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Abstract

I investigate the redshift 1.98 galaxy cluster XLSSC 122 using the Hubble Space Tele-
scope (HST) from the core of the cluster out to 3 Mpc, a scale equivalent to 10 times the
R500 = 295 kpc radius. I present an expanded photometric and spectroscopic catalogue of
the cluster, bringing the total number of spectroscopically classified member galaxies to 74,
with 35 new member galaxies added in the outer regions of the cluster. I compute the ra-
dial galaxy number density profiles in the cluster, and observe no clear evidence of infalling
groups or cosmic filaments. I observe a clear bimodal colour relation in member galaxies,
with an increasing number of red galaxies approaching the cluster centre. This red fraction
enhancement, as well as the coincident appearance of post-starburst galaxies, indicates a
rapid cessation of star formation as galaxies enter the cluster. We use a simple model to
show that the observed galaxy properties may be explained by ram pressure stripping at or
near the virial radius of the cluster.
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Chapter 1

Introduction

Galaxy clusters offer an important environment to study the formation and evolution of
galaxies across cosmic time (Dressler, 1980; Peng et al., 2012; Wetzel et al., 2013), with
cluster cores hosting a greater number of red galaxies than the surrounding field (Balogh
et al., 2004; Gladders and Yee, 2005; Rykoff et al., 2014; Strazzullo et al., 2016; Balogh
et al., 2016) and the outskirts hosting galaxies in the midst of evolution from active to
passive (McGee et al., 2009; Webb et al., 2020; Werner et al., 2022). Galaxies in cluster
outskirts experience a cessation of star formation (quenching) in part due to the interplay of
high concentrations of member galaxies with a hot intracluster medium (ICM) and a parent
dark matter halo (Gunn and Gott, 1972; Abadi et al., 1999; McGee et al., 2009), a process
which has been observed in the local universe in the stripping of gas from galaxies in infall
regions (Paccagnella et al., 2017; Brown et al., 2017; Watts et al., 2023). The bimodal colour
distribution of cluster galaxies from the local universe to at least z = 2 (Balogh et al., 2004;
Strazzullo et al., 2019; Willis et al., 2020) indicates that rapid quenching is present from
early cosmic times. This work focuses on the properties of galaxies in the outskirts of the
z = 2 galaxy cluster XLSSC 122, tracing the effects of environment on the evolution of its
infalling galaxies.

1.1 Historical Background for Researching Galaxy Clusters

Early astronomers noticed clusters of faint extended objects in the sky (Messier, 1781; Her-
schel, 1786). When we discovered that these galaxies were located outside of the Milky Way
(Shapley and Ames, 1932; Abell, 1958), we could identify these structures as galaxy clusters.
At later times, astronomers connected galaxy clusters to large dark matter halos (Zwicky,
1933) and a hot baryonic plasma intracluster medium (ICM) (Gursky et al., 1971). Despite
the fact that they are dark matter dominated structures, galaxy clusters remain labelled by
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the galaxy populations they host. Galaxy clusters are useful as probes of the early universe,
as they are massive gravitational assemblages of galaxies that trace the distribution of dark
matter in the cosmic web (Abell, 1958; Libeskind et al., 2018). As the universe evolves
forward in time, their overdensity increases compared to the early universe. Early universe
galaxy clusters in particular are then useful for studying this early structure because they
provide a large number of galaxies in an environment dissimilar to our local universe, and can
trace the earliest effects of environment on the formation and evolution of galaxies (Dressler,
1980; Poggianti et al., 1999; Balogh et al., 1999, 2004; Strazzullo et al., 2019; van der Burg
et al., 2020; Trudeau et al., 2022).

1.2 Galaxy Clusters

1.2.1 Cluster Origins and Evolution

The early universe experiences a variety of quantum fluctuations, leading to minor over-
densities in the dark matter mass distribution which grow over time and merge with other
gravitationally bound structures, or halos (Blumenthal et al., 1984, 1986; Navarro et al.,
1995). Low mass overdensities are more compact, and collapse earlier (Blumenthal et al.,
1984). At later times, these smaller developing halos are drawn into more massive, later
collapsing halos (White and Rees, 1978; Blumenthal et al., 1984; White and Frenk, 1991;
Muldrew et al., 2015). These massive amalgamations of dark matter form the largest over-
densities in the universe, galaxy clusters. In the process of this accretion, shearing forces
and attraction carve the universe into long filaments separated by voids (Bond et al., 1996;
Libeskind et al., 2018). Galaxy clusters occupy the nodes in this cosmic web and are in turn
connected to filamentary structures (Muldrew et al., 2015; Libeskind et al., 2018; Santiago-
Bautista et al., 2020). These outlying overdensities continue to funnel new material into a
cluster, maintaining a stream of new galaxies, dark matter, and gas (McGee et al., 2009;
Martínez et al., 2016; Trudeau et al., 2022). A galaxy in a cluster environment may arise
from an infalling group, cluster, filament, or other overdensity, or originate from a void, or
other region of lower density. Individual galaxies, though affected at this time by the cluster
itself, may have drastically different origins, leading to a different star formation history and
evolution (Bahé et al., 2013). By looking at galaxies in the early universe one can trace
their eventual evolution through time to the local universe (Chiang et al., 2013). Tracing
clusters out to higher redshifts traces not only the evolutionary histories of our own galaxy
and nearby clusters, but also provides estimates for our universe’s changing cosmology (Eke
et al., 1996).
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1.2.2 Spherical Collapse

A simple model for the formation of dark matter halos is the collapse of an initial sphere
of dark matter in an expanding universe with a small initial overdensity at the centre. The
overdense halo initially expands at a rate slower than the expansion of the universe, leading
to an increase in the density contrast (Gunn and Gott, 1972). If one placed a test particle at
the edge of the overdense region it would eventually stop expanding and turn back to fall into
the centre of the overdensity. Before collapsing, the interactions between mass components
will bring the cluster into a stable equilibrium defined by the virial equation seen in Peebles
(1980) and shown in Eq. 1.1, a balance between the bulk kinetic and potential energies
in a cloud of collisionless particles. The radius of virialization occurs at a density contrast
under spherical collapse as ρvir/ρcritical = 178 (Bryan and Norman, 1998). Here, ρvir is
the density within a circle of radius rvir from the centre of mass. Often, the virial radius
is quoted as rvir = r200, where r200 is the radius at which the overall density of the mass
component (predominantly dark matter) is ρvir/ρcritical = 200. Going forward, the use of
a radius Rx indicates the radius of a sphere (or observationally a projected circle) within
which the density is x times the critical density of the universe.

Over time, the turnaround radius increases as farther regions are accelerated opposite
their expansion velocity. However, such an idealized spherical collapse is complicated by the
existence of other dark matter halos in the universe, as well as the assumption that mass
is uniformly distributed in a sphere. As there are a great number of over and under-dense
regions in the universe, the true behaviour of dark matter halos is far more complex. Merging
halos, filamentary structures, and tidal effects all break the behaviour of a simple collapse.
Though in the central regions of relaxed clusters, those not showing any major perturbations,
a collisionless gravitationally bound system of particles approximates both the dark matter
and galaxy distribution, allowing a rough characterization of cluster mass and extent.

1.2.3 Virialization

A galaxy cluster’s dark matter halo can be considered as a collection of collisionless moving
particles bound by a conservative force of gravity (Zwicky, 1933). When characterizing a
galaxy cluster, one often talks about its virial radius, and virial mass. The virial radius is
the radius within which the particles in the dark matter halo have a balanced kinetic and
potential energy according to Eq. 1.1 as adapted from Binney and Tremaine (1987).

< T >= −1
2 < U > (1.1)
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Here, < T >, < U > are the average kinetic and potential energies of the mass component.
A cluster is considered virialized when the mass contained within a radius rvir satisfies Eq.
1.1 (Binney and Tremaine, 1987). An early use of the virial theorem was to estimate the
gravitational mass in a galaxy cluster by using the motion of its galaxies as tracers of the
potential well (Zwicky, 1933). The exceptional speeds of the galaxies in a cluster were
suggestive of a higher total mass than visible mass, indicating that a cluster environment
contains dark matter in large amounts. With X-ray data one can relate the kinetic energy
of the ICM particles given by the virial theorem to the thermal energy of the plasma as
observed in the X-ray range (Bryan and Norman, 1998). The mass of a cluster can also be
inferred from the gravitational effect of the cluster mass on the light passing through or near
to the cluster. This gravitational lensing traces the mass distribution of the entire cluster
mass component, rather than the visible mass in the cluster, and can be used to infer the
dark matter distribution (Bartelmann and Schneider, 2001; Hoekstra, 2003).

1.2.4 X-ray Emission

Extended emission of X-ray photons have been found in the direction of galaxy clusters from
the local universe (Zwicky, 1933; Gursky et al., 1971) and clusters out to out to z = 2 (Mantz
et al., 2018). The ICM of a galaxy cluster produces high energy photons via Bremsstrahlung,
or "breaking radiation". In this process, charged particles (mostly protons and electrons) are
decelerated and deflected via electromagnetic interaction. This change in energy of the
interacting particle releases energy in the form of photons with emissivity given by Eq. 1.2
as expressed in Sarazin (1986).

ϵff
ν = 25πe6

3mec3

( 2π

3mek

) 1
2

Z2nenigff (Z, Tg, ν)T
1
2

g exp
(

−hν

kTg

)
(1.2)

Here, ϵff
ν is the energy per unit time, frequency ν, and volume V of an ion of charge Z in a

plasma with electron temperature Tg, ni is the ion number density, ne is the electron number
density, and gff is a correction for quantum mechanical effects. Since the ICM is hot, the
photons released are primarily observed in the X-ray range, where the power output peaks.
As an example of the X-ray extent of a galaxy cluster the blue contours in Fig. 1.1 trace the
X-ray emission from the galaxy cluster XLSSC 122 (Willis et al., 2020; Mantz et al., 2018),
theoretically tracing the extent of the ICM. Massive (M500 > 1015M⊙) galaxy clusters can
have temperatures upwards of 5-13 keV (Sayers et al., 2019), whereas less massive clusters
can have temperatures closer to 1-3 keV (Zou et al., 2016).
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Figure 1.1: X-ray emission (purple) from the XMM-Newton space telescope from (Mantz
et al., 2018) overlaid on an rgb colour image incorporating data from the Hubble Space
Telescope data taken in Cycle 25 (r = F140W, g = F105W) and Cycle 30 (b = F814W)
for the galaxy cluster XLSSC 122. Radio contours (red dotted) and X-ray contours (cyan
dotted) are overlaid showing the extent of the ICM’s radio and X-ray detections. The radio
emissions spatial offset from the X-ray may indicate a disturbed cluster morphology (Mantz
et al., 2018).
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1.2.5 Radio Signatures from the Sunyaev Zeldovich Effect

The Sunyaev Zeldovich effect (Zeldovich and Sunyaev, 1969) is the alteration of cosmic mi-
crowave background (CMB) photons (Penzias and Wilson, 1965) when they pass through the
hot, ionized plasma of the ICM. The cosmic microwave background was emitted by plasma
early in the universe during recombination, when the early universe particles combined and
formed neutral atoms. The CMB photons interact via inverse Compton scattering, where a
photon and an electron interact, with momentum transferred to the incident photon, notice-
ably boosting its energy and subsequent frequency.

We know that the CMB is relatively homogeneous across the entire sky (Penzias and
Wilson, 1965). In the direction of a galaxy cluster the photons have travelled through the
hot ionized plasma of the cluster and emerged with higher energy (Sunyaev and Zeldovich,
1980). This shifts photons out of the range we expect from the CMB. As such, the difference
in the integrated spectra of the uniform CMB and the cluster direction CMB appears as an
apparent decrement in the CMB emission. This effect traces the energy and density of the
ICM (Sunyaev and Zeldovich, 1980). A sample Sunyaev Zeldovich decrement is shown by
the red contours in Fig. 1.1.

1.3 Properties of Cluster Components

1.3.1 Cluster Mass Distribution

The density over radius of a dark matter halo can be modelled as collisionless particles as
described by Navarro et al. (1997) in three dimensions (Eq. 1.3) and projected onto two
dimensions (Eq. 1.4).

ρNF W (r) = f0

x(1 + x)2 , x = r

Rs

(1.3)

σNF W = 2
∫ ∞

R
ρNF W (r) · r

(r2 − R2)dr (1.4)

The NFW surface density at radius r given by σNF W (R) is the integrated NFW three
dimensional profile (Navarro et al., 1997) ρNF W (r) given in Eq. 1.3 with scale radius Rs and
normalizing constant f0. Though the dark matter halo of a galaxy cluster cannot be directly
observed, it can be inferred from the luminous components of the cluster, as in the case of
gravitational lensing (Bartelmann and Schneider, 2001). The growth of the dark matter halo
of the Brightest Cluster Galaxy, or BCG, of a cluster is related to the growth of the mass
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of the cluster dark matter halo (Lavoie et al., 2016). Additionally, the galaxy density in a
cluster is expected to roughly trace the dark matter density, as the galaxies behave similar to
collisionless particles in a gravitational potential well, a fact which has been used to estimate
the amount of dark matter in a galaxy cluster (Zwicky, 1933).

1.3.2 Cluster ICM Distribution

The baryonic plasma in the centres of galaxy clusters can be modelled according to a β

model (Cavaliere and Fusco-Femiano, 1976). The β model assumes that the intracluster
gas is in isothermal hydrostatic equilibrium. The dark matter mass distribution in this case
was assumed to be distributed in a King (1962) profile, and the gravitation from that dark
matter distribution is resisted by gas pressure. The number density of plasma particles over
radius is then given by Eq. 1.5.

ne(r) = ne,0

(
1 + r

rc

2)−3β/2
(1.5)

Here, ne is the electron number density at a radius r with a given core number density
ne,0, and scale radius rc. The slope term is β = µmpσ2

v/kBT , where µ is the mean molecular
mass, mp is the mass of the proton, σv is the velocity dispersion of the gas particles, kB is
the Boltzmann constant, and T is the temperature of the plasma. The gas density profile of
XLSSC 122 from Mantz et al. (2018) is shown in Fig. 1.2.

1.3.3 Cluster Redshift

One can infer the distance to, or redshift of, a cluster from its colour and spectral properties.
The first method, by photometric redshift, relies on the combination of photometric bands to
infer the redshift of the underlying spectral energy distribution. Some examples of acquiring
cluster distance by photometric redshift can be found in Skelton et al. (2014). The second
method is by spectroscopic redshift. The addition of spectroscopic information allows us to
look at a range of wavelengths, and with the right resolution, identify known features and
their resulting shift from their rest wavelengths, or expected wavelength of incidence. These
observations are much more precise, but often more expensive to acquire. Some examples
of acquiring distant cluster redshifts via spectroscopy can be found in Dressler (1980); New-
man et al. (2014) and Willis et al. (2020). The spectroscopic method, though more time
consuming, is far more accurate and preferred over a photometric redshift estimate.
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Figure 1.2: The ICM gas density from (Mantz et al., 2018) with 16th and 84th percentiles
over distance from cluster centre. This profile was formed from the PN, MOS1, and MOS2
detectors on the EPIC instrument on the XMM Newton space telescope. The final clean
exposure time in each instrument was about 70 ks.
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1.3.4 Luminosity and Stellar Mass Functions

The number of galaxies at different masses or luminosities in a galaxy cluster member pop-
ulation traces the evolution of galaxies from low to high mass. This relation allows one to
see the highest achieved luminosity, the buildup to most common luminosity, and the shape
of the low luminosity galaxy slope. The luminosity function of a galaxy has been found to
satisfy a Schechter (1976) profile, given in Eq. 1.6. One can convert between luminosity and
mass by noting the mass to light ratio in galaxies of a specific colour.

Φ(Mi) = Φ0 · (100.4(M−Mi)))α+1 · exp(−100.4·(M−Mi)) (1.6)

Here, M is the scale magnitude, Φ0 is a normalizing factor, and α is the dim slope.
Galaxies acquire more stellar mass through a variety of processes including the accretion
of star forming material, interactions between the ICM and the galaxy, as well as inter-
actions between galaxies. The resulting luminosity distribution could provide a tracer of
galaxy evolution and interaction, with different proportions of low to high mass galaxies
based on different quenching and mass acquisition processes. In galaxy clusters, where the
mass growth of galaxies is higher, the characteristic luminosity is higher. In the field, the
luminosity function appears to have a flatter slope than in clusters, which have an abundance
of lower mass galaxies (Muzzin et al., 2013). In the early universe, the faint end slope of
the red sequence luminosity function appears to be flatter in clusters, approaching α = 0.
Between z = 1.15 and z = 0.6, α decreases from -0.5 to -1 (Chan et al., 2019). For a cluster
at z = 0.83, the red galaxy population fits to a high slope of α ≈ −0.1 (Goto et al., 2005),
though that cluster appears to have not evolved low mass red galaxies in high numbers at
that time. Alternatively, the UV galaxy luminosity function α parameter appears to have
increased from -2 at z = 8, to -1.5 at z = 1 (Parsa et al., 2016). In essence, lower mass blue
galaxies are turning red as the universe ages. For clusters at z = 1.5, van der Burg et al.
(2018) find α ≈ −0.2 for their sample. They also find that the relative mass distributions
between cluster and field are more similar than their local universe control. For comparison,
initial studies of the Virgo Cluster place the low mass slope of a fit to it’s elliptical members
to be ≈ −1.4 (Sandage et al., 1985; Ferrarese et al., 2016), a steep slope also seen with
SDSS (McDonald et al., 2009), and in the local universe out to intermediate redshifts. The
behaviour of the luminosity function’s outer slope can be extreme, as the slope is sensitive
to changes in cluster type, size, spectroscopic incompleteness, etc. At high redshift however,
the dim slope is closer to α = 0. Example profiles with varying α parameter are shown in
Fig. 1.3. It appears that in galaxy clusters, the α slope for the red sequence is lower, leading
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to a larger proportion of red galaxies at low mass compared to the field.

1.3.5 Colour Bimodality

The cluster galaxy population is broadly bimodal in colour (Butcher and Oemler, 1984;
Baldry et al., 2006; Urquhart et al., 2010) and manifests approximately as 2 Gaussians in
colour space, with the fraction of red galaxies increasing with cluster mass density (Balogh
et al., 2004). Due to this quiescent galaxy dominance and the hot ICM, clusters are observed
as regions with an overdensity of massive red galaxies (Dressler, 1980; Hogg et al., 2003;
Gladders and Yee, 2000; Rykoff et al., 2014; Strazzullo et al., 2015) and extended X-ray
emission (Newman et al., 2014; Gobat et al., 2011).

The strength of star formation cessation can be traced by the relative number of red
and blue galaxies (red fraction). This red fraction can be used to compare the effect of
environmental density on the star formation history of galaxies (Balogh et al., 2016), and
has been used as strong indication of quenching activity (Willis et al., 2013; Strazzullo et al.,
2016; Rykoff et al., 2014). As such, the change in red fraction over regions of varying density
probes the prominence of cluster environments on the quenching of their member galaxies
(Raichoor and Andreon, 2012).

Galaxies which have recently undergone a rapid quenching event can show signs of their
recent star formation into their red and quiescent stage (Poggianti et al., 1999); such galaxies
are labelled as post-starburst. Quenched galaxies will retain their blue stars whose signatures
one uses to estimate star formation rate. In the period between the decay of the most massive
stars and the dominance of red stars in the surviving stellar population of a quenched galaxy,
there is a period of time when the intermediate mass A type stars are the most massive stars
in a galaxy. These A type stars exist in sufficient number to be noticeable in the spectra
of a recently star forming galaxy (Paccagnella et al., 2017). A characteristic feature of A-
type stars is their strong Balmer absorption lines, Hα, Hβ, Hγ, etc. Thus, one can observe
recently quenched galaxies by looking for strong Balmer absorption, with a shortage of star
formation emission lines such as O[III] from active star formation and the presence of O and
B type stars. These galaxies are often called post starburst because the strongest absorption
features would be those detected right after a strong burst of star formation which has been
cut short, amplifying those post-starburst features. In cluster environments, the incidence
rate of post-starburst galaxies is higher than the field (Poggianti et al., 2009) at least out to
intermediate redshifts of z = 0.4 (Werle et al., 2022).

The colour bimodality in a galaxy cluster separates these galaxies into two groups, the
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Figure 1.3: Example Schecter (Schechter, 1976) functions with M∗ = -22 and Φ0 = 1. Three
plots are shown with varying α parameters, α = −1 (blue dotted), α = 0 (green dot-dash),
and α = −1 (red solid).
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red sequence and the blue cloud, so named because the red sequence is a fairly tight relation,
and the blue cloud has a higher colour scatter. In this context, colour separates galaxies
based primarily on their star formation history. Red galaxies emit a much larger portion
of their light from older, redder, longer lived stars, with very little recent star formation.
On the other hand, blue galaxies emit more light from younger, bluer, shorter lived stars.
The initial blue light signature from a young galaxy changes as the more massive and hotter
(bluer) stars explode, it is then the time since star formation which determines the remaining
population of stars. Red galaxies tend to be located along a tight colour magnitude relation
with low scatter and evolving with redshift out to z = 1 (Bell et al., 2004), they form a
distinctive overdensity in colour magnitude space. Since the galaxies in a cluster have the
same redshift, assigning membership within this red sequence at a given redshift can help
find the cluster members from a previously identified cluster or identify a galaxy cluster from
a prominent red sequence (Rykoff et al., 2014; Gladders and Yee, 2000, 2005).

1.4 Ram Pressure Stripping and Other Quenching Mechanisms

Quenching mechanisms can be broadly divided between mass quenching and environmental
quenching (Peng et al., 2010; Kawinwanichakij et al., 2017). Quenching mechanisms due to
a galaxy’s mass include either a rapid consumption of the gas content due to star formation
(McGee et al., 2009), or the heating and removal of gas in the galaxy due to the feedback
from active galactic nuclei (AGN Circosta et al. (2018)). Environmental quenching occurs
when galaxies interact with other galaxies, causing a removal of gas due to near interaction,
or harassment (Moore et al., 1996). The quenching mechanism of most interest to us in
the study of dense cluster environments is the interaction between the galaxy and the hot
plasma ICM, known as ram pressure stripping (Gunn and Gott, 1972). When a galaxy enters
a cluster environment, passing through its ICM, one occasionally observes a compression and
expulsion of gas from the galaxy (Werle et al., 2022). This initial pressure can remove the
gas reservoir necessary for star formation (Brown et al., 2017). The galaxy at this point
may quench rapidly due to the consumption and removal of gas viable for star formation
(McGee et al., 2014). Ram pressure stripping shapes the evolution of galaxies in dense cluster
environments, altering morphology, colour, and gas properties (Boselli et al., 2022). Ram
pressure stripped, and other fast quenched galaxies may appear as post-starburst galaxies
(Poggianti et al., 1999; Paccagnella et al., 2017). By tracing their incidence over radius
one can work backwards to estimate whether a prior ram pressure force could explain the
distribution of post-starburst features (Reynolds et al., 2021).
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Galaxies in regions with a hot, dense ICM, such as a cluster environment, have a higher
rate of quenching than low density regions (Baldry et al., 2006; Peng et al., 2012). At higher
cluster masses, ram pressure stripping is more effective, scaling with both ICM density and
infall velocity (Gunn and Gott, 1972; McCarthy et al., 2008), with both higher in more
massive cluster environments. A massive cluster is also located at the intersection of a
greater number of filaments of the cosmic web (Bond et al., 1996). Just as a galaxy in a
cluster is quenched, a locally overdense region such as a filament could quench or partially
quench the galaxies, reducing their gas supply upon reaching the cluster. Comparing the
evolution of galaxies has revealed a difference in quenching mechanisms over time. In the
local universe, environmental quenching (Gunn and Gott, 1972; Balogh et al., 2000) has been
observed as the dominant quenching mechanism (Darvish et al., 2016; Peng et al., 2010) in
galaxy clusters, where galaxies quench at a rate different from that expected from their mass.

Galaxies in some of the few distant clusters observed still possess old stellar populations
(Willis et al., 2020; Trudeau et al., 2024; Strazzullo et al., 2016; Webb et al., 2020) despite
existing in an era with high average star formation (Madau and Dickinson, 2014). However,
acquiring large samples of galaxy clusters at high redshift has proven difficult (van der Wel
et al., 2004; Gobat et al., 2008). Additionally, the concept of a cluster is less clearly defined
at earlier times. The progenitors of today’s massive clusters such as Virgo and Coma are
predicted to exist at z = 2 as clusters which are a small fraction of that mass (Chiang et al.,
2013). If one identifies a hot ICM they can associate infalling galaxies with an overdense
region on which they can quench. With the environment constrained, one can compare the
relative quenched fraction across radius to determine how the ICM density affects quenching.

Pushing our observations of quenching in cluster environments into the early universe
probes a region past where the dominant quenching mechanism appears to shift (Balogh
et al., 2016; Trudeau et al., 2024). Recently, the GOGREEN survey has conducted an
extensive study on galaxies from z = 1 to z = 1.5 (Balogh et al., 2017), finding that the
quenching mechanism in galaxies at z > 1 is more difficult to explain with environment dom-
inated quenching as seen in local universe galaxies, implying an early mass based quenching
(Webb et al., 2020). Notably, massive quenched galaxies appear to quench earlier, at z > 2,
possibly during a pre-infall stage. This is counteracted by a larger sample of lower mass
galaxies rapidly quenching due to the dense environment during infall (McNab et al., 2021).
This time scale roughly aligns to other observational evidence of a change in quenching mech-
anism at z = 1.5 (Nantais et al., 2017), showing an increase in the strength of environmental
quenching they attribute to an increase in ICM density at this time.

Effectively, the local universe has a fairly consistent quenching due to the environment
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which is independent of galaxy mass (Baldry et al., 2006; Peng et al., 2010; van der Burg
et al., 2018). This consistent quenching is not observed in the early universe. It appears that,
in distant clusters, higher mass galaxies quench with greater efficiency (Reeves et al., 2021).
This could be explained by a dominance of a mass quenching mechanism over environmental
quenching. In fact, when observing a greater sample of galaxies from z = 1.2 to z = 0.7,
it appears that the environmental quenching efficiency is relatively constant for galaxies of
log(<M∗>

M⊙
) > 10.26 (Lemaux et al., 2019). This implies that environmental quenching of

low mass galaxies drives the change in dominant quenching mechanism, not an increased
quenching efficiency of high mass galaxies, as seen at z < 0.5 (Hou et al., 2013). In a more
recent study with a larger sample size, it seems that the impact of environmental quenching
may only start to dominate at z < 1.5 (Trudeau et al., 2024). Though the exact time
frame where the dominant quenching mechanism shifts is unknown, what one can see is that
galaxy clusters in the early universe appear to experience quenching primarily through mass
enhancement, rather than through their environment.

Galaxies in the local universe have had more time to relax, accrete more mass, and heat
the ICM, providing an environment readily able to quench through ram pressure stripping
or galaxy galaxy interaction, as seen in the presence of post starburst, stripped, galaxies
in local clusters (Brown et al., 2017; Watts et al., 2023; Brown et al., 2023). By observing
galaxy clusters in the early universe of a similar ICM temperature and density, one can test
to see if the observed variation in dominant quenching mechanisms is due to the natural
evolution of a galaxy cluster, or due to an effect external to the cluster’s composition. The
observed mass quenching could be caused by pre-infall processing for example (Fujita, 2004;
Li et al., 2012).

The identification of ram pressure stripped galaxies has been conducted morphologically
from the local universe (Abramson et al., 2016; Boselli et al., 2016; Poggianti et al., 2017) out
to intermediate redshifts (McPartland et al., 2016; Moretti et al., 2022; Boselli et al., 2019;
Moretti et al., 2022). Finding ram pressure stripped galaxies by morphology relies on the
identification of compressed edges or trailing tails indicative of a stripped galaxy. In these
circumstances, long trails of ionized gas have been detected in the trailing edges of galaxies
entering into a cluster environment (Boselli et al., 2016), as seen in Fig. 1.4. Additionally, the
velocity of ram pressure stripped galaxies in their cluster environments exceeds 1000 km/s for
those galaxies with stripping in their interior regions, with local ICM densities of 10−3 cm−3

(McPartland et al., 2016). With the ram pressure scaling with density and the square of infall
velocity, galaxies found near cluster centres tend to have more dramatically stripped tails
(Jaffé et al., 2018). These galaxies likely have infall pathways which take them directly to
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the cluster centre, where the gas is most dense. Additionally, simulations show that galaxies
in overdense infall regions, such as a filament, experience up to 100 times the ram pressure
at the same radius as galaxies infalling outside of a filament (Bahé et al., 2013).

Using the treatment of Ram Pressure Stripping from Gunn and Gott (1972), as applied
to an isothermal sphere (McCarthy et al., 2008), one obtains an analytic equation which has
the form.

ρICMv2
orb ≥ π

2
GMgal(R)ρgas(R)

R
(1.7)

Here, ρICM is the ICM density, vorb is the velocity of the orbiting galaxy, G is the gravitational
constant, Mgal(R) is the mass of the galaxy contained within galactic central radius R, with
a gaseous component at that radius of ρgas(R). If this condition is met, then gas at a radius
of R will experience a ram pressure stronger than the gravitational binding force from the
galaxy. Under this treatment, ram pressure strips from outside to in (Boselli et al., 2019;
Brown et al., 2023), removing hot gas first and cold gas at later times (Jaffé et al., 2018).
Stripping of gas in the central regions of a galaxy indicates a strongly ram pressure stripped
galaxy with the visual indications of recent quenching (Brown et al., 2017).

The exact interaction between the high energy cluster environment and their member
galaxies at z > 1.5 is still an active area of study (Trudeau et al., 2024; Strazzullo et al.,
2010). Investigating this interaction requires observing infalling galaxies in a cluster with a
measured ICM density over radius.

1.5 General Properties of Galaxies

1.5.1 Mass distributions

The dark matter distribution in a single galaxy is similar to that in a galaxy cluster, in that it
can be described by a NFW profile. However, the distribution of stars and gas in a galaxy can
differ based on that in a cluster. Galaxies have a much broader range of morphological types,
be that irregular, elliptical, or spiral (Hubble, 1926). One model describing the distribution
of stars in a galaxy is the Sersic Profile given in Eq. 1.8 from Sersic (1968) and Graham and
Driver (2005).

I(R) = Ie exp
{

−bn

[(
R

Re

)1/n

− 1
]}

(1.8)

Here, Ie is the stellar light intensity at the effective radius Re, n is the Sersic index
describing how the slope of the distribution changes, and bn is a normalization factor based
on n. The distribution of gas in a galaxy is complex and multi-phasic, encompassing a
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Figure 1.4: A false colour image of NGC 4569. Blue and green are CFHT MegaCam NGVS
g and i band, red is Hα + [NII] narrow band. Adapted from Boselli et al. (2016)
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variety of ionization levels, temperatures, densities, and atomic compositions. The most
prevalent component is that of atomic hydrogen in the interstellar medium, or ISM. The
distribution of the atomic hydrogen in a late type galaxy galaxy can be approximated by a
simple exponential falloff given in Eq. 1.9 (Freeman, 1970).

n(R) = n0 exp
(

− R

Rc

)
(1.9)

Here, n0 is a peak particle number density, n(R) is the particle density at a radius from
galaxy centre R, with a given scale radius Rc. More complex models of the gas dynamics
do exist, and this is a simple case (Binney and Tremaine, 1987). I have modelled the star
and dark matter mass growth over radius using the aforementioned models in Fig. 1.5. The
stellar component is mostly contained within 10 kpc, whereas the dark matter halo extends
much farther. This extended distribution of dark matter has been observed in local universe
galaxies as the motion of material at the far edges of a galaxy do not appear to correspond
to the gravitational attraction of its stellar component (Rubin et al., 1980).

1.6 XLSSC 122

Distant galaxy clusters identified through defined physical criteria offer an important oppor-
tunity to contribute to our knowledge of star formation and cessation in the early universe. In
this context the discovery of XLSSC 122 as a z = 1.98 galaxy cluster discovered through the
XMM-Newton Large Scale Structure Survey (XMM-LSS) (Willis et al., 2013, 2020) through
thermal Bremsstrahlung X-ray emission (Mantz et al., 2014) and further supported by the
detection of a Sunyaev Zeldovich decrement radio detection (Mantz et al., 2018), provides
a prime example of such a distant cluster. The galaxies of XLSSC 122 were imaged under
the Hubble Space Telescope cycle 25 (GO-15267, PI Rebecca Canning), with a spectroscopic
identification of 37 cluster members (Willis et al., 2020), with 20 quenched galaxies (Noordeh
et al., 2021) Fig. 1.6 shows a 3 colour image of the cluster core with the X-ray contours from
Mantz et al. (2018). The observed temperature of XLSSC 122’s ICM is kT = 5 ± 0.7 keV,
similar to the temperature of the Virgo cluster in the local universe, and will likely evolve
into a similar mass as Virgo by z = 0 (Chiang et al., 2013). The morphology (Leste et al.,
2024), dark matter halo history and star formation history (Trudeau et al., 2022) have been
studied for the cluster core using previous HST cycle 25 observations. The star formation
histories of these galaxies appear to extend into the very first Gyrs of the universe, as seen in
Trudeau et al. (2022). Such quenched galaxies in cluster environments have been observed
elsewhere at z ≈ 3.5−4, with indications of rapid quenching in their star formation histories
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Figure 1.6: A 3 color image of XLSSC122, r,g,b = F140W, F105W, F814W. Central red
large galaxy is the BCG, id = 313. Cyan contours are X-ray contours from (Mantz et al.,
2018), The solid white line is R500 = 295kpc, the dashed white line is R200 = 440kpc.
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(Valentino et al., 2020).

1.7 Thesis Summary

With new cycle 30 (GO-17172, PI Rebecca Canning) data from the Hubble Space Telescope,
the outer regions of the galaxy cluster XLSSC 122 have been observed for the first time.
My work focuses on the reduction and analysis of this data. I have doubled the detected
number of galaxies in XLSSC 122. Additionally, I have identified post-starburst galaxies, and
there is a peak in post-starburst feature galaxies near the cluster virial radius. This increase
in post-starburst features occurs with an increase in the proportion of red galaxies. This
appears to indicate that galaxies falling into XlSSC 122 are experiencing rapid quenching as
they hit the intracluster medium. I also trace the galaxy number density as a function of
clustercentric radius, and compare them to a fitted double power law and an NFW profile,
finding a good fit to the former. I probe the spectroscopic incompleteness of red galaxies
in XLSSC 122, and use this to estimate a luminosity function for XLSSC 122 red galaxies.
Expanding the search of cluster members out to the outskirts of this cluster has yielded no
significant overdensities in the observation footprint indicative of an infalling structure.

This thesis is split into two major parts. Chapter 2 covers the creation of a photometric
catalogue of spectroscopically identified cluster members in the galaxy cluster XLSSC 122.
Chapter 3 covers the initial analysis of the cluster member properties over clustercentric
radius. Chapter 4 provides a summary and discussion of future work using this dataset,
along with potential sources of uncertainty in the analysis.

1.8 Cosmology

In this work I assume a flat ΛCDM cosmology with H0 = 69.32 km s−1 Mpc−1, Ωm = 0.286,
and ΩΛ = 0.714 from Bennett et al. (2013). Magnitudes are expressed using the AB magni-
tude system.
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Chapter 2

Catalogue

In this chapter I cover the calibration and photometry of the cycle 25 and 30 data from
the Hubble Space Telescope (HST) for the galaxy cluster XLSSC 122. This involves the
conversion of raw exposure images into calibrated images, the alignment and stacking of
those images into mosaics based on filter, and the extraction of position and aperture matched
photometry from those mosaics. I perform a spectroscopic reduction of the G141 grism data
to identify cluster members. Classifications are conducted by fitting a set of models to
extract redshift and key line absorption and emission features. The photometric extractions
are then associated with the spectroscopic classification of post-starburst features and cluster
membership. I compare the resulting catalogues with those of Willis et al. (2020) and find
good agreement between extracted luminosities, colours, and sizes. The total number of
cluster members identified in this catalogue is doubled to 74 galaxies from 37 previously
identified in the cluster core. Spectroscopic incompleteness is considered and modelled with
the creation of mock G141 two dimensional spectra. A diagram of the pipeline from raw
data to spectroscopic catalogue is shown in Fig. 2.1.

2.1 Observations with the Hubble Space Telescope

This work builds off of data by Jon Willis and a 2017-2018 observation using the Hubble
Space Telescope (HST, Willis et al., 2020). This data was obtained in cycle 25 using the
F105W, F140W and G141 filters on the Wide Field Camera 3 (WFC3) IR instrument under
HST-GO-15267. This present work includes the addition of data from HST cycle 30 using
the F105W, F140W, G141, and F814W filters from the HST-WFC3 IR and HST/ACS
instruments under HST-GO-17172. These pointings were obtained for target areas spanning
out to 8 times the virial (R200 = 295 kpc) radius of the cluster as measured from the X-ray
profile from Mantz et al. (2018). In total, these observations cover 9 fields, with the F814W
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Target RA [deg] DEC [deg] Cycle G141EXP (s) F105WEXP (s) F140WEXP (s) F814EXPa (s)

Core 34.4341 -3.7587 25 26540 2611 5170 0
NE 34.4619 -3.7432 30 0 4235 0 3856
SE 34.4619 -3.7764 30 4011 4235 1011 7998

NW 34.4094 -3.7432 30 8023 4235 2023 12140
SW 34.4094 -3.7764 30 8023 4235 2023 12140

NE-Far 34.4535 -3.7438 30 3808 0 1011 4264
SE-Far 34.4535 -3.7770 30 3911 0 1011 4264

NW-Far 34.4178 -3.7438 30 4011 0 1011 4264
SW-Far 34.4178 -3.7770 30 4011 0 1011 4264
aF814W exposures are offset from their target RA and DEC

Table 2.1: Details of the location, cycle, and filter exposure times from the HST cycle 25
and 30 observations of XLSSC 122. Target names are shortened and paraphrased from their
original full target names.

band UVIS exposures taken in parallel imaging mode to overlap with the F140W and F105W
IR exposures. These regions cover the centre of the cluster, 4 side regions, and 4 farther
regions along the same axis as seen in Fig. 2.2. These observations provide spectroscopic
and photometric data in at least 1 band for all fields as seen in Table 2.1. In this work I use
both cycles together from raw to avoid biases present in different data reduction decisions.

The F140W filter is a photometric wide filter centred on 13923 Å with a width of 3840 Å
(Dressel, 2021). For a galaxy at z = 1.98, it covers the rest frame 4000 to 5300 Å range,
framing the low energy, red side of the 4000 Å break. The F105W filter is a photometric wide
filter centred on 10552 Å with a width of 2650 Å (Dressel, 2021). For a galaxy at z = 1.98, it
covers the rest frame 3000 to 4000 Å range, framing the high energy, blue side of the 4000 Å
break. Together, these two filters are excellent at framing the colour bimodality of galaxies
in XLSSC 122, as seen in Noordeh et al. (2021). These two filters are a part of the WFC3
instrument’s IR channel, which collects the filtered light onto a charge coupled device (CCD),
converting photons into electrons which can be read by the instrument. The pixel scale of
the IR CCD is 0.135” × 0.121”, across 1014 × 1014 pixels, with a field of view of 136” × 123”

(Dressel, 2021). At z = 1.98, this corresponds with a field of view of 1150 kpc × 1050 kpc.
An object with a width of 20 kpc would be spanned by 2-3 pixels. This resolution allows a
morphological extraction from these galaxies, as seen in Leste et al. (2024).

The F814W filter is a photometric wide filter centred on 8333 Å with a width of 2511 Å(Stark,
2024). It covers the rest frame 2400 Å to 3217 Å range, framing the UV light from young
stars in the galaxy. The addition of the F814W filter improves coverage of young stars,
and therefore bluer galaxies. At this era, z = 2, the star formation rate in the universe is
high, and young stars are present in abundance (Madau and Dickinson, 2014). The outer
edges of a cluster are expected to host a large number of blue galaxies, well suited for the
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Figure 2.2: A map of the exposure area of the HST data used in this paper from cycles
25 and 30. Higher opacity indicates a greater number of exposures. G141 and F140W are
missing exposures due to a failure to acquire guide stars in some targets. The concentric
circles are centred on the centre of XLSSC 122, with radii of R500, 2R500, 4R500, and 8R500
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F814W filter. The ACS instrument hosting the F814W filter has multiple CCDs, 202” ×202”

spread across 2 detectors of size 2048 × 4096 pixels, with a scale of 0.05” × 0.05” per pixel.
This higher resolution using the F814W filter could be used in morphological analysis of the
cluster members.

The G141 grism filter is a spectroscopic filter in the WFC3 IR channel. It has a wave-
length range of 10750 Å to 17000 Å with a dispersion of 46.5 Å per pixel and a low spectral
resolution of 130 at 14000 Å. The G141 grism fits between the ranges of F140W and F105W,
covering the rest frame 4000 Å break as it stretches from 3600 Å to 5700 Å in the rest frame
of a z = 1.98 galaxy. The G141 grism can be used to identify a strong 4000 Å break, along
with the [OIII], Hβ, Hδ, and Hγ lines to determine the redshift of the galaxy.

2.2 WFC3-IR/ACS-UVIS Calibration Pipeline

The F105W, F140W, and F814W images were processed using the Calwf3 reduction pipeline
through the Grizli (Brammer, 2019) software wrapper. The reduction included bias subtrac-
tion, dark current subtraction, flat field and gain correction, cosmic ray rejection, and a
non-linearity correction. The images were inspected between each reduction step, and de-
fault parameters were used to create the calibrated .flt images and weight maps.

The data from the IR instrument underwent a series of calibration steps to account for
instrument and environmental effects. The header information used in Calwf3 (Dressel,
2021) allows one to toggle the individual calibration steps. I describe these steps, and the
corresponding keywords, below.

2.2.1 Data Quality and Initialization

Before running any calibration step, a list of bad pixels for the detector is loaded and ordered
by severity. This happens in the DQICORR step.

2.2.2 Bias and Gain Removal

Every pixel on the IR chip of WFC3 is given a bias to prime the quantum wells of the CCD.
This creates a charge into which electrons enter and become trapped. Without this bias, the
CCD would be inefficient at low photon counts. With a bias, when photons photoelectrically
generate electrons, they are collected efficiently in the quantum well of the CCD pixels. In
order to remove bias, a short period of the observation is taken at the start of the exposure,
during which the primary source of signal is due to the bias itself. For the HST this exposure
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is about 2.9 seconds. Information taken from the zero read during the ZSIGCORR step is
stored for later use. Subtracting this biased zero-read from the resulting exposure reduces
the effect of the bias on the resulting counts. This happens in the BLEVCORR step.

The IR instrument is made out of a CCD with 4 quadrants, each quadrant has a unique
scaling between incoming photons and output count number. This is well known for each
quadrant, and can be removed by scaling the gain of each quadrant to a single value. This
is done in the ZOFFCOR step.

The ACS instrument, for which I have the F814W filter, uses a similar reduction pipeline
(Lucas and Ryon, 2022; Stark, 2024), but has a few differences. The ACS instrument lacks
intermediate readouts over an exposure, and typically captures a larger number of cosmic
rays, thus the ACS reduction pipeline relies more on the drizzling stage to remove cosmic
rays. ACS also has a specific bias frame as reference for each file, instead of the zero read in
WFC3.

2.2.3 Non-Linearity Correction

As a pixel fills with electrons over time, the chance decreases that an electron excited by a
passing photon stays within the well. As such, the relationship between photons hitting the
detector and stored electrons is non-linear. In the NLINCORR, saturated pixels are flagged
and corrected, as the decrease in electrons as the pixel approaches saturation is well known.
In the case of very high saturation, it is very difficult to reproduce the incident photon count,
and a correction is far less accurate. In these cases the pixels are marked as highly saturated.

2.2.4 Dark Current Subtraction

A variety of objects, including the instrument itself deliver a low, but noticeable, number
of photons which need to be corrected and removed to better observe distant objects. To
estimate this effect, a set of dark images are taken, usually corresponding roughly to the
exposure time of the file under calibration. The dark file is scaled and subtracted from the
primary image in the DARKCORR step. The PHOTCORR step after this alters the header
information of the files with the relevant information to convert between the data in the
image and absolute fluxes. The UNITCORR step then converts the data in the image into
counts per second, rather than total counts.
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+raw +DQICORR +ZSIGCORR

+BLEVCORR +ZOFFCORR +NLINCORR

+DARKCORR +PHOTCORR +UNITCORR

+CRCORR +FLATCORR

Figure 2.3: The intermediate images in the IR calibration pipeline, from raw to final image
used in the drizzling stage.
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2.2.5 Cosmic Ray Rejection

There are particles in space from distant objects which are not photons, but travel near the
speed of light. These high energy particles, or cosmic rays, pass through the CCD and mas-
sively excite the wells, throwing off the steady counting of photons over the exposure. These
cosmic rays can be found by looking at pixels which have rapidly increased in accumulated
charge over time on the ramps, or those which are incredibly saturated with no obvious
massive luminous object nearby. Cosmic rays are accounted for in the creation of a dithering
pattern, which covers the same region with multiple pixels at different times. This way, a
cosmic ray could hit a pixel during one exposure, and be absent in the other 3. The cosmic
ray removal is handled in the CRCORR step.

2.2.6 Flat Field Correction

The pixels of a CCD, even after all of these steps, still behave differently when photons
interact with them. To account for the pixel-to-pixel and large scale variation across the
detector one takes a flat field. A flat field is effectively a uniformly illuminated exposure,
where any observed pixel to pixel variations can then be attributed to detector based effects
and corrected. This step is handled in the FLATCORR stage. The final, calibrated image,
example in Fig. 2.4 is then ready for combination into a larger mosaic.

2.3 Drizzling

Each set of exposures is taken in a series of exposures with a small spatial separation be-
tween them. Part of this dithering pattern, the overlapping tiling of multiple same-filter
observations at around the same time, is for cosmic ray removal, but it also allows image
combination and subsampling. Combining images together through the drizzling technique
returns a higher resolution, signal-to-noise ratio, and coverage than single images. This pat-
tern then effectively reduces the contribution of error from a detector or exposure sequence.
First, drizzling is considered in the observation proposal, where the pattern of observation
is intentionally shifted for multiple exposures of the same region. If there is a lower quality
region on an object of interest, it will be limited (ideally) to a smaller number of exposures.
The Astrodrizzle software (Gonzaga et al., 2012) is used to combine these dithered exposures
into a single image.
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Figure 2.4: A sample F140W calibrated image, before drizzling step.
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2.4 Subsampling

The images are matched in sky position, but they are different in detector space by nature.
It is very likely that, even with matching and overlaying pixels, an object will be spread
differently across pixels between images. For example, consider a case where your first image
has the object at the centre of a pixel, the resulting distribution of light will be highest in this
pixel, with that light decreasing into adjacent pixels. In a second case, your second image
has the object at the corner of a pixel, distributing its light more evenly across 4 pixels. To
account for this difference, Astrodrizzle creates a new pixel space, and populates this space
by breaking down the dithered images into a finer resolution.

Subsampling is thus the process of turning each pixel into a grid of sub-pixels, which are
then used to divide the light from the pixel into the new pixel space. In our examples before,
an object in image 1 is entirely located within 1 pixel, but is captured in image 2 on the
border between 4 pixels. Both of these images are sub-sampled, creating a sub grid of finer
resolution than the initial. Now, each object has its centre resolved at higher resolution,
but with no way to determine which parts of that finer grid carry the light. By matching
the two objects’ central locations, one can place the two sub-sampled grids on top of each
other, and add them together. In the region of overlap there will be a contribution from all
of the pixel from 1, and some fraction of the pixels from image 2. After drizzling multiple
images, there will be a higher resolution image than before, with these sub-samples able
to contribute different pieces of information about the object. In this example, the image
where the object lies within primarily one pixel, the peak intensity and tight falloff is well
characterized, whereas in the second image, the extent of that light is better captured. The
final pixel scale I utilized was 0.06" per pixel, about half the resolution of the original WFC3
IR CCD pixel scale. This method does have a limit based on the increased signal-to-noise
ratio with the addition of subpixels and the limit of the point spread function itself. In
the first case you have the same amount of light spread over a larger number of pixels with
correlated noise. In the second case an object projected on the CCD has passed through a
filter which distorts and blurs the incoming light to some degree. Subsampling is useful if you
have good signal-to-noise, as in the case of a multiple orientations with multiple exposures
in a dither pattern, with an instrument with a point spread function smaller than it’s pixel
scale. These conditions are met with the HST observations presented in this work.
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2.5 Image Mosaics

Finally, once these higher resolution stacked images are acquired, Astrodrizzle combines
them into a single drizzled image. These drizzled images can be further stacked onto other
drizzled images for overlap regions if they were taken for individual pointings. Astrodrizzle
can also be run on the entire image set to acquire a full mosaic map with all drizzling
done on overlapping regions. The processing of raw HST images was conducted using the
grizli wrapper to run the CalWFC3 pipeline. This pipeline takes the raw and processes
it sequentially with a given set of reference files corresponding to the location and time of
the observation. This account for variations in the image quality over the Hubble Space
Telescope’s long life. A final calibrated image is shown in Fig. 2.4. As seen there, the
features from varying quadrants, individual pixels, noise features, and cosmic rays have all
been reduced. This leaves behind the signal of interest, the light coming from distant stars
and galaxies. A sample drizzled image is shown in Fig. 2.5

2.6 Mosaics and Photometry

Contiguous mosaics for XLSSC 122 were created using the Astrodrizzle and Tweakreg pack-
ages from DrizzlePac (Gonzaga et al., 2012). These drizzled images combine overlapping
images on a sub-pixel scale, increasing the signal-to-noise ratio and resolution. This initial
drizzling did not require a thorough alignment, as images were taken as part of the same
observation sequence using the same guide stars. These images were subsequently aligned to
the source catalog of the drizzled Core region of XLSSC 122 from Willis et al. (2020) created
using SExtractor (Bertin and Arnouts, 1996). As each image was added to the mosaic, its
shifted catalog was used to align the next image. Final mosaics and inverse variance weight
maps (IVM) for the F140W filter were created for 3 contiguous overlapping exposure regions
as seen in the F140W filter exposure map footprint area Fig. 2.2, with relative astrometry
within each contiguous region. A similar mosaic in F105W was created for the central region.
The final mosaics and IVMs for the F814W band were created for overlap with the F140W
contiguous regions, despite their span over the entire field. A false colour RGB image of the
central region of XLSSC 122 is shown in Fig. 1.6

Initial catalogs using single image mode from SExtractor were extracted for each con-
tiguous mosaic for each filter. Overlapping mosaics in different filters were matched with a
tolerance of 0.3 arcseconds, or 5 pixels on the F140W mosaics to find the mean and stan-
dard deviation of the shift between objects in the mosaics. Mosaics were then shifted by
the mean difference in sky positions between filters to match to the F140W mosaic after
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Figure 2.5: A sample F140W drizzled image, before mosaicing step.
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an iterative mean cut. This changed the reference point, the distance scale, and rotation of
the image. Finally, aligned mosaics in F105W and F814W were resampled using SWARP
(Bertin, 2010) to match the pixel scale and location of the F140W mosaics. This ensured
that the information from the three overlapping filters have matching pixel locations.

Photometric information was extracted from each region by applying SExtractor to the
mosaics and corresponding IVM image. Fluxes were computed from two apertures, a 13
pixel (0.78 arcseconds) fixed aperture and a variable elliptical aperture with a Kron factor
of 0.8 as used in Willis et al. (2020). Extractions for F105W and F814W were made using
SExtractor double image mode, using the F140W image as reference for astrometric position.
In this way the aperture size and shape was identical between mosaics.

2.7 Grizli Spectral Extraction

The grizli (Brammer, 2019) software package is a python wrapper for Astrodrizzle (Gonzaga
et al., 2012), Calwf3, SExtractor (through SEWPY), mastquery, astroquery, and axe among
many others. In this project, grizli is used to make the final pipeline of image download,
organization, calibration, drizzling, photometric extraction, spectroscopic extraction, and
science image creation. The grizli software package works by calling a host of commands
on an input footprint designating the files selected for analysis. This footprint is used to
download the files and their corresponding calibration files. Then, the grizli auto script
aligns the images by performing source matching through SEWPY. Once the images are
aligned, grizli runs a pre-processing script which calls CALWF3 to perform photometric
steps including but not limited to, bias removal, gain removal, data quality initialization,
zero read subtraction, dark field subtraction, flat field division, non linearity correction, and
cosmic ray removal.

In this project, spectroscopy was performed using the G141 slitless grism. A grism is
a diffraction grated prism. Incident light to the grating is split scattered at varying angles
dependent upon its wavelength by the diffraction grating. This spectrum is then redirected
into a parallel path by the adjoining prism, where it is captured by a CCD. Light orthogonal
to the dispersion axis is transmitted undispersed, and thus the spectral energy distribution
(SED) is displayed as an extended region on a physical image. During each spectroscopic
observing sequence, a photometric filter of a similar wavelength captures the light from that
region at a time close to the observation. This image is used to identify the locations of
objects for use in assigning spectra. In this project, the F140W filter serves as reference for
the G141 filter due to it’s similar wavelength range.
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grizli begins spectrum extraction by matching F140W filter images to their corresponding
G141 grism images. Once the objects are identified between images grizli identifies the region
extended from the point source to find the first order spectrum, cutting it out as a subsample
from the spatial image. The first order spectra is then background subtracted from the upper
and lower regions of the image. Then, the middle portion is accumulated into a 1 dimensional
spectral energy distribution (SED) following the method described in Horne (1986).

2.7.1 Contamination Modelling

The contamination model for a pointing is the interference from the dispersed spectra of a
nearby object and is computed using the input segmentation map, catalogue, and science
image. For each object, the spread of light is isolated and fitted using a 2nd order polynomial
across the entire image. Then, as a followup, objects brighter than 24th magnitude are then
narrowed in on and fit individually using a 4th order polynomial. This contamination model
is the same size as the science image, but contains noiseless modelled spectra in place of
real dispersed objects. When extracting an object in the science image, the contamination
model is subtracted from the science image, excluding the object under extraction. Note that
the contamination model does not remove all contamination, noise, irregular object shapes,
and multiple stacked dispersions usually result in a region with higher variation than the
background after model subtraction.

2.7.2 Beam Extraction

With the contamination model computed, it is now time to acquire the beams from the
grism images. In this context, a beam is a rectangular cut out from the science image
corresponding to the extracted source. The number of grism images indicates the number
of resulting beams. In cycle 25 this was a maximum of 48 whereas in cycle 30 this is a
maximum of 8.

To extract the beams, the object from the photometric image is matched to the position
in the grism images. Then, a 20-30 pixel wide beam is extended outwards along the first
order of the dispersed spectrum on the grism image. Smaller beam sizes are used for smaller
objects, and larger for the BCG. Altering the beam size allows one to narrow regions where
the contamination is affecting the main extraction itself or the background calculations
(Boehm et al., 2024). The resulting beams are appear as cut out two dimensional spectra.

To obtain a 1 dimensional spectrum from the two dimensional spectrum, the beams are
combined using the method detailed in Horne (1986), which effectively stacks all beams on
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top of each other and takes the weighted average, collapsing along the off-dispersion axis.
This creates a single set of fluxes along the dispersion direction wavelengths.

2.7.3 Spectral Extraction and Classification

I extract spectroscopic information from the grism images using Grizli. The G141 spectro-
scopic images were calibrated using a similar process to the photometric images using Grizli
and the calwf3 software as described in Sec. 2.2. Once calibrated, the G141 images images
were then aligned to F140W images taken over the same fields. To do this, the intermediate
F140W mosaics for each pointing were matched with each G141 image primarily overlapping
that field. Then, a polynomial based contamination model was fit to each G141 image. By
treating the spectroscopic extraction on a field-by-field basis, I sought to reduce the uncer-
tainty added to the object position introduced by creating the mosaics between HST cycles.
My interest here is the matching of the position of the object in the F140W field to the G141
fields, and the signal-to-noise ratio of the photometric images in the overlap regions was
not my primary concern. I acknowledge that this does prevent the combination of spectral
beams from overlapping fields due to the shift in their relative positions. Beams of width
20 pixels were extracted along the dispersion angle of each object and were averaged into a
single 1 dimensional spectral trace.

I compute spectroscopic redshifts for objects, focusing on z = 1.98, using the G141 filter.
The range of the G141 filter captures multiple rest frame optical features of z = 2 objects,
including the the 4000 Å break and the [OIII]5007 Å emission line. Three template sets were
fit to each object’s beams, a continuum based set containing galaxy templates and absorption
features in young and old stellar populations, the same continuum based set with 3 additional
line complex templates (OII+Ne, OIII+Hb+Hg+Hd, and Ha+NII+SII+SIII+He+PaB),
and the continuum based set with several additional individual line features including in-
dividual versions of each of the complex lines. The line features used include the Balmer
emission and absorption lines, as well as several metal lines including oxygen, silicon, and
neon along with several others. Template fitting was performed using a redshift grid between
z = 0 − 4.0, with an initial course grid of δz = 0.004 and a finer grid of δz = 0.0005 around
local minima. A sample fit to the no line template is shown in Fig. 2.6 and Fig. 2.7 for the
BCG. Based on the result of these 3 template fits hereafter referred to as guess 1, guess 2,
and guess 3, objects were visually inspected for best template fit and initial redshift guess.
Objects were then placed into categories based on a number of selection cuts. These cate-
gories divided the objects based on reliability of the guess. Objects of category A and B are
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Figure 2.6: The optimally extracted one-dimensional SED for the brightest cluster galaxy
(ID = 2659 in catalogue) of XLSSC 122 (orange) and a best χ2 fit to the no-line template
set. Contamination from nearby objects is shown in blue and the background is shown in
pink.
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bright, uncontaminated, high signal-to-noise ratio objects with a redshift guess within 0.1
of z = 1.98, only differing in whether the continuum guess and line complex guess agreed.
Category C lacks a redshift guess within 0.1 of z = 1.98, but contains a peak in the χ2

distribution in that same range in its top 3 local minima. Categories D and E were carefully
inspected, containing either high contamination from nearby sources, or low signal-to-noise
ratios. Category F, G, H, and I objects were not inspected as they contained none of their
top 3 local minima in the χ2 distribution near z = 1.98, were dimmer than 25th magnitude
in F140W, lie in the stellar locus in FWHM/magnitude space, or have a signal-to-noise ratio
less than 1 respectively.

I utilize Markov Chain Monte Carlo (MCMC) sampling in several places in this thesis,
and I elaborate on this method here. The basic principle is to explore the parameter space
and calculate a goodness-of-fit between the resulting model and the observed data. In many
cases, I use the emcee python package (Foreman-Mackey et al., 2013) which I have compared
with a custom built Metropolis Hastings method (Metropolis et al., 1953; Hastings, 1970). I
do this as I am more familiar with the Metropolis Hastings method and I can have complete
control over the acceptance criteria and exploration method. The same initial conditions
apply to both applications of parameter estimation using MCMC from a given model which
takes a set of input parameters and outputs data in a form comparable to observation. First,
a set of bounds for the input parameters are set, outside of which the goodness-of-fit is set to
−∞. Then, a number of chain start locations, or walkers, are initialized within that space.
For my work, I use a multivariate Gaussian with a mean away from the expected fit, and
a scale equal to the 1 hundredth of the parameter range. Next, a new location is chosen
from the position of the first. In my Metropolis Hastings model I draw a new point with a
multivariate Gaussian of the same size as the initialization, with the central point located on
the old point. Then, if the goodness-of-fit of the new point is greater than that of the old,
the new point is accepted. If the goodness-of-fit is worse, it has a random chance of being
accepted, this acceptance probability is equal to the ratio of the new to old likelihood. This
acceptance threshold is the Metropolis Hastings algorithm, though in the last 70 years, more
compelling algorithms have been developed which explore the space with greater speed and
efficiency. For example the affine invariant ensemble sampler is better suited to exploring
parameter spaces with an anisotropic shape between dimensions (Foreman-Mackey et al.,
2013). Other methods use the gradient of the log-posterior, or a clever step path selection
(Foreman-Mackey et al., 2013) to explore data sets with multiple high likelihood regions.
The Metropolis Hastings method provides a good baseline, and I use an affine invariant
ensemble sampler for my final fits. The likelihood function I use is the χ2 distribution given
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Figure 2.7: Left: The multiple template χ2 over redshift fit test for the BCG (ID = 2659
in catalogue). Guesses 4, 5, and 6 are the no-line, complex, and line template fits in blue,
orange, and green respectively. Right: The resulting probability distribution function given
the χ2 test on the left.
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in Eq. 2.1

χ2 = −k
N∑

i=1

(Di − Mi)2

σ2
i

(2.1)

where k is a normalizing factor, N is the total number of output dimensions i, D is an
observed value along a dimension i, and M is the model value along a dimension i, and σ is
the standard deviation of the observed value.

Returning to the spectral fitting, objects whose template fits appeared to roughly trace
the data as determined by visual inspection were processed through a final template fit
using the third template set containing individual lines with a Gaussian prior about the best
initial guess. This was to identify galaxies which fit well at z = 1.98. If these galaxies could
not be fit to z = 1.98 with a boost to the likelihood, I attempted a similar fit at different
local minima in the initial χ2 distribution. The objects which could be fit by a template
combination at z = 1.98 were then passed through the same fitting process with a tophat
prior between z = 0.5 and z = 3.5 to obtain a fit unbiased from the Gaussian prior. These
final 2 template fits were performed using a MCMC method using the emcee python package
(Foreman-Mackey et al., 2013) with 256-512 steps and 128-196 walkers. The final MCMC
fit for the BCG yields the model shown in Fig. 2.8.

Objects were then visually inspected for goodness-of-fit, and rerun at varying initial
positions, beam sizes, and beam selections to reduce contamination from nearby sources and
avoid mediocre fits. A spectral signal-to-noise was computed between 1.3 and 1.55 µm as in
Willis et al. (2020) as the average signal to noise per pixel over that range. Then, objects
with a signal-to-noise ratio < 3 were inspected for the presence or absence of emission lines.
Objects without emission features at this level of noise were discarded. Then, objects were
divided into Gold, Silver, and Bronze cluster membership categories based on the integral
of the redshift probability density function (pmemb) over the range 1.96 < z < 2.00, as
determined from Willis et al. (2020) as the 3σz observed frame velocity dispersion spread
for a 5 keV galaxy in redshift space. With Gold defined as pmemb > 0.5, Silver defined as
0.1 < pmemb < 0.5. The Bronze category for XLSSC 122 includes objects which would lie in
the Gold or Silver categories except for their low signal-to-noise ratio. As noted by Willis
et al. (2020) there is a foreground structure located at z = 1.93 in the vicinity of XLSSC 122.
I conduct a similar fitting process for these objects to identify potential members, changing
only the central redshift from z = 1.98 to z = 1.93, and define pmemb,2 as the redshift
probability density function over the range 1.91 to 1.95. The details of the final categories
for both structures are described in Table 2.2, I do not include a Bronze membership for the
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Figure 2.8: The final positions of the walkers expressed as model spectra overlayed on the 1-D
SED (orange) of the BCG (ID = 2659 in catalogue). Contamination from the contamination
model is shown in blue, and the background is modelled in pink. Overlayed are the lines
considered in the fit, displaced to the redshift of the BCG in blue, with constant width for
visual identification.
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Table 2.2: Spectroscopic membership criteria for clusters in XLSSC 122 and CL J021741.7-
034546.

Category pmemb,1 pmemb,2 S/N
Gold ≥ 0.5 < 0.5 > 3
Silver ≥ 0.1, < 0.5 < 0.5 > 3
Bronze ≥ 0.1 < 0.5 > 1, ≤ 3
Foreground Gold < 0.5 > 0.5 > 3
Foreground Silver < 0.1 > 0.1 > 3
Non-Member < 0.1 < 0.1 > 3

1.93 structure. The distribution of redshifts in each category is given in Fig. 2.9. Note that
there is overlap in the estimated redshift range of the foreground structure and XLSSC122.
The reported zmcmc is the median of the locations of the final one third walkers. Objects
labelled with a zmcmc outside of their pmemb range have walker locations outside of that
range, drawing the median out of the range. The silver category shows the largest amount
of objects outside of the range, with an extension out to z = 2.03. These objects have a peak
outside of z = 1.96 to z = 2.0, but have at least 10% of their walker locations within that
range.

2.7.4 Contaminated Beam Removal

In the central regions, objects are dispersed in multiple directions. In cases where one of
these pointing angles leads to the contamination of 1 beam by a nearby object, the resulting
redshift estimate will differ. To correct for this error, I extract the 1 dimensional spectra for
each beam at all pointing angles and remove the beams with a contamination to signal ratio
greater than 1. With the remaining lower contamination beams, I rerun the 1 dimensional
spectra extraction and initial guesses, processing those guesses, running the MCMC template
fit, and eventual category assignment as normal.

2.7.5 Difficulty in MCMC Runs

The intention of my pipeline was to preserve a similar spectroscopic process to the cycle 25
data when running on the cycle 30 data. However, I found that the cycle 30 data, given the
larger area and lower number of grism exposures per object, was more difficult to fit. The
spectra extracted from the cycle 30 grism images tended to have a lower signal-to-noise ratio
and a more prevalent occurrence of contamination. The lower signal-to-noise ratio causes
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a difficulty in fitting a spectra to low amplitude emission line peaks, and I relied more on
the continuum template fitting. Additionally, cycle 25 observations have 4 unique pointing
angles, allowing several opportunities to observe an object in different frames to account for
contamination. The cycle 30 data, on the other hand, had a maximum of 2. In the central
regions near the core the isolation of 1 of 2 pointing angles has allowed the confirmation of
certain objects as belonging to the cluster. However, in the outer reaches, farther from the
centre of the cluster, I found that the single grism exposure occasionally resulted in potential
cluster members that were difficult to extract or fit a template to.

2.8 Comparisons with Prior Catalogues of XLSSC 122

I provide a comparison between the catalogue of the inner regions of XLSSC 122 from Willis
et al. (2020) and the catalogue I have created in the previous steps. I find that among
matched objects, differences in magnitude or FWHM between reductions is centred on zero
with a scatter increasing to greater magnitudes. A comparison of the colour magnitude
diagram is shown in Fig. 2.11, a comparison of the star galaxy separation plot is shown in Fig.
2.12. The individual magnitude and FWHM residuals is shown in Fig. 2.13 and Fig. 2.14. A
map of the residual distance is shown in Fig. 2.10, with an internal distance offset consistent
with a small uncertainty on the relative distance measurements. There is a shift in locations
between catalogues showcased by the central density offset from 0, which can be explained
by the use of different guide stars in my catalogue. My catalogue is in good agreement
with that of Willis et al. (2020), with several improvements on previous measurements of
FWHM, as seen in Fig. 2.12, where objects previously placed at an nonphysical 0 FWHM
are shifted to the location of the stellar locus as 0.2. Using my pipeline, only 1 object is
not identified as a cluster member of XLSSC 122 which was previously identified in Willis
et al. (2020). Upon further analysis I deemed that this object was not a cluster member due
to contamination from another galaxy. As the reduction pipeline has lead to a catalogue
consistent with that of Willis et al. (2020) with noise, I use my new catalogue for consistency
between measurements.

2.9 Spectroscopic Incompleteness

I estimate the spectroscopic incompleteness on the identification of cluster galaxies by cre-
ating mock G141 spectra and passing them through the spectral classification pipeline. A
single template of an old stellar population included in the set of templates from Sec. 2.7.3
was used for the fits (Brammer et al., 2008). I estimate the background noise, object size,
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Figure 2.13: The photometric residuals between matched objects in my catalogue to those
of Willis et al. (2020). The red line indicates the median residual.
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amplitude, and extent for the 2 cycles and 3 exposure regions by extracting regions above
and below the primary beam for a given reference object. I take the median between all
beams and their upper and lower regions, finding little variation between beams and upper
and lower regions. The G141 data taken in cycle 25 was collected over 48 exposures of t
≈ 550 s each. The data taken in cycle 30 was collected over 4 or 8 exposures of t ≈ 1000 s
each, leading to a different contribution of noise per beam. To estimate the amplitude of
the signal for each beam, I extract the 1 dimensional spectra for 4 sample objects of F140W
magnitudes 21 through 24 for both cycle 25 and cycle 30. I scale the amplitude of each
simulated beam such that its integrated 1 dimensional flux is equal to a real object of that
magnitude. To incorporate background error I add in a random Gaussian error according
to the beam exposure time. To approximate the counting error of signal pixels I further
add a random Gaussian centred on the pixel intensity with a standard deviation equal to
the Poisson counting uncertainty. I then pass these simulated beams through my classifica-
tion pipeline, stopping at the initial χ2 grid search, using only the continuum templates. I
show a comparison of my simulated optimally extracted spectra to an observed red galaxy
at similar magnitude in Fig. 2.15. I classify any galaxy passing the local minimum test as
being successfully identified. A plot of the spectroscopic completeness for the 3 exposure
time regions across magnitude is shown in Fig. 2.16.

In running the spectroscopic incompleteness test, I noticed that there is an anomalously
low completeness for objects of 22nd magnitude in the 4 beam low exposure time region
as seen by the red points in Fig. 2.16. Because of this, the spectroscopic incompleteness
for the low exposure time region is not monotonic, and I do not believe it to be physical.
Going forward, when incorporating spectroscopic incompleteness, I interpolate over this data
point, excluding it from consideration. Further, the low number of cluster members in these
low exposure time regions means that this irregularity does not change the estimates of local
overdensity, density profiles, or luminosity functions. The central region of the cluster, where
most of the data for these relations originates from, contains few galaxies at this low exposure
time range. A more thorough treatment of spectroscopic incompleteness would however,
allow a further exploration of all galaxies in the cluster, as the current estimate was created
solely with a simple old stellar population. I am currently assuming that the spectroscopic
incompleteness is roughly equivalent between the red sequence and blue cloud. Considering
the blue cloud members identified as cluster members extend to greater magnitudes and
contain prominent emission features, this may be a conservative estimate. However, these
galaxies are likely preferentially selected over blue galaxies lacking strong emission features.

The incorporation of spectroscopic incompleteness primarily increases the expected num-
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Figure 2.15: Simulated spectra (blue) compared to an observed spectra (red) for a magnitude
23 object in the F140W filter. Lines are the medians across beams and individual points are
from individual beams. This is from the high exposure time region, containing 48 beams.
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ber of low luminosity galaxies in the outer regions, which increases the expected density at
larger distances from the cluster centre. This is incorporated in Sec. 3.1 and Sec. 3.4, but
does not significantly alter the conclusions therein.

2.10 Post Starburst Identification

Several galaxies in the spectroscopic sample have visual Balmer absorption lines in their
spectral fits, indicative of a post-starburst galaxy (Werle et al., 2022). Galaxies have been
classified as post starburst based on their absorption feature strength in low to medium
resolution spectra (Dressler et al., 1999). I find the line strength with the equivalent width
calculated as Eq. 2.2 .

EW =
∑

x

(
1 − Fx,s

Fx,c

)
(2.2)

Here, x indicates a spectral pixel, and F indicates the intensity at that pixel. The model
corresponds to the best fit non-emission line model, which includes absorption features as
an option. The continuum intensity is interpolated from the intensity on either side of the
absorption feature.

I use a fixed width band centred on the redshifted line wavelength. I determined the band
size after a visual inspection of several galaxies with prominent absorption features to cover
the full trough, settling on 200 Å. Likewise, I select a fixed continuum band size to include a
small number of points on either side. I used a simple linear interpolation between the mean
values in the continuum bands on either side of the feature to construct the continuum. I
place a conservative cut on the EW of Hβ > 0.1 and Hδ > 0.3 to acquire galaxies outside of
the scatter of measured EWs around the origin. I apply a further cut on signal-to-noise >
15 and F105-F140 colour > 1.15, as the equivalent widths measured for these objects were
dominated by noise or star formation emission features. An example extraction for a galaxy
with PS features is shown in Fig. 2.17 and a plot of the EWs and those selected based on
colour and signal-to-noise is shown in Fig. 2.18.

In Table 2.3, and Table 2.4 I show the galaxies classified as cluster members and their
extracted photometric properties and spectroscopic features. The ids are unique across the
combined cycle 25 and cycle 30 data, with duplicates in position assigned a single id, and
photometry and spectroscopy from the lowest uncertainty spectral extraction. Shown also
is the astrometric positions, magnitudes, and colours from the F140W, F105W, and F814W
filters if available. The redshift shown is the spectroscopic redshift from Sec. 2.7.3, with
CM indicating the membership classification as shown in Table 2.2. The PS column is those
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objects satisfying the post-starburst feature condition shown in Fig. 2.18.
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Table 2.3: The reduced catalogue of photometric and spectroscopic information for the galaxy cluster XLSSC122. F140W
kron magnitude, colours from 13 px (0.78 arcsecond) circular apertures, and colour errors are in AB magnitude.

id RA [deg] Dec [deg] Redshift PS CM M [F140W] Mσ [F 140W ] colour [F105-F140] colourσ [F 105 − F 140] colour [F814-F105] colourσ [F 814 − F 105]

181 34.5157 -3.7852 1.967 n G 23.24 0.03 nan nan nan nan
186 34.5079 -3.7847 1.994 n G 22.68 0.02 nan nan nan nan
202 34.5014 -3.784 1.974 n G 23.56 0.04 nan nan nan nan
291 34.5124 -3.7771 2.006 y G 22.83 0.02 nan nan nan nan
603 34.5298 -3.7467 2.0 n S 23.39 0.03 nan nan nan nan
644 34.5215 -3.7342 1.976 n G 22.85 0.02 nan nan nan nan
776 34.5008 -3.7299 1.958 n G 23.17 0.03 nan nan nan nan
808 34.5248 -3.7347 1.999 n G 22.18 0.01 nan nan nan nan
811 34.5001 -3.7395 1.968 n G 22.55 0.02 nan nan nan nan
823 34.5032 -3.738 1.968 n G 24.23 0.05 nan nan nan nan
848 34.3645 -3.7702 2.003 n S 22.37 0.02 nan nan nan nan
934 34.3505 -3.7592 1.974 n G 22.51 0.02 nan nan nan nan
1012 34.3545 -3.7507 1.976 n G 22.02 0.02 nan nan nan nan
1066 34.3773 -3.7459 1.992 n G 22.28 0.03 nan nan nan nan
1141 34.3584 -3.7384 1.993 n G 20.46 0.01 nan nan nan nan
1230 34.3535 -3.7313 1.987 y G 22.57 0.02 nan nan nan nan
1396 34.3467 -3.7149 1.974 n G 23.17 0.03 nan nan nan nan
1499 34.3703 -3.7028 1.981 n G 21.07 0.01 nan nan nan nan
1654 34.4209 -3.7932 1.986 n G 23.3 0.02 0.08 0.03 -0.06 0.02
1735 34.4118 -3.7894 1.989 n B 23.94 0.03 0.08 0.03 0.14 0.03
1894 34.3983 -3.7838 1.995 n G 22.89 0.01 0.61 0.03 0.07 0.03
1910 34.4202 -3.7827 1.99 n G 22.78 0.01 1.55 0.02 1.67 0.11
1988 34.4477 -3.7809 1.975 n G 23.69 0.03 0.06 0.03 0.02 0.01
2082 34.4791 -3.7775 1.988 y B 23.48 0.03 0.32 0.04 0.35 0.04
2146 34.4465 -3.7755 1.98 n G 24.3 0.03 0.4 0.03 -0.07 0.02
2176 34.4132 -3.7741 1.98 n G 23.07 0.01 1.41 0.02 2.24 0.16
2235 34.4448 -3.7728 1.986 n G 22.9 0.01 0.48 0.01 0.32 0.02
2322 34.4405 -3.7703 1.982 n G 24.04 0.02 0.5 0.02 0.26 0.03
2333 34.4224 -3.77 1.98 y G 22.6 0.01 1.21 0.01 1.19 0.03
2334 34.3974 -3.7702 1.997 n G 22.95 0.01 1.42 0.02 1.34 0.08
2336 34.43 -3.7703 1.98 n G 23.9 0.01 0.12 0.01 0.42 0.02
2359 34.4211 -3.7692 1.982 n G 24.28 0.02 0.53 0.02 0.33 0.04
2397 34.4503 -3.7687 1.961 n S 24.28 0.02 0.2 0.02 0.4 0.03
2411 34.435 -3.7679 1.988 n G 22.51 0.01 1.57 0.01 1.84 0.09
2414 34.4472 -3.768 1.986 n G 22.53 0.01 1.43 0.01 1.33 0.07
2442 34.4419 -3.7666 1.987 n G 23.59 0.01 1.28 0.03 1.08 0.11
2453 34.4276 -3.7674 1.973 n B 24.37 0.02 0.4 0.02 0.41 0.03
2456 34.4527 -3.7671 1.99 n G 23.59 0.02 1.23 0.03 1.0 0.11
2479 34.4434 -3.7666 1.972 n B 24.24 0.02 0.65 0.03 0.45 0.07
2508 34.4688 -3.7658 1.983 n G 22.98 0.03 0.25 0.04 0.19 0.04
2514 34.4441 -3.7656 1.974 n G 23.1 0.01 0.65 0.01 1.3 0.06
2515 34.4233 -3.7658 1.997 n B 23.98 0.02 1.26 0.03 1.21 0.13
2535 34.4723 -3.7658 1.961 n G 23.91 0.04 0.38 0.04 0.29 0.05
2573 34.419 -3.7638 1.98 n G 23.55 0.02 0.46 0.02 0.42 0.03
2590 34.4223 -3.7635 1.982 n G 21.94 0.0 1.35 0.01 1.17 0.03
2605 34.4187 -3.7637 1.982 n G 24.12 0.02 0.5 0.02 0.28 0.03
2633 34.433 -3.7631 1.979 n G 23.56 0.01 1.39 0.02 1.9 0.15
2648 34.4131 -3.763 1.979 n G 23.33 0.01 0.39 0.01 0.22 0.01
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id RA [deg] Dec [deg] Redshift PS CM M [F140W] Mσ [F 140W ] colour [F105-F140] colourσ [F 105 − F 140] colour [F814-F105] colourσ [F 814 − F 105]

2659 34.4342 -3.7587 1.986 n G 20.7 0.0 1.43 0.01 1.6 0.03
2678 34.4353 -3.7624 1.968 n G 23.95 0.02 0.29 0.02 0.27 0.02
2683 34.4171 -3.7621 1.982 n G 23.96 0.02 0.9 0.02 0.89 0.07
2687 34.4325 -3.7618 2.002 n S 23.47 0.01 1.42 0.03 1.97 0.18
2699 34.4733 -3.7619 2.001 n S 24.3 0.05 0.36 0.05 0.62 0.05
2721 34.4394 -3.7603 1.978 n G 23.4 0.01 0.44 0.02 0.47 0.03
2722 34.4385 -3.7607 1.974 y G 22.99 0.01 1.28 0.01 1.57 0.06
2775 34.4341 -3.7576 1.986 n G 21.74 0.01 1.5 0.01 1.73 0.06
2781 34.4338 -3.7588 1.985 n G 22.48 0.01 1.33 0.02 1.43 0.07
2826 34.4398 -3.7582 1.98 n G 23.98 0.01 1.55 0.03 73.43 99.0
2827 34.4306 -3.7576 1.98 n G 23.47 0.02 1.19 0.04 1.44 0.19
2830 34.425 -3.758 1.997 y G 23.4 0.01 1.41 0.02 1.57 0.11
2887 34.4477 -3.756 1.991 n G 23.8 0.02 1.13 0.03 1.45 0.22
2912 34.4347 -3.7548 1.979 n G 23.41 0.01 1.35 0.02 1.65 0.12
2958 34.4356 -3.7531 1.968 n G 22.74 0.01 0.41 0.01 0.68 0.01
3037 34.4325 -3.7499 1.989 y G 22.4 0.01 1.32 0.01 1.7 0.06
3049 34.4369 -3.7501 1.988 y G 22.86 0.01 1.39 0.01 2.02 0.12
3050 34.41 -3.75 1.993 n G 22.99 0.01 0.49 0.01 0.46 0.01
3053 34.4389 -3.75 2.0 n S 24.31 0.02 0.44 0.02 0.4 0.04
3058 34.4359 -3.7495 1.988 y G 22.36 0.01 1.35 0.01 1.59 0.07
3114 34.4336 -3.7477 1.969 n G 23.87 0.01 0.48 0.02 0.25 0.02
3161 34.4017 -3.7458 1.986 n G 23.61 0.02 0.47 0.02 0.24 0.03
3188 34.4434 -3.7449 1.982 n G 23.51 0.01 1.23 0.02 1.38 0.08
3203 34.3944 -3.7442 1.994 n G 24.03 0.03 0.4 0.03 0.19 0.03
3222 34.4275 -3.743 1.966 n G 22.96 0.01 0.48 0.01 0.5 0.02
3273 34.4089 -3.7412 1.957 n B 24.31 0.03 0.1 0.03 0.11 0.03
3283 34.4459 -3.741 1.975 n G 23.7 0.02 0.17 0.02 0.18 0.01
3383 34.4002 -3.7355 1.976 n G 22.01 0.01 1.19 0.01 1.11 0.02
3407 34.4016 -3.7347 1.967 n B 24.34 0.03 0.07 0.03 0.3 0.03
3457 34.417 -3.7307 1.994 n B 23.81 0.02 0.25 0.02 0.4 0.02
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Table 2.4: The reduced catalogue of photometric and spectroscopic information for the galaxy cluster CL J021741.7-034546.
F140 kron magnitude, colours from 13 px (0.78 arcsecond) circular apertures, and colour errors are in AB magnitude.

id RA [deg] Dec [deg] Redshift PS CM M [F140W] Mσ [F 140W ] colour [F105-F140] colourσ [F 105 − F 140] colour [F814-F105] colourσ [F 814 − F 105]

345 34.502 -3.7708 1.932 nan FG 23.09 0.03 nan nan nan nan
481 34.5085 -3.7567 1.925 nan FG 22.37 0.02 nan nan nan nan
536 34.511 -3.7521 1.935 nan FG 23.7 0.03 nan nan nan nan
687 34.5179 -3.7386 1.911 nan FG 22.92 0.02 nan nan nan nan
786 34.5031 -3.73 1.93 nan FG 22.46 0.02 nan nan nan nan
789 34.5093 -3.731 1.918 nan FG 21.81 0.01 nan nan nan nan
892 34.3593 -3.7624 1.945 nan FG 20.98 0.01 nan nan nan nan
946 34.3697 -3.7578 1.918 nan FG 21.11 0.01 nan nan nan nan
985 34.343 -3.7537 1.92 nan FG 22.0 0.04 nan nan nan nan
1038 34.3514 -3.7487 1.925 nan FG 22.75 0.02 nan nan nan nan
1173 34.37 -3.7364 1.936 nan FG 21.29 0.01 nan nan nan nan
1432 34.3664 -3.7117 1.936 nan FG 21.92 0.01 nan nan nan nan
1457 34.3615 -3.7089 1.904 nan FG 21.1 0.01 nan nan nan nan
1891 34.3985 -3.7837 1.941 nan FG 22.79 0.01 0.42 0.01 0.62 0.02
1947 34.4213 -3.7822 1.95 nan FS 24.08 0.03 0.13 0.03 0.11 0.02
2015 34.4271 -3.7797 1.92 nan FG 23.66 0.03 0.53 0.04 0.57 0.05
2097 34.4533 -3.7729 1.942 nan FG 19.11 0.0 0.2 0.01 0.15 0.0
2148 34.4597 -3.7746 1.941 nan FS 22.35 0.02 0.44 0.02 0.65 0.03
2178 34.3951 -3.7747 1.928 nan FG 24.13 0.02 0.63 0.03 0.1 0.04
2194 34.3946 -3.7725 1.927 nan FG 22.06 0.01 0.19 0.02 0.18 0.02
2253 34.4569 -3.7727 1.968 nan FS 22.94 0.02 0.02 0.02 0.17 0.01
2256 34.4438 -3.7719 1.923 nan FG 22.25 0.01 0.52 0.01 0.57 0.01
2275 34.4226 -3.7717 1.94 nan FG 23.62 0.01 0.38 0.01 0.14 0.01
2518 34.4232 -3.7661 1.937 nan FG 24.28 0.02 0.4 0.02 0.19 0.02
2540 34.4464 -3.7653 1.939 nan FG 23.06 0.01 0.66 0.01 1.12 0.05
2554 34.4316 -3.7645 1.931 nan FG 22.25 0.01 0.22 0.01 0.34 0.01
2568 34.4466 -3.7644 1.917 nan FG 23.92 0.02 1.41 0.04 4.3 4.58
2598 34.4195 -3.7626 1.946 nan FG 21.39 0.0 1.36 0.0 1.75 0.03
2612 34.416 -3.7631 1.933 nan FG 22.08 0.01 1.4 0.01 1.68 0.04
2630 34.4743 -3.7636 1.926 nan FS 23.73 0.03 0.07 0.03 0.05 0.02
2652 34.419 -3.7628 1.954 nan FS 24.32 0.02 0.82 0.02 0.81 0.08
2655 34.4265 -3.7625 1.937 nan FG 22.69 0.01 1.37 0.01 1.95 0.07
2666 34.4602 -3.7625 1.928 nan FG 23.09 0.02 0.35 0.02 0.36 0.01
2675 34.4205 -3.7614 1.941 nan FG 22.42 0.01 1.47 0.01 1.78 0.06
2700 34.4297 -3.7616 1.937 nan FG 23.89 0.02 0.52 0.02 0.29 0.03
2715 34.4172 -3.7613 1.937 nan FG 23.6 0.01 1.36 0.02 1.97 0.16
2727 34.4178 -3.76 1.935 nan FG 22.77 0.01 0.43 0.01 0.29 0.01
2728 34.449 -3.7605 1.932 nan FG 23.37 0.01 0.86 0.02 1.09 0.07
2769 34.4218 -3.7589 1.944 nan FG 22.08 0.0 0.74 0.01 0.45 0.01
2771 34.434 -3.7592 1.926 nan FG 22.73 0.01 1.53 0.03 1.19 0.1
2785 34.4362 -3.7594 1.939 nan FG 24.18 0.02 1.56 0.05 2.77 0.73
2804 34.4538 -3.7584 1.926 nan FG 23.77 0.02 0.62 0.03 0.79 0.07
3015 34.4456 -3.7514 1.931 nan FG 23.47 0.01 0.52 0.01 0.48 0.02
3018 34.4519 -3.751 1.934 nan FG 23.64 0.02 0.34 0.02 0.42 0.03
3064 34.4504 -3.7492 1.926 nan FG 22.85 0.01 0.63 0.01 1.23 0.02
3065 34.4002 -3.7491 1.912 nan FS 22.94 0.02 0.6 0.02 0.59 0.03
3350 34.408 -3.7367 1.878 nan FS 22.69 0.01 0.22 0.02 0.29 0.02
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Chapter 3

Properties of Galaxies in XLSSC 122, From Core to
Outskirts

This chapter presents an updated photometric and spectroscopic catalogue of cluster mem-
bers including new cycle 30 observations of the cluster outskirts out to 10 virial radii. With
the addition of this data, I can observe the properties of member galaxies across a range
of environmental densities, tracing how these galaxies are affected by their infall into the
cluster environment. The inclusion of fields out past 10 virial radii of the cluster allow us to
include a comparison to a region which approximates to the z = 1.98 field. With a single,
well characterized cluster with a wealth of radio, x-ray, and optical observations I have a
clearly defined dataset with which to compare the influence of a cluster environment on its
member galaxies, from cluster centre to outskirts. In the following sections I show how a
fast quenching model could describe the observed bimodal colour distribution of member
galaxies in the cluster. I explore a model of ram pressure stripping as a potential cause for
such rapid quenching. I also investigate the luminosity function of the red sequence galaxies
in XLSSC 122, finding a consistent profile with other high redshift clusters. Finally, I look
at the potential for infalling structures in the cluster, detecting no significantly overdense
regions in the outskirts.

3.1 Cluster Membership and Spatial Distribution

Here, I identify and catalogue cluster members as described in Chapter 2. In XLSSC 122 I
identify 63 gold members, 11 silver members, and 8 bronze members, adding 37 members in
the gold and silver categories in addition to those found in Willis et al. (2020). These galaxies
are added primarily in the regions observed by the most recent cycle 30 observations, but
include a few galaxies in the cycle 25 region. This is because I have re-reduced the cycle 25
observations for consistency between objects. This density falloff can be observed in my map
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of the objects divided by category found in Fig. 3.1, which shows the distribution of cluster
galaxies across the F140W observing fields. The highest concentration of cluster members
still lies in the centre, corresponding to the cycle 25 data taken in 2017/2018, with a gradual
drop off of object density into the cycle 30 data, with fewer objects in the farther fields. The
falloff, though due in part to the decreasing density of cluster members with larger distance
from cluster centre, is compounded with the reduced depth of the exposures in those regions.

One way of expressing the inner and outer behaviour of the density profile of a galaxy
cluster is to use a double power law (Zhao, 1996).

σDP L = f0

( 1
xa ) + ( s

xb ) , x = r

Rs

(3.1)

Where σDP L(r) is the surface density at a radius r from the cluster centre given a normalizing
constant f0, an inner slope a, outer slope b, smoothing factor s, and scale radius Rs. I first
compare the total density over radius shown in Fig. 3.2, I also fit a double power law, as
well as a NFW profile given in Equation 3.1. The total density over radius is the corrected
number of objects inside of a corrected area drawn by a circle of radius R. The corrected
number takes into account spectral completeness, such that each object counts as 1

c
, where

c is the spectral completeness associated with the objects (interpolated) magnitude and
exposure region. The corrected area is the area within the circle covered by the G141 filter.
The resulting density then corrects for low density due to both spectroscopic incompleteness
and regions with missing exposure. In the outer regions, a slope of -3.9 appears to fit the
observed density over radius as fit with a double power law, with a more flat slope of -0.4
in the inner region. However, the NFW profile, which in projected space is expected to
have a flatter slope in the inner regions and a slope of -2 in the outer regions, does not fit
the observed number density over radius of cluster members. A lower number of objects
in the outer regions could be influencing a good fit to a NFW profile, which is also used
as a model of dark matter halo distribution. The high radius regions which are not well
matched by the NFW profile fit are areas with lower exposure time, which could lead to
a lower number of detected galaxies despite a treatment for spectroscopic incompleteness.
The treatment of the galaxy number density over radius as a proxy for the dark matter
distribution is mostly guided by the tendency for cluster members to trace the cluster NFW
profile (Zwicky, 1933; Wang et al., 2018). I note however, that the variations in galaxy
position, interaction histories, and dynamical effects such as ram pressure stripping, could
lead to a collision or pressure influenced system which may not behave like the dark matter
distribution.
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Figure 3.1: A map of XLSSC122’s cluster members. The grey outlines indicate regions
with G141 coverage, where spectroscopic cluster membership can be determined. Gold and
silver members are shown as stars and triangles respectively. Cluster members are coloured
red or blue based on the colour cuts in F105W-F140W = 1.15 in the central region, and
F814W-F140W = 1.85 in the far regions. post-starburst galaxies are indicated by a purple
circle.
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Figure 3.2: The number density of objects in XLSSC122 over the distance from the cluster
centre. The density measured here takes into account the missing exposure area as well as
spectroscopic incompleteness. A projected NFW profile (Navarro et al., 1997) (blue), and a
double power law (green) are fit using a χ2 goodness-of-fit estimate. I find an outer slope
of b = -3.8 ± 1.1 and an inner slope of a = -0.4 ± 0.7 for a fit double power law best
approximates the density profile. The fit NFW profile with Rs = 80 kpc ± 181 kpc does not
have a steep enough distant slope to capture the data. Overlayed are R500 = 295 kpc and
R200 = 440 kpc. Errors are based on propagated

√
N counting uncertainty.



63

I then compare the distribution of galaxies in the cluster based on radius and local
density in order to determine if any local overdensities indicative of an infalling group or
substructure are present. Local density is computed here as ϕ5 =

∑5
i

1
ci

π·d2
5

, where d5 is the
transverse distance from the object to its 5th nearest neighbour and ci is the spectroscopic
completeness, similar to the total density case.

For the double power law I fit to the local density over radius as given in Fig. 3.3 I find
a best fit inner slope of a = 0.0 ± 0.2, b = -1.6 ± 0.2, and Rs = 209 kpc ± 82 kpc. fits the
data. The outer slope is steeper if the points are not adjusted for incompleteness.

3.2 Colour Bimodality and Red Fraction

The colour of an object is correlated with its stellar population, which is tied to the age of
the object, the star formation history, merger history, and redshift. The colour as a function
of magnitude in two different pairs of photometric bands is shown in Fig. 3.4 and Fig. 3.5,
where I can identify the red and blue populations, and very few intermediate colour galaxies,
consistent with other studies of high z galaxies (Strazzullo et al., 2016). These 2 populations
are distinct and identifiable with a simple colour cut of F105W-F140W = 1.15 and less
distinct but separable with a colour cut of F814W-F140W = 1.85 as used in Noordeh et al.
(2021) for the CANDELS field, where the arbitrary colour cut of 1.85 is selected on the basis
that their their analysis remains relatively unchanged for a cut 0.2 redder or bluer. Going
forward I will be using both colours, with the idea that F105W-F140W has a more distinct
red and blue separation, while F814W-F140W has coverage over all fields out to larger radii.
The clear separation between colours, especially in F105W-F140W, which separates the red
and blue starlight at z = 1.98, shows us two distinct stages in the star formation histories
of the member galaxies. I see this in Fig. 3.7, where I show the median spectra between the
red and blue populations. These spectra have been normalized to a common mean intensity
in the rest frame 5200 Å range. I find a median rest frame [3800-4000 Å] region ≈ 3 times
greater in the blue population than the red, the region where young blue stars are expected.
I also observe the clear presence of O[III]5007 Å emission features in the blue spectrum twice
as large as the underlying continuum of the red and blue galaxies. I conclude that these
populations are drawn from 2 distinct stellar populations, the blue population containing
younger stars with their O[III] emission features, and the red containing older stars with
their lack of emission features.

I observe a change in red fraction from 0.44 to 0.78 in the relative number distribution
of red and blue galaxies in XLSSC 122 over radius. The red fraction over radius is shown
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Figure 3.3: The incompleteness corrected ϕ5 local density of each object compared to the
distance from the cluster centre (scattered points). A double power law fit is shown in green,
The solid line is the median, and the shaded region shows the 16th and 84th percentiles of a
χ2 goodness-of-fit estimate. The best fit line follows a = 0.0 ± 0.2, b = -1.6 ± 0.2, and Rs
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are based on the propagated

√
N counting uncertainty.
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Figure 3.4: A Colour-Magnitude Diagram of the full XLSSC 122 photometric field. Red,
blue, and bronze points are gold, silver, and bronze members respectively. Membership is
spectroscopically estimated within z = (1.96, 2.00). Grey points represent all photometrically
extracted objects in the area. Vertical lines designate the 24 and 24.5 magnitude limits on
cluster membership from prior core observations. The dash-dot horizontal line at 1.15 in
colour indicates the red-sequence blue-cloud cut. The solid horizontal black line indicates
the mean colour of the gold red sequence members. The histograms indicate the normalized
number density of cluster members (red) vs non-cluster-members (grey) in intervals of 0.25
over colour and magnitude space corresponding to the CMD.
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Figure 3.5: A Colour-Magnitude Diagram of the full XLSSC 122 photometric field. Red,
blue, and bronze points are gold, silver, and bronze members respectively. Membership is
spectroscopically estimated within z = (1.96, 2.00). Grey points represent all photometrically
extracted objects in the area. Vertical lines designate the 24 and 24.5 magnitude limits
on cluster membership from prior core observations. The dash-dot horizontal line at 1.85
in colour indicates the red-sequence blue-cloud cut from Noordeh et al. (2021) given as a
quenched cut. The solid horizontal black line indicates the mean colour of the gold red
sequence members. The solid horizontal black line indicates the mean colour of the gold
red sequence members. The histograms indicate the normalized number density of cluster
members (red) vs non-cluster-members (grey) in intervals of 0.25 over colour and magnitude
space corresponding to the CMD.



67

0 200 400 600 800 1000 1200 1400
R_BCG [kpc]

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

of
 n

ea
re

st
 9

 o
bj

ec
ts

red fraction
Post Starburst Fraction

0 200 400 600 800 1000 1200 1400
0.00

0.25

0.50

0.75

1.00

1.25

1.50

F1
05

-F
14

0

PS galaxies colour cut R200[440kpc] R500[295kpc]

Figure 3.6: The red fraction and post-starburst fraction of galaxies in XLSSC 122 as a
function of distance from the cluster centre. each point corresponds to the red fraction or
post-starburst fraction of the 9 nearest galaxies to that radius. The red and purple regions
indicate a 1 σ binomial uncertainty. The top panel shows each object’s colour and radius,
with red and blue points indicating red and blue galaxies as defined by a 1.15 colour cut.
Objects with a purple circle are designated as post-starburst galaxies by a cut on Hb > 0.1
and Hg > 0.3
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in Fig. 3.6 with the 2 colour cut populations, along with a scattering of the points in
colour-radius space. I use a rolling bin method here to estimate red fraction, which helps
to bridge the different scales in number density. I note that this red fraction varies with
radius as seen in Noordeh et al. (2021) for galaxies in XLSSC 122. The red fraction nearly
doubles within the virial radius from 0.44 ± 0.17 in the outskirts to 0.78 ± 0.14 in the core.
Noordeh et al. (2021) use the CANDELS (Koekemoer et al., 2011; Brammer et al., 2012;
Skelton et al., 2014; Momcheva et al., 2016) field to compare between the field and cluster
environments. CANDELS is an HST field with galaxies in the z = 1.9 − 2.1 range taken
with the F814W and F140W filters. The CANDELS field quenched fraction is reported as
0.20 ± 0.02 in Noordeh et al. (2021) when split along F814W-F140W = 1.85, which is lower
than the quenched fraction observed at the very outskirts of XLSSC 122. However, the outer
edges of galaxy clusters at z > 1.4 appear to experience quenching enhancements relative to
galaxies in lower density environments (Werner et al., 2022).

I have observed that the fraction of red galaxies to total galaxies in XLSSC 122 varies as
a function of radius, plateauing near the virial radius of the cluster. This may be the radius
where interactions between infalling galaxies and the cluster environment lead to quenching,
with a corresponding high red fraction. At the virial radius of a galaxy cluster, the galaxy is
within an environment far more dense than the surrounding universe. This entry may send
a pressure shock (ram pressure stripping) through the galaxy (Gunn and Gott, 1972; Brown
et al., 2017). Though not the only quenching mechanism, dominant ram pressure stripping
adds to the natural quenching occurring in galaxies over time. At z = 2, there is a high
amount of star formation in galaxies as compared to z = 0 (Madau and Dickinson, 2014),
but this reflects an average trend. Individual galaxies are interacting, consuming their star
forming material, or otherwise experiencing quenching effects without the interference of a
cluster environment.

3.3 Post-Starburst Galaxies

I classify 10 galaxies as post starburst out of the 63 galaxies in the gold category of the new
catalogue of XLSSC 122. The median PS and non-PS populations are shown in Fig. 3.8.
The PS galaxies show Balmer absorption and a lack of emission features, that, taken together
indicate recent quenching in a star forming galaxy (Paccagnella et al., 2017). The non-PS
galaxies do exhibit [OIII]5007 Å and Hβ emission, but at lower intensity than the blue galaxy
population shown in Fig. 3.7. This is not unexpected as both the old, quenched population,
and the young, star forming population are combined into the non post-starburst category,
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Figure 3.7: The sensitivity corrected and normalized spectra . The median red and blue
galaxy spectra as divided by a cut of F814W-F140W = 1.85 for all 63 gold cluster members
of XLSSC 122 are shown in red and blue respectively. All spectra are normalized to the
BCG of XLSSC 122 (in black) at 5300 Å. Shaded regions indicate the 1st and 3rd quartiles.
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Figure 3.8: The sensitivity corrected and normalized median spectra for the gold members
in XLSSC 122. The median PS and Non-PS galaxy spectra as divided by a cut of Hb >
0.1 and Hg > 0.3 shown in purple and black respectively. All spectra are normalized to the
BCG of XLSSC 122 (in black) at 5300 Å
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smoothing away the star forming features. The post-starburst vs cluster member fraction as
a function of radius, as seen in Fig. 3.6, shows a peak in post-starburst fraction around the
virial radius of XLSSC 122. This coincides with the radius of the red fraction increase, just
within the virial radius. This coincidence could be explained with a rapid quenching theory,
which I expand upon in in Sec. 3.4.1.

From Sec. 1.4, there is a decay time of about 500 million years between the cessation of
star formation and the decay of most of the young stars. With the identification of post-
starburst galaxies defined in Sec. 2.10 there are several galaxies classified as post starburst.
There is an increase in the fraction of these post-starburst galaxies at around the same
radius as the red fraction increase, shown in Fig. 3.6, further supporting the theory of star
formation enhancement and rapid quenching of galaxies entering the cluster environment.

3.4 Red Sequence Luminosity Distribution

I compute the luminosity function in XLSSC 122’s red cluster members in Fig. 3.9. The
number of counts at each magnitude is the result of binning the magnitudes in the 3 different
exposure time regions. I normalize by area, to account for the varying counting area of the
3 regions. Each magnitude point is then scaled by a factor of 1

c
, where c is the interpolated

completeness at that magnitude and exposure time. The 3 scaled luminosity functions are
then added together to form Fig. 3.9. I then fit a Schecter function in magnitude space
shown in Eq. 1.6 (Schechter, 1976) using a χ2 goodness-of-fit test sampled with an MCMC
walker set.

I provide a comparison to the luminosity function of other clusters at z ≈ 1 from Chan
et al. (2019) in Fig. 3.9. I perform a correction between the F140W [1.4 µ] filter and the
rest frame F160W [1.5 µ] HST filter to estimate the H band used in Chan et al. (2019). I
find a correction factor including both distance modulus and k correction of -45.767 from
mF140W,z=2 to MF160W,z=0 using an old stellar population template from Brammer et al.
(2008). The scale magnitudes for the GOGREEN galaxy clusters, both high and low mass,
are about 1 magnitude smaller than the XLSSC 122 fit scale magnitude. This implies that
the largest galaxies in XLSSC 122 are 1 magnitude dimmer than the largest galaxies in
GOGREEN, or ≈ 2.5 times as massive assuming a fixed mass to light ratio. GOGREEN
clusters have an M200 halo mass of about 2×1014 M⊙ for low mass clusters and 6.5×1014 M⊙

for high mass clusters (Chan et al., 2019). Considering M500 = 6.3 × 1013 M⊙ for XLSSC
122, the GOGREEN low mass galaxy clusters are about 3 times more massive than XLSSC
122, and the GOGREEN high mass galaxy clusters are about 10 times more massive. These
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ratios are also overestimates, as GOGREEN clusters are measured in M200. The observed
difference in scale magnitudes is on the scale of the difference in halo mass between the
clusters.

Comparing this luminosity distribution, to the stellar mass distribution of galaxies in
the GOGREEN survey (van der Burg et al., 2020), I see a downwards slope in the low
mass tail, consistent with their trend for quiescent galaxies in cluster environments. This
downward slope does extend into a region of high incompleteness (<50% for the medium
and low exposure time regions past F140W = 23.5) and is sensitive to small variations in
the count or completion correction. I have altered the binning and interpolation method of
the incompleteness, finding that the resulting low mass slope varied between α = 0.5 and
α = −0.5. I am assuming here that the mass to light ratio is relatively consistent between
red galaxies. The luminosity distribution of XLSSC 122 is similar to galaxy clusters at a
lower redshift, with similar low mass slope and a scale magnitude that is consistent with the
mass difference between clusters. It appears then that XLSSC 122 has a galaxy population
which evolves at similar mass and luminosity ratios to mature clusters at lower redshift. This
indicates that XLSSC 122 may be a mature galaxy cluster, at a farther stage of its evolution
than other clusters at z = 2.

3.4.1 Environmental Quenching in XLSSC 122

I measured the red fraction and post-starburst fraction in XLSSC 122, tracing the evolution
of galaxies as a function of the distance from the cluster BCG. I observe an increase in the
red fraction and PS fraction in Fig. 3.6 corresponding to a density increase seen in Fig.
3.2. In other words, XLSSC 122 member galaxies in denser environments are more likely
to be red, and there is a density and radius range where post-starburst features are most
prevalent. For comparison, clusters in the local universe appear to quench galaxies during
infall (Werner et al., 2022), which could lead to an enhanced population of post-starburst
galaxies at a distance from the cluster centre (McNab et al., 2021). In order to investigate
whether the observations in XLSSC 122 are consistent with this scenario, I follow the model
of ram pressure stripping given in McCarthy et al. (2008) to estimate whether ram pressure
stripping is consistent with the observed post-starburst galaxy appearance at this radius in
this cluster. Mechanisms such as galaxy-galaxy interaction, AGN and stellar heating, or the
heating of the CGM may have a quenching effect, but occur over longer time scales (Dressler,
1980; Peng et al., 2010).

XLSSC 122 has an estimated average temperature of kT = 5 ± 0.7 keV (Mantz et al.,
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2018). An individual ionized particle within the virial radius would follow the kinetic theory
of gasses in thermal equilibrium, with a three dimensional velocity equal to

√
3σv, where σv,

the velocity dispersion, is given in Eq. 3.2

σ2
v = kT

µmp

(3.2)

derived from equating the kinetic and thermal energy of the gas shown in Eq. 3.3.

1
2m < v2 >= 3

2kT (3.3)

Here, µ is the mean molecular mass, and mp is the mass of a proton. For, XLSSC 122, I
use kT = 5000 eV, µ = 0.608 (H:He = 3:1), and mp = 1.602 · 10−27 kg (Mantz et al., 2018).
With this, I find vvir = 1500 km/s . I will assume that at any radius r < rvir = 440 kpc
, v = vvir, and for any r ≥ rvir = 440 kpc , v = vvir√

r/rvir

. I use the ram pressure stripping
condition from McCarthy et al. (2008), given in Eq. 1.7. Galaxies in cluster environments
with infall velocities of v > 1000 km/s indicate signs of ram pressure stripping at the virial
radius in some circumstances, as seen in Hansen et al. (2007).

I use the ICM density profile as found by Mantz et al. (2018), the velocities I calculate
above and ρgas from Eq. 1.9 with scale radius rd = 3.5 kpc. From previous studies of
the cluster core (Trudeau et al., 2022) I know the general stellar masses of the galaxies in
XLSSC 122. Using this and a conversion from stellar mass to halo mass from Behroozi et al.
(2013b,a) for galaxies at z = 2, I can estimate the mass profiles of infalling galaxies. I use
an NFW profile (Navarro et al., 1997) with a varying scale radius Rs from van der Wel et al.
(2014) given in Eq. 3.4.

Reff,z=2 ≈
(

M∗

5 × 1010M⊙

)α

(3.4)

Here Reff is the effective radius of the stellar mass according to a Sersic (1968) profile,
α is a mass scaling parameter. At z = 2, I use α = 0.6 for spherical galaxies, and α = 0.76
for disk galaxies, from the fits to observations from van der Wel et al. (2014). I use a Sersic
index n = 1.5 for both galaxy types (Shibuya et al., 2015). For the NFW scale radius,
Rs = Rvir

c
. I use the evolution of the concentration parameter c from Dutton and Macciò

(2014), which at z = 2 can be estimated by c ≈ 100.65
(

Mh

1012M⊙

)−0.05
. For the virial radius

one can approximate a virial halo at Rvir = R200, with resulting mass M = 4πR3
virρcrit∆c/3

(Mo et al., 2010) with ∆c = 200. Thus, Rvir ∝ M− 1
3 . I will assume that the virial radius
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can then be estimated at z = 2 by Eq. 3.5 derived from Mo et al. (2010).

Rvir,z=2 ≈ 200
3

(
Mvir

1012M⊙

) 1
3

(3.5)

Here, Mvir is the mass contained within the virial radius. The constant of 200 is for
z = 0, and the factor of 1 + z = 3 comes from the scaling of the Hubble parameter with
redshift. I consider the gas profile for the galaxies I model using Eq. 1.9. I show the change
in stripping radius as a function of clustercentric distance in Fig. 3.11. In this case I have
chosen three galaxies with masses spanning the range of estimated stellar mass of XLSSC 122
cluster members from Trudeau et al. (2022). post-starburst galaxies identified near the virial
radius have magnitudes between 22 and 23 in F140W. Given the mass to light conversion in
Fig. 3.10 from Trudeau et al. (2022), these post-starburst galaxies currently lie between the
log(M∗) = 10.25 and log(M∗) = 11 galaxies in Fig. 3.11. With the three example galaxies,
I find the stripping radius of the lowest mass (log(M∗) = 9.24) is < 100 kpc once it has
reached ≈ 650 kpc from the cluster centre. And is stripped to < 5 kpc shortly after R500.
This suggests that the lowest mass galaxies in XLSSC 122 under this model lack a star
formation reservoir in the CGM or outer ISM once they enter the cluster virial radius. An
intermediate mass galaxy (log(M∗) = 10.25) is stripped past 10 kpc at R500, and does not
strip within 5 kpc until it hits the centre. It would require further work to estimate how much
of an effect this partial loss of gas envelope would have on the star formation and prevalence
of post-starburst features in the galaxy. Finally, a high mass galaxy (log(M∗) = 11) does not
begin stripping past 10 kpc until it is 100 kpc from the cluster centre, and may have lost a
sizable amount of its outer gas reservoir by the time post-starburst features are observable,
but no stripping of the inner 10 kpc until close passage into the cluster. The picture painted
by these models would appear to support the effects of ram pressure stripping on the medium
to low mass galaxies in XLSSC 122 past the virial radius of the cluster, as noted in galaxy
clusters in the local universe for galaxies M∗ ≈ 108−9M⊙ (Moretti et al., 2022) galaxies
and M∗ ≈ 1010M⊙(Poggianti et al., 2017; Boselli et al., 2019) galaxies. Further, strong ram
pressure stripping seems unlikely, consistent with a lack of galaxies with strong post-starburst
features.

Observationally, the depletion of the CGM and thus the removal of the gas supply for
star formation, can deplete a low mass (log(M∗) ≈ 10) galaxy in less than 1 Gyr (van der
Burg et al., 2018). The stripping of the CGM, as well as the molecular and atomic ISM of
galaxies of stellar mass log(M∗) ≈ 10 − 11 has also been observed upon infall into cluster
environments in the Virgo cluster, which is an environment with a similar density, if not
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an overlayed best χ2 fit line (blue).



77

infall velocity (Watts et al., 2023).
Consider the case of ram pressure stripping galaxies in the Virgo cluster (Crowl and

Kenney, 2008), where galaxies have identifiable PS features with stripping radii of ≈ 3−5 kpc.
In XlSSC 122, it appears that the low mass galaxies may experience this level of stripping
if within r < 100 kpc, whereas, a galaxy of mean mass compared to the cluster members of
XLSSC 122 will never experience this level of stripping, but will lose its gas reservoirs with
a stripping radius of 10 kpc at a distance of 200 kpc to the cluster centre.

3.4.2 Lack of Filamentary Structure or Infalling Groups in XLSSC 122

Within a filamentary structure of dark matter, containing galaxies tracing its extent (Bond
et al., 1996), one might expect to see streams or clumps of galaxies entering into a cluster
environment over time, as observed in the local group (Kraljic et al., 2018), and out to z = 1.1
(Okabe et al., 2019). These groups would be local overdensities of galaxies offset from the
cluster centre, as seen in Dressler et al. (2013). Before entering into a cluster environment,
these galaxies would already exist in a range of overdense regions, experiencing a cluster-like
pre-processing, or accelerated evolution (Fujita, 2004). In the local universe, environmental
pre-processing in filaments and groups prior to infall into a cluster has been observed (McNab
et al., 2021).

As seen in Fig. 3.12 I find that the local galaxy density falls off with radius in a manner
consistent with a double power law as given in Eq. 3.1, with a small peak around the
virial radius. The locations of these objects with high local density are shown in Fig. 3.12,
where they occupy two distinct locations. These objects, although the most overdense in
comparison to a radial density falloff, are not strong indicators of a local structure. However,
the local density estimate ϕ5 relies on their being at least 5 objects in an overdensity to
appear as a strong overdensity, so smaller overdense regions could be missed by this simple
estimate. Out intention here is to provide a simple test of whether there is a clear overdensity
of galaxies that does not follow the radial density falloff of the cluster itself. Considering
the low number sample of galaxies and photometric and spectroscopic measurements taken
in multiple exposure time ranges, I did not consider a 2σ overdensity sufficient to identify if
there is or isn’t a substructure falling in to XLSSC 122.

The spherically symmetric galaxy number density profile of XLSSC 122 may indicate that
XLSSC 122 is not relying on an infall of material from a cosmic filament, but has already
carved out its own space, in which it has been evolving for a considerable portion of the
age of the universe before observation. However, I note that this non-detection relies on a



78

0 100 200 300 400 500 600 700

clustercentric distance [kpc]

5

10

15

20

25

st
rip

pi
ng

 ra
di

us
 [k

pc
]

Strong Stripping

Weak Stripping

CGM Stripping

log(Ms) = 11.00
log(Ms) = 10.25
log(Ms) = 9.24
Mass range of PS galaxies
peak PS features
range of PS features

Figure 3.11: Ram pressure stripping radius for a variety of input galaxy masses. Overlayed
are R200 = 440 kpc, R500 = 295 kpc, and the peak of PS features and approximate range of
visible PS features as seen in Fig. 3.6. The lime region indicates the mass range in which
PS galaxies are found in XLSSC 122. Shaded vertical bands are place at rough boundaries.
Stripping within 3 kpc is present in many ram pressure stripped and post-starburst galaxies
with clear features. Stripping within 10 kpc has removed the CGM gas reservoir required for
star formation, and is cutting into the current star forming material. Anything from 10 kpc
to 100 kpc is stripping the CGM, and probably won’t add to a rapid quenching until it gets
close to the stellar component, but still contributes to an accelerated quenching timescale.
Anything past 100 kpc still retains a CGM for plenty of star formation.
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measure of local density requiring 5 closely spaced galaxies, the majority of which will be
low brightness galaxies of F140W magnitude > 22, as seen in Fig. 3.9. At larger radii, past
R200, an infalling group or filament could exist within a region with low completeness. I have
estimated the incompleteness in the inner regions, with more confidence in the NW and SW
regions, and folded it into the estimate of local density given in Fig. 3.3, and similarly find
no significant overdensity.

3.5 Summary and Conclusion

In this section I present an updated and expanded photometric and spectroscopic catalogue
of galaxies within the cluster XLSSC 122. This catalogue contains new information out to
10Rvir of XLSSC 122. I trace radial colour, post-starburst galaxy classification, and density
relations. In summary:

1. I have increased the total number of spectroscopically confirmed cluster members to
74 in the Gold and Silver member categories for XLSSC 122.

2. XLSSC 122 contains a high fraction of red galaxies overall at 49%±12%, with upwards
of 80% red fraction within the closest 9 galaxies to the BCG. For comparison, the Virgo
cluster has a core red fraction of 90% (Roediger et al., 2017).

3. The clear colour bimodality indicates a rapid cessation of star formation upon entry
into the cluster environment, with a strongly quenched core population.

4. Given the apparent spherically symmetric arrangement of cluster galaxies around the
core, I do not report a detection of any infalling groups or filaments. If there is no
infalling structure, this would imply that XLSSC 122 is a mature galaxy cluster which
has entered into a more relaxed state.

5. I observe an increase in post-starburst fraction at the virial radius. This could indicate
the prevalence of a ram pressure stripping quenching mechanism, an environmental
quenching mechanism not typically expected to be a dominant quenching mechanism
in the early universe. I use a toy model of ram pressure stripping and find the observed
post-starburst features are consistent with a ram pressure stripping scenario leading to
starvation in middle to high mass galaxies, and rapid quenching for low mass galaxies.

6. The coinciding red fraction increase upon approaching the cluster core shows that these
galaxies quench fast and stay quenched. The falloff of post-starburst members near
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the centre of the cluster implies that these galaxies have not had recent star formation.
Since I have detected post-starburst galaxies elsewhere with the same G141 footprint
depth, it appears that these galaxies have been quenched for longer than the detection
time of a post-starburst galaxy, or at least 0.5 Gyr (Werle et al., 2022).
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Chapter 4

Future Work

The creation of a full photometric and spectroscopic catalogue was the primary focus of
this work. However, a much more extensive investigation of XLSSC 122 can build off this
catalogue.

4.1 Improving the Pipeline of Cluster Membership

When creating the cluster catalogue, I made use of G141 observations treated as individual
regions between targets. However, some galaxies lie in the space between 2 or even 3 fields.
In my estimate of spectroscopic completeness, I am likely missing several galaxies due to
the completeness level in the lowest exposure time regions. By combining these regions and
stacking their observed spectra, a higher signal-to-noise ratio, and higher rate of detection
would be achieved. I opted not to risk the addition of beams due to the difficulty in aligning
objects between fields. By aligning each set of grism exposures to the same common reference,
one could increase the number and or clarity of cluster members in the outskirts regions.

During the acquisition of the cycle 30 data, the HST failed to acquire guide stars which
rendered several exposures unusable. A request for additional F105W exposures in the outer
regions was made in response to the failure. F105W photometry, not present in the outer
regions, is low in time cost and will allow for a direct colour comparison for the most distant
galaxies from XLSSC 122.

4.2 New Observations of XLSSC 122

A study of the cluster core (Trudeau et al., 2022) estimated the star formation histories of
member galaxies, finding that some red galaxies in the core formed most of their stars in
the very early universe. The star formation history estimate presented there, accounting
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for different instruments and filters, was outside the scope of this work. A more complete
investigation of the cluster member star formation histories for outskirts galaxies, however,
would help explain when these galaxies formed stars. A future study could look at the
variation in estimated age and characteristic time from the cluster core to outskirts. Are
there a high number of old galaxies in the cluster core compared to the outskirts? If some
galaxies in the cluster core formed their stars quickly in the early universe, then is the same
true for outskirts galaxies, and is this shift connected to the changing density environment?

The current spectroscopic information from the G141 grism, though a powerful redshift
estimator at z = 2, lacks the fine resolution required to accurately trace the star formation
histories of these galaxies. The identification of galaxies with post-starburst features such
as absorption lines was difficult with the low signal-to-noise ratio of these low resolution
spectra. With a higher resolution infrared spectrograph one could make a post-starburst
classification with more certainty, and identify spectroscopic members, especially those with
strong emission lines, with greater certainty. Additionally, higher resolution data would
allow a more precise prediction of the galaxy star formation histories (Slob et al., 2024)
through stellar population synthesis model fitting (Conroy et al., 2009; Conroy and Gunn,
2010). Specifically, the James Webb Space Telescope is the only space-based instrument
capable of this task, as ground based spectroscopic instruments are unable to acquire spec-
tral observations of sufficient signal-to-noise down to a magnitude of 24.5, and the JWST
NIRSpec instrument has a high enough spectral resolution to properly sample the velocity
dispersion to a rest frame velocity of 100 km/s. Such an observation with JWST NIRSpec’s
G140M/F100LP filter pair would provide a spectral resolution an order of magnitude higher
than the HST G141/F140W filter pair used in this work covering rest frame Balmer lines,
O[III]5007 and O[III]4959, and D4000. Such an observation, in addition to providing a better
estimate of star formation histories of some of the first galaxies in the universe, would also
reach a resolution capable of estimating the velocity dispersion and dynamic mass to light
ratio for member galaxies. Additionally, kinematics of cluster members could reveal whether
observed galaxies are travelling at speeds capable of experiencing ram pressure stripping, as
opposed to the current naive case of direct radial infall into XLSSC 122 presented in my
ram pressure stripping estimates. The galaxies have already been spectroscopically identi-
fied, such a study would be targeted and efficient. This type of study could identify which
quenching mechanism lead to the creation of the quenched galaxy population in XLSSC 122.
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4.3 Morphological Analysis

One key topic of further study in XLSSC 122 using the existing data set would be the inves-
tigation of galaxy-cluster and galaxy-galaxy interactions. These interactions have effect they
have on the morphologies of interacting galaxies. It has been observed in XLSSC 122 that
there is a high number of bulge dominated galaxies as compared to disk dominated galaxies in
the core of XLSSC 122 (Leste et al., 2024). With the new smaller scale F814W images of the
cluster, one could look for disturbed or compressed morphologies indicative of interactions
within the cluster environment. One could also look to see what these red bulge dominated
galaxies look like in the bluer filter. These morphological features could be compared to
the star formation history and post-starburst features to see if the observed galaxies with
post-starburst features appear to have condensed edges indicative of ram pressure stripping,
or disturbed shapes indicative of galaxy interaction.

4.4 Incompleteness Estimate Improvements

The incompleteness, the chance that a given galaxy will be classified as a member galaxy of
XLSSC 122, was estimated assuming a single stellar population of a red quiescent galaxy.
This estimate is useful for identifying the proportion of galaxies missed in the areas outside
the core of the cluster, where the identification of galaxies is more difficult due to lower expo-
sure times. This incompleteness is important for measuring the density of cluster members
in a given spatial region, or in the luminosity function. Both of these are valuable indications
of infalling structure and galaxy evolution respectively. The spectroscopic incompleteness
estimate could be improved by the inclusion of additional templates of star formation history.
For example, adding galaxies with a blue, star forming template, or galaxies with a variety
of dust obscuration would determine if there is a difference in spectroscopic completeness
is different between red and blue galaxies. If the completeness for these two populations is
different, the current estimate of density could be over or under-counting cluster members.
My hypothesis is that the current spectroscopic completeness estimate is an overestimate, as
the blue star forming galaxies are more distinct even at higher magnitudes due to their clear
star forming emission lines. Another avenue of improvement would be taking into account
the sky position of an object, some objects in more crowded regions could currently have
an overestimated spectroscopic completeness. A crowded field increases the chances that an
object will not be identified as a cluster member due to contamination. As is, the estimate
used in this work is drawn from a very specific sample and broadly applied, and could be
strengthened with a more thorough characterization.
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4.5 Galaxy Quenching Model Expansion

In this work I created a toy ram pressure stripping model to explore whether an interaction
with the ICM upon galaxy infall could rapidly quench the star formation in a galaxy. The
model is relatively simple, containing a very approximate distribution of gas in the galaxy in a
single exponential profile with a single scale radius. In reality, a galaxy’s gaseous component
is inhomogeneous and varies with the mass and morphology of the galaxy. The molecular gas
in a galaxy has more mass per particle and is more concentrated than the atomic hydrogen
component (Brown et al., 2017; Watts et al., 2023), and is more difficult to strip from a
galaxy. Alternatively, the CGM contains energized atomic hydrogen, which requires less
energy input to remove from a galaxy, but contains pockets of gas ranging several orders
of magnitude in temperature space. I allow the mass of the stellar and DM halos to vary,
in a manner consistent with z = 2 galaxies (van der Wel et al., 2014; Dutton and Macciò,
2014; Mo et al., 2010). The stripping condition presented and used to estimate the stripping
radius is also simplified, assuming a single configuration of galaxy, that of a stellar disk. In
reality the distribution of stars and gas in a galaxy can vary based on the morphology and
evolutionary stage of a galaxy. The final tracer of quenching, the stripping radius, is also
arbitrary, and is tenuously connected to the observed post-starburst features. The observed
post-starburst features are weak, perhaps because the spectral binning is so broad. However,
constructing a mock absorption feature strength from a simulated quenching galaxy would
provide a more direct test of quenching efficacy.

I have not modelled other quenching mechanisms in this work. The location of these
post-starburst galaxies near the virial radius of the cluster lead me to model ram pressure
stripping with no consideration of intermediate quenching mechanisms such as starvation
due to depletion of the circumgalactic medium. A more thorough comparison could take
into account galaxy galaxy interactions, including the removal of the CGM through frequent
near miss interactions, or the direct merging of galaxies. To go even farther, a comparison
of the halo infall histories of similar galaxy clusters, as explored in Leste et al. (2024), could
provide a more detailed context for which quenching mechanisms are possible.

4.6 What Have We Learned

I have created a revised, expanded, photometric catalogue of spectroscopically identified
cluster members in XLSSC 122. The coincident red fraction plateau and PS fraction peak
indicate a rapid quenching mechanism occurring in member galaxies near the virial radius of
the cluster. I have shown that a ram pressure stripping could describe this rapid quenching,
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considering the density increase at the virial radius and the composition and infall velocities
of cluster members. Given the regularity of the local density profile over radius, I do not
detect a significant overdensity. Any infalling group or filament would have to be composed
of low mass galaxies in greater quantities. These two observations, of an apparent lack
of infalling structure and presence of environmental quenching, in addition to the similar
luminosity functions between XLSSC 122 and lower redshift mature galaxy clusters, indicates
that XLSSC 122 is a mature galaxy cluster with member galaxy evolution similar to local
universe clusters.
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Appendix A

CL J021741.7-034546

A.1 CL J021741.7-034546

When creating the updated catalogue of XLSSC 122 cluster members, a significant over-
density of galaxies around z = 1.93 was discovered close to XLSSC 122. The G141 grism’s
range allows for a similar spectroscopic redshift identification of these galaxies as for the pri-
mary cluster. Included below in Fig. A.1 and Fig. A.2 are the colour magnitude diagrams
for the second cluster, CL J021741.7-034546. These are shown in both filter combinations
used for the XLSSC122 figures, with the same colour cuts. The colour of the red and blue
populations are similar to those seen in XLSSC 122, with a low scatter flat red coloration
at an F105W-F140W colour of 1.4, and a blue cloud with high scatter around a colour of
0.5 from the same bands. There are 47 galaxies in the gold and silver categories of CL
J021741.7-034546 as seen in the cluster membership map in Fig. A.3. Given the large num-
ber of these galaxies distributed around a central location, I label it a galaxy cluster. The
central point of this cluster is listed as the barycentre of the 12 galaxies nearest the brightest
classified galaxy. This cluster, though it may have complicated the classification of some
members of XLSSC 122, is distinctly separated from that cluster, and is not dynamically
interacting with the cluster. As such it has no additional bearing on the investigation of
XLSSC 122. However, as a galaxy cluster it also shows a strong colour bimodality and the
occasional post-starburst galaxy. CL J021741.7-034546 does have a much larger proportion
of blue galaxies, most galaxies in the cluster are blue, with a strong red core at the very
centre. CL J021741.7-034546 has a red fraction of 0.26% ± 12%. These signs point to CL
J021741.7-034546 being a smaller, less mature cluster than XLSSC 122.
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Figure A.1: A Colour-Magnitude Diagram of the full CL J021741.7-034546 photometric field.
Red and green points are gold and silver members respectively. Membership is determined
by the MCMC probability within z = (1.96, 2.00). Grey points represent all photometrically
extracted objects in the area. Vertical lines designate the 24 and 24.5 magnitude limits
on cluster membership from prior core observations. The dash-dot horizontal line at 1.15 in
colour indicates the red-sequence blue-cloud cut. The solid horizontal black line indicates the
mean colour of the gold red sequence members. The histograms show the relative normalized
number density of cluster members (orange) to non-cluster-members (grey) over magnitude.
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Figure A.2: A Colour-Magnitude Diagram of the full CL J021741.7-034546 photometric field.
Red and green points are gold and silver members respectively. Membership is determined
by the MCMC probability within z = (1.96, 2.00). Grey points represent all photometrically
extracted objects in the area. Vertical lines designate the 24 and 24.5 magnitude limits
on cluster membership from prior core observations. The dash-dot horizontal line at 1.85
in colour indicates the red-sequence blue-cloud cut from (Noordeh et al., 2021) given as a
quenched cut. The solid horizontal black line indicates the mean colour of the gold red
sequence members. The histograms show the relative normalized number density of cluster
members (orange) to non-cluster-members (grey) over magnitude.
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Figure A.3: A footprint map with the F140W+G141 exposure in grey. Members of the
Gold/Silver classification of z = 1.93 structure members is shown with stars/triangles. Clus-
ter members are coloured red or blue based on the colour cuts in F105W-F140W = 1.15 in
the central region, and F814W-F140W = 1.85 in the far regions. post-starburst galaxies are
indicated by a purple circle.
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