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Abstract

Massive, gravitationally bound star clusters, globular clusters (GCs) are among the

oldest objects in the universe. Because they preferentially formed in the early uni-

verse, understanding their formation and evolution is challenging due to limited ob-

servational data. The James Webb Space Telescope (JWST) allows us to extend

observations of GC populations to intermediate redshift; colour-magnitude diagrams

(CMDs) and spatial distribution of GC populations can reveal the history of their

host galaxies. By comparing CMDs of GC systems across epochs, we can further

understand their evolution. These populations can also be used to probe the gravi-

tational potential of massive galaxy clusters, which is dominated by the dark matter

halo. This work focuses on the galaxy cluster RXJ 2129.5+0007 at a redshift of 0.234

(lookback time of 2.9 Gyr). We have conducted photometry utilizing three bands

from the short wavelength channel of NIRCam (F115W, F150W, and F200W). We

explore the CMD, radial and azimuthal distribution, and subpopulations of candidate

GCs around the brightest cluster galaxy of RXJ 2129.
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Chapter 1

Introduction

1.1 Globular Clusters and their Formation

Globular clusters (GCs) are old, massive, compact star clusters. The majority of

present-day GCs formed 10-13 Gyr ago (Leaman et al., 2013), which raises substantial

observational challenges to understand their formation and evolution. Harris and

Pudritz (1994) proposed that GCs, like all star clusters, form within giant molecular

clouds (GMCs) (recent studies have proven this, including Choksi et al. (2018); Reina-

Campos et al. (2022); Gieles et al. (2025); see Kruijssen (2025) for a review). GCs

are the highest mass end of star formation, forming in extremely high pressure and

turbulent clouds. Finding such conditions was commonplace in the early universe

(Reina-Campos et al., 2019). As the universe expanded and average pressures and

densities decreased, these conditions became more and more difficult to achieve, up to

the present day universe where massive cluster formation is rare except in starbursts

during major mergers.

Figure 1.1 illustrates how turbulence and inflows drive massive cluster formation.
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Figure 1.1: Schematic of proto-GC formation. Supernovae drive inflows on 100 pc
scale, and clusters accumulate in the centre of the cloud with the gas reservoir.

Figure from Gieles et al. (2025).

The conditions that birth young massive clusters are volatile and violent–unsuitable

for a gravitationally bound cluster to survive. Shocks, supernovae, and tidal forces

disrupt the majority of proto-GCs in their natal environment. In order for a massive

cluster to survive and live to be a GC, it must be kicked out of the GMC (Kruijssen,

2012). There is a high interaction rate in this dense regime; other star clusters and gas

clouds provide gravitational kicks over time. The strength of the tidal field decreases

further from the dense central parts of the galaxy (Li and Gnedin, 2019), increasing

the odds of survival for those clusters that are ejected into the halo. Simulations

predict that 70-80% of proto-GCs are disrupted before z = 0, with more massive

clusters having better chances of survival (Li and Gnedin, 2019; Chen and Gnedin,

2023b).

Even the surviving GCs have lost substantial mass throughout their long lives.

Tidal effects, such as passing through a disky galaxy midplane, can slowly compound

disruptions until the cluster becomes unbound. Stellar streams in the Milky Way give

us some opportunity to study disrupted GCs, though this has its own challenges (see

2

http://www.mcmaster.ca/
https://www.physics.mcmaster.ca


M.A.Sc. Thesis – K. Keatley; McMaster University – Physics and Astronomy

Bonaca and Price-Whelan (2024) for a review on stellar streams).

The globular cluster luminosity function (GCLF) is a log-normal function with a

characteristic turnover. The peak in this function, or the GCLF turnover, is nearly

universal at 105L⊙ with only a weak dependence on host galaxy mass (Harris et al.,

2014). Recent models and simulations show that evolutionary processing plays a key

role in establishing the observed GCLF, with low-mass clusters being progressively

destroyed while surviving clusters gradually decrease in luminosity as their stellar

populations age (Reina-Campos et al., 2022).

Through natal destruction and tidal disruption, the GCs we observe in the local

universe today are a strictly limited sample of massive clusters that have formed.

Simulations provide insights into the formation and evolution of GCs, but observations

of GC systems at earlier times in their lives are necessary to test these theories.

1.2 Age-metallicity relation and subpopulations

Because all of a GC’s stars are formed together, a single GC shows little-to-no spread

in iron content. Systems of GCs in large galaxies, however, conventionally show a

bimodal distribution in their optical colour, which is closely related to their metallicity

(Fahrion et al., 2020). Zinn (1985) first observed this trend in the Milky Way GCs.

This bimodality in the metallicity distribution function (MDF) has been observed in

many systems since, notably M31 (Barmby et al., 2000; McConnachie et al., 2018),

NGC 4472 (Strader et al., 2007), NGC 5128 (Woodley et al., 2010), NGC 4594 (Alves-

Brito et al., 2011), NGC 3115 (Arnold et al., 2011), and M81 (Ma et al., 2013). Larger

scale studies have also identified bimodality in the MDF (Peng et al., 2006; Foster

et al., 2010; Caldwell and Romanowsky, 2016; Harris, 2023; Hartman et al., 2023).

3
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This trend appears across a large range of galaxy masses, suggesting that galaxies

of all sizes are subject to the same family of processes that drive GC formation and

evolution (Peng et al., 2006).

The division of GCs into two populations hints at different origins of the clusters.

GC metallicity is the strongest indicator of host galaxy mass at time of formation

– simulations and observations show a wide range of GC metallicities at any age,

reflecting a large range in progenitor masses (Kruijssen et al., 2018; Kruijssen et al.,

2019; Chen and Gnedin, 2023b). Therefore, we may predict that more metal-rich

GCs formed in massive galaxies, while metal-poor GCs formed in dwarf galaxies

which were later accreted into larger systems. This is a generalization of a series of

complex relationships that we can better understand using the age-metallicity relation

(AMR). The AMR for GCs probes mass growth, metal enrichment, and minor merger

history of the galaxy (Kruijssen et al., 2019). However, ages are highly uncertain for

observations beyond the Local Group; confident age measurements rely on a colour-

magnitude diagram (CMD) of resolved stars. Despite the limitations, we have learned

much about GC subpopulations through study of AMRs. Leaman et al. (2013) found

that the AMR of Milky Way disk GCs closely matches the AMR of the thin disk

stars, while the AMR of halo GCs is in good agreement with dwarf galaxies with

masses M ∼ 107−109M⊙. The authors also found that the metal-rich subpopulation

of Milky Way GCs at any age is more metal rich by ∼ 0.6 dex in [Fe/H] than the

metal-poor population (Leaman et al., 2013). Conversely, metal-rich clusters are

systematically younger than metal-poor clusters by up to 3 Gyr (Li and Gnedin,

2019). This demonstrates that subpopulations of GCs date back to their formation.

Interestingly, results from the E-MOSAICS simulations suggest that the GC MDF

4
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is initially unimodal in most galaxies, and bimodality results from cluster disruption

(Pfeffer et al., 2023). Complex processes shape these populations over time, and there

are many open questions still to be explored.

Due to their differing origin, the subpopulations of GCs also differ in the shape of

their spatial distribution. GCs accreted from small dwarfs have large galactocentric

radii, while those belonging to more massive merging galaxies will preferentially sink

to the centre of the accretor via dynamical friction (Leaman et al., 2013). On average,

metal-poor subpopulations have shallower and more extended radial profiles than

metal-rich GCs, as they are deposited in the halo by accreted satellite galaxies (Reina-

Campos et al., 2022). In-situ GCs are naturally more centrally concentrated, though

those that are ejected into the halo have a greater probability of survival.

To summarize the two subpopulations often exhibited by GC populations:

1. The more metal-poor population exhibit a trend of bluer colours, older ages,

and have a roughly spherical distribution.

2. The more metal-rich GCs have redder colours, are younger, and are more cen-

trally concentrated.

1.3 GC system - halo size relation

The distribution of a system of GCs is governed by the gravitational potential of

the host galaxy or galaxy cluster. Many studies have observed a strong correlation

between the number of GCs in a system and the host galaxy: its size, stellar mass, and

mass of the dark matter halo (Blakeslee et al., 1997; Harris et al., 2017). This trend is

also reproduced when considering the mass or the effective radius of the GC system

5
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(Harris et al., 2015; Forbes et al., 2016; Hudson and Robison, 2018). This trend

extends all the way from dwarf galaxies (Forbes et al., 2018) to the high-mass end

of brightest cluster galaxies (BCGs) (Dornan and Harris, 2023; Dornan and Harris,

2025) – that’s 6 orders of magnitude in host galaxy mass! The GC-halo relation is

the same for all morphological types, suggesting that the amount of gas available at

the time of GCs formation was nearly directly proportional to the dark matter halo

potential (Harris et al., 2015; Choksi et al., 2018).

Giant ellipticals can host tens of thousands of GCs, while dwarf galaxies may have

a handful, or none at all. A barren dwarf may have never been able to achieve gas

surface densities high enough to form massive clusters, or its population may have

been destroyed or ejected by tidal stripping (Forbes et al., 2018). Chen and Gnedin

(2023a) found that most dwarf galaxies with stellar mass less than 2× 107M⊙ do not

host GCs.

The scarcity of GCs with metallicity below [Fe/H] = −2.5 across all systems

suggests a minimum galaxy mass required to form long lived GCs (Kruijssen, 2019).

Simulations predict that essentially all proto-GCs with initial mass lower than 105M⊙

are disrupted by present day (Li and Gnedin, 2019; Reina-Campos et al., 2022),

reiterating that local universe GCs represent only a small surviving sample of what

was a much larger population at formation.

1.4 GCs as a dark matter probe

This leads us into the primary motivation of this work. Galaxies lie within massive,

extended potential wells of dark matter. We have established that GC distribution

correlates with mass; the dark matter halo dominates the gravitational potential field

6

http://www.mcmaster.ca/
https://www.physics.mcmaster.ca


M.A.Sc. Thesis – K. Keatley; McMaster University – Physics and Astronomy

of galaxies, and therefore GCs have great potential as probes of the halo. The work

done by Reina-Campos et al. (2022) provides computational evidence using the E-

MOSAICS simulations (MOdelling Star cluster population Assembly In Cosmological

Simulations within EAGLE; Pfeffer et al. (2018); Kruijssen et al. (2019)); they found

that the projected number density of GCs traces the density profile of dark matter.

In order to observationally test this theory, we must compare GC spatial distributions

to mass profiles of massive galaxies and galaxy clusters.

GCs are not the first candidate tracer of the dark matter halo; the distributions

of satellite galaxies and the diffuse stellar halo are also governed by the gravitational

field. Pillepich et al. (2017) and Alonso Asensio et al. (2020) found promising cor-

relations between projected distributions of stellar haloes and dark matter halos in

simulations, although with substantially different radial profiles. Observationally, the

stellar halo becomes very difficult to measure at large radii, limiting its use as a tracer.

Satellite galaxies have also been used to probe the gravitational field in the outskirts

of galaxy clusters (Alabi et al., 2016; Slizewski et al., 2022); however, the kinematic

models used to do this require very accurate spectroscopy. GCs are brighter and

more extended than the diffuse stellar halo, and more numerous than satellite galax-

ies. GCs can be detected at large galactocentric radii, making them an extremely

promising probe.

How do you model a mass profile when most of the mass is invisible? Luckily,

while we may not understand what exactly dark matter is, we do have a pretty good

understanding of how light interacts with it. Gravitational lensing is the process

by which a very massive object bends light rays toward the viewer, allowing us to

see things that in a Euclidean universe would never reach us. This has a wealth of

7
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usages; most notable is the magnification of high-redshift star forming complexes and

proto-GCs, such as the Sunrise Arc at z ∼ 6 (Vanzella et al., 2023).

Pertinent to this work, another innovative use of gravitational lensing is to model

the mass distribution of strong lensing galaxy clusters. Besides magnifying back-

ground galaxies, gravitational lensing can also produce multiple images of the same

galaxy, which are identified with spectroscopy. Using the redshifts and positions of

multiple images, we can model the mass of the galaxy cluster required to reproduce

such images. This is illustrated in Figure 1.2. Lensing maps of clusters in the range

z = 0.2− 0.5 will allows us to compare total mass to GC distribution.

Figure 1.2: Schematic of how multiple images of background galaxies are produced
by gravitational lensing in galaxy clusters. Image credit: NASA, ESA & L. Calçada.
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1.5 A New Era of GC Observations

Part of what makes GCs so interesting to study are the challenges of doing so. They

are incredibly small at intermediate redshift, requiring high resolution to resolve them.

They are much dimmer than their host galaxies, requiring galaxy light to be carefully

removed along with long exposure times to procure adequate depth. With the launch

of JWST in 2022, the capabilities of direct GC observations have taken a massive

leap.

JWST has a slightly better diffraction-limited resolution in the near-infrared than

HST has in the optical bands, and a much larger light-collecting area. In Figure

1.3, we compare two zoom-ins on a BCG – an HST Wide Field Camera 3 (WFC3)

image on the left and a JWST Near Infrared Camera (NIRCam) image on the right.

The inverted images are median subtracted, meaning large scale light contours are

removed to make it possible to detect point source GCs deep into the BCG light.

GCs are visible in the JWST image as small dots, while GC detection in the HST

image is laughable.

Direct observations of GC populations are no longer limited to the local uni-

verse. Intermediate redshift systems recently studied with JWST include SMACS

J0723.3–7327 (Lee et al., 2022), VV 191a (Berkheimer et al., 2024), Abell 2744 (Har-

ris and Reina-Campos, 2023; Harris and Reina-Campos, 2024), MACS J0416.1-2403

(Berkheimer et al., 2025), and MACS0417.5-1154 (Harris et al., in prep). JWST

has smashed expectations with observations of GCs in El Gordo, a galaxy cluster at

z = 0.87 and a lookback time of 7.36 Gyr. Since luminosity of GCs decreases over

time, it works in our favour that more distant GCs also tend to be brighter! Despite

the modest depth of the short-wavelength NIRCam images of El Gordo, Harris et al.
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Figure 1.3: HST WFC3, F160W (left) and JWST NIRCam, F150W (right) images
centered on the BCG of RXJ 2129. Both images are 48.9” x 48.9” and

median-subtracted.

(2025) detected a sequence of candidate GCs well separated from the background

galaxy field. This indicates that JWST should be capable of direct GC observations

at z = 1, and likely up to z ∼ 1.4 (Harris et al., 2025).

1.6 Intermediate redshift strong lensing galaxy clus-

ters

Due to photometric constraints at intermediate-high redshift, studying GC popula-

tions in the early universe has only been possible on a case-by-case basis. Statistical

studies of young GCs are currently non-existent. Despite these obstacles, every GC

system that can be studied in depth adds to the slow and steady accumulation of

knowledge about these fascinating systems.

The primary focus of this work is the massive galaxy cluster RXJ 2129.7+0005
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(hereafter referred to as RXJ 2129). It sits at a redshift of 0.234 corresponding to a

lookback time of 2.90 Gyr. A currently virialized cluster with one central BCG, RXJ

2129 has some major mergers in its history as revealed by an X-ray cold front in the

intracluster light (ICL) (Jiménez-Teja et al., 2024). It has a mini radio halo around

the BCG, and a strong cool core (Kale et al., 2015; Giacintucci et al., 2017; Ueda

et al., 2020). Rines et al. (2013) calculated a halo mass of 5.59±1.16×1014M⊙ using

X-ray flux by, while Umetsu et al. (2018) determined a mass of 7.8± 2.4× 1014M⊙.

These values are in quite good agreement, corresponding to a virial radius around

r200 = 1.3 Mpc.

The strong lensing features of RXJ 2129 have brought attention to this system;

it was a target of the Cluster Lensing And Supernova survey with Hubble (CLASH,

Postman et al. (2012)), leading to many strong and weak lensing studies on its mass

distribution (Desprez et al. (2018); Umetsu et al. (2018); Caminha et al. (2019);

Jauzac et al. (2021); Caminha et al. (2022)). Kelly et al. (2022) observed a high

redshift triply lensed supernova, shown in Figure 1.4. The image that is formed by

the longest light path (ie. looking the furthest back in time) displays the brilliant

supernova at z = 1.52, while it has faded in the later two images. RXJ 2129 is a

complex system whose GC system has not previously been studied.

1.7 Outline of This Thesis

In this thesis, I conduct an in-depth photometric analysis of the GC population of

RXJ 2129. This work contributes to the accumulation of studies of GC populations

in galaxy clusters at intermediate redshift, which is possible with the recent advance-

ments of JWST.
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Figure 1.4: Image of RXJ 2129 containing three gravitationally-lensed images of the
same supernova. Image credit: ESA/Webb, NASA & CSA, P. Kelly.

Chapter 2 is the unchanged version of a paper that has been published in The

Astrophysical Journal. I perform photometry on three NIRCam images of RXJ 2129,

identify point sources as GC candidates, and analyze their CMD and spatial distri-

bution. I also explore subpopulations of GCs when they are divided by colour. In

Chapter 3, I summarize our findings and outline future work.

In Appendix A, I discuss another strong lensing galaxy cluster, Abell 370. RXJ

2129 unfortunately does not currently have any 2-dimensional gravitational lensing

maps. While we do compare the radial mass profile of RXJ 2129 to its radial GC

profile, 2D maps of mass surface density of Abell 370 allow us to briefly demonstrate

next steps in evaluating GCs as a dark matter probe.

Photometry is outlined concisely in Section 2.2. I describe certain steps in more

detail in Appendix B, for both RXJ 2129 and Abell 370. For those looking for
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more detail on performing photometry, particularly with DAOPHOT and IRAF, refer to

Appendix B.
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vations of the Globular Cluster Population of RXJ 2129.7+0005 published in The
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Abstract

We present an analysis of the globular cluster (GC) population in the galaxy cluster

RXJ 2129.7+0005 (z = 0.234) based on JWST NIRCam imaging in three filters:

F115W, F150W, and F200W. We use this material to provide a detailed look at the

color-magnitude distribution of the GCs and their spatial distribution around the

central giant galaxy. We identified 3,160 GC candidates brighter than F150W=29.5,

and assessed photometric completeness through artificial star tests. We determined

that the GCs follow a radial power-law distribution with an index of 1.58 ± 0.04,

with the redder GCs exhibiting a slightly greater central concentration. Their spatial

distribution is also highly elliptical, closely following the shape of the brightest cluster

galaxy halo light.

2.1 Introduction

Globular clusters (GCs) present numerous avenues for exploring the evolutionary

histories of galaxies and galaxy clusters. GCs distribute themselves according to the

gravitational potential of their host galaxies and galaxy clusters, offering insights into

the history of the system. Given that galaxies in clusters reside within massive dark

matter halos that dominate the gravitational field, GCs have great potential as a tool

to probe these halos. Studies such as Blakeslee et al. (1997) and Harris et al. (2017)

have demonstrated strong correlations between the mass of GC systems and the mass

of the dark matter halo, reaffirming that regions with higher mass are expected to

host more GCs.

Using simulations and kinematic models, there have been some promising results in
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probing the dark matter halo using the diffuse stellar halo (e.g. Pillepich et al. (2017))

and satellite galaxies (e.g. Alabi et al. (2016), Slizewski et al. (2022)). However, these

approaches face challenges: observationally measuring diffuse stellar halos is difficult

at large radii, and satellite galaxy studies require highly accurate spectroscopy. In

contrast, GCs are more numerous than satellite galaxies, and brighter and more

extended than the diffuse stellar halo, making them highly promising tracers of dark

matter in galaxy clusters.

Prior to JWST, the available resolution and sensitivity were insufficient to ef-

fectively study GC populations beyond the local universe. We have only begun to

utilize the remarkable resolution and depth of JWST to study whole GC populations

at intermediate redshifts. Notable examples include VV 191a (Berkheimer et al.,

2024), A2744 (Harris and Reina-Campos, 2023; Harris and Reina-Campos, 2024),

and SMACS J0723.3–7327 (Lee et al., 2022). These rich databases allow us to di-

rectly study ancient star clusters at earlier periods in their evolution, enabling new

insights into both GC and galaxy cluster evolution.

RXJ 2129.7+0005 (hereafter referred to as RXJ 2129) is a virialized galaxy cluster

at a redshift of 0.234 corresponding to a lookback time of 2.90 Gyr. It has a central

BCG, a mini radio halo, a cool core (Kale et al., 2015; Giacintucci et al., 2017; Ueda

et al., 2020), and an x-ray cold front in the intracluster light (ICL) demonstrating

a rich merger history (Jiménez-Teja et al., 2024). Featuring several strong lensing

features, RXJ 2129 was a target of the Cluster Lensing And Supernova survey with

Hubble (Postman et al., 2012), leading to many strong and weak lensing studies on its

mass distribution (Desprez et al. (2018); Umetsu et al. (2018); Caminha et al. (2019);

Jauzac et al. (2021); Caminha et al. (2022)). The GC system has not previously been
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studied.

In this paper, we utilize new high resolution JWST NIRCam images of RXJ 2129

to analyze the spatial distribution of the GCs and begin a preliminary investigation

into comparisons to mass models of the galaxy cluster. This is part of a series of

studies of GCs in lensing clusters that begun with A2744 (Harris and Reina-Campos,

2023; Harris and Reina-Campos, 2024). In Section 2.2, we describe our photometry

procedure for detecting GC candidates and determining their magnitudes. We also

perform artificial star tests to test the completeness and photometric limits of our

measurements. In Sections 2.3 and 2.4, we determine the radial distribution of GCs,

and investigate any trends with GC color. Additionally, we explore the angular

distribution in Section 2.5, determining the significant ellipticity of the brightest

cluster galaxy (BCG). In section 2.6, we compare the color-magnitude diagram and

predicted metallicity to that of A2744. Finally, in Section 2.7, we summarize our

findings and outline the additional work that is ongoing with RXJ 2129 and distant

galaxy clusters like it.

The luminosity distance to RXJ 2129 is 1.20 Gpc, with cosmological parameters

of H0 = 67.8 km/s and ΩΛ = 0.692 (Planck Collaboration et al., 2016).

2.2 Data

We use images from JWST NIRCam in the F115W, F150W, and F200W filters drawn

from the MAST JWST archive (DD 2767, PI P. Kelly). The F115W and F200W

images had an exposure time of 8246 seconds, and the F150W image had an exposure

time of 19927 seconds. The camera scale is 0.”0307 pixel−1, with a total image size of

139.”6× 138.”9. Figure 2.1 shows a portion of the field with the BCG.
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Figure 2.1: F200W view of RXJ 2129. The BCG is in the upper left. Smaller
galaxies and foreground stars are also visible. Image is 139.”6× 138.”9, which is

equivalent to 534 kpc across. North is at top, and east is to the left.

2.2.1 Photometry and Object Selection

We conduct photometry and object selection using the daophot software (Stetson,

1987) within IRAF. First, we add the three images together to make a summed image,

and then apply a median filter to eliminate large-scale gradients. With a detection

threshold of 4σs, where σs is the standard deviation of the sky noise, we use the daofind

package on this median-subtracted image to find objects. The summation yields a
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combined image that has relatively lower sky noise and allows for a deeper finding list

of objects. For each of the three images, we use phot to conduct photometry using a

3px aperture radius for each object on the finding list. A point-spread function (PSF)

is constructed for each filter using 46 foreground stars and a FWHM of 2.0, 2.4, and

2.8 px for the F115W, F150W, and F200W images, respectively. The interactive

interface of the PSF package allows us to inspect the profile of each candidate star to

hand-pick unsaturated, isolated foreground stars. We then run the allstar function

to get final instrumental magnitudes on all star-like objects in our photometry list.

Allstar additionally provides sharp and chi parameters, which we use to isolate

point sources by plotting these quantities against the F150W and F200W magnitudes.

We make a quadratic cut in sharp-mag space, shown as orange boundaries in Figure

2.2. We reject points with a sharp value (in F150W or F200W) less than -0.75 or

lying above the line s = 0.006(m− 8)2 + 0.15, where s is the sharp parameter and m

is the uncorrected magnitude. We also remove any object that has a chi value larger

than 4 in any filter. Accepted point sources are shown as black points in Figure 2.2.

Additional objects near the center of the BCG were independently selected by close

visual inspection and are shown as pink points.

In total, 4642 objects are recovered in all three filters using the combined finding

list. Recovered point sources near the BCG are circled in red in Figure 2.3.

To convert magnitudes from the allstar scale to AB magnitudes, we first correct

PSF allstar magnitudes to large aperture using bright isolated stars with a 10px aper-

ture radius. To integrate to “infinite” radius, we use the PSF encircled energy from

the NIRCam webpage1. Cosmological K-corrections are applied for a redshift of 0.234

1https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-
spread-functions
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Figure 2.2: Sharp parameter of detected objects vs. magnitude in AB magnitudes.
All detected objects are shown as green points. Accepted points using the sharp and
chi cuts are shown in black, and selected point sources in the innermost region of

the BCG are shown in pink.

using the webtool RESCUER (Reina-Campos and Harris, 2024). Finally, we adjust our

magnitudes for foreground reddening (NASA/IPAC Extragalactic Database). Fore-

ground absorption for RXJ 2129 is 0.040, 0.026, and 0.017; K-corrections are -0.137,

-0.130, -0.370 for the F115W, F150W, and F200W filters, respectively.

2.2.2 Completeness fraction

GCs that are very faint or located in regions of high sky noise will naturally be

more difficult to detect than bright, isolated GCs. To determine the completeness
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Figure 2.3: Color image (left) and unsharp-masked F200W image (right) of the field
near the BCG of RXJ 2129. Point sources are circled in red. Box size is 37.”3× 34.”9,

equivalent to 143 x 133 kpc.

of our selection, we perform artificial star tests. Using the addstar function, we add

1060 artificial stars into each image. These stars are distributed radially to mirror

the radial distribution of GCs. We use logistic regression fitting (Equation 2.2.1) to

determine the recovery probability as a function of magnitude and local sky noise, as

described in Harris and Speagle (2024) and Harris and Reina-Campos (2024):

p(m) =
1

(1 + e−g(xi))
(2.2.1)

where g(xi) = β0+β1x1+β2x2. Here, x1 is the magnitude and x2 is the local sky noise

of each object, and the βn values are determined by the fit using the artificial stars.

The local sky noise is defined as the standard deviation of the sky pixel intensities in

an annulus of 0.”31− 0.”46 radii.

A maximum-likelihood solution was performed in Python using statsmodels/scikitlearn.

Recovery probabilities of the 1060 artificial stars using the logistic regression fit are
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Figure 2.4: Recovery probability in the F115W filter of artificial stars using a
logistic regression fit. Points are color-coded by the local sky noise. Points

scattering below the main line are those in regions of higher sky background.

shown in Fig 2.4. We obtain coefficient values of β0 = 52 ± 3, β1 = −1.7 ± 0.1, and

β2 = −0.027 ± 0.004 using corrected input magnitudes, which we use to determine

the recovery probability for each of our GC candidates. We define our photometric

completeness limit as the magnitude at which p = 0.5.

As an additional check, we also compare the input and detected magnitudes of

the artificial stars to check for any systematic biases. As shown in Figure 2.5, there

is a slight tendency for brighter magnitudes to be recovered for the fainter objects,

but is negligible at magnitudes brighter than the completeness limit.
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Figure 2.5: Input versus detected magnitude for 1060 artificial stars in the F115W,
F150W, and F200W images. The red line shows a 1-to-1 relationship.

Figure 2.6: Color-magnitude diagram of point sources in RXJ 2129. Magnitudes are
in AB magnitudes corrected for the cosmological K-correction and foreground
reddening. Points are color-coded by the recovery probability using the logistic

regression fit. The dashed line is the 50% recovery level.

We present color-magnitude diagrams of all candidate GCs in Figure 2.6, color-

coded according to the recovery probability in F115W of each object. Some of the
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faintest objects that passed through the culling steps may be compact background

galaxies, and we also remove foreground stars as objects brighter than magnitude

25.5. The remainder of point sources are the GCs plainly clustered around the BCG.

We are left with 2720 GC candidates in the magnitude range 25.5 < F150W < 29.5.

Weighted by the inverse recovery probability, and excluding objects outside of our

completeness limit, our final count is 3162 GCs in our field of view of RXJ 2129. This

is easily comparable to the 1000+ GCs observed in other BCGs (Harris, 2023).

2.3 Radial distribution

The spatial distribution of GCs in RXJ 2129 is of particular interest. For major

galaxies, GCs typically follow a spatial distribution well described by a power-law or

Sérsic profile. We plot the projected number density as a function of distance from

the center of the BCG with the least squares best fitting shown in Figure 2.7. When

counting GCs, we weight each object by its inverse probability of recovery to calculate

a projected object count in each radial bin. Any object with a probability of recovery

less than 50% in the F115W filter is removed. We exclude the innermost bin from

the power-law fit as the BCG light limits our detection capabilities in this region.

We find a power-law index of 1.58 ± 0.04. The background density is 0.5 arcsec−2,

consisting of a mix of distant GCs and faint contaminants that passed through the

selection criteria.

For comparison, we also fit the distribution to a simple de Vaucouleurs profile.

Shown in green in Fig 2.7, this fit also visually matches the data quite well. We find

an effective radius of 157± 13 kpc. Chu et al. (2022) investigated surface brightness

Sérsic profiles for a large collection of galaxies, including RXJ 2129. The authors found
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Figure 2.7: Radial distribution of the GCs fit with a power law and a de
Vaucouleurs profile. Each GC count is weighted by it’s inverse recovery probability,

and objects with a probability of less that 50% are removed.

effective radii of 2.24, 44.48, and 190 kpc for the internal component of the BCG, the

external component, and the ICL, respectively. Our GC distribution therefore has

a larger effective radius than the stellar surface brightness, but a smaller effective

radius than the ICL.

With a virial radius of 1.3 Mpc (Rines et al., 2013; Umetsu et al., 2018), we can

be confident that we are capturing the full radial extent of RXJ 2129’s GC system.

Figure 2.7 shows the fit of the radial distribution out to 290 kpc – easily enclosing

the 10% of the virial radius that is typically adopted for the spatial extent of GC

systems (Dornan and Harris, 2023; Dornan and Harris, 2025). The effective radius of
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157 kpc also lies within the expected range for BCGs (Kartha et al., 2014; Hudson

and Robison, 2018).

Next, we compare our results to the total surface mass density profile modeled

using strong lensing by Caminha et al. (2019). Using multiply lensed background

galaxies, the authors used a pseudo-isothermal elliptical mass distribution (PIEMD;

Kassiola and Kovner 1993) to model the smooth mass components. For RXJ 2129,

all of the multiple images were within 100 kpc from the cluster center, which limits

our comparison at larger galactocentric distances. We plot our comparison to their

results in log-log space in Figure 2.8, and conclude that the GC distribution is steeper

than the total mass distribution. A potential explanation for this distinction is that

the dark matter profile is shallower in the center of the cluster due to its collisionless

nature, while the stellar component achieves greater central concentrations. However,

the present data are limited to the BCG halo region and do not explore the GC

distribution across the entire field of the cluster.

2.4 Color Populations

In this section, we analyze trends and variations in relation to GC color. Through

their chemical compositions, GCs record the conditions of the dark matter halos in

which they formed.

GCs in large galaxies conventionally show a bimodal distribution in their color,

which is closely related to their metallicity (Zinn, 1985; Barmby et al., 2000; Peng

et al., 2006; Strader et al., 2007; Harris and Reina-Campos, 2023). The more metal-

poor population exhibit a trend of bluer colors, older ages, and has a roughly spherical

distribution. The more metal-rich GCs have redder colors, are younger, and are more
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Figure 2.8: Comparison of our power-law fit for the GC radial distribution to the
mass profile modeled by Caminha et al. (2019). The PIEMD profile was modeled in

units of M⊙ kpc−2 and has no meaningful normalization to the GC projected
number density.

centrally concentrated. The history of the GCs is where this division originates:

the more metal-rich population have been found to have mainly formed in more

massive, enriched halos, while the metal-poor population formed ex situ and was

later accreted (Li and Gnedin, 2019; Keller et al., 2020; Reina-Campos et al., 2022;

Chen and Gnedin, 2023b).

As shown in Figure 2.6, there is no obvious division between the red and blue

populations that would reflect a distinct metal-rich and metal-poor population in

RXJ 2129. While it is true that some systems have shown unimodal metallicity

distriubtion functions, another contributing factor is that near-infrared color indices
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are less sensitive to GC metallicity than are optical colors (Harris and Reina-Campos,

2023). Additionally, there are significant measurement uncertainties in color that

introduce scatter. For the present purposes, we simply divide the sample into red

and blue subsets at a color of F115W−F200W= 0.018, such that each has the same

projected number of GCs.

Figure 2.9: Same as Figure 2.7, but distributions are divided into red and blue
subpopulations (with respective colors for data points and fit).

We repeat the radial distribution calculations and fitting on the red and blue

subpopulations. The power-law indices recovered by the least squares fit are reported

in Table 2.1. While a bimodality in color was not immediately visible, we do find

significant distinctions when dividing the sample in half into a blue and red subsample

and analyzing the spatial distribution. The redder population of GCs is more centrally
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Figure 2.10: Contours of globular cluster counts. The right plot shows the contours
for the red and blue populations, and the left plot shows the combined sample.

concentrated, which agrees with the expectations as a population primarily formed

in situ. This is evident in the larger power-law index – reflected by the steeper slope

in log space (Figure 2.9) – and the right panel of the contour map in Figure 2.10.

2.5 Ellipticity

As we can see in Fig 2.10, the distribution of GCs is highly elliptical, as is the BCG

light profile itself. Our analysis in the previous section assumes circular bins, but

we would now like to account for elliptical annuli. We can determine the ellipticity

and position angle of the BCG using the expression for GC distribution given by

McLaughlin et al. (1994):

σ(R, θ) = kR−α[cos2(θ − θp) + (1− ϵ)2 sin2(θ − θp)]
−α/2

≡ kR−αf(θ) (2.5.1)
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where θp is the position angle of the semi-major axis, ϵ is the ellipticity, k is a nor-

malization constant, and α is the power-law index obtained from the number density

fit. To isolate the angular component, we plot f(θ) as a function of position angle θ:

f(θ) = [cos2(θ − θp) + (1− ϵ)2 sin2(θ − θp)]
−α/2 (2.5.2)

GCs are counted and normalized within azimuthal bins using an inner radius of

3.”69 and an outer radius of 24.”60. These values are chosen such that there is no

significant influence from the incompleteness at the center of the BCG, and we are

capturing the elliptical behavior without looking too far out into the intergalactic

medium.

Figure 2.11: Normalized azimuthal number density profile for red and blue GC
samples.
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We find an ellipticity of 0.54± 0.01 and a position angle of the semi-major axis of

61◦ ± 2◦ degrees north of west (counterclockwise from the positive x-axis) for the full

sample. This agrees quite well with the ellipticity of 0.67 and position angle of 66.◦3

for the stellar light determined by Caminha et al. (2019). Once again, we repeat the

process for the red and blue subpopulations; these values are reported in Table 2.1,

and f(θ) is plotted in Figure 2.11.

Sample Power-law
Index

Ellipticity Position Angle
(deg)

All sources 1.58± 0.04 0.54± 0.01 61± 2
Red sources 1.92± 0.04 0.56± 0.01 61± 1
Blue sources 1.42± 0.1 0.51± 0.02 61± 2

Table 2.1: Parameters from the radial and angular best fits for the full sample of
point sources, the red subsample, and the blue subsample.

As expected, the red population has a greater ellipticity, reminiscent of the in-

terpretation that that these GCs are primarily formed within the galaxy cluster and

will more closely match the shape of the galaxies. The bluer population of GCs is

less elliptical, which is consistent with the view that it has a higher proportion of

accreted objects. The position angle of the semimajor axis is consistent between the

two populations.

2.6 Comparison to A2744

A2744, another massive strong lensing galaxy cluster whose GCs have been intensively

studied, has a redshift of 0.308, corresponding to a lookback time of 3.5 Gyr. In Figure

2.12, we compare the absolute magnitude of the RXJ 2129 GC candidates to those

in A2744, determined by Harris and Reina-Campos (2023). The A2744 population
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reaches higher-luminosity GCs, likely as a consequence of being a more populous

system and having a younger stellar population by ∼ 0.6 Gyr. On the other hand,

dimmer luminosities are achieved in RXJ 2129. The mean colors for the three indices

are displayed in Table 2.2; good agreement is seen between the two sets of data. The

rms scatters around 0 in the three color indices average 118 for RXJ 2129 and 191

for A2744.

System (F115W-
F200W)

(F150W-
F200W)

(F115W-
F150W)

N

RXJ 2129 0.05± 0.01 −0.20± 0.01 0.25± 0.01 797
A2744 −0.027± 0.003 −0.219± 0.004 0.193± 0.004 5281

Table 2.2: Mean K-corrected color and error on the mean for RXJ 2129 and A2744
(Harris and Reina-Campos, 2023) objects brighter than F150W0=-12.

RXJ 2129 has 797 objects brighter than F150W0 = −12, only a fraction of the

population observed in A2744. To enable a fair comparison, we randomly select a

subsample of 797 objects from A2744. The color-magnitude diagrams and luminosity

functions for both RXJ 2129 and this matched A2744 sample are shown in Figure

2.13. We note that our observations sample only the brightest end of the GC lumi-

nosity function (GCLF), well above the turnover point. The GCLF turnover is nearly

universal at 105L⊙ (corresponding to M150 = −8.3), with only a weak dependence on

host galaxy mass (Harris et al., 2014). With a completeness limit of F150W=29.5, or

M150 = −10.8, our luminosity limit is around 106L⊙, meaning we are only detecting

the most luminous GCs.

In Figures 2.14 and 2.15, we show predicted color-metallicity and luminosity-age

relations for GC populations of different ages and metallicities. These are generated

using the PARSECv1.2S CMD3.7 single-burst stellar population models2 (Bressan

2https://stev.oapd.inaf.it/cgi-bin/cmd_3.7
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Figure 2.12: Color-magnitude diagram of point sources in RXJ 2129 and Abell 2744
(Harris and Reina-Campos, 2023).

Figure 2.13: Color-magnitude diagram of point sources in RXJ 2129 and A2744 for
797 objects (left) and number of objects observed in 0.25 mag bins in F150W0

(right).
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Figure 2.14: Predicted color-metallicity relations from the PARSEC CMD3.7
single-burst stellar population models. Colors and linestyles indicate the assumed
ages and color indices (AB magnitudes). Grey lines indicate the mean color of RXJ
2129 GCs, as reported in Table 2.2, with shaded regions indicating the errors on the

mean.

et al., 2012). We can see that color (plotted in AB magnitudes) is fairly insensitive

to age in these filters. Gray lines in Figure 2.14 mark the intersection between the

observed colors and the predicted color-metallicity functions; the mean metallicity of

the RXJ 2129 GCs above F150W0 = −12 is estimated to be [M/H]∼ −0.4. We put

the most reliance on the F115W-F200W filter, as it has the strongest relationship

with metallicity. This value agrees with A2744 within the combined uncertainties of

the photometry and the K-corrections.

Figure 2.15 shows that the relative evolution in luminosity with age is only weakly
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Figure 2.15: Predicted luminosity-age relations from the PARSEC CMD3.7 models.
Colors and linestyles indicate the assumed metallicity and NIRCam filter. Shaded
regions show the expected age range of GCs in RXJ 2129 (purple) and Abell 2744

(green).

dependent on metallicity or filter choice, indicating that these bands are well-suited

for comparing GC populations across different redshifts. Assuming an age range of

2-3 Gyr (as observed in Milky Way GCs, e.g. Leaman et al. (2013)), beginning ∼0.5

Gyr after the formation of the galaxy cluster, we highlight this interval as shaded

regions in Fig 2.15 to represent the plausible age range of the GC populations.

The GCs of Abell 2744 and RXJ 2129 have very similar CMDs, luminosity func-

tions, and metallicity within our completeness limit. The similarity despite their

difference in lookback time is consistent with the idea that these populations formed

at similarly early epochs, and have undergone little subsequent evolution besides a

35

http://www.mcmaster.ca/
https://www.physics.mcmaster.ca


M.A.Sc. Thesis – K. Keatley; McMaster University – Physics and Astronomy

gradual decrease in luminosity over the additional 0.6 Gyr. A comparison over a

larger range of ages would be possible if local GC systems were imaged in the JWST

near-infrared wavelengths.

2.7 Summary and Conclusions

In this study, we have resolved and analyzed the population of GCs in the galaxy

cluster RXJ 2129 at a redshift of 0.234. We conducted photometry on three images

of RXJ 2129 from JWST NIRCam and found 2720 GC candidates that appeared in the

F115W, F150W, and F200W filters. We explored the completeness and photometric

limits of our measurements by inserting artificial stars and fitting with a logistic

regression function. Weighted by the inverse recovery probability of each object, our

projected count is 3160± 60 GCs brighter than F150W = 29.5.

We have analyzed the radial and angular distribution of GCs from the center of

the BCG, and compared to radial models of the surface brightness and total mass

distribution predicted by previous studies on RXJ 2129. The distribution of the GCs

around the BCG follows a radial power law with an index of 1.58 ± 0.04. We also

determined the ellipticity of the GC distributions and position angle of the semimajor

axis to reflect the shape of the BCG. When divided into a red and blue population,

the redder GCs have a steeper power-law fit and a greater ellipticity. They are more

centrally concentrated than their bluer counterparts, agreeing with predictions that

redder GCs are primarily formed in situ while bluer GCs are primarily accreted.

Our future goals are to compare the spatial distributions of the GCs in two dimen-

sions to the total mass distribution. Using gravitational lensing maps, we can probe

the gravitational field of the cluster, leading to further evaluation of the strength of
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GCs as a tracer for dark matter in galaxy clusters.

RXJ 2129 can be added to the growing series of giant galaxies in lensing clusters

whose GCs can now be studied with deep JWST imaging. It will soon be possible

to study such systems over lookback times extending up to 6 Gyr and beyond, and

build up an observationally based picture of GC system evolution.
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Chapter 3

Conclusion

3.1 Summary and Conclusions

Relics of high-pressure star formation in the early universe, GCs at all redshifts are

treasure troves of information. In the local universe, resolved photometric and spec-

troscopic studies have explored unique chemical signatures, kinematics, and subpopu-

lations. Our understanding of GC formation and evolution, however, remains largely

theoretical, since the conditions required to form YMCs are disfavoured at later times.

With JWST’s remarkable resolving power, GC studies are entering a new era: ob-

servations can now be extended to intermediate redshift. Further understanding of

these star clusters and their undiscovered potential requires the slow and steady ac-

cumulation of data on intermediate redshift systems.

In Chapter 2, I presented an in-depth photometric analysis of the galaxy cluster

RXJ 2129 at redshift 0.234. Using the daophot software within IRAF, I built a

PSF for each filter, isolated point sources, and assessed the photometric limits and

completeness using artificial star tests. I identified 2720 candidate GCs brighter than
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F150W= 29.5. After excluding uncertain detections and weighting the remaining

objects by the inverse of their recovery probability, my projected count is 3160± 60.

I constructed CMDs and compared to Abell 2744, finding good agreement in both

mean colour and luminosity range. I thoroughly investigated the spatial distribution

of GCs around the BCG of RXJ 2129 in both radial and azimuthal dimensions.

The population follows a radial power-law profile with a power-law index of α =

1.58 ± 0.04; this is steeper than the total mass profile inferred from strong lensing.

The distribution of GCs – like the BCG – show considerable ellipticity. I find an

ellipticity of 0.54± 0.01: comparable but slightly smaller than previous estimates for

the BCG.

The relation between NIRCam colour indices and metallicity is shallow, making it

difficult to confidently determine average metallicity or to separate subpopulations.

Nonetheless, armed with our knowledge on red and blue subpopulations of GCs in

the nearby universe, I divide the sample into red and blue halves and re-examine

their spatial distributions. I find significant difference between the two subsamples;

the power-law indices differ at the 5σ level and ellipticities at 3σ. Position angles

are consistent, as expected from a well-mixed, virialized system. Overall, the redder

GCs are more centrally concentrated and have a more elliptical distribution around

the BCG, while the bluer GCs have a wider and more circular distribution. This is

consistent with the behaviour of metal-rich and metal-poor GCs described in Section

1.2.
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3.2 Future Work

As JWST images pour in, more and more galaxy clusters await photometric analysis of

their GC populations. Building comparable datasets for lensing clusters over a range

of redshifts will allow us to trace the systematic evolution of the GC population in

the CMD. A challenge arises: JWST near-infrared filters are used for GC populations

z ≳ 0.05, while HST optical filters are used in the nearby universe. It is possible to

compare CMDs of different colour indices using transformations from stellar models

(e.g. PARSEC), though it introduces errors. Ideally, we would have consistent filter

coverage is available across epochs. As a start, we need to image a nearby galaxy

cluster with a rich GC population with JWST.

Multi-wavelength photometry will enable spectral energy distribution (SED) fit-

ting and new derivations of GC metallicity and age. This has been demonstrated

for GC populations by Faisst et al. (2022), Hartman et al. (2025), and Kim et al.

(in prep). For RXJ 2129, Jiménez-Teja et al. (2024) performed SED fitting on the

ICL light using JWST+HST images; additional JWST bands would allow the same

analysis to be applied to its GCs. Compared to colour indices alone (as in this work),

SED fitting yields far more reliable metallicity estimates.

Finally, the next exciting frontier is the use of GCs to probe dark matter and

galaxy assembly. Spatial distribution of GCs across the field can be compared with

the gravitational potential as derived from lensing maps. This will also need to

be performed for a range of target fields and redshifts. Upcoming work by Reina-

Campos et al. (in prep) will compare GC distribution with the total projected mass

of galaxy clusters through a probabilistic analysis, laying important groundwork. For

a qualitative sneak peek, see Fig. A.2, where GC spatial density contours are plotted
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on top of total mass surface density for Abell 370. As the capabilities of our telescopes

grow, so too does the wealth of usages for GC systems in understanding the evolution

of galaxy clusters and the broader universe.
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Appendix A

Abell 370

This Appendix chapter considers Abell 370 – another massive strong lensing galaxy

cluster. While RXJ 2129 does not currently have 2-dimensional lensing maps, Abell

370 does. I take this opportunity to demonstrate a proof of concept – that the GC

distribution does indeed correlate well with the dark matter halo. Future work will

expand this quantitatively as outlined in Section 3.2.

Abell 370 has two BCGs, making it a more complex system than RXJ 2129. At

redshift 0.375, Abell 370 has a lookback time of 4.1 Gyr. Its luminosity distance is

2.07 Gpc. Abell 370 sports a collection of strong and weak lensing studies on its mass

distribution, including Richard et al. (2010); Lagattuta et al. (2017); Diego et al.

(2018); Strait et al. (2018); Gledhill et al. (2024).

We use NIRCam images in the filters F090W, F115W, F150W, and F200W. The

image scale is 0.02 ”/px. The photometric procedure for processing the images and

isolating point sources is the same as for RXJ 2129, outline in Section 2.2. Appendix B

provides more detail. The CMD of point sources in Abell 370 is shown in Fig. A.1. A

similar analysis as we’ve described for RXJ 2129 could be performed for completeness
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testing, spatial and azimuthal distribution of Abell 370’s GCs, and subpopulations.

In Fig. A.2, we overlay GC spatial density contours on the convergence (κ) map

produced by Strait et al. (2018). For a source at z = 9, κ is the projected surface mass

density scaled by a critical surface density, which depends on the relative distances

between the observer, lens, and source. Strong lensing is possible where κ ≥ 1. The

peaks in both GC spatial density and dark matter projected surface density align

well with the two BCGs, and align very well with each other! Future work will

quantitatively evaluate this by generating a hypothetical GC population from the

lensing map and comparing it to the observed population.

Figure A.1: Colour-magnitude diagram of point sources within 2000px of either of
Abell 370’s BCGs. Magnitudes are AB magnitudes, corrected for cosmological K

correction and foreground reddening.
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Figure A.2: Convergence (κ) map of Abell 370 lensing models produced by Strait
et al. (2018). Contours are GC spatial density, representing a total of 3300

candidates.
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Appendix B

Photometry with IRAF

In this section, I discuss the photometry process in more detail, including building

the PSF, isolating point sources, and correcting magnitudes with DAOPHOT.

B.1 PSF

Figure B.1: Profiles of a bright foreground star (left) and a dim foreground star
(right) in the interactive window of the psf program within DAOPHOT.

Building the PSF is a crucial step in doing successful photometry. The pstsel
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Figure B.2: PSFs constructed using foreground stars in the field of RXJ 2129.
PSFs from left to right are for the F115W, F150W, and F200W filters, respectively.

function in DAOPHOT takes in the finding list of objects and returns the ones that are

the most stellar-like (alternatively an existing list of star coordinates can be input).

The psf function then compiles the PSF using the profile of accepted stars. The psf

program runs through five possible models and chooses the best fit: gaussian, lorentz,

moffat15, moffat25, penny1, or penny2. The interactive window allows the user to

inspect the profile of each star before accepting it. PSF stars should be isolated and

unsaturated. Examples of two accepted stars are shown in Fig. B.1. Compiled PSFs

for RXJ 2192 in each filter are shown in Fig. B.2; diffraction spikes are visible in all

three.

B.2 Isolating point sources

In section 2.2, I refer to chi andmerr parameters that are returned along with sharp of

selected objects from allstar. While sharp is the primary parameter used in selecting

point sources, the others are useful in the initial steps.

Fig. B.3 and Fig. B.5 show merr, sharp, and chi parameters plotted against
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magnitude for RXJ 2129 and Abell 370. The left panels are all objects that are

returned by allstar ; the right panels highlight accepted point sources in black and

pink. The accepted lists went through many iterations and required some trial and

error. RXJ 2129 posed an additional challenge, because the bright and noisy BCG

light interfered with detections in the innermost region. Visual inspection, while

tedious, is sometimes useful. Points within the ellipse shown in Fig. B.4 were visually

identified as GC candidates and allowed some leniency in their sharp value. This was

not necessary for Abell 370 thanks to the greater depth of the images. Quadratic

limits on positive and negative sharp values often work well as there is a greater

degree of scatter for fainter objects. I ultimately choose to use a quadratic cut on

positive values of sharp and a linear cut as the lower limit. chi (χ2 of the PSF fit for

each object) was given an upper limit in all filters.

B.3 Magnitude correction

.als magnitudes are converted into instrumental magnitudes using Equation B.3.

Aperture photometry was originally performed with a small aperture: aperture ra-

dius of 3px, sky annulus with inner radius of 10px and width of 5px. This captures

the centre of the stellar profile while missing the wings. We use a larger aperture to

capture the wings of the PSF out to 10px, then extrapolate to infinity. A radius aper-

ture is performed with a sky annulus inner radius of 60px and width of 10px. This

correction term, ∆m, is determined by plotting the difference in magnitude between

the small and large aperture photometry against the 3px aperture magnitude (Fig.

B.6, Fig. B.7).

Next, the PSF wings are extrapolated using the encircled energy curves provided
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Figure B.3: merr, sharp, and chi of RXJ 2129 candidate objects. The left column
shows all objects return by allstar (39,650 objects); the right column shows

accepted point sources in black and pink points (3969 objects).
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Figure B.4: Coordinates of all objects (green) and point sources (black) clustered
around the BCG. The pink circle shows the area in which independent criteria was

used to identify point sources.

in the JWST documentation (see Section 2.2 for link). The encircled energy fraction

(EEF) at an aperture radius of 10px is taken for each filter, and contributes the

following correction factor:

mEE = 2.5 logEEF (B.3.1)

The correction factor to convert from DAOPHOT allstar output magnitudes to AB

magnitudes is given by:

mcorr,λ = 2.5 log (1000 s)−∆m+mEE + ZPAB − ZPdaophot − kλ − Aλ (B.3.2)
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Figure B.5: merr, sharp, and chi of Abell 370 candidate objects. The left column
shows all objects return by allstar (8029 objects); the right column shows accepted

point sources in black points (3299 objects).
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Figure B.6: delta m vs apparent magnitude from allstar for foreground stars in the
field of RXJ 2129

Figure B.7: delta m vs apparent magnitude from allstar for foreground stars in the
field of Abell 370

where Aλ is the galactic extinction, kλ is the cosmological K-correction, ZPAB

is the zeropoint for AB magnitudes, and ZPdaophot is the daophot zeropoint (25 by

default). ZPAB depends on the units of the image in question; RXJ 2129 images are

in units of MJy/sr, while Abell 370 images have been converted into units of nJy

(BUNIT in image header).
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Galactic extinction for each galaxy cluster (extrapolated to our wavelengths) is re-

trieved from the NED database (Schlafly and Finkbeiner, 2011). Aλ and kλ terms are

listed in Table B.1 for both RXJ 2129 and Abell 370. In the initial photometry steps,

we scaled each image by a factor of 1000 for ease of processing. The 2.5 log (1000 s)

term in Equation B.3 corrects for scaling.

For images in units of MJy/sr, the zeropoint is given by:

ZPAB = −6.10− 2.5 log (PIXAR SR[sr/px])1 (B.3.3)

where PIXAR SR is the keyword for pixel size found in the FITS header.

System Filter Aλ K
F115W 0.0396 -0.137

RXJ 2129 F150W 0.0257 -0.130
F200W 0.0166 -0.370
F090W 0.0436 -0.068

Abell 370 F115W 0.0250 -0.227
F150W 0.0155 -0.198
F200W 0.0109 -0.454

Table B.1: Galactic extinction and cosmological K-corrections for relevant JWST
NIRCam filters

Magnitudes are converted to absolute magnitudes for comparisons between galax-

ies:

(m−M)λ = 5 log
dL
10pc

(B.3.4)

This assumes the K-correction was applied previously. Otherwise, it must be

applied here.

1https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-absolute-
flux-calibration-and-zeropoints
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B.4 Marking objects on a coloured image with ds9

Pyraf uses tvmark to mark objects on an image. Making a colour image, however,

is done entirely in ds9. Circles or other markers are added to an image in ds9 using

“regions”. A .reg file looks something like this:

physical;circle(100,1000,3) #color=magenta

physical;circle(342,2800,3) #color=magenta

Shape and colour can be adjusted, and coordinates are input in the form circle(x

coordinate, y coordinate, marker radius). Thickness cannot be adjusted, but

you can make markers appear thicker by layering markers with varying radii (e.g. two

circles with the same coordinates, one with radius 7 and the other 7.5).

Finally, a warning for first-time users working on small laptops; “scale parameters”

is used to set the minimum and maximum pixel values on an input image. It is near

the bottom of the dropdown menu for “scale”. If you are working on a smaller laptop,

like me, this option may be cut off your screen, and there is no scroll bar or zoom

settings for the ds9 window. I recommend making colour images with a monitor (or

lower your resolution if you want to be sneaky).
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