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Abstract

Stellar clusters are ubiquitous in all luminous galaxies and have the potential to

be used as tracers of galaxy formation and evolution if we understand their formation and

assembly into their host systems. They have been studied in the astrophysical literature almost

since the start of extragalactic astronomy, and the imminent dawn of the next generation of

telescopes will enable unprecedented amounts of extragalactic stellar cluster data. However,

there are still glaring open issues in our understanding of these objects. We have yet to be

able to properly predict, for instance, the colours of extragalactic globular clusters (GCs) in

high-density environments and whether or not there is an influence of the environment in the

formation of nuclear star clusters (NSCs).

In this work we tackle these two questions. We start by investigating the fraction of

galaxies hosting NSCs in the Coma Cluster. NSCs are central stellar clusters, a few pc larger

than GCs, present in galaxies of a wide variety of size and masses. Using deep HST data

and a Bayesian hierarchical logistic regression technique, we find that the nucleation fraction

for galaxies in the Coma cluster is higher than in the Virgo and Fornax clusters for a fixed

galaxy luminosity/mass. We discuss the possible environmental influences in the formation

and evolution of NSCs, their host galaxies, and associated GCs.

Afterwards we investigate the known discrepancies between the current generation

of stellar population models and the observed colours of extragalactic GCs. To this end, we

test four state-of-the-art simple stellar population (SSP) models against the observed colours

of GCs around M87 in the Virgo cluster and NGC 3311/NGC 3309 in the Hydra cluster. We

test whether the discrepancies between models and data increase as a function of environmental

density by looking at the very inner regions of these two GC systems with photometric data

ranging from the near-ultraviolet (NUV) to the near-infrared (NIR). Besides using data from

the literature, we present new Ks band imaging in the NIR from the HAWK-I instrument on

ESO/VLT for the centre of the Hydra and Virgo clusters. We investigate whether or not cur-

rently available SSP models with increased [α/Fe] ratios are able to better predict extragalactic

GC colours, as it has been suggested in the literature. We find that current SSP models with

α-enhancement still struggle to match the observed colours of extragalactic GCs. The difference

between models with standard Milky-Way chemical abundances and with a constant [α/Fe]=0.4

is not large enough to produce significant differences in colour-colour diagrams. Nevertheless,
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we find that the increase in discrepancies between SSP model predictions and observed optical

colours is present for both Virgo and Hydra cluster GCs, but are not present in important

colour-colour diagrams involving a combination of NUV/optical and NIR filters, such as uiKs.

We discuss how these results can be used to constrain the next steps in improving SSP models

ahead of the next generation of NIR photometry.

In summary, this work aims to investigate important questions in this current age

and in the context of the study of extragalactic stellar cluster systems: i) How can we make the

most of the current photometric data using robust statistical techniques, in the context of the

open questions of NSC formation, and ii) the importance to improve currently available SSP

models to predict colours of extragalactic GCs and the impact of abundance variations in the

this matter.
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Resumo

Aglomerados estelares estão virtualmente presentes em todas as galáxias luminosas

e têm o potencial de serem usados como traçadores da formação e evolução de galáxias se en-

tendermos sua formação e assimilação aos seus sistemas hospedeiros. Eles tem sido estudados

na literatura astrofísica praticamente desde o início da astronomia extragalática, e o iminente

amanhecer de uma nova geração de telescópios gerará quantidades sem precedentes de dados

para aglomerados estelares extragaláticos. No entanto, ainda existem grandes problemas aber-

tos no nosso entendimento destes objetos. Ainda temos, por exemplo, que conseguir predizer

corretamente as cores de aglomerados globulares (GCs) extragaláticos em ambientes de alta

densidade e se há ou não uma influência do ambiente na formação de aglomerados estelares

nucleares (NSCs).

Neste trabalho tratamos destas duas questões. Começamos investigando a fração

de galáxias que possuem NSCs no aglomerado de Coma. NSCs são aglomerados estelares

centrais, alguns pc maiores que GCs, presentes em galáxias dos mais variados tamanhos e

massas. Usando dados profundos do HST e uma técnica de regressão logística hierárquica

Bayesiana, nós encontramos que a fração de nucleação para galáxias no aglomerado de Coma

é mais alta que nos aglomerados de Virgo e Fornax para uma massa/luminosidade de galáxias

fixa. Nós discutimos as possíveis influências ambientais na formação e evolução de NSCs, suas

galáxias hospedeiras e os GCs associados.

Posteriormente investigamos as discrepâncias conhecidas entre a atual geração de

modelos de populações estelares e as cores observadas de GCs extragaláticos. Para este fim,

nós testamos quatro modelos de populações estelares simples (SSPs) no estado-da-arte contra

as cores observadas de GCs em torno de M87 no aglomerado de Virgem e NGC 3311/3309

no aglomerado de Hydra. Nós testamos se as discrepâncias entre modelos e dados cresce em

função da densidade ambiental olhando nas regiões mais internas deste dois sistemas de GCs

com dados fotométricos indo desde o ultra-violeta próximo (NUV) ao infravermelho próximo

(NIR). Além de utilizar dados da literatura, apresentamos dados inéditos na banda Ks no NIR

do instrumento HAWK-I do VLT do ESO para o centro dos aglomerados de Hydra e Virgo.

Investigamos se modelos atuais com razões de [α/Fe] elevados são capazes de prever melhor as

cores de GCs, tal como é previsto pela literatura. Encontramos que os modelos SSP atuais com

[α/Fe] elevados ainda têm dificuldades em prever as cores observadas de GCs extragaláticos.
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A diferença entre modelos com abundâncias químicas no padrão da Via-Láctea e com uma

razão constante [α/Fe]=0.4 não é grande o suficiente para produzir diferenças significativas em

diagramas cor-cor para os GCs observados. No entanto, nós encontramos que o acréscimo nas

discrepâncias entre modelos SSP e as cores óticas observadas está presente tanto para GCs em

Virgo quanto em Hydra, mas não estão presentes em importantes diagramas cor-cor envolvendo

combinações de filtros NUV/óticos e NIR, como uiKs. Nós discutimos como estes resultados

podem ser usados para restringir os próximos passos em melhorar os modelos SSP à frente da

nova geração de fotometria NIR.

Em suma, este trabalho tem por objetivo investigar importantes questões nesta era

e no contexto do estudo de aglomerados estelares extragaláticos: i) Como podemos fazer o

máximo uso dos dados fotométricos atuais usando métodos estatísticos e robustos, no contexto

dos problemas em aberto na formação de NSCs, e ii) a importância de melhorar os modelos de

SSPs atualmente disponíveis em predizer as cores de GCs extragaláticos, bem como o impacto

de variações de abundâncias neste tema.
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Chapter 1

Introduction

1.1 Galaxy Formation and Assembly

In the beginning of the 20th century, as Edwin Hubble confirmed the existence of

galaxies beyond the Milky Way, we already started to wonder how not only ours, but all of the

other galaxies in the Universe formed and evolved. This is an incredibly recent scientific field

with a lot more questions than answers. Nevertheless, after about one century of observations

and theoretical advances, we have a reasonable idea of how most of the galaxies have come to

be. Generally speaking, galaxies are thought to be formed as a result of a hierarchical process

(See Fig. 1.1, Gunn and Gott, 1972; Press and Schechter, 1974; White and Rees, 1978; Davis

et al., 1985; Abadi et al., 2003; Kormendy et al., 2009). In such, galaxies form from a spinning

gas cloud inside dark matter haloes that after reaching enough density sparks the creation of the

first stellar clusters (Elmegreen and Efremov, 1997; Tegmark et al., 1997; Beasley et al., 2002;

Steinmetz and Navarro, 2002; Gao and White, 2007; Ceverino et al., 2015; Garland et al., 2015;

Fisher et al., 2017). By looking at high redshift galaxies we see possible examples of objects in

this formation stage, where red clumps of bright stars spin in disk structures (Shapiro et al.,

2010; Genzel et al., 2011; Garland et al., 2015). These initial stars evolve in a very unstable

system, where dynamical friction and mass segregation play a crucial role inducing the formation

1



2 Chapter 1. Introduction

of bulges and the chemical enrichment of this initial stellar populations over time (Fisher et al.,

2017). We observe in the Milky-Way and nearby galaxies that the stellar population of the

bulges are indeed comprised mostly of old and metal-rich stars (Feltzing and Gilmore, 2000;

Kuijken and Rich, 2002; Valenti et al., 2013; Morelli et al., 2008; Morelli et al., 2013).

Since galaxies are thought to be formed from immense gas clouds in dark matter

overdensities, it is not too surprising that galaxies rarely form isolated. Indeed, in the hier-

archical scenario, after the initial starburst, galaxies of higher masses are expected to form

from sequential mergers of smaller galaxies (Gunn and Gott, 1972; Press and Schechter, 1974;

White and Rees, 1978). Such smaller galaxies would not be massive enough to harbour stars

as metal-rich as the stars of the larger neighbouring galaxies. Even so, such galaxies would

harbour metal-poor stars as well as stellar clusters. Those stellar clusters would, naturally, be

also comprised of metal-poor stellar populations. Eventually those smaller galaxies are then

incorporated into larger galaxies, in merger events, and end up building the stellar populations

of the halos we see today in most massive galaxies (Huang et al., 2016; Oliva-Altamirano et al.,

2015; Pastorello et al., 2015; Iodice et al., 2019; Lacerna et al., 2020).

Merger events are, however, very complex processes that have been studied for

decades from observations and simulations. It is thought that most of the diversity of galaxy

morphologies we see today is a product of different merger histories (Beckman et al., 2008;

Oliva-Altamirano et al., 2014; Inagaki et al., 2015; Lidman et al., 2013; Fitzpatrick and Graves,

2015; La Barbera et al., 2014). One such examples are the enormous elliptical galaxies in the

centre of clusters which are thought to be brought into this morphology essentially by accreting

a large number of galaxies within the high density environment of a galaxy cluster (La Barbera

et al., 2014; Fitzpatrick and Graves, 2015; Inagaki et al., 2015). Disk galaxies (spiral and lentic-

ulars), on the other hand, are thought to be less hungry objects which have accreted only a small

fraction of smaller galaxies. Imprints of these events can be found in the stellar populations of

halos and globular cluster (GC) systems, but were not prevalent enough to alter in any major

form its overall morphological structure (Bekki et al., 2005, 2002; Borlaff et al., 2014; Boselli

and Gavazzi, 2006). Nevertheless, such diverse are the possibilities in a merger event, that even

a single major merger in specific conditions may be enough to induce a drastic transformation
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Figure 1.1: Galaxy formation via a hierarchical process (simplified schematics). Adapted from
Bertola (2002). Left, from top to bottom: Primordial gas cools and collapses into a dark matter
halo, due to gravity. The first stars are born and give rise to the formation of the first disks. As
galaxies are theorised to rarely form isolated, the primordial disk galaxies tend to interact and
eventually merge, originating the first bulges. Disks are reformed after some time around the
bulges, forming spiral galaxies, such as the Milky-Way. Minor accretions of smaller satellites
and infalling gas from environment interactions with neighbouring galaxies occur at the same
time. The subsequent merging of these two, already massive, spiral galaxies gives birth to
an elliptical galaxy. While didactic, it is important to note that this simplified scheme does
not include several possibilities in current understanding of galaxy evolution that originate
the wide diversity in galaxy morphologies we can observe in the universe. Right, from top to
bottom: The same schematics of galaxy evolution, but highlighting the role of stellar clusters.
In-situ stellar clusters are formed within the primordial galaxy, while ex-situ stellar clusters are
accreted other galaxies via interactions. The final elliptical galaxy stellar cluster population is
then a combination of all the surviving clusters from the different processes in galaxy evolution,
and hence their properties can be used as indicators of their host galaxy evolutionary history.
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in a regular spiral galaxy, both morphologically and in stellar populations(Borlaff et al., 2014;

Boselli and Gavazzi, 2006).

Among dwarf galaxies, on the other hand, the scenario is more diverse. Among

low-massive galaxies there are some that present strong star formation activity (Thronson and

Telesco, 1986; Östlin et al., 2004; Pildis et al., 1997) and others which, much like ellipticals, are

currently forming very few to no stars (Binggeli and Cameron, 1991; Miller et al., 1998).

On top of those, but with no minor importance, further environmental effects also

drastically affect the evolution of galaxies, in processes such as ram-pressure stripping, harass-

ment, starvation and so on (Gunn and Gott, 1972; Boselli and Gavazzi, 2006). Those events

mainly affect the cold, molecular gas in galaxies, in ways to enhance or decrease star formation

in specific regions or galaxy-wide (Ebeling and Kalita, 2019; Vulcani et al., 2018) and even

altering the whole galaxy morphology (Gunn and Gott, 1972; Bekki et al., 2006, 2002).

1.2 Galaxies studied in this work

1.2.1 Central Dominant Elliptical Galaxies

A very well studied class of elliptical galaxies are the ones located in the high-density environ-

ments, such as the central regions of galaxy clusters (central dominant galaxies, cD Chiosi and

Carraro, 2002; Foster et al., 2011; Dressler et al., 1997). cD galaxies have masses in the range

of 1010-1013M⊙ (Chiosi and Carraro, 2002; Foster et al., 2011) and typically host thousands of

globular clusters (GCs) (Brodie and Strader, 2006; Wehner et al., 2008a; Durrell et al., 2014).

In such massive galaxies, different astrophysical processes shape different substructures in a

varying galactocentric radius. For instance, the stellar content at central regions experience

effects such as active galactic nuclei (AGN) feedback and have enough stellar density for dy-

namical friction to play a significant role, while at their halos – which can extend to hundreds

of Kpc from the galaxy centre – are home for interactions with the neighbouring cluster en-

vironment, such as the accretion of infalling satellites (Lotz et al., 2001; Miller et al., 2020;
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Milosavljević, 2004; Seth et al., 2006). Moreover, due to their sizes, central locations within

clusters and estimated ages, evidence suggest that the assembly of cD galaxies is intrinsically

correlated with its host galaxy cluster evolution (Forbes et al., 1997; Romanowsky et al., 2012;

Taylor et al., 2019; Dalal et al., 2008).

M87 and the Virgo Cluster

M87 is a bright (B=9.8 mag, Gavazzi et al., 2005), massive (M ∼ 1012M⊙, Wu and Tremaine,

2006) elliptical galaxy and the central galaxy of the Virgo cluster, one the nearest galaxy

clusters to the local group. The Virgo cluster is located at a distance of 16.5 ± 0.2 Mpc (Mei

et al., 2007) and has over 2000 galaxy members (Binggeli et al., 1987; Gavazzi et al., 2003). It

can be divided into 3 main regions, Virgo A, Virgo B and Virgo C (Boselli et al., 2014). M87

is located at the centre of Virgo A, the densest of these subclusters. Due to its morphological

type, size, brightness and closeness to the Milky-Way, the GC system of this galaxy has been

focus of photometric studies for many decades already (Boselli et al., 2014; Peng et al., 2006a;

Muñoz et al., 2013; Oldham and Auger, 2016b; Chies-Santos et al., 2011b,c; Faifer et al., 2011,

and many others). There have also been several spectroscopic studies (Mould et al., 1987;

Cohen et al., 1998; Romanowsky et al., 2012; Strader et al., 2011; Ko et al., 2017), but they

have limitations both in sample size and spatial coverage. It is complicated to get reasonable

signal-to-noise ratios on GC spectra that are located within the halo of M87, specially at very

central regions, given the bright background of the galaxy stellar light. Therefore for a larger

fraction of the GC system the available data in the literature is from photometry only.

Some noteworthy examples of GC system studies in the Virgo cluster include Grill-

mair et al. (1986), Cohen (1988) and the Advanced Camera for Surveys Virgo Cluster Survey

(ACSVCS) (Peng et al., 2006a). The later introduced a very central sample of deep photometry

(in the F475W and F850LP filters of the Hubble Space Telescope) for M87 GCs compared to

earlier works. Through the ACSVCS, studies connecting GCs to the formation and dynamics of

other types of star clusters were made possible. One example is Hasegan et al. (2005) that tack-

les the relation between GCs and UCDs. Recently the Next Generation Virgo Survey (NGVS)
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and its NIR extension (NGVS-IR) (Ferrarese et al., 2012; Muñoz et al., 2013) presented another

giant leap in GC data introducing ugrizKs data for thousands of GC candidates around M87

and neighbouring galaxies. Later, Oldham and Auger (2016b) revisited the NGVS data and

obtained a catalogue of GC candidates with over 17.000 objects, and ever since became the

largest photometric GC sample for M87 GCs.

Some properties of the M87 GC system are worth noting. For instance, we know

that there is a very clear colour gradient for most GC systems from the inner regions to the

halo, with red GCs dominating the centre and blue GCs comprising the majority of halo GCs

(Oldham and Auger, 2016b; Montes et al., 2014). It is very well known that M87 GCs have a

clear bimodality in the optical colours (Peng et al., 2006a; Oldham and Auger, 2016b). Tamura

et al. (2006) with a wide GC photometric sample out to 0.5 Mpc from the centre of the galaxy

has shown also a clear trend for the colour bimodality in (V − I) to be stronger for inner GCs.

However, Chies-Santos et al. (2012b) showed that such bimodality may vanish when we look

into colours combining optical and NIR filters, such as (g − Ks). One possibility is that a

non-linear relation between colour and metallicity drives such optical colour bimodality (Yoon

et al., 2011a,b; Chies-Santos et al., 2012b; Cantiello and Blakeslee, 2007; Blakeslee et al., 2012).

NGC 3311 and NGC 3309 in the Hydra Cluster

NGC 3311 is the cD galaxy of the Hydra A1060 cluster (also known as Hydra I), a bright

(Postman et al., 2005, B = 13.2 mag) galaxy located just around ∼ 1.6’ away from NGC 3309,

very bright (de Vaucouleurs et al., 1991, B = 12.23 mag) elliptical galaxy. NGC 3311 is the

most well studied galaxy between the two, standing as an attractive target for GC studies

due to being relatively nearby (∼ 53 Mpc) and hosting a GC population large enough to be

comparable to M87 (Wehner et al., 2008b). Ground-based imaging from Secker et al. (1995)

and McLaughlin (1995) already indicated the presence of a relatively metal-rich GC system

with a hint of bimodality and an ellipicity similar to the cD light envelope. HST imaging from

Brodie et al. (2000a) was able to probe that the GC system metallicity distribution was likely

bimodal, and intermediate-age GCs (∼ 3-6 Gyrs) were found by Hempel et al. (2005) also with
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HST data.

The GC system of NGC 3311 is very likely to be interacting with the one from the

nearby giant elliptical NGC 3309. Harris et al. (1983) and McLaughlin (1995) estimated the

contamination of NGC 3309 GCs in the NGC 3311 system to be small, considering the large

system of NGC 3311, and Wehner et al. (2008b) estimate 16500±2000 as the total number of

GCs in the NGC 3311 system, while NGC 3309 would host an unusual low number of 374±210

GCs. This suggests that NGC 3309 might have lost some of its GCs to NGC 3311 (Richtler

et al., 2011). Despite their closeness, the lack of distortions in the X-ray isophotes of NGC 3309

detected by Yamasaki et al. (2002) and Hayakawa et al. (2006) strongly support the assumption

that NGC 3311 is the de facto center of the galaxy cluster potential and actually at some larger

distance from NGC 3309 than the projected distance. Furthermore, the lack of distortions in

the X-ray isophotes indicate that a merger interaction between the two galaxies is very unlikely

to have even ocurred in the past (Yamasaki et al., 2002; Richtler et al., 2011). In fact, using

surface brightness fluctuations, Mieske et al. (2005) quotes that NGC 3309 is likely in the

foreground relatively to NGC 3311.

Low surface brightness galaxies in the Coma Cluster

Low surface brightness galaxies (LSBGs) are usually defined as the galaxies which effective

surface brightness fall below the surface brightness limits of wide-area surveys (such as the

Sloan Digital Sky Survey (SDSS), Jester et al., 2005), i.e. around ∼ 24 mag arcsec−2 in the

r-band (Jackson et al., 2021). Therefore, despite overall difficulties in detection, deep surveys

such as McGaugh et al. (1995), Bothun et al. (1997) and Dalcanton et al. (1997) were able to

first detect these objects. In recent years the interest in them has increased as more and more

LSBGs are being detected, usually as satellites of larger galaxies (Amorisco and Loeb, 2016;

Carlsten et al., 2021). Moreover, cosmological simulations indicate that LSBGs comprise ≥

85% of objects down to M ∼ 107 M⊙, constituting the dominant component of galaxy number

density (Martin et al., 2009). This fact alone makes LSBGs key figures to understand galaxy

formation as a whole.



8 Chapter 1. Introduction

Nevertheless, understanding the formation of LSBGs has proven to be a challenging

task. A myriad of formation processes have been suggested in theoretical works, such as high

halo spin (Amorisco and Loeb, 2016), mergers (Wright et al., 2021) and formation from high

angular momentum gas (Liao et al., 2019), to name only a few. The presence of LSBGs both

in groups (e.g., Merritt et al., 2016) and in the field (e.g., Martínez-Delgado et al., 2016)

further complicate constraining their formation processes, since this type of galaxies is not a

phenomenon exclusive to cluster environments.

Morphologically speaking, LSBGs form an heterogeneous group. A variety of galaxy

classifications further define members of the LSBG class, such as ultra-compact dwarfs (UCDs,

van Dokkum and Conroy, 2012). Due to their faint nature, the study of distant LSBGs relies

heavily on discrete tracers, such as stellar clusters (e.g. den Brok et al., 2014; Van Dokkum

et al., 2017; Sánchez-Janssen et al., 2019, to name a few).

In this work, we explore the population of LSBGs around the central galaxies in the

Coma cluster. The Coma cluster is located ∼ 100 Mpc from us Carter et al. (2008) and is one

of the densest galaxy clusters in the nearby Universe (Blakeslee et al., 2012). Environmental

effects on galaxy formation are generally proportional to the environment density (Gunn and

Gott, 1972; Brodie and Strader, 2006; Bekki et al., 2006). For instance, galaxy mass assembly

in denser environments is expected to occur at a faster rate (Mistani et al., 2016), the fraction

of quenched galaxies increases in relation to the field (Dressler, 1980; Coccato et al., 2020)

and interactions between galaxies are more common (Yoon et al., 2017). Therefore, the Coma

cluster stands as a perfect laboratory to study the effects of environment in several different

aspects of galaxy formation, including the LSBG regime (den Brok et al., 2014).

1.3 The role of Star Clusters

Along galaxy formation and assembly, star clusters are formed and destroyed. The

ones that survive to be able to be observed and studied today are witnesses and relics of the
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their host galaxies evolution (Beasley et al., 2002; Brodie and Strader, 2006). They are present

in the central regions of galaxies in the form of nuclear star clusters (NSCs), in complex orbiting

systems as GCs, in the star forming regions of galaxies in the shape of open clusters or young

massive clusters (YMCs), or even in between galaxies, the so-called intracluster GCs. They are

one of the most accessible ways to study galaxy evolution, due to their ubiquity among galaxies

of almost every size, mass and morphological types (Brodie and Strader, 2006). Furthermore,

they are bright enough even in distant galaxies outside our Local Group for several of their

physical properties to be measured. For instance, by studying their spectra we can have a

general idea on their stellar content. Their ages, metallicites and chemical abundance variations

can then be used to infer the existence of important events in their host galaxy evolution. For

instance, star-formation inducing events, such as wet mergers, can be detected via the presence

of younger subpopulations of stellar clusters (e.g., Fujii et al., 2012). In turn, galaxies that

experience a more secular evolution process are thought to present a single population of old,

metal-rich GCs (e.g., Beasley et al., 2008). Their kinematics, in conjunction with dynamical

models, can help explain galaxies’ substructures and reveal hints of their origins (Alabi et al.,

2017; Bekki et al., 2005; Bellini et al., 2015; Cortesi et al., 2016). The most easily accessible

features of star clusters, however, are their colours, since one can obtain photometric data

even at distances where the light is already too faint to obtain reliable spectroscopy. Large

scale photometric censuses have become available recently, both for GCs in individual galaxies

(Brodie et al., 2014; Forbes et al., 2014; Salinas et al., 2015; Romanowsky et al., 2012; Georgiev

et al., 2010, 2009, and so on) and whole galaxy clusters (Muñoz et al., 2013; Jordán et al., 2015;

Peng et al., 2006c, and so on.). The number of Nuclear stellar clusters (NSCs) data has also

become increasingly available for a large number of galaxies, specially in cluster environments

(Georgiev and Böker, 2014; Lim et al., 2018; Sánchez-Janssen et al., 2019; Böker et al., 2002,

and so on).

In this thesis, we present studies on two types of star clusters - GCs and NSCs. As

aforementioned, the number of available data for these type of star clusters in extragalactic

objects has increased significantly in recent years. Our view of the evolution of such systems

have been for many decades biased towards GCs in the Milky-Way and the local group galaxies,
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Figure 1.2: Image of the galaxy cluster Abell 1689, showing, on the right-side, a zoomed
into the outskirts of the massive central galaxies where we can find thousands of small bright
point-sources which are predominantly GCs. The red arrow indicates an example of a dwarf
spheroidal galaxy hosting an NSC. Credit: NASA/ESA, J. Blakeslee and K. Alamo-Martinez.
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of which some are examples of NSCs. It is not surprising, given the diversity of evolutionary

paths already discussed, that extragalactic systems showed up to be very different from these

local paradigms. Before discussing these differences, it is important to characterise what we

know about these two types of objects that are the central to this thesis.

1.3.1 Globular Clusters

Globular Clusters (GCs) are high density stellar groups formed very early in their

host galaxy formation. They have been observed to be in general very old, with ages > 10

Gyr (Blakeslee, 1997; Forbes et al., 2001; Brodie and Larsen, 2002; Chies-Santos et al., 2011c).

Their masses span 104 − 106M⊙ with half-light radii of a few pc, in general less than 10 pc

(Brodie and Strader, 2006). The GCs we see today in galaxies are expected to have formed

after major starburst events (See Fig. 1.1, Oser et al., 2010; Brodie et al., 2014). Such events

can be associated to the galaxy formation or processes that happen at a later date, such as

wet mergers1. A portion of the GCs observed in the systems of large galaxies can also have

been formed in smaller galaxies that were accreted into the larger system at some point in time

(Gunn and Gott, 1972; Oser et al., 2010; Brodie and Strader, 2006, and references therein). In

this context, GC properties such as dynamics, metallicities, ages and chemical abundances can

be used to reconstruct important events of a given galaxy’s history. GCs are ubiquitously found

in almost every galaxy and of all morphological types, but at different amounts. Early-type

galaxies, for example, usually host an enormous number of GCs (Brodie and Strader, 2006).

For instance, M87, the giant elliptical in the centre of the Virgo cluster, is estimated to have

over 17 thousand GCs (Oldham and Auger, 2016a). Lenticular galaxies, such as NGC 3115,

have over ∼ 1000 estimated GCs (Pota et al., 2013; Jennings et al., 2014; Zanatta et al., 2018).

Late-type galaxies, such as the Milky Way or M31, are estimated to have ∼ 200 and ∼ 460 GCs,

respectively (Massari et al., 2019; Barmby and Huchra, 2001). In Fig. 1.2) an example of a

1When a merger between galaxies involves the accretion of gas by the larger galaxy it is usually referred to
as wet merger, in opposition to a dry merger. Only the former is associated with an increase of star formation
rates (See Oser et al., 2010; Gunn and Gott, 1972; Brodie and Strader, 2006, and references therein).
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Hubble Space Telescope (HST) image of the galaxy cluster Abell 1689 is shown. The zoomed-in

region illustrates that around galaxies one can see thousands of point-source objects which are

mostly GCs.

Star clusters are expected to be present in all galaxy components whereas globular

clusters are not likely to survive for long in galactic discs due to rotation effects (Brodie and

Strader, 2006)2 and thus are expected to be found mostly in the central component of galax-

ies, the bulge, or in their outermost component, the halo. Therefore, metallicities, dynamics

and ages of the innermost GC populations of galaxies can offer clues of its in-situ evolution,

while GC populations in halos show imprints of environmental processes a galaxy has expe-

rienced throughout its history (Bekki et al., 2005; Brodie and Strader, 2006). Radially, GCs

are distributed in most cases with the same ellipicity as their host galaxies spheroidal regions,

suggesting that at least most of them formed within the galaxy (Brodie and Strader, 2006;

Forte et al., 2001; Schuberth et al., 2005), but a fraction of the GC population can result from

the accretion of smaller galaxies (Schweizer, 2001).

An important feature of GC populations is the fact that most galaxies display bi-

modality in their GC population optical colour distribution (see Fig. 1.3)(Ashman and Zepf,

2001; Brodie and Strader, 2006; Chies-Santos et al., 2012b; Peng et al., 2006c). Such bimodal-

ity suggests the presence of two distinct GC subpopulations within a galaxy, which would be

directly related to its host galaxy evolution. The bluer GC population is generally found in

the halo and consist of metal-poor objects, while the redder population, on the other hand, are

more metal-rich and present in the inner regions, with similar stellar populations of early-type

galaxies such as ellipticals and the thick discs of lenticulars (Cortesi et al., 2013; Pota et al.,

2013).

Some physical characteristics, such as mass and size do not differ much between the

two populations, while metallicity can show different modes in GC populations that follows the

colour bimodality (Yoon et al., 2006; Brodie and Strader, 2006; Cantiello et al., 2014; Lee et al.,

2Although GCs are not likely to survive in disks, large, old and red star clusters have been found to inhabit
the disks of S0 galaxies in the form of faint fuzzies (Chies-Santos et al., 2007; Chies-Santos et al., 2013; Larsen
and Brodie, 2000).
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Figure 1.3: Modified figure from Peng et al. (2006c) showing the (g−z) colour distributions for
GCs of galaxies in the Virgo cluster, divided in magnitude bins. Here we can see an example
of the diversity in colour distributions that scales with mass and brightness. Massive galaxies
generally show a bimodal GC distribution, while low-massive galaxies tend to host only the
blue peak (Brodie and Strader, 2006; Peng et al., 2006c).

2018). This correlation with metallicity, however, is not universal (Muratov and Gnedin, 2010;

Villaume et al., 2019; Fahrion et al., 2020) and alternative views state that it is possible for a

flat, almost unimodal metallicity distribution to be present in a GC population that is bimodal

in optical colours. Such a fact arises from the choice of SSP models to predict metallicities

(Cantiello and Blakeslee, 2007), photometric uncertainties (Cantiello and Blakeslee, 2007; Chies-

Santos et al., 2012b; Yoon et al., 2011a), the underlying variance of the metallicity distribution

(Lee et al., 2019) as well as the horizontal branch morphology (Yoon et al., 2006). The non-

linearity between colour and metallicity becomes clear when we look into colour distributions

comprising near-infrared (NIR) filters, for which the colour bimodality for some galaxies is less

evident that in purely optical colours. This is the case for NGC 1399 (Blakeslee et al., 2010)

and M87 (Chies-Santos et al., 2012), to name a few. Moreover, there are galaxies with GC

systems that challenge the paradigm of bimodal GC distributions. A few examples are M31

and NGC 5128, that show flat, almost trimodal GC metallicity distributions (Caldwell et al.,

2011; Woodley et al., 2010) and NGC 1277, a lenticular galaxy in the direction of Perseus, that

presents a single red GC population suggesting that it experienced almost no merger events,

despite its relatively large mass(Beasley et al., 2018).
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In elliptical galaxies, GC numbers can reach tens of thousands and extend to several

effective radii (Oldham and Auger, 2016a; Muñoz et al., 2013; Jordán et al., 2015; Brodie and

Strader, 2006). It is presumed that the innermost GCs of ellipticals are the most likely to

be formed within the galaxy in a first major star formation event, in addition to some GCs

from accreted galaxies that might have migrated towards the galaxy gravitational potential

well. Nevertheless, most of the accreted GCs are thought to be located in the outskirts of

galaxies, and indeed in several galaxies we can see a colour gradient that support this hypothesis

(Johnston et al., 2018; Oliva-Altamirano et al., 2015; Peng et al., 2006b; Chies-Santos et al.,

2012; Oldham and Auger, 2016a). Moreover, some galaxies present GC populations indicative

of unique evolutionary histories. NGC 3311 in the Hydra cluster, for instance, displays GCs

with a very skewed colour distribution towards the blue, indicating a strong history of merger

events (Wehner et al., 2008a,c; Brodie et al., 2000b; Hilker et al., 2018).

Moreover, GCs can also often be disrupted by the influence of dynamical friction

and environmental effects alike. This becomes very important both in the bulges of galaxies

and inner regions of ellipticals, where today’s stellar populations are in some part comprised of

stars that once belonged to GCs (Forbes et al., 2001; Kuijken and Rich, 2002). Also, in smaller

galaxies, such as dSphs, a fraction of their GCs can also be disrupted in the most central regions

and contribute to the formation of NSCs (Neumayer et al., 2020).

1.3.2 Nuclear Star Clusters

At the central regions of galaxies of a wide range of masses, luminosities and morpho-

logical types there exists a class of compact stellar systems known as NSCs. Those objects have

half-light radii in the range of 1-50 pc, masses from 104M⊙ to 108M⊙ and very extreme stellar

densities comparable to some GCs and ultra-compact dwarfs (UCDs) (Drinkwater et al., 2000;

Hilker et al., 1999). In the zoomed-in panel at Fig. 1.2 one can see an example of an NSC, at

the central region of the galaxy indicated by the red arrow. In Fig. 1.4 we show two examples

of NSCs and their associated surface brightness profiles when compared to their host galaxies,
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Figure 1.4: Fig. 1 of Neumayer et al. (2020), showcasing the NSCs in the late-type spiral galaxy
NGC 300 (left panel) and the early-type galaxy NGC 205 (right panel). The top row shows
coloured images of the galaxies with panels zooming in the region around the NSCs, while the
bottom row shows the associated surface brightness profiles (in units of I-band mag/arcsec2).
The open circles represent measured data while the dashed line indicates the predicted galaxy
profile without the NSC. We refer the reader to Neumayer et al. (2020) for specific details on
the data sources.

in this case an early-type and a late-type. Furthermore, in Fig. 1.5 we shown an example of a

nucleated dwarf galaxy in the Virgo cluster, adapted from Sánchez-Janssen et al. (2019), and

its surface brightness profile (yellow solid line) compared to the one of its host galaxy (red solid

line). Notice how the NSC dominates the light profile at inner radii in all cases.

The formation of NSCs has been suggested to derive from two mechanisms, probably

non-exclusive, illustrated as a cartoon in Fig. 1.6. At the left side of the figure we show the

dissipationless process where already formed stellar clusters decay to the centre of the gravita-

tional potential of the host galaxy and merge forming a large and dense structure (Tremaine

et al., 1975; Arca-Sedda and Capuzzo-Dolcetta, 2014; Gnedin et al., 2014). The other mecha-

nism, shown at the right of Fig. 1.6 involves the inflow of gas to the central region of galaxies,

where local star formation is triggered at higher rates than usual contributing substantially to
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Figure 1.5: Surface brightness profile for the galaxy VCS 1070 in the Virgo cluster (red solid
line) and its NSC (yellow solid line). The combination of both is indicated by the grey circles.
In the top right panel, in a colour composite image, we find the NSC as the bright object in
the centre of the galaxy. Adapted from Sánchez-Janssen et al. (2019).

their mass growth (Bekki et al., 2003; Bekki and Chiba, 2004; Antonini, 2013). Not surpris-

ingly, NSCs display a variety of scaling relations with their parent galaxy, such as stellar mass

(Georgiev et al., 2016; Scott and Graham, 2013) and stellar populations (Walcher et al., 2005;

Turner et al., 2012; Georgiev and Böker, 2014). Moreover, it has been suggested that there are

close relations between the formation of NSCs and GCs in the same galaxy. For instance, in

Sánchez-Janssen et al. (2019) it has been shown that at least in the Virgo cluster, the fraction

of galaxies hosting either type of star cluster tend to decrease at lower masses in very simi-

lar rates. If GCs are suggested to contribute to the formation of NSCs, UCDs on the other

hand might be the remains of disrupted nucleated galaxies (Drinkwater et al., 2003; Pfeffer and

Baumgardt, 2013; Neumayer et al., 2020).
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Figure 1.6: NSCs are thought to be formed via two non-exclusive scenarios, showcased in this
cartoon. At the left side, we show the inflow of gas (magenta clouds) to the central region of
a galaxy (represented as the larger cloud) leading to increased star formation rates and the
formation of the NSC (central large yellow circle). At the right, we show the process where
some of the already formed GCs within the galaxy (purple circles) are led to its centre via
dynamical friction and subsequently merge into a single structure, forming the NSC.
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1.4 Motivations

This thesis is divided into two main parts. In chapter 2 the analysis primary focuses on NSCs

and in chapter 3 in GCs. Each chapter has unique motivations that are outlined in this section.

Nevertheless, we emphasise that the topic that unites the different works within this thesis is

the analysis of extragalactic stellar clusters in the context of galaxy evolution, in high density

environments.

1.4.1 Is there an environmental dependence on NSC occupation statis-

tics?

Amongst the most fundamental observables informing NSC formation scenarios are their occu-

pation statistics. In other words, what galaxies host NSCs? Stellar nuclei occur almost across

the entire spectrum of galaxy types. Historically, much of the early work on NSC demographics

focused on galaxies in high density environments such as galaxy clusters, where number statis-

tics are large. As a result, NSC occupation in early-type galaxies tends to be more robustly

characterised than in late-types (but for details on star-forming hosts see Carollo et al. 1998,

Georgiev et al. 2009, Georgiev and Böker 2014 and Neumayer et al. 2020). Recent studies have

established that the nucleation fraction in quiescent galaxies exhibits a strong dependence on

galaxy mass or luminosity, with a peak at ∼90% around log(M/M⊙) ≈ 9 followed by a steady

decline toward both higher (Côté et al., 2006; Turner et al., 2012; Baldassare et al., 2014) and

lower galaxy masses (den Brok et al., 2014; Ordenes-Briceño et al., 2018; Sánchez-Janssen et al.,

2019).

Remarkably, while NSC occupation at the high-mass end seems to be rather universal,

dwarf galaxies (M⊙ ≲ 109) are now known to display a secondary dependence with the environ-

ment. By comparing the nucleation fraction from the Next Generation Virgo Cluster Survey

(NGVS) (Ferrarese et al., 2012; Muñoz et al., 2013) with literature data for other environments

Sánchez-Janssen et al. (2019) show that NSC occurrence is highest in Coma cluster dwarfs,

followed by Virgo and Fornax, with the lowest nucleation fraction found in early-type satellites
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Figure 1.7: Fig. 2 of Sánchez-Janssen et al. (2019) showing the fraction of nucleated galaxies in
the Virgo, Fornax and Coma Clusters (circle, squares and triangles, respectively) as a function
of stellar mass. Also shown are the nucleation fractions of satellites of three nearby late-type
dominated galaxy groups. Shaded regions and error bars show the 68% Bayesian credible
interval, with the numbers on top representing the number of galaxies in each bin for the Virgo
sample. Notice that the Coma cluster data, in this figure limited to a sample of relatively
massive galaxies from the den Brok et al. (2014) catalogue, suggests a larger nucleation fraction
at fixed stellar mass than any of the other environments. Would this environmental bias hold
up if we included lower massive galaxies in the Coma sample?
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in the Local Group (see Fig. 1.7). This is consistent with early results showing that nucleated

early-types tend to inhabit the inner, higher density regions of the Virgo cluster (Ferguson and

Sandage, 1989; Lisker et al., 2007). But Sánchez-Janssen et al. (2019) expand on these studies

to show that the behaviour holds at fixed galaxy mass, i.e, dwarfs of any given luminosity have

a higher probability of being nucleated when they inhabit host haloes of larger virial masses.

A shortcoming of that analysis is that the limiting magnitude of the Coma cluster sample (den

Brok et al., 2014) is significantly brighter than in all the other environments: MI ≈ −13 vs

MI ≈ −9, well over an order of magnitude in luminosity. As a result, the exact behaviour of the

nucleation fraction in this most rich environment is not yet fully characterised – does it remain

exceptionally high down to the faintest luminosities, or does nucleation become negligible for

galaxies of comparable luminosity to those in the Virgo and Fornax cluster?

Chapter 2 aims at finally settling this question through the use of deep HST/ACS

imaging of the core of the Coma cluster to study the demographics of NSCs. We also develop

a novel Bayesian logistic regression framework to model the probability of nucleation, which

enables us to self-consistently investigate its dependence on galaxy luminosity and environment

for dwarfs in other clusters and groups.

1.4.2 Limitations in the prediction of observed GC colours with cur-

rent SSP models

In the recent years several new photometric data were released for extragalactic GCs, exponen-

tially improving the amount of available data in field. Some examples include: The aforemen-

tioned NGVS, the SLUGGS survey (Brodie et al., 2014), the ACS Virgo (Peng et al., 2006c)

and Fornax (Jordán et al., 2015) surveys, among several others. Thanks to these, we were able

to improve on several topics in the field, such as more precise age and metallicity estimates,

the radial extension of GC systems around their host galaxies, specific frequencies, their colour

distributions, and many others (Brodie and Strader, 2006). But with each leap in data, old

problems are answered and new questions arise.
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One of the most well known limitations to characterise globular cluster stellar popu-

lations are the issues on the simple stellar population (SSP) models commonly used to estimate

their ages and metallicities. As it will be explained in further detail in Chapter 3, SSPs rely on

a set of intricate and complex evolutionary tracks and initial conditions to simulate the spectra

of stellar populations with fixed metallicities and ages given an initial mass function (IMF).

One of the first points where one can see how limitations in SSPs impact GC studies is the

simple fact that for a long time GCs were considered prime examples of SSPs, but this paradigm

changed radically in recent years. High resolution spectroscopic studies revealed multiple stellar

populations in several GCs on the Milky-Way, and today it is thought that this might be a

universal feature (Bastian and Lardo, 2018; Cordoni et al., 2019; Bekki, 2019; Bonatto et al.,

2019; Barbuy et al., 2021). Not only this, but SSP models are generally calibrated to match

Milky Way GCs observational attributes. It has been theorised for some time already that GCs

in other galaxies could harbour stars with very different chemical content (Cohen et al., 2003;

Beasley et al., 2019). For instance, the GCs formed in-situ within big elliptical galaxies such as

M87 should harbour stars older3 than the stars in most of the Milky Way GCs (Cohen et al.,

1998; Montes et al., 2014; Oldham and Auger, 2016a). Such clusters would then span a wider

range of metallicity than their counterparts in our Galaxy (Kaviraj et al., 2007; Chies-Santos

et al., 2012; Romanowsky et al., 2012). GCs that are more metal-poor than Milky-Way GCs

are theorised to have, for instance, a higher abundance of α-elements4. Galaxies of this size

also often present evidence for a rich merger history which produced a new generation of more

metal-rich GCs that would show instead higher fractions of Fe-peak elements, more similarly

to Milky-Way GCs, but probably not in the same amount (Côté et al., 1998; Lim et al., 2020).

Using photometric NGVS data obtained from the Canada-France-Hawaii Telescope

(CFHT) instrument Megacam, P16a showed that the most popular SSP models used by the

astronomical community to infer ages and metallicities for stellar populations show a remarkable

disagreement with the colour distributions of M87 GCs. As it can be seen in Fig. 1.8, there

seems to be an environmental effect that changes the slope of the colour distribution of M87
3Considering the uncertainties, this difference in ages is theorised to reach up to ∼ 8 Gyrs. See Fig. 3 of

Montes et al. (2014) for a comparison.
4α-elements are defined as those produced in stars as result of converting He atoms into heavier elements.

Among the most important of these elements are: Ne, Mg, Si, S, Ar, Ca and Ti.
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Figure 1.8: Modified from Figures 1 and 2 from P16a, where the NGVS GCs are divided
between 4 different regions according to distance to M87 centre (for regions A, B and C) and
proximity to neighbouring galaxies (region D), as shown in the top panel. On the bottom,
the upper panels show griz colour diagrams with Virgo GCs, black diamonds representing a
sample of Milky-Way GCs and blue curves which are models from Bruzual and Charlot (2003)
with metallicities between 0.0004 ≤ Z ≤ 0.03 and ages between 6 ≤ t ≤ 13 Gyr. Above each
panel it is the linear fit for the best-fit lines showed for GC colour distributions. We see that
the models can reproduce the colours of Milky-Way GCs fairly well, while progressively failing
when we compare them with GCs in the inner parts of M87. Note also that the mismatch is
worst towards the upper part of the diagrams, where we would find the most metal-rich GCs.
Interestingly, for the region D, which would be the GCs belonging to neighbouring galaxies,
the models do a good job on reproducing their colours (except at the metal-poor end, where
those extragalactic GCs seem to be even less metallic than their Milky-Way counterparts). The
lower panels on the right side show the density distribution of GCs in each region as well as
highlighting with the solid and dashed lines the shift between the highest-density peak from
region A (solid) to D (dashed).
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Figure 1.9: Modified from Figures 16 and 17 from P16b, where we see several commonly used
SSP models compared to the colours distributions of NGVS GCs (whole sample, not divided
by regions), in two different colour diagrams (uiKs on the left, and ugr on the right). In this
work it was shown several other colour diagrams, but here we selected these just as an example
of how SSP models can predict correctly colours in one colour-colour diagram, but not in other.
Such inconsistency is not in agreement between different models, each one has issues in different
colours, i.e., different regions of the spectrum.

GCs in comparison to both the models from Bruzual and Charlot (2003) and Milky-Way GCs.

Not only that, but Fig. 1.9 from Powalka et al. (2016a, hereafter P16b) shows examples of how

SSP models from different authors inconsistently match the different colour-colour diagrams for

NGVS GCs. These results are of utmost importance at the current age where, as already was

said, data for extragalactic star clusters has become increasingly available. Without reliable

models to correctly reproduce their colour distributions, it would be very limiting (if not biased)

to attempt to estimate their ages, metallicities and chemical content.

Possible causes for such problems have been discussed in a few works in recent years.

Firstly, P16a itself argues that those results are not due to initial mass functions, differential

extinction, calibration uncertainties or simply age and metallicities that go beyond the ones

found in Milky-Way GCs. Rather, it is proposed that such environmental effects may be due

to intrinsic chemical abundance variations. For instance, the abundance ratios that influence

the morphology of the horizontal branch (HB), which were shown to affect the relation between
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optical and near-infrared colours (Conroy and Gunn, 2010; Maraston and Strömbäck, 2011).

Additionally, molecular bands such as the ones related to the CNO-cycle, may influence spectral

effects around the r, i and z bands, probably also playing a role into the issue.

The [α/Fe] ratio can also be of significant importance, as suspected by studies such as

Mieske et al. (2006) and Choi et al. (2019). Iron-peak elements are produced from supernovae

type II and Ia, but only the former produces α elements (Woosley and Weaver, 1995; Nomoto

et al., 2006). The different timescales of those two kinds of supernovae offers clues on the star

formation timescale in a given system, such that higher values correspond to shorter timescales

(Tinsley, 1979; Thomas et al., 1999). Milky-Way stars in different Galactic regions show a

distinct chemical signature in its α-enhancement content. Regions with relatively large amounts

of star forming gas, such as the thin disk, show stars with negligible α-element abundances

at solar metallicities, with a slight α-enhancement at sub-solar regimes (Reddy et al., 2003).

However, other Galactic regions such as the thick disk, halo and bulge present stars with

increased [α/Fe] abundances at sub-solar metallicites, reaching [α/Fe] ∼ 0.3 at [Fe/H] < 0.5

(Di Matteo, 2016; Bensby et al., 2011; Nissen and Schuster, 2010). This is likely to be due to

the scarcity of cold gas in these regions at long enough timescales, alongside short-scale star

formation events induced by minor mergers (in the case of the halo and thick disk) and the

faster collapse of star-forming gas under increased local densities (in the case of the bulge)

(Alves-Brito et al., 2010). A similar pattern is seen for stars in the bulge of M31 (Gajda et al.,

2021). Spectroscopic studies of GCs in the Milky-Way and nearby galaxies show a similar

abundance of α-elements than in Milky-Way stars. This can be seen in Fig. 1.10 from Larsen

et al. (2018), where we show the abundance of α-elements such as Mg, Ca and Ti for Milky-Way

stars and GCs, as well as for GCs in nearby galaxies. Notice that the increase in the abundance

ratios is inversely proportional to [Fe/H] metallicity.

Furthermore, dwarf galaxies in the Galactic neighbourhood also show distinct star-

formation timescale signatures. For instance, the Sagittarius and Sculptor dwarf spheroidals

show very little α-enhancement (Sbordone et al., 2007; Kirby et al., 2009) while ultra-diffuse

galaxies can display increased [α/Fe] ratios, over 0.5 dex, for stars as metal-poor as [Fe/H] ∼

-2.5 (Vargas et al., 2013). This is interpreted as evidence of extended star formation for some
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Figure 1.10: Fig. 5 of Larsen et al. (2018), where we can see the ratio of some important α-
elements as a function of the abundance ratio of [Fe/H] for the Milky-Way and nearby galaxies.
From top to bottom, the ratio [Mg/Fe], [Ca/Fe] and [Ti/Fe]. Empty circles show Milky-Way
GCs from Pritzl et al. (2005) and grey dots are Milky-Way stars from Venn et al. (2004).
Coloured symbols indicate spectroscopic abundance ratios presented in Larsen et al. (2018) for
GCs in the galaxies indicated in the legend.
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Figure 1.11: [Mg/Fe] ratio as a function of age and velocity dispersion (σ) for 45 elliptical
galaxies from the CALIFA survey, from Martín-Navarro et al. (2018). The [Mg/Fe] ratio is
a commonly used proxy for the [α/Fe] ratio. Here we can see that the α abundance scales
linearly with age and σ, which is also related to galaxy mass. Therefore, for more massive and
older GCs in galaxies such as M87, it is reasonable to assume stellar compositions with higher
abundances of α elements.

dwarf galaxies at opposition to the theoretical starvation process experienced very early after

galaxy formation by ultra-diffuse galaxies (Mistani et al., 2016; Vargas et al., 2013). Early-type

galaxies have been shown (e.g. Conroy et al., 2014) to have a stellar population with [α/Fe]

in the range 0.1 to 0.4 dex. This is thought to be due to Early-type being a prime example

of galaxies which experienced several minor mergers, inducing short star formation events. At

the same time, little to no star forming gas is available for continuous star formation (Behroozi

et al., 2014; Khochfar and Silk, 2009; Martín-Navarro et al., 2018). Late-Type galaxies, like the

Milky-Way, on the other hand, preserve large quantities of gas that are able to form stars over

larger periods of time (James and Prescott, 2008; Boselli, 2000). Martín-Navarro et al. (2018)

have shown that the enhancement on α elements on elliptical galaxies scales with age (see Fig.

1.11).

It is only recently, however, that SSP models with enhanced α-abundance variations

started to become available. This is mainly due to their reliance on high resolution empirical
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spectra, which are only available for nearby stars, which are generally not metal-poor enough

to present enhanced [α/Fe] ratios comparable to the expected for extragalactic GCs (Vazdekis

et al., 2015; Conroy et al., 2018). To overcome these limitations, recent efforts were made to

include theoretical corrections into empirical libraries (e.g., Conroy and van Dokkum, 2012;

Vazdekis et al., 2015; Coelho, 2014; Knowles et al., 2021). Later in chapter 3 this will be

explained further in details, as in this work we will employ novel α-enhanced SSP models

covering the wavelength range of colours tested by P16a, i.e., ugriz, as well as the Ks-band

which was barely touched in his work due to the scarcity of available SSP models in the NIR

at the time.

Moreover, P16a results were limited to a single extragalactic GC system, that around

M87 in the Virgo Cluster. This begs the question if their results on the environmental variations

in the colour predictions of SSP models is also present in the GC systems of other galaxies of

similar size and at a different environment. In order to test this hypothesis, in this work we

will test the aforementioned novel SSP models against the observed colours of GCs around

M87 in the Virgo cluster around NGC 3311/NGC 3309 in the Hydra cluster. NGC 3311 is a

perfect candidate for a comparison with the Virgo GC system, as the nearest galaxy with a GC

system similar in scale to the one of M87, as mentioned in previous sections. We also present in

this work new high-quality ESO/VLT photometric data in the NIR for each of these systems,

and comprising very central regions of Virgo and Hydra clusters, which are exactly the regions

where P16a found most of the discrepancies between SSP models and the observed colours.

The importance of high-quality NIR data in this context is the known power of optical/NIR

colours to disentangle the degeneracy between ages and metallicities in the comparison between

colours and SSP models (Georgiev et al., 2012; Chies-Santos et al., 2011c; Muñoz et al., 2015).

To summarise, in chapter 3 we will investigate whether or not currently available

models with varying abundance variations, specially α-enhancements, improve on the issues

with colour predictions by the most commonly used models in the literature, while also looking

into the environmental variations in this matter presented in P16a for the M87 and Virgo

Cluster GC system. The latter will also involve looking if such environmental effects are also

present for a GC system of similar size in the Hydra cluster cD galaxy, NGC 3311.
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1.5 Specific goals for this work

The ultimate goal of this work is to constrain the formation and evolution of star clusters

systems and their relation with galaxy evolution. To such extent, we explore the nucleation

fraction of galaxies in the Coma cluster when compared to other galaxy clusters and galaxies

in the local volume (≤ 12 Mpc). Furthermore, we also investigate the predictability of colours

in the GC systems of the central elliptical galaxies in the Virgo and Hydra clusters, based on

state-of-the-art stellar population models and high precision NIR photometry. In this context,

we also explore how an increased α-enhancement influence our capability of predicting ages

and metallicities for extragalactic GCs in high-density environments and finally we discuss the

differences that were detected between the GC systems in Virgo and Hydra and how such

discrepancies might help explain the observed mismatch between the observed colours and

stellar population models.

To summarise, we hope that the ideas and conclusions introduced in this work pave

the way to a more constrained exploration of extragalactic stellar clusters with data from the

next generation of telescopes, such as Euclid, Nancy Grace Roman, Chinese Space Station Tele-

scope (CSST) and ground-based Vera Rubin and the Javalambre Physics of the Accelerating

Universe Astrophysical Survey (J-PAS). Such next age of astronomy will provide unprecedented

amounts of GC and NSC data not only more spatially precise, but also extended to NIR wave-

lengths with unmatched precision when compared to current available technologies. Therefore,

at this stage, it is crucial to: i) develop new statistical techniques to explore to the maximum

the available photometric data and ii) investigate the limitations of current SSP models regard-

ing both chemical abundances and NIR wavelengths. These objectives are studied in this thesis

in chapter 2 and 3, respectively.
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A high occurrence of nuclear star clusters

in faint Coma galaxies, and the roles of

mass and environment

In this chapter we present the work which was published in Zanatta et al. (2021) and accepted for

publication in the Monthly Notices of the Royal Astronomical Society (MNRAS). We used deep

high resolution Hubble Space Telescope/Advanced Camera for Surveys (HST/ACS ) imaging of

two fields in the core of the Coma cluster to investigate the occurrence of nuclear star clusters

(NSCs) in quiescent dwarf galaxies as faint as MI = −10 mag.

We employ a hierarchical Bayesian logistic regression framework to model the faint

end of the nucleation fraction (fn) as a function of both galaxy luminosity and environment.

We find that fn is remarkably high in Coma: at MI ≈ −13 mag half of the cluster dwarfs still

host prominent NSCs. Comparison with dwarf systems in nearby clusters and groups shows

that, within the uncertainties, the rate at which the probability of nucleation varies with galaxy

luminosity is nearly universal. On the other hand, the fraction of nucleated galaxies at fixed

luminosity does exhibit an environmental dependence. More massive environments feature

higher nucleation fractions and fainter values of the half-nucleation luminosity, which roughly

scales with host halo virial mass as LI,fn50 ∝ M−0.2
200 . Our results reinforce the role of galaxy

29
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luminosity/mass as a major driver of the efficiency of NSC formation and also indicate a clear

secondary dependence on the environment, hence paving the way to more refined theoretical

models.

In the following sections we further detail the data, methods and results published

in the accepted article.

2.1 Data

The Coma cluster data used in this work were obtained as part of Program GO-11711 (PI: J.

Blakeslee) using the Advanced Camera for Surveys Wide Field Channel (ACS/WFC) onboard

the HST in March 2012, and consists of two fields centered on the bright cD galaxies NGC4874

and NGC4889. The observations run for four orbits with the F814W filter (≈ I) and one orbit

with the F475W filter (≈ g). As a result, the former dataset is considerably deeper than the

latter, and only the I data are used throughout. The exposure times in I are 10,425 s and

9,960 s for NGC4874 and NGC 4889, respectively.

The data for NGC 4874 were used previously in Cho et al. (2016) and we refer the

reader to that work for additional details on the reduction steps, which are the same for the

NGC 4889 field. Briefly, the images were dithered - i.e., small telescope offsets were employed

- to fill the 2.5 arcseconds gap between the two ACS/WFC detectors, followed by the standard

pipeline processing from the STScI/Mikulski Archive for Space Telescopes (MAST). The charge-

transfer efficiency (CTE) correction algorithm of Anderson and Bedin (2010) was applied and

finally the CTE-corrected exposures were then processed with apsis (Blakeslee et al., 2003) to

produce the final corrected images shown in Fig. 2.1.

The reference dataset for NSCs in the Coma cluster was introduced in den Brok

et al. (2014), with imaging from the HST/ACS Coma Cluster Survey (Carter et al., 2008). The

present study and that work are highly complementary. den Brok et al. (2014) data cover a large

footprint and have robust number statistics at the bright end of the dwarf galaxy population

(MI < −13). On the other hand, such work is limited to two ACS fields, while our deeper
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Figure 2.1: Top: SDSS colour-composite image of the central region of the Coma cluster, with
white boxes representing the two HST/ACS pointings used in this work. Middle and bottom:
The actual HST/ACS images used in this work, after drizzle treatment (left) and after the
subtraction of bright galaxies to improve the detection of fainter objects (right). Circles indicate
the positions of the detected galaxies in our sample (see Table 2.2).
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imaging - reaching MI ≈ −10 in comparison to the limiting magnitude of MI ≈ −13 of den

Brok et al. (2014) - allows us to probe much fainter galaxies and NSCs than ever before in

Coma. In Fig.2.2 we present a comparison between the I-band images used in this work and

those from den Brok et al. (2014). The top row corresponds to a nucleated galaxy, whereas

the bottom one shows a non-nucleated dwarf. The higher signal-to-noise ratio in our frames

significantly improves on the detection and characterisation of NSCs and, especially, their low

surface brightness hosts.

2.1.1 NSCs in other environments from the literature

In addition to the Coma cluster, in this work we also analyse data for dwarf quiescent galaxies

in the Virgo cluster (from Sánchez-Janssen et al., 2019), the Fornax cluster (from Muñoz et al.,

2015) and a collection of data for faint quiescent satellites in the local volume (D < 12 Mpc).

The latter dataset is mainly drawn from Carlsten et al. (2020a), and further complemented

with data from Chies-Santos et al. (in prep.) for dwarf companions of NGC3115. In Table 2.1

we list the other systems included in the analysis. In the table we indicate the number of

quiescent satellites in each environment, as well as the literature sources for the photometry

and the nucleation classification.

Where applicable, we have converted the published magnitudes to the I-band. We

adopt the following filter conversions, based on the ones presented in Blanton and Roweis

(2007):

(B − i) ≈ 1.10, (2.1)

(i− I) ≈ 0.06. (2.2)

The detection of nucleated galaxies in the MW, M31 and M81 systems is detailed

in Sánchez-Janssen et al. (2019), but can be summarised as follows. From the Karachentsev
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Figure 2.2: Comparison between the depth of images from den Brok et al. (2014) and this work.
On the top panels, two images of the same nucleated galaxy present in both the catalogue from
den Brok et al. (2014) and this work. On the bottom panel, a non-nucleated galaxy. All images
are adjusted to the same scale and in the same HST/F814W filter.
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et al. (2013) Updated Nearby Galaxy Catalogue, B -band magnitudes were transformed to the

V-band assuming (B -V )= 0.7 (Blanton and Roweis, 2007) and stellar masses were computed

using M∗/LV = 1.6 (Woo et al., 2008). Then, only galaxies within 105 < M∗/M⊙ < 109 with

early-type morphologies and whose main perturber was classified in the catalogue as being

any of these three spirals were selected. Furthermore, for satellites in the M81 group HST

images were visually inspected to find the galaxy candidates from Chiboucas et al. (2013).

The remaining galaxies in the low-density systems are drawn from Carlsten et al. (2020a).

Among these, we only select galaxies classified as dEs and discard dIrr and transition dwarfs.

Carlsten et al. (2020b) present surface brightness fluctuation distances for the galaxies in the

original sample, which we make use to consider only galaxies that are flagged as "possible" or

"confirmed" satellites in their table 4. The nucleation classification and photometry for the

final sample of group satellites is then taken from Carlsten et al. (2020a) and Carlsten et al.

(2020b), respectively.

An important aspect of all these datasets is that they all feature roughly the same

effective spatial resolution. This is a result of the superbly narrow point-spread function (PSF)

delivered by HST which more than compensates for the much larger distance of the Coma

cluster–and we therefore expect the NSC detection efficiency to be similar across the different

environments. Moreover, the effective HST/ACS PSF FWHM in Coma is ≈ 37.92 pc. NSCs in

early-type dwarfs have typical sizes of ≲ 20 pc (Côté et al., 2006; Turner et al., 2012), therefore

at the distance of Coma they are all essentially unresolved in our images.

As noted before, only early-type dwarfs are considered in the analysis. This is to

avoid complications related to both the morphology-density relation as well as the notoriously

difficult task of identifying NSCs in star-forming galaxies due to the presence of star formation

and obscuration by dust. More details on the literature data used in this work are presented

in Table 2.1.

With this choice of environments we are able to probe NSC occupation in host haloes

with masses ranging from 5× 1015 in Coma to 1012M⊙ in the local volume. When necessary,

adopted mass estimates come from Łokas and Mamon (2003), McLaughlin (1999) and Drinkwa-
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Figure 2.3: Summary of the procedure to detect and extract photometry for faint galaxies and
their NSCs. From left to right: Section of the original image showcasing an example galaxy
(nucleated on top, non-nucleated at the bottom). In the second panel we show the SourceEx-
tractor background image used for galaxy detection. Notice the significant increase in SNR,
which improves the detection limits. The third panel contains the same image as the first panel,
but now the point sources detected by the first SourceExtractor are masked–except for the
central 6x6 pixels, which are unmasked to reveal the NSC. The fourth panel corresponds to the
galfit model, to which we have added the typical noise of the ACS images for representation
purposes. Finally, in the last panel we show the residual image from galfit modelling. Both
galaxies are presented with the same scaling.

ter et al. (2001) for Coma, Virgo and Fornax, respectively. For the local volume galaxies we

derive a mean halo mass using the log(Vcirc) − log(M200) relation from the Illustris TNG100

simulations (Pillepich et al., 2018) and the Vcirc values in Table 1 of Carlsten et al. (2020a).

Exceptions are: NGC 3115, for which the halo mass estimate comes from Alabi et al. (2017);

M81, from Karachentsev et al. (2002); Cen A, from van den Bergh (2000); M31, which comes

from Tamm et al. (2012) and the Milky Way, from Taylor et al. (2016).

2.2 Photometry

In this work we build on the methods developed in recent surveys of the Virgo (Ferrarese

et al., 2016) and Fornax (Eigenthaler et al., 2018) clusters to study the faint galaxy population

and their star cluster systems. Briefly, galaxy detection is carried out automatically using an
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algorithm optimised for the recovery of low surface brightness objects. Visual inspection of

the candidates by one or more individuals follows, and cluster membership is assigned based

on expected morphological features for early-type, quiescent dwarfs–namely, ellipsoidal shapes,

smooth surface brightness profiles and absence of star formation features. Finally, photometric

and structural parameters for the host galaxy and the NSC are derived through two-dimensional

modelling of the galaxy images. The detailed steps are as follows.

2.2.1 Bright galaxy subtraction

The two fields in this study are centred on NGC4874 and NGC4889, the two dominant ellip-

ticals in the core of the Coma cluster. NGC 4889 is the brightest galaxy in the cluster, but

NGC4874 boasts an extended cD halo and resides somewhat closer to the centroid of the X-ray

emission in the cluster. The high density of bright satellite galaxies in these fields renders the

detection of faint objects difficult. Therefore, the first step in our analysis consisted in the

modelling and subtraction of the largest objects.

We subtract the bright galaxies using the program elliproof (Tonry et al., 1997;

Jordan et al., 2004), which fits a series of elliptical isophotes of varying centres, ellipticities,

orientations, and low-order Fourier terms. The algorithm then interpolates smoothly between

the isophotes and extrapolates outward beyond the last one. In both of our fields we model and

subtract the brightest galaxy along with large neighbouring galaxies that affect the modelling

of the central galaxy, as well as fainter galaxies that adversely affect the modelling of the bright

satellite galaxies. We adopt an iterative approach: subtracting the brighter galaxies, then

subtracting the fainter neighbours, then remodelling the brighter galaxies with the neighbours

subtracted, etc. We iterate until we achieved a clean subtraction of all galaxies (about ten in

each field) that were large enough to have a significant effect on the detection of the fainter

objects we aim to study.
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2.2.2 SourceExtractor detection

Galaxy detection is carried out with SourceExtractor (Bertin and Arnouts, 1996) following

a two-step approach. The first pass is optimised to extract point sources, whereas the second

runs on the background image generated from the first one. The process effectively acts as

a low-pass spatial filter, resulting in a smoothed, high signal-to-noise ratio (SNR) image over

scales larger than the PSF size.

In the first SourceExtractor run we set the minimum detection area,

detect_minarea, to 10 pixels above the detection threshold (detect_thres) of 1.5σ of

the sky background. As described before, these parameters are set so as to detect compact

objects such as GCs, foreground stars and background galaxies. We also set a background

mesh size (back_size) of 32 pixels with a 3x3 grid for the median filter (back_filtersize).

Using these parameters, SourceExtractor estimates the local background in each mesh of

rectangular grids across the entire image. In the second column of Fig. 2.3 we show an example

of such map, where the increase in SNR is evident.

We then proceed to the second run of SourceExtractor, this time on the smoothed

image. We set detect_minarea to 200 pixels above the detect_thres of 1.2σ of the sky

background. We then match the positions of the detections with those in the original image,

proceeding to visual inspection of the candidates to assign cluster membership and nucleation

classification.

2.2.3 Visual classification

Visual classification was independently carried out by Emilio Zanatta and R. Sanchez-Janssen.

Because faint early-type dwarfs have low surface brightness, the main contaminants are back-

ground late-type galaxies. We classify as members objects with smooth and spheroidal mor-

phologies (Sánchez-Janssen et al., 2016), and discard irregular galaxies or those displaying

features consistent with ongoing star formation (clumps, arms, bars). We identify NSCs as

compact spherical sources that in projection lie close to the geometric centre of the candidate
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galaxy (see Fig. 2.2). This requirement is later refined during the process of galaxy modelling

(Sect. 2.2.4).

We find that the two independent classifications fully agree down to a limiting mag-

nitude of mI = 25 mag. Because the focus of this work is on the faint-end of the Coma galaxy

population, we also set a bright limit of mI = 20 mag. The number of more luminous galaxies

in the two fields under study is too low to be statistically meaningful. Our final catalogue is

presented in Table 2.2. We found 66 galaxies within −15 < MI < −10 mag, 23 of which are

first reported in this work. Among these, 33 have nuclear star clusters candidates.

2.2.4 GALFIT modelling

To determine the structural and photometric properties of the candidate galaxies and their

NSCs we model their surface brightness profiles using galfit (Peng et al., 2002). We use the

segmentation maps from the first SourceExtractor run to mask all objects around our de-

tected galaxies, except for the central point sources in the visually-identified nucleated dwarfs.

Furthermore, we use PSF models obtained with PSFex (Bertin, 2011). We use as initial con-

ditions the mag_auto magnitudes and flux_radius results from the SourceExtractor

catalogue, as well as an initial Sérsic index of n=0.75, position angle of 45 degrees and axis

ratio of 0.8. The non-nucleated galaxies are modelled with a single Sérsic profile, while for the

nucleated ones we use a Sérsic profile alongside a PSF component.

Initial magnitudes for the PSF component are the mag_auto measured by the first

SourceExtractor run. The two components have initial central positions defined by the

positions detected by SourceExtractor for the galaxy or the NSC, in the case of nucleated

objects.

To aid in the modelling of the fainter galaxies we employ constraints to the parameters

to be fitted by galfit. Based on the structural parameters for faint galaxies in the Virgo

cluster (Ferrarese et al., 2020) we limit the Sérsic index to vary in the range 0.5 ≤ n ≤

1.5. Constraining the Sérsic index aids galfit in converging to realistic values for other
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Table 2.2: Photometric and structural parameters for the galaxies detected in Coma obtained
using GALFIT using SourceExtractor magnitude and positions as input parameters, as
described in the text. From left to right: Identification for each galaxy, right ascension in
degrees, declination in degrees, galaxy magnitude in the I filter, NSC magnitude in the I filter,
Sérsic index, effective radius in arcseconds, position angle in degrees, axis ratio and flags for
previous detections of those galaxies. Such flags are as follows: 1: Godwin et al. (1983); 2:
Iglesias-Páramo et al. (2003); 3: Adami et al. (2006a); 4: Yagi et al. (2016); 5: Adami et al.
(2006b); 6: Hoyos et al. (2011); 7: den Brok et al. (2014).

ID RA DEC mI,gal mI,NSC n Re b/a PA Prev. Detec.
(deg) (deg) (mag) (mag) (arcsec) (deg)

dw195019+27934 195.0191 27.9344 20.18 24.05 0.91 1.543 0.72 61.26 3,6
dw195007+27981 195.0073 27.9815 20.20 23.34 1.49 2.465 0.88 11.15 2
dw194870+27952 194.8701 27.9521 20.27 27.55 0.98 1.127 0.65 -22.84 2,6
dw195029+27978 195.0296 27.9787 20.28 23.16 1.27 0.806 0.64 3.31
dw194902+27960 194.9024 27.9609 20.40 25.11 0.74 1.210 0.80 63.29
dw194920+27952 194.9202 27.9521 20.53 23.69 1.49 0.458 0.94 -38.14 2,6
dw194905+27931 194.9052 27.9315 20.61 25.92 0.79 2.320 0.93 1.08 2,3,4
dw194911+27949 194.9111 27.9496 20.66 23.68 1.49 2.976 0.78 43.22 3
dw194879+27944 194.8791 27.9449 20.71 25.03 0.89 1.280 0.77 15.57 3
dw195011+27945 195.0112 27.9459 20.78 25.15 0.61 2.028 0.68 4.02 3,6,7
dw194907+27928 194.9070 27.9283 20.82 25.98 0.91 0.788 0.84 -57.99 2,3
dw194882+27963 194.8823 27.9634 20.86 26.38 1.34 1.974 0.93 58.48 3,6,7
dw194933+27967 194.9332 27.9672 20.93 26.24 0.96 1.728 0.63 29.73 3,6,7
dw194923+27946 194.9239 27.9466 21.03 25.52 0.88 3.690 0.59 39.13 2,6
dw194896+27961 194.8968 27.9612 21.05 26.09 1.01 1.887 0.81 85.96
dw194895+27948 194.8954 27.9481 21.19 25.13 0.69 1.843 0.76 78.93 6
dw194913+27992 194.9130 27.9925 21.19 0.82 1.728 0.55 -36.31 6,7
dw194902+27953 194.9026 27.9535 21.33 24.78 1.32 2.289 0.75 24.00 6
dw194870+27955 194.8704 27.9556 21.44 26.22 0.58 4.014 0.29 -55.01
dw194920+27954 194.9204 27.9549 21.47 26.92 0.50 2.372 0.40 -86.76 2,6
dw195037+27955 195.0375 27.9559 21.53 26.71 0.86 1.262 0.75 37.37
dw194908+27949 194.9088 27.9490 21.65 0.83 0.949 0.89 -77.68 3,6,7
dw195016+27933 195.0161 27.9338 21.69 0.52 1.655 0.67 -83.23 3,4,5,6,7
dw194891+27937 194.8917 27.9378 21.75 26.70 0.63 1.563 0.77 16.76 2,3,5
dw194900+27965 194.9004 27.9655 21.77 24.87 0.91 2.329 0.90 65.86 6
dw194912+27979 194.9123 27.9790 21.77 25.79 0.65 1.226 0.68 3.71 6
dw195000+27978 195.0003 27.9784 21.82 25.93 0.72 1.340 0.87 64.54 3,6,7
dw195027+27971 195.0272 27.9719 21.82 0.69 2.759 0.75 66.77
dw195047+27951 195.0475 27.9516 21.85 0.58 1.532 0.56 52.30 3,5
dw194906+27968 194.9069 27.9686 21.86 0.85 1.569 0.59 -31.93 6
dw195033+27943 195.0332 27.9432 21.89 26.56 0.79 1.456 0.76 40.55 3,5,6,7
dw195030+27964 195.0306 27.9644 21.90 0.88 1.493 0.75 86.83 3
dw194897+27927 194.8971 27.9270 21.97 26.50 0.83 1.277 0.90 -64.46 3,5
dw195058+27973 195.0589 27.9731 22.03 26.10 0.70 1.364 0.81 24.79 3
dw195010+27992 195.0100 27.9920 22.05 0.77 2.559 0.57 11.08
dw194896+27980 194.8969 27.9806 22.10 26.38 0.71 0.996 0.83 80.16 3,6
dw194887+27966 194.8871 27.9667 22.20 26.15 0.93 1.124 0.81 27.66 3,6,7
dw194992+27969 194.9925 27.9692 22.35 0.92 1.496 0.99 -65.99 3,6
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Table 2.2: Photometric and structural parameters for the galaxies detected in Coma. (contin-
ued)

ID RA DEC mgal mNSC n Re PA b/a Prev. Detec.
(deg) (deg) (mag) (mag) (arcsec) (deg)

dw194914+27957 194.9144 27.9573 22.49 0.51 0.813 0.79 30.38 6
dw195005+27943 195.0052 27.9435 22.51 0.76 1.060 0.62 -65.89
dw195011+27965 195.0117 27.9658 22.58 25.23 0.99 1.354 0.75 42.23
dw195022+27961 195.0229 27.9611 22.66 0.99 1.743 0.57 85.86
dw194993+27965 194.9939 27.9655 22.68 23.68 1.49 0.811 0.71 35.60
dw195023+27991 195.0231 27.9913 22.72 25.42 0.53 2.215 0.63 37.20
dw194908+27935 194.9086 27.9351 22.84 0.56 0.720 0.84 -57.49 3
dw195028+27964 195.0285 27.9649 22.84 0.50 0.996 0.94 -52.86
dw195030+27962 195.0308 27.9626 22.90 0.94 1.518 0.65 -24.14 3
dw194926+27977 194.9261 27.9770 23.29 0.66 0.802 0.77 32.00 3,6
dw194931+27968 194.9312 27.9680 23.29 0.50 1.354 0.71 50.28
dw195024+27956 195.0240 27.9560 23.33 0.75 1.187 0.59 -8.06 3
dw195056+27968 195.0567 27.9680 23.33 0.93 1.059 0.73 -32.45 3
dw194916+27961 194.9161 27.9610 23.41 0.67 0.965 0.74 -46.73 6
dw194903+27936 194.9037 27.9368 23.48 0.52 0.737 0.90 54.27 3
dw194891+27979 194.8915 27.9799 23.57 0.84 0.674 0.71 26.25 6
dw195019+28001 195.0199 28.0011 23.59 0.62 0.604 0.80 1.25 3
dw195039+27955 195.0397 27.9557 23.67 0.67 0.838 0.66 -9.15
dw194880+27940 194.8802 27.9400 23.68 0.68 0.747 0.69 7.66 3
dw194880+27960 194.8808 27.9601 23.79 1.12 0.798 0.76 -27.25
dw194916+27983 194.9167 27.9831 24.08 0.61 0.724 0.71 28.21
dw194990+27973 194.9909 27.9739 24.25 0.99 0.854 0.85 47.79
dw194922+27971 194.9221 27.9714 24.40 0.50 0.670 0.76 75.78
dw195012+27982 195.0121 27.9820 24.44 0.59 0.784 0.65 40.80
dw194922+27968 194.9225 27.9684 24.45 0.85 0.405 0.63 -63.66
dw194925+27962 194.9257 27.9626 24.56 0.65 0.511 0.72 -48.45 3,6
dw195041+27971 195.0417 27.9712 24.81 27.74 0.56 0.675 0.75 33.48
dw195004+27976 195.0041 27.9766 24.90 0.50 0.502 0.66 -55.04
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structural parameters even for faint, low surface brightness galaxies. We also constrain the

relative position of the Sérsic and PSF components to be within three pixels of each other.

This is inspired by HST studies of NSCs showing that stellar nuclei are rarely offset from the

geometric centre of the host galaxy (Côté et al., 2003; Turner et al., 2012). It also guarantees

that the likelihood of contamination from chance projection of stars or GCs over the galactic

body remains insignificant, with the mean number of such contaminants estimated to be ≈

0.002 per galaxy. This is calculated by counting the total number of point sources (class_star

≥ 0.6) that have a magnitude difference of less than 0.5 mag with respect to each NSC. The

surface density of such candidates is then multiplied by the area enclosed in a circle with a

radius of three pixels, which is our criterion for a bona-fide NSC detection. Results are not

sensitive to the magnitude difference between putative contaminants and the candidate NSCs.

A summary of the method is shown in Fig. 2.3. The galaxy properties obtained from

this procedure are presented in Table 2.2, where magnitudes are dereddened from Galactic

extinction using the maps from Schlafly and Finkbeiner (2011). We find that our catalogue has

eight common entries with the catalogue from den Brok et al. (2014) and the root mean square

deviation of the magnitudes in these common galaxies is only 0.12 mag.

2.2.5 Photometric Uncertainties Estimation

To estimate the uncertainties in the recovered parameters shown in Table 2.2 we run our pho-

tometry procedure to mock galaxies randomly placed in the HST images used in this work.

Mock galaxies are created using galfit using a Sérsic + PSF component, with parameters

sampled from the values in Table 2.2. Galaxy magnitudes are chosen randomly from an uni-

form distribution Umgal
(−14.0,−10.0). NSC magnitudes, effective radii and Sérsic indices show

significant correlations with galaxy magnitude, with Pearson correlation coefficients of 0.42,

-0.54 and -0.44 respectively. Due to this, we group these quantities in 10 bins of galaxy magni-

tude and calculate the mean, µbin, and standard deviation σbin. Then, in each bin, we randomly

generate new values for such quantities following a normal distribution N(µbin, σbin). We do

not detect a significant correlation between axis ratios and galaxy magnitude (Pearson corre-
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Figure 2.4: Difference between the magnitude of the nuclei, MI,NSC and the one of its host
galaxy, MI,Galaxy, for all nucleated galaxies in the Coma cluster sample from this work (shown
in table 2.2, purple diamonds) and den Brok et al. (2014) (magenta diamonds), as well as
nucleated galaxies in the Virgo cluster (from Sánchez-Janssen et al. (2019), blue circles), as a
function of the host galaxy absolute magnitude. For both environments, brighter galaxies tend
to show larger differences in magnitude from their nuclei, although a scatter is also evident,
showcasing its stochastic nature.
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lation coefficient of -0.09). For this reason, mock values for the axis ratio are obtained from

an uniform distribution Uq(0.35, 1.0). Position angles are set to a fixed value of 75 degrees for

every mock galaxy, as this parameter has little impact on the uncertainties we aim to estimate.

This sampling technique ensures that we simulated only realistic representations of galaxies

as detected in our catalogue. We created a total of 10,000 nucleated galaxies, 5,000 for each

HST field. Mock galaxies are added in random positions in the HST images with all galaxies

masked. Then we proceed with photometry exactly as done for our real detections except for

the step of visual classification.

The results of these simulations are presented in Fig. 2.5. The median uncertainty

in galaxy magnitude is ∼ 0.2 mag. The 95% and 68% confidence intervals show that galfit

estimates magnitudes brighter than the true values for galaxies fainter than MI ∼ 11 mag.

This behaviour was also observed in the simulations of Ferrarese et al. (2020) for the NGVS.

Therefore, we do not consider this to be evidence for any systematic bias from our method

or observations. Regarding NSC magnitudes the uncertainties are considerably lower, never

surpassing 0.1 mag even considering the 95% confidence intervals. Finally, results for effective

radii and Sérsic index show a median uncertainty of ∼ 20%.

In Fig. 2.4 we show the difference between the magnitude of the NSC and its host

galaxy for all the nucleated galaxies in our sample, as well as those from den Brok et al. (2014)

and the nucleated galaxies in the Virgo cluster from Sánchez-Janssen et al. (2019). Similarly

to what was found in the two latter works, the relative contribution of the NSC to the overall

brightness of the host galaxy decreases with galaxy luminosity–albeit with a large scatter in

the relation. From the perspective of comparing different environments, we see that the trend

in Fig. 2.4 is very similar for both Virgo and Coma galaxies. Overall, it seems clear that the

luminosity of the NSC is related to that of the host galaxy regardless of the environment, but

the large scatter in the relation indicates that NSC growth varies substantially from one galaxy

to another.
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Figure 2.5: Results of our photometry procedure applied to 10,000 mock galaxies randomly
positioned in both HST/ACS fields studied in this work; 5,000 in the NGC 4874 field and 5,000
in the NGC 4889 field. We show the difference between the "true" and "fitted" quantities in
the form ∆X, where X can be galaxy magnitudes (mI,gal), NSC magnitudes (mI,NSC), effective
radii (Re) and Sérsic index (n). For Re and n we show this difference in percentages. In the
x-axis we show "true" values of mI,gal. The grey scale shows the density of galaxies in bins of
galaxy magnitude. Solid yellow lines show the median distribution of points, while orange and
red dashed lines show the 95% and 68% confidence intervals, respectively.
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2.3 Statistical Modelling of the nucleation fraction

To analyse the nucleation fraction in the Coma cluster and how it compares to other envi-

ronments we employ Bayesian logistic regression (see e.g. Hilbe et al., 2017, for a detailed

description). Logistic regression belongs to the family of generalised linear models, and is

particularly suitable for handling Bernoulli-distributed (binary) data. Such distribution char-

acterises processes with two possible outcomes {0, 1}, be it success or failure, yes or no, or

alike – in our case it is nucleation or non-nucleation. Previous applications of logistic models

in Astronomy include the studies of star-formation activity in primordial dark matter halos

(de Souza et al., 2015), the escape of ionising radiation at high-redshift (Hattab et al., 2019),

the effect of environment in the prevalence of Seyfert galaxies (de Souza et al., 2016), and the

redshift evolution of UV upturn galaxies (Dantas et al., 2020). While the full behaviour of

the nucleation fraction departs significantly from the logistic relation (Sánchez-Janssen et al.,

2019), we make use of the fact that for all studied environments fn appears to peak at masses

log(M/M⊙) ≈ 9 (Neumayer et al., 2020), and then declines gradually toward lower masses

until it becomes negligible.

The regression model is the following:

yi ∼ Bern (pi) ,

ηi ≡ log

(
pi

1− pi

)
, (2.3)

ηi = β1[k] + β2[k] MI,i,β1[k]

β2[k]

 ∼ Norm


µβ

µβ

 ,Σ

 ; Σ ≡

σ2
β 0

0 σ2
β

,
µβ ∼ Norm(0, 102); σ2

β ∼ Gamma(0.1, 0.1).
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The above model reads as follows. Each of the i-th galaxies in the dataset has its proba-

bility to manifest nucleation modelled as a Bernoulli process, whose probability of success

relates to MI,i through a logit link function, ηi (to ensure the probabilities will fall between

0 and 1), where the index k encodes the cluster/group environment. A subtle, but important

characteristic of our model is the treatment of the intercept β1[k] and slope β2[k] coefficients via

hierarchical partial pooling. For the case studied here, it falls under the umbrella of generalised

linear mixed models (see e.g. Hilbe et al., 2017, for details). A simple intuition behind this

choice is given below. When modelling the same relationship across multiple groups, there

are three common choices: pooled, unpooled, and partially-pooled models. In our case the

pooled model implies a fit to the entire data, completely ignoring potential differences across

cluster/groups. In other words, this would implicitly assume a universal shape for the nucle-

ation fraction. In the other extreme lies the ubiquitous unpooled model, which implies fitting

each individual case, ignoring any potential correlation across cluster/groups. While it seems a

harmless choice, this model is very sensitive to differences in sample size and magnitude range

between different cluster/group environments. The most conservative option is partial pooling,

which infers different parameters for each group, but allows them to share information. This is

done via the use of hyper-priors for its coefficients. This is included in our model by assuming

a multi-Normal prior for β1[k] and β2[k] with a common mean µβ and variance σ2
β, to which we

assigned weakly informative Normal and Gamma hyper-priors respectively.

We evaluate the model using the Just Another Gibbs Sampler (jags1) package within

the R language (R Development Core Team, 2019). We initiate three Markov Chains by starting

the Gibbs sampler at different initial values sampled from a Normal distribution with zero mean

and standard deviation of 100. Initial burn-in phases were set to 5,000 steps followed by 20,000

integration steps, which are sufficient to guarantee the convergence of each chain, following

Gelman-Rubin statistics (Gelman and Rubin, 1992).
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Figure 2.6: Top: Distributions, in normalised counts, for the data obtained in this work and
presented in Table 2.2 (red histogram) and the catalogue of Coma galaxies from den Brok et al.
(2014) (blue histogram). Bottom:Nucleation fraction versus absolute magnitude for galaxies in
Coma, combining the data from this work and the one from den Brok et al. (2014). In the cases
where galaxies were detected in the two datasets, we keep the magnitudes from our own analysis.
The white curve is the mean posterior from the Bayesian logistic regression. The purple shaded
regions show the 50% and 95% confidence intervals, whereas the grey shades indicate the
magnitudes where the model extrapolates the data. The yellow solid circles represent the
median nucleation fraction in a binned representation of the data, with uncertainties given by
the corresponding 68% Bayesian credible intervals. The number of objects in each bin is shown
at the top.
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Table 2.3: Summary of the parameters estimated from the model presented in eq. 2.3. In the
first column we show MI,fn50 , the magnitude at which the estimated probability of nucleation
reaches 50%. In the second column ∆Odds represents the expected change in the odds of
nucleation by a variation of one unit of magnitude. In the last two columns, β1 and β2 are the
mean posteriors for the intercept and slope, respectively, of the link function ηi. One can see
that ∆Odds is within a 10% difference among all environments, while the variation of MI,fn50

present a significant difference in luminosity.

MI,fn50 ∆Odds β1(intercept) β2(slope)

Coma −12.98
+0.26
−0.25 -52.2% −9.66± 1.56 −0.74± 0.11

Virgo −14.39
+0.25
−0.25 -50.0% −9.89± 1.28 −0.70± 0.10

Fornax −14.16
+0.31
−0.31 -47.3% −9.25± 0.98 −0.64± 0.07

Local Early-Type −14.64
+0.98
−0.89 -41.4% −7.94± 1.76 −0.54± 0.14

Local Late-Type −15.38
+0.96
−0.89 -47.5% −9.98± 2.21 −0.66± 0.17

2.4 Results

When modelling the nucleation fraction the Coma sample presented here is merged with the

catalogue from den Brok et al. (2014) for completeness purposes at the bright end. The data

from this work comprises Coma galaxies with magnitudes in the −10.0 < MI < −15.0 range,

while den Brok et al. (2014) data ranges from −12.8 < MI < −19.0. In the few cases where a

galaxy is detected in the two studies we keep the magnitudes from our own analysis.

2.4.1 Nucleation fraction in the Coma cluster

Fig. 2.6 shows the Coma nucleation fraction, fn, as a function of galaxy absolute magnitude,

MI . The shaded areas indicate the 50% and 95% probability intervals around the mean of the

posterior for the logistic model (white curve). The means and 68% confidence level values of the

corresponding coefficients are shown in Table 2.3. The grey region represents the extrapolated

solution beyond which there is no data coverage. For visualisation purposes we also show with

yellow circles the nucleation fraction calculated in eight equal-sized bins. The corresponding

error bars show the 68% Bayesian confidence level. The tick marks at the top and bottom

of the panel indicate the magnitudes for each of the nucleated and non-nucleated galaxies,
1http://cran.r-project.org/package=rjags
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respectively, and the yellow histogram is a binned representation with the purpose to highlight

the prevalence of NSCs in brighter galaxies.

We confirm the strong dependence of the nucleation fraction on galaxy luminosity in

Coma: it peaks at nearly fn ≈ 100% at MI = −18 (the characteristic luminosities of classical dE

galaxies) and then declines to become almost negligible at MI = −10. Overall, the nucleation

fraction is remarkably high, with more than half of the MI = −13 dwarf galaxies still hosting

NSCs. This is clearly shown by both the binned nucleation fraction and the logistic model, but

only the latter is able to produce a smooth solution while also allowing us to study the rate

at which NSCs occur in galaxies of different brightness. More importantly, we are now in a

position to quantitatively compare the exact shape of the nucleation fraction in Coma and in

other environments.

2.4.2 Nucleation in Other Environments

In Fig.2.7 we show the mean posterior for the nucleation fraction in the Coma cluster compared

to that in the Virgo and Fornax clusters (left panel), as well as in nearby groups (right panels).

In order to improve the number statistics in these less rich environments we subdivide and

stack the samples of group dwarfs into satellites of early- and late-type centrals.

The total number of quiescent satellites in the sub-samples of early- and late-type

groups is 93 and 90, respectively. As with Coma, the means and 68% confidence level values of

the coefficients for the logistic model are shown in Table 2.3.

In Fig. 2.8 we show the individual posterior distributions from the Bayesian logistic

regression alongside binned data points for every environment from the literature considered

in Fig. 2.7, with the same captions as in the bottom panel of Fig. 2.6. It is clear that

the logistic regression follows closely the binned data despite not relying on arbitrary defined

bins. We stress the advantages of not relying on a binned fit, specially when dealing with data

from different sources and with different sample sizes. Notice that the local environments have

noticeable larger confidence intervals than Virgo, Fornax and Coma (show in Fig. 2.6). Our
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method of choice is able to efficiently compare the nucleation fraction in different environments

in a homogeneous way while not underestimating the uncertainties arisen from small sample

sizes.

Two results are readily apparent.

1) Nucleation has a nearly universal dependence on dwarf galaxy luminosity. This is shown in

Table 2.3 by the very similar β2 slope parameters for all the different environments, which

are consistent with each other at the 1σ level. In the table we also show the corresponding

∆Odds, which represents the change in nucleation odds given a variation of one unit in

magnitude for each environment, i.e., the nucleation rate by magnitude. We find very

similar values for all environments, perhaps with the exception of systems dominated by

early-type centrals where the nucleation fraction displays a slightly shallower decline.

2) Nucleation is more common in more massive haloes regardless of dwarf galaxy luminosity.

This is evident from the posterior curves in Fig.2.7, which are colour-coded by the esti-

mated virial halo masses for the systems under study. For example, a MI = −15 dwarf

has an ≈ 80% probability of being nucleated in Coma, compared to ≈ 50% for quiescent

satellites in groups with both early- and late-type centrals. In order to better quantify

this dependence we introduce the MI,fn50 index, the magnitude at which the nucleation

probability reaches 50% as inferred from the logistic model. In Fig. 2.9 we show how this

half-nucleation magnitude varies as a function of the virial halo mass for each environ-

ment. We model this relation as a linear regression of the form MI,fn50 = α+β log(M200).

The mean posteriors and associated standard deviations obtained for the parameters are:

α = −21.6 ± 2.8 and β = 0.54 ± 0.19. This implies that the half-nucleation luminos-

ity correlates with the host halo mass roughly as LI,fn50 ∝ M−0.2
200 . The most extreme

environments, Coma and the late-type groups, have LI,fn50 values that differ by almost

a factor of ten in luminosity. A corollary to this result is that the nucleation fraction

in Coma is the highest in all the studied environments over more than three decades in

dwarf galaxy luminosity.
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Figure 2.8: Same as the bottom panel of Fig. 2.6, but for every other environment considered
in this work, gathered from the literature references described in section 2.1.1. Notice the
excellent agreement between the binned data and the logistic regression.
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Figure 2.9: Mean posterior for the magnitude at which the probability of nucleation is 50%,
MI,fn50, as a function of host virial halo mass (references mentioned in the text). The mean, 50%
and 95% confidence intervals for a linear model are indicated by the solid line and grey shaded
areas, respectively. More massive environments exhibit fainter values of the half-nucleation
magnitude.
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The main finding of this study is that the rate at which the probability of nucleation

varies with magnitude does not depend substantially on the environment, but the fraction of

nucleated dwarfs at a fixed luminosity does. As a result, any model of NSC formation in low-

luminosity/mass galaxies needs to account for the joint dependence of the nucleation fraction

on galaxy luminosity/mass and the environment in which they reside. We discuss possible

scenarios in the next Section.

2.5 Discussion

We now attempt to frame the two main results of this work in the context of NSC formation

scenarios in low-luminosity/mass galaxies. The finding that the nucleation fraction displays

a nearly-universal dependence with galaxy luminosity simply implies a higher ability of more

massive dwarfs to pile up material in their central regions. Studies of NSC occupation alone

cannot constrain whether this process occurs through star cluster inspiral or in situ star for-

mation following gas inflows. There is, however, mounting evidence that the former process

is probably dominant for low-mass quiescent galaxies (Neumayer et al., 2020). Observations

in support of this picture include the fact that NSCs in faint, early type dwarfs are typically

more metal-poor than their host galaxies (Fahrion et al., 2020; Johnston et al., 2020); that

the occupation fraction of GCs and NSCs track each other remarkably well (Sánchez-Janssen

et al., 2019); and that in this luminosity regime the scaling of NSC mass with galaxy mass is

in excellent agreement with the prediction from GC inspiral models (Antonini, 2013; Gnedin

et al., 2014; Sánchez-Janssen et al., 2019). Such models require GCs (or their progenitors) to

have masses high enough so that their orbits decay in less than a Hubble time as a consequence

of dynamical friction, while simultaneously surviving tidal dissolution. Factors that influence

NSC growth and may depend on galaxy mass are the GC mass function (GCMF), the GC

formation distance, the host galaxy structural properties, and the presence of a massive black

hole–but the BH occupation fraction for low-mass galaxies is poorly constrained, and it cer-

tainly does not increase for fainter galaxies (Greene et al., 2020). Given that the nucleation

fraction peaks at MI ≈ −18 (M ≈ 109M⊙) and then declines, fainter dwarfs must have a
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comparatively bottom-heavier GCMF, or have GCs that on average form at larger distances

from the galactic centre, or be preferentially concentrated and more compact. There are no

observational constraints on the first two properties, and the latter is in direct contradiction

with the observed mass-size relation of faint dwarfs in the nearby Universe (McConnachie, 2012;

Eigenthaler et al., 2018; Ferrarese et al., 2020). Alternatively, it is possible that, even if the

GCMF is universal, the formation of GCs in galaxies with such low masses remains a stochastic

process. If dwarfs were to form clusters so that the total mass of the GCs is a constant fraction

of their stellar mass, this would explain why in the dwarf regime the NSC and GC occupation

fractions track each other so closely: the nucleation fraction drops simply because the host

galaxies never form enough massive GCs to begin with. A corollary from this proposition is

that the GCMF should vary with galaxy luminosity, with very faint dwarfs exhibiting a deficit

in massive GCs.

In the context of GC inspiral scenarios, the same arguments apply to the unambigu-

ous environmental dependence we show in Figs. 2.7 and 2.9–but now the differences must arise

due to effects related to the host halo at fixed present-day galaxy luminosity. Unfortunately,

to our best knowledge the environmental dependence does not arise naturally in any NSC for-

mation model, and there are no observational constraints on the early properties of GCs in

different environments. Additionally, the mass-size relation seems to be rather universal in this

luminosity regime, with dwarfs in environments ranging from Coma to the Local Group follow-

ing similar scaling relations. Sánchez-Janssen et al. (2019) speculate that a biased formation

scenario for star clusters similar to that proposed by Peng et al. (2008) does a reasonable job at

explaining the environmental dependence of the faint nucleation fraction, at least qualitatively.

In such a model galaxies that now reside in higher density environments form stars earlier and

sustain higher star formation rates (SFR) and SFR surface densities. These are conditions con-

ducive to the formation of bound massive clusters, and if cluster formation efficiency is close to

universal and galaxies formed clusters proportionally to their mass at early epochs (Kruijssen,

2015) then one naturally expects a larger mass fraction in star clusters in the more biased envi-

ronments. In this context it is also important to remember that, for a given present-day stellar

mass, the subhaloes in denser environments were at all times prior to infall more massive than
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those in less dense regions. This, together with earlier infall (and peak mass) times creates

conditions that favour efficient formation of star clusters (Mistani et al., 2016). Those that

are massive enough and form close to the galaxy centre will experience dynamical friction and

decay to the bottom of the potential well. We finally note that some of the masses of NSCs

in very faint galaxies are comparable to those of typical GCs (see Fig. 2.4), and therefore very

little GC merging is actually required (Fahrion et al., 2020; Neumayer et al., 2020).

The proposition that nucleated dwarfs form a biased subpopulation is well established

by numerous observational results. Compared to their non-nucleated counterparts they exhibit

more concentrated spatial distributions and a propensity for circularised orbits (Ferguson and

Sandage, 1989; Lisker et al., 2007, 2009); they are intrinsically more spherical (Ryden and

Terndrup, 1994; Sánchez-Janssen et al., 2019) and possess more concentrated light profiles

(den Brok et al., 2014); they host older stellar populations (Lisker et al., 2008); and there is

tentative evidence that they feature higher GC mass fractions (Miller et al., 1998; Sánchez-

Janssen and Aguerri, 2012). Whether or not this is sufficient to explain the higher occurrence

of NSCs in more massive haloes remains to be quantified by detailed models of their formation

and evolution.

2.6 Summary and Conclusions

In this work we detect and characterise 66 low-mass, quiescent galaxies in the central regions

of the Coma cluster using deep HST/ACS imaging in the F814W band. NSCs are identified

by a combination of visual inspection and full image modelling. We perform Bayesian logistic

regression to model the joint dependence of the nucleation fraction on galaxy absolute magni-

tude and environment for dwarf galaxies in nearby clusters and groups. Our main conclusions

are:

1) Similar to previous findings (den Brok et al., 2014; Sánchez-Janssen et al., 2019), fainter

galaxies in Coma tend to show a smaller difference in magnitude from their nuclei–but
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the significant scatter at fixed galaxy luminosity suggests the growth of stellar nuclei is a

substantially stochastic process.

2) The nucleation fraction depends on both galaxy mass/luminosity and environment, with

the former being the primary parameter. Fainter galaxies have a lower probably of hosting

NSCs, as do quiescent satellites of all luminosities in lower mass haloes. The rate at which

the probability of nucleation varies with luminosity is remarkably universal.

3) The nucleation fraction in Coma over three decades in dwarf galaxy luminosity is higher

than in any other known environment. This is a direct result of the strong environmental

dependence of the nucleation fraction. We find that the luminosity at which half of the

dwarf galaxies contain an NSC is inversely proportional to the virial mass of the host

halo, LI,fn50 ∝ M−0.2
200 .

We have shown that nucleation in dwarf galaxies is a complex phenomenon that de-

pends both on luminosity and the environment in which the galaxy resides. We identify several

observational constraints that would advance our knowledge of the conditions and environments

that are conducive to the formation and growth of stellar nuclei. First, it is critical to rise the

statistical significance of the environmental dependence by studying the nucleation fraction in

other groups and clusters–and in particular for both more and less massive host haloes than

studied here. The rarity of massive clusters like Coma and the sparseness of low-density en-

vironments make this a challenging task that might be best tackled with upcoming wide-field

space missions like Euclid, the Roman Space Telescope and the Chinese Space Station Tele-

scope. Second, the availability of large NSC samples would allow us to investigate if other

physical parameters such as galaxy size also play an important role on the presence of nuclei,

as predicted by models (Mistani et al., 2016; Antonini et al., 2015). Finally, occupation studies

have little constraining power on the exact physical processes that drive NSC formation and

growth. Detailed chemo-dynamical studies of nuclei across a wide range of masses and envi-

ronments will be instrumental in settling this question (Kacharov et al., 2018; Fahrion et al.,

2019; Johnston et al., 2020; Carlsten et al., 2021).



Chapter 3

The effects of environment and abundance

variations in the stellar populations of

globular clusters in the Virgo and Hydra

brightest cluster galaxies

In this chapter we will look into the GCs of elliptical galaxies. Broadly, our main goal is

to investigate the impact of models with abundance variations in the prediction of colours of

GCs. To this end, we will employ GC photometric catalogues with extensive spectral coverage,

spanning from the near ultra-violent (NUV) to the near infrared (NIR). Particularly, we will

compare such data with SSP models with the abundance pattern of stars in the Galaxy and

with α-enhancement. Then, we will also compare the properties of the GC systems around

M87, in the Virgo Cluster, and around NGC3311 and NGC3309 in the Hydra cluster. This

comparison will be discussed in the context of how well the SSP models perform in predicting

GC colours and which aspects of such models can be improved in the future.

Firstly, in the next section, we will present the novel dataset later used in this work,

the Ks-band photometry from the VLT/HAWK-I telescope of Virgo and Hydra fields. Later on

we match with GC samples from the literature to build the GC catalogues used in our analysis.

59
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Furthermore, we also discuss our GC selection criteria and possible caveats from missing objects

in this selection.

3.1 Observations, Data Reduction and Decontamination

3.1.1 VLT/HAWK-I Ks-band imaging

We present two new catalogues of Ks-band photometry obtained with the HAWK-I instrument

(Casali et al., 2006), a near-infrared (NIR) cryogenic imager installed on the UT4 at the Very

Large Telescope (VLT) facility at Paranal Observatory, Chile. The observations targeted the

inner 40 Kpc2 of NGC 4486/M871, and two fields in the Hydra cluster, each with approximately

88.5 Kpc2, that when combined are centered in the galaxies NGC 3311 and NGC33092 (see Fig.

3.1). The HAWK-I instrument has a pixel scale of 0.106” pix−1 and a field-of-view (FOV) of

approximately 7.5’ x 7.5’ with a cross-shaped gap of 15”, dividing the FOV into 4 independent

CCDs. Due to this, a dithering pattern was applied in the observations of the M87 field and

the Hydra F2 field, such that all major galaxies were observed in their entirety. Additionally,

in both observations, separate sky exposures at fixed offsets were performed to ensure that

the rapid variation of the sky in the NIR was taken into account during reduction procedures.

The M87 observations were carried out during the months of April, May and June of 2013,

while the observations of the Hydra cluster were performed between the months of December

of 2013 and February of 2014. The exposure times summed 7.2 hours for M87 and 10.4 hours

for the Hydra cluster. The top-right and bottom-left quadrants of both Hydra fields overlap

and contain NGC3311, enabling an effectively deeper imaging in the FOV of this galaxy than

in the rest of the Hydra FOV.

We carried out the reduction using the HAWK-I pipeline3 The raw data are divided

between the four CCDs of the instrument, each covering one of the quadrants of the entire

1Proposal 091.B-0615(A), PI: Ana Chies Santos
2Proposal 092.B-0759(A), PI: Iskren Georgiev
3HAWK-I pipeline version 2.4.3 (released in August 2018) with gasgano version 2.4.8 (Eso, 2012) and

esorex(ESO CPL Development Team, 2015).
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Figure 3.1: Left panels: Images used in this work. In the top two right panels, the final reduced
Virgo Cluster VLT/HAWK-I Ks image centered on M87 and on the left of it the residual
image after subtracting M87 using the model created with IRAF/ELLIPSE. In the middle
left panels, same as above but for the H1 field of the Hydra Cluster observations used in this
work. And in the lower right panels same as above but for the secondary H2 field of the Hydra
cluster observations. Right panels: At the top, SDSS coloured Virgo cluster image, centered
on M87, with the white rectangle showcasing the approximated FOV of the VLT/HAWK-I
observations. At the bottom right, same as above but for the Hydra cluster field and using a
DSS colour image. Notice that the H2 and H1 Hydra fields overlap at the location of NGC
3311, the southernmost of the two central elliptical galaxies in the cluster.
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Figure 3.2: Spatial distribution of the GC samples used in this work. Also plotted are solid
circles indicating roughly the regions contained within 2 effective radii (Re) from the brightest
galaxies in each field, which are labelled in each panel. left panel: FOV of the Hydra observa-
tions, comprising GCs around the galaxies NGC 3311 and NGC 3309. right panel :FOV of the
NGVS observations with an inlet showing the area within 5Re of M87. The region covered by
the green circles, representing the GCs detected in the HAWK-I observations, is approximately
equal to the area within the FOV of such observations.
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FOV. The reduction process follows the standard process of dark correction, flat-fielding and

gain correction, followed by sky subtraction using the separate sky exposures at fixed offsets.

Astrometric calibrations are performed using 2MASS (Skrutskie et al., 2006) standard stars

and for each observing block the individual exposures are stacked, resulting in 4 final reduced

science images for each of the 4 CCD images in a single observation. In Fig. 3.1, top panels,

we present the merged CCD images in a single figure using SWarp (Bertin et al., 2002).

3.1.2 Photometry

With the HAWK-I data already reduced, we proceed to detect and measure the magnitudes of

sources in the Ks-band images.

Bright Galaxy Modelling and Subtraction

For the purpose of detecting the highest number of GCs, we model and subtract the light of

the most luminous galaxies in the final reduced images. The modelling and subtraction of the

galaxy light is performed using the ellipse and bmodel (Jedrzejewski, 1987) tasks from the

iraf (Tody, 1986) software system. In Fig. 3.1, bottom panels, we show the reduced images

after subtraction of the galaxies that could interfere with the GC photometry. In the case of

M87, the only caveat is its famous extended X-ray jet emitted from its central black hole which

creates residual artefacts in the very central region of the subtracted images. For the case of the

Hydra fields, we have the drawback of a bright foreground star right in front of NGC3309, also

resulting in some residual artefacts. Moreover, in the Hydra fields we opted not to model and

subtract the neighbouring spiral galaxy NGC3312 as we will focus mainly on the GCs around

NGC3311 and NGC3309.

Source Detection and Photometric Measurements

Source detection and photometry is performed using SourceExtractor(Bertin and Arnouts,

1996) and PSFEx(Bertin, 2011). In table 3.1 we list the main parameters used in this procedure
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Table 3.1: SourceExtractor parameters applied for source detection and photometry.

Parameter Value
M87 Hydra

DETECT_MINAREA 10 10
DETECT_THRESHOLD 4.0 1.5

ANALYSIS_THRESHOLD 4.0 1.5
DEBLEND_NTHRESH 64 32
DEBLEND_MINCONT 0.01 0.05

BACK_TYPE AUTO AUTO
BACK_SIZE 64 64

BACK_FILTERSIZE 3 3

for both the Virgo and Hydra fields. The extraction followed a very similar configuration for

both. The only differences is due to the distances involved, which affected the amount of pixels

set for the detection and analysis thresholds, as well as deblending parameters and the depth

of the limiting magnitude within reasonable errors. With such depth we expect our dataset to

be deeper in the M87 images, given the greater exposure time. Raw Ks magnitudes are derived

from the MAG_PSF output of SourceExtractor with an oversampled PSF computed

with PSFEx.

Extinction Correction

The Ks-band catalogues are then derredened with the reddening maps of Schlafly and Finkbeiner

(2011), but we stress that the reddening in the direction of Virgo and Hydra, specially in the

NIR, is almost negligible. Typical reddening corrections amount to 0.06 mag in (u-i) and 0.04

mag in (g-i) or (i-Ks).

Magnitude Zero-Points

For the case of the Hydra fields, standard stars were observed to be compared with 2MASS

stars, which enabled the calibration of magnitude zero-points using the HAWK-I pipeline. For

Hydra F1 the zero point was calculated to be ZPKs,HydraF1 = 28.35±0.10 mag and for Hydra

F2 to be ZPKs,HydraF2 = 28.45±0.12 mag. For M87, standard stars were not observed, due to

the availability of literature data in the Ks filter. Specifically, we used the GC catalogue of
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P16a to calibrate our instrumental magnitudes. We first select detected sources in the M87

field with Ks magnitude errors (as calculated by SourceExtractor), δKs, smaller than <

0.1 mag and convert the magnitudes from the HAWK-I original Vega photometric system to

the AB system used in the P16a catalogue. This was done using the following relation from

(Blanton and Roweis, 2007): Ks,AB=Ks,vega ∼1.827. Then we match our source catalogue with

the GC catalogue from P16a. Establishing a linear relation results in a zero-point value of

ZPKs,M87 =28.12±0.12 mag. In Fig. 3.3 we show the residuals of the HAWK-I magnitudes

in the M87 field calibrated with the calculated zero-point and the magnitudes from P16a for

matching objects. We find values smaller than 0.3 mag for 95% of the residual distribution and

for magnitudes Ks,HAWK−I < 21.8. After this limit, the difference increases considerably. We

attribute this result to the different depth of this work’s VLT/HAWK-I observations and the

CFHT/Megacam observations used in the NGVS catalogue. It is important to consider that

the CFHT is 3.8 meter telescope, while VLT telescope has a diameter of 8.2 meters. Therefore,

considering the exposure time of the M87 observations, this enables a more precise photometry

than the CFHT/Megacam P16a data even for magnitudes fainter than 21.8 mag, as it can be

seen in Fig. 3.4.

3.1.3 Match with complementary literature data

After calibration, we proceed to match the Ks catalogues from both fields with data from other

filters already available in the literature. A summary of the literature data used in this work is

shown in table 3.2, but here we offer additional details.

For the case of M87, we matched our data with the catalogue from Oldham and

Auger (2016b), which is the largest Virgo GC catalogue available to date. It is based on a

redone photometry in ugriz filters of the NGVS data. We refer the reader to Oldham and

Auger (2016b) for details, but the idea behind the revisit to NGVS data in such work was to

achieve deeper photometry and therefore a larger GC dataset in the region. We will make use

of this larger and deeper dataset to compare Oldham and Auger (2016b) data with the addition

of our new Ks magnitudes, hereafter referred to as the O&A16+Ks sample, with the data from
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Figure 3.3: Residuals between Ks magnitudes from the M87 HAWK-I observations presented
in this work and the ones from the P16a catalogue from CFHT/WIRCAM. The solid lines
represent a residual of -0.5 and 0.5, and the dashed lines a residual of -0.3 and 0.3. Also shown
are marginal histograms for the distribution of magnitudes and residuals. One can see that
the major part of the residual distribution lies within 0.3 mag. A dotted line is also present
indicating a detected magnitude limit of ∼ 21.8 mag where the residuals start to become
increasingly larger. See text for our interpretation of this result.
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Figure 3.4: Comparison of the errors and calibrated magnitudes in the Ks-band for M87 GC
candidates in the O&A16+Ks catalogue and in the P16a catalogue, as a function of magnitude.
Green markers represent the decontaminated O&A16+Ks sample used in this work and red
markers represent GC candidates from the P16a catalogue.
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P16a. The latter GC data already cover the ugrizKs filter range due to the inclusion of data

from the NIR extension of the NGVS, NGVS-IR (Muñoz et al., 2013). In the right panel of

Fig. 3.2 we show the spatial distribution of the M87 samples mentioned throughout this work.

In the Hydra fields we used two different data sets to complement our Ks magnitudes:

the gi catalogue from Wehner et al. (2008b) and the UV I GC candidate catalogue from Hilker

and Richtler (2016). As each data set comes from observations with drastically different FOVs,

we opt to separate the samples used in the Hydra analysis into two: a UV IKs sample, obtained

from a match with the Hilker and Richtler (2016) data, based on which we will perform the GC

selection (the reasons for this choice are explained in the following sections) and an additional

giUV IKs catalogue with matching objects from the final decontaminated UV IKs sample and

the Wehner et al. (2008b) catalogue. This way we can explore the benefits of the larger spectral

range provided by adding gi magnitudes from Wehner et al. (2008b), while at the same time not

sacrificing a considerable sample size for the analysis when g-band magnitudes can be neglected.

Conversion to a common photometric system

Since the optical data for Hydra and M87 data used in this work come from different telescopes

and observations, it is natural that they originally present themselves in different photometric

systems. So before any decontamination or analysis is done, it is important to first choose a

common system and convert all available data into it. Otherwise, even the small differences

between filters in similar spectral regions can affect significantly the expected colours of GCs –

and consequentially our analysis in the following sections of SSP colour predictions (Gonçalves

et al., 2020; Conroy et al., 2009).

As most of the data available in the literature datasets is presented in AB magnitudes

and in the ugriz SDSS filters, we chose this as our standard photometric system. P16a, Oldham

and Auger (2016b) and Wehner et al. (2008b) data is already in this configuration. The Ks

magnitudes from HAWK-I originally are in the Vega magnitude system, so we convert to AB

magnitudes using Ks,AB = Ks,V ega + 1.85 from Blanton and Roweis (2007). Moreover, the

johnson-cousins UV I magnitudes from the Hilker and Richtler (2016) dataset are converted to
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AB magnitudes using the relations: UAB ∼ U +0.79, VAB ∼ V +0.02 and IAB ∼ I +0.45, from

Blanton and Roweis (2007). Finally, UI magnitudes in the AB system are converted to SDSS

ui using u ∼ U +0.0682 and i ∼ I +0.0647 also from Blanton and Roweis (2007). Hereafter in

this work, every time magnitudes and colours are mentioned they are AB magnitudes in SDSS

filters, unless otherwise noted.

3.1.4 Decontamination

Apart from actual GCs, there are other astronomical objects that are expected to be present

in our samples that need to be distinguished from GC candidates in our final catalogues.

Namely, those are background galaxies, foreground stars and image artefacts from the galaxy

subtraction and reduction steps. As we match our Ks magnitudes with literature data, a

previous decontamination was already present in these data that is carried over. Nevertheless,

the addition of NIR photometry, or in the case of M87, its addition with higher precision,

enables us to further decontaminate the samples. This is of great importance to avoid biases

in the comparison with stellar population models we will be showing later in this work.

Our GC selection is based on a colour selection criteria and comparison with literature

samples. The main tool we use to this end is the uiKs diagram, presented in Muñoz et al. (2013)

with data from the NGVS collaboration. The uiKs diagram is a powerful tool to separate GCs

from foreground stars and background galaxies due to the capability of the combination of near-

UV (NUV) and NIR colors to probe different stages of stellar evolution within the observed

stellar populations. Specifically, the (i−Ks) colour is sensitive to the effective temperature of

red giant branch (RGB) stars, while (u − i) colour comprises an spectral region neighbouring

the 4000 Å break, which is indicative of the presence of hot stellar evolutionary phases (Muñoz

et al., 2013; Cantiello et al., 2018; Powalka et al., 2016a; Georgiev et al., 2012).

Additionally, as we match our HAWK-I data with additional photometric catalogues

from the literature, we inherit an initial decontamination. Nevertheless, the addition of NIR

information motivates us to proceed and further analyse the GC candidates. Moreover, we

expect that the initial GC selection in the additional literature sources to have the effect of
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Figure 3.5: GC distribution in the uiKs colour-colour diagram and loci of GC candidate se-
lection, based on the peak of density distribution (shown in top and bottom left panels). Top
panels: M87 GC candidates. Gray circles show the initial match between HAWK-I data and
the photometric GC catalogues of Oldham and Auger (2016a). Green circles represent the final
sample of GC candidates for the M87 field, labelled throughout this work as the O&A16+Ks
sample. Red squares show, for comparison purposes, the loci of GC candidates from P16a.
As reference, shown as black crosses are spectroscopic GCs that are present in the HAWK-I
catalogue and in the M87 sample of Strader et al. (2011). Colours are dereddened, in AB
magnitudes. Bottom panels: Hydra GC candidates. Grey diamonds represent the entire match
between objects detected in the HAWK-I data, in both hydra fields, and the UV I data from
Hilker and Richtler (2016). Yellow markers shown the loci of the final selected GC candidates
for one of the Hydra samples used in this work, labelled as UVIKs sample. The 4 blue circles
represent spectroscopic GCs that match objects in this sample from the catalogue of Misgeld
et al. (2011).
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Figure 3.6: uiKs diagram showcasing the loci of GC candidates of both fields studied in this
work. Gray circles and diamonds shown the initial match between HAWK-I data and the
photometric GC catalogues of Oldham and Auger (2016a) and Hilker and Richtler (2016),
respectively. Green circles and orange diamonds represent the loci of GC candidates for the
O&A16+Ks M87 GC sample and for the UVIKs Hydra GC sample, respectively. Red squares
show, for comparison purposes, the loci of GC candidates from P16a. Finally, as reference,
shown as blue circles and black crosses are spectroscopic GCs that are also present in the data
presented in this work, from the Hydra sample of Misgeld et al. (2011) and the M87 sample
of Strader et al. (2011). Colours are dereddened, in AB magnitudes. Notice the similar loci
for all GC candidate samples. Also of note is the fact that both spectroscopic samples show
objects that would not be considered as GCs following our decontamination criteria. See text
for a discussion on this fact.
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naturally reducing significantly the presence of stars and galaxies in the samples. Therefore

a density-based approach for the GC selection in the uiKs diagram becomes a very natural

selection process. Our goal is to have a good compromise between sample size and precision,

such that our comparison with stellar population models will not be significantly biased with

objects other than GCs.

For the case of M87, the O&A16+Ks sample inherits the decontamination from the

catalogue of Oldham and Auger (2016b), which was based on colour cuts of 0.6 ≤ (g− i) ≤ 1.4,

0.2 ≤ (g − r) ≤ 1.0 and g ≥ 24.0. We refer the reader to Oldham and Auger (2016b) for

complete details. A direct match between such catalogue and our Ks data resulted in 1586

objects with ugrizKs photometry. For the case of the Hydra data, the UV I catalogue from

Hilker and Richtler (2016) is based on a GC selection performed using the sharpness parameter

of IRAF/DAOPHOT (Tody, 1986) and a colour selection in a (V − I) x (U − V ) diagram. A

match between this catalogue and our HAWK-I data resulted in an initial UV IKs catalogue of

1513 objects. In the Hydra fields we also have the addition of the gi magnitudes from Wehner

et al. (2008b), which GC selection is based on a colour cut of 1.4 ≥ (g− i) ≥ 0.6. The match of

such gi catalogue with the HAWK-I Ks magnitudes form an initial giKs catalogue with 1057

objects.

This GC selection in the uiKs diagram is shown in Fig. 3.5, where (i − Ks)0 and

(u− i)0 are extinction corrected colours in AB magnitudes. The left panels of this figure show

the object density distribution. This is computed using a two-dimensional Gaussian kernel

estimate with a 1x1 bandwidth as well as 200 and 1000 square grids for the M87 and Hydra

data respectively (we refer the reader to (Venables and Ripley, 2002), chapter 5, for additional

details on this parameters). To further identify the boundaries of the GC loci, we use additional

literature data as reference. For the case of M87, we use the photometric GCs from P16a and

the spectroscopic GCs from Strader et al. (2011) that are also present in our initial O&A16+Ks

catalogue, which amounts to 297 objects. In the case of Hydra, we include spectroscopic GCs

from the Misgeld et al. (2011) catalogue. However, the latter has only 4 matches with our

initial UVIKs dataset.
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From the compromise between objects located within the densest regions in the ex-

pected GC loci in the uiKs diagram as well as close to the additional literature samples, we

selected the final O&A16+Ks dataset (green markers in Fig. 3.5, top left panel), comprising

1457 GC candidates from 1.96 to 36.42 Kpc from the centre of M87 and a final UVIKs dataset

(yellow markers in Fig. 3.5, bottom right panel) comprising 559 GC candidates from 4.72 to

119.44 Kpc from the center of NGC 3311. In Fig. 3.6 we show a combined uiKs diagram with

all samples from both fields where one can see how close the loci of GC candidates are located.

A match between the UV IKs dataset with the gi magnitudes from Wehner et al. (2008b)

results in an additional giUV IKs catalogue (magenta markers in Fig. 3.5, bottom right panel)

with 254 GC candidates. This information is summarised in table 3.2.

Caveats from the GC selection from the comparison with Spectroscopic GCs

One potential issue with our GC selection criteria is the fact that for both M87 and Hydra

not all spectroscopically confirmed GCs ended up in our final GC samples. Although initially

surprising, this incongruence between photometric and spectroscopic samples was also spotted

during the GC selection of P16a, as well as in the decontamination of GC catalogues in other

galaxy systems, such as around NGC253 in Cantiello et al. (2018), for instance. This fact may

arise from several different reasons, such as the natural uncertainties associated with solely

photometric analysis of GC systems when compared to spectroscopy or the possibility of false-

positives among spectroscopic samples (Powalka et al., 2016b; Cantiello et al., 2018; Göttgens

et al., 2019). In the M87 dataset, the spectroscopic GCs missing from our final sample are

mostly located in the expected loci of stellar contaminants, and the single missing spectroscopic

GC in the Hydra samples is significantly outside the expected boundaries of the GC loci in the

uiKs diagram and appears to have colours of star-forming background galaxy 4. Nevertheless,

our goal is to have a more precise GC sample than to attain a large sample size with significant

contamination that could severely bias our analysis.

4See Fig 4 of Cantiello et al. (2018) for specific details in the regions expected for each astronomical object
in the uiKs diagram.
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Figure 3.7: P16 and O&A16+Ks samples (diamonds and squares, respectively) distributed in
the 4 spatial bins used in P16a to probe the environmental sensitivity of SSP models colour
predictions. The A region (red) encompasses objects within 20 Kpc or 2.8Re,M87 from the
centre of M87. The B (orange) region comprises objects between 20 Kpc and 200 Kpc (or
27.8Re,M87). The C region (cyan) includes objects beyond 200 Kpc. An additional D region
contains objects P16a classified as associated to M87’s neighbouring galaxies (NGC 4473, NGC
4435, NGC 4438 and M86). In the inset we zoom in the region enclosing all of the O&A16+Ks
sample, which is also outlined by the black rectangle in the outer figure. The inset horizontal
and vertical axes units and orientation are the same as the outer figure.
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3.1.5 Separation into spatial bins

One of the main results of P16a is that the observed mismatch between SSP models and the

observed colours of M87 GCs increases as a function of the distance to the centre of M87. As

shown in Fig. 1.8, P16a divided its Virgo GC sample in four circular spatial bins, namely: an

inner A region within 20 Kpc from M87, an outer B region between 20 and 200 Kpc, a C region

comprising objects beyond 200 Kpc and a D region accounting the objects P16a classified as

associated to M87’s neighbouring galaxies.

Both our Virgo and Hydra data span considerably smaller regions than the NGVS

data. However, our data in both environments comprises the entirety of the A region and some

part of the B region. Since the A region is shown in P16a to present the largest discrepancies

between SSP model predictions and observed colours, it is worth for us to test our model

choices in the regions we have available to us in those two environments, as well as in the P16

catalogue. Moreover, the models we will be testing – presented in details in the section 3.2 –

were not tested in P16a; P16b or have been updated since. More importantly, we will test the

environmental effects on the SSP colour predictions of α-enhanced models.

To proceed with this analysis, we divide our samples in the regions proposed in P16a.

The result of this spatial binning for our samples is shown in Figs. 3.7 for Virgo and 3.8 for

Hydra. Furthermore, to compensate for the fact that the Hydra cluster is more distant to

us than the Virgo cluster, we consider the fact that 20 Kpc is equivalent to 2.8 times M87’s

effective radius (Re,M87), and 200 Kpc is about 28.8Re,M87. So we use the effective radius

of NGC3311 (Re,NGC3311) as reference to define the boundary of the A region for the Hydra

samples as ∼ 23.52 Kpc from NGC3311, or 2.8Re,NGC3311, and the B region outer boundary to

be ∼ 241.92 Kpc from NGC 3311, or 28.8Re,NGC3311. It is important to note that the choice to

use NGC 3311 as a reference centre to the Hydra samples is based on the fact that this galaxy is

generally considered in the literature to be the main BCG of the Hydra cluster (Misgeld et al.,

2011; Wehner et al., 2008b). Nevertheless, as it can be seen in Fig. 3.2, clearly a considerable

part of our Hydra sample is at least in projection associated with NGC 3309. We will consider

this fact in the analysis of the colour-colour predictions of SSP models in section 3.3.2.
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3.2 Models used in this work

In the introduction of this thesis we stated how important it is for the field of galaxy evolution to

study the stellar population properties of GCs. We also discussed important open questions still

present in the matter, such as the limited spectroscopic data available to build stellar libraries

with age, metallicities and chemical abundances not commonly found in the Milky-Way, but

theorised to comprise a significant part of the stellar populations of extragalactic systems. We

emphasised the results from P16a and P16b which show how some of the most popular SSP

models in the literature struggle to reproduce the observed colours of GCs in the Virgo cluster,

around M87 and surrounding galaxies. For this reason, in this work, we explore experimental

models that expand empirical libraries into the theoretical space by adjusting one important

feature: the α-enhancement. In the next section, we present a brief description of these models.

3.2.1 Models with Milky-Way abundances

E-MILES Models with Base MW abundances

In this work we will refer as "base" E-MILES models the SSP models published in Vazdekis

et al. (2012), Ricciardelli et al. (2012) and Vazdekis et al. (2016) which cover the spectral

range from 1680 to 50000 Å and have [M/H] = [Fe/H]. These models are available as single-

age and single-metallicity SSP models. These are constructed by integrating empirical stellar

spectra along sets of theoretical isochrones5. Two sets of solar-scaled6 theoretical isochrones

were used in computing these models: the ones from Girardi et al. (2000), known as the Padova

isochrones, and the ones published in Pietrinferni et al. (2004), known as BaSTI isochrones.

In this work we will not go into specific details regarding the isochrone sets and how they

are applied in the construction of the SSPs, but we refer the interested reader to Vazdekis

et al. (2015) and Vazdekis et al. (2016) where those are presented. There are different age and

metallicity coverage between the two datasets, with the important difference that the BaSTI

5details in the integration approach are presented in Vazdekis et al. (2015)
6solar-scaled, i.e., with solar metallicities and chemical abundances
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isochrones reach a wider coverage in metallicity. Moreover, the original set of BaSTI isochrones

are supplemented by additional computations specific for the MILES collaboration. These

additional computations comprise crucially variations in the abundance of α elements, which

are important for the computation of E-MILES self-consistent α-enhanced models, as it will

be described in the next section. Due to this, in the forthcoming sections we opt for using

only E-MILES SSPs constructed with BaSTI isochrones. This way we ensure a completely fair

comparison between the model predictions in regards to abundances, which is the main goal of

this chapter.

In regards to spectral libraries, to attain a spectral range covering from UV to NIR,

the empirical stellar spectra used to compute the Base E-MILES models are a combination of

several different stellar libraries we will be briefly describing in the following paragraphs.

In the optical range (3525-7500 Å) these models are based on 985 stellar spectra

from the Medium Resolution INT Library of Empirical Spectra (MILES) which has a spectral

resolution of 2.5 Å (FWHM) (Sánchez-Blázquez et al., 2006; Falcón-Barroso et al., 2011). To

reach the NIR these models are also based on the MIUSCAT spectral library (Vazdekis et al.,

2012, 2015) and its extension in the IR presented in Röck et al. (2016), which used the IRTF

spectral library (Cushing et al., 2005; Rayner et al., 2009). The MIUSCAT 7 library is a

combination of the MILES, CaT and Indo-US libraries and covers the range between 3465 and

9469 Å. The CaT library (Cenarro et al., 2001) includes 706 stellar spectra in the 8350-9020

Å range, at a resolution of 1.5 Å. The Indo-US (Valdes et al., 2004) library comprises ∼ 1200

stars with spectra, in average, covering from 3465 to 9469 Å and a resolution of FWHM = 1.36

Å 8. The MIUSCAT extension in the IR was presented in Röck et al. (2016) who combined

single-age, single metallicity model spectra based on the MIUSCAT library with single-age,

single-metallicity models based on 180 stars of the IRTF library. This extended the coverage

of MILES SSPs to 50000 Å. These models were computed fully consistently using the same

evolutionary synthesis codes as previous MILES and E-MILES SSP models and we refer the

reader to Röck et al. (2015) and Röck et al. (2016) for complete details on this procedure.
7MI-US-CAT – MI from MILES, US from Indo-US and CAT from CaT.
8Based on the updated estimates of Falcón-Barroso et al. (2011), and not the claim from the original Indo-US

paper which stated a resolution of FWHM ∼ 1.2 Å
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Furthermore, Röck et al. (2016) presented a comparison of predicted colours, for different ages,

between the extended MILES and other popular models used in the literature such as the

ones from Maraston et al. (2009), Conroy and van Dokkum (2012) and Marigo et al. (2008).

One relevant result from this analysis is that the colour with the largest discrepancies in the

predictions between models was (J-K ), with ∆(J −K) ∼ 0.06 at ages older than 7 Gyrs. This

is argued by Röck et al. (2016) to be mostly due to different treatment of AGB stars between

model prescriptions. We will return later to discuss this result in light of the results from the

analysis performed in this work.

The latest extension added to the E-MILES models covers the UV spectral range. It

is based on the NGSL stellar library (Gregg et al., 2006), which comprises ∼ 400 stars observed

by the instrument Space Telescope Imaging Spectrograph (STIS) onboard of the HST and

collectively covers a wavelength range from ∼ 0.16 to ∼ 1.02 µm. The metallicity range of such

stars ranges from [Fe/H] ∼ -1.5 to [Fe/H] ∼ +0.2. Koleva and Vazdekis (2012) calibrated the

NGSL spectra for the implementation in the E-MILES models, and we refer the reader to such

work and Vazdekis et al. (2016) for further details in this process.

The IMF adopted for the E-MILES models (both base and α-enhanced) used in this

work is a bimodal power-law IMF described in Vazdekis et al. (1996). It is described by the

following equations:

Φ(m) = β0.4−µ, m ≤ 0.2M⊙

Φ(m) = βp(m), 0.2 < m < 0.6M⊙

Φ(m) = βm−µ, m ≥ 0.6M⊙

(3.1)

Where Φ(m) is the mass (m) distribution of stars for a given population, β is a

normalisation constant, µ is the IMF slope and p(m) is an exponential spline (see section 2.2,

item ii) of Vazdekis et al. (1996) for details in its calculation). In the case of the models tested

in this work, we used a fixed slope of 1.3, which is equivalent to the IMF slope of the solar

neighbourhood (Salpeter, 1955).
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The end product of the base E-MILES models are then single-age, single-metallicity

SSP models covering from 1680 to 50000 Å fully based on empirical spectra with metallicities

and chemical abundance patterns comparable to the general Galactic population (Vazdekis

et al., 2015; Milone et al., 2011). The most important consequence of this feature in the

context of this work is that at near-solar metalliticies variations in the abundance of α-elements

for Galactic stars is negligible, but at sub-solar metallicites α-enhancement is very significative,

specially for stars at the bulge, the thick disk, halo and GCs (Bensby et al., 2003; Alves-Brito

et al., 2010, 2011; Nissen and Schuster, 2010; Reddy et al., 2003; Bensby et al., 2011). In fact,

[Mg/Fe] measurements for stars in the MILES library from Milone et al. (2011) show a scatter

around ∼ 0.4 dex for [Fe/H] < -1.0, similar to what can be seen for galactic stars (Alves-Brito

et al., 2010; Gonzalez et al., 2011; Bensby et al., 2010; Howes et al., 2016; Di Matteo, 2016;

ben, 2015). Therefore, in the context of this work, the base E-MILES models can be considered

as representatives of the expected properties of stars with Galactic abundances.

FSPS models with base MW abundances

The set of SSP models hereafter referred as FSPS models, are the models produced using the

The Flexible Stellar Population Synthesis (FSPS; Conroy et al. 2009; Conroy and Gunn 2010)

stellar population synthesis (SPS) code. In this work we used the version 3.2 9 of code, which

is completely open-source. Beyond the tasks of combining stellar evolution calculations and

spectral libraries to produce SSPs, the FSPS code offers a myriad of options to customise the

produced models. These options comprise the choice of spectral libraries, isochrones, IMF

slope and many advanced tweaks to specific stages of stellar evolution, such as the bolometric

luminosity and effective temperature of TP-AGB10 stars or the option to include extended blue

horizontal-branch stars. However, while such advanced modifications of stellar evolution tracks

are very interesting from a theoretical standpoint, their contribution to integrated SEDs is still

highly uncertain due to issues such as the lack of enough calibrating observations (Conroy and

Gunn, 2010).

9Available at https://github.com/cconroy20/fsps
10Turning-Point, asymptotic giant branch (TP-AGB) stars



82 Effects of environment and abundance variations in GCs in the Virgo and Hydra Clusters

As such, in this work we do not change any FSPS values from their defaults except

for the choice of stellar library, isochrones and IMF slope. Moreover, our choice of parameters

was based to as closely as possible mimic the ingredients of the E-MILES base models. The

idea is to have an independent comparison of SSPs computed with Milky-Way abundances and

not rely only on the models created by a single group to compare the colour predictions of base

and α-enhanced models.

Specifically, the FSPS models used in this work are based on the MILES spectral

library, the BaSTI isochrones and a Kroupa IMF with a 1.3 slope. The MILES spectral library

was chosen since it more closely resembles the spectral library used in the E-MILES models,

however obviously it is much more limited since actually the libraries used in E-MILES models

comprise a combination of several libraries. In 3.10 we can see that the effect of this limitation

is a lack of features in the FSPS models, specially in the NIR range, when compared to the

other models used in this work. This is to be taken in consideration in the analysis of the

results to be shown later. The isochrones, on the other hand, are exactly the same used in the

E-MILES base models.

The IMF type used in this work to generate the FSPS models is a Kroupa IMF,

which has the form ϕ(m) = m−α, where α = 1.3. We have chosen this IMF type among the

ones availables in FSPS as when compared to the bimodal IMF used in the E-MILES models

(equation 3.1), one can notice that for masses m ≥ 0.6M⊙ the two IMFs are virtually the

same, except for the normalisation constant in the bimodal IMF. This means that the expected

differences between the two base models adopted in this work due to the IMF are to be found

in the spectral properties related to low-massive stars. Such stars contribute specially in NIR

spectral features, due to their relatively cold effective temperatures. Vazdekis et al. (1996)

argues that the influence of these stars is larger for steeper IMF slopes than the one considered

in this work. It is shown that colours combining optical and NIR filters (in this case represented

by (V −K)) are virtually identical between SSPs constructed using Kroupa and Bimodal IMFs

for slopes of α=1.35, with the exception of greater ages. The colour difference can reach up to

∼ 0.2 mag for 16 Gyr SSPs11 and solar metallicites. This is to be taken in consideration when
11see Table 5 of Vazdekis et al. (1996).
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analysing the results presented in the following section.

3.2.2 Models with α-enhancement

E-MILES SSPs with α-enhancement

SSP models with Galactic abundances have been ubiquitously used to model GC colours in the

literature Bruzual and Charlot (2003); Brodie and Strader (2006). However, recently works such

as the one from Powalka et al. (2016b); Vazdekis et al. (2015); Conroy et al. (2018) showcase

their limitations. Abundance variations not encountered in stars at the solar neighbourhood,

and therefore not available in the stellar libraries used to compute current empirical SSP models,

have been proposed as needed to correctly reproduce colours of extragalactic GCs. Some

suggested abundance enhancements, are in C and N, which have been proven to be effective in

improving SSP colour predictions for Early-Type galaxies (Choi et al., 2019). Quiescent galaxies

are also strongly enhanced in Na (Conroy et al., 2014). However, α elements are likely one of

the most direct improvements to be implemented to current SSP models (Powalka et al., 2017).

These elements are intrinsically related to star formation timescales, as already discussed in

section 1.4. And such property varies considerably between the Milky-Way and other galaxies.

Specially when we look into galaxies of very different morphologies and evolution such as the

elliptical galaxies at the centre of galaxy clusters.

Vazdekis et al. (2015) presented scaled-solar and α-enhanced models for SSPs based

on the MILES library (Vazdekis et al., 2010) with theoretical corrections from the BaSTI

and Padova isochrones. The BaSTI isochrones used in such work were specifically extended to

include α-enhanced theoretical isochrones. To construct α-enhanced MILES SSPs, a differential

correction is calculated dividing scaled-solar and α-enhanced theoretical SSPs based on the

spectral library of Coelho et al. (2005) and built upon α-enhanced isochrones. Such correction

is then applied to a reference SSP with solar abundances and built with the same α-enhanced

isochrone (See Fig. 3.9 for an illustration of the process). This procedure enables one to obtain

a self-consistent SSP spectrum based on the MILES empirical library but at the same time
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incorporating the effects of the α-enhancement.

The MILES wavelength range is not enough to cover the entire range of the (ugrizKs)

colours used in this work. To overcome this limitation we present in this work extended α-

enhanced models based on the same principles of Vazdekis et al. (2015), but created instead

based on the E-MILES spectral library described in the previous section, which covers from

1680-50000 Å. These models will be presented in Vazdekis et al (in prep) and have constant α/Fe

= 0.4. Including a combination of NUV/optical and NIR filters in our analysis is very important

as colours composed by these filters improve considerably the age/metallicity degeneracy (Puzia

et al., 2002; Pessev et al., 2008; Georgiev et al., 2012; Muñoz et al., 2013). This will be later

explained in more detail in section 3.3.1. E-MILES α-enhanced models, at the current date,

still present a few important limitations. Their main caveat to our analysis is their limited

metallicity coverage. It ranges from -0.35 ≤ [M/H] ≤ +0.26 for the models based on the BaSTI

isochrones, which are used in this work12. This is significantly more limited than the metallicity

range of the E-MILES base models. In addition, in the context of this work, one of the most

important observational aspects of GC systems of giant elliptical galaxies is the presence of

a significant population of GCs with metallicities as metal-poor as [M/H] ∼ -1.713 (Villaume

et al., 2019). While this is a very important limitation in our analysis, we still are able to

employ these models to probe α-enhancement effects in GCs with super-solar metallicities. It

is worth noting that even the metal-rich GC subpopulations of some nearby galaxies have been

found to have [α/Fe] up to +0.3, such as in NGC 3115 (Kuntschner et al., 2002), M31 (Beasley

et al., 2005) and Chies-Santos et al. (2012a).

12The E-MILES α-enhanced models are also available using PADOVA isochrones, however we choose to use
BaSTI isochrones, since only those are also α-enhanced.

13Three assumptions were used in this conversion: first, we assume that the [Mg/Fe] abundance ratio is a
reliable proxy for [α/Fe] (Vazdekis et al., 2015, and references therein); We also adopt [M/H] = [Fe/H] + A *
[Mg/Fe], with A = 0.75. The A constant is dependent on the solar chemical mixture adopted, and our chosen
value is based on the one adopted in Vazdekis et al. (2015), which is in turn based on Grevesse and Sauval
(1998). Finally, we assume that significantly metal-poor GCs ([Fe/H] ≤ -0.7) have [α/Fe] ∼ 0.4 (Schiavon, 2007;
Martín-Navarro et al., 2018).
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Figure 3.9: Fig. 4 of Vazdekis et al. (2015) illustrating the method for building an α-enhanced
SSP, in this case, with [M/H]=+0.06. In red and green two theoretical spectra with different α-
enhancements (from Coelho et al. (2007)) are divided in order to obtain a differential correction,
shown in blue. Both theoretical spectra are computed using α-enhanced isochrones. Then the
differential correction is applied to a reference spectrum with solar abundances, to obtain a
final self-consistent α-enhanced SSP model.
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alf-generated SSPs with α-enhancement

The alf code (Conroy and van Dokkum, 2012; Conroy et al., 2014, 2018) is a full-spectrum

fitting tool that models spectra from optical to NIR. It makes use of SSPs based on spectral

libraries chosen by the user, and implements age and metallicity dependent response functions

to model systems with abundances that differ from those stars that comprise the spectral

library. In its "full" mode, it can model simultaneously 19 element abundances, in additional

to other parameters such as metallicity, velocity dispersion, age, IMF slopes and etc.

alf also includes the write_a_model fortran90 code that is able to generate

custom SSP models based on a choice of spectral library, individual element abundances among

the 19 available as well as 20 other parameters, of which the most important are age, metallicity,

IMF type and slope. This is performed with the use of age and metallicity dependent response

functions to create SSPs with abundances that differ from those of the stars comprising the

spectral library (Tripicco and Bell, 1995; Korn et al., 2005; Lee et al., 2009; Sansom et al., 2013;

Conroy et al., 2014). This process is described in details in (Conroy and van Dokkum, 2012),

but basically it involves quantifying the fractional change in the spectrum due to a change in a

single element abundance. Both the spectral library and response functions used in this work

were kindly provided to us from C. Conroy after private request. Furthermore, the response

functions employed here are an important updated version, from June 2021, instead of latest

published ones presented in (Conroy et al., 2018). This updated version corrected a bug in the

generated stellar spectra related to NIR indices (private conversation with C. Conroy). Apart

from this bug fix, however, the response functions we use are identical to the ones presented in

Conroy et al. (2018).

In this work the alf-generated SSP models have the following characteristics and

ingredients: we use the MILES+IRTF empirical spectral library presented in Villaume et al.

(2017) and the MIST isochrones (Choi et al., 2016; Dotter, 2016). For the IMF we use a Kroupa

IMF with a slope value of 1.3. Finally and most importantly, we set [α/Fe]=0.4 and vary ages

and metallicities in ranges similar to the previous presented models, to ensure a consistent

comparison between them. We employ a metallicity range of -2.27 < [M/H] < 0.4 and ages
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between 3.5 and 14 Gyrs.

alf-generated SSP models, in summary, enable us to test α-enhanced SSPs in age

and metallicities not available to the current E-MILES α-enhanced models. However, it is im-

portant to point out the limitations of alf-generated SSP models. Firstly, currently the MIST

isochrones are only available with solar-scaled abundances. Therefore, the models described in

this section are not self-consistent, in contrast to the E-MILES α-enhanced models. This will

be taken in consideration when analysing the results of model comparisons in the next sec-

tions, however we emphasise that, specially at old ages, abundance variations should influence

stellar spectra more strongly than differences in the underlying isochrones (Coelho et al., 2007;

Vazdekis et al., 2015).

3.2.3 General comparison between models

In Fig. 3.10 we show a direct comparison between some examples of SSP models used in

this work for varying ages and metallicities. The first thing of notice is the different features

present in SSPs with the same abundance variations. The FSPS base models lack several

spectral features present in the E-MILES base models, and this difference is very obvious after

around ∼ 7700 Å. For instance, the Ca triplet (CaT) absorption lines at 8498, 8542, and 8662

Å are signature metallicity indicators in old stellar populations (Usher et al., 2019) and almost

completely absent in the FSPS models. Also absent are several NIR spectral features after

10000 Å. This is mainly due to the presence of the IRTF library among the spectral libraries

used for all models except FSPS. Moreover, E-MILES also include in their spectral libraries the

Table 3.3: Basic ingredients of the SSP models used in this work. From left to right: model label
as used throughout this work; one or more stellar libraries used to build the SSPs; isochrones;
initial mass function type and adopted slope.

SSP Model Stellar Libraries Isochrones IMF (type, slope)
E-MILES Base NGSL+MILES+CaT+IndoUS+IRTF BaSTI Bimodal, 1.3
FSPS MILES BaSTI Kroupa, 1.3
E-MILES-α NGSL+MILES+CaT+IndoUS+IRTF BaSTI ([α/Fe]=0.4) Bimodal, 1.3
alf-α MILES+IRTF MIST Kroupa, 1.3
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CaT and IndoUS spectral libraries which enhance its NIR features even when compared to the

alf models, which combine only MILES and IRTF spectral libraries. These specific differences

in the NIR treatment between models make the E-MILES SSPs, at least in theory, the best

models to test the SSP predictions of colours combining optical and NIR filters, among the

ones tested in this work. Nevertheless, the alf models also present rich features in the NIR,

despite some detail limitations, therefore we still consider it a reliable way to test effects of

α-enhancement at metallicites where E-MILES models are not yet available.

Furthermore, in Fig. 3.11 we show flux ratios obtained by dividing the α-enhanced

models by base models of E-MILES and alf/FSPS. Underlayed are the ugrizKs filters wave-

length range, shown as coloured regions. Each filter label is positioned at its reference wave-

length14. The first thing of notice is that differences of α-enhancement SSPs become more

pronounced at higher metallicities and older ages. This is to be expected given the fact that

the MILES stellar library, present in all models used in this work, is increasingly α-enhanced

for lower metallicities, as already mentioned. Another aspect clearly visible in this figure is

how the difference between alf and FSPS models is more pronounced than between E-MILES

models. This is a consequence of the common ingredients between E-MILES models. The large

difference in the alf/FSPS ratio for wavelengths λ < 4500 Å is due to the fact that alf mod-

els are limited by a blue cutoff in their underlying MILES library at 3590 Å. Despite this flux

difference in the u-band region, Choi et al. (2019) tested stitching abundance corrected FSPS

models to alf spectra at 3600-3700 Å to correct for this missing flux and found only a ≤ 0.02

mag difference in the resulting u-band magnitudes. This is well under the mean photometric
14Reference wavelengths obtained from Spanish Virtual Observatory (SVO) filter service (http://svo.cab.inta-

csic.es)

Table 3.4: Additional information on the SSP models used in this work. From left to right:
model label; minimum and maximum ages available for each model; same for metallicities
(in [M/H]; see text for details) and abundance variation ("base" abundance is based on the
abundance of MILES stellar library, which is α-enhanced for sub-solar metallicities).

SSP Model Min. - Max. Ages (Gyr) Min. - Max. [M/H] (dex) Abundances
E-MILES Base 0.03 - 14.0 -2.27 - +0.40 base
FSPS 0.03 - 14.0 -1.52 - +0.30 base
E-MILES-α 01.0 - 14.0 -0.40 - +0.22 [α/Fe]=+0.4
alf 03.5 - 14.0 -2.27 - +0.40 [α/Fe]=+0.4
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Figure 3.10: Example of each kind of SSP model used in this work. In the y-axis fluxes are
normalised by the flux at 6550 Å and a constant added for all spectra to be able to be inspected
simultaneously. The colours represent the same model families in every panel, see labels in the
top left panel. Top panels: Fixed solar metallicity and varying ages. Bottom panels: Fixed
age in 10.0 Gyrs with varying metallicities. Due to the limited metallicity range available in
the E-MILES α-enhanced models used in this work, there is no SSP of this kind for [M/H] ≤
-0.35. Therefore, we don’t show such type of models in the first panel at the bottom (from left
to right) and we show a [M/H] = -0.35 E-MILES α-enhanced SSP at the second panel at the
bottom. All the other panels show SSPs of all families with the same metallicities as indicated
at the top of each panel.
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uncertainties in our data for this filter, therefore this missing flux would not be detectable in

our analysis of the models colour predictions.

Section 4 of Vazdekis et al. (2015) similarly discuss the effects of α-enhancement

using flux ratios, but with a ratio constructed from dividing an α-enhanced model with solar-

scaled SSPs. This means that they compare enhanced models with models with no abundance

enhancements at any level, i.e., with solar chemical abundance. As aforementioned, all models

labelled as "base" in this work have chemical abundances comparable to the mean trends of

Milky-Way stars, and therefore are increasingly α-enhanced for sub-solar metallicities. Despite

this consideration, some remarks of Vazdekis et al. (2015) in his comparison are worth of

noting in our case. For instance, there is a clear increase in flux in the E-MILES models when

α-enhanced for wavelengths smaller than 4500Å. Vazdekis et al. (2015) argues that such feature

can be attributed to the decreased Fe abundance in α-enhanced models. This would incur in

lower opacity with respect to a solar-scaled model. In our case, with the comparison with a

base model, the flux excess in this region is still present in the E-MILES models, albeit smaller

in intensity that what is seen in Vazdekis et al. (2015). We cannot compare this flux excess in

the E-MILES ratios and FSPS/alf due to the aforementioned alf missing flux at wavelengths

smaller then 3590 Å.

The potential of Fig. 3.11 to show which filters are more sensitive to the effects of

α-enhancement can be used for the choice of colour-colour diagrams to be analysed in section

3.3.1. We aim to find colours composed by the difference of a more sensitive filter and a reference

filter where the α-enhancement influence is minimal. This way we can more properly investigate

the effects of α-enhancement in SSP colour predictions by minimising potential confounding

Table 3.5: Additional information on the SSP models used in this work. From left to right:
model label; minimum and maximum ages available for each model; same for metallicities
(in [M/H]; see text for details) and abundance variation ("base" abundance is based on the
abundance of MILES stellar library, which is α-enhanced for sub-solar metallicities).

SSP Model Min. - Max. Ages (Gyr) Min. - Max. [M/H] (dex) Abundances
E-MILES Base 0.03 - 14.0 -2.27 - +0.40 base
FSPS 0.03 - 14.0 -1.52 - +0.30 base
E-MILES-α 01.0 - 14.0 -0.40 - +0.22 [α/Fe]=+0.4
alf 03.5 - 14.0 -2.27 - +0.40 [α/Fe]=+0.4
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Figure 3.11: Flux ratios obtained from the division of α-enhanced and base models. The red
solid line show the ratio for E-MILES models, while the black solid line show the ratio for ALF
and FSPS models. The E-MILES ratio has a constant of 0.8 added, for better visualisation. To
guide the eye, dashed lines show the line where each ratio would be if no difference was found
between models, for each of the comparisons. Underlayed are the wavelength range of each of
the ugrizKs filters.



92 Effects of environment and abundance variations in GCs in the Virgo and Hydra Clusters

elements. The i and Ks filters seem to be the filters least affected by α-enhancement. Apart

from what we assume to be due to the limitations in the FSPS spectral library, these filters

show enhanced features with increased [α/Fe] only at the very end of their wavelength coverage,

probably due to the Ca Triplet at ∼ 8498 Å and Mg at ∼ 8807 Å, for i and z respectively. In

fact, any filter redder than the g-band is not strongly affected by variations in α-enhancement

– this was already noticed in the Vazdekis et al. (2015) analysis and we confirm to be the case

also for the FSPS and alf models.

On the contrast, in the u and g filters the impact of α-enhancement is considerably

stronger than in the other filters, specially at solar metallicities but for all ages. This can be

attributed to several features such as O II, at ∼ 3727 Å, CN at ∼ 3900 Å, Ca II HK at ∼ 3950

Å, Ca I at ∼ 4227 Å and CN at ∼ 4150 Å, to name a few. These indices are known to be

sensitive to variations in Mg (Coelho et al., 2007; Vazdekis et al., 2015; Sansom et al., 2013).

The region between r and z filters show few, but relevant features. The most enhanced is a

deeper Na doublet at ∼ 5895 Å, but one can also find deeper Fe lines at ∼ 5270 Å and ∼ 5335

Å. The Mg and Ca features present at the end of the i filter are almost central in the z filter.

These features make the r and z filter particularly interesting for our analysis, however, due

to the fact that these filters are not present in the Hydra data, its analysis will be limited to

Virgo.

3.3 Estimation of GC Stellar Population Properties based

on SSP model predictions

In this section we will show the results about the differences in colour predictions from base

and α-enhanced models, as well as the inconsistencies and similarities between different model

prescriptions and different colour-colour diagrams, both for the Virgo and Hydra GC samples.

We will also discuss the influence of the environment in this matter. Finally we will quanti-

tatively investigate the differences between the predictions of models tested in this work using

the distance to a 10 Gyr isocrhone in each colour-colour diagram as a reference point.
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3.3.1 Colour predictions of SSP models with and without α-enhancement

Synthetic Photometry

To compute the colour-colour diagrams, first we need to compute the synthetic photometry for

the models we use in this work, so as to obtain magnitudes in the ugrizKs filters available in

our data. This is done via the following equations15:

fν =
1

c

∫
STxλ dλ∫
Tx/λ dλ

,

mAB = −2.5 log fν − 48.6

(3.2)

Where fν is the average flux density, S ≡ S(λ|age, [M/H]) is an SSP spectra in units

of erg/s/cm2/Å16, Tx is the transmission curve for filter x, c is the speed of light in Å/s and λ the

wavelength in Å. The final AB magnitudes were calculated by taking the trivial logarithm of the

average flux density using the zero-point zpAB=-48.6 (Bessell and Murphy, 2012). Spectra are

K-corrected to the redshifts of M87 and NGC 331117. Significant care is needed to ensure that

the synthetic photometry process does not bias the final analysis of model colour predictions.

To this end, we adopted transmission curves of the specific filters of the telescopes used in the

observations of our samples, and at the time window of these observations. These were obtained

from the Spanish Virtual Observatory (SVO) filter service (http://svo.cab.inta-csic.es).

From Fig. 3.12 to 3.17 we present colour-colour diagrams for both Virgo and Hydra

GC samples described in Table 3.2 and the models from Table 3.3. In Fig. 3.12, we show only

Virgo GCs, due to the absence of r and z filters in the Hydra data used in this work. Moreover,

where possible we use the Hydra UVIKs sample as it has a larger sample size than the giUVIKs

sample, although no significant difference was found when comparing the two samples in the

15As a side note, we consider important to add that there is considerable conflict in the definitions of relevant
quantities, standard equations and zero-points for different photometric systems in the context of synthetic
photometry in the literature. A beacon of light in this confusion is Bessell and Murphy (2012) and we refer the
reader to it for a detailed explanation and clarification of such definitions.

16None of the models used in this work are originally in these units. For simplicity sake, they were converted
using the appropriate transformations, to the same units of fλ in order to calculate the synthetic photometry.

17obtained from NED
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same colour-colour diagrams. SSP isochrones and iso-metallicity curves for the SSP models are

plotted side-by-side for easy comparison. Similarly, α− enhanced models and base models are

also side-by-side for comparison purposes.

To guide the eye, we also show a smoothed curve constructed using the R lan-

guage (R Development Core Team, 2019) implementation of the locally weighted running line

smoother (LOESS) algorithm (Cleveland et al., 1992; Jacoby, 2000) in white dashes, with 95%

confidence intervals as shaded regions (which are very small for most of the diagrams and there-

fore almost not visible). For brevity sake, we will not go into details on the specifics of the

LOESS algorithm, and we refer the reader to Jacoby (2000) for a complete description. But

in summary, for a given data point in the colour-colour plane, LOESS works by fitting a linear

model (in our case, polynomials of degree 1) based on a limited sample of neighbouring points.

The size of this sample is determined by an αLOESS parameter which gives the proportion of

observations used in each local regression. In our case, we used for all colour-colour plots a

value of αLOESS of 0.15, which means that for each data point the local linear regression in-

corporates 15% of neighbouring data points. There are several advantages in using a LOESS

algorithm over a global linear regression in our case. For one, most colour-colour diagrams

present a significant number of outliers that introduce leverage into a global linear fit. LOESS

weights unfavourably points with few neighbours, thus exempting us from the need of imposing

arbitrary cuts into the data. In addition, some colour-colour diagrams have been found to

present non-linear features, such as being better represented by more than one linear model

with different slopes (e.g., Chies-Santos et al. 2012b; Blakeslee et al. 2010). Local regression is

an improvement in this regard by providing a good compromise between smoothness of the fit

and fidelity to non-linear features present in the observed data structure.

Colour-Colour Diagrams

The choice of colours for these diagrams is based on the analysis of Fig. 3.11 in the previous

section. However, in order to compare colour predictions for models considered in this work with

the results shown for several other models in P16a and P16b, we first look into Fig. 3.12 where
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we present a griz diagram. In this figure we show only Virgo GC samples due to the absence

of the r and z bands in our Hydra data. Similarly to what have been found in P16a; P16b,

different models show inconsistencies in reproducing the same optical colours for Virgo GCs.

The E-MILES base SSPs loci lies blueward in relation to the centre of the data distribution and

to FSPS base models, which in turn are more age degenerated but following more closely the

centre of the colour-colour distribution. In this diagram FSPS base models are in general ∼ 0.2

mag redder than E-MILES base SSPs. The comparison between α-enhanced models also show

two distinct scenarios. The E-MILES α-enhanced SSPs, in the range of metallicities available,

are very similar when compared to the E-MILES base models, only having the youngest SSPs

slightly bluer. alf α-enhanced models present generally redder older ages and a much more

degenerate age/metallicity situation. In respect to metallicities, in this diagram all models

indicate a wide distribution of metallicities for Virgo GCs, from [M/H] = -2.27 to +0.4 ,from

red to blue, respectively, and for both base and α-enhanced models.

Next, in Fig. 3.13, we show a ugi diagram. In this figure we also include Hydra GCs.

This colour-colour diagram is specially interesting due to the high sensitivity of the u and g

filters to α-enhancement, as we showed previously. Nevertheless, we do not find significant

differences in these colour predictions by the models with different abundances. In fact, even

the differences between E-MILES and FSPS models are not as prominent as in the (g−r) versus

(i− z) diagram. This might arise from the overlapping nature of the u and g filters cancelling

each other features. This figure is an example of what we referred in the previous section

regarding the importance of constructing colours where one filter is sensitive to α-enhancement

and the other is not.

From Fig. 3.14 to 3.16 we show colour-colour diagrams using the VLT/HAWKI

Ks-band magnitudes presented in this work. This enables us to look into colours combining

NUV/optical and the NIR filters, which are known to have strong age/metallicity prediction

advantages over purely optical colours (Muñoz et al., 2013; Georgiev et al., 2012; Chies-Santos

et al., 2012b). In such diagrams we see once more inconsistencies between models with the same

abundance variations. alf models are generally more degenerate in age/metallicity, similarly

to FSPS base models, when compared to E-MILES SSPs. In general, Hydra GCs suggest an
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younger population than in Virgo, due to the closeness of intermediate age SSPs (∼ 3.5 Gyrs)

to the centre of the diagrams, along the smoothed linear fit.

Comparing all diagrams, the ones that at least qualitatively seem to better agree with

the spectroscopic ages found for most GCs in Virgo and Hydra (≥ 10 Gyrs) (Misgeld et al.,

2011; Strader et al., 2011; Romanowsky et al., 2012; Peng et al., 2008) are the uiKs and the

uigKs diagrams. (i −Ks) and (g −Ks) colours are known to be sensitive to the temperature

of stars at the red giant branch (RGB) and the main-sequence, respectively, while the (u − i)

colour is sensitive to hot stellar phases due to the fact that it compares fluxes around the 4000

Å break (Muñoz et al., 2013). Therefore, such diagrams are expected to be relatively good at

detecting ages. The fact that they seem also to not be significantly affected by α-enhancement

effects, despite the presence of the u and g filters, suggests that age variations are also not

significantly affected by the variations in α-enhancement in the models tested in this work.
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● Virgo (O&A16+Ks)

Virgo (P16)

Age (Gyrs)
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Hydra (giUVIKs)

Age (Gyrs)
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Figure 3.13: Same as Fig. 3.12, but for ugiand with the addition of Hydra GCs at the bottom
panels of each quadrant.
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E−MILES base
● Virgo (O&A16+Ks)

Virgo (P16)
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Figure 3.14: Same as Fig. 3.13, but for uiKs.



100 Effects of environment and abundance variations in GCs in the Virgo and Hydra Clusters
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E−MILES [α/Fe]=0.4

● Virgo (O&A16+Ks)
Virgo (P16)

Age (Gyrs)
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Figure 3.16: Same as Fig. 3.13, but for giuKs.
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Figure 3.17: Same as Fig. 3.13, but for uigKs.
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3.3.2 Environmental Effects

Now we present the same colour-colour diagrams of the last section, but this time with our GC

samples divided in spatial bins. Such spatial bins follow a pattern used in P16a and detailed in

section 3.1.5. In summary, we divide the samples considering an inner region, labelled as region

A, within ∼ 2.8Re of M87, in the case of the Virgo data, or NGC 3311 in the case of the Hydra

samples. Then we define region B as the region confined between ∼2.8Re and ∼28.8Re and a

region C for objects more distant than ∼28.8Re to the associated central galaxy (see Figs. 3.7

and 3.8). This is a revisit of the analysis presented by P16a, with the addition of new Ks band

imaging from HAWK-I (see Section 3.1) for Virgo GCs and the new Hydra GC catalogue. The

results from P16a suggested that discrepancies between model colour predictions and observed

Virgo GC colours increase as a function of the distance to the centre of M87.

We show the region separated colour-colour diagrams for Virgo samples in the Figs.

3.18 to 3.23 and for the Hydra samples from 3.24 to 3.28. As shown in Fig. 3.2, the P16 and

O&A16+Ks Virgo samples, as well as the Hydra samples used in this work have very different

spatial distributions. Our samples comprise a considerably smaller and more central region

than the P16 sample, therefore in the Virgo figures we show only the A, B and C regions and

for Hydra we show only the A and B regions.

Virgo GCs

In the same fashion as in the last section, the first diagram analysed is a griz diagram for

the Virgo samples, shown in Fig. 3.18. This diagram is the same one presented in Fig. 1

of P16a (and in the bottom panel of Fig. 1.8 in this work). The two models tested in this

work with most complete metallicity/age coverage and stellar libraries, E-MILES base and

alf α-enhanced, show similar results in this diagram, despite the alf SSPs to be much more

degenerated in age/metallicity. The comparison between these two models colour predictions

and the observed Virgo colours of both the O&A16+Ks and the P16 are in accordance to

what have been shown in P16a using the Bruzual and Charlot (2003) SSP models. This is,
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these SSP models optical colour predictions are better in accordance to the observed data in

the outermost bin, region C. In this same region, however, E-MILES alpha-enhanced SSPs

are bluer than most part of the observed data. This effect for this specific model is probably

exagerated due to the lack of more metal-poor SSPs at the current time (Vazdekis et al., 2015).

Nevertheless, the α-enhancement seems to improve the agreement of the E-MILES models to

the data in the inner regions, albeit very subtly, and mostly in the B region. This evidentiates

that, although an α-enhancement of [α/Fe]=0.4 is not enough to completely match E-MILES

SSPs with the colours of Virgo GCs in this diagram, it is likely an important step in the right

direction. Finally, the FSPS base models show a very different behaviour than the E-MILES

base models. This once more shows the inconsistencies between SSPs of different models despite

the same abundance variations.

In Fig. 3.19, the ugi diagram, we see that the SSP models are remarkably more

consistent, despite the strong age/metallicity degeneracy already discussed in the last section

for this specific diagram. There are still environment variations, but they are much more

subtle than what can be seen in the griz diagram. This suggests that the relation between

environment, GC colours and SSP predictions is also not consistent between different colour-

colour diagrams. This fact becomes even more clear when we look at the colour-colour diagrams

including colours combining NUV/optical and the Ks filter, uiKs and uigKs, in Figs. 3.20 to

3.23. There is a remarkable agreement with the smoothed linear fit curve and the expected old

ages (≥ 10 Gyrs) of Virgo GCs (Strader et al., 2011; Romanowsky et al., 2012; Villaume et al.,

2019; Chies-Santos et al., 2012b; Peng et al., 2008), even at the innermost regions. This is in

agreement with the results shown for the full GC samples in the last section for this colour-colour

diagram (Fig. 3.6). Given the aforementioned reassuring capabilities of the uiKs diagram to

probe ages, these results suggests that, within radial variations, the main age distribution for

Virgo GCs is not only very similar, but also independent of α-enhancement effects. Similar

results are found in the giuKs diagram in Fig. 3.22, despite the expected sensitivity of these

colours to variations in [α/Fe].
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108 Effects of environment and abundance variations in GCs in the Virgo and Hydra Clusters
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110 Effects of environment and abundance variations in GCs in the Virgo and Hydra Clusters
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3.3. Estimation of GC Stellar Population Properties based on SSP model predictions 111

Hydra GCs

The region where most of our Hydra data is located is region B, due to fact that for both

the UVIKs and the giUVIKs sample, region A is considerably lacking in sample size compared

to the region B and the Virgo samples. Nevertheless, it is interesting to analyse the colour

predictions of SSP models with and without α-enhancement in the Region B of Hydra GC

samples due to the fact that this region is expected to contain at least some mixture of objects

associated with NGC 3311 and NGC 3309.

In Fig. 3.24 we present the region separated ugi diagram for Hydra GCs. All SSP

models seem to be bluer than the observed loci of Hydra GCs, specially when compared to

the same diagram for Virgo GCs in region B, in Fig. 3.19. Region A data is too sparse and

scattered for a statistically relevant analysis in this diagram. The age sensitive uiKs diagram

of Fig. 3.25 suggests that Hydra GCs in region B are consistent with old ages (≥ 10 Gyrs),

similarly to Virgo GCs, while region A GCs are seem more in accordance with intermediate age

isocrhones. This in agreement with photometric and spectroscopic age estimates for NGC 3311

GCs (Misgeld et al., 2011; Richtler et al., 2020; Wehner et al., 2008b), and also supports the

idea that GCs in the outer haloes of NGC 3311 and M87 are not significantly different in age,

despite the aforementioned potential mixture of GCs between NGC 3311 and NGC 3309 in our

sample. In Figs. from 3.26 to 3.28 the comparison of observed colours of Hydra GCs and the

predicted colours of SSP models are very similar to Virgo GCs, with negligible variation due to

α-enhancement between regions and different colours. Later in this work we will return to the

question of the suggested age differences between the Hydra and Virgo GC samples noticed in

this section.
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3.3.3 Statistical differences between base and α-enhanced models from

colour-colour diagrams of Hydra and Virgo GCs

In order to quantitatively visualise how different SSP models compare in each colour-colour

diagram, we calculated for each data point, of each sample, the euclidean distance to each

model 10 Gyr isochrone, d10Gyr, shown in Eq. 3.3.

d10Gyr(gci|x, y;m) =
√
dx(gci|m)2 + dy(gci|m)2,

dx(gci|m) = px(gci) + px(10Gyr|m),

dy(gci|m) = py(gci) + py(10Gyr|m).

(3.3)

Where x and y are two colours for a given colour-colour diagram, m an specific SSP

model, and GCi a given data point in the diagram. This quantity is constructed in such a

way that when d10Gyr is positive for a given object, it means that its observed colours are

redder than a model 10 Gyr isochrone. When the d10Gyr is negative, it means that its observed

colours are bluer than the 10 Gyr isocrhone. Usually this means that positive values of d10Gyr

indicate younger ages and vice-versa. However, notice that in specific cases, such as in the

ugi diagram, the opposite is true, given the disposition of model isocrhones. We calculate this

quantity for all samples and models, except for the E-MILES α-enhanced model, due to the

fact its limited metallicity range makes the comparison with other SSPs meaningless in terms

of this distance. From Fig. 3.29 to 3.38 we show the d10Gyr(gci|x, y;m) distribution for all

models and environments, divided by samples and colour-colour diagrams. The top panel of

each figure shows the kernel density estimate for the probability density distribution for all

models for the full samples (odd numbered figures) and for each spatial bin (even numbered

figures). Such density was calculated using a Gaussian kernel and scaled to a maximum of

unity. The bottom panel of each figure shows the associate empirical cumulative distribution

function (ECDF) for each SSP model. Finally, in the bottom right of the bottom panels, we

show p-values for Kolmogorov-Smirnov (K-S) tests run for each pair of models in these figures.

The null hypothesis states that a pair of models are likely drawn from the same distribution.
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We assume a significance level of 0.05, i.e., we reject the null hypothesis when the p-values

< 0.05. Under this circumstance, the K-S test indicates that the a model pair is statistically

likely to indicate two different age estimates for the same colour-colour diagram and sample.

Differences between models with distinct abundance variations

When not dividing the GC samples in region bins, from Figs. 3.29 to 3.37 (odd numbered

figures), the K-S tests indicate that the E-MILES base and alf α-enhanced models d10Gyr

distributions are different in 66% out of the different combinations of samples and colour-colour

diagrams. FSPS base and alf α are different 86% of these combinations and the E-MILES

base and FSPS base are different 53% of these combinations. In the situation that base and

α-enhanced models are different based on the K-S tests, the α-enhanced models predict younger

ages for the observed GC data independently of colour-colour diagram.

Moreover, we see that the shape of the d10Gyr ECDFs do not vary between the three

models. This indicates that the age spread in the GC samples as inferred by the models is the

same, regardless of abundance variations. The same analysis shows that the P16 sample has a

consistently shorter age spread when compared to the other GC samples. This is very clear,

for instance, in the uiKs colour space, shown in Fig. 3.29.

The effects of environment: Regions

In the even numbered figures from Fig 3.30 to 3.38, we find that the effects of alf α-enhancement

in the model age predictions are sensitive to separating our samples in different region bins.

Out of all combinations of colour-colour diagrams and GC samples, the K-S tests indicate that

E-MILES base and alf models are different 66% of the time in region A, while 46% for region

B and 20% in region C. Between FSPS base and alf models, the K-S tests indicate differences

66% of time for region A, 86% for region B and never for region C. Finally, the K-S tests

between E-MILES and FSPS base models show differences 60% of the time in region A, 40%

of the time in region B and 20% of time in region C.
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In the cases where the K-S tests indicate difference between α-enhanced and base

models, in most of the colour-colour diagrams, the alf α-enhanced SSPs indicate younger

ages than the base models. The ugi diagram shows the opposite trend. When looking at the

differences between samples, for the Virgo P16 and O&A16+Ks samples the model predictions

are generally similar, although the P16 sample shows a larger difference between models with

different abundance variations in region A.
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Figure 3.29: Comparison of the distributions of the distance (in magnitude) between to 10
Gyrs isocrhone from each GC candidate in the uiKs diagram. We show such distribution for
each of model tested in this work, except E-MILES α-enhanced for the full samples studied in
this work. The leftmost panel shows the Virgo P16 sample, while the middle panel shows the
Virgo O&A16+Ks sample and the rightmost panel shows the Hydra UVIKs sample. On the
top panels we show kernel density estimates for the distributions. The bottom panels show the
associated empirical cumulative distribution functions.
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Figure 3.30: Same as Fig. 3.29, but for each sample tested in this work separated by the
different spatial bins. From top to bottom, Virgo P16 sample, Virgo O&A16+Ks sample and
the Hydra UVIKs sample.
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Figure 3.31: Same as Fig. 3.29, but for distances calculated in the ugi diagram.
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Figure 3.32: Same as Fig. 3.30, but for distances calculated in the ugi diagram.
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Figure 3.33: Same as Fig. 3.29, but for distances calculated in the giuKs diagram.
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Figure 3.34: Same as Fig. 3.30, but for distances calculated in the giuKs diagram.
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Figure 3.35: Same as Fig. 3.29, but for distances calculated in thegiKs diagram.
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Figure 3.36: Same as Fig. 3.30, but for distances calculated in thegiKs diagram.
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Figure 3.37: Same as Fig. 3.29, but for distances calculated in the uigKs diagram.
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Figure 3.38: Same as Fig. 3.30, but for distances calculated in the uigKs diagram.
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The effects of environment: Differences between Virgo and Hydra GCs

In Fig. 3.39 we show d10Gyr kernel density estimates in several panels divided by Virgo and

Hydra samples for each different model (columns) and colour-colour diagrams (rows). The

Virgo sample in this figure comprises a sum of P16 and O&A16+Ks sample, except for repeated

objects. Within each panel we also divide the samples into the different regions.

In all diagrams and models, we see evidences for Hydra having a younger GC popu-

lation than Virgo. This feature is more easily noticeable in the uiKs diagram, and the width of

the Hydra GC sample density distributions is generally larger, suggesting a greater age range

than the Virgo GC sample. This is interesting considering that there are evidences of an ongoing

process of disruption of dwarf galaxies in the NGC 3311 halo (Arnaboldi et al., 2012; Coccato

et al., 2011). These accreted dwarfs are likely to host GCs with ages and metallicities different

from the original population, thus explaining, at least, the suggested large age range of Hydra

GCs. However, improved SSP models, a larger GC sample size and/or follow-up spectroscopic

samples are needed to further confirm or deny the age difference between Virgo and Hydra

GCs. The Hydra giUVIKs sample is considerably more spatially extended than the Virgo GC

samples used in this work, being more concentrated in region B (2.8Re < RGC < 28.8Re), while

the Virgo P16 and O&A16+Ks samples are more numerous in region A (≤ 2.8Re). Neverthe-

less, we do not find consistent differences in the d10Gyr distributions for the different regions,

in both Hydra and Virgo GC samples, and regardless of the colour combinations employed. It

is interesting to notice, however, that for the uigKs and uiKs diagrams, two very age sensitive

diagrams as mentioned previously in section 3.2, differences in region bins appear more clearly:

Region A, for both Virgo and Hydra samples, shows a larger age spread than regions B and

C, as well having the peak of the estimated age distributions centered around 10 Gyrs. Other

regions show the peak of the density distributions shifted to the the left, negative values of

d10Gyr, suggesting GC ages greater than 10 Gyrs.
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Figure 3.39: Comparison of the kernel density estimates for the distances to a 10 Gyr isocrhone
for the Virgo and Hydra GCs, as per different models tested (columns) or colour-colour diagrams
(rows). Positive or negative values for the distances indicate redder or bluer colours for the
observed GC candidates than a given model 10 Gyr isochrone in a colour-colour diagram. This
usually means that positive distances indicate ages older than 10 Gyrs and negative distances
ages younger, but notice that the opposite is true for the ugi diagram, as by how the model
isocrhones present themselves in such diagram.
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3.4 Discussion

The results of section 3.3.1 show that all SSP models tested, regardless of [α/Fe] ratio, are

inconsistent between their colour predictions for different colour-colour diagrams. This is in

agreement with the results already presented by P16a; P16b (See also Chies-Santos et al.,

2012b; Georgiev et al., 2012). In Powalka et al. (2017), age and metallicity estimations from

10 different SSP models in colour-colour diagrams for the P16 sample were compared using a

maximum likelihood method. No models tested in their work accounted for specific abundance

variations. Their results indicated a tendency for SSP models to assign younger ages for Virgo

core GCs when compared to estimated ages for Milky-Way GCs. This pattern can be seen

when we look into the SSP model predictions in a griz diagram, such as in Fig. 3.12, where the

youngest isochrones match a large portion of the observed GC colours. However, our results

show that this is not consistent between all colour-colour diagrams if we take into consideration

diagrams including colours constructed with the Ks-band. In diagrams such as uiKs and uigKs,

our results show that the oldest isocrhones of the E-MILES and FSPS base models match more

closely the smoothed regression of the observed GC colours of Virgo and Hydra GCs. This

is also true for the E-MILES α-enhanced models, but the alf α-enhanced SSPs are generally

bluer than the smoothed linear distribution of the observed data.

There are several evidences for intermediate ages (∼ 3-5 Gyrs) among extragalactic

GCs, such as about 20% of the inner GC population of M87 (Montes et al., 2014), a few GCs

in M31 (Puzia, 2005) and the variety of morphologies in the age/metallicity plane found for

simulated disk galaxies in Kruijssen et al. (2019). However, the processes to form GCs later

in time to explain a large amount of intermediate age (∼ 3-5 Gyrs) objects in extragalactic

samples of elliptical galaxies is not very well understood. Late mergers of gas-rich galaxies

(Whitmore et al., 1993; Renaud and Gieles, 2015) could provide a source of renewed GC forma-

tion, but morphological evidences for major mergers disappear on small timescales of a few Gyr

(Borne and Richstone, 1991) and there are no available detailed simulations to provide reliable

constraints to the survival of GCs after major mergers occurring in high-density environments

such as the core of the Virgo and Hydra clusters. Due to this, Powalka et al. (2017) argues
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that current SSP models indicate an excess in intermediate ages for Virgo GCs probably due to

unsuitable assumptions for the synthetic stellar populations, stressing the fact that SSP models

are able to match the expected old ages (≥ 10 Gyrs) for Milky-Way GCs. Moreover, Powalka

et al. (2017) tested only one colour with the Ks band, the (g−Ks) colour, and concluded that

the Ks band constraints might be diluted in the other colours and not affect the SSP colour

estimations.

Our results show that, at least for the both tested E-MILES models and FSPS, SSPs

are able to predict older ages in some – but not all – colour-colour diagrams constructed with

colours using the Ks band. If we consider the fact that diagrams such as uiKs are theorised to

be good age indicators, this potentially shows both the power of these diagrams as good age

indicators and the effectiveness of E-MILES models, both alpha-enhanced and base models, to

better match the observed colours in these diagrams. The fact that FSPS and E-MILES models

both show these improvements despite very different underlying spectral libraries shows how

important the choice of colour-colour diagram impacts the age estimation with the current age

SSP models.

In fact, when revisiting the environmental impact on the SSP and observed colour

discrepancies noted by P16a, we find that it is also very dependent on the choice of colour-

colour diagram. In section 3.3.2 we show that in the griz diagram observed GCs for both

the Virgo samples used in this work indeed more closely match the SSPs colour predictions

in the outermost region bin, the C region (≥ 200 Kpc from M87, or 28.8Re,M87), as presented

in P16a. However, no such environmental differences are found for any other of the colour-

colour diagrams tested in the present work. Therefore, we conclude that if such environmental

effects exist in the SSP colour predictions, they are restricted to the range of the griz filters.

Investigating this question for the Hydra GCs show also not a significant difference between

the two region bins we separated our available data for this environment in. However, we note

the fact that the sample size for Hydra GCs is considerably smaller than the one available for

Virgo GCs in this work, despite the two GC systems being estimated to host similar amounts of

GCs. Therefore, some environment effects may be not evident in our analysis for Hydra GCs.
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3.4.1 The impact of α-enhancement

As mentioned previously in section 3.2, the "base" abundance variation present for one of the

E-MILES and for the FSPS model used in this work are based on the empirical abundance

pattern present in the Milky-Way stars in the underlying stellar libraries of these models. This

means that when we compare base and α-enhanced models in this work we are effectively

comparing models with an anti-correlation between [α/Fe] and metallicity and models with

constant [α/Fe]=0.4 for all metallicities, even supersolar ones. While no work in the literature

has pointed α-enhancement as the unique solution to match the current SSP models to observed

extragalactic GC colours, it has been cited in many works as one of the most important steps

towards improving SSP models to match the abundance patterns of GCs in other galaxies,

specially in high-density environments such as the core of elliptical galaxies (Coelho et al.,

2007; Lee et al., 2009; Coelho, 2014; Conroy and van Dokkum, 2012; Vazdekis et al., 2015;

Conroy et al., 2018; Choi et al., 2019, to name a few).

Our results show that a constant enhancement of [α/Fe]=0.4 for supersolar metal-

licities does not consistently improve SSP colour predictions for extragalactic GCs, neither in

the view of improving age/metallicity degeneracy problems, nor in the view of predicting more

realistic age/metallicity estimations for the GCs in Virgo and Hydra systems across different

colour-colour diagrams. In fact, as shown in section 3.3.3, when the alf α-enhanced models

age estimations are statistically significantly different from the base models, they are likely to

indicate younger ages, with varying degrees between colour choices. Dividing the observed GC

samples in different regions, we find also that the alf α-enhanced models age estimations are

more likely to be statistically different in the innermost regions (within 2.8Re, 20 Kpc for Virgo

and 23.52 Kpc for Hydra). The GCs at the inner regions of elliptical galaxies are thought to be

mostly metal-rich (Brodie and Strader, 2006). As base models are not α-enhanced at supersolar

metallicities, if we consider the possibility of such inner GCs to be at least as α-enhanced as

[α/Fe] = 0.4, then our results indicate they are likely to be younger than the GCs in outer

regions. Recent simulations on GC formation at galactic scales from the E-MOSAICS project

(Reina-Campos et al., 2019) indicate that metal-poor (-2.5 < [Fe/H] < -1.5, at extended radii)
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and metal-rich (-1.0 < [Fe/H] < -0.5, at inner regions) GC subpopulations formed ∼ 12 and ∼

10 Gyrs ago respectively, therefore indeed pointing to an younger innermost GC population18.

Increased [α/Fe] ratios in the inner GC population would also mean that star formation in these

high-density regions took place in several bursts instead of a continuous process. However, the

spread in the observed colours for GCs in all environments and in all colour-colour diagrams

suggest a larger age range which would be more likely result of a continuous process of star

formation. This scenario is supported by GC formation simulations of Kruijssen (2015) and

Reina-Campos et al. (2019), although in both cases the simulations are focused on Milky-Way-

sized galaxies. In addition, P16b showed that the width range of observed GC colours, at least

for the Virgo P16 sample, can not be explained only by random errors arising from photometric

uncertainties. Therefore, although it is likely that the age ranges predicted by the comparison

between models and colours is exaggerated to some extent, some degree of a continuous age

distribution is real in the observed samples. Another possibility is that younger ages observed

are actually effects of stellar evolution processes that are able to make a considerable portion of

stars within GC populations to mimic colours associated with young ages (Chies-Santos et al.,

2011a; Yoon et al., 2006). Among those are blue horizontal-branch populations due to peculiar

helium abundances (Renzini et al., 2015) or strong winds on the red giant branch (González-

Lópezlira et al., 2019), to name a few. In this context, we conclude that the differences detected

between α-enhanced and base models, where it is statistically significant, are likely exaggerated

or effects of abundance variations not accounted in the tested SSP models.

3.4.2 Perspectives on future improvement of SSP models regarding

abundance variations

The E-MILES α-enhanced models at the current time have a limited metallicity range, which

severely constrains analysis of extragalactic GCs. However, its predictions overall seem to

better match the observed colours in the available metallicity range on some aspects, when

compared to the base models and even to alf α-enhanced models. For instance, E-MILES α-
18It is important to note that Reina-Campos et al. (2019) results also indicate that there is a significant

amount of metal-rich GCs at extended radii in the simulated galaxies



3.5. Summary and Conclusions 135

enhanced models colour predictions show less effects of age/metallicity degeneracy in almost all

colour-colour diagrams tested, as well as predicting redder colours than the other models. The

latter feature enables the E-MILES α-enhanced models to better match the observed colours

for Virgo and Hydra GCs in the innermost region, where all the other models tested struggle to

match the redder colours of Virgo and Hydra GCs compared to the colours of Milky-Way GCs

(P16a). Fortunately, Knowles et al. (2021) just recently released a new MILES α-enhanced

stellar library which will likely result in the release of a new version of E-MILES α-enhanced

models with a more flexible metallicity range.

In general, it is clear that SSP models need to address several problems in initial

theoretical assumptions and the range of available underlying stellar libraries to better match

extragalactic GC colours. Additional abundance variations over the α-enhancement are needed

to be included, such as C and N variations, as proposed in Choi et al. (2019) to better match

the colours of quiescent galaxies (and also mentioned in Georgy et al., 2013; Vazdekis et al.,

2015; Dotter et al., 2017; Conroy et al., 2018, to name a few). Furthermore, additional work is

needed to further understand complicated phases of stellar evolution associated with strong NIR

indices (Baldwin et al., 2018; Riffel et al., 2019). Additionally, it is important to consider that

when looking at extragalactic GCs in the core of elliptical galaxies we are inevitably observing

very massive and bright GCs, simply by the fact that they are the more easily detected. Some

of theses objects are even likely remnant galactic nuclei from accreted satellites (Ferrarese

et al., 2016; Neumayer et al., 2020). The most massive Milky-Way GCs are known to display

multiple stellar populations, hence it is unlikely that this class of object is correctly described

by abundances and ages with a single value (Piotto et al., 2015; Renzini et al., 2015).

3.5 Summary and Conclusions

In this chapter we investigated the impact of α-enhancement in the difficulties of current state-

of-the-art SSP models to properly predict GC colours, first presented in P16a; P16b for Virgo

GCs. We presented new photometry from VLT/HAWKI for Virgo and Hydra GCs in the
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Ks band. By matching our Ks GC catalogues with photometric data from the literature, we

used NUV to the NIR of GC candidates in the core of both the Virgo and Hydra clusters to

access the colour predictions of four different SSP models. Such models were the E-MILES and

FSPS models with abundances based on the ones from Milky-Way stars (i.e., with increasing

[α/Fe] ratio for subsolar metallicities) and the E-MILES and alf generated models with a

constant value of [α/Fe]=0.4 for all metallicities. Furthermore, we investigated the environment

variations in such discrepancies as shown in P16a to be present for Virgo GCs.

• When compared to the GC sample for Virgo studied by P16a, the Virgo GC data presented

in this work with the new VLT/HAWK-I Ks-band imaging has a considerably more precise

magnitudes, larger sample size and hence a more complete GC sample, specially at the

innermost regions.

• We found that, regardless of abundance variations, SSP models present no consistent

colour predictions across different colour-colour diagrams. Powalka et al. (2017) found a

consistent pattern of SSP models predicting younger ages than expected for GCs at the

high-density regions of elliptical galaxies (e.g., Cohen et al., 1998; Chies-Santos et al.,

2011c; Strader et al., 2011), but our results show that such age predictions are more

inconsistent when we look into colour-colour diagrams using colours constructed with

a combination of NUV/optical and NIR filters and for the E-MILES, FSPS and alf-

generated SSP models.

• We revisited the P16a analysis of variations in the SSP models colour predictions dis-

crepancies in different region bins for Virgo GCs, this time with an improved Virgo GC

photometry and the addition of a sample of GCs in the Hydra cluster. Our results

show that the environmental effect claimed in P16a is largely dependent on the choice of

colour-colour diagram, being almost negligible in diagrams which colours includes the Ks

band.

• We quantify whether or not there is significant differences by analysing the distribution

of the distance to a 10 Gyr isochrone for every object in each colour-colour diagram and
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for each model tested. We find that when there is significant difference in the distance

to a 10 Gyr isochrone distribution for alf α-enhanced model compared to base models,

most of the time the α-enhanced models predict younger ages than the base models. This

can be due to several reasons, from problems in the theoretical assumptions and stellar

libraries underlying the α-enhanced models, to actual age spreads in the GC samples, to

old stellar populations whose colours mimic those of younger populations by means of

effects such as an extended blue horizontal-branch CMD morphology. Whether or not

this difference in age predictions based on α-enhanced models is real or not depends on

the actual abundances present in the stellar populations of Hydra and Virgo GCs.

• Analysing the distribution of distances to a 10 Gyr isocrhone for the models tested. in

regards to the difference between the Virgo and Hydra GC samples, we found evidences

for a younger GC population in Hydra when compared to Virgo. This might be related

to detected ongoing assembly of NGC 3311 halo, by the accretion and disruption of dwarf

galaxies (Arnaboldi et al., 2012; Coccato et al., 2011). The eventual accretion of GCs

from this process into the NGC 3311 system are likely to increase the observed diversity

in ages. However, improved SSP models and follow-up observations are needed to further

investigate this evidence.

• Finally, we conclude that while an increased [α/Fe] ratio is discussed in the literature as

one of the most prominent aspects where SSP models need to improve to match observed

extragalactic GC colours, most likely several other aspects need to be improved in the

SSP model assumptions and underlying stellar libraries.

To summarise, we hope that the ideas and results introduced in this work pave the way

to a more constrained exploration of extragalactic stellar clusters with data from the next gen-

eration of telescopes, such as EUCLID, Nancy Grace Roman, Chinese Space Station Telescope

(CSST) and ground-based Vera Rubin and J-PAS. Such next age of astronomy will provide un-

precedented and homogeneous amounts of multi-band GC data not only more spatially precise,

but also extended to NIR wavelengths with unmatched precision when compared to current

available technologies. Therefore, at this stage, it is crucial to investigate the limitations of
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current SSP models regarding both chemical abundances and NIR wavelengths.



Chapter 4

Summary and Concluding Remarks

The central subject of this thesis was the investigation of extragalactic stellar clusters, specif-

ically GCs and NSCs, in high density environments. This thesis was divided into two main

chapters.

First, we investigated the presence of NSCs in galaxies of all environments where

nucleation data is available in the literature. The main results of this work, published in

Zanatta et al. (2021), are:

• We used HST images for the central regions of the Coma Cluster, a robust photometry

technique and hierarchical Bayesian logistic regression to find that the fraction of galaxies

in Coma hosting an NSC is higher than in all other environments where similar data is

available.

• Such finding implies an environmental dependence on the nucleation fraction that is not

clearly explained by the current proposed formation scenarios for NSCs.

• We discuss these findings in regards to the influence of environment and galaxy mass,

finding evidences that the nucleation fraction for a given environment is linearly related

to the cluster/group dark matter halo mass.
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Secondly we investigated the difficulties of the current generation of SSP models

to predict the colours of extragalactic GCs and tested the impact of abundance variations,

specifically the currently available α-enhanced SSP models in the literature. We also tested

the effect of environment by comparing the data of GCs in the central elliptical galaxies of the

Virgo and Hydra Clusters. The main results of this work are:

• We revisit the findings of Powalka et al. (2016b,a) regarding the discrepancies in colour

predictions between current SSP models and GCs in the Virgo cluster, and how these

discrepancies vary with distance to the host galaxy. We extend the analysis to GCs in the

Hydra cluster, introducing new deep Ks band data from the VLT/HAWK-I instrument

for GC candidates in the innermost regions of Virgo and Hydra.

• We test four different state-of-the-art SSP models with abundance variations matching

those of stars in the Milky-Way (that we defined as "base" abundances) as well as SSP

models with a constant [α/Fe] ratio of 0.4 for all available metallicities. We use several

colour-colour diagrams and the distributions of distances to a 10 Gyr isocrhone in each

model and diagram.

• We find that where α-enhanced models predict ages significantly differently than base

models, this difference is generally towards younger ages than expected for GCs at the

core of elliptical galaxies. Moreover, the SSP models predictions, regardless of abundance

variations, are not consistent between different colour-colour diagrams.

• We revisited the P16a analysis of variations in the SSP models colour predictions dis-

crepancies in different region bins for Virgo GCs, this time with an improved Virgo GC

photometry and the addition of a GC sample in the Hydra cluster. Our results show that

the environmental effect claimed in P16a is largely dependent on the choice of colour-

colour diagram, being almost negligible in diagrams which colours include the Ks band.

• We find evidences of a younger GC population in Hydra when compared to Virgo. This

might be related to detected ongoing assembly of the NGC 3311 halo, by the accretion

and disruption of dwarf galaxies previously observationally detected (Arnaboldi et al.,
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2012; Coccato et al., 2011). However, improved SSP models and follow-up observations

are needed to further investigate this evidence.

4.1 Perspectives

Future work regarding chapter 2, involves the application of the same photometric and sta-

tistical techniques to other environments, specially the ones even more dense than the Coma

Cluster. This will enable us to access whether or not the increase in nucleation fraction is

actually related to environmental density. The immediate follow-up to the work presented in

this thesis will comprise already observed and publicly available HST data from the galaxy

cluster A3558, which lies at the centre of the Shapley supercluster and is one of the richest

galaxy clusters known, as well as its neighbouring clusters A3558 and A1736.

Furthermore, the Euclid mission will be launched in late 2022 and provide data as

deep as the HST, but for a significantly larger FOV. This will enable the detection of low

surface brightness galaxies in virtually every galaxy group or cluster within 12 Mpc, opening

the possibilities for the analysis of the nucleation fraction in low-density environments. This

will further complete the panorama of possible environment densities after we have finished

working on the nucleation fraction in the high-density Shapley supercluster. All the methods

and software employed in the nucleation fraction analysis with HST data will be able to be

easily adapted to work on Euclid data.

Regarding the colour predictions of extragalactic GCs by SSP models, future work

involves testing difference abundance variations, specially C and N. This is possible to be

tested using alf-generated models, since they allow for this specific abundance variations. Also

interesting to be tested are different configurations of the FSPS models, specially different HB

morphologies. It is also important to include data from other environments in different galaxies

and clusters, such that any environment aspect of the discrepancies between colour and models

can help further constraint where the next steps in their improvement needs to be. To this

end, we already have available VLT/HAWK-I Ks data for the galaxy NGC 3962, an isolated
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elliptical galaxy in the direction of the Crater constellation. Moreover, we also plan on using the

data for Hydra and Virgo GCs presented in this work to study the relation between metallicity

and colour bimodality. The motivation for this is non-linear relation between metallicity and

colours observed in extragalactic GC systems (Villaume et al., 2019; Blakeslee et al., 2012;

Chies-Santos et al., 2011a). In this context, the ugrizKs central Virgo data and the giuKs

central Hydra data presented in this work have the potential to help unravel important clues.

Optical-NIR colors have been shown to be better proxies of metallicity than optical colours

alone. An obvious next step is to analyse the optical/NIR colours of the Virgo and Hydra

samples presented in section 3.1.

In summary, this work aims at providing groundwork ideas and results

paving the way towards extragalactic stellar cluster studies with data from the next

generation of telescopes. Telescopes such as: the Nancy Grace Roman, the Chinese

Space Station Telescope (CSST) and ground-based Vera Rubin and J-PAS, to name

a few, will provide unprecedented amounts of extragalactic GC photometric data.

Therefore, at this stage, it is crucial to investigate the limitations of SSP models

regarding their colour predictions. Moreover, in this work robust photometric and

statistical techniques were developed to better model NSC occupation statistics in

galaxy clusters and groups, which provide important clues to how star clusters in

general form and evolve.
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Papers

The analysis of the impact of currently available α-enhanced SSP models in the predicted

colours for GCs in the Virgo and Hydra cluster will be submitted to MNRAS in the first months

of 2022, after revision by co-authors. The VLT/HAWK-I Ks band GC candidate catalogues for

the Hydra and Virgo observations presented in Section 3.1 will be made public at CDS/Vizier

(Wenger et al., 2000).

The article "A high occurrence of nuclear star clusters in faint Coma galaxies, and

the roles of mass and environment" has been accepted and published in the MNRAS (Zanatta

et al., 2021, https://doi.org/10.1093/mnras/stab2348). The catalogue of faint Coma galaxies

and the nucleation information presented in Table 2.2 will be made public in machine readable

form at CDS/Vizier.
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ABSTRACT
We use deep high-resolution Hubble Space Telescope (HST)/Advanced Camera for Surveys (ACS) imaging of two fields in the
core of the Coma Cluster to investigate the occurrence of nuclear star clusters (NSCs) in quiescent dwarf galaxies as faint as MI

= −10 mag. We employ a hierarchical Bayesian logistic regression framework to model the faint end of the nucleation fraction
(fn) as a function of both galaxy luminosity and environment. We find that fn is remarkably high in Coma: at MI ≈ −13 mag
half of the cluster dwarfs still host prominent NSCs. Comparison with dwarf systems in nearby clusters and groups shows that,
within the uncertainties, the rate at which the probability of nucleation varies with galaxy luminosity is nearly universal. On
the other hand, the fraction of nucleated galaxies at fixed luminosity does exhibit an environmental dependence. More massive
environments feature higher nucleation fractions and fainter values of the half-nucleation luminosity, which roughly scales with
host halo virial mass as LI,fn50 ∝ M−0.2

200 . Our results reinforce the role of galaxy luminosity/mass as a major driver of the
efficiency of NSC formation and also indicate a clear secondary dependence on the environment, hence paving the way to more
refined theoretical models.

Key words: galaxies: dwarf – galaxies: evolution – galaxies: nuclei – galaxies: photometry.

1 IN T RO D U C T I O N

At the central regions of galaxies of a wide range of masses,
luminosities, and morphological types there exists a class of compact
stellar systems known as nuclear star clusters (NSCs). These objects
have half-light radii in the range of 1–50 pc, masses from 104 to
108 M�, and very extreme stellar densities comparable to globular
clusters (GCs) and ultracompact dwarfs (UCDs) – but differ from
these other compact systems in that they can exhibit a wide range of
ages and metallicities. For a detailed overview of their properties we
refer the reader to the comprehensive review by Neumayer, Seth &
Böker (2020).

The formation of NSCs has been suggested to derive from
two mechanisms, probably non-exclusive. One is a dissipationless
process where already formed stellar clusters decay to the centre of
the gravitational potential of the host galaxy and merge forming a
large and dense structure (Tremaine, Ostriker & Spitzer 1975; Arca-
Sedda & Capuzzo-Dolcetta 2014; Gnedin, Ostriker & Tremaine
2014). The other mechanism involves the inflow of gas to the
central region of galaxies, where local star formation is triggered
at higher rates than usual contributing substantially to their mass

� E-mail: emiliojbzanatta@ufrgs.br

growth (Bekki et al. 2003; Bekki & Chiba 2004; Antonini 2013).
Not surprisingly, NSCs display a variety of scaling relations with
their host galaxies involving both their stellar mass (Scott & Graham
2013; Georgiev et al. 2016) and stellar populations (Walcher et al.
2005; Turner et al. 2012; Georgiev & Böker 2014). Finally, if GCs
are suggested to contribute to the formation of NSCs, UCDs on the
other hand might be the remains of disrupted nucleated galaxies
(Drinkwater et al. 2003; Pfeffer & Baumgardt 2013; Seth et al.
2014; Afanasiev et al. 2018; Ahn et al. 2018; Neumayer et al.
2020).

Amongst the most fundamental observables informing NSC for-
mation scenarios are their occupation statistics. In other words,
what galaxies host NSCs? Stellar nuclei occur almost across the
entire spectrum of galaxy types. Historically, much of the early
work on NSC demographics focused on galaxies in high-density
environments such as galaxy clusters, where number statistics are
large. As a result, NSC occupation in early-type galaxies tends to be
more robustly characterized than in late types (but for details on star-
forming hosts see Carollo, Stiavelli & Mack 1998; Georgiev et al.
2009; Georgiev & Böker 2014; Neumayer et al. 2020). Recent studies
have established that the nucleation fraction in quiescent galaxies
exhibits a strong dependence on galaxy mass or luminosity, with a
peak at ∼90 per cent around log(M/M�) ≈ 9 followed by a steady
decline toward both higher (Cote et al. 2006; Turner et al. 2012;
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Baldassare et al. 2014) and lower galaxy masses (den Brok et al.
2014; Ordenes-Briceño et al. 2018; Sánchez-Janssen et al. 2019b).
Remarkably, while NSC occupation at the high-mass end seems to
be rather universal, dwarf galaxies (M� � 109) are now known to
display a secondary dependence with the environment. By comparing
the nucleation fraction from the Next Generation Virgo Cluster
Survey (NGVS) with the literature data for other environments,
Sánchez-Janssen et al. (2019b) show that NSC occurrence is highest
in Coma Cluster dwarfs, followed by Virgo and Fornax, with the
lowest nucleation fraction found in early-type satellites in the Local
Group. This is consistent with early results showing that nucleated
early types tend to inhabit the inner, higher density regions of the
Virgo Cluster (Ferguson & Sandage 1989; Lisker et al. 2007). But
Sánchez-Janssen et al. (2019b) expand on these studies to show that
the behaviour holds at fixed galaxy mass, i.e. dwarfs of any given
luminosity have a higher probability of being nucleated when they
inhabit host haloes of larger virial masses. A shortcoming of that
analysis is that the limiting magnitude of the Coma Cluster sample
(den Brok et al. 2014, hereafter dB14) is significantly brighter than
in all the other environments: MI ≈ −13 versus MI ≈ −9, well
over an order of magnitude in luminosity. As a result, the exact
behaviour of the nucleation fraction in this most rich environment is
not yet fully characterized – does it remain exceptionally high down
to the faintest luminosities, or does nucleation become negligible for
galaxies of comparable luminosity to those in the Virgo and Fornax
Cluster? This work aims at finally settling this question through
the use of deep Hubble Space Telescope (HST)/Advanced Camera
for Surveys (ACS) imaging of the core of the Coma Cluster to
study the demographics of NSCs. We also develop a novel Bayesian
logistic regression framework to model the probability of nucleation,
which enables us to self-consistently investigate its dependence on
galaxy luminosity and environment for dwarfs in other clusters and
groups.

This paper is structured as follows. In Section 2, we present the data
used in this work, followed by a detailed description of the galaxy
and NSC detection and measurement techniques in Section 3. In
Section 4, we present the statistical methodology developed to infer
the nucleation fraction in Coma, which is compared to that of other
environments in Section 5. In Section 6, we discuss the main results
within the context of observational and theoretical work on the galaxy
nucleation fraction. Finally, in Section 7, we summarize our results
and their significance for NSC formation scenarios. Throughout this
work we adopt a distance to the Coma Cluster of D = 100 Mpc (Carter
et al. 2008), which corresponds to a physical scale of 485 pc arcsec−1

and a distance modulus of (m − M) = 35 mag.

2 DATA

The Coma Cluster data used in this work were obtained as part
of Program GO-11711 (PI: J. Blakeslee) using the ACS/Wide Field
Channel (WFC) onboard the HST in 2012 March, and consists of two
fields centred on the bright cD galaxies NGC 4874 and NGC 4889.
The observations run for four orbits with the F814W filter (≈I) and
one orbit with the F475W filter (≈g). As a result, the former data
set is considerably deeper than the latter, and only the I data are
used throughout. The exposure times in I are 10 425 and 9960 s for
NGC 4874 and NGC 4889, respectively.

The data for NGC 4874 were used previously in Cho et al.
(2016) and we refer the reader to that work for additional details
on the reduction steps, which are the same for the NGC 4889 field.
Briefly, the images were dithered to fill the gap between the two
ACS/WFC detectors, followed the standard pipeline processing from

the Space Telescope Science Institute (STScI)/Mikulski Archive for
Space Telescopes (MAST), and had the charge transfer efficiency
(CTE) correction algorithm of Anderson & Bedin (2010) applied.
Finally, the CTE-corrected exposures were then processed with APSIS

(Blakeslee et al. 2003) to produce the final corrected images shown
in Fig. 1.

The reference data set for NSCs in the Coma Cluster was
introduced in dB14, with imaging from the HST/ACS Coma Cluster
Survey (Carter et al. 2008). This study and that work are highly
complementary. dB14 cover a large footprint and have robust
number statistics at the bright end of the dwarf galaxy population
(MI < −13). On the other hand, this work is limited to two
ACS fields, but our deeper imaging – reaching MI ≈ −10 in
comparison to the limiting magnitude of MI ≈ −13 of dB14 –
allows us to probe much fainter galaxies and NSCs than ever
before in Coma. In Fig. 2, we present a comparison between
the I-band images used in this work and those from dB14. The
top row corresponds to a nucleated galaxy, whereas the bottom
one shows a non-nucleated dwarf. The higher signal-to-noise ratio
(SNR) in our frames significantly improves on the detection and
characterization of NSCs and, especially, their low surface brightness
hosts.

2.1 NSCs in other environments from the literature

In addition to the Coma Cluster, in this work we also analyse data
for dwarf quiescent galaxies in the Virgo Cluster (from Sánchez-
Janssen et al. 2019b), the Fornax Cluster (from Muñoz et al.
2015), and a collection of data for faint quiescent satellites in the
local volume (D < 12 Mpc). The latter data set is mainly drawn
from Carlsten et. al. (2020a), and further complemented with data
from Chies-Santos et al. (in preparation) for dwarf companions of
NGC 3115. An important aspect of all these data sets is that they
all feature roughly the same effective spatial resolution. This is a
result of the superbly narrow point spread function (PSF) delivered
by HST that more than compensates for the much larger distance
of the Coma Cluster – and we therefore expect the NSC detection
efficiency to be similar across the different environments. Moreover,
the effective HST/ACS PSF full width at half-maximum (FWHM)
in Coma is ≈37.92 pc. NSCs in early-type dwarfs have typical
sizes of �20 pc (Cote et al. 2006; Turner et al. 2012), therefore
at the distance of Coma they are all essentially unresolved in our
images.

As noted before, only early-type dwarfs are considered in the anal-
ysis. This is to avoid complications related to both the morphology–
density relation and the notoriously difficult task of identifying NSCs
in star-forming galaxies due to the presence of star formation and
obscuration by dust. More details on the literature data used in this
work are presented in Appendix A.

With this choice of environments we are able to probe NSC
occupation in host haloes with masses ranging from 5 × 1015 in
Coma to 1012M� in the local volume. When necessary, adopted
mass estimates come from Łokas & Mamon (2003), McLaughlin
(1999), and Drinkwater, Gregg & Colless (2001) for Coma, Virgo,
and Fornax, respectively. For the local volume galaxies we derive
a mean halo mass using the log(Vcirc)– log(M200) relation from the
Illustris TNG100 simulations (Pillepich et al. 2018) and the Vcirc

values in table 1 of Carlsten et. al. (2020a). Exceptions are NGC 3115,
for which the halo mass estimate comes from Alabi et al. (2017);
M81, from Karachentsev et al. (2002); Cen A, from van den Bergh
(2000); M31, from Tamm et al. (2012); and the Milky Way, from
Taylor et al. (2016).

MNRAS 508, 986–998 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/508/1/986/6356589 by N
ational Science & Technology Library R

oot Adm
in user on 15 N

ovem
ber 2021



988 E. Zanatta et al.

Figure 1. Top: Sloan Digital Sky Survey (SDSS) colour composite image of the central region of the Coma Cluster, with white boxes representing the two
HST/ACS pointings used in this work. Middle and bottom: the actual HST/ACS images used in this work, after DRIZZLE treatment (left) and after the subtraction
of bright galaxies to improve the detection of fainter objects (right). Circles indicate the positions of the detected galaxies in our sample (see Table 1).

3 D E TECTION, ME MBE RSH I P, AND
PHOTOMETRY

In this work, we build on the methods developed in recent sur-
veys of the Virgo (Ferrarese et al. 2016) and Fornax (Eigen-
thaler et al. 2018) clusters to study the faint galaxy popula-
tion and their star cluster systems. Briefly, galaxy detection is
carried out automatically using an algorithm optimized for the

recovery of low surface brightness objects. Visual inspection of
the candidates by one or more individuals follows, and cluster
membership is assigned based on expected morphological fea-
tures for early-type, quiescent dwarfs – namely, ellipsoidal shapes,
smooth surface brightness profiles, and absence of star formation
features. Finally, photometric and structural parameters for the
host galaxy and the NSC are derived through two-dimensional
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NSCs in faint Coma galaxies 989

Figure 2. Comparison between the depth of images from dB14 and this
work. On the top panels, two images of the same nucleated galaxy present
in both the catalogue from dB14 and this work. On the bottom panel, a non-
nucleated galaxy. All images are adjusted to the same scale and in the same
HST/F814W filter.

modelling of the galaxy images. The detailed steps are as
follows.

3.1 Bright galaxy subtraction

The two fields in this study are centred on NGC 4874 and NGC 4889,
the two dominant ellipticals in the core of the Coma Cluster.
NGC 4889 is the brightest galaxy in the cluster, but NGC 4874 boasts
an extended cD halo and resides somewhat closer to the centroid of
the X-ray emission in the cluster. The high density of bright satellite
galaxies in these fields renders the detection of faint objects difficult.
Therefore, the first step in our analysis consisted in the modelling
and subtraction of the largest objects.

We subtract the bright galaxies using the program ELLIPROOF

(Tonry et al. 1997; Jordan et al. 2004), which fits a series of elliptical
isophotes of varying centres, ellipticities, orientations, and low-order
Fourier terms. The algorithm then interpolates smoothly between the
isophotes and extrapolates outward beyond the last one. In both of
our fields we model and subtract the brightest galaxy along with large
neighbouring galaxies that affect the modelling of the central galaxy,
as well as fainter galaxies that adversely affect the modelling of the
bright satellite galaxies. We adopt an iterative approach: subtracting
the brighter galaxies, then subtracting the fainter neighbours, then
remodelling the brighter galaxies with the neighbours subtracted,
etc. We iterate until we achieved a clean subtraction of all galaxies
(about 10 in each field) that were large enough to have a significant
effect on the detection of the fainter objects we aim to study.

3.2 SOURCEEXTRACTOR detection

Galaxy detection is carried out with SOURCEEXTRACTOR (Bertin
& Arnouts 1996) following a two-step approach. The first pass

is optimized to extract point sources, whereas the second runs on
the background image generated from the first one. The process
effectively acts as a low-pass spatial filter, resulting in a smoothed,
high SNR image over scales larger than the PSF size.

In the first SOURCEEXTRACTOR run we set the minimum detection
area, DETECT MINAREA, to 10 pixels above the detection threshold
(DETECT THRES) of 1.5σ of the sky background. As described before,
these parameters are set so as to detect compact objects such as
GCs, foreground stars, and background galaxies. We also set a
background mesh size (BACK SIZE) of 32 pixels with a 3 × 3 grid
for the median filter (BACK FILTERSIZE). Using these parameters,
SOURCEEXTRACTOR estimates the local background in each mesh of
rectangular grids across the entire image. In the second column of
Fig. 3, we show an example of such map, where the increase in SNR
is evident.

We then proceed to the second run of SOURCEEXTRACTOR, this
time on the smoothed image. We set DETECT MINAREA to 200 pixels
above the DETECT THRES of 1.2σ of the sky background. We then
match the positions of the detections with those in the original image,
proceeding to visual inspection of the candidates to assign cluster
membership and nucleation classification.

3.3 Visual classification

Visual classification was independently carried out by two of the
authors (EZ and RS-J). Because faint early-type dwarfs have low
surface brightness, the main contaminants are background late-type
galaxies. We classify as members objects with smooth and spheroidal
morphologies (Sánchez-Janssen et al. 2016), and discard irregular
galaxies or those displaying features consistent with ongoing star
formation (clumps, arms, bars). We identify NSCs as compact
spherical sources that in projection lie close to the geometric centre
of the candidate galaxy (see Fig. 2). This requirement is later refined
during the process of galaxy modelling (Section 3.4).

We find that the two independent classifications fully agree down
to a limiting magnitude of mI = 25 mag. Because the focus of this
work is on the faint end of the Coma galaxy population, we also set a
bright limit of mI = 20 mag. The number of more luminous galaxies
in the two fields under study is too low to be statistically meaningful.
Our final catalogue is presented in Table 1. We found 66 galaxies
within −15 < MI < −10 mag, 23 of which are first reported in this
work. Among these, 33 have NSCs candidates.

3.4 GALFIT modelling

To determine the structural and photometric properties of the can-
didate galaxies and their NSCs, we model their surface brightness
profiles using GALFIT (Peng et al. 2002). We use the segmentation
maps from the first SOURCEEXTRACTOR run to mask all objects
around our detected galaxies, except for the central point sources
in the visually identified nucleated dwarfs. Furthermore, we use
PSF models obtained with PSFEX (Bertin 2011). We use as initial
conditions the MAG AUTO magnitudes and FLUX RADIUS results from
the SOURCEEXTRACTOR catalogue, as well as an initial Sérsic index
of n = 0.75, position angle of 45◦ and axial ratio of 0.8. The non-
nucleated galaxies are modelled with a single Sérsic profile, while
for the nucleated ones we use a Sérsic profile alongside a PSF
component.

Initial magnitudes for the PSF component are the MAG AUTO

measured by the first SOURCEEXTRACTOR run. The two components
have initial central positions defined by the positions detected by
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990 E. Zanatta et al.

Figure 3. Summary of the procedure to detect and extract photometry for faint galaxies and their NSCs. From left to right: section of the original image
showcasing an example galaxy (nucleated on the top, non-nucleated at the bottom). In the second panel we show the SOURCEEXTRACTOR background image
used for galaxy detection. Notice the significant increase in SNR, which improves the detection limits. The third panel contains the same image as the first panel,
but now the point sources detected by the first SOURCEEXTRACTOR are masked – except for the central 6 × 6 pixels, which are unmasked to reveal the NSC.
The fourth panel corresponds to the GALFIT model, to which we have added the typical noise of the ACS images for representation purposes. Finally, in the last
panel we show the residual image from GALFIT modelling. Both galaxies are presented with the same scaling.

SOURCEEXTRACTOR for the galaxy or the NSC, in the case of
nucleated objects.

To aid in the modelling of the fainter galaxies we employ
constraints to the parameters to be fitted by GALFIT. Based on the
structural parameters for faint galaxies in the Virgo Cluster (Ferrarese
et al. 2020), we limit the Sérsic index to vary in the range 0.5 ≤ n
≤ 1.5. Constraining the Sérsic index aids GALFIT in converging to
realistic values for other structural parameters even for faint, low
surface brightness galaxies. We also constrain the relative position
of the Sérsic and PSF components to be within 3 pixels of each other.
This is inspired by HST studies of NSCs showing that stellar nuclei
are rarely offset from the geometric centre of the host galaxy (Cote
et al. 2003; Turner et al. 2012). It also guarantees that the likelihood
of contamination from chance projection of stars or GCs over the
galactic body remains insignificant, with the mean number of such
contaminants estimated to be ≈0.002 per galaxy. This is calculated
by counting the total number of point sources (CLASS STAR ≥ 0.6)
that have a magnitude difference of less than 0.5 mag with respect to
each NSC. The surface density of such candidates is then multiplied
by the area enclosed in a circle with a radius of 3 pixels, which is
our criterion for a bona fide NSC detection. Results are not sensitive
to the magnitude difference between putative contaminants and the
candidate NSCs.

A summary of the method is shown in Fig. 3. The galaxy
properties obtained from this procedure are presented in Table 1,
where magnitudes are dereddened from Galactic extinction using
the maps from Schlafly & Finkbeiner (2011). We find that our
catalogue has eight common entries with that from dB14. The root
mean square deviation of the galaxy magnitudes is only 0.12 mag.
See Appendix C for a full description of our photometric uncertainty
estimation. This was done by applying our photometry procedure
to 10 000 mock galaxies randomly positioned in the two HST fields
used in this work. Based on the results of these simulations, we

estimate mean uncertainties of δmI,gal ∼ 0.2 mag for the magnitudes
obtained in Table 1. Uncertainties to the other parameters are shown
in Appendix C.

In Fig. 4, we show the difference between the magnitude of the
NSC and its host galaxy for all the nucleated galaxies in our sample,
as well as those from dB14 and the nucleated galaxies in the Virgo
Cluster from Sánchez-Janssen et al. (2019b). Similarly to what was
found in the two latter works, the relative contribution of the NSC
to the overall brightness of the host galaxy decreases with galaxy
luminosity – albeit with a large scatter in the relation. From the
perspective of comparing different environments, we see that the
trend in Fig. 4 is very similar for both Virgo and Coma galaxies.
Overall, it seems clear that the luminosity of the NSC is related to
that of the host galaxy regardless of the environment, but the large
scatter in the relation indicates that NSC growth varies substantially
from one galaxy to another.

4 STAT I S T I C A L M O D E L L I N G O F TH E
N U C L E AT I O N FR AC T I O N

To analyse the nucleation fraction in the Coma Cluster and how
it compares to other environments, we employ Bayesian logistic
regression (see e.g. Hilbe, de Souza & Ishida 2017, for a detailed
description). Logistic regression belongs to the family of generalized
linear models, and is particularly suitable for handling Bernoulli-
distributed (binary) data. Such distribution characterizes processes
with two possible outcomes {0, 1}, be it success or failure, yes
or no, or alike – in our case it is nucleation or non-nucleation.
Previous applications of logistic models in astronomy include the
studies of star formation activity in primordial dark matter haloes (de
Souza et al. 2015), the escape of ionizing radiation at high redshift
(Hattab et al. 2019), the effect of environment in the prevalence of
Seyfert galaxies (de Souza et al. 2016), and the redshift evolution
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NSCs in faint Coma galaxies 991

Table 1. Photometric and structural parameters for the galaxies detected in Coma obtained using GALFIT using SOURCEEXTRACTOR

magnitude and positions as input parameters, as described in the text. From left to right: identification for each galaxy, right ascension in
degrees, declination in degrees, galaxy magnitude in the I filter, NSC magnitude in the I filter, Sérsic index, effective radius in arcseconds,
axial ratio, position angle in degrees, and flags for previous detections of those galaxies. Such flags are as follows: 1: Godwin, Metcalfe
& Peach (1983); 2: Iglesias-Páramo et al. (2003); 3: Adami et al. (2006a); 4: Yagi et al. (2016); 5: Adami et al. (2006b); 6: Hoyos et al.
(2011); and 7: dB14.

ID RA Dec. mI,gal mI,NSC n Re b/a PA Prev. detec.
(◦) (◦) (mag) (mag) (arcsec) (◦)

dw 195019+27934 195.0191 27.9344 20.18 24.05 0.91 1.543 0.72 61.26 3, 6
dw 195007+27981 195.0073 27.9815 20.20 23.34 1.49 2.465 0.88 11.15 2
dw 194870+27952 194.8701 27.9521 20.27 27.55 0.98 1.127 0.65 − 22.84 2, 6
dw 195029+27978 195.0296 27.9787 20.28 23.16 1.27 0.806 0.64 3.31
dw 194902+27960 194.9024 27.9609 20.40 25.11 0.74 1.210 0.80 63.29
dw 194920+27952 194.9202 27.9521 20.53 23.69 1.49 0.458 0.94 − 38.14 2, 6
dw 194905+27931 194.9052 27.9315 20.61 25.92 0.79 2.320 0.93 1.08 2, 3, 4
dw 194911+27949 194.9111 27.9496 20.66 23.68 1.49 2.976 0.78 43.22 3
dw 194879+27944 194.8791 27.9449 20.71 25.03 0.89 1.280 0.77 15.57 3
dw 195011+27945 195.0112 27.9459 20.78 25.15 0.61 2.028 0.68 4.02 3, 6, 7
dw 194907+27928 194.9070 27.9283 20.82 25.98 0.91 0.788 0.84 − 57.99 2, 3
dw 194882+27963 194.8823 27.9634 20.86 26.38 1.34 1.974 0.93 58.48 3, 6, 7
dw 194933+27967 194.9332 27.9672 20.93 26.24 0.96 1.728 0.63 29.73 3, 6, 7
dw 194923+27946 194.9239 27.9466 21.03 25.52 0.88 3.690 0.59 39.13 2, 6
dw 194896+27961 194.8968 27.9612 21.05 26.09 1.01 1.887 0.81 85.96
dw 194895+27948 194.8954 27.9481 21.19 25.13 0.69 1.843 0.76 78.93 6
dw 194913+27992 194.9130 27.9925 21.19 0.82 1.728 0.55 − 36.31 6, 7
dw 194902+27953 194.9026 27.9535 21.33 24.78 1.32 2.289 0.75 24.00 6
dw 194870+27955 194.8704 27.9556 21.44 26.22 0.58 4.014 0.29 − 55.01
dw 194920+27954 194.9204 27.9549 21.47 26.92 0.50 2.372 0.40 − 86.76 2, 6
dw 195037+27955 195.0375 27.9559 21.53 26.71 0.86 1.262 0.75 37.37
dw 194908+27949 194.9088 27.9490 21.65 0.83 0.949 0.89 − 77.68 3, 6, 7
dw 195016+27933 195.0161 27.9338 21.69 0.52 1.655 0.67 − 83.23 3, 4, 5, 6, 7
dw 194891+27937 194.8917 27.9378 21.75 26.70 0.63 1.563 0.77 16.76 2, 3, 5
dw 194900+27965 194.9004 27.9655 21.77 24.87 0.91 2.329 0.90 65.86 6
dw 194912+27979 194.9123 27.9790 21.77 25.79 0.65 1.226 0.68 3.71 6
dw 195000+27978 195.0003 27.9784 21.82 25.93 0.72 1.340 0.87 64.54 3, 6, 7
dw 195027+27971 195.0272 27.9719 21.82 0.69 2.759 0.75 66.77
dw 195047+27951 195.0475 27.9516 21.85 0.58 1.532 0.56 52.30 3, 5
dw 194906+27968 194.9069 27.9686 21.86 0.85 1.569 0.59 − 31.93 6
dw 195033+27943 195.0332 27.9432 21.89 26.56 0.79 1.456 0.76 40.55 3, 5, 6, 7
dw 195030+27964 195.0306 27.9644 21.90 0.88 1.493 0.75 86.83 3
dw 194897+27927 194.8971 27.9270 21.97 26.50 0.83 1.277 0.90 − 64.46 3, 5
dw 195058+27973 195.0589 27.9731 22.03 26.10 0.70 1.364 0.81 24.79 3
dw 195010+27992 195.0100 27.9920 22.05 0.77 2.559 0.57 11.08
dw 194896+27980 194.8969 27.9806 22.10 26.38 0.71 0.996 0.83 80.16 3, 6
dw 194887+27966 194.8871 27.9667 22.20 26.15 0.93 1.124 0.81 27.66 3, 6, 7
dw 194992+27969 194.9925 27.9692 22.35 0.92 1.496 0.99 − 65.99 3, 6

dw 194914+27957 194.9144 27.9573 22.49 0.51 0.813 0.79 30.38 6
dw 195005+27943 195.0052 27.9435 22.51 0.76 1.060 0.62 − 65.89
dw 195011+27965 195.0117 27.9658 22.58 25.23 0.99 1.354 0.75 42.23
dw 195022+27961 195.0229 27.9611 22.66 0.99 1.743 0.57 85.86
dw 194993+27965 194.9939 27.9655 22.68 23.68 1.49 0.811 0.71 35.60
dw 195023+27991 195.0231 27.9913 22.72 25.42 0.53 2.215 0.63 37.20
dw 194908+27935 194.9086 27.9351 22.84 0.56 0.720 0.84 − 57.49 3
dw 195028+27964 195.0285 27.9649 22.84 0.50 0.996 0.94 − 52.86
dw 195030+27962 195.0308 27.9626 22.90 0.94 1.518 0.65 − 24.14 3
dw 194926+27977 194.9261 27.9770 23.29 0.66 0.802 0.77 32.00 3, 6
dw 194931+27968 194.9312 27.9680 23.29 0.50 1.354 0.71 50.28
dw 195024+27956 195.0240 27.9560 23.33 0.75 1.187 0.59 − 8.06 3
dw 195056+27968 195.0567 27.9680 23.33 0.93 1.059 0.73 − 32.45 3
dw 194916+27961 194.9161 27.9610 23.41 0.67 0.965 0.74 − 46.73 6
dw 194903+27936 194.9037 27.9368 23.48 0.52 0.737 0.90 54.27 3
dw 194891+27979 194.8915 27.9799 23.57 0.84 0.674 0.71 26.25 6
dw 195019+28001 195.0199 28.0011 23.59 0.62 0.604 0.80 1.25 3
dw 195039+27955 195.0397 27.9557 23.67 0.67 0.838 0.66 − 9.15
dw 194880+27940 194.8802 27.9400 23.68 0.68 0.747 0.69 7.66 3
dw 194880+27960 194.8808 27.9601 23.79 1.12 0.798 0.76 − 27.25
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Table 1 – continued

ID RA Dec. mI,gal mI,NSC n Re b/a PA Prev. detec.
(◦) (◦) (mag) (mag) (arcsec) (◦)

dw 194916+27983 194.9167 27.9831 24.08 0.61 0.724 0.71 28.21
dw 194990+27973 194.9909 27.9739 24.25 0.99 0.854 0.85 47.79
dw 194922+27971 194.9221 27.9714 24.40 0.50 0.670 0.76 75.78
dw 195012+27982 195.0121 27.9820 24.44 0.59 0.784 0.65 40.80
dw 194922+27968 194.9225 27.9684 24.45 0.85 0.405 0.63 − 63.66
dw 194925+27962 194.9257 27.9626 24.56 0.65 0.511 0.72 − 48.45 3, 6
dw 195041+27971 195.0417 27.9712 24.81 27.74 0.56 0.675 0.75 33.48
dw 195004+27976 195.0041 27.9766 24.90 0.50 0.502 0.66 − 55.04

Figure 4. Difference between the magnitude of the nuclei, MI,NSC, and the
one of its host galaxy, MI,Galaxy, for all nucleated galaxies in the Coma
Cluster sample from this work (shown in Table 1; purple diamonds) and
dB14 (magenta diamonds), as well as nucleated galaxies in the Virgo Cluster
(from Sánchez-Janssen et al. 2019b; blue circles), as a function of the host
galaxy absolute magnitude. For both environments, brighter galaxies tend to
show larger differences in magnitude from their nuclei, although a scatter is
also evident, showcasing its stochastic nature.

of ultraviolet (UV) upturn galaxies (Dantas et al. 2020). While the
full behaviour of the nucleation fraction departs significantly from
the logistic relation (Sánchez-Janssen et al. 2019b), we make use
of the fact that for all studied environments fn appears to peak at
masses log(M/M�) ≈ 9 (Neumayer et al. 2020), and then declines
gradually toward lower masses until it becomes negligible.

The regression model is the following:

yi ∼ Bern (pi) ,

ηi ≡ log

(
pi

1 − pi

)
,

ηi = β1[k] + β2[k] MI,i,[
β1[k]

β2[k]

]
∼ Norm

([
μβ

μβ

]
, �

)
; � ≡

[
σ 2

β 0
0 σ 2

β

]
,

μβ ∼ Norm(0, 102); σ 2
β ∼ Gamma(0.1, 0.1). (1)

The above model reads as follows. Each of the ith galaxies in the data
set has its probability to manifest nucleation modelled as a Bernoulli
process, whose probability of success relates to MI,i through a logit
link function, ηi (to ensure the probabilities will fall between 0 and
1), where the index k encodes the cluster/group environment. A
subtle but important characteristic of our model is the treatment
of the intercept β1[k] and slope β2[k] coefficients via hierarchical

partial pooling. For the case studied here, it falls under the umbrella
of generalized linear mixed models (see e.g. Hilbe et al. 2017,
for details). A simple intuition behind this choice is given below.
When modelling the same relationship across multiple groups, there
are three common choices: pooled, unpooled, and partially pooled
models. In our case the pooled model implies a fit to the entire data,
completely ignoring potential differences across cluster/groups. In
other words, this would implicitly assume a universal shape for the
nucleation fraction. In the other extreme lies the ubiquitous unpooled
model, which implies fitting each individual case, ignoring any
potential correlation across cluster/groups. While it seems a harmless
choice, this model is very sensitive to differences in sample size and
magnitude range between different cluster/group environments. The
most conservative option is partial pooling, which infers different
parameters for each group, but allows them to share information.
This is done via the use of hyperpriors for its coefficients. This is
included in our model by assuming a multi-Normal prior for β1[k] and
β2[k] with a common mean μβ and variance σ 2

β , to which we assigned
weakly informative Normal and Gamma hyperpriors, respectively.

We evaluate the model using the Just Another Gibbs Sampler
(JAGS)1 package within the R language (R Development Core Team
2019). We initiate three Markov chains by starting the Gibbs sampler
at different initial values sampled from a Normal distribution with
zero mean and standard deviation of 100. Initial burn-in phases were
set to 5000 steps followed by 20 000 integration steps, which are
sufficient to guarantee the convergence of each chain, following
Gelman–Rubin statistics (Gelman & Rubin 1992).

5 R ESULTS

When modelling the nucleation fraction the Coma sample presented
here is merged with the catalogue from dB14 for completeness
purposes at the bright end. The data from this work comprise Coma
galaxies with magnitudes in the −10.0 < MI < −15.0 range, while
dB14 data in the range −12.8 < MI < −19.0. In the few cases where
a galaxy is detected in the two studies we keep the magnitudes from
our own analysis.

5.1 Nucleation fraction in the Coma Cluster

Fig. 5 shows the Coma nucleation fraction, fn, as a function of galaxy
absolute magnitude, MI. The shaded areas indicate the 50 per cent
and 95 per cent probability intervals around the mean of the posterior
for the logistic model (white curve). The means and 68 per cent
confidence level values of the corresponding coefficients are shown in
Table 2. The grey region represents the extrapolated solution beyond

1http://cran.r-project.org/package=rjags
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NSCs in faint Coma galaxies 993

Figure 5. Top: distributions, in normalized counts, for the data obtained
in this work and presented in Table 1 (red histogram) and the catalogue
of Coma galaxies from dB14 (blue histogram). Bottom: nucleation fraction
versus absolute magnitude for galaxies in Coma, combining the data from
this work and the one from dB14. In the cases where galaxies were detected
in the two data sets, we keep the magnitudes from our own analysis. The
white curve is the mean posterior from the Bayesian logistic regression.
The purple shaded regions show the 50 per cent and 95 per cent confidence
intervals, whereas the grey shades indicate the magnitudes where the model
extrapolates the data. The yellow solid circles represent the median nucleation
fraction in a binned representation of the data, with uncertainties given by the
corresponding 68 per cent Bayesian credible intervals. The number of objects
in each bin is shown at the top.

Table 2. Summary of the parameters estimated from the model presented
in equation (1). In the first column we show MI,fn50 , the magnitude at which
the estimated probability of nucleation reaches 50 per cent. In the second
column �Odds represents the expected change in the odds of nucleation
by a variation of one unit of magnitude. In the last two columns, β1 and
β2 are the mean posteriors for the intercept and slope, respectively, of the
link function ηi. One can see that �Odds is within a 10 per cent difference
among all environments, while the variation of MI,fn50 presents a significant
difference in luminosity.

MI,fn50

�Odds
(per cent) β1(intercept) β2(slope)

Coma −12.98+0.26
−0.25 −52.2 −9.66 ± 1.56 −0.74 ± 0.11

Virgo −14.39+0.25
−0.25 −50.0 −9.89 ± 1.28 −0.70 ± 0.10

Fornax −14.16+0.31
−0.31 −47.3 −9.25 ± 0.98 −0.64 ± 0.07

Local early type −14.64+0.98
−0.89 −41.4 −7.94 ± 1.76 −0.54 ± 0.14

Local late type −15.38+0.96
−0.89 −47.5 −9.98 ± 2.21 −0.66 ± 0.17

which there is no data coverage. For visualization purposes we also
show with yellow circles the nucleation fraction calculated in eight
equal-sized bins. The corresponding error bars show the 68 per cent
Bayesian confidence level. The tick marks at the top and bottom
of the panel indicate the magnitudes for each of the nucleated and
non-nucleated galaxies, respectively, and the yellow histogram is a
binned representation with the purpose to highlight the prevalence
of NSCs in brighter galaxies.

We confirm the strong dependence of the nucleation fraction on
galaxy luminosity in Coma: it peaks at nearly fn ≈ 100 per cent at MI

= −18 [the characteristic luminosities of classical dwarf elliptical
(dE) galaxies] and then declines to become almost negligible at MI =
−10. Overall, the nucleation fraction is remarkably high, with more
than half of the MI = −13 dwarf galaxies still hosting NSCs. This is
clearly shown by both the binned nucleation fraction and the logistic
model, but only the latter is able to produce a smooth solution while
also allowing us to study the rate at which NSCs occur in galaxies
of different brightness. More importantly, we are now in a position
to quantitatively compare the exact shape of the nucleation fraction
in Coma and in other environments.

5.2 Nucleation in other environments

In Fig. 6, we show the mean posterior for the nucleation fraction in
the Coma Cluster compared to that in the Virgo and Fornax clusters
(left-hand panel), as well as in nearby groups (right-hand panels). In
order to improve the number statistics in these less rich environments
we subdivide and stack the samples of group dwarfs into satellites of
early- and late-type centrals (see Appendix A for details). The total
number of quiescent satellites in the subsamples of early- and late-
type groups is 93 and 90, respectively. As with Coma, the means and
68 per cent confidence level values of the coefficients for the logistic
model are shown in Table 2. Two results are readily apparent.

(1) Nucleation has a nearly universal dependence on dwarf galaxy
luminosity. This is shown in Table 2 by the very similar β2 slope
parameters for all the different environments, which are consistent
with each other at the 1σ level. In the table we also show the
corresponding �Odds, which represents the change in nucleation
odds given a variation of one unit in magnitude for each environment,
i.e. the nucleation rate by magnitude. We find very similar values for
all environments, perhaps with the exception of systems dominated
by early-type centrals where the nucleation fraction displays a
slightly shallower decline.

(2) Nucleation is more common in more massive haloes regardless
of dwarf galaxy luminosity. This is evident from the posterior
curves in Fig. 6, which are colour coded by the estimated virial
halo masses for the systems under study. For example, a MI =
−15 dwarf has an ≈80 per cent probability of being nucleated in
Coma, compared to ≈50 per cent for quiescent satellites in groups
with both early- and late-type centrals. In order to better quantify
this dependence we introduce the MI,fn50 index, the magnitude at
which the nucleation probability reaches 50 per cent as inferred
from the logistic model. In Fig. 7, we show how this half-nucleation
magnitude varies as a function of the virial halo mass for each
environment. We model this relation as a linear regression of the form
MI,fn50 = α + β log(M200). The mean posteriors and associated
standard deviations obtained for the parameters are α = −21.6 ± 2.8
and β = 0.54 ± 0.19. This implies that the half-nucleation luminosity
correlates with the host halo mass roughly as LI,fn50 ∝ M−0.2

200 . The
most extreme environments, Coma and the late-type groups, have
LI,fn50 values that differ by almost a factor of 10 in luminosity. A
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Figure 6. Mean posteriors from the Bayesian logistic regression models and 50 per cent confidence intervals, in the left-hand panel, for the Coma Cluster
data from this work and dB14, Virgo Cluster from Sánchez-Janssen et al. (2019b), and Fornax Cluster from Muñoz et al. (2015). In the right-hand panel, the
Coma Cluster again and a combined sample of galaxies in the local volume in groups with a central early- or late-type galaxy (see Appendix A for references).
The samples are colourized by the approximated cluster/group virial halo mass, from the references mentioned in the text. For the case of the local volume
environments, the halo mass presented is a mean of the halo masses of the sample galaxies within it. The grey regions of the curves represent the regions where
the model extrapolates the actual data. Coma galaxies show a higher probability of nucleation than all other environments at all magnitudes considered.

Figure 7. Mean posterior for the magnitude at which the probability of
nucleation is 50 per cent, MI,fn50 , as a function of host virial halo mass
(references mentioned in the text). The mean, 50 per cent and 95 per cent
confidence intervals for a linear model are indicated by the solid line and grey
shaded areas, respectively. More massive environments exhibit fainter values
of the half-nucleation magnitude.

corollary to this result is that the nucleation fraction in Coma is the
highest in all the studied environments over more than three decades
in dwarf galaxy luminosity.

The main finding of this study is that the rate at which the
probability of nucleation varies with magnitude does not depend
substantially on the environment, but the fraction of nucleated dwarfs
at a fixed luminosity does. As a result, any model of NSC formation
in low-luminosity/mass galaxies needs to account for the joint
dependence of the nucleation fraction on galaxy luminosity/mass and
the environment in which they reside. We discuss possible scenarios
in the next section.

6 D ISCUSSION

We now attempt to frame the two main results of this work in the
context of NSC formation scenarios in low-luminosity/mass galaxies.
The finding that the nucleation fraction displays a nearly universal
dependence with galaxy luminosity simply implies a higher ability
of more massive dwarfs to pile up material in their central regions.
Studies of NSC occupation alone cannot constrain whether this
process occurs through star cluster inspiral or in situ star formation
following gas inflows. There is, however, mounting evidence that the
former process is probably dominant for low-mass quiescent galaxies
(Neumayer et al. 2020). Observations in support of this picture in-
clude the fact that NSCs in faint, early-type dwarfs are typically more
metal poor than their host galaxies (Fahrion et al. 2020; Johnston
et al. 2020); that the occupation fraction of GCs and NSCs track
each other remarkably well (Sánchez-Janssen et al. 2019b); and that
in this luminosity regime the scaling of NSC mass with galaxy mass
is in excellent agreement with the prediction from GC inspiral models
(Antonini 2013; Gnedin et al. 2014; Sánchez-Janssen et al. 2019b).
Such models require GCs (or their progenitors) to have masses high
enough so that their orbits decay in less than a Hubble time as a
consequence of dynamical friction, while simultaneously surviving
tidal dissolution. Factors that influence NSC growth and may depend
on galaxy mass are the GC mass function (GCMF), the GC formation
distance, the host galaxy structural properties, and the presence of
a massive black hole (BH) – but the BH occupation fraction for
low-mass galaxies is poorly constrained, and it certainly does not
increase for fainter galaxies (Greene, Strader & Ho 2020). Given that
the nucleation fraction peaks at MI ≈ −18 (M ≈ 109M�) and then
declines, fainter dwarfs must have a comparatively bottom-heavier
GCMF, or have GCs that on average form at larger distances from the
galactic centre, or be preferentially concentrated and more compact.
There are no observational constraints on the first two properties,
and the latter is in direct contradiction with the observed mass–size
relation of faint dwarfs in the nearby Universe (McConnachie 2012;
Eigenthaler et al. 2018; Ferrarese et al. 2020). Alternatively, it is
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possible that, even if the GCMF is universal, the formation of GCs
in galaxies with such low masses remains a stochastic process. If
dwarfs were to form clusters so that the total mass of the GCs is a
constant fraction of their stellar mass, this would explain why in the
dwarf regime the NSC and GC occupation fractions track each other
so closely: the nucleation fraction drops simply because the host
galaxies never form enough massive GCs to begin with. A corollary
from this proposition is that the GCMF should vary with galaxy
luminosity, with very faint dwarfs exhibiting a deficit in massive
GCs.

In the context of GC inspiral scenarios, the same arguments apply
to the unambiguous environmental dependence we show in Figs 6
and 7 – but now the differences must arise due to effects related to
the host halo at fixed present-day galaxy luminosity. Unfortunately,
to our best knowledge the environmental dependence does not arise
naturally in any NSC formation model, and there are no observational
constraints on the early properties of GCs in different environments.
Additionally, the mass–size relation seems to be rather universal
in this luminosity regime, with dwarfs in environments ranging
from Coma to the Local Group following similar scaling relations.
Sánchez-Janssen et al. (2019b) speculate that a biased formation
scenario for star clusters similar to that proposed by Peng et al. (2008)
does a reasonable job at explaining the environmental dependence
of the faint nucleation fraction, at least qualitatively. In such a
model galaxies that now reside in higher density environments form
stars earlier and sustain higher star formation rates (SFRs) and SFR
surface densities. These are conditions conducive to the formation of
bound massive clusters, and if cluster formation efficiency is close to
universal and galaxies formed clusters proportionally to their mass
at early epochs (Kruijssen 2015), then one naturally expects a larger
mass fraction in star clusters in the more biased environments. In this
context it is also important to remember that, for a given present-day
stellar mass, the subhaloes in denser environments were at all times
prior to infall more massive than those in less dense regions. This,
together with earlier infall (and peak mass) times, creates conditions
that favour efficient formation of star clusters (Mistani et al. 2016).
Those that are massive enough and form close to the galaxy centre
will experience dynamical friction and decay to the bottom of the
potential well. We finally note that some of the masses of NSCs
in very faint galaxies are comparable to those of typical GCs (see
Fig. 4), and therefore very little GC merging is actually required
(Fahrion et al. 2020; Neumayer et al. 2020).

The proposition that nucleated dwarfs form a biased subpopulation
is well established by numerous observational results. Compared
to their non-nucleated counterparts they exhibit more concentrated
spatial distributions and a propensity for circularized orbits (Ferguson
& Sandage 1989; Lisker et al. 2007, 2009); they are intrinsically more
spherical (Ryden & Terndrup 1994; Sánchez-Janssen et al. 2019a)
and possess more concentrated light profiles (dB14); they host older
stellar populations (Lisker, Grebel & Binggeli 2008); and there is
tentative evidence that they feature higher GC mass fractions (Miller
et al. 1998; Sánchez-Janssen & Aguerri 2012). Whether or not this is
sufficient to explain the higher occurrence of NSCs in more massive
haloes remains to be quantified by detailed models of their formation
and evolution.

7 SU M M A RY A N D C O N C L U S I O N S

In this work, we detect and characterize 66 low-mass, quiescent
galaxies in the central regions of the Coma Cluster using deep
HST/ACS imaging in the F814W band. NSCs are identified by
a combination of visual inspection and full image modelling. We

perform Bayesian logistic regression to model the joint dependence
of the nucleation fraction on galaxy absolute magnitude and envi-
ronment for dwarf galaxies in nearby clusters and groups. Our main
conclusions are as follows.

(1) Similar to previous findings (dB14; Sánchez-Janssen et al.
2019b), fainter galaxies in Coma tend to show a smaller difference
in magnitude from their nuclei – but the significant scatter at
fixed galaxy luminosity suggests the growth of stellar nuclei is a
substantially stochastic process.

(2) The nucleation fraction depends on both galaxy
mass/luminosity and environment, with the former being the
primary parameter. Fainter galaxies have a lower probably of
hosting NSCs, as do quiescent satellites of all luminosities in lower
mass haloes. The rate at which the probability of nucleation varies
with luminosity is remarkably universal.

(3) The nucleation fraction in Coma over three decades in dwarf
galaxy luminosity is higher than in any other known environment.
This is a direct result of the strong environmental dependence of the
nucleation fraction. We find that the luminosity at which half of the
dwarf galaxies contain an NSC is inversely proportional to the virial
mass of the host halo, LI,fn50 ∝ M−0.2

200 .

We have shown that nucleation in dwarf galaxies is a complex
phenomenon that depends both on luminosity and the environment
in which the galaxy resides. We identify several observational
constraints that would advance our knowledge of the conditions
and environments that are conducive to the formation and growth
of stellar nuclei. First, it is critical to rise the statistical significance
of the environmental dependence by studying the nucleation fraction
in other groups and clusters – and in particular for both more and less
massive host haloes than studied here. The rarity of massive clusters
like Coma and the sparseness of low-density environments make
this a challenging task that might be best tackled with upcoming
wide-field space missions like Euclid, the Roman Space Telescope,
and the Chinese Space Station Telescope. Second, the availability of
large NSC samples would allow us to investigate if other physical
parameters such as galaxy size also play an important role on the
presence of nuclei, as predicted by models (Antonini, Barausse &
Silk 2015; Mistani et al. 2016). Finally, occupation studies have little
constraining power on the exact physical processes that drive NSC
formation and growth. Detailed chemodynamical studies of nuclei
across a wide range of masses and environments will be instrumental
in settling this question (Kacharov et al. 2018; Fahrion et al. 2019;
Johnston et al. 2020; Carlsten et al. 2021).

AC K N OW L E D G E M E N T S

We thank the anonymous referee for all the insightful suggestions
that greatly improved the presentation of this paper. We also thank
R. Flores-Freitas for the insightful contributions. This work is
based on observations with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute, which
is operated by AURA, Inc., under NASA contract NAS 5-26555.
These observations are associated with GO Programs #11711. EZ
acknowledges funding from Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq) through grant CNPq-162480/2017-
2, Coordenação de Aperfeiçoamento de Pessoal de N’ıvel Superior
(CAPES), and the Newton Fund. ALC-S acknowledges funding from
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APPENDI X A : R EFERENCES FOR THE DATA
U S E D I N T H I S WO R K N OT FRO M T H E C O M A
CLUSTER

In this work, we study the nucleation fraction in the Coma Cluster
and in other environments using the literature data. In Table A1,
we list the other systems included in the analysis, namely the Virgo
and Fornax clusters, as well as local volume groups (D < 12 Mpc)
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Table A1. Source of the photometry and nucleation classification for the data used in this work. From left to right: first column is the central galaxy for a given
group in the local volume or the galaxy cluster. For local volume groups the second column indicates the morphology of the central galaxy (ET for early types
and LT for late types). The next column is the number of quiescent satellite galaxies in each system, with the two subsequent columns presenting the sources
for the photometry and the nucleation classification, respectively.

Local volume groups
ID Morph. N Photometry source Nucleation source

NGC 1023 ET 15 Carlsten et al. (2020b) Carlsten et al. (2020a)
M104 ET 23 Carlsten et al. (2020b) Carlsten et al. (2020a)
Cen A ET 31 Carlsten et al. (2020b), Müller et al. (2019)a Carlsten et al. (2020a), Müller et al. (2019), Fahrion et al. (2020)b

NGC 3115 ET 24 Chies-Santos et al. (in preparation) Chies-Santos et al. (in preparation)
NGC 4631 LT 7 Carlsten et al. (2020b) Carlsten et al. (2020a)
NGC 4565 LT 16 Carlsten et al. (2020b) Carlsten et al. (2020a)
NGC 4258 LT 9 Carlsten et al. (2020b) Carlsten et al. (2020a)
M51 LT 4 Carlsten et al. (2020b) Carlsten et al. (2020a)
MW LT 11 Karachentsev, Makarov & Kaisina (2013) Sánchez-Janssen et al. (2019b)
M81 LT 13 Karachentsev et al. (2013) Sánchez-Janssen et al. (2019b)
M31 LT 30 Karachentsev et al. (2013) Sánchez-Janssen et al. (2019b)

Galaxy clusters
Coma 255 This work, dB14 This work, dB14
Virgo 382 Sánchez-Janssen et al. (2019b) Sánchez-Janssen et al. (2019b)
Fornax 263 Muñoz et al. (2015) Muñoz et al. (2015)

aMüller et al. (2019) is the source photometry for the galaxies KK 54 and KK 58, and source nucleation for KK 54.
bFahrion et al. (2020) is the source nucleation for the galaxy KK 58.

with both early-type (ET) and late-type (LT) centrals. In the table we
indicate the number of quiescent satellites in each environment, as
well as the literature sources for the photometry and the nucleation
classification.

Where applicable, we have converted the published magnitudes
to the I band. We adopt conversions based on the ones presented in
Blanton & Roweis (2007):

(B − i) ≈ 1.10, (A1)

(i − I ) ≈ 0.06. (A2)

The selection of quiescent satellites in the Local Group and around
M81 is detailed in Sánchez-Janssen et al. (2019b). The majority of
the low-density systems are drawn from Carlsten et. al. (2020a). We
only select galaxies classified as dEs and discard dwarf irregular
(dIrr) galaxies and transition dwarfs. Carlsten et. al. (2020b) present
surface brightness fluctuation distances for the galaxies in the original
sample. We make use of these and consider only galaxies that are
flagged as ‘possible’ or ‘confirmed’ satellites in their table 4. The
nucleation classification and photometry for the final sample of group
satellites are then taken from Carlsten et. al. (2020a) and Carlsten et.
al. (2020b), respectively.

APPEN D IX B: ADDI T I ONA L D ETA ILS F ROM
T H E H I E R A R C H I C A L BAY E S I A N L O G I S T I C
ANALYSIS

In this section, we discuss briefly some additional details from the
Bayesian analysis described in Section 4.

In Fig. B1, we show the individual posterior distributions from
the Bayesian logistic regression alongside binned data points for
every environment from the literature considered in Fig. 6, with
the same captions as in the bottom panel of Fig. 5. It is clear that
the logistic regression follows closely the binned data despite not

Figure B1. Same as the bottom panel of Fig. 5, but for every other
environment considered in this work, gathered from the literature references
described in Section 2.1. Notice the excellent agreement between the binned
data and the logistic regression.

relying on arbitrary defined bins. We stress the advantages of not
relying on a binned fit, especially when dealing with data from
different sources and with different sample sizes. Notice that the
local environments have noticeable larger confidence intervals than
Virgo, Fornax, and Coma (show in Fig. 5). Our method of choice
is able to efficiently compare the nucleation fraction in different
environments in a homogeneous way while not underestimating the
uncertainties arisen from small sample sizes.
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APPEN D IX C : ESTI M AT IO N O F
PHOTOMETR IC U N C E RTAI N T I E S

To estimate the uncertainties in the recovered parameters shown in
Table 1, we run the photometry procedure presented in Section 3
for mock galaxies randomly placed in the HST images used in this
work. Mock galaxies are created using GALFIT using a Sérsic+PSF
component, with parameters sampled from the values in Table 1.
Galaxy magnitudes are chosen randomly from a uniform distri-
bution Umgal (−14.0, −10.0). NSC magnitudes, effective radii, and
Sérsic indices show significant correlations with galaxy magnitude,
with Pearson correlation coefficients of 0.42, −0.54, and −0.44,
respectively. Because of this, we group these quantities in 10 bins
of galaxy magnitude and calculate the mean, μbin, and standard
deviation σ bin. Then, in each bin, we randomly generate new values
for such quantities following a normal distribution N(μbin, σ bin).
We do not detect a significant correlation between axis ratios and
galaxy magnitude (Pearson correlation coefficient of −0.09). For
this reason, mock values for the axial ratio are obtained from a
uniform distribution Uq(0.35, 1.0). Position angles are set to a fixed
value of 75◦ for every mock galaxy, as this parameter has little
impact on the uncertainties we aim to estimate. This sampling
technique ensures that we simulated only realistic representations
of galaxies as detected in our catalogue. We created a total of 10 000
nucleated galaxies, 5000 for each HST field. Mock galaxies are added
in random positions in the HST images with all galaxies masked.
Then we proceed with photometry exactly as done for our real
detections and described in Section 3, except for the step of visual
classification.

The results of these simulations are presented in Fig. C1. The
median uncertainty in galaxy magnitude is ∼0.2 mag. The 95 per cent
and 68 per cent confidence intervals show that GALFIT estimates
magnitudes brighter than the true values for galaxies fainter than MI

∼ 11 mag. This behaviour was also observed in the simulations
of Ferrarese et al. (2020) for the NGVS. Therefore, we do not
consider this to be evidence for any systematic bias from our
method or observations. Regarding NSC magnitudes the uncer-
tainties are considerably lower, never surpassing 0.1 mag even
considering the 95 per cent confidence intervals. Finally, results
for effective radii and Sérsic index show a median uncertainty of
∼20 per cent.

Figure C1. Results of our photometry procedure applied to 10 000 mock
galaxies randomly positioned in both HST/ACS fields studied in this work;
5000 in the NGC 4874 field and 5000 in the NGC 4889 field. We show the
difference between the ‘true’ and ‘fitted’ quantities in the form �X, where
X can be galaxy magnitudes (mI,gal), NSC magnitudes (mI,NSC), effective
radii (Re), and Sérsic index (n). For Re and n we show this difference in
percentages. In the x-axis, we show ‘true’ values of mI,gal. The grey scale
shows the density of galaxies in bins of galaxy magnitude. Solid yellow lines
show the median distribution of points, while orange and red dashed lines
show the 95 per cent and 68 per cent confidence intervals, respectively.
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