide a more realistic estimation of the star formation
history and stellar population, pPXF has a built in method to apply a smoothing technique
between neighbouring models in age and metallicity space (or regularisation). However,
smoothing too heavily can systematically bias the fitting process. Although this effect is
minimal in the majority of the spectra used in this work, it can be more significant in spectra
with lower signal-to-noise, the case for some spectra in the outskirts of our galaxies.

Biasing the model weightings towards older stellar ages and higher metallicities has the
effect of underestimating the ex-situ fraction of stars. This is because when the empirical
models of satellites are applied, the weights under each successive curve of constant satellite
stellar mass are lower. Consequently, when the area underneath each curve of constant
stellar mass for each satellite is integrated to work out the ex-situ fraction of stellar material
delivered by satellites of that stellar mass, the result is biased towards lower values. A fully
consistent treatment of the fitting process, however, is beyond the scope of this thesis. For
this reason, the results presented in Section 7.5 should be treated purely as a lower limit on
the ex-situ fraction of stellar material, especially at the highest radii.

Although the fitting process needs refining, we still include a qualitative comparison here
to studies using simulations to determine the ex-situ fraction of stars to give an approximate
idea of the values and trends (we note that this field is just emerging now and should be
treated with a great deal of caution). For this purpose we use the studies of Davison et al.
(2020) and Remus & Forbes (2021), noting that different sample selections, mass ranges
and measurement techniques mean that a fully quantitative comparison is rendered useless.
As both studies use simulations, the definition of R1/2 or R0.5 is used, denoting the radius
within which half of the stellar mass is encapsulated, compared to our definition of Reff,SDSS,
of the half-light radius. The approximate comparison is given below in Table 8.3.1 to give a
rough idea of different behaviours and values.
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Table 8.3.1: The percentage of ex-situ stellar mass at various radii from this work and the two simulational
studies of Davison et al. (2020) and Remus & Forbes (2021).

Study 0.5 Reff,SDSS/0.5 1 Reff,SDSS/0.5 1.5 Reff,SDSS/0.5

This work (all galaxies) 4% 9% 18%
Remus & Forbes (2021) 40% 80% 90%
Davison et al. (2020) 1010 <M∗ < 1011 19% 21% 25%
Davison et al. (2020) 1010 <M∗ < 1011 65% 66% 67%

We see that our estimated values of the ex-situ fraction of stellar material are significantly
below all estimates from the simulations, although for the lower mass sample from Davison
et al. (2020), this difference is much smaller. We also note the wide difference in the esti-
mated fractions, whereby even the highest mass galaxy sub-sample of Davison et al. (2020)
is between 25 and 15 perc ent different to the estimates of Remus & Forbes (2021). We also
see very steady increases of the ex-situ fraction in Davison et al. (2020), of at most a few per
cent, compared to the very rapid increase in the fraction of ex-situ stellar material seen in
Remus & Forbes (2021). In summary: We estimate lower fractions of ex-situ stellar material
as a function of radius (4 - 20 per cent) than the simulations (20 - 90 per cent), however with
steeper or shallower increases compared to different studies. We also conclude that because
this field of research is extremely new, more detailed studies with closer matching needs to
be carried out in the future.

8.3.2 The Driver of Intrinsic Differences in Stellar Populations

In Section 7.4, we showed that the differences seen in the gradients of age and metallicity
in Figure 7.3.1 were not driven by differences in the stellar mass distribution of each sub-
sample, but are intrinsic. This means that the differences in our three sub-samples are driven
by one of two options: different interaction morphologies or different assembly histories.

In order to better constrain possible drivers of the age andmetallicity differences, we take
a closer look at the assembly histories of these galaxies. We therefore plot the t90 values of our
SAMI-HSC sample versus stellar mass, similar to Figure 8.2.2. This is shown in Figure 8.3.1.

Similar to Figure 8.2.2, we see the parent sample of SDSS catalogue galaxies in grey,
and the interaction classes in their respective colours (features - blue, diffuse - green and
featureless - red). We see that all of the diffuse galaxies are contained in the passive galaxy
sample (t90 > 6 Gyr), and on average older than the features and featureless galaxy samples.
Similarly, we see that the features sub-sample spans a greater range of t90 values than the
other sub-samples.

This has implications for our results and postulations presented in Chapter 7. Although
we find some differences in the age gradients, and that these are not biased by the stellar
mass, we may still be biased by our sample selection. We calculate a mean t90 value of the
diffuse sample of 7.8 Gyr, compared to 4.9 Gyr for the features sample and 5.3 Gyr for the
featureless sample. This difference of 3 Gyr in the t90 values between the diffuse and features
sub-sample is similar to the differences in the age gradients in Section 7.3.
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Figure 8.3.1: The lookback times at which a galaxy formed 90 per cent of its stellar mass (t90) as a function of
stellar mass for each of the three interaction classes (features - blue, diffuse - green and featureless - red) in our
SAMI-HSC sample.

This difference in the t90 values, therefore, likely explains the differences in the age
gradients of our three sub-samples. Hence two galaxies of the same stellar mass and t90

value, but different interaction morphologies, have the same stellar population properties.
The differences we see in stellar population gradients are therefore likely to be driven by the
assembly histories, rather than the morphological classification.

A similar level of caution to Chapter 7 needs to be taken in interpreting these results, as
the sample sizes are extremely small. We therefore state once again that this is a pioneering
analysis, and will be better served with future surveys and data releases where bigger sample
sizes will be available to employ such techniques on, some of which are outlined in the next
section.

8.4 Discussion IV - Future Outlooks for Central Galaxies

Having established the stellar mass assembly and size growth processes of low redshift, mas-
sive galaxies and the possible consequences that these processes have on stellar population
gradients, we highlight the potential future directions of this research. Some of these stages
are already being planned and highlighted initially here as the data is currently available.
Others that we mention later, however, are speculative, and based on obtaining observing
time with the appropriate instruments at cutting-edge facilities currently available or future
telescopes currently under construction.

Initially the focus of future studies should be to repeat and refine the processes developed
in this thesis and outlined in Chapter 4 using the impending Data Release 3 (DR3) from the
Subaru-HSC survey. DR3 is the last data release from the HSC survey and will contain the
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continued 5 band coverage of ∼ 1500 sq degrees of the sky. This is 5 times the sky coverage
as the currently available DR2 (∼ 300 sq degrees), meaning sample sizes could be increased
up to around 600 galaxies for both the passive and comparison galaxy samples (∼ 1200
altogether). This increase in statistics in the galaxy sample is likely to enable coverage to
higher radii than possible in this thesis, as well as an added reduction in possible stochastic
fluctuations, meaning that the colour and stellar mass surface density profiles are better
constrained.

The main part of the methods presented in Chapter 4 that could be refined includes
the masking of foreground and background objects, which rather than being carried out
manually, should be automated for such a large sample of galaxies. This may also provide
a cleaner and more uniform masking for each set of images. Similarly, a semi-parametric
method to automatically classify the morphologies and interaction classes of galaxies could
be explored.

The increase in the amount of galaxies in the HSC data would also impact the amount of
galaxies available in the deep and ultra-deep fields (as a reminder, we only use the wide sur-
vey). These data sets probe 2 magnitudes deeper than the data used in this thesis, meaning
even more merger features should be detectable and quantifiable. This could also be used
to test studies such as that of Mancillas et al. (2019), to find how the percentage of LSB
features varies with surface brightness limits of the data. A study of this type would also
help constrain the abundance of ultra-low surface brightness features.

The increase in the amount of galaxies available with HSC imaging would also have a
knock-on effect for the amount of galaxies available with corresponding IFU data in surveys
such as SAMI or MaNGA. The work carried out here in Chapters 6 and 7 contains only 15
galaxies, with different interaction class sub-samples containing between 2 and 7 galaxies.
A five-fold increase in the amount of galaxies available for this type of analysis (∼ 75 galaxies
with∼10, 35 and 30 galaxies in different sub-classes) wouldmean that any differences in the
stellar population gradients between different interaction classes (as possibly hinted here)
could be confirmed or otherwise. This would provide more solid evidence for the theory
postulated by Remus & Forbes (2021), whereby the merger history of a galaxy is imprinted
as variations on the stellar population gradients.

Similarly, considering SAMI IFU data only (or conversely MaNGA IFU data), a much
wider study of the radial gradients of in- and ex-situ stellar material should be carried out.
As outlined in Chapters 1 and 6, much work is starting to emerge from simulations in this
field, however a large-scale study of a statistically significant sample of galaxies outside of
the local volume is yet to be carried out. With ∼ 3000 and ∼ 10,000 galaxies available in
each survey respectively, biases due to low number statistics are virtually eliminated. This
test especially would make a very significant contribution to the field of galaxy evolution in
the astronomical community.

Similarly important, although in the pursuit of harder evidence for minor mergers as
the drivers of the size evolution of massive galaxies, are two sets of possible observations
to be made. The first is with one of the currently available cutting-edge instruments: the
European Southern Observatory’s (ESO) Multi Unit Spectroscopic Explorer at the Very Large
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Telescope (commonly known as VLT-MUSE or MUSE). The second is with a telescope cur-
rently under construction and expected to provide a significant leap forward in observations:
the European Extremely Large Telescope (E-ELT).

VLT-MUSE is possibly the best IFU instrument currently available, with a field-of-view of
1 arcminute, a spatial scale of 0.2 arcsec and a limiting magnitude of 26.7 in the i-band at
a resolving power of 180 (mostly comparable to Subaru HSC and the galaxies of interest).
Coupled with an 8 metre-class telescope at the Paranal observing site, this combination of
instrument and telescope will ensure deep observations for relatively low exposure times.
MUSE also has a wavelength coverage of∼ 4600 - 9300 Å making it possible to use for stellar
population fitting of nearby galaxies. A study utilising data of this quality should be able to
observe an entire galaxy, including the LSB features. By fitting the IFU data with stellar
populations and using the techniques presented in this thesis in combination with deep HSC
imaging data, a wide range of properties of the stellar material such as stellar age, stellar
mass, metallicity, α/Fe and star formation rate could be determined. This could then lend
even more solid evidence to the minor merger scenario for the growth of massive galaxies
than presented here.

Conversely to studying galaxies in more detail in the local universe, another technique
is to search for and quantify similar LSB features at higher redshifts. This could provide evi-
dence that minor merger activity is abundant at multiple redshifts and thereby a continuous
process driving the steady size growth of massive galaxies. The E-ELT is set to be a 40 metre-
class telescope on its completion in 2023, with the dome completed in 2025 and first light
in the same year. One instrument which is likely to be extremely important in a potential
study of LSB features at higher redshifts is the Multi-AO Imaging Camera for Deep Obser-
vations (MICADO). This imager will cover the wavelengths between 0.8 and 2 µm, with a
spatial resolution of between 1.5 and 4milli-arcsec (mas). This will allowMICADO to resolve
similar or better spatial scales as HSC up to redshifts of ∼ 0.6. At the cost of some spatial
resolution, observing galaxies at redshifts of 0.7 and above shifts the rest-frame g-band into
the wavelength range of MICADO, meaning similar optical wavelength SEDs could be fitted.

In summary, this research could be taken in a number of directions in order to either
find the last solid evidence of minor mergers driving the size growth of massive galaxies, or
more about the nature of the in- and ex-situ fractions of stellar material in galaxies and their
respective distributions. Initial efforts should concentrate on the use of current and publicly
available archival data to better constrain some of the results presented here. The techniques
utilised in this research should be refined to more accurately constrain the results presented
here Finally, preparations for deeper and more detailed observations should be made either
with cutting-edge instruments currently available or with upcoming projects due to go online
within the next decade.



"Working up these mountains is as good as it gets, at
least as long as you’re not freezing or sodden (though
even then you feel alive in ways that I don’t in mod-
ern life behind glass). There is a thrill in the time-
lessness up there. I have always liked the feeling of
carrying on something bigger than me, something that
stretches back through other hands and other eyes into
the depths of time. To work there is a humbling thing,
the opposite of conquering a mountain, if you like; it
liberates you from any illusion of self-importance."

James Rebanks – The Shepherd’s life, 2015 9
Conclusion

In this thesis, I (with the help of my collaborators) have investigated the formation, assem-
bly and evolutionary processes of low redshift, massive, central galaxies in an attempt to
find observational evidence of minor mergers driving the size evolution of massive galax-
ies, whereby galaxy sizes increase throughout cosmic time without growing significantly in
stellar mass. To do this I used a three-part method: Part I focussed on constraining the
stellar mass assembly histories of low redshift, central galaxies; Part II focussed on search-
ing for connections between the LSB material found in the outskirts of such galaxies and
the surrounding satellite populations by quantifying the nature of the LSB material; Part
III focussed on the effects that minor merger processes may have on the stellar population
properties of these galaxies, imprinted in their radial gradients.

In Part I of this work (Chapters 2 and 3), I (with the help of my collaborators) presented
the stellar mass assembly of a sample of ∼ 90, 000 local, central galaxies in groups and
clusters above a halo mass MHalo > 1012 M� (MStellar & 109.5M�). I matched SDSS group
catalogues from Yang et al. (2007), Lim et al. (2017) and Blanton et al. (2005) to obtain
numerous galaxy properties such as halo mass, Sérsic index, number of satellite galaxies,
effective radius and Malmquist bias. I then took estimates of the assembly times for 10, 50
and 90 per cent of the stellar mass and the relative growth at various epochs from Pacifici
et al. (2016). These estimates were obtained from fitting multi-wavelength photometry from
the UV to the NIR with SED models. I then investigated the trends of these stellar assembly
times simultaneously in the stellar versus halo mass plane in an attempt to separate secular
and environmental processes and the effect they have on galaxy evolution.

I found clear dependencies of all of the stellar assembly lookback times on stellar mass,
whereby galaxies with higher stellar masses (at constant halo mass) have on average older
lookback times, mirroring downsizing behaviour found by previous studies of galaxy assem-
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bly. I also find, however, secondary halo mass dependencies, whereby galaxies with higher
halo mass at constant stellar mass have slightly younger assembly times. This is possibly
due to either the larger potential of the more massive halo being able to accrete and cool
gas more efficiently, or being able to recycle old gas more efficiently. An exception to this
behaviour is a sub sample of massive galaxies in relatively small haloes (Log10 MStellar ∼ 11
M� and Log10 MHalo ∼ 12 M�). By observing the growth rate throughout cosmic time as
well as inspecting the average sSFR, Sérsic indices and the number of satellite galaxies, I
conclude that these are likely massive, late-type, field galaxies.

I compared these results to the TNG300 simulation. I found that the simulations predict
on average similar stellar assembly lookback times as either a function of stellar or halo mass,
with trends generally within the scatter of the observational data. However, differences are
found in secondary trends when both stellar and halo mass are simultaneously considered.
I found that these differences in behaviour in the assembly times as a function of stellar and
halo mass are most noticeable in intermediate stellar mass objects (Log10 MStellar ∼ 10.5 M�
and Log10 MHalo ∼ 13 M�). I also find that TNG300 predicts that these should be some of
the oldest objects in the sample, compared to the youngest in the SDSS sample. Discrepan-
cies in the stellar assembly times on the stellar-halo mass plane also manifest themselves in
differences in the quenched fractions between TNG300 and SDSS when these are evaluated
simultaneously in bins of stellar and halo masses. As the kinetic mode black hole feedback
displays similar behaviour as a function of stellar and halo mass, I tentatively link this to the
difference in behaviour between the observations and simulations. A deeper investigation,
beyond the scope of this work, would be required to confirm this link.

In Part II of this work (Chapters 4 and 5), I collected deep imaging data (down to surface
brightness limits of µr−band ∼ 28 mag arcsec−2) of 118 low redshift, massive, central galaxies
from the Subaru HSC-SSP wide survey, which I selected to have assembled 90 per cent of
their stellar mass over 6 Gyr ago (t90 > 6 Gyr). I convolved the images with the worst FWHM
of the PSFs across the five different bands, masked foreground and background objects and
made cuts of S/N > 3 per pixel before using Voronoi binning in order to maximise the
S/N in the outskirts of the galaxies. This method was used to specifically detect and isolate
LSB features. I then fitted these Voronoi bins with SEDs using cigale to yield stellar mass
estimates. I also repeat these processes on a younger comparison sample with t90 < 4 Gyr.

Using these stellar mass estimates and the measured g and r magnitudes, I constructed
radial profiles of g - r colour and stellar mass surface density. I find that the colour profiles
are in good agreement with the previous work of La Barbera et al. (2012). I also find ex-
pected declining stellar mass surface density profiles in the inner regions of the sample, but
a flattening of the stellar mass surface density profile in the outskirts beyond ∼ 3 Reff,SDSS

(Σ∗ ∼ 107.5 M� kpc−2), driven by the low surface brightness features I observe. I find slightly
bluer g - r colour profiles for the younger comparison sample (0.1 mag difference) and sim-
ilar behaviour in the stellar mass density surface profiles, namely a declining profile in the
central regions with excesses in the outskirts (also with Σ∗ ∼ 107.5 M� kpc−2).

In order to compare to previous studies (cf. van Dokkum et al. 2010), I then stacked
and normalised all images. I fitted profiles to these resulting combined galaxy images and
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repeated the above process. I also convolved them with a constructed PSF to investigate
whether the PSF wings could make a significant difference to the profile, thereby accounting
for the stellar mass surface densities at larger effective radii (& 2 Reff,SDSS). I find the colour
profiles yielded by this process are in good agreement with previous studies, finding that the
stellar mass surface density profiles are smooth and declining at all R/Reff,SDSS. I also find
that accounting for the wings of the PSF by manually constructing a full PSF has a minimal
impact on the profiles, so the PSFwings are unlikely to drive the stellar mass surface densities
observed at large radii in the original profiles.

Using visual morphological classification, I also split the sample into three different cat-
egories, finding that those that display tidal features make up 42.4 per cent of the sample,
similar to previous studies (e.g. Duc et al. 2015). Those that have no interaction signatures
but display a diffuse stellar halo make up 43.2 per cent of the sample and those that are fea-
tureless make up only 14.4 per cent of the sample. When I split the profiles by these three
morphological classes, I find that those classified in the features sub-sample are the drivers
of the stellar mass surface densities at large effective radii (& 3 Reff,SDSS) with some contri-
bution from the diffuse sub-sample. I find that the young comparison sample shows similar
levels of merger activity, however many more galaxies are featureless and very few display
a diffuse halo. I also find that increasing the stellar or halo mass increases the abundance of
features or diffuse haloes, similar to previous studies (Bílek et al. 2020).

I find that the material in these outskirts makes up a minor percentage of the total stellar
mass of these systems (∼ 8 per cent beyond 2 Reff,SDSS), corresponding to ∼ 1010 M�. This
material has similar g - r colours to SDSS satellites of MStellar < 1010.5 M�, leading to a
plausible scenario that this material is accreted from the surrounding satellite population
via minor mergers.

In Part III of this work (Chapters 6 and 7), I investigated how the assembly histories
and interaction states of galaxies may be imprinted on the stellar populations. To do this
I selected the sub-sample (15) of the HSC galaxies (from both the passive and comparison
samples) with data coverage in the SAMI IFU galaxy survey, known as the SAMI-HSC galaxy
sample. I first stacked the spectra in the IFU datacubes into the annuli, determined from the
SAMI database (Green et al. 2018), and discarded any annuli with S/N < 20, leaving 59
annuli over the 15 galaxies. I then performed stellar population modelling using the MILES
stellar library and the starlight spectral fitting code in order to estimate properties such
as the light-weighted stellar age and metallicity. The estimates were complemented with
kinematic data from van de Sande et al. (2017a,b). Finally I used the technique developed
by Boecker et al. (2020), whereby the annuli spectra are fit using the pPXF fitting code in
conjunction with the MILES stellar models. The best weighted combination of stellar popu-
lations yielded by the fitting process is compared to empirical models of satellite galaxies in
order to determine the fraction of ex-situ stellar material.

I found stellar age and metallicity gradients in agreement with previous studies, and
stellar mass surface density profiles in agreement with the estimates derived from the SED
fitting processes of Chapters 2 and 3. When I split the SAMI-HSC sample into the three
interaction classes contained in Chapters 2 and 3 (features, diffuse and featureless), I find
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slight differences. Galaxies in the features sub-sample are younger on average than the
diffuse or featureless sub-samples, and galaxies in the featureless are metal-poorer than the
features and diffuse sub-samples. When I account for different distributions of stellar mass
between different sub-samples, the differences in the age and metallicity profiles remain,
indicating intrinsic differences in the stellar population properties of the three sub-samples.
When I test for the connection of the gradients to the assembly histories (by inspecting the
t90 values of each sub-sample), I find that this is the likely driver of the differences in the
stellar population gradients, not interaction morphology.

When I investigate the fraction of ex-situ stars of the SAMI-HSC galaxy sample, I observe
an increase in the ex-situ fraction with increasing radius, with ex-situ stars contributing
∼ 4 per cent of stellar material at 0.5 Reff,SDSS to ∼ 18 per cent at 1.5 Reff,SDSS. This is a
lower fraction than previous studies using simulations, however with a steeper or shallower
increase, dependening on the simulation being compared, which themselves differ greatly.
Although there is a hint of a slightly larger variation in the behaviour of the ex-situ fraction
of stellar material as a function of radius for the features sub-sample than the diffuse or fea-
tureless, these differences are minimal, the sample sizes are too small to draw any concrete
results and the fitting process is in need of refinement. Altogether, the results presented in
Part III hint at slight differences between different interaction classes of galaxies, however
these may be linked to the differences in the average assembly history of each sub-sample.
These results should be carefully interpreted due to the low sample sizes, however they
provide huge potential for future studies.

In summary: I have investigated the formation, assembly and evolutionary processes of
low redshift, massive, central galaxies in a consistent manner from start to finish. This was
conducted with the aim of finding observational evidence of minor mergers driving the size
evolution of massive galaxies. I have found a number of new results in this work, including,
but not exclusively, the first direct observational evidence of minor mergers driving the size
evolution of massive, central galaxies. I have also presented a number of new methods to
investigate such aspects of galaxy formation and evolution which are capable of providing
great potential for future studies.

Hence I, Thomas Matthew Jackson, ask the reader to reflect on the quotes at the start of
each chapter of this thesis, especially the following section:
"I have always liked the feeling of carrying on something bigger thanme, something that stretches
back through other hands and other eyes into the depths of time." – James Rebanks
In my opinion, this applies just as well to the astronomy research written here that I have
dedicated the last 2 years and 8 months of my life to, as to my roots all those years ago on
that little, windswept farm on the edge of the Lake District called Wintertarn.



"The fleeting hour of life of those who love the hills
is quickly spent, but the hills are eternal. Always there
will be the lonely ridge, the dancing beck, the silent for-
est: always there will be the exhilaration of the sum-
mits. These are for the seeking, and those who seek
and find while there is yet time will be blessed both in
mind and body."
Alfred Wainwright – The complete pictorial guides of

the Lake District, 1955 - 66

A
Appendix: Checks of the Data and Possible

Biases

In this Appendix, we present a number of checks into the methods or routines utilised in this
thesis. These checks into the reliability of the methods or routines are usually carried out by
comparison to previous studies or by comparing the statistics of using different techniques.

Part A.1 shows bias checking of the SED fitting method of Pacifici et al. (2016), by in-
vestigating potential AGN contributions and comparing results to other catalogues and tech-
niques. Part A.2 briefly outlines how different selection techniques may or may not affect the
selection of observational and simulational sample. These Appendices are relevant for Part I
of this thesis contained in Chapters 2 and 3.

Part A.3 compares the SED fitting carried out in this thesis using cigale to the tech-
nique of Pacifici et al. (2016). This Appendix is relevant to Part II of this thesis contained in
Chapters 4 and 5.

Part A.4 compares the stellar population fitting using starlight implemented in this
thesis to the line indices method used in the study of Ferreras et al. (2019). This Appendix
is relevant to Part III of this thesis contained in Chapters 6 and 7.

A.1 Bias Checking the SED Fitting of Pacifici et al. (2016)

As the matches of an SED to the library of model star formation histories are dependent
on the flux of the photometry itself, we decided to check the average SED shape for five
sub-samples chosen to represent different populations of galaxies in halo and stellar mass,
shown in the left panel of Figure A.1.1. These sub-samples were chosen to have bin widths
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Figure A.1.1: Left-hand panel: The location in stellar and halo mass space of the five selected sub-samples from
our SDSS data. These are selected to occupy different parts of phase space in halo and stellar mass and have
significantly different values of t90. Central panel: The average fluxes in each band for the five sub-populations,
normalised to the z-band flux. TheW1 flux is noticeably higher for the high stellar-to-halo mass ratio sub-sample.
Right-hand panel: The fraction of each sub-population selected as an AGN via either BPT (from Kauffmann et al.
2003, solid bars) or MIR selection (from Assef et al. 2018, shaded bars).

of 0.2 dex in both halo and stellar mass and to contain a minimum of 50 galaxies. This
was done in order to verify if any of the sub-populations had systematic biases that could
affect our results. The mean photometric flux for each sub-sample in every photometric band
was calculated and then normalised to the flux in the z-band, as this was the peak flux in
four of the five sub-samples. This is shown in the central panel of Figure A.1.1. We see
raised levels of UV flux in sub samples 1 and 4 (black and yellow line, Log10 MStellar ∼ 10.5
M� and Log10 MHalo ∼ 12.5 M� and Log10 MStellar ∼ 11 M� and Log10 MHalo ∼ 13.5 M�
respectively) due to their raised level of star formation, as expected from Figure 2.1.1. We
also notice the raised z - W1 flux of sub-sample 3, our high stellar-to-halo mass ratio objects
(red line, Log10 MStellar ∼ 11 M� and Log10 MHalo ∼ 12.5 M�), which is responsible for the
high SFR estimates from the SED fitting.

AGN emission can significantly contribute to the IR flux, especially in the MIR bands
(Rosario et al. 2016). Although type 1 AGN are removed from the catalogue of Pacifici et al.
(2016), type 2 AGNmay still contribute to some of the IR emission. In order to check that this
phenomenonwas not biasing the SFR estimates and therefore the assembly histories in any of
the sub-populations, with our high stellar-to-halo mass sub-population in particular, we cross
matched the AGN catalogues of Kauffmann et al. (2003) and Assef et al. (2018) with each
sub-sample. We then calculated the percentage of each sub-sample that shows clear AGN
activity, which can be seen in the right-hand panel of Figure A.1.1. The solid bar for each sub-
sample represents the percentage of galaxies found with AGN using the selection criteria of
Kauffmann et al. (2003) which are selected using the BPT selection criteria (Baldwin, Phillips
& Terlevich 1981), and the shaded bar for each sub-sample represents those found in Assef
et al. (2018), which are identified using WISE MIR colour-colour selection. We see that the
AGN fraction is consistently less than 5 per cent for all sub-samples in both selection criteria,
and that sub-sample 3, our high stellar-to-halo mass objects, does not have a significantly
higher fraction of AGN using either selection criteria, implying that it is unlikely that AGN
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Figure A.1.2: Left-hand panel: The sSFR as a function of halo and stellar mass as determined by Brinchmann
et al. (2004), from using a mixture of emission lines and the 4000 Å break. Central panel: The sSFR as a
function of stellar and halo mass for our SDSS sample as estimated in the work of Salim et al. (2016), which
used SED fitting to determine stellar masses and SFRs. Right-hand panel: The luminosity weighted stellar ages
as a function of stellar and halo mass from Gallazzi et al. (2020). We see similar average trends as a function of
stellar and halomass as inferred from the SED fittingmethod of Pacifici et al. (2016), albeit at somewhat different
strengths due to differences in each SED fitting method, thereby showing the average trends are unlikely to be
biased by our SED fitting method.

emission biases the SFHs of this sub-sample.
We also took data from the catalogues of Brinchmann et al. (2004) and Salim et al.

(2016). Although these two catalogues do not contain mass assembly histories, we checked
the stellar and halo mass distributions versus the sSFR, using the stellar mass and SFR es-
timates from each catalogue for consistency with the halo mass estimates from Lim et al.
(2017). If there is a systematic bias in the SED fitting method of Pacifici et al. (2016), then
these two catalogues should not reproduce the trends in the sSFR, stellar mass-halo mass
plane we observe in Figure 2.1.1. Brinchmann et al. (2004) combine data from SDSS DR4
(Adelman-McCarthy et al. 2006) and a Bayesian approach to estimating SFRs and stellar
masses from a mixture of emission lines and the 4000 Å Balmer break. Salim et al. (2016),
alternatively, fit multi-wavelength photometry from GALEX, SDSS and WISE with the SED
fitting code cigale (Noll et al. 2009). By cross-matching these two catalogues with Lim
et al. (2017), we compared the sSFR as a function of stellar mass and halo mass, shown
in Figure A.1.2. We note that both catalogues have higher upper limits on the sSFR than
the catalogue of Pacifici et al. (2016), meaning we searched for a replication of the general
trends rather than absolute values.

The left-hand panel of Figure A.1.2 shows the sSFR as a function of both stellar mass
and halo mass from Brinchmann et al. (2004). We see subtle trends as a function of both
stellar and halo mass, confirming the secondary dependencies we see in Figure 2.1.1. We
also see that the most massive galaxies (Log10 MStellar ∼ 11.5 M�, Log10 MHalo ∼ 14 M�)
have the lowest sSFRs and that the highest stellar-to-halo mass objects (Log10 MStellar ∼ 11
M� and Log10 MHalo ∼ 12) have slightly higher sSFRs compared to objects of similar stellar
mass but higher halo mass. These average trends are replicated, with more clear differences
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in various sub-populations, in the central panel from the catalogue of Salim et al. (2016).

We also use stellar mass and luminosity weighted stellar age estimations derived from
SDSS spectra from Gallazzi et al. (2020, method based on Gallazzi et al. (2005) and outlined
in Pasquali et al. (2019)), in order to compare if spectroscopic techniques also reproduce
our average trends in stellar and halo mass, this can be seen in the right-hand panel of
Figure A.1.2. We see similar average trends reproduced as in Figures 2.1.1 and 3.1.1. We
argue that the tests carried out in this section mean that the average trends found in previous
sections are to a good degree of confidence, reliable.

A.2 Selection Effects and Sample Matching Between SDSS and
TNG300

As mentioned in Section 2.4, to be able to make a meaningful comparison between the
observed and simulated data sets, some level of matching needs to be applied. Techniques
such as stellar or halo mass matching, star formation rate or colours are commonly used.
We chose not to match in these factors as we would significantly reduce the size of our
SDSS observational sample and we wanted to compare how well TNG300 reproduced the
trends in stellar-to-halo mass with respect to the other variables, in order to best observe the
trends produced by environmental and secular processes. We briefly consider other possibly
matching techniques and their possible effects on the results.

Due to cross-matching multiple group catalogues, which resulted in the loss of a signifi-
cant number of galaxies, it is extremely difficult to calculate the volume of the observational
sample, and beyond the scope of this work. We assume that TNG300 has a smaller volume
than our observational sample due to the smaller sample size. This could mean that sta-
tistically we do not see the observed trend due to less extreme objects, however we argue
that a ratio of 1:2 in the sample size difference would not be enough to hide the promi-
nent behaviour of the highest stellar-to-halo mass objects and the differences in galaxies at
intermediate stellar mass, which TNG300 should sample well.

Jackson et al. (2020c) applied a matching criterion between an observational and sim-
ulational sample of low redshift AGN. They used the Cartesian coordinates of each galaxy
within the simulation box to calculate the distance from the centre of the simulation box.
This was then combined with the luminosities of each galaxy to yield the fluxes, which could
then be used to make a cut, mimicking the survey sensitivity limits. We repeated the same
exercise here, from 100 different locations in the simulation box, in order to observe if a
significant amount of objects were cut from the TNG300 sample according to the SDSS mag-
nitude limit. We find that less than 1 per cent of all central galaxies above a stellar mass of
109 M� fall under the magnitude limit at any point in the simulation box, meaning the sur-
vey limit does not heavily bias our results. We tentatively conclude that selection effects from
instrument sensitivity are unlikely to cause the differences we see between the observational
and simulational trends.
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Figure A.3.1: Top panel: A comparison of the stellar mass estimates from the study of Pacifici et al. (2016)
with the estimates yielded from cigale for the central regions of the HSC data. Bottom panel: The difference
in log-space between the two different methods.

A.3 Exploration of Biases in the StellarMass Estimates from cigale

One source of bias in a number of our results may come from the SED fitting we apply to the
imaging data. In order to check that our stellar mass estimates are consistent with previous
work, we compare total stellar mass estimates from our SED fitting using cigale on the HSC
imaging data to the stellar mass estimates from the parent sample in Jackson et al. (2020b),
which are derived from Pacifici et al. (2016) (see Section 4.1 or Pacifici et al. 2012, 2016,
for more detail). We measure the fluxes within the same aperture sizes (SDSS Petrosian
radius) from our HSC imaging data as those used in Pacifici et al. (2016) for consistency.

The results of our comparison of the stellar masses are shown in Figure A.3.1. In the
top panel, we see a tight correlation between the estimates from the HSC data computed
by cigale and the routine from Pacifici et al. (2016). The bottom panel of Figure A.3.1
shows that there are no obvious systematic trends or outliers in both our passive galaxy
sample and the comparison sample, with maximum differences in the estimates of ∼ 0.2
dex (within the observational uncertainties). This confirms that our data and SED fitting
routine are consistent with previous estimates, and therefore should have a good level of
reliability when applied to the outskirts of our galaxy sample.

The star formation history used in generating models for SED fitting routines is also a
potential source of bias. Recent studies such as that of Leja et al. (2020) have shown that
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using different star formation histories, including non-parametric ones, can cause differences
of 0.1 - 1 dex in the stellar mass estimates. In order to check this potential source of bias
we also ran our SED fitting with cigale assuming a delayed star formation history on all
Voronoi bins in the passive galaxy sample, including those in the outskirts of the galaxies.
The estimates of stellar mass yielded had a median difference of 0.1 dex with a maximum
difference of 0.3 dex, generally within the estimated uncertainties of the stellar mass. This
means that the radial profiles did not change significantly. This combinedwith the agreement
between our estimates for the central regions of the galaxy samples and those from Pacifici
et al. (2016), which use non-parametric star formation histories, indicates our SED fitting
does not significantly bias our results.

Redshift biases may also be present in our morphological classification. At larger dis-
tances or higher redshifts, the sensitivity level of the survey means that we do not probe to
as deep in surface brightness, meaning that some low surface brightness features may be
missed and a galaxy classified as displaying no merger activity when there may be activity
below the sensitivity level of the survey. To investigate possible biases we plot the redshift
distributions of each sub-sample in redshift space and compare them in the bottom right
panels of Figure 4.1.1.

A.4 Comparing the Estimates of Stellar Populations from Differ-
ent Methods

As stated in Chapter 1, previous studies using stellar population fitting have found general
agreement in the age and metallicity gradients of the general galaxy population as a func-
tion of stellar mass. They may, however, disagree on dependencies with other parameters
such as environment (Sánchez-Blázquez et al. 2014; Goddard et al. 2017a). Some of these
differences may be attributed to the use of different stellar population libraries, which can
differ in that they are theoretical versus empirical or can weight evolved stellar populations
such as post-AGB stars more or less heavily. Similarly the fitting code and the methods it em-
ploys therein (e.g. least squares fitting, sigma clipping of certain wavelengths, Monte-Carlo
methods) can also create systematic biases in the estimates of certain stellar population prop-
erties. These differences in approach may create systematic differences in the estimates of
the stellar population properties of the same spectra and hence the results or interpretation
of the studies they are applied to.

In order to investigate if the different stellar population fitting methods applied in this
thesis contain major biases, we provide a comparison here of the estimations of stellar age
andmetallicity obtained by the fitting codes starlight and pPXF for the subset of our SAMI-
HSC sample also contained in the study of Ferreras et al. (2019). In their study, Ferreras et al.
(2019) use line index methods, which concentrate on indices such as Mgb and Hβ in order
to determine stellar ages and metallicities. This comparison is shown in Figure A.4.1.

The top left-hand panel of Figure A.4.1 shows the comparison of the estimated stellar
ages obtained from starlight versus the study of Ferreras et al. (2019), represented by
the black points with associated errors, with a one-to-one agreement indicated by the solid
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Figure A.4.1: Top panels: A comparison of the estimated light-weighted stellar ages for the annuli contained in
both our sample using starlight and the study of Ferreras et al. (2019, left panel), who use line index methods
to estimate stellar population properties, and between starlight and pPXF in this work (right panel). A one
to one agreement is indicated by the solid red line. Bottom panels: A similar comparison between the three
methods but for the estimated metallicities.
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Figure A.4.2: A comparison of the integrated stellar masses obtained from the SED fitting process of Pacifici
et al. (2016) and the integrated stellar masses obtained by fitting the IFU data from the SAMI survey with
stellar populations. Top panel: The direct comparison, with residuals in the bottom panel. The coloured points
indictate the different interaction classes (features - blue, diffuse - green and featureless - red), with the solid
black line indicating a one-to-one agreement. The dashed lines in the residuals indicate the 0.2 dex uncertainty
which is expected in such measurements.

red line. We see a fairly large scatter in the stellar ages, however most values agree within
the associated uncertainties, which can be up to 3 Gyr. The top right-hand panel shows
the difference between the estimates obtained from starlight and pPXF. We see a smaller
scatter and generally good agreement, however with possible lower agreements at younger
ages, whereby pPXF appears to overestimate the stellar ages. These, however, are lower S/N
annuli, which pPXF struggles due to the regularisation.

The bottom left and bottom right panels of Figure A.4.1 shows the comparison of the
estimated stellar metallicities obtained from starlight versus the study of Ferreras et al.
(2019) and starlight versus pPXF respectively, with the same black points and one-to-one
agreement as the top two panels. We see a better agreement here between all methods,
with differences minimised apart from a few outliers. These outliers have been thoroughly
checked manually, with no obvious explanation to the difference in the estimations. One
postulation may be due to the shape of the continuum, which may affect line index mea-
surements less, although a thorough test of the systematic biases the continuum may have
on estimates is beyond the scope of this work.

Altogether, although we find some scatter in our estimates of stellar ages and metallic-
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ities, the estimations generally have uncertainties in which the one-to-one agreement lies.
We are still fairly confident that the fitting methods we have utilised in this work are reliable.

As an extra check, we can also compare the integrated stellar mass estimates obtained
from fitting the SAMI-HSC galaxy sample using starlight and summing all annuli of each
galaxy to the estimates obtained from the SED fitting measurements of Pacifici et al. (2016,
presented in Section 2.2). The top panel shows a comparison of the integrated stellar masses
yielded by the two methods, with a one-to-one agreement indicated by the solid black line
for all three interaction classes (features - blue, diffuse - green and featureless - red, see
Section 4.2 for more details). The bottom panel presents the residual values, with the dashed
line indicating the 0.2 dex uncertainties expected on average by such fitting methods.

We see good agreement of the integrated stellar mass estimates yielded by stellar popu-
lation fitting and SED fitting, with nearly all galaxies within the 0.2 dex uncertainties. Those
galaxies which lie outside of these uncertainties belong to the features sub-sample, and are
likely biased. This is because the photometric SED fitting process uses Petrosian apertures
which are generally larger in extent than the IFU data, and which are likely to be exacer-
bated by possible tidal features due to following the extent of the light distribution, biasing
stellar mass measurements.
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