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Abstract

We present an analysis of the stellar mass functions (SMFs) of 17 rich galaxy clusters
within the GOGREEN and GCLASS surveys in the redshift range of 8 < z < 1.5,
down to a stellar mass limit of logM=M ) = 9:5. We t all the data simultaneously
with a model that allows the Schechter function parameters of the quiescent and star-
forming populations to vary smoothly with radius and redshift. The model also ts for the
concentration parameter of each population, and the quenched fraction is modeled as a
smooth function of redshift and velocity dispersion. We t the data in a Bayesian manner,
using MCMC. We nd no signi cant dependence of the shape of the star-forming SMF on
radius nor redshift, and nd it to be consistent with the eld. We con rm previous results
of a radial dependence on the quenched fraction. We nd a moderately signi cant radial
dependence on the and M parameters of the quiescent population SMF. The cluster
core has a highly elevated quenched fraction, yet the core quiescent SMF is more similar
in shape to the quiescent eld. The cluster non-core has an moderately elevated quenched
fraction, and its quiescent SMF is more similar to the shape of the star-forming eld. We
explore the contributions of “early mass quenching' and mass-independent “environmental
guenching' models in each of these radial regimes. We nd the core to be described
primarily by early mass quenching, which we interpret as accelerated quenching of massive
galaxies in protoclusters, possibly through merger-driven AGN feedback, and the non-core
to be described by environmental-quenching, signifying the increase of mass-independent
guenching mechanisms that dominate low redshift clusters.
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Chapter 1

Introduction

The current model that best describes the initial conditions through to the present large-
scale structure of the Universe, is the at CDM model. The model describes a universe
that begins in a hot, dense initial state, and how its components interact with and drive
the evolution and expansion. The model expresses the universe as comprised of three
components: radiation, matter, and dark energy (Planck Collaboration et al., 2020). Dark
energy is a hypothetical form of energy proposed to explain the cosmological constant
which describes the late-time accelerated expansion of the Universe (Carroll et al., 1992;
Carroll, 2001). It is described as a homogeneous energy with a negative pressure, that
retains constant density through the expansion of space (Padmanabhan, 2003; Peebles &
Ratra, 2003). The matter component is composed of ordinary baryonic matter (16%),

but is predominantly composed of dark matter ( 84%), which is necessary to explain the
motion of luminous matter within individual galaxies and clusters (Zwicky, 1933, 1937,
Einasto et al., 1974; Ostriker et al., 1974). The dark matter component is described as
cold dark matter (CDM), or non-relativistic, which allows it to gravitationally collapse
early in the Universe's history before the decoupling of baryonic matter from the radiation
eld, allowing for increased growth of structure (Blumenthal et al., 1984). We are able to
understand the initial density conditions of all matter from the act of decoupling, as the
photons can propagate out from the ‘time of last scattering' unperturbed. The photons
that are detected now have been redshifted to peak in the microwave regime, giving rise
to the Cosmic Microwave Background (CMB) (Penzias & Wilson, 1965).

These initial density uctuations also seed the growth of the Universe's structure, with
these tiny di erences in density increasing due to gravitational instability (Jeans, 1902;
Gamow & Teller, 1939; Peebles, 1965; Zeldovich, 1972). Through the buildup of various
growth and collapse models (e.g. Zel'dovich, 1970; Gunn & Gott, 1972), the eventual
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Press-Schechter theory allowed for the estimation of the mass function of collapsed dark
matter halos (Press & Schechter, 1974). This builds on the idea of hierarchical clustering
of structure proposed by Peebles (1965), which is possible if the initial density uctuations
survive on small-scales (as is the case in the CDM model), allowing structure to form in a
“bottom-up' manner. There has been a large amount of simulation work done to study and
model how these halo mass functions alter with redshift and di erent cosmologies (such
as Jenkins et al., 2001; Springel, 2005; Tinker et al., 2008; Klypin et al., 2016; Bocquet
et al., 2020; Seppi et al., 2021). Figure 1.1 shows the redshift evolution of simulated halo
mass functions from < z < 5:5 for a variety of simulations using the Planck cosmological
parameters. This gure illustrates the hierarchical assembly of halos, with the amount of
massive halos increasing progressively with time.

It is within these dark matter halos that the formation of galaxies occurs, rst pro-
posed by White & Rees (1978). Baryonic matter falls into the deep potential wells of
the halos, and with the increased proximity of the particles, cooling mechanisms such as
bremmstrahlung emission, collisional excitation, and recombination all become more ef-
cient. This results in the gas condensing further under its own gravity, where at the
center of the halo the formation of stars and galaxies can occur. However, the use of this
simple cooling and collapse model in early simulations would typically result in a runaway
e ect that led to an overproduction of massive galaxies and unrealistic luminosity func-
tions (Cole, 1991). This was deemed the "overcooling problem’, and can be solved by the
inclusion of feedback, with the newly formed stars halting further formation by heating the
surrounding gas through stellar winds and supernovae explosions (White & Frenk, 1991).
For galaxies in low mass halos, this mechanism can have a global e ect, shutting down
star formation entirely (Dekel & Silk, 1986; Hopkins et al., 2012). For high mass halos, the
energy released from the infall of matter onto a galaxy's supermassive black hole, known
as active galactic nucleus (AGN) feedback, becomes the dominant feedback mechanism
(Silk & Rees, 1998; Croton et al., 2006). Figure 1.2 shows the galaxy stellar-to-halo mass
ratio, which helps visualize the e ect that both of these feedback mechanisms have on
suppressing star formation within galaxies.

The formation of stars within galaxies is not solely a ected by internal feedback pro-
cesses, but is also impacted by the host galaxy's local environment. By using wide- eld
surveys and by mapping the spatial distributions of galaxies within them, it is possible
to show how these environments t into the large-scale structure of the Universe. Nearby
galaxies often cluster together to create galaxy groups, and these can further cluster to-
gether to create high-density galaxy clusters. Clusters often act as nodal points, connect-
ing lower-density structures such a laments and sheets that ow into higher density areas
(Zel'dovich, 1970; Brinckmann et al., 2016). This ow of matter results in the formation
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Figure 1.1: Figure 3 from Klypin et al. (2016) showing the redshift evolution of halo mass
functions in four di erent simulations all using the cosmological parameters they state in
their Table 1.



and expansion of extremely low density regions called voids (Cautun et al., 2014). To-
gether, the combination of all these interconnected structures (clusters, laments, sheets,
and voids) create the "‘cosmic web' of the Universe (Bond et al., 1996).

The term used for the global suppression and rapid cessation of star formation in a
galaxy is quenching It describes the process of transitioning a "blue' star-forming galaxy
to a ‘red' passive one. This bimodality of cluster type is seen consistently at all redshifts
and with no major population present within the transitionary ‘green valley', which indi-
cates that quenching occurs on a fairly rapid timescale (Peng et al., 2010; Wetzel et al.,
2012). This rapid transition due to quenching is separate yet correlated with the gradual
decrease in the average star formation rate (SFR) that is observed, with the peakat 2
(Hopkins & Beacom, 2006; Smit et al., 2012; Madau & Dickinson, 2014; Santini et al.,
2017). The relation between the SFR and the stellar mass (the so-called “star formation
main-sequence’) shows a tight mass dependency and an increasing normalization with red-
shift, both of which are attributed to increased rates of gas accretion at earlier times and
for more massive halos (Sawicki, 2012; Tomczak et al., 2016; Santini et al., 2017).

A common method of determining the mass distribution of galaxies is through stellar
mass functions (SMFs), which show the number density of galaxies as a function of stellar
mass. Through observing the evolution of these SMFs, it has been extensively shown
that high-mass galaxies were in place at higher redshifts, and that the buildup up of
low-mass galaxies occurs through time (Fontana et al., 2006; Rudnick et al., 2009; Ilbert
et al., 2013; Muzzin et al., 2013; Tomczak et al., 2014; McLeod et al., 2021; Weaver et al.,
2023). This phenomenon, known as "downsizing' (Cowie et al., 1996), is an anti-hierarchical
formation method that is distinct from the hierarchical growth of the dark matter halos
they encompass.

The measurement of SMFs by galaxy type (star-forming and quiescent) also gives in-
sight to the formation of quenched galaxies. There is a strong dependency of galaxy type
with stellar mass, with massive galaxies dominated by quiescent populations at low red-
shifts (Kau mann et al., 2003; Baldry et al., 2004; Bundy et al., 2006; llbert et al., 2010,
2013). The mechanisms driving this transition are attributed to the same feedback mecha-
nisms previously mentioned, with supernovae and stellar winds a ecting low-mass galaxies,
and AGN feedback a ecting the more massive galaxies. This ts well with the downsiz-
ing model, where not only are the most massive galaxies the rst to form, but they are
also the rst to cease their star formation, while less massive galaxies continue on a more
delayed timeline trajectory. There is also an environmental dependency on galaxy type,
attributed to the local density surrounding each galaxy, initially observed by Hubble &
Humason (1931) and Dressler (1980) through morphological properties, and later through
various observational tracers (Kau mann et al., 2004; Balogh et al., 2004a,b; Baldry et al.,
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Figure 1.2: Figure 2 from Wechsler & Tinker (2018) showing the galaxy stellar-to-halo
mass ratio for galaxies az = 0. The gure shows constraints on this relationship based
on a number of di erent measurement methods. The top of the gure shows the halo mass
regimes where speci ¢ feedback mechanisms are the most e ective. The bottom sub-images
in the gure show the structure of typical galaxies within the corresponding halo masses.



2006). This increase in the quenched fraction as a function of density can be seen smoothly
through the full range of large scale structures (Gavazzi et al., 2010; Mahajan et al., 2010;
Cybulski et al., 2014).

The mechanisms for environmental quenching, which are all externally based and have
to do with a galaxy's interaction with its surroundings, can be classi ed into four main
candidates. The rst is ram-pressure stripping, which is a process that occurs within
galaxy clusters, where the interstellar gas of an infalling galaxy is stripped away by the
cluster's intracluster medium (ICM). This ram pressure, rst introduced by Gunn & Gott
(1972), is induced parallel and opposite to the velocity vector of the galaxy (as the ICM is
relatively stationary compared to the infalling galaxy), and is proportional toP; V2,
where ¢ is the ICM density, and v is the velocity of the galaxy. If the pressure exceeds
the restoring force that the galaxy has on its colder gas reservoirs (its interstellar medium
(ISM)), then the ISM can be actively removed, rapidly halting the ability for new star
formation. The e ectiveness of this mechanism should then increase with ICM density
and infall velocity, as well as with decreasing galaxy stellar mass, however the magnitude
of its e ect is still in question (Abadi et al., 1999; Merluzzi et al., 2013; Bekki, 2014;
Quilis et al., 2017; Tonnesen, 2019). Another mechanism is starvation or strangulation,
which similar to ram-pressure stripping in that it induces quenching through the removal
of gas by the ICM. Starvation however does not actively remove gas from the ISM, but
instead removes the hot ionized gas in the outer halo of the galaxy (the circumgalactic
medium). This halts the replenishment of the HI and eventual cold Fgas, thus starvation
results in a delayed quenching e ect that depends on the gas consumption timescales of
the galaxy (Larson et al., 1980; Balogh et al., 2000; Balogh & Morris, 2000; Peng et al.,
2015; Maier et al., 2016; Vaughan et al., 2020). The above mechanisms do not primarily
transform the stellar morphology of galaxies (Weinmann et al., 2006; van den Bosch et al.,
2008; Kawinwanichakij et al., 2017), unlike the nal two mechanisms, which are caused
by strong gravitational interactions. These mechanisms are galaxy-galaxy mergers, which
are the direct collisions of two (or more) galaxies, and galaxy harassment, which is the
cumulative e ect of tidal forces due to frequent high-speed galaxy encounters. Both of
these mechanisms can have drastic e ects on the morphology of the interacting galaxies,
with harassment quenching through the violent removal of gaseous and stellar material in
the form of stellar streams, and with mergers inducing starbursts which decrease the gas
depletion timescale, or potentially feeding AGN activity, both of which result in accelerated
qguenching timelines for the galaxy (Moore et al., 1996; Smith et al., 2010; Bialas et al.,
2015; Boselli et al., 2016).

From this it is shown that there are two classi cations of quenching processes: mecha-
nisms that are e ective due to a galaxy's mass, and mechanisms that are e ective due to
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a galaxy's environment. The work of Baldry et al. (2006) and Peng et al. (2010) explored
the e ectiveness of ‘'mass-quenching' and "environmental-quenching' processes, and found
both to be independent of each other. However, their work focused on the local universe
(z = 0), and subsequent works have shown that the quenching e ciencies evolve with time,
and that this separability does not hold at higher redshifts (Balogh et al., 2016; Kawin-
wanichakij et al., 2017; Papovich et al., 2018; Pintos-Castro et al., 2019; van der Burg
et al., 2020). In particular, the work of Balogh et al. (2016) and van der Burg et al. (2020)
(hereafter vdB20) looked at massive galaxy clusters at®< z < 1:4 in the GCLASS and
GOGREEN surveys, described ir§ 2.1, with both nding a strong mass dependency for
the quenched fraction excess (QFE). This indicates that massive galaxies are preferentially
qguenched in clustersn addition to the mass-dependency of eld mass-quenching. This is
in direct contradiction of the mass-independent environmental quenching model proposed
in Peng et al. (2010). Furthermore, although an elevated quenched fraction was found in
the clusters, the individual star-forming and quiescent SMFs in vdB20 had exactly the
same shape as their equivalent eld galaxies. In the Peng et al. (2010) model, the excess of
environmentally quenched galaxies are assumed to be built up in a mass-independent man-
ner, which requires the quiescent cluster and eld galaxies to have di erent SMF shapes,
notably with an increase of the low-mass slope in the cluster SMF. However, no signature
of this was found, suggesting an alternative environmental quenching mechanism in high
redshift clusters that mimics the mass dependency of mass-quenching.

These massive galaxies in the GOGREEN sample were explored further in Webb et al.
(2020), who found them to be older than the eld galaxies. However, their models showed
that pre-processing (the initiation of environmental quenching when galaxies become satel-
lites but before cluster infall) was still required to achieve the observed quenched fraction.
Additional works further validated the need for the pre-processing, with almost all massive
galaxies found to be quenched prior to cluster infall (McNab et al., 2021; Reeves et al.,
2021; Werner et al., 2022). The work of McNab et al. (2021) found the low-mass cluster
galaxies to have elevated fractions of post-starbursts and green valley galaxies (galaxies
that have recently quenched, and galaxies currently undergoing quenching, respectively),
and Werner et al. (2022) found that a constant 40% of all star-forming low-mass galaxies
guench after infall. These indicate that the environmental-quenching of low-mass galaxies
iIs more similar to the mass-independent Peng et al. (2010) model, without the need for
pre-processing. This suggests there are multiple potential processes to build up the ob-
served cluster populations. Alternatively however, work from Baxter et al. (2022) showed
that the observed mass-dependency of the cluster environmental-quenching could be re-
produced using a quenching time-scale model that was also mass-dependent, allowing for
starvation to be the dominant cluster quenching mechanism. They built upon this in Bax-



ter et al. (2023) where they explored the radial dependence of the quenching timescale, and
ruled out ram-pressure stripping to be the mechanism that creates the elevated quenched
fraction in the cluster core.

With the culmination of these results it is evident that further analysis of these clusters
IS necessary to constrain the distinct quenching processes that are in place at these high
redshift clusters. To do so we explore in this work how the mass dependency of envi-
ronmental e ects change within the cluster and evolve with time. This is done by tting
SMFs to the full sample of the GOGREEN and GCLASS clusters, and letting the shape
parameters of each population (star-forming and quiescent) vary with cluster-centric radius
and redshift. With indication of further dependencies from previous literature results, we
also constrain the radial pro les of the red and blue galaxies to nd the quenched fraction,
and t parameters that describe how it varies as a function of redshift and cluster velocity
dispersion.

The remainder of this thesis is structured as follows: in Chapter 2 we discuss the
cluster sample with galaxy type and membership classi cation, along with the cluster
completeness and the associated weights on the data. Chapter 3 discusses the methodology
for constructing the likelihood function and the extension of the base Schechter function,
as well as the model validation techniques. In Chapter 4 we present our results for the
model t, and additional constraints on the model to nd the most signi cant parameters.

In Chapter 5 we discuss these results, comparing them to previous literature and how this
impacts our understanding of quenching in clusters. We also explore simple toy models that
constrain the general quenching processes within the sample. Chapter 6 then summarises
the thesis and conclusions found in this work.

In this work we adopt the CDM cosmology parameters with ,, = 0:3, =0:7,
and Ho = 70 km s * Mpc . All magnitudes stated are in the absolute bolometric (AB)
magnitude system. Any uncertainties presented are given at the llevel, unless otherwise
stated.



Chapter 2

Data

2.1 GOGREEN and GCLASS

The data used in this study comes from two surveys, the Gemini Observations of Galaxies

in Rich Early ENvironments (GOGREEN) survey (Balogh et al., 2017) and the Gemini
CLuster Astrophysics Spectroscopic Survey (GCLASS) (Muzzin et al., 2012). Together, the
surveys observed 26 overdense systems (a combination of seventeen massive galaxy clusters
and nine groups), spanning a range of&7 < z < 1:46 (Balogh et al., 2021). Fourteen of the
clusters were drawn from theSpitzer Adaptation of the Red Cluster Sequence (SpARCS)
survey, and the three other clusters were drawn from the South Pole Telescope (SPT)
survey.

The aim of GOGREEN and GCLASS was to follow-up on these clusters with deep,
multiwavelength photometry using a variety of instruments, as well as substantial multi-
object spectroscopy using the GMOS spectrographs. The majority of the clusters have
imaging through the ugriz bands, theJ and K bands, and with all the IRAC channels,
and at depths that are comparable to COSMOS/UltraVISTA. Table 2.1 shows this com-
parison with the average depth of the GOGREEN clusters in some select bands. The
photometric redshifts were t using theEAZYcode, and when validating those values using
galaxies which also had spectroscopic redshifts, they found the sample had 4.1% outside
their “outlier' limit of j zj > 0:15, a mean z of 0 (they had implemented a bias correc-
tion) and with a scatter around that bias of , = 0:048 (vdB20). The high completeness of
spectroscopic measurements of the samples 40%) allowed this project to calibrate the
photometric redshift-based membership (se€&2.3.1), thus providing an accurate, statistical
membership correction to apply to the photometric sample.
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Catalogue u/U \Y, z/lZ J K ¢ [3.6] m

GOGREEN 260 0.3 256 0.3 249 06 243 03 239 0.2 235 0.7
COSMOS/UltraVISTA 26.8 26.4 25.2 24.3 23.8 23.9

Table 2.1: A comparison of the average depths (taken as the 5limits) of all the
GOGREEN clusters and the 1- spread between them. Below is comparing the simi-
lar 5- depths of comparable stacks in the COSMOS/UIltraVISTA catalogues (vdB20).

2.2 Galaxy Classi cation

The data catalogues were taken from the second Public Data Release (DR2) (Balogh et al.,
2021). Only galaxies designated to the twelve GOGREEN and the ve GCLASS clusters
were considered, disregarding the nine galaxy groups in the catalogues. By taking that
subset and removing stellar objects (those with th&tar ag set to one), the number of
objects in the sample drops from the initial 282,855 to 57,528.

The cluster centre is de ned as the location of the brightest cluster galaxy (BCG) of
each cluster. There are two exceptions to this, SpARCS-1047 and SpARCS-1051, which
have BGCs that are strongly o set from a more physical centre, and so their centres are
overridden, matching the positions given in van der Burg et al. (2013).

Cluster membership is initially determined by a redshift di erential with the cluster
centre. The redshift di erentials are calculated using their spectroscopic redshift if avail-
able, and their photometric redshift if not, using the form:

_ Zi Zejust
e P (2.1)

Spectroscopic cluster members are de ned as those having a di erentialjofzgpe  0:02,
and photometric cluster members are de ned as those having a di erential ¢f zpo]

0:08. These spectroscopic ranges includes galaxies within 2-3 times the typical cluster
velocity dispersion { 2400-3400 km/s in the rest-frame of the clusters). These di eren-
tials are used later on to quantify a membership correction factor. Applying the redshift
di erential cuts to the data reduces the sample to 10,348.

We also make a spatial cut based on the projected radial distance of the galaxy from
their cluster's BCG. The limiting distance is the virial radius of the cluster,R,q0. The
R200 Values for 14 of the clusters were taken from Biviano et al. (2021), and the values for
SpPARCS-0219 and SpARCS-1034 were taken from McNab et al. (2021), as those two were
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not considered in the former paper due to low numbers of spectroscopic members. The
values from Biviano et al. (2021) were calculated using the MAMPOSSt method (described
in detail in their work). Due to small sample sizes for the clusters, the only free parameter
they t for was R,qo, and they use a Burkert pro le (Burkert, 1995) for the cluster mass
prole M(r), and an Opposite prole (Biviano et al., 2013) for the velocity anisotropy
prole (r). The value for SpARCS-1033 was calculated in this work and is discussed in
§2.4. Applying a cut of R < R ,q reduces the sample to 2780.

To di erentiate the galaxies into their star-forming and quiescent distinctions, we utilize
the vdB20 criteria, which makes a split in the population based on the distribution of the
rest-frameUVJ colours. Quiescent galaxies are de ned as the following:

U V>13\ V J<16\ U V >060+(V J) (2.2)

This distinction can be seen within Figure 2.1, where the rest-frame colours are plotted for
galaxies with stellar masses d1 > M i, (based on limiting K magnitudes - see 2.3.2),
and projected distances oR < R ,q9 from their cluster centre.

The list of the 17 galaxy clusters and their properties can be found in Table 2.2. Please
note the latter values for SpARCS-1033 were calculated in this work, with the methods
described in§ 2.4.

2.3 Sample Weights

2.3.1 Membership Correction Factor

Since the majority of the sample galaxies only have photometric measurements, we must
correct for the e ects of interlopers and missing members. Around 40% of the nal sample
have spectroscopic redshifts, and by following the same procedure given in vdB20, we break
up the population into four distinct groups based on the combination of their spectroscopic
and photometric membership status j( Zsped  0:02 andj zpnetj  0:08, respectively).
Those in agreement of membership status are designated either \secure member" or \secure
interloper”, while those in disagreement are designated \false negative" or \false positive".
The distribution of galaxies with spectra and their designations can be seen in Fig 2.2. A
membership weight for each photometric member is created by evaluating the ve nearest
neighbours in mass and radial space within the correction factor:

N (secure member) HN (false negative)

MCF = . —
N (secure interloper) +N (false positive)

(2.3)
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Cluster Name RA BS¢&  DecBS$, Redshift R K slim M jm ®
[Mpc] [mag ag] [logM ]

SpARCS-0034 8.67512 -43.1315 0.867 0.61 21.53 10.42
SpARCS-0035 8.957 -43.206604 1.335 1.01 23.81 9.50
SpPARCS-0036 9.18756 -44.1805 0.869 1.21 22.11 10.53
SpARCS-0215 33.84996 -3.72561 1.004 0.89 21.73 10.45
SpPARCS-0335 53.7648 -29.48217 1.368 0.76 22.91 10.07
SpARCS-104% 161.8893 57.68706 0.956 0.99 22.68 10.17
SpPARCS-105%) 162.79675 58.30075 1.035 0.95 24.17 9.35
SpARCS-1613 243.311 56.825 0.871 1.72 22.55 9.97
SpPARCS-1616 244.1722  55.7534 1.156 1.00 23.76 9.59
SpPARCS-1634 248.6542  40.3637 1.177 0.88 24.01 9.50
SpARCS-1638 249.7152  40.64525 1.196 0.74 23.94 9.54
SPT-0205 31.451 -58.4803 1.3227 0.80 23.25 9.90
SPT-0546 86.6403 -53.761 1.0669 1.22 23.47 9.64
SPT-2106 316.5191 -58.7411 1.1307 1.24 23.19 9.79
SpPARCS-1034 158.706 58.30919 1.385 0.24 24.22 9.55
SpARCS-0219 34.9315 -5.5249 1.325 0.79 23.27 9.90
SpARCS-1033 158.3565 57.89 1.461 1.17 23.89 9.74

Table 2.2: An overview of the 17 GOGREEN and GCLASS clusters and their properties.
(@ Clusters with o set BCGs, overridden with positions given in van der Burg et al. (2013).
®The stellar mass limits of the quiescent population of each cluster. For the star-forming

population, the limit extends down by 0.2 dex due to their smaller mass to light ratio, in
accordance with vdB20.
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Figure 2.1: Rest-frameJ-V vs. V-J for all cluster members withR < R ;g0 and M > M p,
values evaluated with their respective clusters. The black border indicates the distinction
between star-forming and quiescent, given in Eq. 2.2.
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Figure 2.2: Distribution of galaxies by the combination of their photometric and spec-
troscopic di erentials, with respect to their cluster center. Green and yellow points are
spectroscopic members, and green and red points are photometric members. The galaxies
have a cut ofR <R 550 and M > M i, of their respective clusters.
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Figure 2.3: Distribution of galaxies with just photometric measurements (black) and those
with spectroscopic values (coloured points), through mass and cluster-centric radius, show-
ing the members and how they contribute to the membership correction factor.
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where the N (X) terms are the number of each respective group. This factor allows us
to up-weight galaxies that have similar conditions to false negative galaxies, and down-
weight galaxies that have similar conditions to false positive galaxies, reducing the in uence
on our sample from interlopers and making the sample more representative of its true
population. The distribution of both photometric and spectroscopic members in stellar
mass and projected radial space can be seen in Fig 2.3. It should be noted that galaxies
that are spectroscopic members have their membership factor set to 1, regardless of their
photometric classi cation.

2.3.2 Completeness Weight

We include a completeness weight which corrects for incompleteness in the sample, based on
the K s-band measurements of each galaxy. The weight is structured aCbimpletenes«(s),

and with the sample constrained to where recovery i880%, the range of completeness
weight values go from 1.0-1.25. The completeness value for a speci c galaxy depends on
its Ks-band magnitude, and the limiting Ks magnitude (Ks.im ) of the image of its parent
cluster. These limiting magnitude values of each cluster are given in Table 2.2, with the
majority of the values, and the associated limiting cluster stellar mas$A ., ), taken from
vdB20, excluding the value for SpARCS-1033, which we calculate using the same procedure
they describe (se& 2.4).

2.3.3 Total Weight

The overall weight applied to each galaxy is the product of the membership correction
factor and the completeness weight, shown in this relation:
1

MM CompiK) &4

This is the weight structure used in the unbinned model ts. However, when comparing
the SMF ts with the binned data it is necessary to address the inconsistency of limiting
cluster stellar mass across the sample clusters (see Column 7 in Table 2.2), and correct the
mass bins that are not equally represented by all clusters. We apply a correction weight
to galaxies in these bins which upweights them by the degree of their cluster completeness
compared to the rest of the sample, with the increase determined by the various richness
values of the sample clusters. We follow the de nition of the richness parameterin
vdB20, which is de ned as the number of member galaxies in each cluster (regardless of
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galaxy type), with a stellar mass oM  10'%2M , and residing within a projected radius

of R 1 Mpc. The overall cluster completeness weight for a specic cluster is the sum
of all richness parameters over the sum of richness parameters of clusters that have mass
limits smaller than the stellar mass of the speci c galaxy we are evaluating it for. With
this weight applied the relation becomes:

1 cl cl

w; = MCF
! ! CompI(Ks;i) chiM i>M  ime  cl

(2.5)

It should be noted that while the richness parameters are independent of galaxy type, the

stellar mass limit of a cluster does depend on galaxy type, meaning a star-forming and

a quiescent galaxy with the same stellar mass, magnitude, and membership, could have
slightly di erent overall weights.

With these weights we can make some nal cuts to the sample. By setting a cut for all
galaxy stellar masses to be greater than their limiting cluster stellar masM(.; > M jim.q1 ),
the sample reduces to 1664, and by making an overall cut of I8y > 9:5 to match the
range of vdB20, the sample reduces to 1620. Finally, by only keeping galaxies witK a
magnitude larger than the limiting magnitude of their cluster (i.e. 1/ComplK) < 1.25),
the sample reduces to a nal size of 1606, with 833 designated as star-forming and 773
designated as quiescent.

2.4 The addition of SpARCS-1033

In the majority of the previous papers using GOGREEN data, there has been decreased
detail or complete omission of one of the clusters: SpARCS-1033 (Balogh et al., 2021; van
der Burg et al., 2020; Biviano et al., 2021; McNab et al., 2021). This was due to the lack
of equivalent depth of multi-band photometry, and speci cally the K-band image, which
serves as the detection image for the whole sample. It has since completed the necessary
imaging and now can be utilised in the sample. This cluster is important due to it being
the highest redshift in the sample £ = 1:46), and will help constrain the redshift evolution

of the mass functions. In this section we describe the methods to get the values of the
cluster characteristics that we describe above for the other clusters.

The work done in Biviano et al. (2021) used the MAMPOSSt method to t for theR,qo
values of each cluster. Since there are few spectroscopic members for SpARCS-1033, using
the full dynamical analysis in Biviano et al. (2021) is not well-justi ed. Instead we adopt
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a similar approach of basing theR,qg value for SpARCS-1033 on the relation
r

_ A los
Rao0 = 100H (2) (2.6)

where |os is the line-of-sight velocity dispersion. The value oA was t for agreement
with the values from Biviano et al. (2021) (resulting in a nal functional form matching
that in Vulcani et al. (2012)), as seen in Fig 2.4.

The line-of-sight velocity dispersion of SpARCS-1033 was calculated using the standard
deviation of eight spectroscopic cluster members, de ned as being within 1 Mpc and having
a redshift di erential with the cluster center of less than 0.02. The distribution of cluster
members and non-members in radial and velocity space can be seen in Figure 2.5.

Like the other clusters, the limiting magnitude of SpARCS-1033 is based on the recovery
rate of mock sources that are injected on the raW s-band image. We created the mock
sources using theésALSIMoftware (Rowe et al., 2015), and followed the same procedure as
vdB20, with all of them being described with the same Sersic = 1 light pro le. The rest
of the parameters are randomly drawn from uniform distributions, with the magnitudes in
the range of 15-28, the half-light radii in the range of 1-3 kpc, the ellipticities in the range of
0.0-0.2, and all of random orientation. A total of 30,000 mock sources were injected across
60 sets of the raw image, so not to alter the underlying characteristics of the original image.
The sources are recovered usir®Extractor (Bertin & Arnouts, 1996), and the individual
recoveries of each run are stacked to give the overall completeness curve, as seen in Figure
2.6.

Following the de nition in vdB20, the limiting magnitude is set where the mock source
recovery rate is 80%. For the curve shown in Figure 2.6, this corresponds to a magnitude
of 24.15 magg . However, as noted, the curve shows the recovery of intrinsic magnitudes,
and so is missing two main sources of bias. The rst is a magnitude bias, which corrects
for the discrepancy between the recovered and intrinsic magnitudes of the mock sources,
with the binned points and t shown in Figure 2.7. The second is Eddington bias, which
a ects the completeness distribution, especially the steep slope at higher magnitudes, with
the random magnitude scatter resulting in more brighter sources scattering into the bins
of fainter sources (Eddington, 1913). The correction factors for both biases were matched
with those in vdB20, leading to a minor correction and giving a limiting magnitude value
of 23.89 magg for SpARCS-1033.

With the corrected magnitude limit we are able to calculate the stellar mass limit of
the cluster. Given the small range of redshift and limiting masses of the cluster sample,
we can estimate the mass limit of SpARCS-1033 via a simple extrapolation of the full
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Figure 2.4: Comparison 0fR,qo values calculated using MAMPOSSt, andR,y, values
calculated using Eq. 2.6. The value oA was t so as to minimize the di erence between
the two methods of calculation.

FASTderived ts completed for the other clusters in vdB20. Using the stellar mass and
magnitude limits, we can solve for the mass-to-light ratiosM =L) of each cluster using
the relation logM i, +0:4K o;im = log 'V'T . By plotting this relation for each GOGREEN
cluster through their redshift, as shown in Figure 2.8, we are able to t this trend and

extend to the redshift of SpARCS-1033 and solve for its limiting stellar mass (stated in
Table 2.2).
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Figure 2.5: Line-of-sight velocity of spectroscopically conrmed cluster members of
SpPARCS-1033 and non-cluster members with spectra, against their projected cluster-
centric radial values. The dashed lines show the velocity dispersion of the cluster.
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