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Abstract

We study the morphology-density relation at 𝑧 ∼ 1.6 using a sample of galaxies from three
clusters and two fields. We reduce previously-obtained G102 grism spectra to obtain grism
redshift estimates for galaxies in each of our clusters. Cluster and field members are se-
lected based on their best redshift estimate, using the spectroscopic or grism redshift where
available and the photometric redshift estimate otherwise. We fit F160W images of each
galaxy to a single-component Sérsic profile, and define quantitative morphology classifica-
tions such that disk-like galaxies have a Sérsic index of 𝑛 < 1.5, bulge-like galaxies have
𝑛 > 2.5, and intermediate galaxies fall in-between. Projected local densities are calcu-
lated using 5th-Nearest Neighbours within Δ𝑣 = ±3000 km/s, to eliminate foreground and
background interlopers from neighbour selection.

We recover a relationship between morphology and local density at 𝑧 ∼ 1.6 using single-
component Sérsic fits. We find that the fraction of disk-like galaxies in clusters decreases
with increasing density, while the fraction of bulge-like galaxies increases. Intermedi-
ate galaxies show the weakest dependence, increasing only marginally with local density.
Through direct comparison, we find no evidence of a morphology-density relation across
the majority of field galaxies. We assess the morphology-mass relation and note that cluster
galaxies show a much stronger dependence on stellar mass than field galaxies. This differ-
ence suggests that environmental processes directly drive the morphology-density relation,
and that these environmental processes are mass-dependent. Using 𝑈𝑉𝐽 diagrams, we also
find that clusters have a higher fraction of red and dusty galaxies compared the field. At all
densities, we find a higher fraction of disk-like galaxies at 𝑧 ∼ 1.6 compared to low-redshift
spirals and late-types, while our fraction of bulge-like galaxies is roughly equivalent to low-
redshift ellipticals. We conclude that the morphology-density relation is already in place by
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𝑧 ∼ 1.6 for disk-like and bulge-like galaxies in clusters.
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Chapter 1

Introduction

1.1 The Hubble classification for morphology

Just like living beings on Earth, the appearance of galaxies—their morphologies—can vary
greatly. In 1926, Edwin Hubble studied the most common visual appearances of nearby
galaxies, and shaped nearly the next century of extragalactic astronomy by proposing that
they could largely be categorized into two dominant populations: elliptical (“early-type”)
or spiral (“late-type”). Known today as the Hubble sequence, this classification scheme was
later expanded into more detailed morphological categories and summarized into the well-
known tuning fork diagram (Hubble & Humason 1931; Sandage 1961). As shown in Figure
1.1, the tuning fork emphasizes how common galaxy morphologies can be understood to
exist on a broad scale from early-type to late-type. Within each category, finer distinctions
define the more specific features within each type, such as the prominence of a central bulge,
the relative spacing between spiral arms, and the presence of a stellar bar in the centers of
galaxies.

Today, the Hubble sequence is commonly simplified into four main categories with dis-
tinct appearances. Elliptical galaxies are typically massive and red, with a puffy, bulge-like
shape that fades from its bright inner core to its faint edges. Spiral galaxies, on the other
hand, are recognized predominantly by their flat and thin outer disks, which may be blue
in colour. Spirals can host a range of complex visual features, such as bright spiral arms
in their disks, and thick bars or compact bulges in their center. Lenticular galaxies (also
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Figure 1.1: Hubble tuning fork diagram of visual galaxy morphologies, as in Hubble (1936).

known as S0s) are thought to lie somewhere between ellipticals and spirals. They typically
have a large central bulge surrounded by an outer, featureless, thick disk. Irregular galaxies
(also sometimes called peculiar) have uncommonly distorted and asymmetrical shapes that
don’t fit into the main morphological categories.

The Hubble sequence was developed purely on the visual appearance of galaxies, with
no basis in theories of physical processes or galaxy evolution. Despite this, morphology has
been found to correlate with many other galaxy properties, including stellar mass (Kauff-
mann et al. 2003), size (van der Wel et al. 2014), colour (Hubble 1936; de Vaucouleurs
1961; Strateva et al. 2001; Cassata et al. 2007), star formation rates (Brinchmann et al.
2004; Bell et al. 2012), star formation histories (Strateva et al. 2001), as well as kinematic
properties such as rotational velocity (Freeman 1970), angular momentum (Harrison et al.
2017), and velocity dispersion (Djorgovski & Davis 1987). All of these aspects have be-
come intertwined in the common understanding of galaxy classification. For example, a
typical elliptical galaxy is assumed to be more massive, red, and quiescent with an older
stellar population, while a typical spiral galaxy may be less massive, blue, and actively star-
forming with a younger overall stellar population. These strong correlations are one reason
why visual morphology is a popular method for classifying galaxies in the local universe
(e.g. Dressler 1980; Bamford et al. 2009; Calvi et al. 2012).
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The Hubble sequence has become so ubiquitous with the study of galaxies that as-
tronomers even use visual classification to study galaxies in the cosmic past. In order to
understand the evolution of galaxies and the universe at large, astronomers turn their at-
tention towards galaxies at high redshift. Redshift is named for the way that wavelengths
of visible light shift into the red regime as they move away from an observer, and it is a
measurement that is used to refer to both a time and relative distance in space from Earth.
Astronomers can measure redshift, 𝑧, directly from known spectral features, and by under-
standing the expansion of the universe, 𝑧 can be turned into an estimate of distance and
cosmological age. As redshift increases from 𝑧 = 0, galaxies are not only farther away, but
are also being observed as they were farther back in time.

Visual classification of galaxy morphologies has been used in intermediate redshift stud-
ies, within 𝑧 < 1 (e.g. Dressler et al. 1997; Fasano et al. 2000; Poggianti et al. 2008, 2009;
Just et al. 2010), as well as high redshift galaxy studies, at 𝑧 ≳ 1 or more than 7.7 Gyr in the
past (e.g. Postman et al. 2005; Mei et al. 2012, 2023; Buitrago et al. 2013; Huertas-Company
et al. 2014; Kartaltepe et al. 2015; Ferreira et al. 2023). Given its correlation with multiple
galactic properties in the local universe, morphology can be a valuable tracer of the evolu-
tion of galaxies, and a key to understanding the physical processes that drive said evolution.
By examining morphology across a span of redshifts and environments, astronomers have
had the unique opportunity to answer the question of whether galaxy evolution is driven
primarily by “nature” or “nurture”.

1.2 The emergence of the morphology-density relation

One method to assess the impact of environment (“nurture”) on galaxy evolution is to study
how morphology varies between low-density and high-density environments. Early studies
explore this topic using dense galaxy clusters and examining how typical galaxy morpholo-
gies change with distance from the cluster center, also known as the morphology-radius
relation (e.g. Melnick & Sargent 1977). However, clusters are not all consistent in terms of
size, density, or even symmetry, and there are many irregular and non-relaxed clusters for
which the location of the cluster center is highly uncertain and difficult to define. Dressler
(1980) addresses this problem by studying morphology as a function of local galaxy density,



4

allowing him to examine the relationship in both regular and irregular cluster environments.
His is the first flagship study of what is now known as the morphology-density relation.

Dressler (1980) utilizes a large sample of 55 rich galaxy clusters in the nearby universe
(𝑧 ≲ 0.06), imaged on physical photographic plates. He finds the fractions of each mor-
phological type in the low-density field by counting galaxies from 15 plates with random
sky positions, which are used for both comparison and statistical background subtraction.
He classifies morphologies through visual inspection, calculating the fractions of ellipti-
cal galaxies (E), lenticular galaxies (S0), and spiral or irregular galaxies (Sp+Irr). Dressler
(1980) also uses a method called 𝑁 th-Nearest Neighbours, in which he calculates the pro-
jected local density of any galaxy within a square 2D area containing its 𝑁 = 10 nearest
neighbouring galaxies. He finds that as local density increases, the fraction of Sp+Irr galax-
ies decreases, while the fraction of E and S0 galaxies both increase. To date, Dressler (1980)
remains one of the most influential papers on the morphology-density relation, and a strong
piece of evidence for the role of environment in galactic evolution.

Dressler et al. (1997) return to the morphology-density relation by studying galaxies at
𝑧 ∼ 0.5 using newly obtained data from the Hubble Space Telescope (HST). They use a
sample of 10 clusters from 0.36 < 𝑧 < 0.57, imaged in filters corresponding to the rest-
frame B-band of the cluster galaxies, following largely the same methodology as Dressler
(1980). Dressler et al. (1997) also re-evaluate the data from Dressler (1980), making slight
corrections, but allowing them to compare the morphology-density relation between the lo-
cal universe and 𝑧 ∼ 0.5. Overall, they find that the trends are qualitatively similar, but that
the fraction of S0 galaxies is 2-3 times smaller at 𝑧 ∼ 0.5 than locally, while the fraction
of Sp galaxies is larger. Dressler et al. (1997) also compare between centrally-concentrated
regular clusters vs lower density irregular clusters, finding that the morphology-density re-
lation is stronger in high-density clusters and weaker or non-existent in irregular clusters.
With the aid of the 𝑧 ∼ 0.5 sample, Dressler et al. (1997) also suggest that the formation of
elliptical galaxies may be independent of the virialization status of the cluster.

In a third flagship study, Postman et al. (2005) extend the relation to galaxies at 𝑧 ∼ 1
with comparative methods. Their sample consists of 7 clusters from 0.83 < 𝑧 < 1.27,
with observations of each cluster in at least two filters from the HST Advanced Camera for
Surveys (ACS) Wide-Field Camera (WFC). All morphological classifications are done by
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visual inspection in the rest-frame B-band, as in previous studies. Postman et al. (2005) as-
sess their methods, including comparison of different calculations of local density, as well
as the validity of comparing cluster fractions calculated with statistical background sub-
traction vs redshift-selection. Using 7th-Nearest Neighbours, they calculate local densities
including weighting and correction schemes to directly compare to the lower redshift re-
sults of Dressler (1980) and Dressler et al. (1997). As shown in Figure 1.2, they find that
the morphology-density relation is in place as early as 𝑧 ∼ 1, but that the S0 fraction is once
again smaller than low redshifts with a very weak dependence on density. The combined
E+S0 fraction does not increase as steeply at higher densities in 𝑧 ∼ 1 as it does for lower
redshifts. Postman et al. (2005) conclude that the observed evolution in the morphology-
density relation between 𝑧 = 0 and 𝑧 = 1 is driven primarily by an evolution in the S0 and
Sp populations.

1.3 The universe at cosmic noon

Studies of galactic evolution have revealed an interesting period in the history of the uni-
verse. Spanning roughly 1 < 𝑧 < 3, the epoch of cosmic noon is a time period where the star
formation rate (SFR) of galaxies peaked on a universal scale. It is estimated that up to half
of the stars in present-day galaxies were formed during this time (Förster Schreiber & Wuyts
2020). SFR is only one of the galaxy properties found to be different during this time. Ob-
servationally, galaxies at high-𝑧 are found to be smaller and more compact (Mei et al. 2012;
van der Wel et al. 2014), clumpier (Wuyts et al. 2012; Gillman et al. 2020), more asymmet-
rical (Huertas-Company et al. 2014; Ferreira et al. 2023), bluer with higher SFRs (Kajisawa
& Yamada 2006), have lower metallicities (Maiolino & Mannucci 2019), and have larger
reservoirs of cold molecular gas (Tacconi et al. 2020). Morphologically, high-𝑧 galaxies
are also more disturbed and peculiar at higher redshifts, suggesting a higher frequency of
mergers and interactions (Gillman et al. 2020; Ferreira et al. 2023). Buitrago et al. (2013)
find that early-type morphologies may only comprise the majority of the galaxy population
since 𝑧 ∼ 1, while late-type and peculiar galaxies are the predominant morphologies during
cosmic noon.

It is not only galaxies that are different at cosmic noon, but also the environments they
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Figure 1.2: The morphology-density relation as in Postman et al. (2005), showing results from their clusters
at 𝑧 ∼ 1 (circles with error bars) in comparison to studies of galaxies at 𝑧 ∼ 0 (dotted line and solid lines) and
another study at 𝑧 ∼ 1 (dashed line). The 𝑦-axis expresses the relative number of each visual morphological
type as a fraction of the total for a given local galaxy density.
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lived in. Cosmic noon is also the epoch when early-universe protoclusters began to collapse
into modern day galaxy clusters (Chiang et al. 2013; Overzier 2016). A protocluster can be
loosely defined as an overdensity in cosmic space that will eventually transform into a virial-
ized cluster, often defined as having a mass of at least 1014𝑀⊙. While modern day clusters
generally consist of a central dominant dark matter halo, protoclusters at 𝑧 > 2 often consist
of multiple smaller dark matter halos (Overzier 2016). Using cosmological simulations to
study cluster progenitors, Chiang et al. (2013) find that protoclusters between 2 < 𝑧 < 5 are
more extended, often having larger radii than their future 𝑧 = 0 clusters. Despite lower av-
erage densities and lack of a dominant dark matter halo, protoclusters are still found to host
higher fractions of quenched galaxies than the field at all redshifts (Muldrew et al. 2018).
While the overall SFR is predicted to have peaked at roughly 𝑧 ∼ 2 in the field, Muldrew
et al. (2018) find that star formation in the protoclusters peaked earlier at 𝑧 ∼ 2.6, suggest-
ing that galaxies in protoclusters typically stop forming stars at earlier cosmic times than
galaxies in the field.

Cosmic noon also has the potential to reveal important clues in the evolution of the
morphology-density relation, and the physical properties that drive it. Astronomers still do
not know how long the morphology-density relation has been in place, and each step back in
the past can help us understand its origin. Newly-formed cluster and protocluster environ-
ments may be dominated by different physical processes than the evolved clusters of today.
A careful study of how morphology varies in these environments, within the context of
overall morphological evolution during this epoch, could greatly expand our understanding
of galaxy evolution.

1.4 Alternative morphology classifications

With advancements in digital astronomy, a number of different techniques have become
common to assist in classifying galaxy morphology without the need for manual visual
classification. These techniques not only save time over visual classifications, but most
can also turn galaxy morphology from a qualitative assessment into a quantitative measure-
ment. The two main classes of quantitative morphological techniques are parametric and
non-parametric. Parametric techniques are based upon a prior assumption that the light in
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galaxies, on average, follows a particular distribution. Non-parametric techniques, on the
other hand, do not rely on prior assumptions of the light distribution. Please note that we
will be using structure and morphology interchangeably in this section and much of the
thesis, but will return to a discussion on the difference between the two in Section 5.1.

The most common parametric technique is profile fitting, in which the observed 2D
light profile of a galaxy is fit to an analytical model. The Sérsic profile is an expression of
light intensity with radius, where the general structure of a galaxy can be quantified by a
single parameter called the Sérsic index, 𝑛 (Sersic 1968). Most notably, a value of 𝑛 = 1
reproduces an exponential profile that is well-fit to galaxy disks (Freeman 1970), while
a value of 𝑛 = 4 reproduces a de Vaucouleurs profile that approximates many elliptical
galaxies (de Vaucouleurs 1948). Single-component Sérsic fits, which attempt to model all
of a galaxy’s light with a single profile, have been effectively used to measure galaxy sizes
and to quantify their morphological structure through 𝑛 (e.g. van der Wel 2008; van der Wel
et al. 2012; Harrison et al. 2017; Matharu et al. 2019; Gillman et al. 2020; Sazonova et al.
2020). Multi-component Sérsic fitting may be a better fit to some galaxies where the outer
light follows a different distribution than the core, and can be used for samples with higher
resolution and signal-to-noise ratio, 𝑆/𝑁 (e.g. Ascaso et al. 2009; Nantais et al. 2013).
Since 2D Sérsic profiles are modelled as ellipses to the observed galaxy, some studies have
even quantified morphology using the axis ratio from a Sérsic fit (Chan et al. 2021).

Another common parametric technique is bulge-disk decomposition, where the overall
light of a galaxy is assumed to be the sum of the light from its disk and the light from
its central bulge. This requires modelling the disk and bulge separately, which is usually
achieved by either a two-component Sérsic fit or by fixing one or both components to an
assumed distribution, such as fitting the disk to an exponential profile or the bulge to a de
Vaucouleurs profile. The structure of the galaxy can then be quantified by the bulge strength
or 𝐵/𝑇 , the ratio of light contained in the bulge compared to that of the whole galaxy (e.g.
Simard et al. 2011; Cerulo et al. 2017; Gao et al. 2018; Bluck et al. 2019; Gillman et al.
2020). Early-type galaxies often have high 𝐵/𝑇 due to a lack of outer disk or dominant
central bulge, while late-type galaxies have low 𝐵/𝑇 .

Non-parametric techniques have been found to reasonably separate galaxy morphologies
when considering multiple measurements together, rather than a single parameter. The most
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common of these is the CAS system, which stands for concentration (𝐶), asymmetry (𝐴),
and clumpiness (or smoothness, 𝑆) (Conselice 2003). Concentration is a ratio between
the size of two annuli containing different amounts of the galaxy’s total light (often 50
and 80 percent), while measurements of asymmetry and clumpiness involve subtracting a
rotated or blurred version of the galaxy image from itself and measuring the residual light.
In images with good resolution and high 𝑆/𝑁 , high asymmetry and clumpiness can help
identify non-central star formation or spiral arms. Another non-parametric method that has
gained popularity is the combination of Gini index and 𝑀20 (Abraham et al. 2003; Lotz et al.
2004). The Gini index was adapted from economics, and in astronomy it quantifies how
evenly-distributed the light is amongst pixels in a galaxy image. 𝑀20 is the second-order
moment of the brightest pixels containing 20 percent of the galaxy’s total light, calculated
using the flux of each pixel and its squared distance from the galaxy center. Gini−𝑀20 is
particularly useful for identifying galaxy mergers. While some studies use the CAS system
on its own (e.g. Gillman et al. 2020), Gini−𝑀20 is often used in combination with the CAS
system (e.g. Cassata et al. 2007; Tasca et al. 2009; Sazonova et al. 2020; Ferreira et al.
2023).

We have covered some of the more popular quantitative methods for quantifying galaxy
structure, but ours is far from a complete list of techniques. Some studies have measured
galaxy morphology using a modification of the techniques listed above, such as Goto et al.
(2003) who use parameters Cin and Tauto based largely on concentration, or van der Wel
et al. (2007) and van der Wel (2008) who use a combination of Sérsic index and a parameter
that measures galaxy “bumpiness”. In more recent years, the use of artificial intelligence
has become popular for morphological classification, by utilizing deep learning to reduce
parameter space from a wide range of structural measurements (e.g. Huertas-Company
et al. 2008; Cerulo et al. 2017), or by replacing human classifiers with machine learning
trained on a set of previously visually classified galaxies (e.g. Cavanagh et al. 2023; Pfeffer
et al. 2023). Other studies have even looked outside of the realm of light and mass profiles,
and have been successful in using kinematic measurements to classify galaxy disks and
identify sub-populations within them (e.g. Gillman et al. 2020; Joshi et al. 2020). While
each technique has its own strengths, it is clear we are entering an age where manual visual
classification need not be the default method for studying galaxy morphology.
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1.5 Motivation and outline

This thesis is motivated by two main goals. Our first goal is to extend our understanding of
the morphology-density relation into the late epoch of cosmic noon. Using a mix of spec-
troscopic and photometric redshifts, we aim to be one of the first studies of this kind to have
high accuracy in both our sample and density measurements. By studying 𝑧 ∼ 1.6, we can
probe not only a higher redshift than previous major studies, but also enter the transitional
period between modern-day clusters and early-universe protoclusters. Our second goal is
to improve upon the methods used for studying the morphology-density relation, in partic-
ular to improve the efficiency and consistency with which we classify galaxy morphology.
Ideally, we would like to develop a quantitative method for classifying morphology that can
be applied easily, equitably, and quickly to large samples of galaxies.

We have chosen a sample of three spectroscopically-confirmed galaxy clusters at 1.594 <
𝑧 < 1.633 from the SpARCS collaboration (Muzzin et al. 2009; Wilson et al. 2009). These
clusters each have a wealth of photometric observations, spectroscopy of some cluster mem-
bers, and grism coverage, which make them ideal for our proposed study. Obtaining spec-
troscopic and grism redshifts where we can is important, as accurate redshifts can influence
not only cluster membership but also local density calculations. We build a comparative
sample of galaxies residing in low-density environments at a similar redshift, using the
COSMOS and GOODS-S fields from 3D-HST/CANDELS (Grogin et al. 2011; Koekemoer
et al. 2011). These fields in particular are a good fit for our study due to deep photomet-
ric observations in the same primary filter as our clusters, allowing for detection of field
galaxies at 𝑧 ∼ 1.6, as well as a large amount grism coverage and redshift estimates. A
further advantage to these fields is that van der Wel et al. (2012) have already catalogued
galaxy structure in these fields using a similar method to our own, which will allow for easy
comparison between environments. Chapter 2 covers the full details on our chosen clusters,
fields, and sample selection process.

As suggested by the name of the relation, this study predominantly involves measur-
ing quantitative galaxy morphologies and calculating local densities. We use the GALFIT
algorithm (Peng et al. 2002, 2010a) to automatically fit 2D Sérsic profiles to images of our
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cluster galaxies. We use the Sérsic index obtained from these fits as a quantitative measure-
ment of morphology that reasonably separates disk-like and bulge-like galaxies, which we
use in place of visual spiral/late-type and elliptical/early-type classifications. To increase
the accuracy of our sample’s redshifts, we reduce G102 grism spectra of our clusters and ob-
tain grism redshifts for galaxies which lack other spectroscopic redshift measurements. We
opt to use the 𝑁 th-Nearest Neighbours method as a simple yet robust way to calculate local
densities, increasing our accuracy over previous studies by using redshift/velocity cuts as in
Cooper et al. (2005), who demonstrate the effectiveness of using 𝑁 th-Nearest Neighbours
to calculate densities of 𝑧 > 1 galaxies. Further details on our methodology are outlined in
Chapter 3.

Chapter 4 presents our results, most notably the observed morphology-density relation
at 𝑧 ∼ 1.6 with a direct comparison between cluster and field environments. We conduct
additional analysis of the morphology-mass relation, to explore whether the observed re-
lation with local density is directly influenced by environment, or whether it is potentially
an indirect relation driven by primarily by differences in stellar mass. We also confirm the
stellar size-mass relation and look at the effect of cluster and field environments on galaxy
colours for each morphological type.

We discuss the impact and interpretation of our results in Chapter 5, and summarize our
conclusions in Chapter 6. We adopt a ΛCDM cosmology with 𝐻0 = 70 km s−1 Mpc−1,
Ω𝑚 = 0.3, and ΩΛ = 0.7.



Chapter 2

Data Sample

To properly study the relationship between morphology and local density, we require a sam-
ple of galaxies from similar redshifts in both high-density (cluster) and low-density (field)
environments. The following sections outline our cluster sample, consisting of three 𝑧 ∼ 1.6
clusters from the SpARCS collaboration, and our field sample, consisting of two fields from
3D-HST/CANDELS. We also discuss our completeness limits and galaxy sample selection.

2.1 Cluster sample

2.1.1 The SpARCS collaboration

Our chosen galaxy clusters come from the Spitzer Adaptation of the Red-sequence Cluster
Survey (SpARCS) (Muzzin et al. 2009; Wilson et al. 2009). With a goal of detecting a large
homogeneous sample of 𝑧 ∼ 1 galaxy clusters, SpARCS utilized existing observations of
the Spitzer Wide-Area Infrared Extragalactic Survey (SWIRE) Legacy fields to find clus-
ter candidates. Their initial method utilized 𝑧′ − 3.6 𝜇m colours to detect clusters up to
𝑧 ∼ 1.4, with tight constraints on photometric redshift estimates of the galaxies. SpARCS
detected hundreds of 𝑧 > 1 cluster candidates with this method, including a selection of
spectroscopically-confirmed galaxy clusters within 0.85 < 𝑧 < 1.35.

Following their success at finding 𝑧 ∼ 1 clusters, the SpARCS team developed an
additional method for reliable detection of clusters at 𝑧 > 1.4. As outlined in Muzzin

12
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F160W
Cluster Nickname RA Dec Redshift exposure time

J033056-284300 CDFS44 03:30:55.9 -28:42:59.5 1.626 5019 s

J022546-035517 XMM105 02:25:45.6 -03:55:17.1 1.594 2424 s

J022426-032330 XMM113 02:24:26.3 -03:23:30.8 1.633 6116 s

Table 2.1: Overview of all three clusters selected for this study.

et al. (2013), the stellar bump sequence utilizes a bump in the spectral energy distribu-
tion (SED) of galaxies at rest-frame wavelengths of 1.6 𝜇m, which is indicative of stellar
populations older than 10 Myr. For 𝑧 < 1.7, this feature can be used to identify galaxy
overdensities through a combination of 3.6 𝜇m−4.5 𝜇m colours and a 𝑧′ − 3.6 𝜇m colour
cut, with reasonably tight photometric redshift estimates. This method lead to the detec-
tion and spectroscopic-confirmation of 5 additional clusters in the SWIRE Legacy fields at
1.594 < 𝑧 < 1.708.

We use three spectroscopically-confirmed SpARCS clusters for this study: J033056-
284300 (nicknamed CDFS44) at 𝑧 = 1.626, J022546-035517 (nicknamed XMM105) at 𝑧 =
1.594, and J022426-032330 (nicknamed XMM113) at 𝑧 = 1.633. XMM113 and CDFS44
were first utilized in Lidman et al. (2012) alongside lower redshift SpARCS clusters, while
spectroscopic confirmation of XMM113 was announced in Muzzin et al. (2013). The first
introduction of XMM105 later followed in Nantais et al. (2016). An overview of each cluster
is given in Table 2.1.

2.1.2 Cluster catalogs and photometry

We primarily utilize the most recent photometric catalogs for each cluster, cross-referencing
with catalogs of the spectroscopic data only when determining best redshift estimates. We
refer the reader to Nantais et al. (2016) and Nantais et al. (2020) for a full discussion on the
creation of the photometric catalogs.

Cluster photometry includes 𝑢′𝑔′𝑟′𝑖′𝑧′ coverage by Magellan IMACS for CDFS44 and
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XMM113, and the same filter coverage by CFHT MegaCam for XMM105. All three clus-
ters have Y coverage from VLT HAWK-I, while CDFS44 and XMM113 also have addi-
tional coverage in J. CDFS44 and XMM113 have HST WFC3 coverage in F814W, as well
as WFC3/IR coverage in F105W and F140W. All three clusters have coverage in WFC3/IR
F160W (the primary filter used in this study). All three clusters also have coverage in in-
frared from Spitzer IRAC in [3.6] [4.5] [5.8] [8.0], as well as MIPS in [24]. Coverage in [12]
comes from WISE. Additionally, they have coverage from Herschel PACS in [110] [160],
and SPIRE in [250] [350] [500].

The extensive photometric coverage helps produce detailed SEDs of galaxies in each
cluster. The photometric catalogs include photometric redshifts and rest-frame UVJ colours
from EAZY (Brammer et al. 2008), as well as galaxy stellar masses calculated with FAST
(Kriek et al. 2009). All three clusters have ground-based spectroscopy of a limited number
of galaxies from Keck/MOSFIRE in near-infrared, as well as optical spectroscopy from
VLT/FORS2. Where we can, we utilize the spectroscopic redshifts obtained from these
observations for improved accuracy. Each cluster also has HST grism spectra observations
in G102 to a depth of 4 orbits.

At 𝑧 ∼ 1.6, the F160W filter covers a rest-frame wavelength of roughly 550 − 650 nm,
equivalent to the rest-frame optical V-band. We utilize drizzled F160W images of each
cluster for our morphological measurements, which have been reduced to a plate scale of
0.06′′/px. The total exposure time for each cluster is listed in Table 2.1, while the F160W
coverage of each cluster is shown in Figure 2.1. We note that the 0.06′′/px reduction of
XMM105 was performed separately from the other two clusters, and that the shorter expo-
sure time also results in a higher level of background noise for this cluster. The fields of
view cover areas of roughly 2′×2′ targeted at the center of each cluster, which is smaller
than the total sky coverage of the clusters as observed in ground-based images. Some ob-
jects in the catalogs, including spectroscopically-confirmed cluster members, lie beyond the
bounds of the F160W image, and therefore cannot be included directly in our analysis.
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Figure 2.1: F160W coverage of all 3 clusters: CDFS44 (top), XMM105 (bottom left), and XMM113 (bottom
right). Note that the HST F160W coverage only captures the central region of each cluster.
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2.1.3 Grism spectroscopy

Grism spectroscopy, also known as slitless spectroscopy, is a method that can be used to
obtain spectra of many objects all at once, at the expense of lower resolution and higher
rates of possible spectra contamination compared to traditional slit-based spectroscopy. A
grism is a combination of both a grating and a prism, which work in combination to separate
incoming light and disperse it horizontally depending on its wavelength. Since grisms do
not require barriers or slits of any kind, grism observations result in an entire field of view in
which the light from all objects are smeared in wavelength relative to their on-sky positions.
These smears constitute the spectra themselves, and are analyzed by separating 2D spectral
traces of each individual object. Taking grism observations from two position angles helps
minimize contamination from multiple object traces overlapping with each other. The res-
olution of grism spectroscopy is necessarily limited by how light from extended sources
overlaps with itself within the spectral trace.

All three clusters in our sample have 4-orbit depth spectra from the G102 grism on
WFC3 (GO-13306; PI Wilson). G102 covers an observed wavelength range of 800 − 1150
nm, with a resolving power of 210 at 1000 nm and a dispersion of 2.45 nm/pixel. While
the observed wavelength range is small, it covers two prominent spectral features at 𝑧 ∼ 1.6
which can be used to confirm the redshift of galaxies. The 4000Å break is a feature in
the spectra of many galaxies, but is dominant in those with older stellar populations, mak-
ing it especially useful in determining the redshift of quiescent galaxies which lack strong
emission lines. The [OII] emission line doublet (rest-frame 𝜆𝜆3726 − 3729Å) is caused
by the presence of younger stellar populations, which can make it a strong spectral feature
in star-forming galaxies. At 𝑧 ∼ 1.6, these features shift to observed wavelengths of 1050
nm and approximately 970 nm, respectively, which both fall comfortably within the range
of G102. For our purposes, this data offers a chance to obtain higher-accuracy redshifts for
many objects in and around our clusters which do not have ground-based spectra.
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2.2 Field sample

2.2.1 3D-HST/CANDELS

Our field sample comes from 3D-HST/CANDELS (Grogin et al. 2011; Koekemoer et al.
2011). The Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS)
was designed to facilitate study of galaxy evolution from 𝑧 = 8 − 1.5, by obtaining ap-
proximately 720 arcmin2 of near-IR photometry with HST WFC3 and ACS in five fields:
GOODS-N, GOODS-S, UDS, EDS/AEGIS, and COSMOS. In addition to this, CANDELS
has obtained approximately 120 arcmin2 of deep imaging in GOODS-N and GOODS-S.
3D-HST supplements the CANDELS observations with near-IR grism spectroscopy using
WFC3 G141 and ACS G800L in the same five fields, optimized for the study of galaxies
at cosmic noon around 1 < 𝑧 < 3. 3D-HST has obtained redshifts, spectra, stellar masses,
SFRs, and rest-frame colours for a large number of galaxies across all five fields.

Together, 3D-HST and CANDELS represent the largest HST survey to date, and their
fields are among the most widely-studied for high-redshift galaxy evolution. Their wide
area, wealth of ancillary data, and depth make the 3D-HST/CANDELS fields particularly
well-suited as counterpart field samples to our 𝑧 ∼ 1.6 clusters.

2.2.2 COSMOS and GOODS-S fields

We select the COSMOS and GOODS-S for our comparative field sample. These fields
were chosen primarily for their wealth of additional data and filter coverage. We show
the F160W mosaic coverage and exposures in Figure 2.2 for COSMOS and Figure 2.3 for
GOODS-S (Skelton et al. 2014; Grogin et al. 2011; Koekemoer et al. 2011). We use the
3D-HST catalogs for most properties of our field galaxies, including sky positions, F160W
fluxes, stellar masses, and rest-frame colours (Brammer et al. 2012; Skelton et al. 2014).
For each galaxy, we use the best redshift measurement from the linematched grism catalogs
(Brammer et al. 2012; Momcheva et al. 2016). We also record whether the source of the
best redshift measurement is ground-based spectroscopy, G141 grism, or photometry.

We use Sérsic profile fits from van der Wel et al. (2012) for our COSMOS and GOODS-S
field galaxies. Single-component Sérsic profiles were fit to cutouts of each galaxy in F160W
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Figure 2.2: F160W mosaic (left) and relative exposure time (right) for the COSMOS field.
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Figure 2.3: F160W mosaic (left) and relative exposure time (right) for the GOODS-S field.

using GALAPAGOS (Barden et al. 2012), an IDL-based wrapper for GALFIT. We only use
Sérsic parameters for galaxies which have a quality flag of 0, indicating good and reliable
fits. Galaxies without good fits are still kept in the field sample as possible neighbours,
however they are not included in morphological analysis.

Going forward, the methods discussed in Chapter 3 for determining best redshift and
fitting Sérsic profiles are only applied to the cluster galaxies, while we use the cataloged
values for the field galaxies as described here.

2.3 Sample selection

2.3.1 Completeness limits

The F160W images used in our study are reduced to a finer pixel scale than used in previous
studies of our clusters. As such, it is necessary to determine the completeness limits for
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Figure 2.4: An example of the plots used to determine the magnitude completeness limit of each cluster. The
number count of objects is plotted as a histogram by their F160W magnitude, while the curve is a power law fit
to the histogram data (excluding the faintest magnitudes where the number count of objects begins to decline).

object detection in our images. We will then use this to create a sample of mass-complete
members across our three clusters.

In each cluster, we plot a histogram of the F160W magnitude of all objects. We fit a
power law to the histogram data, excluding the faintest magnitudes where the number count
of objects begins to decline. Assuming the power law is an estimate of the true number
counts of all objects, we compare this fit to the histogram data to determine the magnitude
at which approximately 80 percent of objects are detected. We repeat this method with
varied histogram bin sizes to obtain a more accurate estimate of the 80 percent magnitude
limit for each cluster. An example of this is shown in Figure 2.4.

Next, we convert the magnitude limits into corresponding stellar masses limits. In each
cluster, we collect all galaxies which have photometric redshifts within 1.4 < 𝑧𝑝ℎ𝑜𝑡 < 1.8
and are 1 ± 0.2 magnitudes brighter than the magnitude limit, where we are confident that
our sample is complete. We set 𝑀∗,90 to be the 90th percentile in stellar mass of these
objects (i.e. where 90 percent of these objects have masses below 𝑀∗,90). By assuming
a constant mass-to-light ratio, we then use equation 2.1 to calculate 𝑀∗,𝑙𝑖𝑚, the equivalent
stellar mass limit at our 80 percent magnitude limit. This is a reasonable assumption for our
purposes as the stellar mass-to-light ratio of galaxies should not change significantly over 1
magnitude.

𝑀∗,𝑙𝑖𝑚 = 𝑀∗,90 × 10−0.4 (2.1)
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We find stellar mass limits of 109.47𝑀⊙ in CDFS44, 109.50𝑀⊙ in XMM105, and 109.58𝑀⊙
in XMM113. Since we will be combining the data from all clusters together, we take the
highest mass limit of the three to be our overall mass limit. As the field data is at least as
deep as the cluster data in F160W, we choose not to compute separate mass completeness
limits for the field. We therefore assume our cluster and field samples are at least 80 percent
complete for stellar masses above 109.58𝑀⊙.

2.3.2 Cluster membership

We begin by creating cluster samples that contain all objects from the photometric clus-
ter catalogs with a stellar mass greater than 108𝑀⊙ and a non-zero photometric redshift
estimate. This helps to ensure that every object in our sample is a galaxy with decent pho-
tometry.

When selecting galaxies as potential cluster members from our cluster sample, we re-
quire they have a measured flux in F160W as well as a stellar mass greater than our mass
completeness limit of 109.58𝑀⊙. Measured F160W flux is crucial as it ensures the galaxy
was properly detected and lies within the field of view of the F160W image. If this is not
the case, then we will not be able to measure its morphology.

Our third requirement is that cluster members must lie within the redshift range of the
cluster based on their best redshift estimate. The size of typical uncertainties in redshift
measurements vary greatly between the method used to estimate the redshift. Redshifts
calculated from traditional slit-based spectroscopy often have the smallest uncertainties,
followed by grism redshifts which are more uncertain due to lower spectral resolution. Pho-
tometric redshifts have the highest associated errors and uncertainties, since the redshift can
only be estimated from the overall shape of the SED and not from the detection of specific
spectral features. We refer the reader to van der Burg et al. (2013) and Matharu et al. (2019)
who assess the typical rates of false positive and false negative cluster members based on
different redshift estimates at 𝑧 ∼ 1.

We use the following formulae to identify cluster members based on their best redshift
estimate. We define the redshift of the cluster to be 𝑧𝑐𝑙. When selecting cluster members
based on their spectroscopic redshift, 𝑧𝑠𝑝𝑒𝑐, we use values as in Muzzin et al. (2012):
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Δ𝑧𝑠𝑝𝑒𝑐 = ∣
𝑧𝑠𝑝𝑒𝑐 − 𝑧𝑐𝑙

1 + 𝑧𝑐𝑙
∣ ≤ 0.005 (2.2)

We select cluster members based on their grism redshift, 𝑧𝑔𝑟𝑖𝑠𝑚, using the values found
by Matharu et al. (2019):

Δ𝑧𝑔𝑟𝑖𝑠𝑚 = ∣
𝑧𝑔𝑟𝑖𝑠𝑚 − 𝑧𝑐𝑙

1 + 𝑧𝑐𝑙
∣ ≤ 0.02 (2.3)

Finally, we select cluster members based on the photometric redshift, 𝑧𝑝ℎ𝑜𝑡, following
the values in van der Burg et al. (2013) and Nantais et al. (2016):

Δ𝑧𝑝ℎ𝑜𝑡 = ∣
𝑧𝑝ℎ𝑜𝑡 − 𝑧𝑐𝑙

1 + 𝑧𝑐𝑙
∣ ≤ 0.05 (2.4)

Galaxies which are not chosen as cluster members are still kept within the cluster sample
as potential neighbours for calculating local density. We note that this includes galaxies
which have no measured F160W flux, indicating that they were undetected or lie outside of
the F160W field of view. This is an intentional choice. As the F160W field of view covers
only the central 2′×2′ area of the cluster, it misses multiple spectroscopically-confirmed
cluster members that have been found in wider ground-based observations. While we cannot
include these galaxies in our own cluster member selection due to being unable to measure
their F160W morphologies, they can still act as valid neighbours to our selected cluster
members.

In Section 3.1.2, we describe the process of choosing the best redshift estimates and
outline the number of cluster members found in our samples.

2.3.3 Field membership

One of our goals is to create a sample of field galaxies such that we can directly compare
the results between cluster and field environments. Many previous studies have restricted
their consideration of field galaxies to obtaining overall morphological fractions, which
they mainly use to plot a single field point on the lowest end of their density scale and/or
to calculate field corrections to their cluster populations. We intend to analyse our field
galaxies in the same ways as our cluster galaxies, which means we must construct our field
sample in a similar way.
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As with the cluster sample, we begin by creating a sample of field objects from the
COSMOS and GOODS-S catalogs with stellar masses greater than 108𝑀⊙ and photometric
redshift estimates. From there, we designate galaxies in our sample as “field members” (to
match cluster terminology) if they meet criteria equivalent to our selected cluster members.
Field members will be used as direct comparison to cluster members throughout this study,
so it is important to select them using similar requirements. We require all field members
to have a measured flux in F160W and a minimum stellar mass of 109.58𝑀⊙, to agree with
the stellar mass limits of our clusters.

Unlike clusters, fields do not have a unique redshift which can be used to define “mem-
bership”. In essence, we wish to select field members which would have passed redshift
selection for any of our three clusters. As our clusters are close in redshift, in practice it is
easier to require that the best redshift of any field member lie between the upper-most and
lower-most bounds of our three clusters.

We use the following ranges to determine field membership, depending on whether the
galaxy’s best redshift estimate is 𝑧𝑠𝑝𝑒𝑐, 𝑧𝑔𝑟𝑖𝑠𝑚, or 𝑧𝑝ℎ𝑜𝑡. The values in each range are calcu-
lated from equations 2.2 through 2.4. The lower bounds are found by taking the lower-most
bounds of cluster membership set by 𝑧𝑐𝑙 = 1.594, while the upper bounds are found by
taking the upper-most bounds of cluster membership set by 𝑧𝑐𝑙 = 1.633. Best redshift mea-
surements for field galaxies come from the COSMOS and GOODS-S catalogs as outlined
in Section 2.2.

1.58103 ≤ 𝑧𝑠𝑝𝑒𝑐 ≤ 1.646165 (2.5)

1.54212 ≤ 𝑧𝑔𝑟𝑖𝑠𝑚 ≤ 1.68566 (2.6)

1.4643 ≤ 𝑧𝑝ℎ𝑜𝑡 ≤ 1.76465 (2.7)

The number of field members found is given in Section 3.1.2.



Chapter 3

Methodology

3.1 Redshift estimates

3.1.1 Fitting grism redshifts with grizli

In order to take advantage of the improved accuracy that comes with grism redshifts, we first
reduce the G102 data of our clusters using grizli, a software developed for grism redshift
and line analysis of space-based slitless spectroscopy (Brammer 2019). The grizli pipeline
is designed to run in Python, with the ability to query and retrieve HST grism exposures
and process the data from end-to-end. It includes automatic preprocessing steps such as
matching visits, background subtraction, field flattening, creation of drizzled mosaics of
both grism spectra and matching direct imaging, and creation of object catalogs and seg-
mentation maps.

On the first run of the grizli pipeline, it is necessary to process the grism spectra without
including any ancillary photometric data. grizli uses traces of the objects to model the object
continuum and background contamination (such as from neighbouring objects or spurious
detections) separately. It considers each exposure and both grism position angles when
modelling the contamination, which improves its ability to accurately separate the spectra
of different objects. By utilizing the grizli catalog created from the corresponding direct
detection image, we then extract the 2D spectra of individual objects from the full grism
field of view. grizli can then model and fit the spectrum of each object, producing a 1D
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spectrum and fitting a redshift to the observed spectral features.
Due to the small wavelength range of G102, it can be difficult for grizli to accurately

predict the shape of an entire galaxy SED from the grism spectrum alone. At this stage,
we assume any grism redshift estimates to be highly uncertain and not reliable. Following
the first run, we then pass our grizli fits through the pipeline again, this time including all
known photometric data points for each object to constrain the SED. Since the extensive
photometry of our clusters covers a much wider wavelength range than G102 alone, this
significantly improves the accuracy in modelling galaxy SEDs and correctly identifying
spectral features.

We show two examples of cluster members with successful grism spectra and fits from
grizli in Figure 3.1. The spectra of Object 407 shows a clear 4000Å break, while Object
288 has an [OII] line. We also show the corresponding grism redshift probabilities. Notably,
Object 288 has a difference of only 0.002 between 𝑧𝑠𝑝𝑒𝑐 and 𝑧𝑔𝑟𝑖𝑠𝑚, while Object 407 had
no spectroscopic redshift measurements prior to grism reduction.

There are a number of reasons why grizli may fail to fit a spectrum. Some objects are
too faint to produce a reliable trace on the grism image; some spectra may be cut off by the
edge of the field of view; or some areas of the cluster may simply be too dense to obtain an
uncontaminated spectrum. We also acknowledge that due to the nature of grism observa-
tions, the field of view includes spectra of foreground and background objects which do not
belong to the cluster and lie at different redshifts. In this case, the observed wavelengths
covered by the G102 grism may not cover any significant spectral features from that object.
We note that this final case should not impact our objects of interest.

We assess each fit to ensure the redshift estimates are reliable. Firstly, we match the
grizli object catalog with objects in our cluster catalogs, so that we only assess the grism
spectra of known objects. We eliminate all objects from our grism sample for which grizli
did not produce a fit with the inclusion of photometric data points. We then collect the 𝑧𝑝ℎ𝑜𝑡,
𝑧𝑔𝑟𝑖𝑠𝑚, and potential 𝑧𝑠𝑝𝑒𝑐 of each object. If none of the three redshift estimates lie within
the range of the cluster or neighbour cut, we eliminate the object from our grism sample. If
at least one redshift estimate lies within range of the cluster, we keep the object in the grism
sample for assessment.

Secondly, we assess the reliability of the grizli fit of each remaining object by visually
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Figure 3.1: Examples of G102 grism spectra and successful fits of two cluster objects. The top panels of the
figure are the 2D grism spectra of each object in two different position angles, followed by the residual after
subtracting the contamination and continuum models. The bottom panels are the grizli output products for
each object, including an SED fit with photometry, 1D spectrum, and grism redshift probability. Photometric
points are shown as black squares.
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inspecting the galaxy SED, 1D grism spectrum, and 2D grism spectrum. We note that even
if a grism spectrum is faint or partially contaminated, grizli may be able to successfully
fit an SED if the object has good photometry. We flag the grism redshift as unreliable for
objects whose spectrum appears poorly resolved or does not include visible features such
as a 4000Å break or [OII] emission line, as well as for objects whose spectral trace appears
unreliable or badly contaminated. Contamination can sometimes be misread as an emission
line in the 1D spectrum, which is why it is imperative to check all three data products. After
assessment, the reliable grism redshifts are incorporated into our cluster catalog and used
to help determine the best redshift of each galaxy.

3.1.2 Determining best redshift estimate

For each object in our cluster sample, we determine the best redshift estimate in order of
measurement accuracy. Galaxy redshift estimates are used for two purposes: determining
cluster/field membership (as in Section 2.3), and calculating projected local density. Since
the range of cluster redshift determination is often much smaller than typical photometric
redshift errors, it is important to obtain the most accurate redshifts we can for each galaxy.

We prioritize 𝑧𝑠𝑝𝑒𝑐 as the best redshift estimate for all objects that have spectroscopic
redshift estimates. For a handful of cluster objects with both 𝑧𝑠𝑝𝑒𝑐 and reliable 𝑧𝑔𝑟𝑖𝑠𝑚, we
cross-reference 𝑧𝑠𝑝𝑒𝑐 to the spectroscopic catalog when there are large discrepancies com-
pared to 𝑧𝑔𝑟𝑖𝑠𝑚 and 𝑧𝑝ℎ𝑜𝑡. This very rarely results in 𝑧𝑔𝑟𝑖𝑠𝑚 being chosen over 𝑧𝑠𝑝𝑒𝑐, when
the origin of 𝑧𝑠𝑝𝑒𝑐 listed in the photometric catalog cannot be confirmed or 𝑧𝑠𝑝𝑒𝑐 conflicts
with the MOSFIRE or FORS2 redshift measurement. As a simple general rule in these
questionable cases, we choose to use 𝑧𝑔𝑟𝑖𝑠𝑚 as we are able to directly confirm the origin
and quality of the measurement. We also use 𝑧𝑔𝑟𝑖𝑠𝑚 as the best redshift estimate for objects
that have successful and reliable grizli fits and no 𝑧𝑠𝑝𝑒𝑐. For objects with neither 𝑧𝑠𝑝𝑒𝑐 nor
reliable 𝑧𝑔𝑟𝑖𝑠𝑚, we use 𝑧𝑝ℎ𝑜𝑡 as the best redshift estimate.

Depending on which redshift type is determined to be the best estimate, we use equation
2.2, 2.3, or 2.4 to determine cluster membership. We find a total of 120 cluster members
between our three clusters, including 42 based on 𝑧𝑠𝑝𝑒𝑐, 17 based on 𝑧𝑔𝑟𝑖𝑠𝑚, and 61 based on
𝑧𝑝ℎ𝑜𝑡. The selection of field members is described in Section 2.3.3. We find a total of 642
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Cluster 𝑧𝑠𝑝𝑒𝑐 members 𝑧𝑔𝑟𝑖𝑠𝑚 members 𝑧𝑝ℎ𝑜𝑡 members Total
CDFS44 5 6 31 42 (41)

XMM105 13 5 16 34 (28)

XMM113 24 6 14 44 (39)

Field 𝑧𝑠𝑝𝑒𝑐 galaxies 𝑧𝑔𝑟𝑖𝑠𝑚 galaxies 𝑧𝑝ℎ𝑜𝑡 galaxies Total
COSMOS 0 126 220 346 (258)

GOODS-S 15 134 147 296 (194)

Table 3.1: All members detected in F160W in each cluster and field, based on best redshift estimate. Numbers
in brackets are the number of galaxies with successful morphological fits, as discussed in Section 3.2.3 for
cluster members and Section 2.2.2 for field galaxies.

field members, including 15 based on 𝑧𝑠𝑝𝑒𝑐, 260 based on 𝑧𝑔𝑟𝑖𝑠𝑚, and 367 based on 𝑧𝑝ℎ𝑜𝑡.
The breakdown of cluster members and field galaxies is shown in Table 3.1.

For all galaxies, regardless of membership status, we keep the best redshift estimate for
use in calculating projected local density.

3.2 Quantitative morphologies

3.2.1 Sérsic profiles

As mentioned in Chapter 1, fitting 2D Sérsic profiles is one method by which we can quan-
titatively measure galaxy morphology. A Sérsic profile expresses the intensity of light, 𝐼 ,
as a function of radial distance from the center of an object, 𝑅. It can be expressed by the
following equation:

𝐼(𝑅) = 𝐼𝑒 exp
⎧{
⎨{⎩
−𝑏𝑛 ⎡⎢

⎣
( 𝑅

𝑅𝑒
)

1/𝑛
− 1⎤⎥

⎦
⎫}
⎬}⎭

(3.1)

where 𝑛 is the Sérsic index, 𝑏𝑛 is a function of 𝑛 such that 𝑅𝑒 is the radius at which half
of the total light is contained, and 𝐼𝑒 is the intensity of light at 𝑅𝑒. In two dimensions, Sérsic
profiles are fit as an ellipse and parameterized by the ratio of semi-minor to semi-major axis
(𝑏/𝑎) and the position angle of the object.
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The Sérsic index effectively describes how centrally-peaked the light profile of an ob-
ject is. High values of 𝑛 indicate strong central peaks in the light profile, while lower values
of 𝑛 indicate flatter light profiles. Due to the different light profiles associated with typi-
cal elliptical and spiral morphologies, this makes the Sérsic index particularly useful as a
quantitative morphology measurement. While typical values of the Sérsic index are found
to change with cosmic time, particularly for high-mass quiescent galaxies, studies such as
Buitrago et al. (2013) show that a delineation at 𝑛 = 2.5 decently separates disk-dominated
morphologies from bulge-dominated ones up to 𝑧 ∼ 2.5.

Going forward, we quantify the morphology of each galaxy in our sample by its Sérsic
index, 𝑛. Building on examples set by previous work for 𝑧 ≳ 1 (e.g. Matharu et al. 2019,
van der Wel et al. 2014, and particularly Strazzullo et al. 2023), we define galaxies with
𝑛 < 1.5 as disk-like, galaxies with 𝑛 > 2.5 as bulge-like, and galaxies with 1.5 < 𝑛 < 2.5
as intermediate. We note that intermediate classification does not necessarily represent a
unique morphological class, but does aid in reducing contamination between the disk-like
and bulge-like classifications.

3.2.2 Finding PSFs

Fitting algorithms (such as GALFIT) rely on image convolution to model galaxies using a
point-spread function (PSF), which contains information on how light spreads across pixels
in an image. Nearby stars often appear among the brightest objects in many observational
images, yet are small enough that they act as effective point-sources. One can therefore
use cutouts of clean, non-saturated stars directly from the science image as empirical PSFs
when modeling galaxy light profiles.

Prior to searching for PSFs, we perform source detection on the F160W images of our
clusters using Source Extractor (Bertin & Arnouts 1996). We use parameters from the out-
put catalog to locate suitable stars, assist in making object cutouts, and set initial parameters
necessary to model Sérsic fits. We additionally use Source Extractor to create a segmenta-
tion map which we use for object masking.

Following Matharu et al. (2019), we select PSF candidates from objects with 15 <
MAG_AUTO < 19. These limits are chosen to exclude oversaturated stars and ensure
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that the PSF is not too faint, both of which can reduce the quality and impact the results
of the galaxy models. CLASS_STAR estimates of the likelihood that an object is a point
source from 0 to 1. While it is not a perfect estimate, we use this as a secondary parameter to
ensure that our selection is not contaminated bright galaxies, by requiring all PSF candidates
to have CLASS_STAR > 0.5. Even without placing selection limits on the radius of our
PSF candidates, we find that our magnitude selection is bright enough to select objects with
typical values of FLUX_RADIUS ≈ 2.5 and CLASS_STAR > 0.8, showing that this range
is, on-average, well-suited to selecting stars.

We create cutouts of each PSF candidate and visually assess them to ensure they are
centered on star-like objects. We also check for PSF candidates which appear dim or con-
taminated by background objects. We find four PSF candidates in CDFS44. We find three
PSF candidates in XMM105, one of which we remove due to contamination directly overlap-
ping a diffraction spike. We encounter a problem with our PSF search in cluster XMM113,
where we detect only a single PSF candidate within our initial selection limits. This can-
didate is very close to our bright magnitude limit with MAG_AUTO = 15.20, and visual
inspection shows it is likely an oversaturated star with diffraction spikes that extend beyond
the boundaries of the 100 × 100 pixel cutout image.

We examine the distribution of MAG_AUTO vs FLUX_RADIUS for objects in XMM113
and repeat our search by extending to dimmer magnitudes and lower CLASS_STAR val-
ues. We find an additional three PSF candidates: one star with MAG_AUTO = 19.76,
and two faint stars with MAG_AUTO = 21.06 and 20.55 respectively. While brighter, the
MAG_AUTO = 19.76 star unfortunately lies too close to a background galaxy to easily
mask out, so we chose to eliminate it from our PSF candidates. Instead, we create a new
PSF by stacking the two faintest stars, utilizing the segmentation map to mask out contam-
ination prior to stacking. Cutouts of the four PSF candidates in XMM113 are shown in
Figure 3.2, alongside the contamination masking and final stacked PSF.

Finally, we test fit a sample galaxy from each cluster to ensure consistency between our
PSFs. We use GALFIT to fit a single-component Sérsic profile to a galaxy with fixed input
parameters using each available PSF. We compare the output parameters as well as visually
assess the models and residuals to look for any significant differences among the PSFs. In
the case of XMM113, where we do not have multiple usable PSFs, we instead compare
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Figure 3.2: The four PSF candidates for cluster XMM113, including Source Extractor magnitudes. Top row
shows the original image cutouts. Bottom row shows the two faintest PSF candidates with contamination
masked out, as well as the final PSF made by stacking the two masked cutouts.

the fits between multiple cluster galaxies using the oversaturated PSF candidate and our
stacked PSF. As expected, the oversaturated PSF candidate does a poor job of modeling
many galaxies, leaving prominent outer rings in the residuals of multiple fits. Meanwhile,
our stacked PSF seems to adequately model galaxies with no significant features left in
the residuals. We therefore continue our analysis with the chosen PSFs in CDFS44 and
XMM105, and the stacked PSF in XMM113.

3.2.3 Fitting light profiles with GALFIT

We fit our cluster members to single-component Sérsic profiles using GALFIT (Peng et al.
2002, 2010a). GALFIT is an algorithm designed to fit the 2D light profiles of galaxies to
analytical models using 𝜒2 statistics. It allows the user choice of multiple function types,
as well as simultaneous fitting of multiple components and multiple objects within a sin-
gle image. In order to automatically fit batches of images, we use a Python-based GALIFT
wrapper designed by Matharu et al. (2019). The wrapper uses a two-stage iterative process
to prevent GALFIT from becoming stuck on a “local minimum” fit, and has been shown to



32

produce results in good agreement with the Sérsic fits of van der Wel et al. (2012). Addi-
tionally, rather than leaving GALFIT to estimate the noise in each image cutout, we create
sigma images for each cluster out of the weight maps, following 𝜎 = 1/√𝑤𝑒𝑖𝑔ℎ𝑡 .

The first stage of our GALFIT process involves making a first attempt at a light profile
fit to our galaxies. We use the output Source Extractor parameters as initial guesses for the
integrated magnitude, 𝑅𝑒, axis ratio, and position angle of each object. We also set an initial
guess of 𝑛 = 2.5 for each object, which is required by GALFIT. We create image cutouts
centered on the primary galaxy to be fit, with an initial cutout size of 10 × FLUX_RAD,
with a minimum size of 40 pixels and a maximum size of 400 pixels. We have GALFIT
simultaneously fit all objects with MAG_AUTO < 26 whose centers lie inside the cutout
image. We use the segmentation map to mask out all objects that are not included in the
simultaneous fitting. We find that masking is a more efficient method of dealing with objects
that are too faint or extended objects whose centers lay outside the cutout image, as GALFIT
frequently has trouble modelling these objects accurately or attempts to account for their
light in the fit of another object. In the first attempt, we also use constraint files to ensure
that GALFIT sticks to realistic values for galaxy parameters and fits the intended object.
Among the constraints, we limit the Sérsic index to 0.3 ≤ 𝑛 ≤ 8, following van der Wel
et al. (2012). Inclusion of both the constraint files and masking significantly improves the
chance to converge on a solution instead of crashing.

The results of the first fit are then used initial guesses for the second GALFIT run. We
extend our image cutouts to 15 × FLUX_RAD, and set new initial guesses for the primary
object’s axis ratio and position angle from the output of the first fit, keeping the initial values
for other parameters unchanged. We simultaneously fit secondary objects within the cutout
in the same way as the first fit. If a secondary object was fit independently as a primary
galaxy, we use the values found from its primary fit as new initial parameters. If it was not,
we again use the Source Extractor values. As in the first fit, we mask out all other objects
for the new cutouts. We do not use constraint files in the second fit, and instead allow all
objects to be fit freely.

We show examples of the second fits from each cluster in Figure 3.3. For each galaxy,
we include the final 𝑛 and 𝑅𝑒 values, and show the image cutout, Sérsic model, and the
residual (model subtracted from the cutout). At the resolution of our images, most galaxies
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in our clusters are well-fit with a single Sérsic profile—however, we note that there are a
few galaxies where the residuals still display a sharp peak in the very center and/or a thin
ring around the core. We do not comment on the origin of these features, nor do we attempt
to modify our fits to specifically accommodate this small subgroup of objects.

We remove any galaxies from our cluster member sample for which GALFIT failed to
converge on a second fit, but keep them as potential neighbours for calculating local den-
sity. This removes exactly 10 percent of our redshift-selected F160W cluster members over-
all. XMM105 is the most strongly impacted with 15.8 percent (6 galaxies) removed. The
number of galaxies remaining are shown in brackets in the Total column of Table 3.1.

3.3 Local density

3.3.1 𝑁th-Nearest Neighbours

We follow the convention set by previous major studies and calculate local galaxy density
using the 𝑁 th-Nearest Neighbours method. The method is fairly simple in concept, but has
proven to be surprisingly robust across decades of studies. Postman et al. (2005) perform a
comparison between 𝑁 th-Nearest Neighbours and the Friends-of-Friends algorithm (FoF)
for calculating local density, ultimately finding that the trends of their morphology-density
relation do not change with choice of method. Their results indicate that the simpler 𝑁 th-
Nearest Neighbours approach is equally suited to recovering local density estimates as FoF.
We further direct the reader to Cooper et al. (2005) for an assessment of various methods
of measuring local density at 𝑧 ≳ 1.

𝑁 th-Nearest Neighbours calculates the unique local density of any galaxy by using the
area (or volume) containing the galaxy and its 𝑁 nearest neighbouring galaxies. In practice,
if one knows the position of all objects in a sample, they can calculate the local density
for any individual object. The calculation of 𝑁 th-Nearest Neighbours requires no prior
assumptions about the galaxy distribution, and is particularly advantageous for our study as
it can be used in any environment. In other words, 𝑁 th-Nearest Neighbours can be applied
to low-density field galaxies as well as high-density cluster galaxies.

The choice of 𝑁 is one of the few direct variables in this method. Dressler (1980) and
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Figure 3.3: Examples of cluster galaxies fit to single-component Sérsic profiles with GALFIT. The Sérsic index,
𝑛, and effective radius, 𝑅𝑒, of the central galaxy in each cutout are given on the left. From left to right, the
columns show the original galaxy cutout in F160W, the GALFIT model of all objects within the cutout, and the
residual (cutout minus model). Two galaxies from each cluster were chosen to span a range of 𝑛.
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Dressler et al. (1997) use 𝑁 = 10 for their studies of galaxies at 𝑧 ∼ 0 and 𝑧 ∼ 0.5, while
Postman et al. (2005) use 𝑁 = 7 for galaxies at 𝑧 ∼ 1. Many observational papers have
noted that their choice of 𝑁 within ± 2-3 does not significantly influence their results (e.g.
Postman et al. 2005; Bluck et al. 2019). This result is echoed by Cooper et al. (2005),
who conclude that while increasing 𝑁 ultimately smooths the density distribution, low-
density environments are relatively insensitive to small choices of 𝑁 , while high-density
environments are not likely to be sensitive to 𝑁 so long as it is smaller than the overall
richness of the cluster under consideration.

We proceed in our analysis with 𝑁 = 5, which is chosen mainly to account for the fewer
number of cluster members detected at 𝑧 ∼ 1.6 compared to low-𝑧 clusters. We also note that
we will be calculating the local densities of both cluster and field galaxies in an identical
manner, allowing us to make direct comparisons between cluster and field environments.
Goto et al. (2003) use the same method to calculate the local density of low redshift galaxies
in SDSS, which enables them to perform an analysis of the full data set with no distinction
between cluster and field galaxies.

3.3.2 Projected 2D galaxy densities

We calculate projected 2D galaxy densities following the methods outlined in Cooper et al.
(2005). While Cooper et al. (2005) include a methodology for calculating 3D densities,
we note that projected densities are less sensitive to uncertainties in line-of-sight veloc-
ity/redshift estimates. Given that our sample still includes many galaxies with only pho-
tometric redshift estimates, using 2D projected densities will ensure more robust measure-
ments for our sample overall.

Following the method described in Cooper et al. (2005)—also notably used in Goto
et al. (2003)—we eliminate foreground and background interlopers from influencing den-
sity calculations by locating projected neighbours within limited slices in line-of-sight ve-
locity/redshift space. Many other studies, including Dressler (1980), Dressler et al. (1997),
and Postman et al. (2005), use statistical background subtraction to correct their morpho-
logical fractions using an estimate of the possible contamination from field galaxies. We
consider our method to be more accurate, although we acknowledge that it is only possible
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due to our sample’s extensive photometric coverage, allowing us to use photometric redshift
estimates for galaxies which lack spectroscopic and grism redshifts.

We develop our own independent Python code for calculating the local density of galax-
ies in our sample. This allows us to have full control over the method and its implementation,
including the value 𝑁 , choice of projected vs. 3D densities, line-of-sight velocity slices, and
distance calculations.

As defined in Cooper et al. (2005), we use the following equation to calculate the pro-
jected local galaxy density of a galaxy, Σ𝑁 , in a circular area:

Σ𝑁 = 𝑁
𝜋𝐷2

𝑁
(3.2)

where we set 𝑁 = 5, and therefore 𝐷𝑁 = 𝐷5, the projected distance to the galaxy’s 5th
nearest neighbour in Mpc.

For each cluster or field member, we locate all neighbouring galaxies within ±3000
km s−1 line-of-sight velocity, calculated using the best redshift estimate for each galaxy as
described in Section 3.1.2. At 𝑧 = 1.6, this is equivalent to a redshift range of ±0.026. We
calculate the projected 2D distance to each neighbour in angular sky coordinates first, and
then convert to proper Mpc based on the redshift of the primary member galaxy. Neighbours
are sorted by increasing distance, and finally Σ5 is calculated using equation 3.2.

3.3.3 Edge effects

Edge effects can occur when a galaxy is closer to the edge of the detection image (𝐷edge) than
it is to its 𝑁 th neighbour (𝐷𝑁 ). In such a case, it cannot be known whether an undetected
neighbour exists beyond the bounds of the image that is closer to the edge galaxy than the
observed 𝐷𝑁 . This introduces a new source of uncertainty in local density measurements.
There are multiple ways to handle the uncertainty from edge effects, including: selecting for
members within a minimum distance from the image edge; removing edge galaxies from the
sample entirely (Poggianti et al. 2008); reducing 𝑁 for edge galaxies such that 𝐷𝑁 ≤ 𝐷edge

(van der Wel et al. 2007); treating 𝐷𝑁 as an upper limit and 𝐷edge as a lower limit for edge
galaxies (or other limiting methods such as Baldry et al. 2006); or adjusting the area used
in density calculations (Goto et al. 2003; Bamford et al. 2009; Tasca et al. 2009).
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The mixed of ground-based and HST imaging of our clusters imposes a more compli-
cated scenario in our consideration of edge effects. If we consider only the galaxies detected
within the F160W field of view, our cluster members are certainly impacted by edge effects.
However, our cluster catalogs also contain many galaxies which were detected in ground-
based observations, covering a larger sky area beyond the bounds of the F160W field of
view. As a simpler alternative to direct corrections methods of handling edge effects, such
as those recommended above, we include these galaxies outside the F160W field of view in
our potential neighbour sample, hoping to “catch” the undetected neighbours. This is some-
what similar to the method of Huertas-Company et al. (2009), who mitigate edge effects by
extending the area in which they search for neighbours.

We acknowledge that this method is not perfect, and its accuracy depends on whether
the ground-based observations have detected a sample of neighbour galaxies functionally
equivalent to those detected within F160W (i.e. similar completeness). Additionally, we
have applied no corrections for edge effects to the field. For the purposes of this study, we
will assume that the sky coverage of the fields is large enough that edge galaxies do not
significantly impact our results. Ideally, future work should include proper and equitable
treatment of edge effects across all samples.



Chapter 4

Results

4.1 The size-mass relation

We plot the size-stellar mass relation for cluster and field members in Figure 4.1, using
𝑅𝑒 as measured from the Sérsic fits. Star-forming and quiescent galaxies are selected by
𝑈𝑉𝐽 cutoff (as described in Williams et al. 2009), shown as pale blue circles and orange
diamonds respectively. As comparison, we also plot the trends from van der Wel et al.
(2014) for 𝑧 = 1.25 (dotted lines) and 𝑧 = 1.75 (dashed lines) for both early-type (red) and
late-type galaxies (violet). As van der Wel et al. (2014) define their early-type and late-
type galaxies using 𝑈𝑉𝐽 selection, this is equivalent to our selection of star-forming and
quiescent galaxies.

Both cluster and field star-forming galaxies follow the expected trends in the size-mass
relation. While star-forming galaxies show a fair amount of scatter on both sides of the
trendline, quiescent galaxies in both environments have a larger scatter above the trendline
than below it. This is not unexpected, as previous studies of the size-mass relation at various
redshifts also show that quiescent galazies have a larger scatter above the trendline (for
example, see Figure 5 in van der Wel et al. 2014 and Figure 7 in Matharu et al. 2019).

At 𝑧 ∼ 1, Matharu et al. (2019) find that cluster galaxies are systematically smaller than
field galaxies by approximately −0.07 and −0.08 dex for star-forming and quiescent galaxies
respectively. We cannot comment on specific agreement or disagreement in this regard, as
calculations of this type would require careful weighting of each galaxy to determine the
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Figure 4.1: Size-stellar mass relation at 𝑧 ∼ 1.6 for cluster and field members. UVJ-selected star-forming and
quiescent galaxies are shown as pale blue circles and orange diamonds, respectively. Trends from van der Wel
et al. (2014) are plotted for 𝑧 = 1.25 (dotted lines) and 𝑧 = 1.75 (dashed lines) early-type (red) and late-type
galaxies (violet).

unique trendlines of our sample. While this may be possible with for the field members, we
note that we have a sparse number of quiescent galaxies among our cluster members, which
would make any fits to these galaxies highly uncertain. This is in part due to a smaller sample
size of clusters than in Matharu et al. (2019), however, Nantais et al. (2017) also find that our
three 𝑧 ∼ 1.6 clusters have a much lower fraction of 𝑈𝑉𝐽-selected quiescent galaxies than
clusters at lower redshift. The uncertainties due to our small number of quiescent cluster
galaxies would dwarf the statistical differences found by Matharu et al. (2019), and greatly
impact any comparison between cluster and field. However, our results do suggest very little
difference between the overall sizes of cluster and field galaxies, which is roughly consistent
with the small differences found by Matharu et al. (2019).

Aside from our small number of quiescent cluster galaxies, our size-mass relation ap-
pears to be in good agreement with other studies at 𝑧 ∼ 1.6, such as Strazzullo et al. (2023).
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Figure 4.2: The morphology-density relation at 𝑧 ∼ 1.6 in clusters and the field, plotted in 4 bins of projected
local density, Σ5. The total number of galaxies in each bin is underplotted as a grey histogram, following the
right-hand 𝑦-axis. Error bars are given by Poisson statistics.

4.2 The morphology-density relation

For ease of discussion, we will refer to our disk-like and bulge-like classifications as simply
“disk” and “bulge” throughout the remainder of this chapter.

In Figure 4.2, we plot the morphological fractions of cluster and field members in bins
of local density. Disk galaxies (𝑛 < 1.5) are plotted as purple circles, intermediate galaxies
(1.5 < 𝑛 < 2.5) are plotted as green triangles, and bulge galaxies (𝑛 > 2.5) are plotted as
yellow squares. Each morphological type is plotted offset from the bin centers for clarity.
Bin sizes are logarithmic in local density and chosen to simultaneously balance the number
of galaxies in each bin for both cluster and field samples. We underplot the number of
galaxies in each density bin as a grey histogram, as shown on the right-hand 𝑦-axis. Error
bars are given by Poisson statistics, where the uncertainty from the number of galaxies of
each morphological type is added in quadrature with the uncertainty in the total galaxies
per bin.

We note that the cluster fractions in the low-density end and field fractions in the high-
density end are more sensitive to bin numbers and sizes due to small sample numbers. Our
bins were chosen such that the lowest density bin, centered on Σ5 = 4.26 gal/Mpc2, con-
tains a minimum of 10 cluster galaxies (9.5 percent of the cluster members within the plot
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Figure 4.3: The morphology-density relation at 𝑧 ∼ 1.6 in clusters and the field, plotted using a fixed-width
box kernel. The total number of galaxies per bin is plotted as a grey histogram in the panel above each relation.
Shaded regions represent errors given by Poisson statistics. Markers are placed every 3 points to help guide
the eye. Details of the box kernel width and spacing are given in the text.

boundaries). Meanwhile, the highest density bin, centered on Σ5 = 82.4 gal/Mpc2, con-
tains 27 field galaxies (roughly 6 percent of the field members within the plot boundaries).
This is expected due to the natural density distributions of the two samples, and is our
biggest consideration when attempting to compare results directly between both environ-
ments. However, this sensitivity to bin choice adds additional restrictions to classic binning
methods, and limits our ability to examine either trend in detail.

To mitigate this, we plot the morphology-density relation using a fixed-width box kernel
in Figure 4.3. This has the benefit of making our results less sensitive to specific binning
choices, while also allowing us to extrapolate more detail with the same sample sizes. The
box kernel is constructed with bin sizes of ±0.25 log(Σ5) and a spacing of 0.05 log(Σ5)
between bin centers. The total number of galaxies per bin is plotted as a grey histogram in
the panel above each relation. Note that the histograms do not represent the true bin widths,
as box kernel bins are not fully independent. Errors are calculated in the same way as in
Figure 4.2, shown here as shaded areas above and below the trend. Markers are placed every
3 points to help guide the eye.
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We find a clear trend of morphology with density in our 𝑧 ∼ 1.6 clusters. At low den-
sities (Σ5 ≈ 4.47 gal/Mpc2) disk galaxies make up approximately 60 ± 20 percent of the
cluster population, intermediate galaxies approximately 20 ± 10 percent, and bulge galax-
ies approximately 20 ± 10 percent. The cluster trends smoothly such that at high densities
(Σ5 ≈ 100 gal/Mpc2), the disk fraction decreases to approximately 30 ± 10 percent, the
intermediate fraction increases slightly to 30 ± 10 percent, and the bulge fraction increases
to approximately 40 ± 20 percent.

Meanwhile, the field fractions differ from clusters slightly at low density, showing a
slight shortage of disks at 49±9 percent, a similar amount of intermediates at 17±5 percent,
and an excess of bulges at 34 ± 7 percent. Moderate-density field fractions, however, look
fairly flat with values similar to the low-density cluster fractions. For example, at Σ5 = 35.5
gal/Mpc2, the field is 60 ± 10 percent disks, 19 ± 5 percent intermediates, and 22 ± 5
percent bulges. At high densities, the field fractions change steeply. In the highest density
bin (Σ5 ≈ 100 gal/Mpc2), the field fractions reach 30 ± 10 percent disks, 12 ± 8 percent
intermediates, and 50 ± 20 percent bulges.

We comment again that it should be extremely uncommon for field galaxies to reside
in densities similar to cluster centers. This is echoed in the decline of the number of field
galaxies per bin with increasing local density. Although we report the high-density field
results here, we are careful not to over-interpret these trends. While it is possible that some
or all of the high-density field galaxies may reside within small compact groups, some may
also be errors due to projection effects. We will explicitly refrain from interpreting the
trends above Σ5 ≳ 40 gal/Mpc2 as representative of the global field environment.

To facilitate a more direct measurement and comparison of the strength of the morphology-
density relation, we fit simple linear trendlines to each morphological fraction in both cluster
and field environments in Figure 4.4. We use linear regression to find the best-fit line of
each morphological fraction as a function of log(Σ5), weighting each bin by its associated
error. Cluster (red) and field fractions (cyan) are plotted on top of each other for each mor-
phological type. The best fit to the cluster fractions is plotted as a solid red line, while the
best fit to the cluster fractions is plotted as a dashed cyan line.

The parameters for each best fit line are given in Table 4.1 with errors. For all morpho-
logical types, we find that the slope of the best-fit line with density is steeper in the cluster
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Figure 4.4: The fractions of each morphological type with local density (Σ5) are compared directly between
cluster (red) and field members (cyan) at 𝑧 ∼ 1.6. Linear regression has been used to find the best fit line to
each fraction as a function of log(Σ5), which is plotted for the cluster (solid red line) and field environments
(dashed cyan line).

Cluster Field
Fraction Slope Intercept Slope Intercept
Bulge 0.17 ± 0.02 0.08 ± 0.02 0.01 ± 0.03 0.23 ± 0.03
Intermediate 0.10 ± 0.01 0.10 ± 0.02 −0.04 ± 0.01 0.24 ± 0.01
Disk −0.27 ± 0.01 0.82 ± 0.02 −0.03 ± 0.04 0.58 ± 0.05

Table 4.1: Linear regression parameters for the best fit line to each morphological fraction in the morphology-
density relation, as plotted in Fig. 4.4. Morphological fractions are given as a function of log(Σ5).

environment than the field. All three cluster trends are well-fit by a straight line within
the local density range of Figure 4.4. Within the same range in the field, linear regression
does a reasonable job at tracing the trends at moderate densities, but provides a poor fit to
the high-density end. We refer the reader to our earlier comments about high-density field
galaxies, and thus we do not over-analyze this result.

We conclude that the morphology-density relation is in place in our 𝑧 ∼ 1.6 clusters,
resulting in the fraction of disk galaxies decreasing with local density while the fraction
of bulge galaxies increases. We do not find conclusive evidence of a similar relationship
between morphology and local density across the majority of the field environment.



44

0

25

ga
la

xi
es

pe
r b

in
Cluster

0

200

ga
la

xi
es

pe
r b

in

Field

9.8 10.0 10.2 10.4 10.6 10.8 11.0
log (M * /M )

0.0

0.2

0.4

0.6

0.8

1.0

fra
ct

io
n 

of
 to

ta
l

ga
la

xi
es

 p
er

 b
in

bulge intermediate disk

9.8 10.0 10.2 10.4 10.6 10.8 11.0
log (M * /M )

0.0

0.2

0.4

0.6

0.8

1.0

fra
ct

io
n 

of
 to

ta
l

ga
la

xi
es

 p
er

 b
in

bulge intermediate disk

Figure 4.5: The morphology-stellar mass relation at 𝑧 ∼ 1.6 in clusters and the field, plotted using a fixed-
width box kernel. The total number of galaxies per bin is plotted as a grey histogram in the panel above each
relation. Shaded regions represent errors given by Poisson statistics. Markers are placed every 3 points to
help guide the eye. Details of the box kernel width and spacing are given in the text.

4.3 The morphology-mass relation

We next turn our attention to the relationship between morphology and stellar mass, which
may elucidate the role of intrinsic morphological evolution. In Figure 4.5, we plot the
morphology-stellar mass relation in both cluster and field environments. We use the same
box kernel method as in Figure 4.3, replacing log(Σ5) with log(𝑀∗/𝑀⊙). Throughout this
section, we use “low mass” as shorthand for log(𝑀∗/𝑀⊙) ≈ 9.75 and “high mass” as short-
hand for log(𝑀∗/𝑀⊙) ≈ 11.05, since these are the bounds of our plots.

We find significant differences in the morphology-mass relationship between environ-
ments. Within clusters, the disk galaxy fraction decreases almost smoothly from 70 ± 20
percent at low masses to only 6 ± 6 percent at high masses. This is coupled with a propor-
tional increase in the bulge galaxy fraction from 8 ± 4 percent at low masses to 70 ± 30
percent at high masses. Meanwhile, the intermediate fraction stays roughly the same at all
stellar masses—22 ± 8 at low masses and 20 ± 10 percent at high masses.

The field morphology-mass relation appears quite different. At low masses, the fractions
of bulge and intermediate galaxies are 21 ± 4 and 20 ± 3 percent respectively, while disk
galaxies dominate at 59 ± 7 percent. Up to log(𝑀∗/𝑀⊙) = 10.8, the bulge galaxy fraction
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Cluster Field
Fraction Slope Intercept Slope Intercept
Bulge 0.48 ± 0.02 −4.7 ± 0.2 0.13 ± 0.02 −1.1 ± 0.2
Intermediate −0.03 ± 0.02 0.6 ± 0.2 −0.05 ± 0.01 0.7 ± 0.1
Disk −0.56 ± 0.03 6.2 ± 0.3 −0.14 ± 0.02 2.0 ± 0.2

Table 4.2: Linear regression parameters for the best fit line to each morphological fraction in the morphology-
mass relation, as plotted in Fig. 4.6. Morphological fractions are given as a function of log(𝑀∗/𝑀⊙). Inter-
cept parameters are presented for completeness but are not representative of physical values.

increases slowly but steadily to 36 ± 8 percent, while the disk galaxy fraction decreases
more slowly to 50 ± 10 percent. Between 10.8 < log(𝑀∗/𝑀⊙) ≤ 11.05, the bulge galaxy
fraction increases more steeply to approximately 50 ± 20 percent, while the disk fraction
steeply declines to 30 ± 10 percent at high masses. The intermediate fraction in the field
remains roughly consistent with 15 − 20 percent at all stellar masses, decreasing slightly to
14 ± 4 at log(𝑀∗/𝑀⊙) = 10.8, but returning to 20 ± 10 at high masses.

We note that in both cluster and field environments, the number of galaxies per bin peaks
in the stellar mass bin centered at log(𝑀∗/𝑀⊙) = 9.85, and declines in the two less massive
bins. This is an artefact of our choice of bin boundaries and stellar mass limit. Our first two
stellar mass bins are log(𝑀∗/𝑀⊙) = 9.75 ± 0.25 and log(𝑀∗/𝑀⊙) = 9.80 ± 0.25, meaning
that their low-end boundaries lay below our stellar mass completeness limit of 109.58𝑀⊙.
Decreasing in stellar mass from the 9.80 bin to the 9.75 bin, we are therefore losing galaxies
from the upper boundary of the bin while gaining none from the lower boundary, resulting in
a lower number of galaxies overall. We could remove these first two bins from our analysis,
however, there is no significant change in the trends of cluster nor field galaxies in this range,
and therefore the choice to include or exclude the two lowest-mass bins does not impact our
results.

Following our analysis of the morphology-density relation in Section 4.2, we fit linear
trendlines to each morphological fraction as a function stellar mass, shown in Figure 4.6.
The details of the trendlines and plots are identical to that of Figure 4.4, with local density
replaced by galaxy stellar mass. Parameters of each trendline are given in Table 4.2 with
errors.
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Figure 4.6: The fractions of each morphological type with stellar mass (𝑀∗) are compared directly between
cluster (red) and field members (cyan) at 𝑧 ∼ 1.6. Linear regression has been used to find the best fit line to
each fraction as a function of log(𝑀 ∗ /𝑀⊙), which has been plotted for the cluster (solid red line) and field
environments (dashed cyan line).

The linear trendlines make it clear that in clusters, the fraction of bulge galaxies tends
to zero at low stellar masses, while the fraction of disk galaxies tends to zero at high stellar
masses. The trends of bulge and disk fractions are significantly different between the cluster
and field environments, while the trends of intermediate galaxy fractions are virtually iden-
tical between the two environments. We note that, following the trends described earlier in
this section, a single linear fit may not be accurate to each of the observed morphological
trends in the field. We suggest that a non-linear or perhaps piecewise-linear trend about
log(𝑀∗/𝑀⊙) ≈ 10.8 may be a better fit to the morphology-mass relation in field galaxies.
We show an example of a piecewise-linear fit in Appendix B, however, further analysis is
beyond the scope of this thesis.

To summarize, we find a strong relationship between morphology and stellar mass in
cluster galaxies, such that disk fractions strongly decrease and bulge fractions strongly
increase for increasing stellar mass. The majority of field galaxies display a very weak
relationship between morphology and stellar mass compared to cluster galaxies. How-
ever, we also find that the field relationship undergoes a significant change in slope around
log(𝑀∗/𝑀⊙) ≈ 10.8, such that the fraction of disk galaxies declines sharply above this stel-
lar mass. This suggests that galaxy stellar mass is not a universally-strong indicator of galaxy
morphology at 𝑧 ∼ 1.6. The comparison between our morphology-mass and morphology-
density relations suggests that the environmental processes driving the morphology-density
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Figure 4.7: Rest-frame 𝑈𝑉𝐽 diagrams showing the overall distribution of cluster and field members at 𝑧 ∼
1.6. Data is visualized using a 2D KDE plot such that curves represent areas of similar number density.

relation are mass-dependent. We discuss the potential physical processes driving these re-
lations further in Section 5.3.

4.4 The effect of morphology and environment on galaxy
colours

As our final piece of analysis, we explore the relationship between environment, morphol-
ogy, and galaxy colour. In Figure 4.7, we use a 𝑈𝑉𝐽 diagram to plot the distributions of
rest-frame galaxy colours for cluster and field members. We plot the data using a 2D kernel
density estimate (KDE) rather than a traditional scatter plot to better visualize the colour
regions where galaxies are most likely to reside. The total number of galaxies in each dis-
tribution are shown on the plots, along with the median stellar mass. While all galaxies lie
above the stellar mass completeness limit, we note as a caveat that the stellar mass distribu-
tions of cluster and field galaxies are not identical.

Figure 4.7 shows the known relation that galaxies primarily occupy three regions of the
𝑈𝑉𝐽 diagram. While rest-frame 𝑈 − 𝑉 colours separate red and blue galaxies (high and
low 𝑈 −𝑉 colours respectively), the addition of 𝑉 −𝐽 allows us to separate red galaxies into
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Figure 4.8: Rest-frame 𝑈𝑉𝐽 diagrams showing the distribution of 𝑧 ∼ 1.6 cluster galaxies separated by
morphological type. Data is visualized as in Figure 4.7.

those that are quiescent/quenched of star formation (high 𝑈 − 𝑉 and moderate 𝑉 − 𝐽), and
star-forming galaxies that are reddened by dust (high 𝑈 − 𝑉 and high 𝑉 − 𝐽). In a general
sense, we find that galaxies in clusters are more likely to be quenched or dusty than those
in the field at 𝑧 ∼ 1.6. Cluster galaxies also predominantly appear red overall, while field
galaxies predominantly appear blue.

We break down our cluster and field galaxies into disk (𝑛 < 1.5), intermediate (1.5 <
𝑛 < 2.5), and bulge morphologies (𝑛 > 2, 5), and separately plot their 𝑈𝑉𝐽 diagrams.
Cluster galaxies are shown in Figure 4.8 and field galaxies are shown in Figure 4.9.
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Figure 4.9: Rest-frame 𝑈𝑉𝐽 diagrams showing the distribution of 𝑧 ∼ 1.6 field galaxies separated by mor-
phological type. Data is visualized as in Figure 4.7.

We find evidence for a higher fraction of dusty disk galaxies in clusters than in the field.
While intermediate galaxies in the field are dominantly blue and star-forming, intermediate
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galaxies in clusters are dominantly red, due to a combination of dust and quenching. Bulge
galaxies in both environments are mostly red, as expected, with fewer star-forming galaxies.
We caution that we cannot comment strongly on the physical processes responsible for blue
and red colours within the same morphological types in different environments. Galaxy
colour is strongly correlated with mass, such galaxies tend to be more red with increasing
stellar mass (Kajisawa & Yamada 2006; Fang et al. 2018). As our field sample has a higher
fraction of low mass galaxies than our cluster sample, this trend is likely influenced by the
underlying stellar mass distribution of the galaxies.

We note that a fair number of intermediate cluster galaxies also lie near the quiescent
wedge at 𝑧 ∼ 1.6. Although we use different classification methods, this is similar to the
results of Kartaltepe et al. (2015), who find that while galaxies classified as mostly-spheroid
and mostly-disk are well-separated into the quiescent and star-forming regions of the 𝑈𝑉𝐽
diagram, galaxies classified as a mix of disk and spheroid show more scatter between these
regions. Our results also agree with previous work that has found galaxies in high density
environments are more red and dusty (Bamford et al. 2009). Specifically, Bassett et al.
(2013) also find evidence for an increased fraction of red and dusty galaxies at 𝑧 ∼ 1.6.



Chapter 5

Discussion

5.1 Qualitative morphologies and their quantitative analogs

One of the goals of this thesis was to show that quantitative measurements can be used to re-
cover trends that have predominantly been studied using qualitative visual morphologies. In
this regard, the top question one might ask when assessing our methods is: can quantitative
methods reliably reproduce Hubble sequence morphologies? Our answer is, technically, no.
In the following section, we will explore how both qualitative classification and quantitative
measurements of galaxy morphology are indefinite and highly dependent on observations.
However, we will also explore why visual classifications themselves are not truly reliable,
and how quantitative measurements offer many strengths of their own. Hopefully, we will
show why our position remains that quantitative methods are a powerful tool in the study of
galaxy properties and evolution.

Before we continue a discussion of qualitative and quantitative methods, we must make
a clarification. We have thus far treated galaxy morphology and structure as interchangeable
concepts. To be specific, quantitative measurements like Sérsic index trace galaxy structure,
not morphology (van der Wel et al. 2014). Structure refers to the distribution of light and
stellar mass within a galaxy. Morphology, in retrospect, is a rather ambiguously defined
concept. Studies have found that visual morphology can be constrained by a galaxy’s SED
(Uzeirbegovic et al. 2022), and that Hubble types are better recovered by a mix of quanti-
tative measurements and galaxy colour (Nantais et al. 2013). Galaxy colour is intrinsically
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tied to SFR, star formation history, and gas content—as is the galaxy SED—which sug-
gests that visual morphology traces not only structure, but also star formation (Tasca et al.
2009). Although structure and morphology are well-correlated in the local universe, quan-
titative measurements of structure only recover a fraction of the information typically used
to classify visual Hubble types.

5.1.1 Morphological classifications and structural measurements are
indefinite

One of the great difficulties with measuring galaxy structure is that it is not a singular,
fixed, or well-defined measurement. Quantitative structural measurements of galaxies are
dependent on the rest-frame wavelengths from which they are measured (Andrae et al. 2011;
Vulcani et al. 2014; Cerulo et al. 2017; Bluck et al. 2019; Ferreira et al. 2023). Bluer wave-
lengths are biased towards younger stellar populations, highlighting areas of new star for-
mation (Rawat et al. 2009; Conselice 2014; Huertas-Company et al. 2014). Sérsic indices,
especially those of disk galaxies, are often found to be lower when measured in bluer wave-
lengths (Rawat et al. 2009; Buitrago et al. 2013; Vulcani et al. 2014; Gillman et al. 2020).
Structural measurements can also be impacted by dust, resulting in Sérsic profiles with
lower 𝑛 and larger 𝑅𝑒 (Vulcani et al. 2014). While structural parameters are most notably
affected by wavelength differences, Ferreira et al. (2023) note that classifications of visual
morphology can also be impacted by the wavelength of available observations.

As we seek to study high-redshift galaxies, we face more frequent observational chal-
lenges to both qualitative or quantitative methods. Morishita et al. (2014) note that it be-
comes more difficult to successfully fit multi-component light profiles as both galaxy size
and image resolution decrease—a frequent issue in high-𝑧 studies. Surface brightness pro-
files appear smoother with lower image resolution, artificially hiding more complex features
(Buitrago et al. 2013). These are challenges at low-𝑧 as well, as Bamford et al. (2009) coined
the term “classification bias” to describe how degrading image quality resulted in Galaxy
Zoo volunteers preferentially classifying galaxies as elliptical based on visual appearance.
More recently, Ferreira et al. (2023) find that the improved resolution of images from the
James Webb Space Telescope (JWST) can result in different visual classification of high-𝑧
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galaxies previously observed with HST, returning a greater fraction of galaxies with disk
morphologies. At high-𝑧, morphology and structure will also be impacted by cosmological
surface brightness dimming, which scales as (1 + 𝑧)4 and can wash out fainter features.

Aside from observational challenges impacting accuracy and stability, we must also
consider how galaxy evolution itself can impact morphology and structure. There is mount-
ing evidence that high-𝑧 galaxies are structurally different, such that the typical quantitative
methods of CAS, Gini−𝑀20, and Sérsic index all perform worse at separating Hubble types
of high-𝑧 galaxies (Mortlock et al. 2013; Ferreira et al. 2023). Independently, there is also
evidence that the average Sérsic index of galaxies evolves over time, becoming lower at
high-𝑧 (Buitrago et al. 2013; Morishita et al. 2014; Ferreira et al. 2023). However, the fault
for this discrepancy may not lie entirely with the quantitative measurements. As Mortlock
et al. (2013) point out, the Hubble sequence is based upon the morphologies of galaxies in
the local universe, and it may not be appropriate to ascribe the same set of classifications
to young, evolving galaxies in the early universe. Huertas-Company et al. (2014) find that
machine learning techniques trained on low-𝑧 galaxies perform worse at classifying high-𝑧
galaxies, compared to the same technique trained on high-𝑧 galaxies. There are conflicting
conclusions about the reliability of the Hubble sequence at high-𝑧. Previous studies often
claim that Hubble types are not the dominant galaxy morphologies at 𝑧 > 2 (Mortlock et al.
2013; Conselice 2014). However, Ferreira et al. (2023) suggest that this conclusion is bi-
ased by inadequate image resolution and filter coverage, resulting in an overestimate in the
number of peculiar galaxies. More high-𝑧 studies of structure and morphology are needed
to resolve this.

Finally, we turn our attention to the most common method used to assess the supposed
accuracy of structural measurements: comparing the relative completeness and contami-
nation of quantitative classifications against a visually-classified sample. For example, Mei
et al. (2012) compare B-band visual classifications to the Sérsic index of galaxies at 𝑧 ∼ 1.3,
finding that 70 percent of early-type galaxies have 𝑛 > 2.5 while 78 percent of late-type
galaxies have 𝑛 < 2.5. Between 0 < 𝑧 < 3, van der Wel et al. (2014) find roughly 80
percent of 𝑈𝑉𝐽-selected early-type galaxies have 𝑛 > 2.5, and likewise 80 percent of late-
type galaxies have 𝑛 < 2.5. Meanwhile, Smethurst et al. (2022) discuss the purity and
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completeness of various proxy methods for morphological classification, including colour-
cuts, colour-magnitude diagrams, 𝑈𝑉𝐽 active/passive selection, and Sérsic fits, concluding
that no method simultaneously captures high completeness with low contamination when
separating early- and late-type galaxies.

In most cases, however, visual classifications come with a similar amount of uncertainty.
Postman et al. (2005) find agreement in 70 − 80 percent of their visual E/S0/Sp classifica-
tions when compared to two other independent studies. Cerulo et al. (2017) find agreement
between three researchers of 70 percent when considering only early- and late-type clas-
sifications, but as low as 40 percent when considering more detailed classifications. Mei
et al. (2023) use visual morphologies classified by only one researcher, and simply assume
an uncertainty of 70 percent as per previous studies. Modern visual classification schemes
often simply require an agreement between majority of researchers (≥ 50 percent) to de-
fine a galaxy’s morphology (e.g. Kartaltepe et al. 2015; Ferreira et al. 2023). Quantitative
methods, when applied properly, recover similar agreement in classification as many vi-
sual assessments often have with each other. This calls into question why the accuracy of
quantitative methods is still regularly judged against visual classifications.

5.1.2 The strengths of quantitative measurements

Quantitative methods offer many benefits over visual classification. Goto et al. (2003) com-
ment upon favouring quantitative methods for both their efficiency and because the use of
visual classifications introduces unknown biases into the results. Indeed, the fact that quan-
titative methods can be automated makes them far more efficient for use with large samples.
Meanwhile, errors in quantitative methods can also often be measured more directly, par-
ticularly in techniques which utilize models and residual images. In general, quantitative
measurements recover more specific information than broad categorizations are capable of,
and in the case of galaxy structure quantitative methods implicitly allow for a wide range of
unique galaxy shapes (see Sazonova et al. 2020 as an example).

Rather than basing the accuracy of a quantitative method on how well it reproduces the
Hubble sequence, we propose that the accuracy of a quantitative method should be judged
on how well it separates distinct galaxy populations. Sérsic profiles are among the simplest
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techniques, and generally more reliable than other quantitative methods in cases of low
resolution and 𝑆/𝑁 (see Andrae et al. 2011 for a thorough comparison of quantitative tech-
niques). While there are arguments that multi-component light profiles are more realistic,
even studies with decent image resolution have found that some galaxies fail to be fit with
multiple components, or are better fit by a single Sérsic profile (Ascaso et al. 2009; Nantais
et al. 2013; Bluck et al. 2019). There is also a wealth of evidence that single-component
Sérsic fits are capable of separating galaxy populations in 𝑛 at a range of redshifts. Even
accounting for the evolution of 𝑛, studies have found good correlation with Sérsic index and
early-/late-type morphologies (Buitrago et al. 2013) as well as quiescence (Bell et al. 2012;
Strazzullo et al. 2023) around 𝑧 ∼ 1.6.

We cannot be confident that our measurements of Sérsic index perfectly reproduce Hub-
ble morphologies, hence why we avoid labelling our classifications using elliptical/spiral
or early-/late-type. However, this does not mean that our quantitative methods are inac-
curate. Our results indicate that our cuts in 𝑛 have successfully recovered distinct galaxy
populations, which differ in their relationships with environment, stellar mass, and colour.
We have shown that even simple quantitative methods can effectively recover trends in the
morphology-density relation at high-𝑧, and we encourage further use of quantitative meth-
ods in the study of galaxy evolution at high redshift.

5.2 Comparisons with previous morphology-density stud-
ies

In Chapter 1, we summarized three papers that we consider to be flagship studies of the
morphology-density relation up to 𝑧 ∼ 1. Studies of the relationship between galaxy mor-
phology, structure, and density extend far beyond the work of Dressler (1980), Dressler et al.
(1997), and Postman et al. (2005), including various samples, redshifts, and methodologies.
Unfortunately, the range of methods employed by different studies, including variations in
both morphological classifications and density measurements, makes direct comparison dif-
ficult in many cases. In this section, we will summarize some of the key findings of these
studies across cosmic time, with particular attention to how our own results fit into this
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broader context.
Evolution in the morphology-density relation was first noted by a change in the fraction

of lenticular galaxies around 𝑧 ∼ 0.5 (Dressler et al. 1997; Fasano et al. 2000; Goto et al.
2003), and confirmed up to 𝑧 ≲ 1 (Postman et al. 2005; Cerulo et al. 2017; Cavanagh et al.
2023). As the fraction of lenticular galaxies decreases with redshift, studies have noted a
proportional increase in the fraction of spiral galaxies at high-𝑧. Poggianti et al. (2008)
also find that the fraction of lenticular galaxies at 𝑧 ∼ 0.5 is less dependent on galaxy
density, such that it remains roughly flat at 20 percent. In comparison, we do find a higher
overall fraction of disk-like galaxies at 𝑧 ∼ 1.6 than visual spiral galaxies found at low-𝑧—
however, we cannot comment significantly on this difference as it is undoubtedly influenced
by differences in morphological classification. Of the studies mentioned above, only Goto
et al. (2003) and Cerulo et al. (2017) use quantitative classification methods, both of which
differ from our own. We conclude only that there may be evidence for a higher fraction of
spirals/late-types at 𝑧 ∼ 1.6, and we leave further discussion of lenticular galaxies to Section
5.4.

A number of studies have found evidence that the morphology-density relation may be-
have differently in regions of intermediate density, such as loose clusters or groups. Fasano
et al. (2000) suggest that the difference in the relation between low- and high-concentration
clusters in the local universe may indicate that different physical processes dominate in
different environments. Goto et al. (2003) are the first to directly incorporate field galax-
ies into the morphology-density relation, by placing no environmental requirements on
their sample, and find evidence up to 𝑧 ∼ 0.5 that trends in galaxy morphology differ be-
tween intermediate-density and high-density regions. In a 𝑧 = 0.84 cluster, Nantais et al.
(2013) find that the greatest change in morphological fractions occurs between low- and
intermediate-density regions, before galaxies begin to approach the dense cluster center.
While we do not directly study intermediate-density regions (such as galaxy groups or clus-
ter outskirts), the differences we find between cluster and field environments at 𝑧 ∼ 1.6 lends
support to the notion the morphology-density relation may behave differently in different
types of environments, potentially due to differences in dominant environmental processes.

Multiple studies have suggested that a relationship between morphology and stellar mass
may influence trends in the morphology-density relation. In the local universe, Bamford
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et al. (2009) suggest that as much as 30 − 40 percent of the observed morphology-density
relation may be driven primarily by differences in stellar mass. At 0.4 < 𝑧 < 0.6, Huertas-
Company et al. (2009) find that the speed of morphological transformation in cluster galax-
ies may be dependent on their stellar mass. Tasca et al. (2009) further suggest that envi-
ronmental influences on morphology may be stronger at lower stellar masses. Cerulo et al.
(2017) also find a dependence on stellar mass for morphological fractions in clusters in both
the local universe and 0.8 < 𝑧 < 1.5. In contrast, Holden et al. (2007) find that for 𝑧 < 0.83,
the fraction of early-type galaxies is independent of mass above 𝑀∗ > 1010.6𝑀⊙, but that
below 𝑀∗ < 1010.6𝑀⊙ their luminosity-selected sample is dominated by late-type galaxies.
Our results at 𝑧 ∼ 1.6 further support the idea that the effects of environment on morphology
are intertwined with the effects of stellar mass, but confirm that stellar mass is not solely
responsible for the morphology-density relation.

We would be remiss to conclude this section without highlighting the work of Tasca
et al. (2009), who perform a comprehensive study on the evolution of the morphology-
density relation from 𝑧 = 0.2 to 𝑧 = 1 using quantitative measurements of morphology.
Their study is one of the few that can make direct comments on the evolution of the relation
through cosmic time, as they take steps to apply the same methodology to their entire sam-
ple, including calculating densities such that they are invariant to redshift, and separating
their sample into bins of stellar mass and magnitude. With their results, Tasca et al. (2009)
confirm what other studies have suggested: that the morphology-density relation is flatter
at 𝑧 ∼ 1 than at lower redshifts. Our own study unfortunately suffers from the same limita-
tion as many others, in that we cannot make direct comparison due to differing methods in
both morphological classification and local density. Qualitatively, the change in our cluster
disk-like fraction from low to high density suggests that our relation may also be flatter at
𝑧 ∼ 1.6 than low-𝑧, although we stress that we cannot definitively conclude this in the same
way that Tasca et al. (2009) do for 𝑧 ∼ 1.
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5.2.1 Galaxy morphology in clusters at 𝑧 ∼ 1.6
For many years, studies of the morphology-density relation above 𝑧 > 1 have been limited
by our ability to detect high-𝑧 clusters and obtain images with enough resolution to reli-
ably classify morphology. In this section, we compare our results to the handful of studies
on morphology and environment which cover a similar redshift range to 𝑧 ∼ 1.6 to deter-
mine whether we find consistent results. We summarize the methods of these studies before
briefly comparing results with our own.

Sazonova et al. (2020) study the structural properties of galaxies in four clusters from
1.2 < 𝑧 < 1.8 using a variety of quantitative measurements in the rest-frame V-band. Their
results are mixed, although they note this could be due to two of the clusters in their sample
which may be a complex, non-standard system consisting of a cluster and a protocluster or
group connected by filaments. If we consider instead only their two standard clusters at 𝑧 =
1.19 and 𝑧 = 1.75, they find that cluster galaxies have higher Sérsic indices, concentration,
and bulge strength compared to field galaxies.

Bassett et al. (2013) study a forming 𝑧 ∼ 1.6 cluster found within the CANDELS UDS
field. They use Sérsic fits in F125W (rest-frame B-band), defining galaxies with 𝑛 > 2 as
bulge-dominated and 𝑛 < 2 as disk-dominated. They primarily analyze the relationship
between both galaxy morphology and quenched fraction on the projected radius from the
center of the cluster, but also comment on the effects of stellar mass. In general, they find
that star-forming galaxies look similar in both cluster and field galaxies, but that quiescent
galaxies in the cluster have larger effective radii and smaller 𝑛 than those in the field. While
they find no significant trends in the morphology-radius relation in this cluster, they do find
an enhanced fraction of quenched galaxies in the cluster compared to the field.

Strazzullo et al. (2023) study five massive clusters at 1.4 < 𝑧 < 1.7, using Sérsic fits
in F140W for cluster galaxies and comparing to F160W fits from van der Wel et al. (2012)
for field galaxies. We share the most similar morphological classifications with Strazzullo
et al. (2023), who also categorize galaxies with 𝑛 > 2.5 as bulge-dominated, 𝑛 < 1.5 as disk-
dominated, and 1.5 < 𝑛 < 2.5 as intermediate. When comparing cluster to field, they correct
for measured 𝑅𝑒 between F140W and F160W, but note that corrections to 𝑛 fall within
uncertainties and do not impact results. Most galaxies in their sample lack photometric
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redshifts as their clusters have photometry only in four bands. Instead, they select cluster
members via colours and use background subtraction to correct morphological fractions.
We also note that their field comparison includes CANDELS UDS, however, Strazzullo
et al. (2023) do not comment on the cluster at 𝑧 ∼ 1.6 within the UDS field (studied by
Bassett et al. 2013).

The final study we compare to is Mei et al. (2023), who study 16 clusters from 1.3 <
𝑧 < 2.8 using visual morphologies, and compare to field galaxies from GOODS-S with mor-
phologies classified by Kartaltepe et al. (2015). They have one researcher classify morphol-
ogy in F140W for all clusters, which ranges from rest-frame V-band at 𝑧 = 1.3 to rest-frame
U-band at 𝑧 = 2.8. Visual field morphologies are primarily classified in F160W. Mei et al.
(2023) calculate local density using 7th-Nearest Neighbours, however, their clusters only
have photometric coverage in three to five bands, so they also lack photometric redshifts.
To account for this, they instead restrict analysis to the cluster cores, using colour-cuts to re-
move most 𝑧 < 1.3 galaxies and background subtraction to correct morphological fractions.
They study the relations of both morphology and quenched fraction with local density, and
attempt to analyze the relation with stellar mass.

Our morphology-density results qualitatively agree with those of Mei et al. (2023), who
find that the morphology-density relation is in place at 𝑧 ∼ 1.6. The differences between
visual classification and Sérsic index methodology do not seem to strongly impact the ob-
served trend, possibly since Mei et al. (2023) consider only early-type and late-type classi-
fications. Sazonova et al. (2020) and Strazzullo et al. (2023) do not directly measure local
galaxy density nor clustercentric radius, but we note that they also find evidence of a high-𝑧
morphology-density relation in their results. For example, Sazonova et al. (2020) find that
the inner 50 percent of members in their 𝑧 = 1.75 cluster have higher 𝑛 than the outer 50
percent.

In terms of stellar mass, our work agrees with the results of Strazzullo et al. (2023), who
find that high mass galaxies at 𝑧 ∼ 1.5 are predominantly bulge-dominated (𝑛 > 2.5). In
contrast, Mei et al. (2023) find a weak dependence on morphology and quenched fraction
with galaxy stellar mass, however, they caution that their stellar mass estimates have large
uncertainties due to lack of IR coverage in their clusters. We also point out that significant
trends with stellar mass may be difficult to detect in Mei et al. (2023) as they bin their data
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into only two broad stellar mass bins. While Bassett et al. (2013) do not comment directly
on differences with environment, they do find that 𝑛 > 2.5 galaxies are more likely to be
high-mass and quenched. Ours is the only study to directly show that the morphology-mass
relation is different in the cluster environment than the field at high-𝑧.

We differ from Mei et al. (2023), Strazzullo et al. (2023), and Bassett et al. (2013) in that
we do not comment on the quiescent galaxy fraction as a function of environment.Nantais
et al. (2017) find that the quenched fraction in CDFS44, XMM105, and XMM113 is only
marginally higher than the field at 𝑧 ∼ 1.6 (42 percent of galaxies are quenched in the clusters
versus 32 percent in the field), which is significantly lower than the observed quenched
fractions at lower redshifts. At face value, the quenched fraction in our clusters also appears
to be lower than that found in 𝑧 ∼ 1.6 clusters of similar studies—although we note that
this comparison may be impacted by differences in stellar mass limits, as well as choice of
filters and colour cuts used in 𝑈𝑉𝐽 alternatives (such as Mei et al. 2023 and Strazzullo et al.
2023). Nantais et al. (2017) also suggest that quenched fractions may be influenced by both
total halo mass and halo age. We do not have measurements for the halo mass of our three
clusters from which we could compare with the results of Mei et al. (2023), so we cannot
comment further on this. We refer the reader to Nantais et al. (2017) for further discussion
on the quenched galaxy fraction in our clusters.

We note that one of our biggest strengths over the studies mentioned here is our access
to spectroscopic and photometric galaxy redshifts, which has allowed us both robust de-
termination of cluster and field members, as well as accurate local density measurements
without the need for colour cuts or background subtraction. Additionally, with the wealth
of photometric data on our clusters, we have higher accuracy in our stellar mass estimates,
which has allowed us to detect significant trends in the morphology-mass relation in clus-
ter and field environments. Although we do not cover as wide a range in redshift as Mei
et al. (2023), our three clusters have very similar redshifts, such that we are confident our
morphological measurements are not biased due to differences in rest-frame wavelengths
within our own sample. Despite differences in methodology, we conclude overall that our
main results are consistent with previous work at 𝑧 ∼ 1.6.
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5.3 Physical origins of the morphology-density relation

In this section, we discuss common physical processes thought to drive the morphology-
density relation and assess their likely influence at 𝑧 ∼ 1.6 in light of our results. We
will begin by discussing processes which may drive the fraction of bulge galaxies up and
the fraction of disk galaxies down in cluster environments. We will then explore which
processes may explain the difference in the morphology-mass relation between cluster and
field galaxies.

5.3.1 The transformation of disks and bulges in clusters

Ram pressure stripping is often one of the most popular theories when discussing cluster-
specific environmental processes (Gunn & Gott 1972). Clusters are filled with hot X-ray
gas called the intracluster medium (ICM). As galaxies move through the cluster, the ICM
acts as a “wind” which strips loosely-bound material from the galaxy such as gas and dust.
The strength of ram pressure stripping is proportional to both the square of the galaxy’s
velocity as well as the density of gas in the ICM, which is expected to be lower in young
cluster environments. While ram pressure stripping can cause rapid outside-in quenching,
it does not directly induce a change in morphology (D’Onofrio et al. 2015; Sazonova et al.
2020). It is therefore unlikely that ram pressure stripping is the dominant mechanism behind
morphological transformation in our 𝑧 ∼ 1.6 clusters.

Strangulation is a process that results in slower quenching of star formation in galaxies
entering the cluster environment (Larson et al. 1980; Balogh et al. 2000). As a galaxy falls
into the gravitational potential of the cluster, it loses hold on the reservoir of gas in its halo.
Unlike what may happen during ram pressure stripping, the galaxy continues to hold on to
some gas in its disk and core, and maintains star formation until it slowly uses up its gas.
As this quenching process occurs on a much longer timescale, strangulation could influence
slow morphological changes in star-forming galaxies entering cluster environments for the
first time—although it is difficult to quantify what overall impact strangulation may have on
morphology.

Galaxy harassment describes the effects of repeated, high-speed fly-by interactions of
galaxies (Moore et al. 1996). These types of interactions are more frequent in clusters than
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other environments, since galaxy densities and relative speeds are both high. Harassment
can cause not only tidal stripping of mass from the outskirts of galaxies, but can also have a
direct influence on morphology, resulting in disturbed appearances with higher asymmetry
and increased presence of features such as warps, bars, and tidal tails. While harassment
depends on both galaxy density and stellar mass, Bialas et al. (2015) find that the timescales
required to fully transform galaxies via harassment (> 5 Gyr) are too long to be effective
for galaxies which have only recently been accreted into the cluster. D’Onofrio et al. (2015)
suggest that galaxy harassment may strip the extended stellar envelopes of ellipticals in
cluster cores, resulting in lower observed 𝑛 and 𝑅𝑒 than ellipticals on the outskirts of clusters.

Major mergers are considered to be one of the primary mechanisms responsible for the
formation of elliptical galaxies (Mihos & Hernquist 1994). A merger between two spiral
galaxies of similar mass can disrupt the ordered rotation of stars in their disks, leading to
the random velocities associated with elliptical galaxies. Wet mergers (involving gas-rich
galaxies) can induce intense bursts of new star formation, while dry mergers (involving
gas-poor galaxies) primarily redistribute pre-existing stellar mass from the original galax-
ies into a single post-merger galaxy. Lin et al. (2010) find that dry mergers are preferen-
tially found in high-density environments due to the relative abundance of quenched and
early-type galaxies. Goto et al. (2003) suggest that mergers may be responsible for driving
the fraction of elliptical galaxies in high-density environments at low- and intermediate-𝑧.
However, mergers are in fact expected to be less common in cluster environments due to
high velocity dispersions (Just et al. 2010; Bekki & Couch 2011; Mei et al. 2012). Pfef-
fer et al. (2023) find low relative merger rates in high-density environments in the EAGLE
simulation. Delahaye et al. (2017) also confirm that the merger rates in our 𝑧 ∼ 1.6 clusters
are roughly the same or lower than that of the field, meaning that mergers within the cluster
environment are unlikely to drive the morphology-density relation in our clusters.

In contrast, galaxy group environments host above-average galaxy densities and have
lower velocity dispersions than clusters, both of which encourage mergers. Group pre-
processing has been proposed as a process by which galaxies are first morphologically
transformed in a group environment, which then falls into the cluster at later times (Wetzel
et al. 2013). Sazonova et al. (2020) find that group pre-processing is a possible dominant
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mechanism driving the morphology-density relation at 𝑧 ∼ 1.5. Delahaye et al. (2017) sug-
gest a similar mechanism to explain the morphologies of cluster galaxies with low merger
rates, but alternatively propose that protocluster may be a favourable environment for pre-
processing spirals into ellipticals. Like nearby galaxy groups, high-𝑧 protoclusters are ex-
pected to be more dense than the field, but with lower relative velocities than their future
virialized counterparts. If elliptical galaxies in clusters are the result of early transforma-
tions in the protocluster stage, that may explain why there is little evolution in the elliptical
galaxy fraction with redshift for 𝑧 < 2.

One of the more recently suggested processes for environmental quenching is overcon-
sumption (McGee et al. 2014). Overconsumption proposes that when a galaxy is cut off
from inflows of new gas, such as during infall into a cluster, its quenching timescale will
depend not only on the quantity of gas left within the galaxy (as in strangulation), but also
on its SFR and mass-loading factor. The mass-loading factor describes the rate of addi-
tional gas outflow caused by star formation, and has itself been found to be a function of
mass (McGee et al. 2014). When SFR is high, overconsumption is likely to quench galaxies
faster than most external, dynamical stripping mechanisms. Kawinwanichakij et al. (2017)
also propose that overconsumption can explain why environmental quenching is more ef-
ficient for galaxies with higher stellar mass at 𝑧 > 1. The combination of environmental
factors (required to cut off gas inflows) and mass-dependence may make overconsumption
a favourable process to explain our observed morphology-mass relation at 𝑧 ∼ 1.6.

5.3.2 Morphology and stellar mass

It is well-known that galaxy stellar mass increases with local density (Kauffmann et al. 2004;
Bamford et al. 2009; Huertas-Company et al. 2009; Muzzin et al. 2012; Mortlock et al. 2015;
Pfeffer et al. 2023). Both van der Wel (2008) and D’Onofrio et al. (2015) find that Sérsic
index is strongly linked to stellar mass, while Bluck et al. (2019) find that galaxy stellar
mass is a better predictor of B/T ratio than local environment (although we note that they
measure B/T from stellar mass rather than light distribution). This makes it imperative when
studying the morphology-density relation to ask whether the relation is driven primarily by
environment or by stellar mass.
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In Section 4.3, we indeed find a strong relationship between morphology and galaxy stel-
lar mass in clusters. However, we also find (as in Figures 4.5 and 4.6) that the morphology-
mass relationship is not universal across all environments at 𝑧 ∼ 1.6. We are not the
only study to find that morphology depends on both stellar mass and environment. Tasca
et al. (2009) find that the morphology-density relation holds in cluster galaxies with 𝑀∗ <
1010.6𝑀⊙, but that above this mass, morphology does not depend on local environment.
Meanwhile, Calvi et al. (2012) find that for 𝑀∗ < 1011𝑀⊙, clusters are the only environ-
ment where morphology is mass-dependent, while morphology of non-cluster galaxies is
dependent on both mass and global environment for 𝑀∗ > 1011𝑀⊙. Nantais et al. (2013)
find that both high-mass galaxies in low-density environments and low-mass galaxies in
high-density environments have morphological fractions in-between what is found when
considering only the influence of mass or environment.

As with bulge-like morphologies, many studies have found higher rates of galaxy quench-
ing in high density environments (Poggianti et al. 2008; Bassett et al. 2013; Kawinwanichakij
et al. 2017; Taylor et al. 2023). There is also a strong relationship between Sérsic index and
galaxy quiescence (Bell et al. 2012; Morishita et al. 2014; van der Wel et al. 2014; Kawin-
wanichakij et al. 2017; Matharu et al. 2019), such that a transition from disk-like to bulge-
like morphology may be considered a strong sign of star formation quenching in a galaxy.
We will utilize the much-studied relationship between quenching, mass, and environment
to explore the physical mechanisms which may also drive a relationship with morphology.

Peng et al. (2010b) first suggested that “mass quenching” and “environmental quench-
ing” could be considered distinct and separable processes up to 𝑧 ∼ 1. Muzzin et al. (2012)
found that while mass quenching was indeed independent of environment in 𝑧 ∼ 1 clusters,
environmental quenching was not independent of galaxy mass. Above 𝑧 > 1, it has become
clear that environmental quenching is not separable from mass quenching—that is, envi-
ronmental quenching depends on stellar mass (Kawinwanichakij et al. 2017; van der Burg
et al. 2020).

We have noted that 𝑀∗ ≈ 1010.8𝑀⊙ appears to be a transitional value in the morphology-
mass relationship of field galaxies, such that the fraction of disk-like galaxies decreases
rapidly above this mass (as seen in Figure 4.5). This value is roughly consistent with the
characteristic stellar mass of star-forming galaxies found in many studies of the stellar mass
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function (SMF) (Peng et al. 2010b; van der Burg et al. 2013; McLeod et al. 2021; Taylor
et al. 2023). The SMF represents the relative number density of galaxies as a function
of stellar mass, while the the characteristic stellar mass can be seen as representative of
a turning-point in the SMF, above which the number density of galaxies sharply declines.
Nantais et al. (2016) construct the SMF at 𝑧 ∼ 1.5 with a sample including our three clusters,
and find a characteristic stellar mass of 1010.71𝑀⊙ and 1010.94𝑀⊙ for star-forming galaxies
in the field and cluster respectively. This suggests an intrinsic stellar mass above which
galaxies may be preferentially quenched—theoretically by mass-quenching mechanisms.
The fact that the turning point in our morphology-mass relation is consistent with these
reported values may suggest that the same process responsible for mass-quenching could
also be responsible for structural changes between disk-like and bulge-like morphologies in
the field.

Feedback from an active galactic nucleus (AGN) has been suggested as a primary pro-
cess for quenching high-mass galaxies (Peng et al. 2010b; Bell et al. 2012; Muldrew et al.
2018; Joshi et al. 2020). The mass of a supermassive black hole at the center of galaxies
is strongly linked to the mass of the galaxy’s central bulge component, and is also one of
the properties that determines the maximum power of its AGN (Bower et al. 2006). AGN
feedback can prevent gas from cooling in the galaxy, thus shutting off star formation, and
has also been linked to galaxies losing their disk-like morphologies in simulations (Joshi
et al. 2020).

In the absence of environmental processes, we consider AGN feedback to be a likely
candidate for morphological transformation of high-mass galaxies in the field.

5.4 The evolution of lenticular galaxies

A notable morphological classification missing from our analysis in comparison to other
flagship studies is that of lenticular galaxies. We choose not to focus our efforts on distin-
guishing the lenticular galaxy population for two main reasons. Firstly, lenticular galaxies
are often difficult to distinguish from elliptical galaxies, especially at high redshifts (Bam-
ford et al. 2009; Buitrago et al. 2013; Cerulo et al. 2017). While lenticular galaxies in the
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local universe have typical Sérsic indices lower than average ellipticals and higher than av-
erage spirals (D’Onofrio et al. 2015; Cerulo et al. 2017), they have a wide distribution in
𝑛 such that they commonly overlap with both populations (Gao et al. 2018; Deeley et al.
2020). Secondly, the fraction of lenticular galaxies has been found to decrease with redshift
(Dressler et al. 1997; Fasano et al. 2000; Goto et al. 2003; Postman et al. 2005; Poggianti
et al. 2009; Just et al. 2010; D’Onofrio et al. 2015; Cavanagh et al. 2023). Even if we could
cleanly separate lenticular galaxies, we may not find a significant fraction of them at 𝑧 ∼ 1.6.

However, lenticular galaxies have historically played an important role in the study and
understanding of the morphology-density relation as discussed in Section 5.2, and we would
be remiss not to comment on their significance and physical origins. Postman et al. (2005)
suggest that the difference in morphology-density relation of elliptical and lenticular galax-
ies at 𝑧 ∼ 1 indicates that the physical processes driving their morphologies must act on
different timescales. It is interesting to note that despite Hubble’s initial classification,
lenticular galaxies themselves are not a homogeneous population. Both simulations and
observational studies have suggested two major pathways for the transformation of spirals
into lenticular galaxies, which lead to differences in the observed properties of lenticulars
(Bekki & Couch 2011; Moran et al. 2007; Deeley et al. 2020, 2021; Cavanagh et al. 2023;
Pfeffer et al. 2023). As our key interest is the morphology-density relation, we will use
literature to explore how each pathway depends on environment.

Within the IllustrisTNG cosmological simulation, Joshi et al. (2020) find that mergers
play a significant role in the morphological transformation of disk galaxies in the field, but
not in clusters. The properties of lenticulars in low-density environments have been found
to differ from those in high-density environments, including: larger bulges (Bekki & Couch
2011); higher 𝑛 and smaller 𝑅𝑒 (Deeley et al. 2020); older stellar populations, particularly in
the core (Gao et al. 2018; Deeley et al. 2020, 2021; Cavanagh et al. 2023); as well as higher
pressure support and lower rotational support (Deeley et al. 2020). If lenticular galaxies
form from spirals, minor mergers would be necessary to contribute to the build up of sig-
nificant bulges (Bekki & Couch 2011; Gao et al. 2018) as well as increase 𝑛 (D’Onofrio
et al. 2015). Mergers and tidal interactions could also explain why the rotation of gas in
these galaxies is often misaligned with that of their stars (Deeley et al. 2021). Using simu-
lations, Tapia et al. (2017) show that mergers taking place at 𝑧 = 1.8 − 1.5 are capable of



66

producing lenticular galaxies that agree with the Tully-Fisher relation and observed lentic-
ular properties by 𝑧 = 0. Deeley et al. (2021) and Pfeffer et al. (2023) trace the history of
𝑧 ∼ 0 lenticular galaxies in IllustrisTNG and EAGLE, finding that many lenticular galaxies
in low-density environments undergo mergers prior to their morphological transformation.
While mergers are less common in dense clusters, Gao et al. (2018) suggest that at least
some lenticular galaxies could be pre-processed in galaxy groups.

In comparison, most lenticular galaxies in clusters have thinner disks (Bekki & Couch
2011), lower 𝑛 (Deeley et al. 2020), lower masses (Cavanagh et al. 2023), bluer cores (Dee-
ley et al. 2021; Cavanagh et al. 2023), a mix of star formation (Cavanagh et al. 2023), and
high rotational support (Deeley et al. 2020). Deeley et al. (2020) particularly find that lentic-
ulars in high-density environments have light concentrations and kinematics more similar
to that of spiral galaxies. Cluster infall has been suggested to transform spiral galaxies
by rapidly stripping them of gas (Moran et al. 2007), and cosmological simulations have
shown that this process is indeed linked to a second formation pathway for lenticular galax-
ies (Deeley et al. 2021; Pfeffer et al. 2023). At 𝑧 ∼ 1, Matharu et al. (2021) find evidence
that galaxies entering clusters are rapidly quenched by an outside-in process. Bassett et al.
(2013) find evidence of quenched galaxies with low 𝑛 on the outskirts of a cluster at 𝑧 ∼ 1.6,
reminiscent of rapidly-quenched spirals. Meanwhile at 1 < 𝑧 < 1.4, Chan et al. (2021) ob-
serve an increase of oblate quiescent galaxies with intermediate stellar masses in clusters
compared to the field. Ram pressure stripping could efficiently explain this transforma-
tion of spirals to lenticulars in clusters, including very little change in overall structure and
outside-in quenching resulting in bluer cores than disks. The strength of ram pressure strip-
ping should increase as clusters build up ICM, which may explain why lenticular galaxies
in clusters are more prevalent at lower redshifts—and why lenticular galaxies follow the
morphology-density relation.



Chapter 6

Conclusions

We study the morphology-density relation, morphology-mass relation, and 𝑈𝑉𝐽 colours of
galaxies at 𝑧 ∼ 1.6 in three SpARCS clusters (CDFS44, XMM105, and XMM113) and two
3D-HST/CANDELS fields (COSMOS and GOODS-S). We fit the F160W light profiles of
galaxies to single-component Sérsic profiles and use the Sérsic index, 𝑛, as a quantitative
measurement of morphology. We define disk-like galaxies as those with 𝑛 < 1.5, interme-
diate galaxies as 1.5 < 𝑛 < 2.5, and bulge-like galaxies as 𝑛 > 2.5. We calculate projected
local densities using 5th-Nearest Neighbours with Δ𝑣 = 3000 km/s, using a mix of spec-
troscopic, grism, and photometric redshifts.

Through direct comparison of cluster and field environments, we find the following at
𝑧 ∼ 1.6:

1. Single-component Sérsic fits are a quantitative measurement that can effectively re-
veal trends in galaxy structure similar to those found in studies using visual Hubble
morphologies.

2. A relationship between morphology and local galaxy density exists within clusters,
such that the fraction of disk-like galaxies decreases and the fraction of bulge-like
galaxies increases with increasing density.

3. We find no conclusive evidence of a morphology-density relation across the majority
of galaxies in the field environment. Field galaxies residing in moderate local den-
sities (Σ5 ≈ 30 gal/Mpc2) have a similar morphological distribution as low-density
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cluster galaxies.

4. Galaxy morphologies in clusters show a strong relationship with galaxy stellar mass.
The fraction of disk-like cluster galaxies decreases smoothly with increasing stellar
mass, while the fraction of bulge-like cluster galaxies increases proportionally. En-
vironmental processes driving morphological changes are mass-dependent.

5. The morphology of field galaxies with log(𝑀∗/𝑀⊙) < 10.8 is only weakly corre-
lated with stellar mass, such that the fraction of disk-like galaxies decreases from
approximately 60 to 50 percent and the fraction of bulge-like galaxies increases from
approximately 20 to 35 percent. Above log(𝑀∗/𝑀⊙) > 10.8, the fraction of disk-like
galaxies in the field declines sharply with stellar mass. This may be driven primarily
by AGN feedback.

6. Clusters have a higher proportion of red and dusty galaxies than the field in all mor-
phological groups. This is likely a combination of environmental processes and stellar
mass differences.

7. Intermediate galaxy morphologies (1.5 < 𝑛 < 2.5) show the weakest dependence
of all morphological types on both local galaxy density and stellar mass, remaining
around 15 to 25 percent for both.



Appendix A

Cluster uniqueness

For those curious, we include here a set of additional scatter plots showing the distribution
of individual galaxies from each cluster and field in Sérsic index, local density, and stellar
mass. Figure A.1 shows the distribution of 𝑛 vs. local galaxy density, while Figure A.2
shows the distribution of 𝑛 vs. galaxy stellar mass. These plots are used to explore whether
any individual cluster or field has a unique distribution of galaxies which may bias our
overall results from Chapters 4.2 and 4.3.
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Figure A.1: The distribution of Sérsic index, 𝑛, vs local density, Σ5, for each galaxy in the cluster and field
samples. On the left, purple diamonds are cluster galaxies from CDFS44, green circles are from XMM105,
and yellow stars are from XMM113. On the right, purple triangles are field galaxies from COSMOS, while
green X’s are from GOODS-S.
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Figure A.2: The distribution of Sérsic index, 𝑛, vs stellar mass, log(𝑀∗/𝑀⊙), for each galaxy in the cluster
and field samples. Markers are the same as Figure A.1.

We note from Figure A.1 that the majority of the highest-density cluster galaxies are
located in XMM113, while the majority of highest-density field galaxies are located within
the GOODS-S field. We also note how the number of field galaxies drops noticeably above
Σ5 ≳ 40 gal/Mpc2.



Appendix B

Piecewise-linear fits to the
morphology-mass relation

In Figure B.1, we include a simple example of a piecewise-linear fit to the morphology-
stellar mass relation. We have used linear regression to fit two sets of lines to both cluster and
field samples: the lines in the upper panels are fit only to the data with log(𝑀∗/𝑀⊙) ≤ 10.8,
while the lines in the lower panels are fit to the data with log(𝑀∗/𝑀⊙) > 10.8.

We present the parameters for each of these linear fits in Table B.1. It is more clear with
this piecewise method that both cluster and field trends undergo a change in slope about
log(𝑀∗/𝑀⊙) ≈ 10.8, although the change is more drastic in the field environment than
in clusters. In both environments, the fraction of disk-like galaxies declines more steeply
above log(𝑀∗/𝑀⊙) > 10.8.
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Figure B.1: Lines of best fit to each morphology-stellar mass trend for the cluster (solid red) and field samples
(dashed cyan). In the upper panels, linear regression is used only on the points with log(𝑀∗/𝑀⊙) ≤ 10.8. In
the bottom panels, linear regression is used only on the points with log(𝑀∗/𝑀⊙) > 10.8.

Cluster Field
Fraction Slope Intercept Slope Intercept

log(𝑀∗/𝑀⊙) ≤ 10.8
Bulge 0.47 ± 0.03 −4.5 ± 0.3 0.10 ± 0.01 −0.8 ± 0.1
Intermediate −0.05 ± 0.02 0.7 ± 0.2 −0.05 ± 0.01 0.7 ± 0.1
Disk −0.45 ± 0.03 5.1 ± 0.3 −0.07 ± 0.02 1.2 ± 0.2

log(𝑀∗/𝑀⊙) > 10.8
Bulge 1.0 ± 0.4 −10 ± 4 0.6 ± 0.6 −6 ± 6
Intermediate 0.68 ± 0.07 −7.2 ± 0.8 0.6 ± 0.1 −6 ± 2
Disk −1.4 ± 0.5 15 ± 6 −1.2 ± 0.6 14 ± 6

Table B.1: Linear regression parameters of the piecewise-linear fits from Figure B.1. Morphological fractions
are given as a function of log(𝑀∗/𝑀⊙).
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