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Abstract
This thesis aims to better constrain the high-mass end of the globular cluster system

- halo mass (MGCS−Mh) relation. This relation between the total mass contained in the

globular clusters in a galaxy and the mass of its dark matter halo has been found to be

nearly linear. The measured mass ratio between MGCS and Mh, defined as η, has been

found to be constant over a large range of galaxy masses, however there is comparatively

less data for galaxies with dark matter halo masses Mh > 1013M�. This research

analyzes the globular cluster systems (GCSs) of a sample of eleven high-mass brightest

cluster galaxies (BCGs) through the use of the photometry program DOLPHOT on

Hubble Space Telescope (HST) images in the F814W filter. The mass of the galaxies’

GCSs were calculated from their GC radial distributions, and the dark matter halo

masses were determined from the known relationship between total stellar mass and

halo mass for BCGs. This research utilizes a new standardization technique to calculate

the size of the GCS based on the galaxy’s virial radius. These GC and halo masses

were then compared to determine η at this high-mass end, which was found to be η =

(6.84± 0.10internal± 1.37external)× 10−5. When adding the sample BCGs to a catalogue

of 303 lower-mass galaxies a total value for η was found to be η = (2.99± 0.06)× 10−5,

which is within the literature range for of η, and is both slightly higher and has a reduced

uncertainty compared to the value for the catalogue galaxies alone which was found to

be η = (2.87 ± 0.11) × 10−5. This consistency between the η-values of high-mass and

lower-mass galaxies implies that in order for these BCGs to have such massive GCSs, a

large proportion of these GCs must be accreted from galaxy mergers at late redshift.
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Chapter 1

Introduction

1.1 Globular Clusters

Globular clusters (GCs) are roughly spherical, gravitationally bound groups of an-

cient stars found in the haloes of galaxies. Compared to other types of star clusters,

such as young massive clusters (YMCs) or open clusters, GCs are older, containing num-

bers of stars on the order of104 � 107 (Beasley 2020). GCs are also some of the oldest

structures observed in the universe, and can be up to 13 billion years old (VandenBerg

et al. 2013), making them very useful as tracers of galaxy formation mechanisms at high

redshift. The total number of GCs in a galaxy, referred to as the GC system (GCS),

varies with the size of the host galaxy, where a galaxy the size of the Milky Way can have

a hundred or more GCs, dwarf galaxies may only have a handful, and extremely massive

brightest cluster galaxies (BCGs) can have as many as 10s of thousands (Beasley 2020).

Although our understanding of how GC formation relates to dark matter content

in early galaxy formation is still being explored, the current theories of GC formation

mechanisms generally agree on two main groups of models: GC formation as a natural

byproduct of active star formation at high redshifts, and GC formation associated with

special conditions in low-mass dark matter halos. For the �rst model of GC formation, it

is understood that the conditions in gas-rich galaxies at high redshift would be favourable
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to GC formation due to the high gas pressures in the turbulent ISM. This allows for

high maximum mass scales for gravitational collapse, which would in turn enable the

formation of giant molecular clouds (GMCs) that are able to overcome shear, centrifugal

forces, and feedback. A certain fraction of these clouds would then have pockets of gas

and dust collapse to then form massive clusters of stars, which due to the highly turbulent

and high-pressure environment present at high redshift, results in these massive clusters

having high masses and densities, thus allowing them to remain gravitationally bound

for over a Hubble time, as we observe (Li and Gnedin 2014, Boylan-Kolchin 2017, Reina-

Campos and Kruijssen 2017, Howard et al. 2018, Choksi and Gnedin 2019, Lahén et al.

2020, Lim et al. 2020).

The second group of theories of GC formation is linked to dark matter halo

assembly, and is much less consistently agreed upon than GC formation as a byproduct

of star formation. There are several di�erent ways to approach this, and all still remain

relatively qualitative, with more work needed to develop them. Most of these works focus

on potential GC formation within dark matter mini-halos with characteristic masses on

the order of 108M � . The earliest work on this topic comes from Peebles and Dicke

(1968), which argued that GCs formed as gravitationally bound gas clouds that pre-

dated the formation of their host galaxies. Another one of these theories comes from

Trenti et al. (2015), who proposed that mergers of these mini-halos which are gas-rich

and star-free can lead to shock-induced compression and formation of star clusters in

the central regions of the mini-halos. These star clusters would then be stripped of

the DM "envelope� surrounding them, resulting in the populations of GCs we see in

galaxies today. A more recent take on this school of thought comes from Madau et al.

(2020), which attributes GC formation to a more specialized dynamical model of high gas

pressure star formation that is triggered by high speed collisions between DM subhalos

during the host galaxy formation. These theories of GC formation and evolution are

especially interesting when considering the observational relation that is seen between
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current GC populations and dark matter halos, as is discussed in section 1.2.

An important, fundamental property of GC systems across host galaxies is its

GC luminosity function (GCLF). The GCLF is the number of GCs per unit magnitude

or luminosity within the GCS, and has been found to have a nearly universal log-normal

shape across galaxy masses and morphologies (Harris et al. 2014). Jordán et al. (2007)

and Villegas et al. (2010) also investigated this luminosity function over a large range of

galaxy masses and came to the consistent conclusion that there, indeed, is small variation

in this GCLF. This log-normal distribution is represented in the I-band through equation

1.1, whereL o is the turnover luminosity, � L is the Gaussian dispersion, andNo is a free

parameter constrained by the number of GCs (Harris et al. 2014).

dN
d logL

= Noexp

"

�
(log L � logL o)2

2� 2
L

#

(1.1)

It was found in Harris et al. (2014) that the turnover luminosity for BCGs cor-

responds toM I = � 9:0 quite consistently, and this characteristic of the GCLF can be

very useful in helping determine the number of GCs in a system. This is discussed in

more detail in chapter 2, section 2.3.2.

1.2 MGCS � Mh Relation

It has been known, and discussed in the literature, for several decades now that

there exists a strong relationship between the mass of the globular cluster system of a

galaxy (M GCS ), and the total mass of the galaxy, which is dominated by the dark matter

halo mass (M h) (Blakeslee et al. 1997). Since it was �rst discovered, this result has been

investigated and reproduced multiple times, including by Blakeslee (1999), Hudson et

al. (2014), Harris et al. (2015), and among many others, which will be discussed in the

following subsections. It has been found that this relationship is linear across all types
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of galaxies and mass ranges that have been investigated, taking the form of equation 1.2

(Harris et al. 2017).

h� M i =
DM GCS

M h

E
= 2 :9 � 10� 5 (1.2)

The exact value of� M varies depending on the methods used to determine galaxy

GCS and halo masses or the sample of galaxies used, but has found itself quite consis-

tently in the range of 2:5 � 10� 5 � 4:0 � 10� 5 since 2014 (Harris et al. 2015). A visual

illustration of this � M relationship can be seen in �gures 1.1 and 1.2, both taken from

Harris et al. (2015). As can be seen, the range of galaxy halo masses investigated spans

from 1010 � 1014M � , with noticeably less data available for brightest cluster galaxies

(BCGs) above 1014M � comparatively.

1.2.1 Observational History of The MGCS � M h Relation

Research on this mass relation was �rst done by Blakeslee et al. (1997) and Blakeslee

(1999), in which 24 giant galaxies in Abell clusters were investigated, and had the number

of GCs determined using a similar photometry method as this research (see chapter 2),

but determined the galaxies' total masses, dominated by dark matter, through halo X-ray

temperature or velocity dispersion. This research showed that a direct relation between

NGC and M h existed with a nearly constant ratio between the two values, but due to

the restrictiveness of the sample used, with this study only probing massive galaxies in

rich clusters, it could not be applied to all galaxies generally.

The next major step in expanding our understanding of this relation came a

decade later by Spitler et al. (2008), who used a sample of 25 giant galaxies, of a wider

range of masses and environments than Blakeslee et al. (1997), again showed thatNGC

and M h had a nearly constant ratio. This work was then continued soon after by Spitler

and Forbes (2009) with a sample of over 100 galaxies, and for the �rst time changed
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Figure 1.1: M GCS vs M h for what was determined to be the �best�
sub-sample of 175 galaxies. The green line represents the� M prediction
from Kravtsov and Gnedin (2005), and the shaded region represents the
mass range at whichM GCS values are too small to be reliable. Reprinted
by permission of the AAS and the authors of W. E. Harris et al. (June
2015). Dark Matter Halos in Galaxies and Globular Cluster Populations.
II. Metallicity and Morphology. Astrophysical Journal 806(1) 36, 36.

the focus of the relation from the relationship between the number of GCs and the halo

mass, to that between the mass of the GCS and the halo mass. This shift to comparing

masses was particularly interesting due to the fact that average GC mass is not constant

across galaxies, but increases slightly with total galaxy luminosity (Harris et al. 2017),
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Figure 1.2: Ratio of M GCS to M h plotted against M h for what was
determined to be the �best� sub-sample of 175 galaxies. The green line is
a binned running median� , and the magenta circles are BCGs. Reprinted
by permission of the AAS and the authors of W. E. Harris et al. (June
2015). Dark Matter Halos in Galaxies and Globular Cluster Populations.
II. Metallicity and Morphology. Astrophysical Journal 806(1) 36, 36.

as is shown in equation 2.3 in section 2.3.2.

Georgiev et al. (2010) continued to expand the total number of galaxies inves-

tigated by determining the NGC for dwarf galaxies that they had worked with previ-

ously, along with other galaxies from the literature, and also determined these galax-

ies' stellar and gas masses. Using these values, they de�ned the speci�c GCS mass as

SM = M GCS =(M ? + M gas), where here the denominator represents the baryonic mass

of the galaxy. Georgiev et al. (2010) then used both dynamical mass measurements of

dwarf galaxies and galaxy group dynamics to convert theirSM to � = M GCS =Mh .

These previous samples of galaxies in the literature were then combined by Harris

et al. (2013) into a catalogue ofNGC data from 419 galaxies in total, and was used to
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calculate M GCS for those that had not taken the step already to convert numbers of

GCs to masses of the systems. This was followed closely by Harris et al. (2014) which

then used the same method discussed in section 2.4 to determine the halo masses for

the galaxies in the previous catalogue, to determine a value for� based on a more broad

and numerous sample than was done previously. Harris et al. (2015) then used the 2013

catalogue to determine the role galaxy morphological types and GC metallicity have on

� , �nding there is no �rst-order dependence on morphology, and that the mass relation

still holds for both metal rich and metal poor GC subpopulations, although with di�ering

� -values;M GCS;blue � M 0:96
h for metal-poor and M GCS;red � M 1:21

h for metal-rich (Harris

et al. 2015).

Harris et al. (2017) again investigated the M GCS � M h relation for extreme

situations, this time for galaxy clusters and for Ultra-Di�use Galaxies (UDGs) in the

Coma cluster. They also took the opportunity to re-calibrate the � ratio to obtain an

average value across galaxies ofh� i = 2 :9� 10� 5, and an average value for galaxy clusters

to be slightly higher at h� i = 3 :9 � 10� 5. They also found that the UDGs investigated

had � -values consistent with the overallM GCS � M h relation.

This mass relation was extended to GCS and dark matter halo sizes by Hudson

and Robison (2018), which looked at radial density pro�les of GC systems around galax-

ies in group environments. Nine galaxies in four groups were studied, and when combin-

ing their results from those from the literature discussed above, they found a steep, yet

non-linear, relationship between the e�ective radius of the GCS (Re;GCS) and the virial

radius of the halo (R200). This relation was found to take the form Re;GCS / R(2:5� 3:0)
200 .

This work showed that the relationship between the GC system of a galaxy and its dark

matter halo is connected in multiple ways.

Prior to this point in the literature, few galaxies with halo masses less than

1010M � have been investigated and applied to this mass relation, as is apparent in

7



Master of Science� Veronika Dornan ; McMaster University� Department of Physics
and Astronomy

�gure 1.1. This is in part due to the fact that methods of determining dark matter halo

mass based on weak lensing used in previous works cannot be reliably applied to dwarf

galaxies, so Forbes et al. (2018) determines new halo masses from HI gas kinematics for

a sample of dwarf galaxies. They found that theM GCS � M h relation held for dwarf

galaxies with masses down to109M � , although with much more scatter than for higher

masses, assuming these galaxies hosted GCs as some studied did not.

Most recently, Prole et al. (2019) studied 175 low surface-brightness (LSB) galax-

ies in the Fornax cluster which, similarly to dwarf galaxies, cannot have weak lensing

based methods applied to them to determine halo mass due to the low number of LSB

galaxies available since weak lesnsing is a stacking measurement. Instead, this was the

�rst instance in which the M GCS � M h relation was applied to determine a sample of

galaxies' halo masses from their GCS masses, showing how useful this relation can be as

it is better constrained for all mass ranges.

1.2.2 Theoretical History of The MGCS � M h Relation

Theoretical literature contributions to the the M GCS � M h relation have also been

made relating what is known about the relation to theories of GC and early galaxy

formation, the earliest of these contributions being Diemand et al. (2005) and Moore

et al. (2006). In these works the authors used high-resolution cosmological N-body

simulations to �nd a relation between amount of material collected in high-� peaks

and the mass of the virial halo for galaxies at very high redshift (z � 12), in which the

amount of material increases by roughlyM 1:2
h . These high-� peaks in which the material

is collected should be the places where proto-GCs begin to form, and because of this the

very old, metal-poor GC populations should increase with host galaxy halo mass.

At the same time, Kravtsov and Gnedin (2005) also looked at the relation be-

tween GC formation and early galaxy formation for a Milky Way-type galaxy start-

ing at roughly the same redshift as the previous work which was discussed, using a

8
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high-resolution hydrodynamic simulation. Although this simulation did not resolve in-

dividual GCs, potential sites of GC formation were identi�ed as cores with densities

above 1M � pc� 3 in the emerging giant molecular clouds (GMCs). The results of this

work �nd that the total GCS masses relate to the masses of the host subhalos following

the form M GCS � M 1:13� 0:08
h , taken from the range of simulated halo masses between

6 � 109M � � 3 � 1011M � .

These simulations have provided theoretical evidence supporting the linearity of

the M GCS � M h relation, however the results of the simulation done by Bekki et al. (2008)

did not agree with this. In this work the authors aimed to �nd GCs at formation times

using a cosmological simulation by de�ning proto-GCs as central particles in virialized

sub-halos. This simulation was applied to multiple model galaxies of varying sizes, and

yielded a scaling relation between number of GCs and halo mass of the formNGC � M 1:3
h ,

which is steeper than the results of other work on this relation.

After almost a decade, the next substantial theoretical contribution to the un-

derstanding of the M GCS � M h relation came from El-Badry et al. (2019) and Choksi

and Gnedin (2019), which used analytic and semi-analytic models, respectively, to in-

vestigate the behaviour of the mass relation, and to determine the conditions required

to form these GC systems. Both works found that theM GCS � M h relation was overall

linear, but more sensitive to GC formation processes for galaxies withM h . 1011:5M � ,

with Choksi and Gnedin (2019) �nding that below this mass the relation is steeper than

directly proportional. Choksi and Gnedin (2019) also found that the contribution of ac-

creted satellite galaxies to the GC systems is a strong function of the host galaxy mass,

from 0% on the low mass end, to as high as80% for the highest masses.

The next theoretical contribution was that of Bastian et al. (2020) who created a

simulation of a cosmological volume using E-MOSAICS which considered GC formation

and evolution within a detailed galaxy formation model. E-MOSAICS is a suite of
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galaxy formation simulations run with the EAGLE model that include the MOSAICS

semi-analytic model for star cluster formation and evolution (Pfe�er et al. 2018). From

this model, which they used to look at the GC populations of 1707 simulated galaxies

with halo masses above108M � , they found that the M GCS � M h relation remained

linear, with � � 5 � 10� 5, for galaxies with halo masses above� 5 � 1011M � , and that

below this mass they predict a downturn in the mass relation.

The most recent research into this mass relation comes from Doppel et al. (2021),

who used the Illustris simulation to determine how accurate GC-based halo mass esti-

mates are, like those done by Prole et al. (2019), discussed in section 1.2.1. This research

focused on galaxies with stellar masses between108 � 1011:8M � which were identi�ed in

9 simulated Virgo-like clusters, and found that GC-based halo masses estimated were,

on average, reliable for systems with at least 10 GCs. This result is promising for the

use of theM GCS � M h relation in the future.

1.3 M? � Mh Relation

One of the reasons why theM GCS � M h relation is so compelling and unique to

GCs in particular, is the fact that another strong M h relationship, that links total stellar

mass and halo mass is decidedly non-linear. This relation is shown visually in �gure 1.3

(Hudson et al. 2015), and the di�erence in shape can be seen clearly when compared

to �gure 1.2. This relation is also shown mathematically in equation 1.3, whereM 1 is

a characteristic halo mass,f 1 is the stellar mass - halo mass ratio at the characteristic

mass, and� and 
 are �tting parameters (Hudson et al. 2015). Equation 1.3 can be

seen again in chapter 2, section 2.4, with values determined for those parameters from

Harris et al. (2020).

M ?=Mh = 2 f 1

"
� M ?

M 1

� � �
+

� M ?

M 1

� 

#� 1

(1.3)
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Figure 1.3: M ?=Mh vs M ? determined using weak-lensing of a range
of galaxies in the CFHT Legacy Survey. The legend refers to galaxy
redshifts and galaxy stellar population metallicity. Reprinted from M. J.
Hudson et al. (Feb. 2015). CFHTLenS: co-evolution of galaxies and their
dark matter haloes. Monthly Notices of the Royal Astronomical Society
447(1), 298�314.

This M ? � M h relation holds strongly for high-mass galaxies, particularly for

BCGs like those being investigated in this research (see chapter 2). This means that

equation 1.3 can be used to reliably determine the halo masses of massive galaxies when

their total stellar masses are known. It should be noted here that, although this relation

is straightforward when applied to BCGs such as those in this research, when it is applied

to a satellite galaxy in a group or cluster this relation will yield a mass closer to the

M h the satellite galaxy had before falling into the bigger group and getting partially

stripped. Thus, for satellite galaxies this relation connects the currentM ? to the M h at

the time of origin (Hudson et al. 2015).
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1.4 Motivation of This Research

As can be seen in �gure 1.1, although there are many measurements for galaxies

with halo masses between1010M � and 1013M � , there are far fewer above1013M � ,

and those that are available have a greater amount of scatter around the linear �t of

the relationship. A likely source of this scatter may be the fact that the masses of

these high-mass galaxies have been determined using di�erent photometry techniques,

since they are drawn from multiple catalogues. Another important factor that may be

in�uencing this scatter, particularly the BCGs, is the fact that there is no clear boundary

between GCs associated with BCGs and those associated with the intracluster medium

surrounding these galaxies, and as such, di�ering catalogues may de�ne di�erent GCS

boundaries for BCGs. No single, consistent procedure has been applied to determining

M GCS values for these bright galaxies and the behaviour of� M at these high masses needs

to be better constrained in order to determine if this relationship holds as strongly for

extremely high-mass galaxies as it does for those with lower halo masses.

The high-mass end of theM GCS � M h relation could be better understood if

more galaxies with halo masses above1013M � were added, and if more �rmly consistent

methodology was applied to determine both their masses, and the boundaries of their

GCSs. This research aims to do just that, by determining theM GCS and M h using a

uniform technique for a sample of BCGs, as will be outlined in section 2. Once the

understanding of how � M behaves in this high-mass range is improved through adding

in this BCG sample to the broader catalogue of galaxies, the results can be compared

to the theory and simulations proposed in the literature, discussed in section 1.2, and

insights may be gained about what this means for massive galaxy formation mechanisms

at high redshift.
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Chapter 2

Methods

In this chapter I will discuss the methods used to obtain the GCS and halo masses

for a sample of eleven BCG galaxies, as well as how these galaxies were selected for

the sample. An overview of the photometry programs used in the research (originally

DAOPHOT, but ultimately DOLPHOT) will also be discussed here, as well as of how

they work.

2.1 The Galaxy Sample

The sample of galaxies in this research were selected with some speci�c consider-

ations in mind. The �rst, and most obvious, was the mass range. Since this research

aims to better constrain the high-mass end of theM GCS � M h relation, only galaxies

with halo masses on the order of1013M � or higher are of use. The second consideration

was consistency, since an ideal sample would have images of each of the galaxies taken

with the same instruments, in the same �lter, and ideally would have similar exposure

times, similar distances and be located in similar areas of the sky.

With these considerations taken into account, an appropriate sample of galaxies

was determined to be those in HST proposal ID 10429 (Blakeslee 2004). This proposal for

images to be taken of a sample of galaxies was originally for the purpose of determining
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the galaxies' surface brightness �uctuation distances in order to calculate their infall to

the Shapley Supercluster. Although that is not related to this research, the nature of

the work done by Blakeslee required massive galaxies within the sample supercluster, so

this sample is made up of exclusively brightest cluster galaxies (BCGs), relatively close

to one another in the sky, ideal for this research. Because these galaxy images were

taken in a single HST observing program, they were all taken with the ACS camera

on-board the HST, in the same near-IR �lter (F814W), and are readily available on the

HST archive. This proposal was also for eleven galaxies, which was also found to be an

appropriate size given the time constraints of this work.

Below, in table 2.1, is a list of the target galaxies, their galactic latitudes (b),

longitudes (l), extinction in F814W, distance moduli in F814W calculated from the

galaxies' CMB velocity and Hubble distance (Ho = 70km=s=Mpc), and their total visual

magnitudes. Figure 2.1 shows the HST archive reference images of the galaxies in this

sample, for a visual representation. Due to these galaxies being close to one another in

the sky, the same Hubble Frontier Field, HFF4, was able to be used for all of the images

to determine background object density to be removed from the density distributions of

the galaxies, although that will be discussed in more depth in section 2.3.1.

Target Name l b A I (m � M )I M T
V texp(s)

J13481399-3322547 316.35° 28.01° 0.082 36:335� 0:0033 -21.67 21081.0
J13280261-3145207 311.96° 30.47° 0.079 36:446� 0:0045 -22.00 35550.0
J13275493-3132187 311.97° 30.69° 0.076 36:839� 0:0039 -23.30 35550.0
J13272961-3123237 311.89° 30.85° 0.088 36:679� 0:0037 -23.30 35550.0

ESO 509-G067 314.69° 34.75° 0.103 36:023� 0:0091 -23.30 18567.0
ESO 509-G020 312.83° 34.81° 0.086 35:957� 0:0073 -23.26 18567.0
ESO 509-G008 312.47° 34.78° 0.080 36:031� 0:0042 -22.97 18567.0
ESO 444-G046 311.99° 30.73° 0.076 36:635� 0:0044 -24.80 35426.1
ESO 383-G076 316.32° 28.55° 0.083 36:223� 0:0039 -24.24 21081.0
ESO 325-G016 314.72° 23.64° 0.123 36:214� 0:0035 -22.34 18882.0
ESO 325-G004 314.08° 23.57° 0.092 35:958� 0:0042 -23.25 18882.0

Table 2.1: List of target galaxies with galactic latitude, longitude, ex-
tinction in the F814W �lter, distance modulus in the F814W �lter, and
total visual magnitude.
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Figure 2.1: HST reference images for the galaxies in this research sam-
ple.
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2.2 Photometry Programs

In order to identify GCs in the target images, we needed to use a photometry

program which would analyze a combined image from the HST archive, and return all of

the star-like objects in the image along with important characteristics of those objects,

namely their positions and magnitudes. There are two photometry programs that do

this well, DAOPHOT, created by Peter Stetson (Stetson 1987), and DOLPHOT, created

by Andrew Dolphin (Dolphin 2000).

This research originally used DAOPHOT to perform the photometry process on

the �rst galaxy selected in the sample: 2MASX J13272961-3123237. However, I then

switched to DOLPHOT in order to obtain deeper photometric limits on the images,

gain better discrimination of non-steller objects, and to have more consistency across all

images, as DOLPHOT uses the same PSF for a given camera and �lter, which is the

same for all galaxies in this sample. DAOPHOT and DOLPHOT are very similar suites

of photometry programs, with the main di�erence being that DAOPHOT requires more

user input and DOLPHOT does not. DOLPHOT was then used for the remaining target

images in the sample, as well as for a second analysis of 2MASX J13272961-3123237, for

both consistency and for a more accurate analysis of that speci�c target.

2.2.1 Preparing The Images

There are many steps in the process of using DOLPHOT to analyze an image, but

the �rst one is to prepare the image before running DOLPHOT on it. On the HST archive

one can access a series of ACS exposures of the target in the form of raw.flc images,

which are charge transfer e�ciency (CTE) corrected. These exposure images will then

need to be combined into a single, combined,.drc reference image for DOLPHOT with

camera �eld distortion and cosmic ray hits removed. This is done by creating a combined,

multidrizzled image from the .flc exposures using theastrodrizzle function available

through python , which can be downloaded at:https://astroconda.readthedocs.io/
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en/latest/package_manifest.html#/ . This will be referred to simply as �the reference

image�. Below is an example of the process after having downloaded the.flc exposures.

import g lob

from ast ropy . i o import f i t s
from d r i z z l e p a c import a s t r o d r i z z l e

i npu t_ f l c s = g lob . g lob ( ' * f l c . f i t s ' )

a s t r o d r i z z l e . As t roDr i zz le ( inpu t_ f l cs ,
output='combined ' ,
p rese rve=False ,
dr iz_sep_bi ts = '64 ,16 ' ,
dr iz_cr_corr=True ,
f i n a l _ b i t s = '64 ,16 ' ,
c lean=True ,
c o n f i g o b j=None ,
combine_type='median ' ,
combine_nhigh=2,
bu i l d=True ,
f i n a l _ p i x f r a c =1.0 ,
f ina l_wcs=True ,
f i n a l _ s c a l e =0.05)

This will return the reference image for the target. This reference image gives

us the deepest image on which to �nd target objects. DOLPHOT will then measure

this reference image by PSF-�tting on the individual .flc exposures that the reference

image is made of, average their luminosities, and then convert them to the magnitudes

of the objects. This reference image also creates a master coordinate scale across all

the exposures, transforming the (x,y) pixel coordinate locations of the objects in the

exposures to the reference image pixel coordinate scale. Figure 2.2 shows an example of

one of these reference images for 2MASX J13280261-3145207.

The next steps in preparing the images can be done with built-in DOLPHOT

routines. First we must mask any bad pixels and multiply by the pixel area mask, using

17



Master of Science� Veronika Dornan ; McMaster University� Department of Physics
and Astronomy

Figure 2.2: Combined reference image for 2MASX J13280261-3145207,
where the right image is the zoomed in section of the red square in the
left image to show individual GCs.

acsmask on all the images. This routine reads each image, including both the.flc

exposures and the reference image, and reads the data image and the data quality image

provided by STScI and masks out all of the pixels deemed to be bad. Bad pixels can

include those with a decoding error, calibration �le defect, permanent camera defect,

missing data, unrepaired warm pixel, questionable pixel, and other bad pixel. These

masked pixels are then ignored for the rest of the photometry process. This routine also

�ags all pixels with 3500 or more counts and categorizes them as saturated for later

reductions (Dolphin 2000).

The ACS camera has two CCD chips, both embedded in the.flc image �les,

which have slightly di�erent PSFs associated with them, so the next step is to split each

.flc image into two images, one for each chip. This is done using the DOLPHOT routine

splitgroups on all the images, which outputs two new images for each exposure, named

*.chip1.fits and *.chip2.fits , although the reference image will only be written to

one .chip1.fits image.
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The �nal step needed to be taken in preparing the images is calculating their

background sky levels. This is done using the DOLPHOT routinecalcsky , which de-

rives a sky-map for each image, for each CCD chip. This routine is a mean with iterative

rejection, meaning the mean and standard deviation of the background sky levels are cal-

culated for each iteration and any values that are above or below determined thresholds

are rejected. This process continues until no pixels are rejected. The routine divides the

image into a grid of squares with equivalent sizes and calculates the mean and standard

deviation of the background sky levels for each square, with the values being assigned to

the central pixel of the square. The �nal sky map of the image is created through inter-

polation of this grid. In order to do all this the routine requires several parameters to be

speci�ed; The length of each side of the grid squares, and the� low and � high thresholds.

Two other parameters must also be given to the routine to work, inner and outer pixel

annuli, but this is for an alternative sky-map calculating method that will not be used

here, and these parameters are ignored when grid size is set with a negative number.

For consistency, the same parameters are used on all images of all galaxies in the sam-

ple: calcsky <image name> 15 35 -128 2.25 2.00, the parameters beingr in , rout ,

negative grid length size,� low , and � high , in that order (Dolphin 2013). Although this

process is required to run DOLPHOT, in the later aperture photometry step the local

sky values for each object are used instead of the global sky-map value.

2.2.2 Running DOLPHOT

Now that the images are prepared, the DOLPHOT photometry processes can be

run on the images. To do this, two master parameter �les for the target image must

be created �rst, one for each chip (this can also be done with one master parameter �le

for both chips but it was found that running the chips separately was more e�cient).

These two �les are essentially the same with the only changes to the names of the

image �les and the output �les, re�ecting the chip the DOLPHOT run is being applied
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to. The parameter �le states the number of images, then lists them starting with the

reference image, and then the individual exposures in the correct chip. The parameters

for the DOLPHOT run are then listed, most of which are left as the default, but with

some changes made. Some examples of what are set by this parameter �le include the

aperture size, used later in the aperture photometry step, the degree of sophistication

of the coordinate transformations onto the image, the PSF type, and the number of

iterations for the �t, among many others. Please see Appendix A for an example of one

of these parameter �les, with a description of the parameters provided. The parameters

used in this parameter �le are applied for all images in this sample for consistency.

Once the parameter �le is complete, DOLPHOT can be run for chips 1 and 2

separately using the commanddolphot chip*.dat -pchip*.param > output*.log &

where * is either 1 or 2. Herechip*.dat is the output data �le and output*.log is the

log�le produced by DOLPHOT, which can have some important information, especially

if the program crashes or does not reduce every image before �nishing for some reason

so the source of the issue can be found. Running this measurement process takes several

hours to complete. For the process itself DOLPHOT uses point spread functions (PSFs)

taken from the HST archive library for the speci�c camera and �lter used for an image,

which in this sample is exclusively the ACS camera in the F814W �lter, meaning only

two archive PSFs are required, one for each chip. This archive PSF acts as a good

initial guess of the properties of the image, which is needed for DOLPHOT to begin the

photometry process (Dolphin 2013).

Next, DOLPHOT will search for star-like objects, which will include the GCs

in these target galaxies since on the scale of these images GCs are small enough to be

unresolved and appear star-like to DOLPHOT. For example, for a GC with half-light

diameter of De = 6pc, at a distance of 150Mpc, it would have an angular size of just

0.0083 arcseconds, much less than the PSF width of 0.1 arseconds for these images.

In the context of DOLPHOT these will be referred to as star-like objects, but when
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determining distributions for the galaxies they will be referred to as GCs. For each chip,

a two-pass search for star-like objects is done, then followed by an iterative solution.

First, for each pass, DOLPHOT analyzes the image's brightness and attempts to apply

photometry where it �nds intensity peaks to determine if it should be considered a star-

like object. The �rst of these two passes is done on the image minus the sky-map, which

was determined in the image preparation, and the second pass is done on the image with

the star-like objects identi�ed from the �rst pass subtracted, to catch any objects that

may have been missed due to crowding (Dolphin 2013). To prevent false detections from

being made, if two brightness peaks found correspond to only one star-like object, the

star-like object is only added to the star list once. The second pass also only locates

star-like objects that have brightness peaks in the original and subtracted frames to

avoid incorrect detections of objects in the wings of bright stars. And �nally, any two

star-like objects found to be within 1.5 pixels of each other are combined into a single

object on the star list (Dolphin 2013).

Next, the iterative solution is applied, where in this research the number of

iterations is set to be just 1. In this stage each star-like object is measured with both

the sky-map and all other star-like objects in the image removed, which means that the

star-like object being measured is the only object above the detection threshold in the

entire image. Once each star-like object on the star list is measured and the iterative

solution is �nished, DOLPHOT will attempt to determine a residual for the PSFs for

each chip and a �nal solution is made for all the star-like objects (Dolphin 2013).

The properties determined for each star-like object located in each chip are then

found in the dolphot output �les chip1.dat and chip2.dat , alongside the corresponding

�les chip1.dat.columns and chip2.dat.columns which describe which properties are

in each column of the.dat �les. The properties that this research is concerned with are:

ˆ Object X Position : x position in the reference image in pixels.
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ˆ Object Y Position : y position in the reference image in pixels.

ˆ Object Type : The de�nition of the type of object as de�ned by DOLPHOT, can

either be good star, star too faint for PSF determination, elongated object, object

too sharp, or extended object.

ˆ Instrumental VEGAMAG Magnitude : Apparent magnitude of the object, in

the VEGAMAG system, which takes the Vega star to have a magnitude of 0.

ˆ Magnitude Uncertainty : Uncertainty determined by DOLPHOT on the object's

intrumental VEGAMAG magnitude.

ˆ Chi : The goodness of �t of the PSF to the object,

ˆ Signal-to-Noise : S/N, the uncertainty in the total �ux from the object.

ˆ Sharpness : How much the object di�ers in structure from the PSF.

Just these property values are then moved to a smaller output �le to use for data culling,

to remove any objects that DOLPHOT may have included but that are judged to be

non-stellar when more strict value cut-o�s are applied, and objects too faint to be used

for analysis, which ends up being the majority of the DOLPHOT output.

For all target images in this sample all objects with S/N < 5.0, chi > 1.3,

absolute value of sharp > 0.1, and any object not identi�ed as a �bright object� are

culled out, leaving a list of objects deemed good enough for further analysis. These

culling parameters were chosen since they generously include star-like objects while still

consistently removing non star-like objects. Figures 2.3, 2.4, and 2.5 below show an

example of the number of objects that do and do not meet these requirements in relation

to their magnitude for S/N, chi, and sharp for an example target image, for 2MASX

J13280261-3145207.
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Figure 2.3: S/N vs VEGAMAG for 2MASX J13280261-3145207, where
objects with a value below 5.0 are culled.

Figure 2.4: Chi vs VEGAMAG for 2MASX J13280261-3145207, where
objects with a value above 1.3 are culled.
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Figure 2.5: Sharp vs VEGAMAG for 2MASX J13280261-3145207,
where objects with a value above 0.1 or below -0.1 are culled.

2.2.3 Determining Limiting Magnitude

Now that a culled list of star-like objects and their properties for the target image

has been obtained, the �nal properties of the image needs to be determined before moving

on to calculating the radial distribution of GCs in the image. Each target image in this

sample has a limiting magnitude associated with it, a magnitude at which objects can no

longer be reliably detected. In order to determine what this magnitude is, DOLPHOT

is simply run again, the same as before, but this time with a list of arti�cial star-like

objects added in to determine how many of them, and at which magnitudes, the routine

can identify.

This list of fake star-like objects is generated using a simple python code, where

2500 objects for each chip are created with randomized positions and magnitudes be-

tween 19.0 and 40.0, for a total of 5000 fake stars added to the target image. The

process is then repeated starting from section 2.2.2, with new parameter �les for each of
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the chips. These parameter �les are identical to those for the original run with the ex-

ception of the FakeStars and FakeOut parameters, which are the name of the input list

of arti�cial star-like objects, and the name of the output data �le from this fake star run

(similar to chip1.dat from the �rst run). Dolphot is then run again with the same com-

mand just with the updated parameter �le: dolphot chip*.dat -pchip*_fake.param

> output*_fake.log & where * is either 1 or 2. Herechip*.dat remains the �rst pa-

rameter of the command, as the name of the output �le is now de�ned in the parameter

�le, and now chip*.dat acts as a reference for DOLPHOT to �nd the correct PSF for

the image that was already used in the original run.

The same steps can be applied to the arti�cial star run output �le as was done

to the output �le from the �rst run. Once the same key property values are obtained,

the same culling criteria can be applied once more. Now the two lists of the arti�cial

star-like objects can be compared; those that are known to be added to the image, and

those that the image successfully detected after data culling. Both lists are sorted by

magnitude and binned into groups of 0.25 magnitudes, and for each bin the fraction of

objects detected is calculated. To ensure no objects are mistaken for one another or

counted twice between the lists, two objects are de�ned as the same if their positions

are within 1 pixel of each other.

Once the fraction of detected star-like objects is plotted against magnitude, the

relation is �tted by an interpolation function of the form of equation 2.1, where mo is

the magnitude at which 50% of the objects are detected and� is the steepness of fallo�

as the curve passes throughmo (Harris et al. 2016). For this research the completeness

curves of all the images in the sample were �t with� = 4 :3. Figure 2.6 shows an example,

again for 2MASX J13280261-3145207, of how this relation �ts to the completeness data.

f (m) =
1

1 + e� (m� mo )
(2.1)
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Figure 2.6: Fraction of arti�cial objects detected vs VEGAMAG for
2MASX J13280261-3145207, �t with equation 2.1.

As can be seen in �gure 2.6, even at bright magnitudes the completeness never

reaches 100%. This is because the positions of the arti�cial star-like objects were ran-

domly generated, so some will end up too close to the target or satellite galaxies for

DOLPHOT to be able to detect, or on top of occasional bright objects already present

in the image. However, the limiting magnitude is based on the �t from equation 2.1

and the steepness of the drop-o� and thus is not signi�cantly a�ected by this. With

this limiting magnitude determined, the �nal data culling step is to remove any objects

with magnitudes fainter than this limiting magnitude for the image. This is because any

objects dimmer than this threshold cannot be reliably detected, and will instead need

to be corrected for at a later step, discussed in section 2.3.2.
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2.3 GCS Mass

2.3.1 Determining GC Radial Distribution

Now with the culled list of star-like objects in the image and their positions, which

we can now refer to as GCs, the distribution of GCs as a function of radial distance from

the center of the target galaxy can be calculated. First the image position of the center of

the target galaxy must be estimated. This can seem di�cult when looking at a reference

image, such as �gure 2.2, but when the spatial distribution of the culled star-like objects

is plotted, like in �gure 2.7, it becomes more clear. As one can see, DOLPHOT is able

to detect star-like objects in a high-intensity region such as around the target galaxy,

but at a certain point will be unable to detect objects when the crowding and intensity

is too great. This fact also makes it useful in �nding any satellite galaxies that may

be signi�cant enough to a�ect the GC distribution for the target galaxy. This issue

is corrected by simply removing an area around these satellite galaxies, but a more

sophisticated method is discussed in section 4.2.

In order to determine the area density of GCs as a function of radial distance

from the center of the target galaxy, the image is divided into 25 annuli of equal width,

as is shown in �gure 2.7. The density is then calculated by dividing the number of GCs

in each annulus by the number of pixels that are both within the annulus and the image

itself, as it can be seen that not all the annuli are entirely within the image. The pixels

of any removed satellite galaxies are also removed from the image in order to not count

towards the area of the annulus and yield incorrect density values, represented by the

blue �lled circles in �gures 2.7 and 2.8. These annulus areas are converted from pixels to

arcseconds squared by simply multiplying the areas by 0.0025, as it is a known property

of the ACS camera that the width of each pixel is equivalent to 0.05 arcseconds (Ryon

2019). The radial distance of each of these annuli is also converted to arcseconds in

the same way, where the distance is de�ned as the distance between the center of the
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Figure 2.7: Spatial distribution of culled data for 2MASX J13280261-
3145207, with removed satellite galaxies shown in blue.

target galaxy and the radial midpoint of the annulus. Figure 2.9 shows the relative GC

densities of 2MASX J13280261-3145207.

These GC densities, however, have not been corrected for any background den-

sities. The background density of the image is determined from a Hubble Frontier Field

(HFF) parallel image that is found to have the closest position in the sky to the target

galaxy. The Hubble Frontier Fields refer to images of six deep �elds centered on strong

lensing galaxy clusters taken with the WFC3 camera, and their parallel counterparts are

images of six deep �blank �elds� adjacent to these clusters taken with the ACS camera,

all of which are available on the HST archive. Due to the fact that all the galaxies in
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Figure 2.8: Spatial distributions of culled data for all galaxies in the
sample, excluding 2MASX J13280261-3145207, which is shown in �gure
2.7, with removed satellite galaxies shown in blue.

this sample are relatively close to one another in the sky, the same HFF parallel image

can be used for all of them, which happens to be the HFF4 parallel image, located at

l = 230:5� ; b = 75:6� , in the same �lter as the sample galaxies; F814W.
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Figure 2.9: Contour map for relative GC densities of star-like objects
for MASX J13280261-3145207 after culling.

The combined reference image for HFF4 parallel is then prepared in the exact

same way as for the galaxy, and DOLPHOT is then run on it and the data is culled in

the same way as well, however the arti�cial star run does not need to be done, as the

limiting magnitude for the target image will be used on HFF4 parallel instead, as the

target image is shallower than the HFF4 parallel image. Since there is no target galaxy

in the background image, instead of dividing the image into 25 annuli of equal width, the
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Figure 2.10: Contour map for relative GC densities of star-like objects
for all galaxies in the sample after culling, excluding 2MASX J13280261-
3145207, which is shown in �gure 2.9.
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image is divided into a grid of 24 rectangles of equal area instead. The density of star-

like, unresolved objects of each of those rectangles is calculated by dividing the number

of objects by the area, and those values are averaged to obtain the background object

density of the target image and converted to units of objects per arcsecond squared.

This is done because although in theory the image is �blank�, the scatter of background

objects may still not be completely uniform across the entirety of the image, and thus

averaging the object density and associated uncertainty over smaller areas rather than

globally will result in a more accurate value for the true uncertainty in the background

level. This background GC density is then subtracted from every annulus for the target

image to yield the true detected radial densities of the galaxy.

This now allows us to plot the GC densities against the radial distance and �t

an equation for the GC density distribution for the target galaxy to it. It should be of

note that for some of the outermost annuli there are only a handful of GCs within them,

and there are very few pixels that fall both in the image and the annulus. Because of

this, and that fact that
p

N Poisson statistics are used here, these annuli may have less

accurate densities, and these are shown as the green datapoints in �gures 2.11 and 2.12.

This slight inaccuracy can sometimes also occur in the innermost annulus, in this

case due to the high intensity at the center of the galaxy. These unreliable datapoints

have simply been omitted from �gures 2.11 and 2.12, rather than also being highlighted in

green. To account for the inability of DOLPHOT to detect GCs at the very center of the

target galaxies we assume that the GC density remains constant between the very center

and the innermost good annulus, at the density level of the innermost good annulus,

which is a reasonable approximation since extrapolating the �t to the centre would be

unphysical, the area of that innermost annulus is small, and because observations of

galaxies like the Milky Way �nd that densities do in fact level o� in the innermost bulge

(Harris and Racine 1979), and this is also seen in M31 (Huxor et al. 2011). Figure 2.12

shows the GC density distribution for 2MASX J13280261-3145207 with a power law �t
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Figure 2.11: Piece-wise radial distribution of GC density for 2MASX
J13280261-3145207 in log-log space. Green data points represent annuli
with not enough pixels in the image and r is in log(arcseconds) for the �t
equations.

to the data and 2.11 shows the GC density distribution in log-log space with the same

�t.

As can be seen in in �gures 2.11 and 2.12, 2MASX J13280261-3145207, as well

as several other galaxies in the sample, can be �t with piece-wise functions. In this

research, when the outer half of the piece-wise function is seen to be shallower than

the inner half, as is most evident in log-log space, this can be interpreted as GCs from

the intracluster medium beginning to noticeably in�uence the GC density distribution.

Because all the galaxies in this sample are BCGs this means that at the outer regions,
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Figure 2.12: Piece-wise radial distribution of GC density for 2MASX
J13280261-3145207. Green data points represent annuli with not enough
pixels in the image and r is in arcseconds here for the �t equations.

GCs from other galaxies in their clusters can be found in the target image, which we

do not want to count toward the target galaxy's distribution. Because there is no clear

boundary between BCGs and their intracluster medium, these break point radii are used

to de�ne a standardization of how far out the GC density distributions are integrated

to for each galaxy, discussed in section 2.3.2 below. Table 2.2 presents the limiting

magnitudes, the �tting parameters and their associated errors, as well as the integration

radius for all the galaxies.
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Figure 2.13: Radial distribution of GC density for all galaxies in log-log
space, excluding 2MASX J13280261-3145207 which was shown in 2.11.
Green data points represent annuli with not enough pixels in the image
and r is in log(arcseconds) for the �t equations.
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