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"By faith we understand that the entire Universe was
formed at God’s command, that what we now see did not

come from anything that can be seen." - Hebrews 11:3



Abstract

The galaxy luminosity function (LF) describes the number of galaxies per unit volume as a
function of their luminosity. Accurate measurements of the LF can tell us how environmental
processes influence the properties of current galaxy populations, helping us obtain clues as
to which processes are important in shaping galaxy formation and evolution. Deriving LFs
in clusters is generally a simple task since they provide a rich collection of galaxies at the
same distance, and the density with respect to the surrounding environment is high enough
to identify members both photometrically and spectroscopically.

We examine the galaxy population of 3008 Sunyaev-Zel’dovich (SZ)-selected galaxy clus-
ters, drawn from the Atacama Cosmology Telescope Data Release 5 (ACT DR5) sample,
by measuring their composite r-band LFs from 0.20 < z < 0.80 using optical data from
the ninth data release of the Dark Energy Camera Legacy Survey (DECaLS DR9). This
type of study has never been performed on this specific cluster sample over this chunk of
cosmic time. Taking advantage of accurate photometry from DECaLS, we used photomet-
ric redshifts to construct redshift-binned and mass-binned composite LFs over the apparent
magnitude range of 17.0 < m, < 22.5. Cluster membership was determined probabilisti-
cally using galaxy photometric redshift probability distributions. An LF of each cluster was
weighted according to the richness and number of contributing galaxies to construct the
composite LF. A single Schechter function was fitted to 12 redshift-binned composite LF's
and 12 low-mass and high-mass subset LFs. A y? minimization technique was then used to
estimate the best-fit parameters, m* and «, from the Schechter model.

For our total redshift-binned LFs, we obtained a characteristic magnitude of m* = 18.51
+ 0.02, and faint-end slope of & = -1.18 £ 0.01 at (z) = 0.225. At (z) = 0.775, we obtained:
m* = 20.62 £ 0.23 and o = -2.19 £+ 0.10. We find a strong and significant (= 10.10)
evolution of v with redshift for the total composite LF's.

Low-mass and high-mass subsets were defined by selecting the top and bottom 25 %



of clusters by mass in each redshift bin. For the low-mass subsets, we obtained Schechter
best-fit parameters of (m*, a) = (18.52 £ 0.05, -1.18 4+ 0.01) at (z) = 0.225, and (m*, «)
= (20.14 £ 1.82,-2.36 £ 0.83) at (z) = 0.775. For the high-mass subset, we found best-fit
parameters of (m*, o) = (18.48 £ 0.03, -1.15 £ 0.01) at (z) = 0.225, and (m*, o) = (21.14
+ 0.55, -2.05 £ 0.30) at (2) = 0.775. The key result from the mass subsets is that they are
consistent (< lo) with the total redshift-binned LFs, implying no dependence in a or m*
with cluster mass.

Our composite LFs reveal a trend of M* becoming brighter and a becoming steeper
with redshift, with a being poorly constrained in our high redshift bins. Our faint-end
slopes appear to be considerably steeper than the slopes measured in previous literature.
We attribute the steepness in our faint-end slopes to be a result of measuring our LF's in
the r-band, and that this samples bluer rest-frame wavelengths than for our lower redshift
samples. We notice an excess of bright galaxies above the Schechter function fit in many of
our LF's, especially in the mid-redshift bins of our sample. We conclude that our cluster LF's
are in disagreement with previous field studies we made comparisons to, which measured a
steeper « than us at a lower redshift than what our sample covers. This is consistent with
previous studies that suggested that the cluster LF is different from the field LF, especially

in redder passbands.
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Chapter 1

Introduction

In this thesis, we examine the galaxy population of Sunyaev-Zel‘dovich selected clusters by
measuring their optical luminosity functions. By measuring the shape of the galaxy luminos-
ity function in a number of environments, one is able to obtain clues as to which processes
are essential in shaping galaxy evolution. In this chapter, we provide an introduction to
cosmology, galaxies and their properties, galaxy clusters, and cluster detection methods. We

also describe the Sunyaev-Zel'dovich effect and introduce the galaxy luminosity function.

1.1 Introduction to Cosmology

Cosmology is a discipline focused on the history of the Universe in both its structure and
evolution. A fundamental basis for cosmology is the cosmological principle. The cosmological
principle assumes that the Universe is homogeneous and isotropic. Studies of the clustering
of galaxies and temperature changes in the cosmic microwave background have confirmed
these assumptions (e.g., Bennett et al., 2013; Planck Collaboration et al., 2014b; Alam et al.,
2016). In addition, it is assumed that the same laws of physics hold everywhere within the

Universe.
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1.1.1 Expansion of the Universe

In the early twentieth century, the first set of descriptive equations about the Universe was
derived from Einstein’s theory of general relativity, which redefined the understanding of
gravity. The most interesting implication of this new formulation was that space-time was
not in equilibrium, but rather expanding or contracting. He introduced a constant, termed
the cosmological constant (A), into his equations to counteract the expansion or contraction.
A more substantial model was introduced by Alexander Friedmann (Friedmann, 1924), who
solved Einstein’s equations without assuming the Universe was static and produced a set of
equations in which the Universe expanded from a single point. In this model, the expansion
of the Universe is dictated by some curvature parameter (k). Friedmann (1924) defined three
scenarios in the Universe: (i) if & = 0, then the density of matter (€2) in the Universe is
equal to the critical value at which the Universe will expand forever at a decreasing rate; (ii)
if & > 0 (referred to as a “closed” Universe) then it would cease expansion and cause the
Universe to collapse backwards to a “big crunch”; and (iii) if £ < 0 (referred to as an “open”
Universe) then there would not be a sufficient gravitational attraction to stop expansion and
the Universe expands forever.

In 1926, Edwin Hubble (Hubble, 1926) confirmed that there existed other galaxies like
our own and that the observable Universe was larger than previously expected. More im-
portantly, the radiation from the faraway galaxies was systematically redshifted, which,
interpreted as a Doppler effect, suggested that they were moving away from us at great
speed. Georges Lemaitre solved this puzzle in 1927 (Lemaitre, 1927), by calculating the
exact solutions of Einstein’s equations by assuming a positively curved space, time-varying
matter density and pressure, and a non-zero cosmological constant. He obtained a model
with perpetual accelerated expansion. The great novelty was that Lemaitre provided the
first interpretation of cosmological redshifts in terms of space expansion, instead of a real
motion of galaxies: space was constantly expanding and consequently increased the apparent
separations between galaxies. This idea proved to be one of the most significant discoveries

of the century.
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Friedmann’s model was later accompanied by Edwin Hubble’s discovery that the Universe
was in fact expanding (Hubble, 1929). By measuring the distances to nearby galaxies using
standard candles, such as Cepheid variable stars, and comparing these distances to the
galaxies’ redshifts, Hubble (1929) showed that the further away a galaxy was the faster its
rate of recession. Hubble’s Law was inevitably derived from this relation, in which the speed
of recession and distance are directly proportional and are related by Hubble’s constant (Hy)
in the equation v = Hyd. This linear relationship (shown in figure 1.1.1) is a consequence of
observing a Universe that is constantly expanding. Modern measurements have placed H,
to be in the range of 65 - 75 kms™'Mpc™! (e.g., Freedman et al., 2001; Hinshaw et al., 2013;
Planck Collaboration et al., 2016b; Abbott et al., 2017; Planck Collaboration et al., 2020).

In the local Universe, one of the most reliable measurements of Hy comes from Type Ia
supernovae (e.g., Freedman et al., 2009; Riess et al., 2016; Dhawan et al., 2018), which rely on
primary distance indicators for their zero-point calibration (e.g., Cepheids and geometrical
distances). Type la supernovae (SNe Ia) are supernovae that occur in binary star systems
in which one of the stars is a white dwarf. The other star can be anything from a giant star
to an even smaller white dwarf. SNe Ia are useful observation probes into the early Universe
and its structure since their luminosities are similar. These sources have characteristic light
curves which can be standardised and can thus be used to measure cosmological distances.
Large numbers of SNe Ia have been discovered with the Supernova Legacy Survey (SNLS;
Astier et al., 2006), providing constraints on the matter density of the Universe, €2,,, and
the dark energy equation of state, wy, assuming a flat universe. Observations of SNe Ia
provided the first significant evidence that the Universe is expanding at an accelerated rate,
providing the first evidence for dark energy (Riess et al., 1998; Perlmutter et al., 1999).

The early discovery of the expansion of the Universe was swiftly succeeded by attempts
to theorize how the Universe came to be. These attempts all led to one prevailing model

called the Big Bang Theory.
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Figure 1.1.1: A plot representing the linear relationship between the velocity and distance to
galaxies from Hubble (1929). Radial velocities, corrected for solar motion are plotted against

distances estimated from evolved stars and average luminosities of nebulae in a cluster.

1.1.2 The Big Bang Theory

The Big Bang Theory (BBT) is a cosmological description of the development of the Uni-
verse, stating that the entirety of the elements in the Universe originated from a hot, dense
plasma, beginning in an epoch of radiation dominance. Although successful, there were
initial concerns with the theory. One of these was that there has not been enough time allo-
cation in a standard Big Bang model for radiation to travel from one region of the Universe
to the other. This is a problem since the Universe appears to have the same temperature
in opposing directions. Another concern was that the model gives no explanation for the
observed flatness of the Universe. These concerns were eventually reconciled when the idea

of ‘inflation” was proposed by Alan Guth in 1981 (Guth, 1981). This theory allows for a small
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enough region for radiation to travel across before an exponential expansion in the volume
of space. Inflation predicts that space has zero curvature (i.e., flat) and the required mass-
energy for this to be true is larger than the mass-energy apparently available in baryonic
matter.

A spatially-flat Universe is mainly composed of dark energy (=~ 68%) and dark matter
(~ 27%), with a small amount of baryonic matter, which is matter composed of baryons,
(=~ 5%) . Unlike normal matter, dark matter is a hypothesised form that does not interact
with the electromagnetic field. This means it neither absorbs nor emits electromagnetic
radiation, making it difficult to detect. The noticeable presence of dark matter was first
predicted by Fritz Zwicky in 1933 (Zwicky, 1933), who linked the line-of-sight radial velocities
of galaxies within a galaxy cluster to the mass of the cluster. By making observations of
galaxies within the Coma cluster, Zwicky (1933) discovered large line-of-sight radial velocities
which could not be explained by visible matter, but rather by a non-detectable form of matter
- i.e., dark matter. A number of subsequent studies on galaxies and galaxy clusters have
confirmed this existence through observations of galaxy rotation curves (e.g., Rubin et al.,
1980; Begeman, 1987; Salucci et al., 2007; Kauffmann et al., 2015; Brook & Shankar, 2015),
gravitational lensing (e.g., Bartelmann & Schneider, 2001; Coe et al., 2010; Kilbinger et al.,
2013; Caminha et al., 2022), stellar dynamics (e.g., Bridges et al., 2006; Thomas et al., 2011
Sweet et al., 2015; van Houdt et al., 2021), and distributions of intracluster gas (e.g., Sarazin,
1986; Brighenti & Mathews, 2002; Babyk et al., 2012).

The currently most accepted model for the Universe is a flat ACDM (cold dark matter)
Big Bang model (Planck Collaboration et al., 2014a) where the expansion of the Universe
is accelerating due to the cosmological constant A and the age of the Universe is ~ 13.8
billion years. Cold dark matter (CDM) is a hypothetical type of dark matter that moves
slowly compared to the speed of light. In the CDM theory (Peebles, 1982), structure grows
hierarchically, with small objects collapsing under their self-gravity first and merging in a

continuous hierarchy to form larger and more massive objects. This model accounts for

lhttps://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy
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the accelerated expansion of the Universe, the large-scale matter distribution within the
Universe, the amount of hydrogen distributed throughout the cosmos, and the existence and

structure of the cosmic microwave background radiation.

1.1.3 The Cosmic Microwave Background

In the beginning, approximately 13.8 billion years ago, when the Universe was very young,
it was extremely dense and hot, with temperatures greater than 10*?K, and filled with
hydrogen plasma and radiation (Anderson, 2015). As it expanded, this plasma and radiation
cooled. After approximately 380000 years it had cooled sufficiently for neutral hydrogen
atoms to form, giving rise to the recombination epoch (Sunyaev & Zeldovich, 1970; Farhang
et al., 2012). Unlike the plasma, these new atoms could not scatter the thermal radiation,
making the Universe transparent and resulting in photons freely moving through space. Ever
since, these energetic photons have been propagating through space, being stretched by the
expansion of the Universe. This has led to an increase in their wavelength, as they grow
less energetic. This radiation has since been redshifted down to a spectrum with T ~ 2.725
K (Fixsen, 2009). This is the origin of the cosmic microwave background (CMB) radiation
(Gawiser & Silk, 2000).

The existence of the CMB was first postulated in the late 1940s by George Gamow
(Gamow, 1948), Ralph Alpher and Robert Herman (Alpher & Herman, 1948), who were
investigating the nucleosynthesis of light elements in the early Universe. They discovered that
extremely hot temperatures were needed to synthesise these elements and leftover radiation
from the Big Bang would permeate and be detectable even today. It wasn’t until 1965 when
the first CMB detection was made by Arno Penzias and Robert Wilson who, through the
construction of the Dicke radiometer (Dicke, 1946), detected an excess antenna temperature
which they could not account for (Penzias & Wilson, 1965). Dicke et al. (1965) confirmed
that this excess temperature was in fact due to the CMB.

Since it was first detected, CMB detections by telescopes and ground-based instruments

have indicated temperature fluctuations (as shown in figure 1.1.2) in this background radi-
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Figure 1.1.2: The anisotropies of the CMB, as observed by ESA’s Planck mission. The

CMB is a snapshot of the oldest light in our cosmos and displays tiny temperature fluctu-
ations that correspond to regions of slightly different densities, representing the seeds of all
the stars and galaxies today. This image is based on data from the final release of the
Planck Legacy mission, published in July 2018. Source: https://sci.esa.int/web/planck/-/

60500-plancks-view-of-the-cosmic-microwave-background

ation (e.g., Wilkinson Microwave Anisotropy Probe (WMAP), Bennett et al., 2003; Planck
satellite, Bouchet, 2009; South Pole Telescope, Ruhl et al., 2004; Atacama Cosmology Tele-
scope, Kosowsky, 2006). An interesting discovery made from CMB measurements is that
it has a near-perfect blackbody spectrum (Mather et al., 1990). This feature cemented the
consensus that the CMB was a remnant of the Big Bang (Peebles et al., 1991). Studies of
these fluctuations can help constrain basic parameters describing the Big Bang model, as
well as provide us with information about the origin of galaxies, clusters of galaxies, and
large-scale structures of galaxies (Bennett et al., 2003). We discuss the structure of galaxies,

including their properties and evolution, in the next section.
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1.2 Galaxies

The large-scale structure of the Universe consists of voids and filaments, that can be broken
down into superclusters, clusters, galaxy groups, and subsequently into galaxies. Galaxies
are gravitationally bound systems consisting of dark matter, stars, stellar remnants, and
the interstellar medium (ISM). The ISM usually consists of gas, dust, and other matter
and radiation that exists between star systems in a galaxy. Galaxies can range from hosting
fewer than 100 million stars (dwarf galaxies) to around 100 trillion stars. The largest galaxies
are the brightest cluster galaxies (BCGs) found in galaxy clusters. BCGs include the most
massive galaxies in the Universe and are generally elliptical galaxies which lie close to the
geometric and kinematical centre of their host galaxy cluster. Some BCGs can be classified
as central dominant (cD) type galaxies (Tonry, 1987; Katayama et al., 2003; Seigar et al.,
2007), which are known to be supergiant ellipticals or central dominant galaxies characterized
by a large halo of stars.

It is estimated that there are ~ 2 x 10'? (two trillion) or more galaxies in the observable
Universe, with most being far less massive than the Milky Way (Conselice et al., 2016).
Properties of galaxies such as their size, mass, morphology, and colour contribute to their

evolution. We examine the morphological and colour properties of galaxies, in turn, below.

1.2.1 Morphology

Galaxy morphological classification is a historically used system by astronomers to divide
galaxies into groups based on their visual appearance or shape. There are multiple schemes
available which can be used to classify galaxies, with the most popular being the Hubble
sequence or tuning fork (Hubble, 1926; Hubble, 1927; Hubble, 1936) which splits galaxies
into two distinct categories: elliptical and spiral (or disk) galaxies (shown in figure 1.2.1).
Lenticular galaxies (Sandage, 1961) are an intermediate type of galaxy that lies between
the two categories. Historically, the left end (ellipticals) of Hubble’s sequence is dubbed as
‘early-type’ galaxies and the right (spirals) as ‘late-type’ galaxies, although this has nothing

to do with galaxy evolution as it is understood today.
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Edwin Hubble's
Classification
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Ellipticals

EO E3 E5 E7

Figure 1.2.1: Tuning-fork style diagram of the Hubble sequence for galaxies. The left end depicts
the different types of elliptical galaxies (E), while the right shows normal and barred spiral (S)
galaxies. The region on the scale between elliptical and spiral galaxies is reserved for lenticular

galaxies (S0). Source: https://esahubble.org/images/heic99020/

Hubble’s classification is still one of the predominant classification models and has since
been built upon (e.g., De Vaucouleurs, 1959a; Sandage, 1961; Buta & Combes, 1996). Addi-
tional classification schemes have also been established based on either spectral properties or
kinematics (Johnson & Morgan, 1953; Emsellem et al., 2007; Emsellem et al., 2011; Schulze
et al., 2018; Krajnovi¢ et al., 2020). One popular addition to the tuning fork was the de Vau-
couleurs system, which distinguishes between spiral and irregular galaxies, and adds variety

to the spiral structure by considering rings (De Vaucouleurs, 1959a).
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As figure 1.2.1 depicts, spiral galaxies are subdivided into distinct types. Independent
of their type, they all host spiral arms, which are characterised by an abundance of star
formation, and lie within a galactic disc. Hence, spiral arms are associated with young and
bright stellar populations, making their structures well-defined. Furthermore, ~ 25 —50% of
local spiral galaxies provide proof of a galactic bar, with some galaxies hosting numerous bar
structures (Aguerri et al., 2009; Masters et al., 2011; Cheung et al., 2013; Lee et al., 2019).
Unlike the spiral arms, the inner regions (often referred to as the bulge) of spiral galaxies
are associated with an excess of light as compared to the exponential disk profile and are
characterised by an old stellar population.

On the other hand, elliptical galaxies are smooth, well-defined systems with a continu-
ously declining brightness distribution. Most elliptical galaxies are characterised by older,
low-mass stellar populations. Hence, they provide evidence for minimal star formation ac-
tivity. De Vaucouleurs (1958) introduced the quantitative decomposition of the luminosity
distribution which allowed for the surface brightness profiles of spiral galaxies to be resolved
into a spheroidal (or bulge) component associated with elliptical galaxies (De Vaucouleurs,
1948; De Vaucouleurs, 1953) and exponential disk characteristics of spiral galaxies (Patter-
son, 1940; De Vaucouleurs, 1959b).

To date, millions of stars in galactic regions (e.g., halo, disk, bulge, bar) of the Milky
Way have been spectroscopically surveyed (e.g., Yan et al., 2022), producing an increasingly
detailed picture of general galactic characteristics and specific assembly histories (Eisenstein
et al., 2011). The different types of stars found in galaxy stellar populations also have an
effect on the various colours we observe in galaxies. In the next section, we discuss the colour

properties of galaxies.

1.2.2 Colour

The more massive a star is, the shorter its lifetime and the higher its temperature is, i.e., the
bluer it appears (Schaller et al., 1992; Da Costa et al., 2010; Gvaramadze et al., 2017). Since

high-mass stars are short-lived, the blue colour found within galactic regions is associated
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with ongoing star formation. Therefore, a young stellar population has an average colour
that is blue since most of the light is coming from the hot stars. Spiral galaxies, which are
characterised by high star formation activity in their spiral arms and disks, are typically
associated with the colour blue (Kennicutt, 1989; Martin & Kennicutt, 2001) and younger
stellar populations. On the other hand, low-mass stars are cooler in temperature, and as
a result, appear red in colour. An old stellar population is red since most of the hot, blue
stars have died off and turned into red giant stars, leaving behind the bright cool stars that
supply most of the light. Elliptical galaxies, which are associated with low star formation,
are known hosts of older stellar populations, and thus typically appear red (Martig et al.,
2009).

A big step in broadening our understanding of the differences between galaxies was pro-
vided by the colour separation observed between spiral and elliptical galaxies (Baum, 1959).
Additional observations and analysis have resulted in the colour-magnitude diagram (Chester
& Roberts, 1964; Chiosi, 1967; Visvanathan & Sandage, 1977; Tully et al., 1982). The
colour-magnitude or colour-mass diagram shows the relationship between optical colour and
absolute magnitude, or absolute magnitude and galaxy mass. As shown in figure 1.2.2, this
diagram is divided into three distinct regions: (top) the ‘red sequence’; (middle) the ‘green
valley’; and (bottom) the ‘blue cloud’. The ‘red sequence’ (or RS) contains mostly elliptical
(red) galaxies. The existence of the red sequence has been known for over 50 years (Baum,
1959), and the form of the rest of the distribution has become clear over the decades (e.g.,
Visvanathan, 1981), with a large increase in our knowledge coming from large galaxy cata-
logues with accurate photometry produced by the Sloan Digital Sky Survey (SDSS; Strateva
et al., 2001; Bell et al., 2003). The ‘blue cloud’ includes mostly spiral (blue) galaxies, as
expected. The region between these two distributions lies an underpopulated area known as
the ‘green valley’, indicating that the transition from star-forming to quiescent happens on
shorter timescales compared to the periods of star formation and quiescence (Brammer et al.,
2009; Loh et al., 2010). However, more recent observations indicate that the distribution

of galaxy colour is more continuous and varied, calling the existence of a singular pathway
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Figure 1.2.2: A u - r colour-stellar mass diagram from Schawinski et al. (2014) based on SDSS
(Abazajian et al., 2009), the Galaxy Evolution Explorer (GALEX) (Martin et al., 2005), and Galaxy
Zoo (Lintott et al., 2008; Lintott et al., 2011) data. The upper region shows the region referred
to as the red sequence, while the lower region is referred to as the blue cloud, each displaying the
associated apparent colour. The transition region between the two solid green lines is referred to

as the green valley.

through the green valley into question (Schawinski et al., 2014; Smethurst et al., 2015; Eales
et al., 2018). These colour distributions depend on the way galaxies evolve over time and
the processes that have generated the variety of structures observed in galaxies. We discuss

the origin and evolution of galaxies in the next section.
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1.2.3 Galaxy formation and evolution

Galaxies are thought to begin as small clouds of stars and dust swirling through space. As
other clouds of stars and gas get close, gravity sends these objects careening into one another
and knits them into larger spinning packs (Pillepich et al., 2017). Subsequent collisions
can cling material toward a galaxy’s outskirts, creating extensive spiral arms filled with
colonies of stars. At the end of the dark ages, as the Universe was slowly re-ionised, the
first galaxies were formed. As primordial over-densities grow via gravitational attraction,
baryons condense within dark matter halos. Gas is accreted from (what later is known as)
the intergalactic medium (IGM) forming the interstellar medium (ISM) and the enveloping
circum-galactic medium (CGM) (Dayal & Ferrara, 2018).

Galaxy formation is dependent on non-linear density fluctuations and initial conditions,
such as redshift, density and composition (Peebles, 1993; Mo et al., 2010; Silk et al., 2014).
Although all galaxies form via gravitational instabilities (Dayal & Ferrara, 2018) within a
broader dark matter halo, the individual processes quickly diverge thereafter (Mo et al.,
2010). In the current paradigm, the initial formation of star-forming disks (at low and
intermediate masses) is suggested to occur through cold-mode accretion, which means that
most gas is accreted at temperatures lower than the halo virial temperature (T < 10* K)
(Katz & Gunn, 1991; Birnboim & Dekel, 2003; Keres et al., 2005; Benson & Bower, 2011;
Woods et al., 2014; Dayal & Ferrara, 2018). High-mass systems, on the other hand, are
dominated by the previously assumed standard paradigm of hot-mode accretion (Keres et al.,
2005; Ocvirk et al., 2008), during which a large amount of gas falling into the dark matter halo
is shock heated to the halo virial temperature (Dayal & Ferrara, 2018). Depending on the
specific temperature, gas settles into disks of varying scale height (Yoachim & Dalcanton,
2006). The colder the gas, the denser it may become, resulting in thinner disks where a
majority of star formation occurs (Mo et al., 1998). After stars are formed in the thin
disk, they experience gradual dynamic heating leading to older stellar populations being
associated with larger galactic scale heights (Binney & Tremaine, 2011). After the formation

of a gaseous disk and the associated influx in star formation, galaxy formation depends on
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environmental conditions, such as the mass, composition, and manner in which matter is
accreted.

Typically, star formation occurs in the densest regions in giant molecular clouds. Feed-
back processes (thermal or kinetic) have an impact on these regions and, thus, influence
galactic star formation. Two such feedback mechanisms are defined: (i) positive feedback
(boosts star formation), and (ii) negative feedback (quenches star formation). Sources of
positive feedback include turbulence (Elmegreen & Scalo, 2004; Ostriker & Shetty, 2011;
Pan et al., 2016) and chemical enrichment by stars (Nomoto et al., 2013; Hansen et al.,
2020). Negative feedback mechanisms include stellar radiation (Ceverino & Klypin, 2009;
Hopkins et al., 2014; Emerick et al., 2018), supernovae (Vecchia & Schaye, 2012; Sarmento
& Scannapieco, 2022), and active galactic nuclei (AGN) (Fabian, 2012; Cicone et al., 2014;
Cielo et al., 2018). Feedback mechanisms generally have varying effects depending on galac-
tic properties, such as stellar masses. At low stellar masses, supernovae-driven winds can
accelerate (diffuse) gas to high velocities and expel vast amounts from the galaxy (Matzner,
2002; Ostriker et al., 2010; Ostriker & Shetty, 2011; Puchwein & Springel, 2013). While
expelling large amounts of diffuse gas has no immediate effect on star formation, it does
impact the reservoir of gas available for future star formation. As galaxy mass increases,
AGN feedback, i.e. the intense non-stellar emission associated with the accretion onto su-
permassive black holes, becomes increasingly important (Kormendy et al., 2009). In massive
galaxies the AGN can deposit vast amounts of energy into the ISM, thereby suppressing star
formation (Best et al., 2007; Somerville et al., 2008; Puchwein & Springel, 2013); Smith et al.,
2020). AGN feedback also plays an important role in shaping the galaxy luminosity function
- the number density of galaxies of different luminosity (Bower et al., 2006). Although the
detailed processes driving the intense nuclear activity are not fully understood (Steinborn
et al., 2018), it is well established that galaxy mergers can trigger AGN feedback.

Galaxy mergers are violent, inelastic collisions of two or more galaxies (as shown in figure
1.2.3), and are extended events in a galaxy’s evolution (Boylan-Kolchin et al., 2008). It is

currently well-established that mergers can impact the star formation rate (SFR) of galaxies
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Figure 1.2.3: Snapshots of galaxies at six different stages of the merging process, cour-
tesy of the Hubble Space Telescope (HST). One merger could take millions of years
to complete, so the individual stages are illustrated with different images from 59
new images of colliding galaxies from HST. Source: https://sci.esa.int/web/hubble/-/

42637-merger-stages—-of-interacting-galaxies

in different ways. Mergers have been found to increase (Rodriguez Montero et al., 2019;
Baron et al., 2020; Silva et al., 2021), not impact (Pearson et al., 2019), and decrease (Wu
et al., 2020; Ellison et al., 2022) the SFR on different timescales, depending on the properties
of the specific merger. Potentially merger-triggered mechanisms which impact the SFR
include facilitating the central galactic black hole growth (Schawinski et al., 2014; McAlpine
et al., 2017), thus leading to possibly strong AGN feedback (Hopkins et al., 2013; Park et al.,
2018; Chadayammuri et al., 2021). Mergers are typically associated with intermediate and

lower-density environments. They are rare in higher-density environments because galaxies
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in galaxy clusters have a high-velocity dispersion (Menci & Fusco-Femiano, 1996; Gnedin,
2003) and interacting galaxies require sufficiently slow relative velocities to merge (Binney
& Tremaine, 1987).

Once galaxies are formed, they usually attract each other by gravity and merge to form
larger galaxies. The galaxies can then, by gravity, group together to form filaments and
clusters. As we will discuss in the next section, galaxy clusters play a pivotal role in shaping

galaxy evolution and structure.

1.3 Galaxy clusters

Galaxy clusters are the most massive gravitationally bound systems in the Universe and are
normally composed of hundreds of galaxies, dark matter, and a hot gaseous plasma known
as the intracluster medium (ICM). They, therefore, represent a fair sample of the Universe
as it evolves over cosmic time. We show one of the nearest rich cluster of galaxies, which is
the Coma cluster, in figure 1.3.1.

Galaxy cluster formation involves multiple mechanisms on different scales. This forma-
tion process is non-linear since the primordial linear density grows sufficiently under the
action of gravity to become non-linear at cluster scales. In other words, clusters grow non-
linearly with time. Cluster formation models (Kaiser, 1986; Huss et al., 1999; Kravtsov &
Borgani, 2012) indicate that the general process can be traced to tiny density fluctuations
in the early Universe, which are amplified due to dark matter and gravity.

Another important feature of clusters is their large masses, ~ 10'* — 10" M, (Mohr et al.,
1999), which ensure that gas and stellar mass observed within them remain gravitationally
bound. The majority of cluster mass (=~ 88%) consists of dark matter within the radius that
encloses an average density of 200 times the critical density at the cluster redshift - Rogg.
The remainder of the mass contributions come from the ICM (x~ 10%), and, lastly, from
the hundreds of galaxy members within the cluster (making up ~ 2%) (Biviano & Salucci,
2006). Studies such as Vikhlinin et al. (2009) showed that galaxy clusters are assembled late,

doubling their masses on average since z &~ 0.5. Similarly, they accrete half their present-day
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member galaxies at z < 0.5 (Berrier et al., 2008).

Figure 1.3.1: A wide-field image of the region around the Coma galaxy cluster (Abell 1656)
constructed from the images in the Digitized Sky Survey. NGC 4921 is the small circular galaxy
below and a little to the right of the centre of the image. The field-of-view is approximately 2.7 x
2.85 degrees. North is 0.4° left of vertical and East is on the left.

Source: https://esahubble.org/images/heic0901c/

The ability of galaxies to continue forming stars is well known to depend on their local
environment. Observations have revealed a relationship between the environmental den-

sity and the morphological galaxy type, known as the morphological-density relation for
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galaxies (Dressler, 1980; Dressler et al., 1997; Smith et al., 2005). While field populations
are dominated by actively star-forming galaxies (usually late-morphological types such as
spirals (Sp) or irregular galaxies (Irr)), cluster populations are dominated by galaxies with
early-type morphologies, primarily ellipticals (E) (Bahcall, 1977). This suggests that almost
all galaxies in the cores of rich clusters are now passively evolving. The old and relatively
homogeneous nature of their stellar populations leads to the majority of galaxies in clusters
occupying relatively tight loci in colour-magnitude diagrams which have proved important
to modern cluster finding algorithms (e.g., Oguri, 2014; Rykoff et al., 2014). This is evident
in the Butcher-Oemler effect, which is the excess of galaxies bluer than the colour-magnitude
sequence (where most elliptical galaxies lie) in clusters at z > 0.1 - 0.2 as compared to the
richest nearby clusters (Butcher & Oemler, 1978b).

Galaxy clusters are also known to host RS (see Section 1.2.2) galaxies, which mostly house
long-lived stars with low masses and red optical colours. The evolution of these galaxies
could be examined by inspecting the luminosity distribution of cluster galaxies, either with
the dwarf-to-giant ratio (DGR) approach (Stott et al., 2007) or with a luminosity function
analysis (Zhang et al., 2019). The DGR approach offers a simple approach to quantify the
relative evolution of the numbers of bright and faint galaxies by using the ratio of the number
of dwarfs to giants along the red sequence and using a single number to parameterize the
distribution of galaxy luminosities within a population (Stott et al., 2007). RS galaxies
exhibit little star formation activity and, thus, their formation and evolution provide clues
to how quenching of galaxy star formation occurs in the cluster environment (Zhang et al.,
2019). As we will discuss in the next section, various processes influence the suppression of

star formation within galaxy clusters.

1.3.1 Quenching mechanisms

Galaxy clusters not only influence galactic morphology but also greatly impact star formation
properties of galaxies in their vicinity (Boselli & Gavazzi, 2014). Due to environmental

processes, galaxies in clusters are far more likely to have reduced star formation, compared
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to field galaxies (Oemler, 1974; Butcher & Oemler, 1978a). Mechanisms such as ram-pressure
stripping (Gunn & Gott, 1972), galaxy harassment (Moore et al., 1996), mergers (Binney
& Tremaine, 1987; Roos, 1981), and tidal interactions (White, 1980) have been proposed
to quench star formation and transform star-forming galaxies into passively evolving ones.
Especially relevant to the outskirts of clusters are strangulation and pre-processing, which
are both related to the hot gas halo surrounding a galaxy. Strangulation is the disruption
of hot halo gas inflow to the inner galactic regions, leading to a cold gas deprivation within
the galaxy and hence quenching star formation on long time scales (Weinmann et al., 2006;
von der Linden et al., 2010; Vaughan et al., 2020). Pre-processing involves hot halo gas
being removed prior to cluster infall, usually in groups on the outskirts of galaxy clusters
(Bahé et al., 2012). In both these mechanisms, it means that the hot gas halo is removed
and/or heated before the cold gas within the galaxy (McCarthy et al., 2008; Bahé et al.,
2013). This implies that outside the inner cluster region, the star-forming cold gas is not
necessarily expelled or heated, but rather has an effect on the halo supply and thus decreases
star formation (Kawata & Mulchaey, 2008).

The density of the ICM is higher in inner cluster regions, < 0.5 Ry, (where Ry, is the
virial radius), than anywhere else in a cluster. As a result, these regions are affected by
a shorter timescale quenching mechanism known as ram-pressure stripping (Zinger et al.,
2018). Ram-pressure stripping is the process whereby the galactic (cold) gas is removed
due to the external gas pressure P, exerted by the ICM, becoming stronger than the
galactic gravitational binding energy (Gunn & Gott, 1972). In addition to gas expulsion,
ram-pressure may also compress gas into high-density clouds, leading to an enhancement of
star formation (Vulcani et al., 2018; Roberts & Parker, 2020; Roberts et al., 2022). This
compression and expulsion of cold gas in galaxies is best exemplified by jellyfish galaxies,
which are gas-rich and characterised by their optically bright, star-forming, extended tails of
expelled material (Poggianti et al., 2017; Sheen et al., 2017; Jaffé et al., 2018). Interestingly,
there is mounting observational evidence suggesting that jellyfish galaxies (George et al.,

2019; Radovich et al., 2019), as well as cluster galaxies with recent bursts of star formation
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(Dressler & Gunn, 1983) host AGNs. This surprisingly high incidence, compared to the
general cluster and field population, suggests that ram-pressure stripping may trigger AGN
feedback via nuclear gas inflow (Poggianti et al., 2017), thereby additionally suppressing star
formation after a brief episode of enhancement (George et al., 2019).

While the velocity dispersion of galaxies in galaxy clusters is too high for frequent mergers
(Menci & Fusco-Femiano, 1996; Gnedin, 2003), galaxies do interact with each other. Specifi-
cally, multiple high-speed encounters between galaxies, i.e., galaxy harassment, influence star
formation and are able to drive strong morphological transformations in clusters, building
the lenticular and elliptical galaxy population (Moore et al., 1998). Similarly, tidal effects,
which are gravitational interactions between galaxies, and between galaxies and the cluster
potential, can lead to both dynamical heating and morphological transformation (Gnedin,
2003).

Galaxy clusters provide us with key information based on their characteristics such as
they evolve slowly so they retain information about how the Universe formed, they are held
together by gravity which makes them an excellent source of dark matter, and they act as
laboratories in studying galaxy evolution (e.g., Spitzer & Baade, 1951; De Propris et al.,
2003). Since they play a vital role in understanding the Universe, we take a look at the
advancements in technology that have enabled us to make multiwavelength observations of

galaxy clusters.

1.4 Galaxy cluster detection

In 1784, Charles Messier became one of the first people to notice the clustering of galaxies
and develop a catalogue of nebulae (Jones, 1991). Shortly after, William Herschel also
developed his own catalogue of nebulae, independently, in 1785 (Herschel, 1785; Herschel,
1864). However, galaxy clusters were only recognized as celestial objects at the beginning
of the 20th century due to the work of Edwin Hubble (Hubble, 1925; Hubble, 1926; Hubble,
1936). Other crucial landmarks in cluster detection were: the first estimation of the mass of

a galaxy cluster (the Coma cluster) by Zwicky (1933) (who also established the need for dark
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matter, see Section 1.1.2), and the role of clusters as laboratories for studying the evolution
of galaxies by Spitzer & Baade (1951).

Early observations of the night sky were carried out in and limited to, the optical band.
The advancement of technology has rapidly improved observations and has allowed for multi-
wavelength surveys (see figure 1.4.1). Bright clusters have also more recently been discovered
using infrared (IR), X-ray, radio and Sunyaev-Zel’dovich observations. Each of these detec-
tion methods has advantages and disadvantages, but by combining multiwavelength data we

can gain a broader understanding of galaxy clusters and eliminate bias. We discuss optical,

X-ray and Sunyaev-Zel’dovich cluster detection methods below.

Figure 1.4.1: Images of galaxy cluster Abell 1835 (z = 0.25) at X-ray, optical and mm wavelengths.
Left: X-ray image from Chandra X-ray observatory (Mantz et al., 2010), Center: Optical image
from Canada France Hawaii Telescope (CFHT), Right: SZ image from Sunyaev-Zel’dovich Array.

Source: https://ned.ipac.caltech.edu/level5/Sept18/Allen/Allen3.html

1.4.1 Optical

Optical and near-infrared (NIR) emission from galaxy clusters comes mostly from starlight.
The main observables from optical surveys of clusters include richness, luminosity and colour.
The richness of a cluster can be defined as a statistical measure of the number of galaxies

within a cluster (Abell, 1958; Zwicky et al., 1961; Koester et al., 2007; Rykoff et al., 2016).
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For individual cluster observations, density, luminosity and velocity dispersion profiles are
observed.

The first extensive cluster catalogue was constructed by Abell (1958), based on visual
inspection of photographic plates from the Palomar Observatory Sky Survey (POSS). POSS
was first carried out in the 1950s using the 48-inch Oschin Schmidt telescope at Mount
Palomar and became the first photographic survey of the sky (Minkowski & Abell, 1963;
Reid et al., 1991). The Abell catalogue consists of 2712 galaxy clusters, with an analysed
distribution of 1682 of them, and was found to be mostly complete out to z =~ 0.20. However,
up to 25% of these clusters could be contaminated or be the results of projections (Lucey,
1983; Frenk et al., 1990; van Haarlem et al., 1997). Zwicky et al. (1961) also composed
their own cluster catalogue using POSS. Although this method appeared to be simpler than
Abell’s, its completeness is strongly dependent on the redshift of the cluster. This is because
clusters that have similar richness but different redshifts will have different overdensities.
Astronomers used these two catalogues to find a way to classify clusters based on their
content and richness.

Useful studies created a wide variety of classifications for clusters, such as (i) compact,
medium compact, and open (Zwicky et al., 1961); (ii) ¢D (central galaxy dominated), B
(binary), L (line), C (core), F (flat), and I (irregular) (Rood & Sastry, 1971), and (iii)
spiral-rich, spiral-poor, and ¢D (Oemler, 1974). This can be narrowed down into two main
classification categories: regular and irregular galaxy clusters. Regular clusters usually have
a central concentration of galaxies, are spherically symmetric, and are dominated by E and SO
galaxies. Irregular clusters have a varying population from poor to rich, show no symmetry,
and contain mixed types of galaxies.

The advancement of technology saw the introduction of digitised images and computer
algorithms, which were preferred to the visual inspection of photographic plates. The
Edinburgh-Durham Survey (Heydon-Dumbleton et al., 1989) was one of the first large-scale
machine-based optical galaxy catalogue (around 10° galaxies) composed using plates taken

by the UK Schmidt Telescope Unit (UKSTU) and the COSMOS microdensitometer. Lums-

33



den et al. (1992) later went on using this catalogue to create the Edinburgh-Durham Cluster
Catalogue (EDCC), consisting of 737 clusters or groups, using a peak-finding algorithm.
Maddox et al. (1988) used the SERC Automatic Plate Measuring (APM) densitometer to
study 176 UKSTU plates and discovered 3.6 x 10° galaxies in a 4400 deg? area. This sur-
vey was later used to create a cluster catalogue presented by Dalton et al. (1992). A rapid
procession of cluster surveys has resulted since. We describe some of these findings in Table
1.4.1.

A significant modern optical survey of note is the SDSS. SDSS is a major multi-spectral
imaging and spectroscopic redshift survey that began operations in the early 2000s, using
a 2.5 m wide-angle optical telescope at Apache Point Observatory. SDSS covers a third of
the celestial sphere and provides the most complete database for low redshift clusters (Alam
et al., 2015), and provides five-band photometry (u, g, r, i, and z). The currently most
updated release from SDSS is the 17th release, DR17 (Abdurro’uf et al., 2022). Due to
the sheer size of this survey, we have the opportunity to create large and complete cluster
catalogues. Various research groups have attempted this with SDSS data previously, using
cluster finding algorithms (Koester et al., 2007; Wen et al., 2009; Hao et al., 2010; Rykoff
et al., 2014; Diaz-Sanchez, 2021).

The next generation of imaging surveys surpassed SDSS in various combinations of depth,
solid angle coverage, and image quality. For example, the Canada-France-Hawaii Telescope
Lens Survey (CFHTLS: Veillet, 2007; Heymans et al., 2012) covered 154 deg? in five bands,
to i'= 25.5. The Dark Energy Survey (DES: Dark Energy Survey Collaboration et al.,
2016) imaged 5000 deg? of the southern sky in five bands with the Blanco 4 m telescope,
going to magnitude depths of r &~ 24.3 (100). Another ongoing survey is the Kilo-Degree
Survey (KiDS: De Jong et al., 2013), which covers 1500 deg? in four bands to r = 24.9.
The Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP) survey goes deeper than all
of these surveys, while still covering over 1000 deg?, and including a narrow-band imaging
component as well (Aihara et al., 2017).

The advantage of optical observations is that they provide the largest yield of galaxy
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clusters per square degree as compared to other wavelengths. This is due to the wide
field of view for most of these surveys and their greater depth. They are also essential
for providing photometric redshifts for clusters detected in other wavelengths (Khedekar &
Majumdar, 2013). However, the disadvantage of optical surveys is that they are vulnerable
to projection effects and observations can be contaminated by line-of-sight foreground or
background objects (Yee & Gladders, 2002). X-ray surveys are less prone to these projection

effects and can therefore help us compose more robust cluster catalogues.

1.4.2 X-ray

X-ray emissions from galaxy clusters provide information about the cluster environment
and the physical processes occurring within them. Galaxy clusters “light-up” at X-ray (as
shown in figure 1.4.1) wavelengths since their gravity compresses diffuse gas, heating it up to
around 107 —108 K (Bohringer & Werner, 2010). The main X-ray emissions from the ICM are
collisional: (i) bremsstrahlung (Boldt et al., 1966; Felten et al., 1966) and (ii) recombination
emission. Bremsstrahlung emission is the radiation produced by the deceleration of an
electron when deflected by a proton. The emissivities of the aforementioned processes are
proportional to the square of the electron density (which ranges from ~ 107! cm=3 in cluster

centres to ~ 107° c¢cm™3

in cluster outskirts). These low densities make modelling simpler
since the X-ray-emitting plasma would be optically thin.

For survey observations, the primary X-ray observables are flux, spectral hardness and
spatial extent. Early missions, such as the Extended Medium Sensitivity Survey (EMSS),
were conducted in the late 1970s using X-ray imaging instruments onboard the Einstein
observatory. EMSS surveyed over 778 deg?, providing a homogeneous flux-limited sample
of 835 X-ray sources (Gioia et al., 1990). The first X-ray cluster catalogues constructed for
cosmological work were based on the Ariel V (Villa et al., 1976) and HEAO-1 (Friedman,
1979) all-sky surveys. These catalogues were eventually replaced by surveys taken by the

ROSAT satellite, launched in June 1990 (Voges et al., 1999). A number of catalogues have
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Optical detections of galaxy clusters

Survey name

Sky coverage

Redshift

No. of clusters

Author

Palomar Distant

5.1 deg?

02<2<12

79

Postman et al.

Cluster  Survey (1996)

(PDCS)

Palomar Transit || 17.5 deg? north- || most candidates: || 52 Schneider et al.

Grism  Survey | ern sky z < 0.45 (1993)

(PTGS)

LasCampanas 130 deg? south- | 0.3 <2< 1.0 1073 Gonzalez et al.

Distant ~ Clus- || ern sky (2001)

ter Survey

(LCDCS)

Red-sequence 90 deg? zr1 1000 Yee et al. (2007)

Cluster Survey 1

(RCS-1)

Red-sequence ~ 1000 deg? 0.1 <2<1.0 ~ 10000 Gilbank et al.

Cluster Survey 2 (2011)

(RCS-2)

SDSS DR6 ~ 8520 deg? 0.056 <2<0.6 39716 Wen et al.
(2009)

SDSS DRS ~ 10000 deg? 0.08 < z < 0.55 | 25000 Rykoff et al.
(2014)

Table 1.4.1: Optical detections of galaxy clusters over the past three decades.
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been constructed based on the pointed observations by ROSAT, such as the ROSAT Deep
Cluster Survey (Rosati et al., 1997) and the ROSAT PSPC survey (Burenin et al., 2007). On
a more recent note, a German-Russian Spectrum-Roentgen-Gamma (SRG) mission, carrying
the extended ROentgen Survey with an Imaging Telescope Array (eROSITA; Merloni et al.,
2012), was launched at the end of 2019. The eROSITA design driving science is the detection
of large samples of galaxy clusters up to redshifts z > 1 (Predehl et al., 2021). At the end of
this programme, the eROSITA All-Sky survey in the soft X-ray band (0.2 - 2.3 keV) will be
~ 25 times more sensitive than the ROSAT All-Sky Survey, while in the hard band (2.3 - 8
keV) it will provide the first ever true imaging survey of the full sky (Predehl et al., 2021).
Modern X-ray observatories, such as Chandra (Schwartz, 2004) and XMM-Newton (Jansen
et al., 2001), allow for the spatially resolved spectra of clusters to be determined precisely,
allowing for measurements of the temperature and density of the ICM.

X-ray cluster surveys can also be separated into two main types: contiguous area surveys
and serendipitous surveys (Gioia, 2000). The contiguous area surveys cover large areas of
the sky. Examples of such surveys include the North Ecliptic Pole (NEP) survey (Henry
et al., 1995), ROSAT ESO Flux Limited X-ray (REFLEX) survey (Bohringer et al., 1998),
the ROSAT Brightest Cluster sample (BCS; Ebeling et al., 1998), the RASS1 Bright Sam-
ple (RASS1-BS; De Grandi et al., 1999), the Northern Rosat All-Sky (NORAS) survey
(Bohringer et al., 2000), and the MAssive Cluster Survey (MACS; Ebeling et al., 2001).
These surveys are used to study large-scale structures in galaxy clusters but, due to their
shallowness, can not be used to identify large numbers of more massive clusters at high red-
shift. The serendipitous surveys use pointed data surveys to search for clusters which have
the advantage of higher sensitivity but the disadvantage of a much smaller field of view, mak-
ing it harder to identify large clusters. Examples of such surveys include the XMM Cluster
Survey (XCS), which is based on the XMM telescope (Romer et al., 2001; Mehrtens et al.,
2012), and the Chandra Multiwavelength Project (ChaMP) survey (Barkhouse et al., 2006).
The various X-ray surveys carried out over the past few decades, and their comparative

sensitivities and areas are shown in figure 1.4.2.
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Figure 1.4.2: Comparison of sensitivity versus area for X-ray surveys, taken from Merloni et al.
(2012). The red line represents the eROSITA All-Sky Survey, the orange dot is HEAO-1, green
dots show all the ROSAT surveys, cyan dots show the Einstein surveys, blue is XMM-Newton, and

Chandra is shown in purple. The points that have been encircled are contiguous surveys.

Galaxy clusters are the second brightest extragalactic sources in the sky, when observed
in X-ray, and are easily identified because they are resolved. Projection effects are also re-
duced in X-ray surveys since the X-ray luminosity scales as the square of the gas density
and confusion from background fluctuations is much lower (Voit, 2005). While optical obser-

vations depend on searching for cluster members to determine cluster mass, X-ray masses,
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on the other hand, rely on the temperature and density of the gas which we can measure.
The selection criteria for X-ray sources are also objective and quantifiable. One major, and
obvious, disadvantage of X-ray surveys is that it is costly to run and maintain the missions
responsible for them. A less expensive method for conducting cluster surveys that also relies

on the presence of the hot ICM in clusters is the Sunyaev-Zel’dovich effect.

1.4.3 The Sunyaev-Zel’dovich effect

New generation mm-wave survey telescopes such as the Atacama Cosmology Telescope
(ACT; Fowler et al., 2007), the South Pole Telescope (SPT; Carlstrom et al., 2011) and
the Planck satellite mission (Planck Collaboration et al., 2014a), have made it possible to
select clusters over a large portion of the sky using the Sunyaev-Zel’dovich (SZ) effect. As
CMB photons pass through a galaxy cluster, they have a non-negligible chance to inverse
Compton scatter off the hot (10" K) gas atmosphere of the cluster. This scattering boosts
the photon energy and gives rise to a small frequency-dependent shift in the CMB spectrum
observed through the cluster known as the thermal Sunyaev-Zel’dovich effect (Sunyaev &
Zeldovich, 1970) (see figure 1.4.3).

The SZ effect was first demonstrated in pointed observations towards known clusters dur-
ing the 1970s and 1980s (e.g., Sunyaev & Zeldovich, 1972; Gull & Northover, 1976; Birkin-
shaw et al., 978a; Birkinshaw et al., 978b; Uson, 1986). The first millimetre measurements
of the SZ effect were conducted using a 140 GHz bolometer array for the Sunyaev-Zel’dovich
Infrared Experiment (SuZIE), which was able to produce high signal-to-noise maps of the
SZ emission in several clusters (Mauskopf et al., 2000). These bolometric detectors have
very high sensitivity and are excellent at detecting the SZ effect. Another way to observe
the SZ effect is to use interferometers. Due to their stability and good spatial filtering,
interferometers provide high-quality images of the SZ effect. The first SZ effect detection
via interferometer was made by Jones (1995), who used the Ryke telescope in Cambridge,
England.

Searching for clusters using the SZ effect is now a firmly established method for cluster
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Figure 1.4.3: An updated illustration of the tSZ effect taken from Mroczkowski et al. (2019). A
CMB photon (red) enters the hot ICM (light blue) from an arbitrary angle, and on average is
up-scattered to higher energy (blue) by an electron (black). The largest energy is imparted on the
photon when it is scattered into the direction of the incoming electron, and it is minimal when

deflected into the direction opposite to the incoming electron.

detection (Hilton et al., 2018). Modern advances in technology and telescopes have allowed
for SZ searches of galaxy clusters that have been made in the last two decades (Marriage
et al., 2011; Bleem et al., 2015; Planck Collaboration et al., 2016a). The first large catalogues
of galaxy clusters selected from blind observations of the SZ effect were made using the

measurements from SPT (Staniszewski et al., 2009; Williamson et al., 2011; Bleem et al.,
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2015) (see figure 1.4.4), the all-sky survey carried out by the Planck satellite mission (Planck
Collaboration et al., 2014a; Planck Collaboration et al., 2016a), and from ACT (Marriage
et al., 2011; Hasselfield et al., 2013; Hilton et al., 2018; Hilton et al., 2021). Unlike SPT
and ACT, the Planck satellite has difficulty detecting clusters above z ~ 0.3 because it has
a much lower spatial resolution (~ 10") than ACT or SPT (~ 1’ or ~ 2'). Thus, clusters
at z > 0.3 in Planck are often unresolved. Marriage et al. (2011) discovered 23 clusters
detected as SZ decrements in a 455 deg? map of the Southern sky made with data from
ACT. Hasselfield et al. (2013) reported 68 cluster galaxies detected via the SZ effect at 148
GHz in the ACT survey on the celestial equator. Hilton et al. (2018) presented a catalogue
of 182 clusters detected as SZ decrements by applying a matched filter to 148 GHz maps
that cover the redshift range 0.1 < z < 1.4. The latest release from ACT consists of 4195
SZ-selected clusters presented by Hilton et al. (2021). We will be using this cluster sample
in this thesis and will discuss it in more detail in the next chapter.

There are multiple advantages in choosing to select clusters through their SZ signal,
compared with other methods. SZ observations and simulations have shown that the scaling
relation between the SZ flux and the cluster mass is robust with low scatter (Reid & Spergel,
2006). Unlike optical and X-ray measurements, the SZ signal of a cluster does not undergo
surface brightness dimming. Therefore, these surveys will be better suited in searches for
massive clusters at high redshifts (Sehgal et al., 2010). Additionally, since it is a scattering
effect, the distance of the scattering medium does not matter. These advantages of the
SZ effect allow for the construction of effectively mass-limited cluster samples - i.e. the
SZ brightness of clusters depends largely upon mass, and not on their redshift. Thus, SZ
surveys can help track the evolution of the number density of massive clusters from the early
Universe.

In this thesis, we investigate the galaxy luminosity function in SZ-selected clusters from
the ACT DR5 sample. As will be described in the next section, the galaxy luminosity

function is a valuable tool that can be used to investigate galaxy evolution in clusters.
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Figure 1.4.4: Tmages of four galaxy clusters found from the first blind SZ detections in the SPT SZ
survey, taken from Staniszewski et al. (2009). In each panel, the region shown is a 20 by 20 arcmin
box centred on the cluster. Each row represents a different filtered map, at different frequencies,
and the scale provides detection significance in o. Note, the clusters are not observed at 225 GHz

which is close to the SZ null of 217 GHz.

1.5 Luminosity functions

The galaxy luminosity function (LF) describes the number of galaxies per unit volume as
a function of the luminosity (e.g., De Propris et al., 2003). Accurate measurements of
the LF can tell us how environmental processes influence the properties of current galaxy
populations, helping us obtain clues as to which processes are important in shaping galaxy

formation and evolution (Benson et al., 2003). The luminosity evolution is often inferred by
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the variation with redshift of the LF, the fraction of blue galaxies (crucial for the Butcher-
Oemler effect, see Section 1.3), and the total number of galaxies (Paolillo et al., 2001).

Deriving LFs in clusters is generally a simpler task than for field environments since
clusters provide a rich collection of galaxies at the same distance, and the density with
respect to the surrounding environment or field is high enough to identify members both
photometrically and spectroscopically. Thus, many studies have been devoted to the LF of
cluster galaxies to discover the influence of the environment on their evolution. A summary
of previous studies on optical cluster LFs can be found in Table 1.5.1. Since the 1970s, there
have been numerous cluster and field studies that have contributed to revealing the overall
signature of the LF (e.g., Schechter, 1976; van den Bergh, 1978; Colless, 1989; De Propris
et al., 2003; Mancone et al., 2010; Loveday et al., 2011; Martinet et al., 2015; Puddu et al.,
2021). This trend reveals that after an exponential rise (due to a decrease in luminosity from
higher luminosities), the LF turns ‘off” at a characteristic magnitude (m* or M*) called the
“knee”, and then follows a power law at fainter magnitudes, known as the faint-end slope
(o). The most popular parameterization fit to the LF is the Schechter function, proposed
by Schechter (1976),

d(m) = 0.41n(10)¢*10~04m=m")(e+) oy (0 0-Am=m")y, (1.1)

where ¢* is the normalization parameter, m* is the characteristic apparent magnitude, and «
is the faint-end slope. A schematic representation of the Schechter function is shown in figure
1.5.1. The faint-end slope is usually described as decreasing for o > —1, flat for a« = —1
and increasing for « < —1. « is always negative, implying a large number of galaxies with
low luminosities. The Schechter function describes reasonably well the observed clusters’
LFs but contamination from background galaxies can result in differences in the estimated
parameters, especially in the faint-end.

Binggeli et al. (1988) originally proposed that the cluster LF is dominated by two popu-
lations, where the bright end is characterised by bright early-type (red) galaxies that follow

a Gaussian-like luminosity distribution, and the faint-end is characterised by star-forming

43



(blue) galaxies that follow a steep power-law-like function. This has been supported by
studies by Dressler et al. (1999); Adami et al. (2000); and Rakos et al. (2000). Additionally,
Boyce et al. (2001) showed that the LF of Abell 868 consists of mainly three galaxy popu-
lations: luminous red and two fainter blue populations. The idea is illustrated by the fact
that the cluster LFs in the redder passbands, which are presumably dominated by the old
stellar populations of the early types, have much brighter M*’s and significantly shallower
slopes than those measured in bluer passbands (Goto et al., 2002). This implies that bright
elliptical galaxies are more populated in dense regions, such as cluster centres. The luminos-
ity of the BCGs or ¢D galaxies, which are typically giant elliptical galaxies located in cluster
cores, has been shown to differ from the extrapolation of the LF of the cluster members at
high luminosity (e.g., Hansen et al., 2009). This is since BCGs are not drawn from the same
population as ordinary cluster galaxies (e.g., Tremaine & Richstone, 1977; Loh & Strauss,
2006; Lin et al., 2010).

Possible correlations with the presence/absence of a ¢D galaxy or with the Bautz-Morgan
type (the BM-type classification based on the BCGs, Bautz & Morgan, 1970), are, maybe,
also more interesting for their direct connection with the cluster evolutionary state. BCGs
or cD galaxies are expected to be created i.) via the merger of giant galaxies in an early
phase during the cluster collapse (Merritt, 1984), or ii.) in a following phase caused by the
dynamical friction acting on late-comer galaxies (e.g., Ostriker & Tremaine, 1975), or iii.)
via the disruption and cannibalization of many faint galaxies in the cluster cores (Lépez-Cruz
et al., 1997). The first two mechanisms might reduce the number of bright galaxies, thus
shifting M* to a fainter value (Barkhouse et al., 2007).

Cluster galaxies have been compared to field galaxies, at many different wavelengths.
While some studies found the cluster LF to be indistinguishable from the field one (e.g.,
De Propris et al., 1998; Cortese et al., 2003; Bai et al., 2006; Agulli et al., 2014), other
studies suggest it has both higher brighter characteristic magnitudes and different faint-end
slopes than the field (e.g., Valotto et al., 1997; Goto et al., 2002; De Propris et al., 2003).

De Propris et al. (2003) discovered that the LF of early-type galaxies in clusters is brighter
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Figure 1.5.1: A schematic representation of the Schechter function describing the galaxy luminosity
function. The solid line indicates a relatively flat faint-end slope, usually associated with samples
that are not corrected for surface brightness selection. While the dashed line shows the case of a
steep faint-end slope in which most of the galaxies in the Universe are faint/low-mass objects.

Source: https://ned.ipac.caltech.edu/level5/Bothun2/Bothun6_2_1.html

and steeper than the field counterpart and that the trend of faint-end slope with spectral
type is much less expressed in clusters than in the field. The differences between the field
and cluster LF's for the various spectral types can be explained by suppressed star formation
in the dense cluster environment, together with mergers to produce the brightest early-type
galaxies (De Propris et al., 2003). The cluster environment is also richer in faint galaxies

than the field (Popesso et al., 2006; Blanton et al., 2005).
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Previous optical cluster LF studies

Author/s Survey z Neus Band || a M*
Paolillo et al. (2001) DPOSS 0.08 <z<0.30 || 39 g -1.07 &£ 0.08 -20.22 £ 0.15
r -1.11 £ 0.08 -20.67 £ 0.16
Goto et al. (2002) SDSS CE 0.02 <z<0.25 || 204 U -1.40 £ 0.11 -20.84 £ 0.26
g -1.00 £ 0.06 -21.24 £ 0.11
r -0.85 £ 0.03 -21.44 £ 0.05
[ -0.70 &+ 0.05 -21.54 + 0.08
z -0.58 £ 0.04 -21.59 £ 0.06
De Propris et al. (2003) | 2dFGRS z<0.11 60 b; -1.28 + 0.03 -20.07 £+ 0.07
Popesso et al. (2006) RASS-SDSS (z) =0.1 69 r -1.26 £ 0.12 -21.16 £ 0.26
Martinet et al. (2015) || DAFT/FADA | (z) = 0.58 16 (Red) | R 0.80 + 0.14 92,40 + 0.20
(z) = 0.62 6 (Blue) | R -1.32 + 0.36 -22.40 + 0.50
Zhang et al. (2019) DES-SV 0.1 <2<04 64 z -0.80 £ 0.12 -22.33 £ 0.18
04 <z<1.05 27 z -0.55 £ 0.18 -22.25 £ 0.23
Puddu et al. (2021) AMICO/KiDS- 0.10 < z <0.32 755 r -1.04 £ 0.03 -21.50 +£ 0.03

DR3

0.32 <2< 046 || 1182 r -0.92 £ 0.05 -21.59 + 0.04
0.46 <z < 0.55 || 939 r -0.87 £ 0.07 -21.65 £ 0.05
0.55 <2< 0.80 | 1222 r -0.63 £ 0.11 -21.61 + 0.05

Table 1.5.1: Previous studies of optical cluster luminosity functions.

Previous studies did show discrepancies in various LF measurements, which is due to a
combination of surface brightness selection, colour, aperture effects and local density vari-
ations (De Propris et al., 2003). Lan et al. (2016) attempted to settle the debate on the
faint-end upturn by measuring the conditional LFs over a wide range of halo masses and
luminosities using SDSS. By selecting galaxies in groups and clusters spanning 10'2 —10'° M,
in mass, and 0.01 < z < 0.05 in redshift, they found that their conditional LF's have a charac-
teristic r-band absolute magnitude M, ~ —18 at which the slope of the LF becomes steeper
toward the faint-end. This trend is consistent with earlier found observations (e.g., Popesso
et al., 2006; Agulli et al., 2014; Moretti et al., 2015). Above this luminosity scale, their
LF's remained flat over a few magnitudes and then declined exponentially at the bright-ends,
above M, ~ —21. Another recent study by Zhang et al. (2019) constrained the LF of cluster

RS galaxies as a function of redshift, using ~ 100 X-ray selected clusters in the Dark Energy
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Figure 1.5.2: The RSLF's derived in two redshift bins from Zhang et al. (2019). The shaded bands
show the fitted Schechter functions including 1o fitting uncertainties. Note how the RSLF faint-end

slope displays a possible redshift evolution effect.

Survey Science Verification data (DES-SV). This was the first homogeneous optical/X-ray
sample large enough to constrain the evolution of the LF in redshift (0.1 < z < 1.05) and
cluster mass (13.5 < log;o(Magoait) ~< 15.0). Zhang et al. (2019) fitted their red-sequence
LFs (RSLFs) (shown in figure 1.5.2) with a single Schechter function to the magnitude limit
of m* + 2 and simultaneously modelled the mass and redshift using a hierarchical Bayesian
method. They found a weak and statistically insignificant (= 1.90) evolution in the faint-end
slope versus redshift.

In general, the LF of galaxies in clusters as a function of both the galaxy and cluster
properties is a powerful observational test for theories of galaxy formation and evolution.

We implement this tool in our quest to understand galaxy evolution within clusters.
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1.6 Thesis outline

In this project we will examine the galaxy population of SZ-selected clusters drawn from
the Atacama Cosmology Telescope Data Release 5 (ACT DRJ5; Hilton et al., 2021) sample
by measuring their composite r-band luminosity functions from 0.20 < z < 0.80, using
optical data from DECaLS (Dey et al., 2019). This type of work has been done previously
(see Section 1.5), but not on this cluster sample in this specific chunk of cosmic time. We
will also investigate how the composite LFs evolve with redshift and cluster mass. The
structure of this thesis is as follows. In Chapter 2, we describe the data and methods used
for measuring the LFs. In Chapter 3, we present the results from our composite LF fits.
Chapter 4 discusses our results and compares trends to previous work. We finally present a
conclusion of our study in Chapter 5. Throughout this paper, we assume a flat cosmology
with parameters Hy = 70 km.s™'!Mpc™!, Qx = 0.7 and €, = 0.3. Hj represents Hubble’s
constant, 25 represents the energy density related to the cosmological constant, and €2, is
the matter density of the Universe at redshift zero. All magnitudes are quoted in the AB
magnitude system (Oke & Gunn, 1983), unless otherwise stated.
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Chapter 2
Analysis

In this chapter, we present the data we used in this project, including the cluster sample.
We provide the methodology for the construction of our composite luminosity functions,

including binning techniques, k-corrections, and discussing completeness corrections.

2.1 The Data

2.1.1 ACT DR5

The Atacama Cosmology Telescope (ACT) is a 6-metre mm-wave telescope located on Cerro
Toco in the Atacama Desert in Chile. Initially, ACT featured a cryogenic receiver, the Mil-
limeter Bolometer Array Camera (MBAC), that operated at three frequencies: 148 GHz, 218
GHz, and 277 GHz (Swetz et al., 2011). Each band has a field of view of 22" x 26’. ACT then
received two receiver upgrades which enabled polarization-sensitive observations: ACTPol
(Niemack et al., 2010) (2013-2016) and Advanced ACT (AdvACT; Henderson et al., 2016)
(2017-2022). ACT observations ended in August 2022. With its high angular resolution,
sky coverage and sensitivity, ACT was optimized for measuring angular power spectra and
clusters via the tSZ effect (Thornton et al., 2016). Some of the key scientific contributions
from ACT included: the discovery of the most massive galaxy cluster at z > 0.8 (Menanteau

et al., 2012), the first measurement of the motions of clusters of galaxies using the SZ effect
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Figure 2.1.1: A picture (left) and mechanical rendering (right) of ACT and its ground screens,
taken from Swetz et al. (2011). The telescope has a low profile; the full height is 12 m. The entire
upper structure rotates as a unit, and the surrounding outer ground screen shields the telescope

from ground emission. The primary reflector is 6 m and is surrounded by a 0.5 m guard ring.

(Hand et al., 2012), updated estimates of Hubble’s constant (Aiola et al., 2020; Choi et al.,
2020), and so on.

For this project, we make use of the recently updated cluster catalogue from the fifth
data release (DR5) from ACT, containing 4195 galaxy clusters selected via the SZ-effect, and
presented by Hilton et al. (2021). This catalogue is the largest SZ-selected cluster sample
assembled to date, spanning the range 0.04 < z < 1.91, consisting of 222 clusters with
z > 1 and 868 newly discovered systems all within a sky coverage of ~ 13211 deg?. Hilton
et al. (2021) adopted an SZ-signal vs mass scaling relation from Arnaud et al. (2010) and
found a 90% completeness mass limit of My, > 3.8 x 101 M,,, evaluated at z = 0.5, for
clusters detected at signal-to-noise ratio > 5. They selected cluster candidates by using a
multi-frequency matched filter on 90 and 150 GHz maps constructed from ACT observations
during the period of 2008-2018 and obtained optical confirmation and redshifts using deep,
wide-area optical surveys. The ACT DR5 survey has an overlap with other deep optical
weak-lensing surveys such as DES (4566 deg?), HSC (469 deg?) and KiDS (825 deg?) (shown
in figure 2.1.2).
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Figure 2.1.2: The ACT DR5 cluster search area, shaded in grey and covering 13211 deg? overlaid
on the Planck 353 GHz map, which is sensitive to thermal emission by dust. The footprints of deep
and wide optical surveys that will provide weak-lensing mass calibration of the cluster sample are

highlighted: DES (blue); HSC (magenta); and KiDS (green) (Hilton et al., 2021).

2.1.2 DECaLS DR9

The Dark Energy Spectroscopic Instrument (DESI), which is a fixture on the Mayall Tele-
scope at the Kitt Peak Observatory, is used for conducting spectrographic surveys of distant
galaxies and measuring the effect of dark energy on the expansion of the Universe. In order to
provide targets for the DESI survey, three telescopes surveyed an area of 14000 deg? (roughly
one-third of the sky) in the g, r and z-band (Dey et al., 2019) (shown in figure 2.1.3). Those
surveys were the Beijing-Arizona Sky Survey (BASS), using the Bok 2.3 m telescope, the
Dark Energy Camera Legacy Survey (DECaLS), using the Blanco telescope, and the Mayall
z-band Legacy Survey (MzLS), using the 4 m Mayall telescope. These three surveys were
combined into the DESI Legacy Imaging Surveys, or Legacy Surveys (Dey et al., 2019).

To examine the ACT cluster population, we make use of DECaLS optical /IR data from
the ninth data release (DR9) of the Legacy Surveys. DR9 does not contain any significant
new observations but builds on DR8 by improving the reduction techniques and procedures
used for the Legacy Surveys. DECaLS makes use of the Dark Energy Camera (DECam;
Flaugher et al., 2015) located on the Blanco 4 m telescope at the Cerro Tololo Inter-American
Observatory (CTIO). DECam provides optical imaging for targeting DESI, which covers both
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Figure 2.1.3: Complete imaging coverage of the DESI Legacy Surveys across 14000 square degrees.
Red, green and blue dots represent regions, where there is at least a single z-, r-, or g-band

observation, respectively. Source: https://www.desi.1lbl.gov/imaging-surveys/

the North Galactic Cap region (Dec < 32°) and South Galactic Cap region (Dec < 34%). The
combination of a large field of view and high sensitivity (400-1000 nm) for DECam makes
DECaLS an efficient way to acquire photometry in the g, and z bands. DECalS makes
use of other DECam data within the DESI footprint. The most important of these data sets
are from the DES, which is an ongoing 5-band (grizY") photometric survey performed with
DECam (Abbott et al., 2021).

DES comprises two surveys: a wide-area survey and a time-domain survey. The wide-
area survey covers a large, contiguous area of sky (5000 deg?), each part of which is observed
ten times in each filter over the course of the survey; the long cumulative exposure time is
needed to detect very faint galaxies, and the wide survey area enables us to detect a very
large number of them.

DECaLS DR has a total sky coverage of 20000 deg? (Schlegel et al., 2021) and covers
up to z =~ 1, with galaxy depth of ~ 23.9 mag. in r-band magnitude (shown in figure 2.1.4).

The Legacy Surveys source catalogues also include mid-infrared photometry from the
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Figure 2.1.4: The r-band magnitude depths for point sources in DECaLS DR9 after different
exposures. Note that a greater area of the sky is covered with more exposures. The primary reason is
that most of the data here comes from DES which gets 10 exposures at each position. The shallower,

one exposure part is probably DECaLS itself (i.e., the new observations they took with DECam, a

separate project from DES). Source: https://www.legacysurvey.org/dr9/description/
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Wide-field Infrared Survey Explorer (WISE) satellite for all optically detected sources (Dey
et al., 2019). Mid-infrared imaging is critical to the DESI targeting algorithms for luminous
red galaxies (LRGs) and quasars (QSOs). DESI target selection utilizes the two shortest-
wavelength bands at 3.4 um and 4.6 pym from the 4 bands (Wright et al., 2010; Cutri &
et al., 2012) used by the WISE survey. Most importantly, DECaLS provides grz optical
photometry for most of the ACT DR5 cluster search area footprint (10822 deg? of overlap;
Hilton et al., 2021), making it ideal for use in this project.

2.2 Composite LF's

2.2.1 Redshift and Mass binning

Depending on the number of cluster members and the completeness of the redshift identifi-
cation, the quality of individual cluster LFs can vary (De Propris et al., 2003). Rather than
presenting individual cluster LFs, we derive composite cluster LFs and study variations in
sub-samples binned by redshift and mass. This stacked approach makes it feasible to look
for differences which are hidden by small number statistics in individual cases (De Propris
et al., 2003).

As previously mentioned, our study covers a large amount of cosmic time (0.20 < z <
0.80). This means that we can easily bin clusters by redshift (e.g., De Propris et al., 1999;
Hilton et al., 2013; Zhang et al., 2019). Due to the large number of clusters in the DR5
sample, we choose narrow redshift bins of width 0.05. This resulted in 3008 galaxy clusters
selected over 12 redshift bins (see Table 2.2.1). We also select mass sub-samples within each
cluster redshift bin. By selecting the top and bottom 25% of clusters by mass, we created
low-mass and high-mass subsets of clusters. The details of the mass bins can be found in

Table 2.2.2.
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Redshift bins for composite LFs for ACT DR5 clusters

Bin Redshift Nelusters Mass (x101M,)

1 0.20 < 2 < 0.25 173 1.94 < Msoom < 19.64
2 0.25 < 2 < 0.30 225 2.18 < Mypom < 20.91
3 0.30 < 2 < 0.35 273 2.13 < Moyom < 17.56
4 0.35 < z < 040 272 2.34 < Moyom < 25.42
5) 0.40 < 2 < 045 338 2.36< Mogom < 22.76

6 0.45 < z < 0.50 294 2.38 < Mogom, < 11.35
7 0.50 < 2 < 0.55 302 2.42< Msyom < 15.46

8 0.55 < 2z < 0.60 262 2.45 < Moy < 17.54
9 0.60 < 2 < 0.65 286 2.49 < Msoom < 10.62
10 0.65 < 2 < 0.70 227 2.29 < Moyom < 8.67

11 0.70 < 2z < 0.75 199 2.47 < Moyom < 11.06
12 0.75 < 2 < 0.80 157 2.44 < Msoom < 10.76

Table 2.2.1: Details of the redshift bins (with a bin width of 0.05) selected for our composite

LFs of the ACT DR5 sample. In total, 3008 galaxy clusters were selected over the entire redshift

interval. The last column shows the mass ranges of clusters per redshift interval.
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Mass subsets per redshift bin

Redshift bin Low-mass (X10"Mg) | Neusters High-mass (x 10" M) | Neusters
0.20 < 2 < 0.25 || 1.94 < Mygom < 3.35 47 6.04 < Mogom < 19.64 || 37
0.25 <2< 030 | 2.18 < Myyom < 3.48 60 5.73< Magom < 20.91 || 52
0.30 < 2 < 0.35 || 2.13 < Myyom < 3.53 72 9.44 < Msoom < 17.56 || 62
0.35 < 2 <040 | 2.34 < Msyom < 3.65 70 59.56 < Mooom < 25.42 || 65
040 <2< 045 | 2.36 < Myyom < 3.45 89 5.39 < Mogom < 22.76 || 77
0.45 <2< 0.50 | 2.38 < Myyom < 3.69 75 5.29 < Mogom < 11.35 || 71
0.50 < 2 < 0.55 || 2.42 < Myyom < 3.62 78 9.35 < Mooom < 15.46 || 73
0.55 < z < 0.60 | 2.45 < Msgom < 3.59 66 5.33 < Mogom < 17.54 || 62
0.60 < 2z < 0.65 | 2.49 < Myyom < 3.38 73 5.21 < Mogom < 10.62 || 65
0.65 < 2z < 0.70 || 2.29 < Myyom < 3.45 58 5.30 < Magom < 8.67 54
0.70 < 2 < 0.75 || 247 < Mygom < 3.52 50 4.96 < Mogom < 11.06 || 46
0.75 <2< 0.80 | 2.44 < Mygom < 3.34 40 5.07 < Moo < 10.76 || 37

Table 2.2.2: Details of the mass bins selected for our composite LFs of the ACT DR5 sample by

taking the top 25 % and bottom 25 % of clusters by mass ranking. The number of clusters per

mass bin are also displayed.
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2.2.2 Cluster membership

To measure composite LFs, we developed a code which we call zLF, which is based on the
zCluster photometric code. The zCluster code 2, described in Hilton et al. (2018), is
used for estimating cluster photometric redshifts. The aim of zCluster is to use all of
the photometric information available while making minimal assumptions about the optical
properties of clusters such as their colours. While other methods involve the use of the
colours of RS galaxies to locate clusters themselves and to estimate redshifts, the zCluster
method avoids this. However, it does require an appropriate set of spectral templates (Hilton
et al., 2018). zCluster has built-in support for querying large photometric surveys such
as SDSS(DR7-DR12), SDSS Stripe 82 (S82), CFHTLenS, DECaLS (DR7, DR8, DR9), DES
(DR1), PS1 (DR2) and KiDS (DR4). Hilton et al. (2021) found that zCluster was able
to measure cluster redshifts out to z ~ 1.4 when applied to DECaLS, due to the inclusion
of the WISE data.

The aim of zLF is to measure and plot composite LFs given an input galaxy cluster
catalogue. One of the first steps in the zCluster code, and one which we incorporate
into zLF, is to measure the photometric redshift (photo-z) probability distribution, p(z),
of each galaxy in the direction of each cluster candidate by fitting each galaxy broadband
spectral energy distribution (SED) against a set of spectral templates (Hilton et al., 2021).
This template-fitting method has been adopted in many codes, such as BPZ (Benitez, 2000)
and EAZY (Brammer et al., 2008). For each template SED, the AB magnitude that would
be observed at each redshift z; over the range 0 < z < 3 is calculated, in steps of 0.01 in
redshift. The observed broadband SED of each galaxy is compared with each template SED
at each z;, and the p(z) distribution for each galaxy is constructed from the minimum y?
value (over the template set) at each z;. A magnitude-based prior is then applied that sets
p(z) = 0 at redshifts where the r-band absolute magnitude is brighter than -24, since the
probability of observing such galaxies, in reality, is extremely small (Hilton et al., 2018). The

peak of the p(z) distribution gives the maximum-likelihood photometric redshifts for each

Zhttps://github.com/ACTCollaboration/zCluster
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galaxy (e.g., Benitez, 2000). Instead of using these max-likelihood photo-z’s, we decided to
use the full galaxy p(z) distributions which will offer less bias and prove to be more accurate.
We retrieve the galaxy catalogues for each ACT cluster by applying zCluster to the DR5
catalogue and using photometry from DECaLS DR9.

Once the galaxy catalogues are retrieved, we iterate through each galaxy per cluster,
while integrating over the weighted sum of the p(z) distributions between some range in
redshift around each cluster redshift. The idea of implementing this method is that we are
not actually assigning cluster membership, but instead defining a range around the cluster
redshift and integrating the probability over this range. Thus, instead of stating an individual
galaxy is definitely a cluster member, we are doing it probabilistically. So, even if a galaxy
has a 5% chance of being a cluster member, we can add 0.05 to the galaxy count for that
redshift bin. This technique was first developed by Brunner & Lubin (2000) and has since
been adopted in numerous cluster LF studies (e.g., Toft et al., 2004; Rudnick et al., 2009).
The range or width of the slice around which p(z) is integrated should be on the order of the
uncertainty in redshift for the galaxies in question. In our case, we use a Az = +0.1 slice
around each cluster redshift. This range was also adopted by Rudnick et al. (2009).

The next step is to consider the relationship between galaxy luminosity and magnitude.
By definition, we can measure galaxy LFs by counting the number of galaxies we find in a
single band of absolute/apparent magnitude (M or m). Similarly to the redshift binning,
we had the freedom to choose the width of our magnitude binning. We adopt a magnitude
bin width of 0.2 mag. for the initial apparent r-band magnitude range: 17.0 < m, < 24.5.
A narrower bin width will prevent the averaging out of any effects or trends noticeable in
the composite LFs. However, there is a caveat in using apparent magnitude bins. Since our
bins have a finite width, a single absolute magnitude corresponds to a range of apparent
magnitudes depending on where the galaxy is located within the bin. The net effect will be
to convolve the true LF with this magnitude error distribution, leading to biased estimates

of the Schechter function fit parameters.
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2.2.3 K-corrections

An important step to include in calculating galaxy magnitudes is k-correction. The k-
correction accounts for the fact that filter passbands cover different rest-frame wavelength
ranges for sources at different redshifts (Hogg et al., 2002). Since observations often measure
through a single filter or bandpass, observers only measure a fraction of the total spectrum,
redshifted into the frame of the observer. The application of k-correction depends on the type
of spectral filter used to make observations and the shape of the spectrum. For each cluster
in each bin, we k-correct galaxy r-band magnitudes, using a stellar population model from
Bruzual & Charlot (2003) (BCO03 hereafter), to the median redshift of each cluster bin. We
compute this using the same method and model described in Hilton et al. (2013), assuming a
7 = 0.1 Gyr single-star burst BC03 model, formed at zy = 3.0 with solar metallicity. While
this k-correction will be correct for early-type galaxies in the clusters, a better approach
would be to derive the k-correction from the best-fitting spectral template for a particular
galaxy. However, this is beyond the scope of the work in this Master’s thesis.

Once k-corrections were added to zLF, the next step was to determine if we required

completeness corrections to our LFs.

2.2.4 Incompleteness at faint-end

Simply plotting test samples of composite LF's over 17.0 < m,. < 24.5 revealed incompleteness
at the faint-end of the luminosity function (as shown in figure 2.2.1). Incompleteness in the
photometric catalogues must be compensated for to extract unbiased results. The images
have finite depth, and we start failing to detect galaxies once we approach the magnitude
limit of the given survey. Completeness corrections usually involve inserting synthetic point
sources into cluster imaging and then running a detection algorithm to try and recover the
exact same source at the predicted location (e.g., Hilton et al., 2013). The incompleteness
is then corrected by weighting galaxies according to the mean incompleteness measured as a
function of magnitude (Mancone et al., 2010). Completeness corrections have no real effect

on the bright-end but have a huge impact on the faint-end of LFs. Our test composite LFs
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reveal that there are hardly any galaxies at ~ 24 magnitude, which is where completeness
corrections would be very large. After corrections, the faint-end would shift up significantly.

However, calculating completeness corrections for DECal.S would be extremely compu-
tationally intensive and is well beyond the scope of this Master’s thesis. Instead, we take
a conservative approach and adopt a brighter magnitude limit where we can be certain the
completeness corrections would be negligible. To confirm this limit, we look at the apparent
magnitude distributions from randomly selected galaxy catalogues retrieved from DECaLS
for our ACT DR5 sample (shown in figure 2.2.2). We also must consider the r-band magni-
tude depths for galaxies from DECaLS DR9 (see Section 2.1.2). The magnitude distributions
show a galaxy depth of m, ~ 23.4 magnitude, which is consistent with the DECaLS DR9
depth of 23.9 magnitude (Sridhar et al., 2020). However, adopting a magnitude limit of 23.5
magnitude to our composite LFs would not achieve the desired completeness corrections since
we notice a falling-off of galaxies in our LF's at brighter magnitudes i.e. ~ 22.5 magnitude.
Thus, to avoid completeness corrections, we adopt a brighter magnitude cut and change our
initial magnitude range (see Section 2.2.2) to 17.0 < m, < 22.5, keeping a bin width of 0.2.
This results in 28 magnitude bins in total. The effect of this brighter magnitude cut can be

seen in figure 2.2.3.

2.2.5 Construction of composite LF's

In our attempt to construct our composite luminosity functions, we follow a traditional
method given by Colless (1989), and one adopted by many LF studies (e.g., Goto et al.,
2002; De Propris et al., 2003; Hilton et al., 2005). Using the derived information from the
previous sections, the following summation was carried out for each apparent magnitude bin

of the composite LF,

Neo x~ Ny
)
m; . Ni(]

N, = (2.1)

where N,; is the number of galaxies in the jth bin of the composite LF, and m; is the number

of clusters contributing to the jth bin of the composite LF. N;; is the number of galaxies
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Composite LF for 13 clusters: 0.30 < z <0.35
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Figure 2.2.1: A composite sub-sample LF for 13 clusters in the redshift interval: 0.30 < z <
0.35, displaying incompleteness at the faint-end (m, > 23). The y-axis displays the number of
galaxies or galaxy counts (N) at each magnitude. We can adopt a brighter magnitude limit to

avoid completeness corrections.
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r-band magnitude distribution for galaxy catalogue ACT-CL JO0O00.9-0712
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Figure 2.2.2: The apparent magnitude distributions of galaxy catalogues for two individual clusters
Top: ACT-CLJ0000.9-0712 and Bottom: ACT-CLJ0000.7-5957, which we used to determine a
magnitude where DECaLS should be complete (see Section 2.1.2). These distributions peak at a
magnitude of ~ 23.4.
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Composite LF for 13 clusters: 0.30 < z <0.35
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Figure 2.2.3: A composite sub-sample LF displaying the brighter magnitude cut of 22.5 we adopted

to account for incompleteness at the faint-end.
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contributing to the jth bin of the ith cluster LF. This was calculated by taking the sum of
the p(z) distributions, integrated between 0.1 in redshift around each cluster redshift.

Ny is a normalization parameter, or cluster richness (see Section 1.4.1) estimate, for
the ith cluster LF. The purpose of the richness weighting is to account for the fact that
richer clusters consist of more galaxies than poorer clusters and, as a result, could dominate
the composite LF. If the richness is underestimated, there will be fewer galaxies signalling
that the richness estimate must be increased. Cluster richness can easily be estimated with
photometric data for both massive clusters and low-mass groups. This requires two steps: (i)
selecting cluster members within a defined radius, and (ii) defining an absolute magnitude
limit.

Using a circle with an appropriate radius, we can select cluster members by counting the
number of galaxies within it. For cluster members, we select galaxies within the approximate

virial radius Rogom. We calculate Rogon, using the equation,

[ 3Maoom
Rogom = {| ———, 2.2
200 472000, (2) (2:2)

where Masgop, is the cluster mass within Ragon, (With respect to the mean density), and p,,(z)
is the mean matter density of the Universe at the cluster redshift.

In order to define an absolute magnitude limit, we constructed a volume-limited galaxy
sample using absolute magnitude distributions generated from DECaLS field galaxy cata-
logues. To generate the field catalogues, we used the zField ? code, which retrieves the
catalogues in a circular region centred on a user-specified right ascension (RA) and declina-
tion (dec) coordinates and then calculates the maximum likelihood photo-z’s. We arbitrarily
selected four field catalogues for comparison (see figure 2.2.4). Using this volume-limited
sample, we adopted an absolute magnitude limit of &~ - 20 magnitude, for z < 1.0, which is
consistent across the four magnitude distributions. Only cluster members within this limit
(M, < -20) were selected and their probabilities were used for our cluster richness estimates

(i.e., the calculation of Nyy). Since the volume-limited sample covers up to z = 1.0, we only

3https://zcluster.readthedocs.io/en/latest/commands.html#zfield
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include galaxies brighter than the magnitude limit.

Absolute magnitude distribution for zField catalogue: RA = 150.0 dec = -1.0
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Figure 2.2.4: Plots of absolute magnitude versus the maximum-likelihood photo-z from four arbi-

trarily selected DECaLS field catalogues. As shown by the orange points, a volume-limited sample

reaching to z = 1 can be constructed by adopting an absolute magnitude limit of -20. This limit

will be used to calculate our richness estimates.

The N, term represents the sum of all the individual cluster richness estimates, and is

given by the following equation,

No = Ni.
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The errors in the composite LE (V) were calculated using the formula,

ON = Ny [Z <5]<[V—J>2] % : (2.4)

mj .

where the errors in /V;; were assumed to be Poissonian, i.e. \/N_” . Note, this is likely to be
an underestimate of the true uncertainty since it does not account for any additional scatter
that will be caused by the use of photometric redshifts.

These methods were adopted into our zLF code. We used the University of KwaZulu-
Natal’s high-performance computing facility, Hippo %, to run the zLF algorithm on the DR5

clusters. The results of our LF construction are described in the next chapter.

“https://astro.ukzn.ac.za/~hippo/
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Chapter 3

Results

In this chapter, we present the results of our composite LF measurements. We discuss fitting
the Schechter function model to our composite LF's and obtain the relevant model parameters
m* and « (see Section 1.5). We present the Schechter-fitted LFs for both full redshift binned

and mass sub-sample LFs. We also determine the goodness-of-fit of our data to the model.

3.1 Schechter function fitting

The LF construction resulted in 12 stacked LFs, and 12 low-mass and high-mass subset LF's.
We present a few of our unfitted composite LFs for the total redshift binned sample, together
with our mass subset LFs, in figure 3.1.1. In order to get the desired information from these
LFs (e.g., characteristic magnitude and faint-end slope), we need to fit an appropriate model
to our data. As mentioned previously (see Section 1.5), the Schechter function is a suitable
model to use.

Using the form of equation 1.1, we fitted a single Schechter function, for two parameters,
to our LFs. The normalization parameter, ¢*, was fixed such that the value of the integral
of the fitted function was equal to the total number of galaxies in the composite LF within
the same magnitude range (e.g., Hilton et al., 2005). The two function parameters, m*

and o, were estimated using a x? minimization technique. The y? statistic describes the
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Composite LF: 0.20 <z < 0.25 Composite LF: 0.35 <z < 0.40
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Figure 3.1.1: A few of the unfitted total, low-mass, and high-mass composite cluster LFs con-
structed in the 12 redshift bins. The low-mass LF is represented by blue data points, while the
high-mass LF is represented by red data points. Uncertainties with the data points are estimated

using Poisson statistics.
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goodness-of-fit of the data to the model. This is represented in the form,

(N — Np)?
=D (3.1)
where [V, is the total galaxy counts in the ith bin of the observed LF, Nf is the expected
number of counts from the model LF (i.e., given by the Schechter function), and o; is the
uncertainty of the galaxy counts in the ith data bin, which are Poisson errors in our case.
The relative probability (or likelihood) of randomly drawing a specific sample of data (I)

given a model (#) is related to the x? of the data given the model,

ZL(110) x e X2, (3.2)

The bigger the x? value is, the smaller the likelihood will be and vice versa. Thus, x?
minimization implies likelihood maximization.

The LF fitting procedure was conducted using the Schechterfits code we created.
We also created a function to return the x? value for our observed LF data given some input
model parameters and then adjusted the model parameters to minimize the x? value. This
essentially meant creating a grid of initial m* and a values and finding x? values for the
respective combinations of these values, which were then stored. The minimum y? value
was found using the maximum likelihood probability. The best-fit m* and « values were
then retrieved from the same grid location as the minimum x? value. We then ran 100
iterations on our 100 x 100 grid to reduce computing time. A tolerance level of 0.01 (to
increase convergence) was set to be the minimum difference between each m* and a found
on each grid iteration. The tolerance level essentially decreased the number of iterations
significantly. The period of convergence obviously varied for each composite cluster LF.

Another key piece of information commonly discussed in relation to hypothesis testing,
such as x?, is the degrees of freedom. Degrees of freedom refers to the maximum number
of logically independent values, which are values that have the freedom to vary, in the data
sample. This is simply given by the difference between the number of data values or points

(Ng) and the number of parameters to fit (N,). In our case, we used N — 2 degrees of
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freedom, since ¢* is fixed.
An accurate indicator of the goodness of fit is the reduced chi-squared statistic. This is

given by the formula,

Xv = — (33)

where v is the degrees of freedom. If a model is fitted to the data and the resulting chi-square
value is x2 > 1, it is considered a “bad” fit, whereas if x2 < 1, it is considered an “over-fit”
(Andrae et al., 2010). A model with x? =~ 1 is considered to be a “good” fit.

The 1o (68th percentile) uncertainties for m* and « were measured using Monte-Carlo
(MC) simulations. We perform 1000 MC simulations on the LF fitting function, feeding it
the observed LF and creating random realisations by drawing random variates for each value
in each LF bin by taking into account the value and its uncertainty (and assuming Poisson
statistics). Uncertainties in m* and « were calculated by taking the standard deviation of
the two stored lists of m* and « values, retrieved after the MC simulations. We also found
M* values for the composite LF's, using m* values and the distance modulus (x) to the centre
of each cluster redshift bin. Due to this direct relationship with m*, the uncertainty in M*

is the same as those calculated for m*.

3.2 Redshift-binned results

The Schechter-fitted composite LFs can be found in figures 3.2.1 - 3.2.3. Details of the fit
parameters can be found in Table 3.2.1.

Considering the high y? values we retrieved, the single-fitted Schechter model does not
appear to be a good fit for our composite LFs. The reduced chi-squared values (x2) for
~ 92% of the redshift bins are much greater than 1 (as shown in Table 3.2.1), implying a
“bad fit”. The mid-redshift bins (e.g., (z) = 0.425, 0.525 ) seem to contribute the highest
reduced chi-squared values. This is explained by the relatively small error bars in our plots,

which we assumed to be Poisson. Equation 3.1 relates the error bars (o) to the x? value as
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Composite LF for 173 clusters: 0.20 <z < 0.25 Composite LF for 225 clusters: 0.25 <z < 0.30
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Figure 3.2.1: Schechter fitted composite LFs for redshift bins 1-4 (0.20 < z < 0.40). Fitting
parameters are included in each plot, including 1o fitting uncertainties, the minimum y? value,
degrees of freedom (dof), and characteristic absolute magnitude (M*). The absolute magnitude

(M,) axis is shown in light blue.
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Composite LF for 338 clusters: 0.40 <z < 0.45 Composite LF for 294 clusters: 0.45 <z < 0.50
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Figure 3.2.2: Schechter fitted composite LFs for redshift bins 4-8 (0.40 < z < 0.60). Fitting
parameters are included in each plot, including 1o fitting uncertainties, the minimum y? value,

degrees of freedom (dof), and characteristic absolute magnitude (M*). The absolute magnitude

(M,) axis is shown in light blue.
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Composite LF for 286 clusters: 0.60 <z < 0.65 Composite LF for 227 clusters: 0.65 <z < 0.70
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Figure 3.2.3: Schechter fitted composite LFs for redshift bins 8-12 (0.60 < z < 0.80). Fitting
parameters are included in each plot, including 1o fitting uncertainties, the minimum y? value,
degrees of freedom (dof), and characteristic absolute magnitude (M*). The absolute magnitude

(M,) axis is shown in light blue.
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an inversely proportional relationship. This means that the smaller the error bars on our
data are estimated to be, the higher the x? value will be, and, as a result, so will the reduced
chi-squared value. Thus, it is highly likely that the Poissonian errors are an underestimate
of the true uncertainty. Different k-corrections for different types of galaxies/spectral energy
distribution are another source of uncertainty that we have not captured in our error bars.
The use of photo-z’s also introduces additional uncertainty that we may have not accounted
for.

If we consider individual contributions per magnitude bin (see Table 3.2.2), the brighter
magnitude bins consist of the highest summed y? values, while the fainter magnitude bins
had low values, with the exclusion of the last magnitude bin. This effect is noticeable in
our composite LFs as the deviation of the bright-end from the Schechter model. This is
especially prominent in the low to mid-redshift bins (e.g., figure 3.2.2). As mentioned in
Section 1.5, discrepancies between the observed LF and Schechter model can occur at the
bright-end due to the presence of bright cluster members. This noticeable bright-end peak
may be better described by a Gaussian distribution (see Section 1.5). This effect is most
probably enhanced by the fact that we are able to use narrow magnitude bins (Am, = 0.2),
due to the large size of the cluster (and galaxy) sample. The uncertainties in these brighter
magnitude bins are much larger, and more pronounced, compared to the fainter end. This
is because we expect to find fewer galaxies in the brighter magnitude bins since most of the
galaxies in the Universe are faint objects.

Our composite LFs follow a trend of o becoming steeper (or more negative) with redshift.
The characteristic magnitude, m*, also becomes fainter as we move to the higher redshift
bins in our sample range, while M* values become brighter with redshift (see Table 3.2.1).
We obtained av = —1.18 + 0.01; m* = 18.51 £ 0.02 for our lowest redshift bin: (z) = 0.225,
and o = —2.19 £+ 0.10; m* = 20.62 £ 0.23 for our highest redshift bin: (z) = 0.775. There
is a &~ 10.10 difference between the faint-end slope at (z) = 0.225 and the slope at (z) =
0.775. This indicates a strong evolution of a with redshift. There is also evidence for a

significant evolution of m* with redshift (mostly due to varying distance moduli), with a
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Composite LF fitting details

(2) Nelus m* a M* o x? dof X2
0.225 173 18.51 £ 0.02 -1.18 £ 0.01 -21.73 £ 0.02 4280.68 100.93 25 4.04
0.275 225 18.91 £+ 0.02 -1.18 £ 0.01 -21.83 + 0.02 5173.35 254.32 25 10.17
0.325 273 19.10 £ 0.03 -1.31 £ 0.01 -22.06 £ 0.03 3370.33 433.60 25 17.34
0.375 272 19.40 £ 0.04 -1.33 £ 0.01 -22.13 £ 0.04 3069.23 297.79 25 11.91
0.425 338 19.96 £+ 0.03 -1.19 £ 0.01 -21.88 + 0.03 5201.19 425.39 24 17.72
0.475 294 20.19 4+ 0.05 -1.21 £ 0.02 -21.94 + 0.05 3936.87 315.27 22 14.33
0.525 302 20.52 4+ 0.06 -1.20 £+ 0.03 -21.87 £ 0.06 4258.19 495.50 20 24.78
0.575 262 20.63 = 0.08 -1.33 £ 0.05 -21.99 + 0.08 2975.72 333.06 20 16.65
0.625 286 20.63 + 0.10 -1.50 £ 0.05 -22.22 £ 0.10 2063.43 264.87 18 14.72
0.675 227 20.56 + 0.13 -1.72 £ 0.06 -22.49 £+ 0.13 832.34 82.51 17 4.85
0.725 199 20.61 = 0.16 -1.94 £+ 0.08 -22.63 + 0.16 401.28 32.72 16 2.05
0.775 157 20.62 + 0.23 -2.19 £ 0.10 -22.80 £ 0.23 152.52 13.61 15 0.91

Table 3.2.1: Table of Schechter fitted parameters for our redshift-binned stacked LFs. Redshift
bins are classified in terms of the median of the redshift bin, (z). The errors in M* were the same
measured for m*. The last column represents the reduced chi-squared (x2) values, which indicate

poor model fits. This suggests perhaps that our uncertainties are underestimated.

~ 9.20 difference between the lowest redshift bin and the highest redshift bin. However, this
evolution is less significant for M*, with a ~ 4.7¢ difference between these bins. We will
discuss possible reasons for the evolution we see in Chapter 4. A caveat when fitting Schechter
functions over different magnitude ranges is that the fit parameters can vary systematically
with the fitting range, even for the same underlying LF. Hence, it may be preferred to fit

over a common absolute magnitude range at all redshifts.

3.3 Mass-binned results

As mentioned in Section 2.2.1, low-mass and high-mass subsets were created by selecting

the top 25 % and bottom 25 % by cluster mass, for each redshift bin. Our Schechter fitting
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Individual x? contributions per redshift bin

Magnitude | (z) = 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675 0.725 0.775
bin

17.10 22.75 46.69 48.73 7.07 - - - - - - - -
17.31 20.19 41.42 28.87 25.36 3.82 - - - - - - -
17.51 2.30 23.60 52.42 40.65 16.27 - - - - - - -
17.71 0.01 10.80 40.29 43.36 39.45 8.71 - - - - - -
17.92 0.20 6.32 15.63 36.96 61.58 12.10 - - - - - -
18.12 1.89 3.50 10.02 14.37 60.87 33.73 20.90 0.92 - - - -
18.32 7.09 5.41 9.14 3.44 38.34 34.17 25.31 2.31 - - - -
18.53 2.31 15.75 3.91 0.09 41.24 38.60 53.37 18.81 3.51 - - -
18.73 2.92 13.88 5.04 2.46 10.66 27.97 58.37 37.52 3.39 0.97 - -
18.94 0.41 6.10 8.98 0.72 3.06 9.48 44.05 44.30 11.48 7.10 2.68 -
19.14 0.17 9.11 29.46 6.55 2.34 7.39 34.26 39.52 29.44 3.34 0.01 0.76
19.34 3.07 6.90 9.87 38.23 10.53 0.30 9.46 15.79 28.80 6.86 3.00 0.25
19.55 2.16 1.29 13.11 2.43 13.34 14.31 1.44 5.99 7.94 7.58 2.73 0.05
19.75 0.18 0.36 12.51 2.81 14.41 15.97 5.85 0.32 1.99 0.17 0.20 0.98
19.95 0.20 0.26 6.76 148 10.57 11.66 19.51 14.29 0.72 0.36 2.19 1.62
20.16 0.99 2.59 1.63 0.59 9.53 5.05 25.85 11.17 8.56 2.67 0.09 1.34
20.36 0.29 3.22 1.79 0.79 2.75 7.85 17.10 22.04 47.73 2.18 3.80 0.07
20.56 3.67 1.53 8.65 5.53 0.28 1.36 18.08 11.35 18.67 8.85 4.84 0.00
20.77 6.68 1.63 9.26 1.87 4.00 0.16 0.99 3.00 5.28 4.02 0.03 0.00
20.97 8.53 13.60 20.29 15.97 2.86 3.86 0.74 0.86 0.51 0.02 2.00 3.00
21.18 1.70 11.58 12.74 8.20 14.61 5.06 2.16 0.46 0.07 1.61 0.01 1.59
21.38 2.46 3.39 9.86 1.14 17.91 10.53 8.82 1.56 10.13 1.38 0.21 0.39
21.58 0.02 0.47 9.71 1.92 3.53 4.20 20.01 16.76 12.94 2.86 3.92 1.90
21.79 0.75 0.08 0.00 0.39 0.76 6.93 33.17 13.80 19.18 9.79 1.48 0.72
21.99 2.08 1.31 4.74 13.40 2.45 3.20 6.59 10.78 1.56 6.84 1.19 0.28
22.19 2.33 8.23 18.07 0.36 1.61 3.29 10.45 2.10 0.01 0.61 0.00 0.03
22.40 5.61 15.28 42.13 21.61 38.62 49.36 79.03 59.40 52.97 15.30 4.35 0.62
z 100.93 254.32 433.60 297.79 425.39 315.27 495.50 333.06 264.87 82.51 32.72 13.61

Table 3.2.2: Table representing the individual x? contributions from each magnitude bin per

cluster redshift bin. The final row represents the total contributions in each bin.
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method was then applied to these subsets. A convenient way to display these sub-samples
is to compare them with their respective total sample LF. Comparison plots of the mass-
binned LFs and total composite LFs can be found in figures 3.3.1 - 3.3.3. The fitted Schechter
parameter values for the mass subsets are provided in Tables 3.3.1 and 3.3.2.

For the low-mass subsets, we obtained o = -1.18 + 0.01; m* = 18.52 + 0.05 in our
lowest redshift bin ((z) = 0.225), and o = -2.36 £ 0.83; m* = 20.14 £ 1.82 for our highest
redshift bin ((z) = 0.775). This shows an = 1.40 difference in a between the lowest and
highest redshift bins. However, due to the large uncertainties in o with redshift, « is not well
constrained. There is also weak evidence of the evolution of m* with redshift, with an ~ 0.9¢
difference between the lowest and highest redshift bins. This implies a weak evolution of M*
with redshift for low-mass clusters. However, the uncertainty in the final redshift bin is quite
large compared to the other bins. There is a very good agreement between the low-mass
subset LF and the total redshift binned LF, with a < 1o difference between their m* and o
values in the lowest and highest redshift bins.

For the high-mass subset, we obtained o« = -1.15 + 0.01; m* = 18.48 £ 0.03 for (z) =
0.225, and a = -2.05 £ 0.30; m* = 21.14 + 0.55 for (z) = 0.775. This is a difference of ~ 3¢
between « in the lowest and highest redshift bin. This represents a significant evolution of
a with redshift for high-mass clusters. Once again, uncertainty for « in the highest redshift
bin is relatively high compared to other bins. There is an ~ 4.8¢ difference in m*, and an
~ 0.90 difference in M*, between these two redshift bins. This indicates a weak evolution of
M* with redshift for high-mass clusters. There is a good agreement between the high-mass
subset LF and the total composite LF (< 1o).

We also observe a ~ 3¢ difference in o between the low-mass and high-mass subset at
(z) = 0.225. However, these differences are much more noticeable at mid-redshifts - e.g., for
(z) = 0.475, the high-mass subset has a faint-end slope within 3.60 of the slope derived for
the low-mass subset. Differences between derived characteristic magnitudes for both subsets

are < 3o, implying no significant evolution of m* with redshift between subsets.
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Figure 3.3.1: Comparison of mass-binned composite LFs and total composite LF for redshift bins
1-4 (0.20 < z < 0.40). The low-mass subset is represented by blue data points and fitted with a
single Schechter function represented by a dashed blue line. The high-mass subset is represented
by red data points and fitted with a single Schechter function represented by a dotted red line.

Fitting parameters are shown in the plot legend. The absolute magnitude (M,) axis is shown in

light blue.
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Figure 3.3.2: Comparison of mass-binned composite LFs and total composite LF for redshift bins
4-8 (0.40 < z < 0.60). The low-mass subset is represented by blue data points and fitted with a
single Schechter function represented by a dashed blue line. The high-mass subset is represented
by red data points and fitted with a single Schechter function represented by a dotted red line.
Fitting parameters are shown in the plot legend. The absolute magnitude (M,) axis is shown in
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Figure 3.3.3: Comparison of mass-binned composite LFs and total composite LF for redshift bins
8-12 (0.60 < z < 0.80). The low-mass subset is represented by blue data points and fitted with a
single Schechter function represented by a dashed blue line. The high-mass subset is represented
by red data points and fitted with a single Schechter function represented by a dotted red line.

Fitting parameters are shown in the plot legend. The absolute magnitude (M,) axis is shown in

light blue.
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Low-mass composite LF fitting details

(2) Netus m* a M o* x? dof X2

0.225 47 18.52 £ 0.05 -1.18 £ 0.01 -21.73 £ 0.05 805.06 39.93 25 1.60
0.275 60 18.91 £+ 0.05 -1.18 £ 0.02 -21.83 + 0.05 953.56 67.35 25 2.69
0.325 72 19.10 £ 0.08 -1.29 £+ 0.02 -22.06 £ 0.08 650.28 108.57 25 4.34
0.375 70 19.42 £+ 0.08 -1.29 £+ 0.03 -22.10 £ 0.08 594.08 78.39 25 3.14
0.425 89 19.89 £+ 0.09 -1.23 £ 0.04 -21.95 + 0.09 846.18 118.06 23 5.13
0.475 75 20.03 4+ 0.12 -1.30 £ 0.05 -22.10 £ 0.12 576.14 83.64 22 3.80
0.525 78 20.37 + 0.14 -1.31 £ 0.07 -22.02 £ 0.14 633.03 89.28 20 4.46
0.575 66 20.27 + 0.27 -1.47 £ 0.11 -22.36 + 0.27 368.97 105.62 19 5.56
0.625 73 20.31 4+ 0.16 -1.62 £+ 0.07 -22.54 + 0.16 256.84 48.22 17 2.84
0.675 58 20.85 4+ 0.25 -1.63 £ 0.15 -22.20 £ 0.25 241.69 23.88 16 1.49
0.725 50 21.20 = 0.30 -1.64 £ 0.22 -22.04 + 0.30 193.37 12.41 15 0.83
0.775 40 20.14 + 1.82 -2.36 £+ 0.83 -23.28 +£ 1.82 11.65 25.93 13 1.99

Table 3.3.1: Table of Schechter fitted parameters for our low-mass binned composite LFs, for each
redshift bin. Redshift bins are classified in terms of the median of the redshift bin, (z). The errors
in M* were the same as measured for m*. The last column represents the reduced chi-squared (x?2)

values.

The overall reduced chi-squared values for both subsets are considerably lower (= 1)
than those obtained for the total redshift-binned LF's. This is mainly since each mass subset
contains fewer clusters, hence fewer galaxies, than the full redshift bin. Similar to the
redshift-binned LFs, the main contributors to high x2 values came from the mid-redshift
bins (see Tables 3.3.1 and 3.3.2).

Through visual inspection of figures 3.3.1 - 3.3.3, we observe that the bright-end mis-
matches are also distinguishable in both mass subsets and are consistent with the full sample
LFs. Once again, the bright-end follows a Gaussian-like distribution for both subsets, while
the faint-end follows a steep power-law function. The deviations from the Schechter model
are marginally prolific in the high-mass sub-samples, indicating that high-mass clusters con-
tribute more towards this fluctuation in luminosity at the bright-end. These results will be

discussed further in the next chapter.
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High-mass composite LF fitting details

(2) Nelus m* a M* o* X2 dof 5o

0.225 37 18.48 £ 0.03 -1.15 £ 0.01 -21.76 £ 0.03 1518.35 27.61 25 1.10
0.275 52 18.97 £+ 0.03 -1.13 £ 0.01 -21.77 £ 0.03 1971.37 117.44 25 4.70
0.325 62 19.21 £ 0.06 -1.26 £+ 0.02 -21.95 £ 0.06 1263.79 150.73 25 6.03
0.375 65 19.62 £ 0.06 -1.25 £ 0.03 -21.90 + 0.06 1426.32 135.58 25 5.42
0.425 7 20.07 = 0.05 -1.11 £ 0.02 -21.77 £ 0.05 2151.53 118.01 24 4.92
0.475 71 20.31 + 0.07 -1.12 £ 0.04 -21.82 + 0.07 1544.53 118.68 22 5.39
0.525 73 20.67 4+ 0.09 -1.09 £ 0.05 -21.72 £ 0.09 1711.12 192.94 20 9.65
0.575 62 20.85 + 0.11 -1.18 +£ 0.07 -21.78 £ 0.11 1328.52 110.61 19 5.82
0.625 65 20.68 + 0.16 -1.49 £+ 0.09 -22.17 £+ 0.16 715.51 83.18 17 4.89
0.675 54 20.60 4+ 0.23 -1.71 £ 0.11 -22.45 £+ 0.23 281.91 44.47 17 2.62
0.725 46 20.37 + 0.25 -2.07 £ 0.10 -22.87 + 0.25 79.99 16.51 15 1.10
0.775 37 21.14 + 0.55 -2.05 £ 0.30 -22.28 £ 0.55 118.20 10.14 12 0.85

Table 3.3.2: Table of Schechter fitted parameters for our high-mass binned composite LF's, for
each redshift bin. Redshift bins are classified in terms of the median of the redshift bin, (z). The
errors in M™* were the same as measured for m*. The last column represents the reduced chi-squared

(x2) values.
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Chapter 4

Discussion

In this chapter, we discuss the results of our fitted redshift binned composite LFs and mass
binned LFs, making comparisons with previous studies. We discuss the evolution of both
m™* and « with redshift. Lastly, we discuss possible improvements that could be made to our

work.

4.1 Interpretation of the results

4.1.1 Stacked LFs

We established in Section 3.2 that our redshift-binned composite LF's revealed a trend in
the steepness of the faint-end slope with redshift. This is easily visible in a comparison plot
of all our redshift binned composite LF's in figure 4.1.1. In particular, we found very steep
faint-end slopes in the higher redshift bins, specifically at (z) = 0.775. These slopes appear
to be much steeper than a values obtained in previous studies (e.g., Puddu et al., 2021).
The LF of early-type or red galaxies has been observed to have a flatter a than that of late-
type or blue galaxies (Muzzin et al., 2007). As discussed in Section 1.5, this idea is further
illustrated by the fact that steeper slopes and fainter characteristic magnitudes have been
measured in bluer rest-frame passbands. This means that we could be moving into the u or

g-band range, resulting in the extreme steepness we observe. Another explanation could be
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that we perhaps have an abundance of blue galaxies in our cluster sample contributing to
the stacked LFs. Of course, this needs to be verified with the application of a colour-cut to
our study.

Galaxy population and the LF also vary with the distance to the cluster centre (Dressler,
1978; Hansen et al., 2005; Barkhouse et al., 2007), and the value of « is steeper in the outer
region than that in the central region (Boué et al., 2008; De Filippis et al., 2011). This is
consistent with CDM models that predict the most massive galaxies to lie at the cluster cores.
For example, Martinet et al. (2015) found more blue galaxies in cluster outskirts than in the
core. This larger number of blue or late-type galaxies in the outskirts could be explained by
infalls from the field. Few cases of LF's based on deep spectroscopy have produced shallower
slopes (e.g., Rines & Geller, 2008), suggesting that the field contamination might be the
cause of the observed steep LFs based on photometry only.

We also observed that the characteristic absolute magnitude, M*, becomes brighter with
redshift (see Table 3.2.1). We expect M* values to become brighter with redshift due to
stellar population evolution effects. The luminosity function of galaxies in rich clusters also
has a brighter M* and a steeper « than in poor clusters (e.g., Lin et al., 2004; Hansen et al.,
2005). This evidence suggests that our sample consists largely of rich clusters.

The advantage of narrow binning, which is enabled by our very large cluster (and galaxy)
sample, allows us to track minor LF trends that would otherwise be averaged out if we used
wider bins. Such a trend is the peak (or Gaussian distribution) observed at the bright-end
in our composite LFs. As mentioned before (see Section 1.5), the source of this luminosity
contribution could be from over-luminous cluster members, such as BCGs/cD galaxies. The
luminosity distribution of a sample of BCGs follows a Gaussian function (Hansen et al.,
2005; De Filippis et al., 2011). This deviation in luminosity distribution is mainly due to the
fact that BCGs or ¢D galaxies are not drawn from the general cluster galaxy population and
have resulted from different formation processes. Hence, many studies have chosen either to
exclude them or to treat them differently (e.g., Goto et al., 2002; Hansen et al., 2009; Wen &

Han, 2015). The construction of our composite LFs did not include a radial cut to exclude
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Comparison plot for all z-binned composite LFs: 0.20 < z < 0.80
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Figure 4.1.1: A comparison of all redshift-binned composite LFs, fitted with a single Schechter

function. The median of each redshift bin is represented by (z).
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these sources from our data. This could be checked in future work.

4.1.2 Mass-binned LF's

The results presented in Section 3.3 indicate no remarkable difference between the properties
of the general LF and the LF of the mass subsets, with a < 1o difference between the
characteristic magnitudes and faint-end slopes. This is a key result and indicates there is
no dependence in « or m* with cluster mass. We generally observed minor deviations in
the mass-binned samples compared to the redshift-binned stacked LFs. While the faint-end
slopes for the low-mass subsets are within ~ 1o of the full redshift-binned LF for z < 0.45,
the faint-end slopes of high-mass subsets are flatter for the low redshift bins. The converse
effect is true for the high redshift bins (0.60 < z < 0.75), where the faint-end for the high-
mass subsets is much steeper than the faint-end of the low-mass subsets, except for the last
redshift bin. The low-mass subsets seem to be in better agreement with the full sample LFs
than the high-mass subsets. This implies that low-mass galaxy clusters tend to follow a more
uniform LF trend than high-mass clusters.

We also obtained a considerably flatter faint-end slope for the high-mass subset than the
slope obtained for low-mass subsets. According to previous studies (e.g., Goto et al., 2002;
Muzzin et al., 2007) this implies a higher abundance of early-type galaxies (brighter galaxies)
in the high-mass clusters, compared to the low-mass clusters, in our sample.

Next, we aim to compare our characteristic magnitudes with results from previous liter-

ature and track their evolution with redshift.

4.2 m* vs z

One way to track galaxy evolution is to consider the trend in m* values with redshift. The
shape of m* evolution with redshift is compatible with the BC03 (see Section 2.2.3) stellar
population evolutionary model with a decaying (7 = 0.1 Gyr) starburst at formation redshifts

zy =2 and zy = 5 (see figure 4.2.1). This allows us to model all types of galaxies since their
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colours are easily reproduced with the 7 = 0.1 Gyr single burst of star formation at high-z
passively evolving model. We can also compare our values to previous ones obtained from
field (Montero-Dorta & Prada, 2009; Loveday et al., 2011) and cluster studies (Popesso et al.,
2006; Hansen et al., 2009; Zhang et al., 2019; and Puddu et al., 2021). The evolutionary plot
of m* with redshift can be found in figure 4.2.1. We have tabulated our results and previous
results in Table 4.2.1.

By visual inspection (see figure 4.2.1), our characteristic magnitudes for the general sam-
ple and mass subsets follow a tight correlation with the evolutionary tracks at zy = 2.0 and
zf = 5.0 up to z = 0.60. For z > 0.60, our m* values deviate from the expected evolutionary
trend. For the general sample of clusters, our m* values appear to be significantly and con-
sistently brighter than predicted at higher redshifts (z > 0.50). This trend is also apparent
in the high-mass subset m*’s.

All characteristic magnitudes from the literature were converted to r-band magnitudes,
by assuming the BC03 evolutionary model, for comparison (see Table 4.1.1). Comparing our
characteristic magnitudes with the cluster LF study of Popesso et al. (2006) is difficult since
their study only covered up to a redshift of 2 = 0.10. However, their results could provide us
with clues on the behaviour of the cluster LF at low redshift. In particular, Popesso et al.
(2006) obtained a very bright characteristic absolute magnitude of M* = -21.71 + 0.52 for
late-type galaxies (LTGs) in their sample, which is a < 1o difference (or 0.02 mag. fainter)
to our M* value in our lowest redshift bin. Our characteristic magnitude measured at (z)
= 0.375 is also in good agreement (/ 20) with the m* measured at z = 0.40 from the large
SDSS cluster study by Hansen et al. (2009). They measured a characteristic magnitude of
m* = 19.48, which is only 0.08 mag. fainter than our m* at a redshift of (z) = 0.375.

Our m* at (z) = 0.225 is in good agreement (= 1.8¢) with the low-redshift (z = 0.25)
m* from the cluster study of Zhang et al. (2019). This study focused on measuring RSLFs
in two redshift bins (see Section 1.5). Their higher-redshift bin m* is also consistent with
our characteristic magnitude derived at (z) = 0.475, with a ~ 1.2¢ difference.

Puddu et al. (2021) followed a similar method used in our study, by measuring the 7-
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Figure 4.2.1: A plot showing the evolution of m* with redshift (z), for our full sample of clusters

(All), and our mass sub-samples (low-mass and high-mass) shown as black squares, and red and

blue triangles respectively. A BCO03 solar metallicity, 7 = 0.1 Gyr burst model with formation

redshifts zy = 2 and zy = 5 are shown as orange and maroon dotted lines respectively. m* values
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band LFs for &~ 4000 clusters detected by the Adaptive Matched Identifier of Clustered
Objects (AMICO; Bellagamba et al., 2018) algorithm and binned by redshift. AMICO is an
algorithm for the detection of galaxy clusters in photometric surveys where the data set is
affected by a noisy background (Giocoli et al., 2021). Our absolute characteristic magnitudes
are overall brighter than the ones obtained by Puddu et al. (2021). By visual inspection (see
figure 4.2.1), the m*’s measured by Puddu et al. (2021) follow a consistent evolutionary trend
with redshift. Comparing individual redshift bins, we found a correlation (= 1.50 difference)
between our m* value for redshift (z) = 0.525 and their m* value measured at z = 0.50.

Considering field studies such as Montero-Dorta & Prada (2009) and Loveday et al.
(2011), our characteristic magnitudes m* were much fainter to m*’s derived in these studies.
However, these values were derived for LFs centred on a redshift of z = 0.10. Even our
lowest redshift bin, which is centred on redshift z = 0.225, is 0.9 mag. fainter than the
m*’s measured by Montero-Dorta & Prada (2009) and Loveday et al. (2011). The field LFs
measured by Montero-Dorta & Prada (2009) and Loveday et al. (2011) are in very close
agreement with each other, with a < 1o difference between parameters. Their apparent
characteristic magnitudes show extreme deviations from our low redshift m*’s. Our M*’s
at low-redshift are significantly brighter (=~ 1 mag.) than the M*’s from these field studies.
This is consistent with the hypothesis that the cluster LF is different from the field LF (e.g.,
Goto et al., 2002; De Propris et al., 2003). However, we must stress that there is a 0.125
redshift difference between the redshift used in these studies and the lowest redshift used in
our study.

A full comparison to previously measured characteristic magnitudes from field and cluster
studies can be made using figure 4.2.1 and Table 4.2.1. Our next step is to attempt to track

the evolution of the faint-end slope with redshift and make comparisons to previous work.
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LF comparison to previous studies

Author/s z Nows/Ngar || m* a M*

This work 0.225 173 (C) 18.51 + 0.02 -1.18 £ 0.01 -21.73 £ 0.02
0.275 225 (C) 18.91 £ 0.02 -1.18 + 0.01 -21.83 £ 0.02
0.325 273 (C) 19.10 £ 0.03 -1.31 £ 0.01 -22.06 £ 0.03
0.375 272 (C) 19.40 + 0.04 -1.33 £ 0.01 -22.13 £ 0.04
0.425 338 (C) 19.96 £ 0.03 -1.19 + 0.01 -21.88 + 0.03
0.475 294 (C) 20.19 £+ 0.05 -1.21 £ 0.02 -21.94 4+ 0.05
0.525 302 (C) 20.52 + 0.06 -1.20 £ 0.03 -21.87 £ 0.06
0.575 262 (C) 20.63 £ 0.08 -1.33 £ 0.05 -21.99 £ 0.08
0.625 286 (C) 20.63 £ 0.10 -1.50 £ 0.05 -22.22 + 0.10
0.675 227 (C) 20.56 + 0.13 -1.72 £ 0.06 -22.49 + 0.13
0.725 199 (C) 20.61 £ 0.16 -1.94 + 0.08 -22.63 £ 0.16
0.775 157 (C) 20.62 + 0.23 -2.19 £ 0.10 -22.80 £ 0.23

Popesso et al. (2006) - || 0.10 69 (C) 17.16 £+ 0.26 -1.26 £ 0.12 -21.16 4+ 0.26

S+E

LTGs 16.61 + 0.52 -1.87 £ 0.04 -21.71 £ 0.52

Hansen et al. (2009) 0.40 165597 (C) || 19.48 -0.28 £+ 0.06 -22.21

Montero-Dorta & | 0.10 437565 (G) || 17.61 £+ 0.04 -1.26 £+ 0.02 -20.71 4+ 0.04

Prada (2009)

Loveday et al. (2011) | 0.10 12860 (G) 17.59 £ 0.03 -1.26 £ 0.02 -20.73 £ 0.03

Zhang et al. (2019) 0.25 64 (C) 18.18 £+ 0.18 -0.80 £ 0.12 -22.32 £ 0.18
0.49 27 (C) 19.91 £ 0.23 -0.55 £ 0.18 -22.30 £ 0.23

Puddu et al. (2021) | 0.24 755 (C) 18.90 + 0.03 -1.04 + 0.03 121,50 + 0.03
0.41 1182 (C) 20.16 + 0.04 -0.92 £+ 0.05 -21.59 4+ 0.04
0.50 939 (C) 20.61 £ 0.05 -0.87 £+ 0.07 -21.65 £ 0.05
0.63 1222 (C) 21.26 4+ 0.05 -0.63 £ 0.11 -21.61 4+ 0.05

Table 4.2.1: A table displaying the characteristic magnitudes (m* and M*) and faint-end slopes
() from this project and previous field and cluster LF studies. For the Popesso et al. (2006) study,
we show both measurements for their Schechter+Exponential (S+E) fit and for Late-Type Galaxies

(LTGs). The letter ‘C’ represents clusters and ‘G’ represents galaxies.
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4.3 o Vs z

The evolution of the faint-end of the composite cluster LF can provide key information about
the abundance of faint galaxies, at different redshifts. To track this evolution with redshift,
we compared our faint-end slopes for our full cluster stacked LFs and mass subsets, with
slopes gathered from previous studies (see figure 4.3.1). For consistency, we use the same
studies aforementioned in Section 4.2.1.

We find large uncertainties for our faint-end slopes in our high redshift bins (z > 0.625)
- e.g., a = -2.36 + 0.83 for low-mass composite LF at (z) = 0.775. This implies that « is
unconstrained at high redshift in our sample, most likely due to the depth of our photometric
data from DECaLS. Past work on cluster LFs that encountered a similar issue decided to
assume a value for o and fix it as a function of redshift (e.g., Muzzin et al., 2008; Mancone
et al., 2010). However, fixing o has been a potential source of systematic uncertainty, as the
strong coupling between M* or m* and a means that if « is improperly held fixed then the
fitted values of m* or M* will also be incorrect (Mancone et al., 2012). This is important
for the evolution of the characteristic magnitude because if « is evolving but assumed to be
fixed then this false assumption can create spurious evolution in M* or m*.

The « value we measure for the full low-redshift ((z) = 0.225) sample is in good agreement
(= 0.70 difference) with the value retrieved from the S+E cluster sample from Popesso et al.
(2006), despite their small cluster sample and lower redshift bin (z = 0.10). Their value
obtained for LTGs is much steeper at z = 0.10 compared to any of our values near this
redshift. We can attribute this to the mix of spectral types in our cluster samples. However,
the results from Popesso et al. (2006) are a good indicator for us, in terms of the very steep
faint-end slopes we encounter.

The faint-end slope of & = -0.28 £ 0.06 from Hansen et al. (2009), derived at z = 0.40, is
considerably flatter (=~ 15.20 difference) compared to our slope of & =-1.19 4+ 0.01 measured
at redshift (z) = 0.425. This flatness in « is also consistent with the cluster studies performed
by Zhang et al. (2019) and Puddu et al. (2021). There is a significant difference, ~ 3.20 and

~ 3.70, between the faint-end slopes from Zhang et al. (2019) and our o’s measured at (z)
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Figure 4.3.1: A plot showing the evolution of a with redshift (z), for our full sample of clusters
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= 0.225 and (z) = 0.475, respectively. The flatter slopes measured by Zhang et al. (2019)
can possibly be attributed to the fact that they measured RSLF's, and as we have already
established, the LF of red galaxies have flatter faint-end slopes (Muzzin et al., 2007). The
differences between the slopes from Puddu et al. (2021) and ours are significant and well
beyond 30. Additionally, their a’s become flatter with redshift, contrary to the trend we
observe in our results. This is particularly interesting since their study covered a similar
redshift interval as ours, and also consisted of a large number of clusters per bin. Both
Zhang et al. (2019) and Puddu et al. (2021) applied colour cuts to their galaxy samples and
considered the red and blue galaxy populations. This pattern of increasing steepness in our
faint-end slopes could be attributed to the inclusion of the diversity of galaxy populations in
our data sample. We have already discussed the possible explanations for our steep faint-end
slopes in Section 4.1.1.

Considering our two field LF studies we included, Montero-Dorta & Prada (2009) and
Loveday et al. (2011), who both obtained a faint-end slope of o = -1.26 + 0.02 at z = 0.10.
This value is /= 40 steeper than our lowest redshift bin slope of -1.18 £ 0.01. This significant
difference is consistent with the result that the cluster LF has a flatter faint-end slope than
the field LF (see Section 1.5). This is especially noticeable for the redder passbands (i.e., r,
i, and z) while the slope of the cluster LF systematically flattens from the u passband to the
z band (Goto et al., 2002). However, further comparisons could be made with field studies

at higher redshift.

4.4 Possible improvements

One clear call for improvement comes from our model fitting of the LFs. We used a single
Schechter function to describe our stacked LFs. However, some galaxy populations and
clusters cannot be constrained by just a single Schechter function. For example, the LFs of
some individual merging clusters are better described by a double Schechter function (e.g.,
Yang et al., 2004). Some studies have also implemented a double Schechter fit (e.g., Popesso

et al., 2006) to constrain the upturn of very faint counts that can exist for dwarf galaxies at
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fainter magnitudes than the usual LF flat faint-end (Martinet et al., 2015). Other studies
have instead fitted a Gaussian to the bright-end and a Schechter function to the faint-end
(e.g., Biviano et al., 1994; Stott et al., 2007). This method accounts for the excess of very
bright galaxies observed in some clusters. As mentioned in Section 4.1.1, a Gaussian function
would be a useful tool to constrain the bright-end of our LFs. These methods could have
been adopted in our study but would require a fainter completeness limit due to the large
number of data points in our LFs.

We have already mentioned the effect of BCGs on the bright-end of the LF (see Section
4.1.1). The Gaussian-like luminosity distribution produced by these over-luminous cluster
members results in a poor fit of the Schechter model to the cluster LF. Since BCGs or ¢D
galaxies are usually found in cluster cores, the implementation of a radial cut to exclude
them has been an efficient method (e.g., Hansen et al., 2009; Wen & Han, 2015). While it
should be relatively simple to implement and test the effect of a radial cut, we consider it to
be beyond the scope of this Master’s thesis.

An evident omission from our LF study is the implementation of a colour-cut for galaxy
populations. With colour-selected populations, we can analyse the variations of the galaxy
types within clusters. Typically, blue and red galaxies are selected in a colour-magnitude
diagram in which field galaxies have been already subtracted (Martinet et al., 2015). In
this thesis, we have chosen not to classify cluster galaxies by colour or spectral type, and
have instead analysed the general LF behaviour for a mixed cluster population. Perhaps
the inclusion of a colour-cut could help us differentiate between the LF evolution of each
population.

The results from Chapter 3 are difficult to interpret in part because the form of the
luminosity function is complex and its evolution is uncertain. A simpler approach, which is
based on only galaxy counts, to quantify the relative evolution of the numbers of bright and
faint galaxies is to use the ratio of the number of dwarfs to giants along the red sequence -
DGR (see Section 1.2). The variation of this quantity with distance from the cluster centre,

density and cluster richness have been previously studied in detail (Dahlén et al., 2004; Goto
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et al., 2005). The boundary between giants and dwarfs is arbitrary and is usually defined as
the magnitude where the faint-end Schechter function begins to dominate over the bright-
end Gaussian (Goto et al., 2005). Hence, this method is only helpful in interpreting the

faint-end.
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Chapter 5

Conclusion

The galaxy luminosity function (LF) is a powerful observational test for theories of galaxy
formation and evolution within clusters. In our attempt to understand galaxy evolution, we
presented a traditional approach (Colless, 1989) to measuring the cluster LF. In order to do
this, we examined the galaxy population of 3008 SZ-selected clusters drawn from the ACT
DR5 sample by measuring their composite r-band LFs from 0.20 < z < 0.80 using optical
data from DECaLS DR9. This type of study has been done previously, but not on this
specific cluster sample over this chunk of cosmic time. In Chapter 2, we provided a detailed
description of the data used and our LF construction method.

An overview of our method is as follows:

e Rather than presenting individual cluster LFs, we derived composite or stacked LFs
which makes it more feasible to identify differences hidden by small number statistics
in individual cases (De Propris et al., 2003). Due to our large redshift range, we were
able to bin clusters into 12 narrow redshift bins of width 0.05 (see Table 2.2.1). We
also selected mass bins within each redshift bin, selecting the top and bottom 25 %
of clusters by mass (see Table 2.2.2). We implemented apparent magnitude binning,
adopting a bin width of 0.2 mag. for the range: 17.0 < m, < 24.5. We k-corrected
galaxy r-band magnitudes to the median redshift of each cluster bin, using the BC03
(Bruzual & Charlot, 2003) stellar population model.
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e We chose to utilize the full galaxy p(z) distributions in estimating photometric red-
shifts, which is more accurate. Cluster membership was assigned probabilistically, by
integrating over the weighted sum of the p(z) distributions between 40.1 in redshift
around each cluster redshift. To negate completeness corrections, we adopted a brighter

magnitude limit of ~ 22.5.

e The final construction of our stacked LFs utilized a common method given by Colless
(1989). This method required a richness weighting to account for the fact that richer
clusters consist of more galaxies than poorer clusters and, hence, tend to dominate
the composite LF. This required two steps. Firstly, using a richness-radius scaling
relation (Andreon & Hurn, 2010), we selected cluster members within Raggy. Secondly,
we defined an absolute magnitude limit of ~ —20 mag. by constructing a volume-
limited sample using absolute magnitude distributions (see figure 2.2.4) generated from
DECaLS field catalogues. Once a richness weighting was established, we stacked LF's

per redshift bin and estimated errorbars using Poisson statistics.

e We fitted a single Schecter function, for a and m*, to our LFs. The normalization
parameter (¢*) was fixed such that the value of the integral of the fitted function was
equal to the total number of galaxies in the composite LF within the same magnitude
range. m* and « were estimated using x? minimization technique. lo uncertainties

for these parameters were measured using 1000 Monte-Carlo (MC) simulations.

Our results are presented and discussed in Chapters 3 and 4 respectively. These results
indicate that a single Schechter function is a poor fit to our composite LFs, with y? > 1
for most redshift bins (see Table 3.2.1). A logical explanation for this is that the Poisson
errors are an underestimate of the true uncertainty in our data, possibly owing to the use
of photometric redshifts or different k-corrections for different types of galaxies that have
not been captured in our error bars. Individual x? contributions (see Table 3.2.2), as well
as visual inspection of our composite LFs, revealed a deviation of the bright-end from the

Schechter model. We deduced that this is the Gaussian-like distribution produced by BCGs
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that characterizes the bright-end (Binggeli et al., 1988; Dressler et al., 1999; Adami et al.,
2000; Rakos et al., 2000). Many previous cluster LF studies have chosen to exclude these
objects by adopting a radial cut.

For our total redshift binned LFs, we discovered a characteristic magnitude of m* = 18.51
+ 0.02 and faint-end slope of & = -1.18 £ 0.01 in our lowest redshift bin ((z) = 0.225). We
found m* = 20.62 + 0.23 and o = -2.19 £ 0.10 in our highest redshift bin ((z) = 0.775).
This shows significant evidence (> 8¢) for the evolution of both a and m* with redshift.

For the low-mass subset, we obtained best-fit parameters of (m*, a) = (18.52 £+ 0.05,
-1.18 £ 0.01) at (z) = 0.225, and (m*, ) = (20.14 £ 1.82,-2.36 £ 0.83) at (z) = 0.775. For
the high-mass subset, we found best-fit parameters of (m*, o) = (18.48 4+ 0.03, -1.15 £ 0.01)
at (z) = 0.225, and (m*, a) = (21.14 £ 0.55, -2.05 £ 0.30) at (z) = 0.775. There is evidence
of weak (< 20) evolution of @ and m* with redshift, for low-mass subsets, while high-mass
subset LFs indicate strong evidence (> 30) for the evolution of m* and « with redshift. Our
mass-binned LFs reveal a strong correlation (< 1o) with the total stacked LFs, with the
low-mass subsets in slightly better agreement. This key result implies no dependence in «
or m* with cluster mass.

Our total stacked LF's reveal an expected trend of m* becoming fainter with redshift,
while M* becomes brighter with redshift. We expected M* values to become brighter with
redshift due to stellar population effects. We found that the shape of our m* evolution
with redshift (see figure 4.2.1) is compatible with a BC03 (Bruzual & Charlot, 2003) stellar
population model up to (z) = 0.60. For z > 0.60, we observed significantly brighter m*’s
than predicted for formation redshifts zy = 2 and zy = 5.

The evolution of the faint-end slope with redshift reveals a trend in steepness (see figures
4.1.1 and 4.3.1). This steepness appears to be more significant than observed in previous
literature (e.g., Puddu et al., 2021). We deduced that this steepness in « could mean we are
moving into the u or g-band range since bluer passbands tend to have steeper slopes than
redder bands such as the r-band (Goto et al., 2002; Muzzin et al., 2007). The combined

result of brighter M*’s and steeper a’s also suggests that our sample consists largely of rich
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clusters (e.g., Hansen et al., 2005).

An important result from the mass subset LFs was that we achieved considerably flat-
ter faint-end slopes for high-mass subsets compared to low-mass subsets. The high-mass
clusters are more likely to have a higher fraction of early-type galaxies, for which previous
measurements show that a is flatter. The large uncertainties pointed out in «, especially
in the high redshift bins of our mass subsets, implies that a was poorly constrained at high
redshift (z > 0.625) probably due to the depth of our photometric data from DECalS. We
could have assumed a fixed value for a but this has proved to be a source of systematic
uncertainty, and a false assumption could lead to spurious evolution in M* or m* (Mancone
et al., 2012).

Comparing our work to previous cluster and field studies, we found that our LF's are
in better agreement with previous cluster studies, such as Popesso et al. (2006) and Zhang
et al. (2019), than field studies (see Table 3.2.1). However, our trend in faint-end steepness
disagrees with the large cluster study by Puddu et al. (2021). The field LFs presented by
Montero-Dorta & Prada (2009) and Loveday et al. (2011) showed large deviations in m* and
a compared to our composite cluster LF's. This is consistent with the hypothesis that cluster
LF is different than the field LF, which is especially noticeable for the redder passbands (Goto
et al., 2002; De Propris et al., 2003). However, further comparisons should be made with
more field studies at higher redshifts.

We suggested a number of possible improvements to the analysis presented in the thesis
in Section 4.4. While some of these should be fairly straightforward to implement, due to
time constraints we were unable to include them in this project. They may be investigated
in future work. Despite this, we still have provided valuable insight into the galaxy evolution
within the ACT DR5 cluster environment. This is certainly the biggest sample of SZ-selected
clusters for which the galaxy LF has been investigated to date.
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