
Durham E-Theses

Star Formation in Merging Galaxies

MIAH, JUNAD,ALAM

How to cite:

MIAH, JUNAD,ALAM (2014) Star Formation in Merging Galaxies , Durham theses, Durham
University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/10859/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/10859/
 http://etheses.dur.ac.uk/10859/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


University of Durham

Doctoral Thesis

Star Formation in Merging
Galaxies

Author: Junayd Alam Miah Supervisor: Prof. Ray Martin Sharples

A thesis submitted to the University of Durham in accordance with

the regulations for admittance to the Degree of Doctor of

Philosophy in the

Extragalactic & Cosmology Group

Department of Physics

November 2014

https://www.dur.ac.uk/
http://www.astro.dur.ac.uk/Cosmology/
http://www.dur.ac.uk/physics/


Abstract

Star formation is detected in any galaxy with an appreciable amount of gas and

the vast majority of stars form in embedded clusters. However, very few bound

star clusters are detected in the Milky Way, which has led to the hypothesis that

as many as 90% of these clusters are disrupted during the early stages of their

evolution. Many of those that do survive are likely to be progenitors of globular

clusters that are observed in elliptical galaxies, and in the bulge and halo regions

of spiral galaxies. In order to understand how star clusters form and evolve,

and the disruption mechanisms they encounter, it is necessary to observe star

clusters during their earliest evolutionary stages. This is difficult to observe in

quiescent galaxies like the Milky Way where only a few newly formed star clusters

have currently been detected. Gas-rich interacting and merging galaxies however,

host thousands of newly formed star clusters and are ideal targets to observe the

evolution of star clusters.

In this thesis star clusters are observed in galaxy mergers for a range of evolution-

ary states using both photometric and spectroscopic data. We find evidence that

tidal interactions have produced new cluster populations in two separate galaxy

mergers. Analysis of the cluster populations in these mergers also suggest that

tidal interactions do not destroy more clusters than they produce, in disagreement

with simulations in the literature. Furthermore, we observe several star clusters

that may be the product of merging between multiple clusters. These star clus-

ters show spectral features consistent with multiple episodes of star formation. If

these clusters remain bound for the next few Gyrs, they could explain the multi-

ple stellar population feature observed in globular clusters in the Galaxy. We also

explore the possibility of star clusters evolving to form the halo cluster population

of their host merger before the progenitor disks coalesce. Star clusters are gener-

ally found in the halo population of a galaxy merger once the progenitor nuclei

coalesce. However, some galaxy mergers like the Antennae harbour star clusters

that may be forming their halo cluster population before their progenitor nuclei

merge. This suggests that star clusters begin to form the halo cluster population

of a galaxy merger before the progenitor nuclei coalesce. We recommend future

surveys of gas-rich major galaxy mergers to study young (∼ few hundred Myr)

star clusters in dense and quiescent regions to further support our findings.
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Chapter 1
Introduction

1.1 Prologue

A quick glance at a clear night sky away from city lights show the heavens filled

with an almost uncountable number of stars. Since the dawn of mankind these

stars have played a pivotal role in our development as a civilization. During the

course of our existence they have been used for navigation, religion, mathematics

and science to name a few. Our galaxy, the Milky Way, consists of over a 100

billion stars distributed mainly in the bulge and disk of the galaxy (Freedman

et al., 2010). Almost all galaxies in the known universe share this feature. Our

understanding of how stars form and evolve has greatly increased in the past

century but there are still questions about the formation and evolution process

that remain unknown.

It has been understood for some time that the majority of star formation occurs

in clusters and associations (Blaauw 1964; Lada 1987), with only a few individual

stars forming in relative isolation (Krumholz et al., 2009). Evidence for this can

be seen in our own Milky Way. Studies of hot O-type stars have shown a global

clustering of these stellar types (Parker and Goodwin, 2007), where ∼ 70% reside

in young clusters or associations (Gies, 1987). Almost half of the remaining field

population have been identified as runaway stars, and a remaining ∼ 4% are

considered as having formed outside of clustered environments (de Wit et al.,

2005).

1
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Cluster Type Age Mtot ρc Zc Location tdyn trlx
[Gyr] [M�] [M�/pc3] [Z�] in galaxy [Myr] [Myr]

OC . 0.3 . 103 . 103 ∼ 1 disk ∼ 1 . 100
GC & 1 ∼ 105 & 103 < 1 halo & 1 & 1000

YMC . 0.1 & 105 & 103 & 1 disk . 1 . 100

Table 1.1: Comparison between the fundamental parameters of the different
types of star clusters: open cluster (OC), globular cluster (GC), and young
massive cluster (YMC). The columns provide cluster age, followed by the to-
tal cluster mass (in M�), the core density, the metallicity, the typical cluster
location within a galaxy, and the dynamical and relaxation time scales. The
dynamical time scale refers to the typical time for a star to cross the system,
and the relaxation time scale refers to the energy transfer between individual
stars via two-body encounters that cause the system to reach thermal equilib-
rium. The relaxation time is typically much longer than the dynamical time
in all of the cluster types. The values provided are results from a number of
observations and are very general but can be used as vague guidelines for the
different cluster types.

There are three types of star clusters currently accepted by the scientific commu-

nity: open clusters (OCs), globular clusters (GCs), and young massive clusters

(YMCs). Table 1.1 lists a comparison between the physical parameters of the

different cluster types. The focus of this thesis will be on YMCs and GCs. The

following subsections will elaborate into these two cluster types, but for now it can

be said that YMCs are nurseries to star formation and harbour the brightest and

youngest stars (∼ 1 - 100 Myrs), while GCs consist of stars considerably older (∼
1 Gyr or more). An example of a GC and YMC is shown in Figure 1.1 and 1.2,

respectively.

1.2 Star Clusters in the Milky Way

The Milky Way is considered as a quiescent galaxy with a low star formation rate

(SFR) of ∼ 1.9 ± 0.4 M� yr−1, although this is poorly constrained (Chomiuk

and Povich, 2011). Assuming this SFR, Longmore et al. (2012) determine that ∼
10 star clusters of masses greater than 104 M� and ages less than 10 Myrs are

expected within the Galaxy. Indeed, around ten YMCs have been observed in

the Galaxy so far, the most famous of which being Westerlund 1 (see Figure 1.3).

Discovered in the 1960s (Westerlund, 1961), photometric observations (Borgman

et al. 1970; Lockwood 1974) along with spectroscopic surveys (Westerlund, 1987)

suggested the presence of a population of highly luminous early and late type



Chapter 1. Introduction 3

Figure 1.1: The above HST/WFPC2 image shows M80, one of the densest
globular clusters in the Galaxy. The cluster has the typical traits of GCs: a
population of old, metal-poor stars clustered around a dense centre. Stars within
GCs are all thought to have the same age, which makes GCs particularly useful
for studying stellar evolution. The Milky Way has 147 known GCs, located in
either the halo or bulge, which is the typical amount expected for a spiral galaxy
(Harris and van den Bergh 1981; van den Bergh and Harris 1982; Harris 1991;
West et al. 1995). GCs are devoid of gas, and so show no signs of current star
formation.

supergiants in a compact region. Despite these observations, the significant red-

dening of Westerland 1 (Av ∼ 12.9 mag. Piatti et al. 1998) stagnated any further

investigations, leaving the cluster in relative obscurity for the following few decades

after its discovery.

It was not until the beginning of the 21st century that interest was re-ignited in

this cluster. Extensive photometric and spectroscopic surveys were undertaken

between 2001 and 2002, primarily motivated by the unusual radio and infrared

properties of two cluster members in Westerlund 1 (Clark et al., 1998). This in-

vestigation led to the finding of a compact group of unambiguously post-main



Chapter 1. Introduction 4

Figure 1.2: Composite colour HST/ACS image of NGC 3603, a YMC located
in the Carina spiral arm and approximately 2×105 light-years from the solar
system. The numbers of stars inhabiting the cluster are similar to those expected
from GCs, however their ages are considerably younger with ages ranging in
Myrs rather than Gyrs. The existence of massive Wolf-Rayet stars has been
well documented in this cluster (de Pree et al., 1999). Stellar winds from these
stars, along with stellar winds from OB type stars, have removed gas (orange-
red clouds) from the cluster centre, giving an unobscured view of the cluster
(Brandner et al., 2000).

sequence objects, consisting of rich populations of Wolf-Rayet stars, OB super-

giants and short lived transitional objects such as luminous blue variables (LBVs)

and red supergiants (RSGs). Westerlund 1 is thought to have an age ranging

between ∼ 3.5 - 5.0 Myrs with an upper mass limit of ∼ 105M�. However, this

mass limit does not account for incompleteness (Clark et al., 2005).

Other YMCs exist within the Galaxy, such as NGC 3606 (Figure 1.2), a cluster ∼
6 kpc away and located in the Carina spiral arm (de Pree et al. 1999; Pandey et al.

2001), which is thought to be younger than Westerlund 1 given its Wolf-Rayet stars

are still on the main sequence (Walborn et al., 2002). Furthermore, there remains
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Figure 1.3: The above ESO optical image of Westerlund 1 shows how signif-
icantly reddening can limit observation. This cluster has a reddening of Av ∼
12.9. The stars in this image are of OB type, which primarily emit at shorter
wavelengths and appear blue in the absence of extinction. However, the heavy
optical extinction around Westerlund 1 causes these stars to appear red at vis-
ible wavelengths. This reddening effect restricts observations on other massive
clusters in the Galaxy such as the Arches and Quintuplet clusters, both of which
are near the Galactic centre which has an extinction of Av ' 30 (Figer et al.,
1999, 2002).

the massive Arches and Quintuplet clusters (each with mass ∼ 104M�). Unfor-

tunately, these clusters are close to the Galactic centre which prevents detailed

investigations due to the extreme reddening present (Figer, 2004).

One of the most striking findings in the study of star clusters in the Milky Way

was the sharp decline in the number of young and embedded star clusters at an

age of a few Myrs. Indeed, even though the majority of star formation occurs

in clusters and associations, only a small fraction of stars in the Galactic disk

currently reside in bound star clusters. The process responsible for the decline is

often referred to as “infant mortality” and is thought to be due to interactions

between clusters and giant molecular clouds (GMCs) during the early stages of
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YMC evolution (Lada and Lada 2003; Gieles et al. 2006c; Kruijssen et al. 2011).

Section § 1.4 and § 1.5 further elaborate on this phenomenon.

1.3 Extragalactic Star Clusters

1.3.1 Surveys of Galaxy Mergers

Galaxies throughout the universe show similar star cluster populations to those

of the Milky Way. The most massive star forming regions are known as super

star clusters (SSCs) and are generally found in galactic mergers, where two or

more galaxies are in the process of merging (Barnes and Hernquist, 1992). More

specifically, SSCs are particularly abundant in merging between gas-rich galaxies

such as spirals, where a larger supply of gas is available for star cluster formation

than in gas-poor mergers. These gas-rich mergers are given the term ‘wet-mergers’

(Faber et al. 2007; Lin 2010). These SSCs are thought to resemble a mode of star

formation that was ubiquitous in the early universe (Leitherer, 2001). Observa-

tions of SSCs were very limited prior to the launch of the Hubble Space Telescope

(HST), with only bluish knots being observed in merger remnants such as NGC

7252 (Schweizer, 1982). These knots were thought to be clumps of star clusters

produced from the merger process which could not be resolved by ground based

instruments available at the time.

Since the commissioning of HST, observations of star clusters have been in abun-

dance. HST observations were used to detect ∼ 500 star clusters in NGC 7252,

with ages spreading over three distinct groups (< 10 Myrs, ∼ 650 Myrs, and a

population older than 650 Myrs that originate from the progenitor galaxies prior to

merging). Zepf et al. (1999) detected ∼ 1000 star clusters in NGC 3256, a merger

in an advanced stage of merging but less complete than NGC 7252 (i.e., the pro-

genitor nuclei in NGC 3256 have yet to coalesce). These clusters show a variety

of ages, from a few Myrs to 150 Myrs (Trancho et al., 2007a,b). The Antennae

galaxies, an intermediate-age merger (Barnes, 1988) consisting of two spiral galax-

ies (NGC 4038/39) have also been studied in great detail, with as many as 8000

star clusters distributed throughout the merger (Whitmore et al., 1999). Multiple

cluster age populations have been observed (< 20 Myr, 100 Myr, 500 Myr, and

a population of progenitor clusters) indicating multiple periods of star formation
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since the merging process began (Whitmore et al. 1999; Renaud 2010). In all of

these systems the youngest and most massive star clusters are generally found in

the overlapping regions of the merging galaxies (Zhang et al. 2001; Gilbert and

Graham 2007).

Studies of these extragalactic star cluster populations have shown several differ-

ences to the YMC population of the Milky Way. One obvious difference is the

large number of YMCs observed in merging systems, which easily accumulate to

a few hundred, compared to only a dozen YMCs that have so far been observed

in the Milky Way. Also, the mass of clusters observed in these mergers are up

to 107M� which easily exceeds the masses determined for YMCs in the Milky

Way (Clark et al. 1998; de Pree et al. 1999). However, there are some common

characteristics between extragalactic and Galactic YMCs. One notable similarity

is the effect of “infant mortality”. Much like the Milky Way, studies of mergers

have suggested up to 90% of clusters formed may be tidally disrupted within 10

Myrs (Mengel et al. 2005; Gilbert and Graham 2007). However cluster observa-

tions in M83 show that, if the population and mass of YMCs are dependent on

environment (i.e., location within the galaxy), the level of disruption also varies

with environment (Bastian et al., 2012). Section § 1.4 continues further on the

mechanisms responsible for star cluster disruption.

1.3.2 Observed Parameters of YMCs

A significant advantage of studying these extragalactic star clusters is the ability

to observe a galaxy in its entirety. This provides a ‘complete’ census of the star

cluster population and the environments in which they form and evolve. However,

some young (< 4 Myrs) star clusters can still be obscured due to the effects of

extinction, such as those in the overlapping region of the Antennae (e.g., Gilbert

and Graham 2007).

Nonetheless, the study of YMCs in other galaxies has allowed many of their phys-

ical parameters to be constrained. Their luminosity function (LF), defined as the

number of clusters per unit luminosity (dN /dL), is well described by a power-law

function of the form dN /dL ∼ Lα where α ≈ -2 (Miller et al. 1997; Whitmore

et al. 1999; Larsen 2002). The mass function (MF) is not as trivial to determine

as the LF. One cannot simply interpret the LF as the underlying MF since the LF
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Figure 1.4: Comparison between the spatial resolution of ground-based tele-
scopes (top) and the Hubble Space Telescope (bottom) for a section of the overlap
region in the Antennae galaxies (NGC 4038 and NGC 4039). The high angular
resolution of 0.05”/pix provided by HST/ACS allows star clusters to be better
resolved (Whitmore et al., 1999).
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consists of star clusters of a variety of ages, and also star clusters fade dramati-

cally within the first Gyr of their lifetime due to stellar evolution. However, thus

far the MF has been well represented by a power-law of the form dN /dM ∼ Mβ

where β ≈ -2 (Zhang and Fall 1999; Bik et al. 2003), with other studies showing

a truncation of the power-law at the high mass end (Gieles et al. 2006b; Bastian

2008; Larsen 2009). Section § 1.4 elaborates more on the MF for clusters.

Star cluster sizes have also been determined in a number of merging and quiescent

galaxies, with many showing an effective radius ranging between reff ≈ 0.5 - 10 pc,

which is similar to the sizes of YMCs observed in the Milky Way (Larsen 2004a;

Lee et al. 2005). Interestingly though, star clusters in the Milky Way have shown

a trend for reff to increase with age (Brandner et al., 2008). A similar increase

with age has been observed for the cluster core radius, rc (Elson et al. 1989; de

Grijs et al. 2002). A promising explanation for this observation is that, as a star

cluster evolves, a change in the gravitational potential within the cluster causes

the cluster to expand and leave its embedded phase (Bastian et al., 2008).

1.4 Formation & Evolution of Star Clusters

1.4.1 Birth of a Star Cluster

It is currently understood that star clusters form when gas clouds condense into

stars. Based on the Salpeter IMF, O stars should inhabit star clusters with masses

exceeding 103 M�. Stellar winds from these O stars are expected to expel the

vast majority of the remaining gas within a crossing time, and halt further star

formation, thereby establishing an upper cluster mass limit of ∼ 103 M� (Hills

1980; Scoville et al. 2001). However, this theoretical mass limit is not observed,

with YMCs often found in the mass range of 104 - 107 M� (e.g., Mengel et al.

2008). Moreover, GCs observed in the Milky Way and other galaxies have masses

that exceed 104 M� (Rejkuba et al., 2008). Thus, clusters with masses exceeding

the theoretical limit are not only created but also survive for billions of years.

There are a few theories that explain the origin of star clusters with masses ex-

ceeding 103 M�. One is simply that the lower-mass star clusters merge to form

more massive clusters (Tan and McKee, 2001). Another possibility is the existence

of high gas pressures around the proto-cluster. Sufficient external pressure would
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increase the difficulty for gas to disperse from within a cluster, and produce clus-

ters with masses exceeding 104 M� and star formation efficiencies between 20% -

50%, which is typically observed in extragalactic star clusters (Jog and Solomon

1992; McLaughlin 1999). These high pressures may not be exclusive to the high

velocity impacts of galaxy mergers, and may naturally occur in quiescent disk

galaxies (Irwin 1994; Jog and Solomon 1992; Schweizer et al. 1996).

1.4.2 Cluster Evolution

The evolution of YMCs can be split into three phases: (1) A period where gas

condense to form stars from a hierarchically structured ISM (Kruijssen, 2012),

(2) A period where most of the gas has been exhausted via star formation, and

whatever gas remains is expelled from a cluster primarily via stellar winds and

supernovae, (3) A later stage where only stellar dynamical processes, such as two

body relaxation, dominate the long-term evolution of a cluster. The transition

from phase (1) to phase (2) ranges between ∼ 1 - 7 Myrs after cluster formation.

The dividing line between phase (2) and phase (3) can be anywhere between 100

Myrs and 1 Gyr, depending on properties such as the initial mass, radius, and

density profile of a cluster as well as the stellar mass function (Eggleton, 2006).

Phase (1) is the most poorly understood of the three phases, mainly due to the

short time-scale and extreme reddening of this phase (Elmegreen 2007; Price and

Bate 2009). Phase (1) consists of a complex mix of gas dynamics, stellar dynamics,

stellar evolution, and radiative transfer, all of which set up the initial conditions

for the later phases. Hence, the poorly constrained parameters of phase (1) lead

to uncertainties in the results derived from simulations for phase (2) and phase

(3).

Setting aside the uncertainties in phase (1), the latter phases can be studied using

N-body simulations. As mentioned, phase (2) occurs around ∼ 1 Myr after cluster

formation, and represents a period where most to all of the gas within a star

cluster has been exhausted via star formation. Whatever gas remaining in the

cluster is expelled after the onset of the first supernovae, ∼ 3 Myrs after cluster

formation (Kruijssen, 2012). Stellar winds from massive stars such as OB types

and Wolf-Rayet stars also contribute to gas expulsion (Boily and Kroupa, 2003).

The division between gas exhaustion and gas expulsion depends on the gas density

within a star cluster. If the density is high enough to lead to gas exhaustion, then
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gas expulsion cannot influence the dynamical state of the stars within a cluster.

However, a low gas density implies that the stars within a cluster are only held

together by the gravitational potential of the gas, and therefore will disperse when

the gas is expelled. Young (< 3 Myrs) clusters in the Galaxy and lower mass

(< 103 M�) clusters in the Large Magellanic Cloud (LMC) are generally devoid

of gas before the onset of the first supernovae (Seale et al., 2012), suggesting that

gas expulsion has no significant contribution to the dynamical stability of a cluster.

Phase (3) commences after this turbulent period. The surviving clusters from

phase (2) will now be affected mainly by two body relaxation and tidal stripping.

Two body relaxation occurs when stars gravitationally interact within pairs, lead-

ing to a redistribution of stars within a star cluster as well as a redistribution of

their energies and velocities (Meylan, 2000). This redistribution leads to a mass

segregation of stars in a cluster, where the heavier stars settle in the cluster cen-

tre, increasing their negative binding energy, while the lighter stars populate the

cluster halo and have reduced binding energy. This results in the core of a star

cluster shrinking in size and becoming denser, and leads to an accelerating col-

lapse on a time scale of the order of the Hubble time (Spitzer and Shull, 1975).

The mechanism is referred to as core collapse (Cohn and Hut 1984; Makino 1996).

Tidal stripping is the removal of stars in a star cluster halo due to changes in the

external tidal field, which is expected as a star cluster travels around its parent

galaxy, particularly when it encounters giant molecular clouds (GMCs) (Spitzer

1958; Kruijssen et al. 2012). The combination of these two mechanisms further

removes stars from a cluster and leads to the cluster becoming spherical in ap-

pearance as it evolves (Chattopadhyay et al., 2009).

1.4.3 Cluster Initial Mass Function

The history of a star is primarily predetermined by one physical parameter: its

birth mass. Hence, knowledge of the initial distribution of mass, or the initial

mass function (IMF), and how it varies with time and space is vital in predicting

the evolution of stellar systems such as star clusters. Whether the cluster initial

mass function (CIMF) is universal or varies between galaxy types had sparked

some debate in recent years. Gallagher and Smith (2004) suggest that the high

pressures in the interstellar medium (ISM) are responsible for more massive clus-

ter production in mergers and starbursts, whereas the less massive clusters in
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quiescent galaxies are just a product of the normal star formation process. This

implies that the CIMF is dependent on host galaxy. However, Elmegreen and

Efremov (1997) and Larsen (2002) have argued for a universal CIMF based on

observations of the luminosity function (LF) of star clusters, which can be taken

as an approximate mass function (MF) provided the clusters are all the same age.

They found a consistency of the LF in both mergers and quiescent galaxies, and

a correlation between the most luminous star cluster in a galaxy and the number

of star clusters present, Lmax ∝ Ncl
η where η ≈ 0.75. Indeed, this implies that the

more luminous and hence more massive star clusters present in galaxy mergers are

simply a statistical effect due to the presence of more star clusters inhabiting a

merger and not because of different initial mass functions.

The luminosity function observed in both Galactic and extragalactic surveys is

well fit by a power-law of the form dN /dL ∼ Lα where α ≈ -2 (see Figure 1.5).

It is tempting to interpret this LF as the underlying cluster mass function, and it

was initially thought that the mass function was also a power-law function of the

form dN /dM ∼ Mβ where β ≈ -2. However, a power-law CIMF cannot explain

the observed mass function in several galaxies. For example, in mergers like the

Antennae, the high-mass end of the cluster MF is found to fall more rapidly than

a power-law with an exponent of β ≈ -2 (Gieles et al. 2006b; Bastian 2008).

Furthermore, if one assumes a power-law CIMF for star clusters in the Milky Way

then star clusters of mass ∼ 107M� should statistically exist within 8 kpc from

the Sun (Portegies Zwart et al., 2010). A star cluster of such mass would have

already been discovered unless it was disrupted, which seems unlikely. A Schechter

function (Schechter 1976; see Equation 1.1) was proposed as a solution to these

problems and provides a good fit to observational data (Larsen 2009; Gieles 2009).

Ψ(M) ≡ dN

dM
= Mβ exp

(
− M

Mc

)
(1.1)

Here β ' -2, which is the usual slope of a power-law CIMF, and Mc represents the

exponential drop of the mass function (i.e., truncation). The latter is dependent

on environment such that quiescent galaxies like the Milky Way have Mc ≈ 2×105

M� while interacting galaxies and mergers show higher values of Mc & 106 M�

(Bastian, 2008). Hence, it is possible for mergers to form more massive star clusters

than quiescent galaxies. Figure 1.6 shows how well a Schechter function fits the

observed mass functions of star clusters from several galaxies.
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Figure 1.5: These plots, produced by Larsen (2002), show the V band lumi-
nosity function for star cluster candidates in two spiral galaxies and the Large
Magellanic Cloud (LMC). Histograms with dashed lines show the luminosity
functions after removal of potential contaminants and corrected for incomplete-
ness while histograms with solid lines represent uncorrected LFs. The dotted-
dashed lines represent power-law fits of the form dN /dL ∼ Lα to the uncorrected
LFs, where the values of α are shown in each plot.
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Figure 1.6: Top: A comparison of star cluster mass functions in several differ-
ent galaxies. These star clusters are less than a Gyr in age. Results are taken
from Zhang and Fall (1999), Gieles (2009), Larsen (2009), and Vansevičius et al.
(2009). The ‘cluster rich spirals’ contain more than 100 star clusters, and the
‘cluster poor spirals’ have less than 40 star clusters. The plot shows how well
a Schechter function with Mc = 2.5×105 M� (dashed curves) fits to the MF
from star clusters in spirals. A comparison between the Antennae cluster MF
and a Schechter function with Mc = 1×106 M� (dotted curve) is also shown.
Bottom: corresponding logarithmic slopes of these mass functions. The dotted
and dashed curves are the logarithmic slopes of the functions shown in the top
panel. This figure was taken from Portegies Zwart et al. (2010).
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1.5 Survival of YMCs and Relationship to Young

Globular Clusters

1.5.1 Observations of Globular Clusters

Globular clusters (GCs) are defined as spherical collections of old (> few Gyrs),

metal-poor stars, and are intrinsically luminous and present over most of the

galaxy mass range (e.g., Peng et al. 2008). These properties have allowed GCs

to be used to map galactic structures and trace galaxy formation and evolution

(Harris, 1991; Harris and van den Bergh, 1981).

A significant discovery was made from these investigations before the turn of the

century from GC surveys in elliptical galaxies. GCs were observed to have a bi-

modal colour distribution (Zepf and Ashman 1993; Ostrov et al. 1993; Kundu and

Whitmore 2001), which indicates that elliptical galaxies harbour two GC popu-

lations of different metallicities where the blue population is metal-poor and the

red population is metal-rich (Brodie and Strader, 2006). This changed our under-

standing of galaxy formation. Theories predicting only unimodal GC distributions,

such as the Monolithic Collapse model (Larson 1975; Carlberg 1984; Arimoto and

Yoshii 1987), were rejected. Instead, theories such as the Major Merger model

were used to explain observations. In this model, ellipticals formed via the merger

of two or more disk galaxies (Toomre 1977; Ashman and Zepf 1992; Zepf et al.

2000). This resulted in young GCs forming from shocked gas in the disk, giving

rise to the red, metal-rich GC population. The blue, metal-poor population of

GCs came from the progenitor galaxies. The metal-rich clusters would mainly be

located in the inner regions of the elliptical galaxy while the metal-poor clusters

harboured the outer regions.

Although the Major Merger model has become a very popular theory for explaining

the bimodality of GCs, other plausible theories, such as multiphase dissipational

collapse, can also explain bimodality (see Forbes et al. 1997; Cote et al. 1998).

Another, more recent finding, is the observation of some GCs that contain stars

with different metallicities, which implies that GCs cannot all be treated as simple

stellar populations (Renzini 2008; Milone et al. 2009; Conroy and Spergel 2011).
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1.5.2 Evolution of YMCs to YGCs

The proposal that YMCs evolve to become young globular clusters (YGCs) has

been one of great debate in recent years (Portegies Zwart et al. 2010; Longmore

et al. 2014). Essentially GCs are objects which are thought to be the fossils of

an ancient period of star formation, hence the inclination to believe they are the

descendants of bound YMCs. The scenario is supported by similarities observed

in the sizes and masses of YMCs and GCs (e.g., Schweizer et al. 1996; Miller et al.

1997; Whitmore 2003). However, problems arise when comparing their luminosity

and mass functions. As shown in § 1.4.3, YMCs have a power-law luminosity

function and a mass function well described by a Schechter function (Larsen, 2002,

2009). GCs on the other hand have luminosity and mass functions that are well fit

by a Gaussian or log-normal distribution with peak turnovers of MV = −7.4 and

MTO = 2 × 105 M� for luminosity and mass, respectively (Harris, 1991, 2001).

If YMCs are indeed the progenitors of GCs, then their observed luminosity and

mass functions must evolve to the log-normal functions observed for GCs.

Many models have been proposed that show the evolution of YMCs to YGCs,

the most popular being that of Fall and Zhang (2001). Their models show the

plausibility of YMCs evolving to YGCs within a reasonable time period of 12

Gyrs. Through a combination of disruption processes such as stellar evolution

(stellar winds, supernovae, etc.), two body relaxation, and tidal stripping of star

clusters passing near the disk or bulge of the parent galaxy, their simulations

have shown the removal of the low-mass end of YMCs and the production of the

familiar bell-shaped turnover observed for GCs (Vesperini 2001; Fall and Zhang

2001; Elmegreen and Hunter 2010). Gaussian mass functions have been produced

for both power-law and Schechter CIMFs (with β = -2 and Mc = 5×106 M�).

1.6 Structure of the Thesis

The main goal of the research described in this thesis is to integrate information of

the formation of star clusters in galaxy mergers in a range of evolutionary states

using both photometric and spectroscopic observations.

Chapter 2 introduces the compact galaxy triplet HCG 90, which consists of two

elliptical galaxies of similar mass and size, and a spiral galaxy (Plana et al., 1998).
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There is a clear interaction taking place between the spiral NGC 7174 and one

elliptical NGC 7176. The purpose of investigating this group is to see whether the

interaction between the spiral and elliptical galaxies have caused the production of

star clusters. Colour-magnitude diagrams of observed star clusters are presented

in this chapter along with their observed luminosity functions.

Chapter 3 presents results from a photometric study of the large elliptical NGC

5128 and a dwarf irregular galaxy (or similar sized gas fragment) which is in the

process of merging with the former. A tidally triggered burst of star formation

is thought to have occurred in the merger ∼ 300 Myrs ago as the dwarf irregular

galaxy fell into NGC 5128 and became disrupted (Peng et al., 2002), hence this

galaxy merger is likely to have produced a new generation of star clusters. The type

of merging taking place here is known as a minor merger or galactic cannibalism

(Hopkins et al., 2009), with the much larger NGC 5128 feeding on the dwarf

galaxy. Colour-magnitude diagrams of star clusters near the centre of NGC 5128

are presented. Similarities and differences between the physical parameters of star

clusters with different observed ages are also presented.

Chapter 4 presents results from a spectroscopic survey of young massive clusters

in the Antennae galaxies, a well known major merger that is ∼ 400 Myrs old

(Mihos et al., 1993) and consists of a pair of spiral galaxies. The merger is rel-

atively close (∼ 20 Mpc away) and has a star formation rate of ∼ 20 M� yr−1

(Zhang et al., 2001), making it a likely place to find YMCs. Our sample of star

clusters was observed with KMOS, a recently commissioned near-infrared spec-

trograph. Spectra for 47 star clusters were obtained in the YJ, H, K and HK

observing mode. Stellar population and environment parameters were derived

from absorption and emission line measurements, and were compared to optical

and near-infrared measurements in the literature.

Chapter 5 continues with results from further KMOS observations of a smaller,

albeit much closer major merger (∼ 10 Mpc), NGC 1487 (Lee and Lee, 2005). HK

spectra of nine star clusters are presented. The main conclusions from all these

surveys are summarized in Chapter 6.



Chapter 2
Galaxy Interactions in HCG 90

2.1 Introduction

HCG 90 has received limited observational attention partly due to it being only

accessible from the southern hemisphere. The group was initially observed by

Rose (1977) before being catalogued by Hickson (1982). HCG 90 consists of 19

members with a mean recession velocity of ∼ 2600 kms−1 and a velocity dispersion

∼ 190 kms−1 (Zabludoff and Mulchaey, 1998). However it is the core of this group

that provides the most interest. The core consists of two bright ellipticals (NGC

7173 and NGC 7176) and an extremely disturbed disk galaxy (NGC 7174), all

contained within a 3′ × 3′ area and surrounded by an extended loose group with

a diameter of ∼ 30′ (de Carvalho et al. 1997; Ribeiro et al. 1998b). Figure 2.1

shows a HST ACS/WFC image of these three galaxies. The galaxies in the core of

HCG 90 are all infrared emitters, detected both at 60 and 100 µm (Allam et al.,

1996). X-ray observations show strong emission centred on the interacting pair

NGC 7174/76 which may follow the spatial distribution of the extended diffuse

light component (Ponman et al. 1996; White et al. 2003; Osmond and Ponman

2004; Treister et al. 2005).

While an interaction is obviously occurring between NGC 7174 and NGC 7176, HI

observations have also shown a weak interaction taking place between the elliptical

galaxy NGC 7173 and NGC 7174 (Oosterloo and Iovino, 1997). The effects of the

interaction can still be seen in the morphology of the two galaxies and their stellar

kinematics. Plana et al. (1998) studied into the kinematics of the core of HCG

18
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Figure 2.1: HST ACS/WFC image of the three tidally interacting galaxies
at the centre of HCG 90 using F475W and F850LP filters. The morphology of
NGC 7174 is clearly disturbed, likely due to the tidal effects of the two ellipticals.
Also, Plana et al. (1998) suggest that the bulk of gas in the elliptical NGC 7176
is concentrated in the region closest to the irregular NGC 7174, suggesting that
the latter galaxy is being used as a ‘gas reservoir’ to fuel star formation in the
former. Moreover, tidal interactions between NGC 7173 and NGC 7174 has
produced a tidal tail extending outward from NGC 7174 towards NGC 7173, as
highlighted by the white oval.

90 using Hα emission and detected very disturbed velocity fields which suggests:

(1) the three galaxies may be in the process of merging and (2) the emission-line

gas associated with NGC 7176 may have an external origin with the disturbed

disk galaxy NGC 7174 acting as a gas reservoir. This suggests that the core of

the group may also have undergone some relatively recent star formation. In

particular, the mixing of gas between NGC 7174 and NGC 7176 makes it a likely

place for the formation of new star clusters, and this region was the focal point of

the current investigation. It is difficult to precisely estimate the age of the merger.

However, merger simulations by Barnes (1988) and Mihos et al. (1993) along with
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Parameter NGC 7174 NGC 7176
Other namesa HCG90b HCG90d

Morphological typeb Sab pec E pec

αJ2000
b 22h02m06.s8 22h02m08.s5

δJ2000
b −31◦59′36′′ −31◦59′29′′

bJ2000
b -53.1◦ -53.1◦

MB
c -20.2 -20.4

D (Mpc)d 31.3 ± 2.9 31.3 ± 2.9

Systemic heliocentric velocity (kms−1)a 2525 ± 30 2778 ± 30

Table 2.1: Basic parameters for NGC 7174 and NGC 7176 taken from the
literature. a Hickson et al. (1992), b White et al. (2003), c Lauberts and Valentijn
(1989), d Plana et al. (1998). Different values of distance have been used in other
studies (e.g., Barkhouse et al. 2001).

observations of merging galaxies in their final stage of merging (e.g., Schweizer and

Seitzer 1998) have shown that galaxies typically require ∼ 1 Gyr to completely

merge. Since NGC 7174 and NGC 7176 are still in the process of merging, we

estimate that the merger event began < 1 Gyr ago. Basic parameters for NGC

7174 and NGC 7176 are listed in Table 2.1.

HST ACS/WFC images were acquired in 2006 as part of program GO-10554. The

observations consist of one pointing centred between the two most luminous galax-

ies (NGC 7173 and NGC 7176) at αJ2000 = 22h02m03.s94, δJ2000 = −31◦59′34′′. Four

sub-exposure images were taken in F475W (1×340, 3×345 seconds) and F850LP

(1×639, 1×774 and 2×831 seconds) which were then combined and geometrically

corrected using the Multidrizzle package from the ACS pipeline, giving total

integration times of 1375 and 3075 seconds for the F475W and F850LP filter, re-

spectively. The final drizzled images consist of a 4096×4096 pixel science image

in units of electrons/s and an error map in the second extension that contains

all error sources such as readout noise, dark current, and photon noise. AC-

S/WFC has a pixel scale of 0.′′05 per pixel which corresponds to ∼ 8 parsecs at

the adopted distance for HCG 90. Galactic reddening values of AF475W = 0.087

mag and AF850LP = 0.033 mag are used throughout this investigation (Schlafly

and Finkbeiner, 2011).

The structure of this chapter is as follows: Section § 2.2 summarizes the data

analysis and reduction procedures, photometry results are presented in section

§ 2.3 and discussed in section § 2.4. Our conclusions are summarised in § 2.5.
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2.2 Data Reduction

2.2.1 Galaxy Light Subtraction

As discussed in § 2.1, the interacting galaxies NGC 7174 and NGC 7176 are ob-

served to have an irregular and elliptical morphology, respectively. Moreover, the

brightness of the two galaxies along with any diffuse light limits the ability to

detect star clusters at fainter magnitudes. Thus, it was decided to subtract the

background light from each galaxy individually in order to improve the detectabil-

ity of cluster candidates.

In the case of NCG 7176 the smooth galaxy light was fitted with elliptical isophotes

using the IRAF/ELLIPSE routine. NGC 7174 was completely masked before

running this routine. This ensured that starlight from NGC 7174 did not affect

or distort the modelling of NGC 7176. Fitted ellipse parameter tables were then

used to build galaxy model images using the task IRAF/BMODEL which were

then subtracted from the original images.

Removing the galaxy light from NGC 7174 proved less trivial since there are no

analytic models that can fit such a disturbed galaxy. Therefore, images with the

NGC 7176 galaxy light subtracted were first smoothed using the task IRAF/F-

MEDIAN. This routine found the median pixel counts in 7×7 pixel boxes for both

g band and z band images. The smoothed frames were then subtracted from

the input frames (frames already subtracted for NGC 7176 galaxy light), giving

frames with galaxy light from both NGC 7174 and NGC 7176 subtracted. Figure

2.2 shows different stages of the galaxy light subtraction methods.

The combination of the two subtraction methods provided images that were well

subtracted for galaxy continuum light, and improved the efficiency of detecting

clusters near the central regions of the two galaxies. However, the varying bright-

ness of the dust lane proved difficult to subtract and could not be removed per-

fectly. This area was therefore eliminated from the cluster detection procedure

(see § 2.2.2).
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Figure 2.2: Results from galaxy light subtraction performed on the F475W
frame for NGC 7174 and NGC 7176. Top-Left: original HST/ACS image of
NGC 7174/76. Top-Right: result of galaxy light subtraction for NGC 7176.
Bottom: galaxy light subtracted for NGC 7174 and NGC 7176. The black box
represents an area of very distorted isophotes where sporadic fluctuations of the
galaxy light became difficult to subtract. Many of the objects detected within
this box were found to be false detections. Thus, all detections within the black
box were rejected.
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2.2.2 Cluster Detection and Selection

SExtractor (Bertin and Arnouts, 1996) was run on the galaxy light subtracted

images in order to detect star cluster candidates with an isophotal detection

threshold, DETECT THRESH > 3σ above the background. Among the detected ob-

jects, those with ELONGATION > 2 in either the F475W or F850LP band were

rejected. Empirical data show that star clusters have ellipticities corresponding to

ELONGATION < 2 (Harris et al., 2012). Also, any objects with CLASS STAR < 0.9

and MAG BEST < 20 in the F475W band were rejected. The former criterion suc-

cessfully retrieved GCs in the neighbouring galaxy NGC 7173 (Cho et al., 2012),

and the magnitude limit is based on the luminosity of the brightest observed Super

Star Clusters (SSCs) in the Antennae galaxies (Gilbert and Graham, 2007). Some

bad pixels found at the edges of both frames managed to pass this stage of the

selection criteria. These were manually removed.

The galaxy light subtracted images also had some distortion around the central

region of the irregular galaxy NGC 7174 where fluctuations of galaxy light became

very sporadic. Many of the objects detected in this region were found to be false

detections produced from over-subtracting parts of the dust lane during the galaxy

light subtraction procedure. Thus, objects detected within a 10′′ × 40′′ box centred

on NGC 7174 in both F475W and F850LP images were rejected (see Figure 2.2).

Objects were matched within a 2 pixel radial separation across the two bands.

The selection criteria reduced an initial sample of 1000 detected objects to a sample

of 160 star cluster candidates detected in both bands that have image parameters

similar to those expected for star clusters at the distance of NGC 7174/76.

2.2.3 Cluster Photometry

Aperture photometry was performed using the IRAF/PHOT package on the galaxy

light subtracted images for objects that passed the selection criteria given in § 2.2.2.

The FWHM results for cluster candidates from the SExtractor routine were in-

spected and used to determine a suitable aperture radius for photometry. An

aperture radius of 6 pixels and a sky annulus of 2 pixels were adopted for all clus-

ter candidates. Background measurements were taken at a distance of 8 pixels

from the centre of each cluster candidate, ensuring good estimates of the local

background.
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Zeropoints were adopted from the latest and improved photometric calibration of

the ACS listed on the STScI website1, which supersedes the previous values given

by Sirianni et al. (2005). ACS/WFC zeropoints at −81◦C were adopted since ACS

frames used in this study were acquired in May 2007 (i.e., after July 2006 when the

temperature of the WFC detector was lowered from −77◦C following the recovery

of the ACS).

A correction for Galactic extinction was also added using the Schlafly and Finkbeiner

(2011) recalibration of the Schlegel et al. (1998) extinction map values, giving ex-

tinction values of AF475W = 0.087 mag and AF850LP = 0.033 mag. Hereafter, g

and z magnitudes refer to the F475W and F850LP extinction-corrected AB mag-

nitudes. A colour-magnitude diagram of the star cluster candidates is shown in

Figure 2.4.

2.2.4 Completeness Tests

Completeness tests were made to evaluate the effectiveness of the proposed cluster

detection and selection method. A sample of 1000 artificial clusters with a uniform

luminosity function, AB magnitudes ranging from 20 to 28, and a uniform spatial

distribution was generated using the IRAF/STARLIST routine. IRAF/MKOB-

JECTS was then used to add these artificial clusters to the galaxy light subtracted

images produced in § 2.2.1. This ensured the artificial clusters were subject to the

same noise sources such as crowding and background fluctuations as the original

star cluster candidates. The artificial clusters were then run through the same

detection algorithms used in § 2.2.2 and the initial coordinates of the artificial

clusters were matched with those of the recovered clusters. Artificial clusters

within 2 pixels of their initial coordinates were accepted while those exceeding

this limit were rejected. The fraction of recovered clusters were calculated for a

given magnitude bin and are plotted in Figure 2.3.

The results were then fitted with a completeness curve of the form:

f =
1

2

(
1− a(m−m0)√

1 + a2(m−m0)2

)
(2.1)

1Zeropoints and details on the new calibrations can be found on
http://www.stsci.edu/hst/acs/analysis/zeropoints
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Figure 2.3: The completeness of star cluster detections in NGC 7174 and NGC
7176. The red triangles and green circles denote the completeness of the g and z
bands respectively. The blue and cyan lines are the fitted curves from Equation
2.1 for the g and z bands respectively. 50% completeness limit is marked with
the black dashed lines, providing values of g = 25.4 and z = 24.7 for the two
respective bands.

where m0 is the magnitude when f is 0.5 and a controls how quickly f declines

(the larger the value of a, the steeper the transformation from 1 to 0) (Fleming

et al., 1995). Figure 2.3 shows the resultant completeness curves for the two bands.

One can see the completeness levels in z decline at a brighter magnitude than in

g. This is primarily due to the difference in zeropoints of the two frames, with the

z frame using a brighter zeropoint magnitude than the g frame.

2.2.5 Contaminating Sources

Finally, the images were corrected for contamination by background galaxies. Con-

tamination by foreground stars is small at magnitudes greater than the limit spec-

ified in the selection criteria (see § 2.2.2). Although it is impossible to completely
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αJ2000 δJ2000 bJ2000 No: exposures Exposure time(secs)
per filter F475W/F850LP

12h22m54.s9 −72◦23′25′′ -09.6◦ 6 3600/3407
10h34m04.s1 58◦58′02′′ 50.3◦ 6 4201/4921
14h18m29.s7 24◦59′18′′ 70.4◦ 5 3000/2942
12h10m54.s9 39◦13′59′′ 75.2◦ 4 2400/2400
11h13m32.s7 22◦15′53′′ 67.2◦ 3 1577/1800
12h43m29.s1 11◦49′24′′ 74.6◦ 3 1601/1800

Table 2.2: Co-ordinates and exposure times of blank fields used in § 2.2.5.

remove individual background galaxies, it is possible to statistically correct for

their presence using ‘blank’ comparison fields. The ACS archive was searched for

high Galactic latitude blank fields that were observed with the same filters and

similar exposure times to the HCG 90 frames used above. In total 6 blank fields

were retrieved (proposal ID: 9488). Their exposure times along with the RA and

Dec of the field centres are listed in Table 2.2. Each field was run through the

same cluster detection and selection procedures as discussed in § 2.2.2.

One out of every six objects that passed the selection criteria were then randomly

selected and added to the colour distribution and luminosity function plots shown

in Figure 2.5 and Figure 2.6, respectively. Since the blank fields selected are deeper

than those used for the HCG 90 observations, the completeness limits obtained for

both g and z bands (see § 2.2.4) were also applied. These contamination estimates

were then used in the subsequent analysis presented below.

2.3 Results

2.3.1 Colour Distribution

Colour and magnitude cuts were then applied to the remaining star cluster can-

didates. A colour cut of 0.6 < (g − z)0 < 1.7 was used by Cho et al. (2012) and

Jordán et al. (2007) during their studies of old (> 2 Gyr) GCs in elliptical galax-

ies. A similar red limit was applied in the analysis presented here. However, as

discussed in § 2.1, NGC 7174/76 are likely to host a new population of star clus-

ters that show bluer colours than GCs observed in passive or isolated ellipticals.

Therefore the lower limit for the colour cut used by Cho et al. (2012) and Jordán
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et al. (2007) requires adjustment in order to include these younger star clusters.

The g− z colours from stellar population synthesis (SPS) models for a metallicity

range of -1.35 < [Fe/H] < +0.35 were investigated to determine this lower limit

(Maraston, 2007). A lower limit of (g − z)0 = −1.2 was adopted from this in-

vestigation, resulting in a final colour cut of −1.2 < (g − z)0 < 1.7. This colour

cut corresponds to ages between 0 - 14 Gyrs for stellar populations in the range

of -1.35 < [Fe/H] < +0.35. In addition to this lower limit, the models showed

colours of (g − z)0 > 0.6 for all populations exceeding 1 Gyr in age. Based on

galaxy merger models (Barnes 1988; Mihos et al. 1993), the interaction between

NGC 7174 and NGC 7176 is unlikely to be older than 1 Gyr in age, hence any new

populations of star clusters will have ages < 1 Gyr. This age constraint provides

a colour range of −1.2 < (g − z)0 < 0.6 for these new star clusters.

It is worth noting that colours measured from our star cluster candidate sample

may be affected by internal extinction. Based on Galactic reddening values for the

g and z bands (AF475W = 0.087 mag and AF850LP = 0.033 mag, respectively), an

extinction of AV = 1 mag will result in a colour reddening of g − z = 0.47 and an

extinction of AV = 2 mag will have a colour reddening of g − z = 0.94. However,

our candidate cluster sample is generally located away from the dust lane area in

NGC 7174/76 and therefore may suffer from low internal extinction.

The lower magnitude limit cut was set to g < 25.5, which corresponds to a com-

pleteness of ∼ 50% (see Figure 2.3). Combining this with the upper magnitude

limit discussed in § 2.2.2 gives a magnitude range of 20.0 < g < 25.5. The adopted

colour and magnitude cuts further refined our sample to 140 star cluster candi-

dates. Figure 2.4 shows the final sample of star cluster candidates and the applied

colour and magnitude limits.

Figure 2.5 shows the spread in colour over the applied limits. The raw distribu-

tion, corrected for incompleteness, is drawn with a green histogram. In § 2.2.5, it

was noted that the raw distribution will contain some background galaxies. How-

ever, as can be seen from the red histogram, the contribution from background

galaxy contamination is quite small (∼ 5%). For each colour bin, the number

of contaminating objects were removed from the raw distribution. The resultant

background contamination-corrected colour distribution is displayed as the blue

histogram. For comparison, the colour distribution recorded for globular clusters

in NGC 7173 by Cho et al. (2012) is overplotted in orange.
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Figure 2.4: Colour-magnitude diagram of star cluster candidates. The dashed
green box indicates the applied colour and magnitude cuts. The red region rep-
resents star cluster candidates exceeding 1 Gyr in age for a metallicity ranging
between -1.35 < [Fe/H] < +0.35. The bulk of the candidates show colours in
the range 0.6 < (g − z)0 < 1.7, typical for old extragalactic GCs (Jordán et al.
2007; Cho et al. 2012). The blue region represents star cluster candidates with
(g − z)0 < 0.6 which correspond to ages less than 400 Myrs (Maraston, 2007).
The dashed red line represents a colour of (g − z)0 = 0.6, which corresponds to
an age of 400 Myrs at [Fe/H] = −1.35.

The GC population in NGC 7173 has a bimodal colour distribution with peaks at

g − z = 0.98 and 1.38 respectively, and a mean value of 〈(g − z)0〉 = 1.13± 0.02.

NGC 7174/76 shows a peak colour value of g − z = 0.62 and a mean colour of

〈(g − z)0〉 = 0.71 ± 0.04. Thus, the colour distribution of star cluster candidates

observed in the NGC 7174/76 pair is bluer than that of its near neighbour. This

bluer colour distribution is likely the result of tidal interactions taking place be-

tween NGC 7174 and NGC 7176, since tidal interactions are expected to produce

high gas pressures which lead to the formation of massive star clusters with very

blue colours (Jog and Solomon 1992; Elmegreen and Efremov 1998; Ashman and

Zepf 2001). Indeed, 30% of star cluster candidates in NGC 7174/76 have very blue

colours (g − z < 0.6) corresponding to ages < 400 Myrs for a metallicity ranging



Chapter 2. Galaxy Interactions in HCG 90 29

between -1.35 < [Fe/H] < +0.35 (Maraston, 2007), whereas the remaining popu-

lation in our sample have g− z colours corresponding to ages of ∼ 6 Gyrs, typical

for old GCs. Given that the merger is unlikely to be older than 1 Gyr (Barnes

1988; Mihos et al. 1993), these colours indicate that tidal interactions in NGC

7174/76 may have produced a moderate population of new star clusters. More-

over, the colours derived for our candidate sample may be affected by internal

extinction. Therefore, the blue cluster candidates in our sample may be younger

than determined from SPS models.

Previous work by Longo et al. (1995) also found an excess of blue star clusters in

the core of HCG 90. The authors found a mean B−R colour index of 〈B −R〉 =

0.8± 0.1, and a peak value of B −R = 0.5. Using the SPS models, and assuming

a metallicity range of -1.35 < [Fe/H] < +0.35, provides an age ranging between

300 - 500 Myrs for their cluster sample. This age range is in agreement with ages

obtained for the bluest candidates in our sample.

2.3.2 Luminosity Function

From the final sample of 140 star cluster candidates, 70% of the star cluster pop-

ulation in NGC 7174/76 show colours ranging between 0.6 < (g − z)0 < 1.7 and

are likely to be old GCs. Several studies have shown that the luminosity functions

of extragalactic GCs can be used as a distance indicator (e.g., Villegas et al. 2010;

Rejkuba 2012). This method of determining distance has also been performed

on the neighbouring NGC 7173 by Cho et al. (2012). Generally, elliptical galax-

ies have been used for this method since they harbour a large population of old

(∼ several Gyrs) GCs and no young star clusters. Hence, it is interesting to see

whether this method of determining distance can still provide reliable results when

applied to a star cluster population which may contain a mixture of young and

old star clusters.

The globular cluster luminosity function φ(m) can be fitted using the well known

Gaussian distribution shown by Equation 2.2. Here, A is a constant related to

the total globular cluster population, m is the apparent magnitude of individual

globular clusters, mo is the magnitude of the turnover, and σ is the dispersion

(Harris, 1991). A value of σ = 1.3 is often applied, based on globular cluster

luminosity functions observed from several galaxies (Harris, 1991, 2001).
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Figure 2.5: Colour histograms for compact objects observed in the core of
HCG 90: The blue histogram represents the colour distributions of star cluster
candidates in NGC 7174/76 after correction for background contamination. The
green and red histograms represent the colour distribution of the raw data and
the contamination estimates, respectively. The contamination-corrected colour
distribution of globular clusters from the neighbouring elliptical galaxy NGC
7173 is shown as the orange histogram (Cho et al., 2012). Lastly, the black
filled region represents the range of colours observed for the diffuse intracluster
light (White et al., 2003).

φ(m) = A exp

[
−(m−mo)

2

2σ2

]
(2.2)

Figure 2.6 shows Gaussian fits to g and z band magnitudes for our star cluster

candidate sample, which have colours ranging between −1.2 < (g−z)0 < 1.7. The

green histograms represent the magnitude distribution of our star cluster candi-

date sample, corrected for incompleteness and background galaxy contamination.

These were fitted with a Gaussian function up to the 50% completeness limits of

g = 25.4 and z = 24.7. The calculated peak magnitudes are also labelled in Figure

2.6. These peak magnitudes can be used as a secondary distance indicator if a large

population of GCs exist in the host galaxy. Hence, the turnover magnitudes from

these plots were used with the peak absolute magnitude values of µg = −7.2± 0.2
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and µz = −8.4 ± 0.2 from the GCLF obtained by Jordán et al. (2007) to deter-

mine the distance modulus of NGC 7174 and NGC 7176. Based on the fitting

parameters shown in Figure 2.6, distance moduli of (m −M)g = 32.3 ± 0.2 and

(m −M)z = 32.7 ± 0.2 were obtained for the g and z bands, respectively. These

result in distances of dg = 28.8± 2.6 Mpc and dz = 34.7± 3.1 Mpc, respectively.

Cho et al. (2012) observed the GC population in the neighbouring, more isolated

elliptical galaxy NGC 7173 and also used the GCLF as a distance indicator. Their

sample consisted of 208 GCs and observations were made with the same ACS filters

used in the survey presented here (F475W and F850LP), which allows a direct

comparison between both studies. They determine distance moduli of (m−M)g =

32.5 ± 0.3 and (m − M)z = 32.8 ± 0.3 for NGC 7173 in the g and z bands

respectively, which correspond to distances of dg = 33.1 Mpc and dz = 31.3 Mpc.

The distances obtained by Cho et al. (2012) are therefore in good agreement

with the distances obtained for NGC 7174 and NGC 7176 from our analysis.

Moreover, our distance measurements are in agreement with Faber et al. (1989),

who determined a distance of 31.3 ± 2.9 Mpc to NGC 7174/76 using a Dn − σ

relation for their galaxy sample.

2.3.3 Ellipticity & Half-Light Radii

Numerical simulations have shown the half-light radius (or effective radius) re of

old globular clusters to be fairly constant throughout their dynamical evolution

(Spitzer and Thuan 1972; Murphy et al. 1990; Aarseth and Heggie 1998). However,

surveys of GCs in external galaxies have shown that the median half-light radii

can vary between metal-poor and metal-rich GC populations (e.g., Kundu et al.

1999; Larsen et al. 2001). These studies found that metal-rich GCs in early-type

galaxies have ∼ 20% smaller half-light radii than metal-poor GCs. Portegies Zwart

et al. (2010) also found that the half-light radii of star clusters may increase during

their first 100 Myrs due to gas expulsion by supernovae. In addition, observations

of star clusters in the Large Magellanic Clouds (LMC) show a weak trend for

the ellipticity to decrease with age (Kontizas et al., 1989). If the blue cluster

candidates in our sample are indeed a new population of star clusters, it would

be interesting to see if they show smaller half-light radii or appear more elliptical

than the red cluster candidate population.
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Ellipticities and half-light radii for the star cluster cluster candidates were deter-

mined using the ISHAPE routine, which is implemented in the data reduction

package BAOLAB (Larsen, 1999). ISHAPE convolves a user provided PSF with

an analytic elliptical profile for a range of sizes until the best fit between the ob-

served light profile and model profile is obtained. A King profile (King, 1962) with

a concentration parameter of 30 has been used for several cluster surveys and was

adopted here (e.g., Mengel et al. 2008; Bastian et al. 2009).

Figure 2.7 shows histograms for the ellipticity and half-light radii (re) measured

in the g band for each star cluster candidate, in addition to ellipticity vs colour

and half-light radii vs colour diagrams. The colour scheme used in the figure

separates the candidates based on the colour cuts presented in § 2.3.1. The red

histogram represents clusters with colour values between 0.6 < (g− z)0 < 1.7 and

the blue histogram represents clusters with colours between −1.2 < (g − z)0 <

0.6. Likewise, the red circles represent red cluster candidates and the blue circles

represent blue cluster candidates.

In general, the ellipticity peaks around εpeak = 0.08 with a mean value of 〈ε〉 =

0.11±0.01. Separating the cluster candidates into blue and red groups does provide

some correlation between ellipticity and g − z colour. Blue clusters have a mean

value of 〈εblue〉 = 0.14± 0.02 while red clusters have a value of 〈εred〉 = 0.09± 0.01

for the ellipticity. However, this is almost entirely due to a few outlying blue

cluster candidates which are more flatter than their red counterparts, as would be

expected if these bluer objects are indeed a population of very young star clusters

(Kontizas et al., 1989).

The bottom-right panel of Figure 2.7 shows the colour vs half-light radii distri-

bution of the star cluster candidates. No significant correlation between colour

and half-light radii is observed for these star cluster candidates, as both red and

blue star cluster populations have a mean value of 〈re〉 = 2.5 ± 0.2 parsecs. The

observed sizes fall within the range expected from young star clusters and old GCs

(Chies-Santos et al. 2006; Woodley and Gómez 2010). Hence, under the assump-

tion that the blue (g−z < 0.6) population of star clusters presented in this survey

were formed from tidal interactions around NGC 7174/76, any trend of young star

clusters showing smaller half-light radii than old GCs is not observed in NGC 7174

and NGC 7176.



Chapter 2. Galaxy Interactions in HCG 90 33

Figure 2.6: Luminosity functions of our star cluster candidates. Top-left:
Magnitude distribution of our entire star cluster candidate sample in the g band
fitted with a Gaussian luminosity function (Equation 2.2) with a magnitude
turnover of g = 25.1 and dispersion of σ = 1.2. Bottom-left: Same as top-left
but for the z band and a Gaussian fit with a magnitude turnover of z = 24.3 and
dispersion of σ = 1.2. Top-right: Magnitude distribution of blue (g − z < 0.6)
cluster candidates in our sample in the g band fitted with a power-law function
of the form dN /dL ∼ Lα where α = −1.87 ± 0.23. Bottom-right: Same as
top-right but for the z band and a power-law fit where α = −1.82± 0.16. It is
worth noting that the distribution in these plots is dependent on the binning
choice. A coarse binning approach will not give much information on the shape
of the cluster distribution, while more frequent binning will produce empty bins
and a noisy histogram.
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Figure 2.7: Physical properties of star cluster candidates. Distribution of
ellipticity (top-left) and half-light radii (bottom-left); Variation of colour with
ellipticity (top-right) and half-light radii (bottom-right). Blue cluster candidates
are represented by blue histograms while red cluster candidates are represented
by red histograms. Both cluster populations have a mean half-light radii value
of 2.5± 0.2 parsecs. The blue cluster candidates have a larger mean ellipticity
value of 〈εblue〉 = 0.14±0.02 compared to the red cluster candidates, which have
a mean value of 〈εred〉 = 0.09± 0.01. However, the larger mean ellipticity of the
blue population is almost entirely due to a few outlying blue cluster candidates
as can be seen in the ellipticity distribution plot of our cluster candidate sample.
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2.3.4 Specific Frequency

A useful parameter for quantifying the richness of a cluster population is the spe-

cific frequency SN , which is the total number of clusters per unit galaxy luminosity,

normalized to a galaxy luminosity of MV = −15 (Harris and van den Bergh, 1981).

SN = NGC × 100.4(MV +15) (2.3)

where NGC is the total number of clusters and MV is the absolute magnitude of

a galaxy in the V band. An interesting question is whether the formation of any

star clusters produced by the interaction between NGC 7174 and NGC 7176 has

changed the cluster specific frequency. Previous studies have shown that globular

cluster populations vary systematically with galaxy type and environment (Harris

1991; West et al. 1995). Characteristic values of SN range from SN ≤ 1 for field

spiral galaxies (van den Bergh and Harris, 1982), to SN ' 2−4 for field ellipticals,

or SN ' 5 − 7 for ellipticals in dense environments (Harris and van den Bergh

1981; Miller et al. 1998; Chapelon et al. 1999).

The first step in calculating SN for NGC 7174/76 is to determine the total number

of globular clusters NGC . An observed population of N obs
GC = 140 star clusters has

been identified. However, these observations were restricted to a photometric

limit of g = 25.5. At this photometric limit, GCs at the faint end of the standard

globular cluster luminosity function were not observed. Therefore, the incomplete

coverage of the luminosity function must be accounted for in order to determine

the total GC population. Since the globular cluster luminosity function is well fit

by a Gaussian (see Figure 2.6), it is trivial to determine the percentage of GCs

observed in our survey. Integrating this Gaussian function to the photometric

limit of the data indicates that 66% of the total GC population was observed to

g = 25.5. Correcting N obs
GC for the unobserved part of the luminosity function

gives a total GC population of N tot
GC ' 212 ± 10. Using a total V band absolute

magnitude of MV = −21.3 for NGC 7174/76 gives a value of SN ∼ 0.6± 0.1.

A comparison can be made with the specific frequency of the nearby neighbouring

elliptical galaxy NGC 7173. Barkhouse et al. (2001) and Cho et al. (2012) made

separate studies of the globular cluster population of NGC 7173 and found specific

frequency values of SN ∼ 3.4±1.1 and SN ∼ 1.6±0.1, respectively. For consistency,

we also observed the globular cluster population in NGC 7173 and obtained a
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specific frequency of SN ∼ 1.5 ± 0.1, in agreement with Cho et al. (2012). These

values are larger than that obtained in this analysis of NGC 7174/76, which has

a SN value below the expected range for elliptical galaxies, but within the range

expected for spiral galaxies. We discuss this point further in § 2.4.

2.4 Discussion

Results from analysis of the colour distribution in § 2.3.1 suggest that ∼ 30% of

our cluster candidates are less than 400 Myrs old and may have formed from tidal

interactions from the merger of NGC 7174 and NGC 7176. As shown in Figure

2.8, there is no correlation between g−z colour and location around these merging

galaxies. However, as marked by the dashed box in Figure 2.8, there is a pocket of

blue cluster candidates in the north-west region of NGC 7174. These blue clusters

may have formed from tidal interactions between NGC 7174 and the neighbouring

elliptical NGC 7173. Evidence for an interaction between these two galaxies comes

from observations of a tidal tail extending northward from NGC 7174 toward NGC

7173 (White et al. 2003; see Figure 2.1). These cluster candidates are the bluest

objects in our sample, with an average colour of 〈g − z〉 = −0.65. Based on

these colours, SPS models suggest these cluster candidates have ages less than 20

Myrs (assuming a metallicity ranging between -1.35 < [Fe/H] < +0.35). More

star clusters may have formed in the dust lane around NGC 7174 due to tidal

interactions with NGC 7173 and NGC 7176. However, challenges faced when

subtracting galaxy light from this region prevented any star cluster candidates

around the dust lane being observed in our survey.

The luminosity function of blue (g − z < 0.6) candidates in our sample also

provides indirect evidence that a new population of star clusters may have formed

around the merger. In § 2.3.2, our entire cluster candidate sample was fitted with

a Gaussian function, which well describes the luminosity function of old (∼ few

Gyrs) GCs (Harris, 1991, 2001). However, young (< Gyr) populations of star

clusters formed in other interacting galaxies typically have luminosity functions

that are well fit by a power-law function of the form dN /dL ∼ Lα where α ≈ -2

(Whitmore et al. 1999; Larsen 2002). A similar luminosity function is observed for

the blue cluster candidates in this study. Fitting a power-law function to the g and

z band magnitudes of star cluster candidates with colours ranging between −1.2 <

(g − z)0 < 0.6 provides an average slope of α = −1.85 ± 0.28 (see Figure 2.6).
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Figure 2.8: Distribution of cluster candidates after selection procedures, over-
laid on the g band frame. Blue circles represent candidates with colours be-
tween −1.2 < (g − z)0 < 0.6 and are potentially relatively young (< 400 Myr)
star clusters, whereas red squares represent candidates with colours between
0.6 < (g − z)0 < 1.7 and are likely to be intermediate/old (> 1 Gyr) GCs. The
dashed cyan box contains the bluest star cluster candidates in our sample, with
an average colour of 〈g − z〉 = −0.65. This colour corresponds to an average age
less than 20 Myrs for these cluster candidates, assuming a metallicity ranging
between -1.35 < [Fe/H] < +0.35.

The slope of our blue cluster candidates is in general agreement to the luminosity

functions obtained from star clusters in several interacting and starburst galaxies,

which generally show slopes ranging between -1.7 and -2.1 (Whitmore, 2000).

The colour distribution of the star cluster candidates in NGC 7174/76 can be

compared with the diffuse light observed from all three galaxies at the core of HCG

90. White et al. (2003) determined that ∼ 45%±5% of the total light from the core

of the group belongs to this diffuse light component, and this diffuse light has a

very narrow colour distribution with a mean value of V −R = 0.7 and dispersion of

0.1 mag. Using SPS models from Maraston (2007) and adopting a solar metallicity

for the diffuse light gives a corresponding g − z value of 1.6 and dispersion of 0.1
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mag. The shaded grey area in Figure 2.5 shows the colour range of the diffuse

light. This colour range is quite consistent with an old stellar population, and

much redder than the vast majority of star clusters observed in NGC 7174 and

NGC 7176. Thus, the diffuse light may have originated from a stellar population

that existed before the merger. The colour of the diffuse light corresponds to an

age of ∼ 13 Gyrs (assuming solar metallicity). This is considerably older than

the 1 Gyr timescale estimated for galaxy mergers to complete based on dynamical

models (Barnes 1988; Mihos et al. 1993).

A rather low specific frequency of SN ∼ 0.6±0.1 was determined for NGC 7174/76.

This value can be compared to the typical combined SN for these galaxy types.

The typical specific frequencies for a spiral galaxy and an elliptical galaxy are

SN ∼ 0.5 and SN ∼ 3, respectively (Harris and van den Bergh 1981; van den Bergh

and Harris 1982). A combined specific frequency from these galaxy types yields

a value of SN ∼ 1.8. Thus, the specific frequency observed from NGC 7174/76 is

lower than expected. A higher specific frequency is also expected if one adopts the

specific frequency obtained by Cho et al. (2012) for NGC 7173 as the typical SN

for an elliptical galaxy in a compact group. Low specific frequencies for interacting

galaxies are not uncommon as seen in the cases of M32 and NGC 4478 (van den

Bergh 1995; Neilsen et al. 1997). Both M32 and NGC 4478 are near a much larger

companion (M31 and M87, respectively), hence it is thought that their GCs have

been stripped away by tidal forces from their larger companions (Ribeiro et al.,

1998a). In the case of HCG 90, both NGC 7173 and NGC 7176 are of similar size

and luminosity. However, there is a large amount of diffuse light found in the core

of the HCG 90 group (White et al., 2003) accounting for almost 50% of the total

light from all three core galaxies combined. It is likely that this intragroup light

is the product of tidal stripping from the extended halos of these three interacting

galaxies. Given that GCs typically have spatially extended distributions around

these galaxy types (Brodie and Strader, 2006), it is possible that many GCs were

also stripped from their parent galaxies to form the intragroup light. This would

then result in parent galaxies with low specific frequencies, as is observed for NGC

7174/76, and an intragroup light with a high specific frequency.

The expected cluster population for NGC 7174/76 can be used to determine the

specific frequency of the intragroup light. Assuming a typical combined specific

frequency of SN = 1.8 for NGC 7174/76 provides a total expected GC population
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of Nexpected ∼ 450. However, only 140 clusters were observed in our survey. There-

fore, 310 clusters may now be part of the intragroup light. Using this population

and a V band absolute magnitude of Mintragroup = −20.7 (White et al., 2003)

provides a specific frequency of SN = 1.6 for the intragroup light. Therefore, the

intragroup light has a higher specific frequency than NGC 7174/76. These intra-

group GCs are likely difficult to identify due to their low surface density of 0.03

GCs per arcsec2 on the sky.

Some clusters may also have been disrupted due to tidal effects from this triple-

galaxy interaction. Galaxy merger simulations by Kruijssen et al. (2012) have

shown that this is possible. However, these simulations invoke strong tidal in-

teractions and high gas densities, typically observed in gas-rich major mergers

like the Antennae, to produce a high cluster disruption rate. Similar tidal shocks

to the Antennae are unlikely to occur in NGC 7174/76, which consists of tidal

interactions with a clumpy interstellar medium.

2.5 Conclusion

High spatial resolution images of HCG 90 were obtained in both F475W and

F850LP bands using the ACS Wide Field Camera (WFC) on board the HST.

Star cluster candidates in NGC 7174 (Sab) and NGC 7176 (E) were investigated

to determine whether the ongoing interaction between these two galaxies had

produced any new populations of star clusters. Objects were selected based on

magnitude cuts of 20.0 < mg < 25.5 and colour cuts of −1.2 < (g − z)0 < 1.7 as

well as SExtractor parameters ELONGATION < 2 and CLASS STAR > 0.9. A sample

of 140 star cluster candidates was assembled using this selection criteria.

• Based on SPS models, ∼ 30% of our cluster candidates have g − z colours

corresponding to ages less than 400 Myrs for a metallicity ranging between

-1.35 < [Fe/H] < +0.35. Longo et al. (1995) also observed an excess of blue

star clusters in the HCG 90 group, which have ages less than 500 Myrs. Given

that these star clusters may have formed from tidal interactions around the

galaxy merger, their ages could be used to constrain the merger age to ∼
500 Myrs, consistent with dynamical ages of merging systems.
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• The youngest star cluster candidates are located in the north-west region of

NGC 7174. These candidates may be less than 20 Myrs old and may have

formed from a more recent tidal interaction between NGC 7174 and another

neighbouring elliptical galaxy NGC 7173. These objects are promising tar-

gets for future surveys of young star clusters in the HCG 90 group. More star

clusters of similar age may be embedded in the dust lane around NGC 7174,

however this region proved inaccessible to the HST/ACS images available.

Near-infrared photometry may be able to penetrate the dust lane and detect

more star cluster candidates in this region.

• The low cluster specific frequency of SN ∼ 0.6 ± 0.1 for NGC 7174/76 is

an unexpected result. However, this could be explained by the diffuse light

present in the core of HCG 90. Our findings suggest that tidal interactions

between NGC 7174 and NGC 7176 have stripped many progenitor globular

clusters as well as a large amount of stellar light from their host galaxies to

form this diffuse light. This stripping process would have left NGC 7174/76

with a low specific frequency, and a diffuse light with a high specific fre-

quency. A specific frequency of SN = 1.6 was determined for the diffuse

light, which agrees with this scenario. Clusters in the diffuse light are dif-

ficult to identify due to their low surface density. Future surveys of the

cluster population in the diffuse light are required to determine whether this

has occurred.
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NGC 5128

3.1 Introduction

With an apparent magnitude of mV = 6.84, NGC 5128 is the 5th brightest galaxy

in the sky. It is also the only massive elliptical galaxy in a group of 25 galaxies

known as the Centaurus Group (Cote et al., 1997). The distance modulus for NGC

5128 is (m−M)o = 27.92±0.08, giving a distance of d = 3.8±0.1 Mpc (McLaughlin

et al. 2008; Harris et al. 2010). It is located at αJ2000 = 13h25m27.s6, δJ2000 =

−43◦01′09, and has an absolute magnitude of MV = −21.08 which is typical for

elliptical galaxies (Gil de Paz et al., 2007). Deep optical images reveal numerous

shells and filaments, in addition to kinematic and globular cluster surveys (Malin

et al. 1983; Quillen et al. 1992). These give indirect evidence that NGC 5128 is a

post-merger elliptical (Israel, 1998).

Figure 3.1 shows a BVR and Hα mosaic of NGC 5128 taken using the Wide Field

Imager (WFI) affixed to the MPG/ESO 2.2-metre telescope at La Silla. Although

most of its properties are fairly normal for an elliptical galaxy, NGC 5128 hosts

two remarkable features: large radio lobes extending out to 250 kpc from the

centre, and a prominent warped dust lane projected across the galactic centre

that extends out to a radius of 4 kpc, both of which suggest past merger activity

(Israel, 1998). The dust and gas in the dust lane have masses of Md ∼ 1.5×106M�

and Mg ∼ 1.3×109M�, respectively (Eckart et al. 1990; Israel 1998). Considering

that dwarf irregular (dI) galaxies are plentiful in the Centaurus Group, Peng et al.

(2002) speculate that this dust lane is actually the remnant of a dwarf irregular

41
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galaxy that collided with the elliptical galaxy somewhere between 2−6×108 years

ago as the likely scenario for its unusual appearance. However, the gas mass of the

dust lane suggests that a late-type galaxy rather than a dwarf irregular merged

with NGC 5128 (Malin et al. 1983; Quillen et al. 1993). The age estimate by Peng

et al. (2002) is in agreement with dynamical models and other estimates which

give an age estimate of 2− 8× 108 years for the merger (Malin et al. 1983; Sparke

1996).

The short distance to NGC 5128 has made it a prime target for a multitude of

scientific surveys. The interstellar medium, planetary nebulae, and dark matter

content of NGC 5128 are examples of topics that have been documented in recent

years (e.g., Samurovic 2006; Kainulainen et al. 2009; Morganti 2010). In addition,

several surveys have observed the many globular clusters (GCs) associated with

this galaxy. Currently, 564 GCs have been observed using spectroscopy, 605 have

been studied photometrically, and ∼ 2000 GCs are expected to be associated with

NGC 5128 (Harris et al. 2010; Woodley et al. 2010). Spectroscopic surveys by

Woodley et al. (2009) show that 68% of GCs in NGC 5128 have ages exceeding

8 Gyrs, 14% have intermediate ages between 5 - 8 Gyrs, and the remaining 18%

have ages less than 5 Gyrs. The metallicities of GCs studied thus far have a mean

value of [Fe/H] ∼ -0.33 (Peng et al. 2002; Woodley et al. 2005; Rejkuba et al.

2011). The globular cluster luminosity function (GCLF) in NGC 5128 resembles

a Gaussian function, with a peak at MV ' -7.4 mag and dispersion of σ ' 1.3,

typical for old (∼ few Gyrs) GCs (Harris, 1991). The GC population has a variety

of masses ranging from 1.2 × 105M� , typical of Galactic globular clusters, up

to 1.4 × 107M�. The high-mass end of this GC population is similar to masses

observed for ultra compact dwarfs (UCDs) and to nuclei of nucleated dE galaxies,

indicating that some GCs in NGC 5128 may be related to these larger objects

Rejkuba et al. (2008).

Although there are many studies of the star cluster population in NGC 5128, the

majority of these surveys commence around 5′ from the galaxy centre and beyond

(e.g., Harris et al. 2006; Geisler et al. 2008; Harris et al. 2010) and generally avoid

the central region of NGC 5128 due to extinction from the dust lane, which causes

difficulty in subtracting the background galaxy light from the centre. However,

tidal interactions between the elliptical galaxy and the dust lane may have pro-

duced a new population of star clusters in the central region of this merger. Surveys

of star cluster formation in mergers such as the Antennae galaxies and NGC 3256
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show evidence that tidal interactions are likely to form populations of new star

clusters (Whitmore et al. 1999; Trancho et al. 2007b). Indeed, star formation

around the dust lane is in abundance. Colour images show concentrations of very

blue stellar populations at the northwestern and southeastern edges of the dust

lane, and a substantial number of HII regions embedded in the dust lane (Dufour

et al. 1979; Hodge and Kennicutt 1983). Furthermore, Minniti et al. (2004) and

Villegas et al. (2005) report the discovery of two young star clusters in Sersic 13,

a HII region ∼ 0.5′ north of the centre of NGC 5128. Emission line features from

these clusters suggest the presence of Wolf-Rayet stars, and an age of ∼ 5 Myrs.

Peng et al. (2002) also find young star clusters in their sample, albeit at a larger

distance of ∼ 6′ from the centre. Their survey discovered a blue arc consisting

of bright star clusters with young ages of ∼ 350 Myrs, which they attribute to

the interactions between the dust lane and elliptical galaxy. These studies suggest

that the ongoing tidal interactions in NGC 5128 have probably formed numerous

star clusters in the past few hundred Myrs, and a promising location to find these

relatively new star clusters is the central region of NGC 5128 where tidal interac-

tions with the dust lane are at their strongest. Thus, this region will be the focal

point of the following study in an attempt to discover newly formed star clusters.

HST Wide Field Camera 3 (WFC3) images of the central 3′ region of NGC 5128

were acquired in 2010 as part of program GO-11360 (PI: R. Connell). Observations

were taken with both UVIS and IR detectors, which have a spatial resolution

of 0.04′′/pixel and 0.13′′/pixel, respectively. From the available WFC3 images

the UVIS F814W band and the IR F160W band frames were least affected by

extinction from the dust lane and so were selected for this analysis. However,

given the dust lane has an extinction of AV ∼ 3 (Simpson and Meadows, 1998),

these filters are still greatly influenced by extinction. Section § 3.2.2 discusses this

issue further.

The F814W frame is centred at αJ2000 = 13h25m22.s5, δJ2000 = −43◦00′23′′ and the

F160W frame is centred at αJ2000 = 13h25m24.s1, δJ2000 = −43◦00′35′′. The total

integration times are 1240 and 1806 seconds for the F814W and F160W frames,

respectively. At the adopted distance of 3.8 Mpc for NGC 5128, 1 parsec corre-

sponds to an angular size of 0.′′05. Galactic reddening values of AF814W = 0.176

mag and AF160W = 0.059 mag were used throughout this investigation (Schlafly

and Finkbeiner, 2011). Hereafter the F814W band and F160W band will be re-

ferred to as I band and H band, respectively.
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Figure 3.1: Left: BVR and Hα mosaic of NGC 5128 with the Wide Field
Imager (WFI) attached to the MPG/ESO 2.2-metre telescope at La Silla. The
blue box represents the 3′×3′ area covered by the HST frames that were analysed
in our study. Right: HST UVIS mosaic showing the central region of NGC 5128.
It is likely that tidal interactions between the elliptical galaxy and the dust lane
have formed of a new population of star clusters in this region.

The structure of this chapter is as follows. Section § 3.2 summarizes the data

selection and reduction procedures used to obtain a sample of star cluster candi-

dates. Section § 3.3 presents the properties of these star cluster candidates. The

results are discussed and concluded in sections § 3.4 and § 3.5, respectively.
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3.2 Data Reduction

The close proximity of NGC 5128 has its obvious observational advantages. How-

ever, analysing any object within NGC 5128 has several major disadvantages as

well. Firstly, the large dust lane overlapping this elliptical galaxy is likely ob-

scuring many stars and potentially star clusters. Secondly, NGC 5128 occupies a

relatively large area of the sky, 2◦ × 2◦ (Harris et al., 2010). Such a large area

suffers significant contamination from foreground stars as well as distant galaxies.

Thirdly, the low galactic latitude of NGC 5128 (b = 19◦) increases the level of

contamination expected from foreground stars. These problems must be either

removed or dramatically reduced before any star clusters can be analysed.

3.2.1 Background Galaxy Light Subtraction

Apart from the dust lane overlapping the galaxy, NGC 5128 is thought to be a

typical elliptical galaxy (Dufour et al. 1979; Harris 2010). Subtracting the galaxy

light from ellipticals is relatively straight forward and can be easily performed

using tools such as IRAF/ELLIPSE and other elliptical modelling applications.

However, the dust lane complicates the subtraction of galaxy light. A simple ellip-

tical model subtraction procedure will not successfully remove galaxy light from

the dust lane, and there are no models available for the unique galaxy morphology

seen here.

Instead of trying to model the dust lane, the task IRAF/FMEDIAN was applied

to smooth the galaxy light and subtract it from the original frame. This routine

was applied only to the H band frame as it is the least affected by extinction

due to the dust lane of the two bands. IRAF/FMEDIAN was set to find the

median pixel counts in 7×7 pixel boxes across the image. This smoothed frame

was then subtracted from the original frame, resulting in a background galaxy light

subtracted frame ready for cluster detection and selection. A larger pixel box for

the IRAF/FMEDIAN was unable to take into account the fluctuating background

light in the dust lane region, while a smaller pixel box resulted in the production

of false artificial objects.

However, the central 20′′ region of NGC 5128 proved difficult to subtract due to

sporadic fluctuations of the galaxy light. Many of the objects within this region



Chapter 3. NGC 5128 46

were found to be false artificial objects, hence this central 20′′ region was avoided

during the star cluster selection procedure described in § 3.2.2. Figure 3.3 shows

the results of the IRAF/FMEDIAN routine.

3.2.2 Cluster Detection and Selection

SExtractor (Bertin and Arnouts, 1996) was used to detect objects in the galaxy

light subtracted H band frame, finding a total of ∼ 2000 objects in NGC 5128.

Unfortunately, many of these objects are likely due to contamination, primarily

from foreground stars as NGC 5128 lies at a low galactic latitude of b = 19◦ and

covers a very large area in the sky (2◦×2◦). Although there is no way to completely

remove the effects of contamination, there are methods to statistically reduce its

impact.

Previous GC surveys in the literature used the mean stellar FWHM and typical

GC ellipticity values as criteria for selection (Staneva et al. 1996; Rejkuba 2001;

Harris et al. 2006). Hence, a constraint of FWHM > 1.4 pixels and ellipticity

< 0.4 was applied to all detected objects. The FWHM constraint was deduced

after observing FWHM values from foreground stars in the WFC3 frames, which

showed FWHM values less than 1.4 pixels.

Another useful selection criterion is the globular cluster luminosity function (GCLF),

in particular the magnitude turnover. It has been recognized that the differential

magnitude distribution of old GCs throughout a range of host galaxies is well fit

by a Gaussian function, and provides a peak magnitude (or magnitude turnover)

of MV ' −7.4 mag with a dispersion σ = 1.3 (Harris 1991; Jordán et al. 2007;

Rejkuba 2012). Stellar population synthesis (SPS) models from Maraston (2007)

were used to convert these values to theH band. The models provide a 3σ apparent

magnitude range of 14.5 < mH < 22.5 expected from the star cluster population,

where the magnitude turnover occurs at mH = 18.6 (or MH = −9.3). This range

can be used as a magnitude constraint for the detected objects. However, this

magnitude range will include many old and faint GCs in addition to bright young

star clusters. The upper limit of this magnitude range can be amended to exclude

most of these old GCs, since the purpose of this survey is to investigate newly

formed star clusters. A suitable magnitude cutoff can be determined by observing

the magnitude distribution of newly formed star clusters in other mergers that are

of similar age to NGC 5128, such as NGC 3921 and NGC 7252 (Schweizer et al.
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Figure 3.2: Affects of selection procedure on initial sample of detected objects.
The black dashed line represents the initial detected sample consisting of ∼
1800 objects. The red histogram represents objects that have FWHM > 1.4.
The green hatched histogram represents objects from the red histogram with
ellipticity ε < 0.4 and located at least 20′′ from the galactic centre. The blue
histogram represents objects from the green histogram with magnitudes between
14.5 < mH < 19.5 and colours ranging between −0.6 < (I − H) < 3.1. This
selection criteria refined the initial sample to 160 star cluster candidates.

1996; Schweizer and Seitzer 1998). Results from these star clusters recommend an

apparent magnitude constraint of 14.5 < mH < 19.5 for this analysis.

Exploiting the parameters of GCs further, Jordán et al. (2005) have shown that

old (∼ few Gyrs) GCs tend to fall within a certain colour range. Earlier studies by

Rejkuba (2001) and Harris et al. (2004) have already used the colour parameter

as a selection criterion for GCs in NGC 5128. However, any new star clusters

produced from the tidal interaction will generally have bluer colours than the old

(∼ several Gyr) globular clusters present in NGC 5128. SPS models from Maraston

(2007) were investigated to determine a suitable colour range that includes both

the colours expected from new star clusters and the colours expected from old

globular clusters.

As discussed in § 3.1, GCs close to the dust lane have a mean metallicity value of
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[Fe/H]= −0.33 (Woodley et al. 2005; Rejkuba et al. 2011). Furthermore, metal-

licity values measured from nebulae and clouds in the dust lane show solar metal-

licities (Dufour et al. 1979; Eckart et al. 1990). Applying both metallicities to

the models provide a colour range of −0.6 < (I − H) < 2.0 expected from all

star clusters, which corresponds to an age range of 0 - 14 Gyrs. The upper colour

limit reduces the presence of galaxies in the sample as distant galaxies often have

redder colours than globular clusters (Cho et al., 2012). A similar colour range

was observed for star clusters in M87 (Kundu and Zepf, 2007). However, any star

clusters observed in our survey are likely to suffer from high extinction values due

to the dust lane, which may have a varying extinction ranging between AV = 0

- 3 mag (Simpson and Meadows, 1998). Based on Galactic reddening values for

the I and H bands (AF814W = 0.176 mag and AF160W = 0.059 mag, respectively),

an extinction of AV = 3 mag will result in a colour reddening of I − H = 1.08.

Therefore, in order to account for reddening effects of the dust lane, a colour range

of −0.6 < (I −H) < 3.1 is adopted for this survey.

Applying the FWHM and ellipticity selection criteria reduced the sample from ∼
1800 objects to ∼ 1100 objects. Aperture photometry was then applied to the

remaining objects to determine I and H band magnitudes. The magnitude and

colour constraints mentioned earlier were then applied to the sample (see § 3.2.3).

3.2.3 Cluster Photometry

The task IRAF/PHOT was used to perform aperture photometry on the original

I band and H band frames for the sample of objects that passed the FWHM and

ellipticity constraints set in § 3.2.2. An aperture radius of 0.4′′ (∼ 8 parsec) and

a sky annulus of 0.1′′ were adopted for all objects in the sample. Background

measurements were taken at a distance of 0.5′′ from the centre of each object,

ensuring good estimates of the local background.

Zeropoints were adopted from the latest and improved photometric calibration for

WFC3, which can be found on the STScI website1. The magnitudes obtained using

IRAF/PHOT were also corrected for Galactic reddening using the Schlafly and

Finkbeiner (2011) extinction map values of AF814W = 0.176 and AF160W = 0.059.

1Zeropoints and details on the new calibrations can be found on
http://www.stsci.edu/hst/wfc3/phot zp lbn
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After performing aperture photometry, objects were matched within a 2 pixel

radial separation across the two bands. The H band magnitude constraints and

I −H colour constraints presented in § 3.2.2 were then applied to the sample of

objects. These selection criteria refined the initial sample of ∼ 1800 objects to a

sample of 160 star cluster candidates. Figure 3.2 shows how the various stages of

the selection procedure refined the initial sample of detected objects. Table 3.1

provides basic parameters for the sample of star cluster candidates.
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Figure 3.3: Top-Left: original H band frame of NGC 5128. Top-Right: galaxy
light subtracted image of NGC 5128. The galaxy light and the dust lane has
been removed, allowing star clusters to be detected and analysed. Bottom-Left:
initial object detection results from SExtractor. Approximately 1800 objects
were detected, of which only ∼ 2% are star clusters (Harris, 2010). Bottom-
Right: final star cluster candidate sample in NGC 5128. The selection criteria
discussed in § 3.2.2 reduced the initial sample of ∼ 1800 objects to 160 star
cluster candidates, shown here in green.
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Table 3.1: Basic parameters for star clusters candidates in NGC 5128

ID αJ2000 δJ2000 mH mI (I −H) ε re

1 13h25m24.s3 −42◦59′34.39 18.76± 0.04 19.09± 0.06 0.33± 0.10 0.012 2.7

2 13h25m27.s7 −43◦00′09.92 18.90± 0.05 19.82± 0.09 0.92± 0.14 0.019 2.8

3 13h25m18.s7 −43◦00′43.36 18.21± 0.02 18.88± 0.06 0.67± 0.08 0.026 2.6

4 13h25m27.s2 −42◦59′38.37 19.16± 0.05 19.13± 0.06 −0.03± 0.11 0.027 2.6

5 13h25m19.s5 −43◦01′15.13 17.87± 0.02 17.62± 0.03 −0.25± 0.05 0.028 2.8

6 13h25m19.s2 −43◦00′37.44 19.36± 0.05 20.04± 0.09 0.68± 0.14 0.030 2.8

7 13h25m26.s5 −43◦00′09.37 18.93± 0.04 19.80± 0.09 0.87± 0.13 0.031 2.6

8 13h25m22.s3 −42◦59′47.50 18.81± 0.03 19.85± 0.09 1.04± 0.12 0.034 2.4

9 13h25m22.s7 −43◦01′05.53 19.46± 0.07 21.82± 0.25 2.37± 0.32 0.035 2.7

10 13h25m24.s8 −43◦00′12.02 18.84± 0.04 19.34± 0.07 0.50± 0.11 0.036 3.2

11 13h25m22.s5 −43◦00′18.89 19.15± 0.04 19.38± 0.07 0.23± 0.11 0.038 3.1

12 13h25m19.s7 −43◦00′59.73 18.27± 0.02 18.29± 0.04 0.02± 0.06 0.039 3.1

13 13h25m20.s7 −43◦00′00.87 16.68± 0.01 16.61± 0.02 −0.07± 0.03 0.042 3.0

14 13h25m23.s2 −43◦00′34.27 18.83± 0.06 19.60± 0.08 0.77± 0.14 0.044 2.8

15 13h25m23.s4 −42◦59′51.94 18.66± 0.03 19.97± 0.09 1.31± 0.12 0.049 2.5

16 13h25m30.s4 −43◦00′30.21 19.31± 0.08 20.12± 0.10 0.81± 0.18 0.050 2.8

17 13h25m16.s9 −43◦00′02.65 19.40± 0.04 21.21± 0.16 1.81± 0.20 0.051 3.1

18 13h25m25.s7 −42◦59′24.92 19.32± 0.05 19.49± 0.07 0.17± 0.12 0.056 3.0

19 13h25m20.s9 −43◦00′05.53 18.30± 0.02 19.14± 0.06 0.84± 0.08 0.058 3.2

20 13h25m26.s2 −43◦00′09.18 18.92± 0.05 19.81± 0.09 0.89± 0.14 0.058 2.8

21 13h25m18.s5 −43◦00′58.46 17.21± 0.01 17.40± 0.03 0.19± 0.04 0.058 3.1

22 13h25m20.s4 −42◦59′58.31 19.44± 0.04 21.14± 0.16 1.70± 0.20 0.058 3.1

23 13h25m20.s4 −43◦00′01.25 19.43± 0.05 20.74± 0.13 1.31± 0.18 0.058 2.6

24 13h25m21.s4 −43◦00′36.17 18.67± 0.04 18.41± 0.04 −0.26± 0.08 0.060 2.7

25 13h25m28.s6 −43◦00′15.84 19.36± 0.09 20.30± 0.12 0.94± 0.21 0.060 2.9

26 13h25m29.s1 −43◦00′20.35 19.24± 0.07 20.17± 0.10 0.93± 0.17 0.060 2.8

27 13h25m17.s5 −43◦00′36.67 18.73± 0.03 18.41± 0.04 −0.32± 0.07 0.061 3.0

28 13h25m16.s6 −43◦00′14.00 19.47± 0.05 20.19± 0.10 0.72± 0.15 0.061 2.7

29 13h25m20.s8 −43◦00′10.11 16.75± 0.01 17.27± 0.03 0.52± 0.04 0.064 3.0

30 13h25m29.s4 −43◦00′36.05 19.17± 0.05 20.17± 0.11 1.00± 0.16 0.064 3.1

31 13h25m27.s2 −43◦00′30.15 17.50± 0.02 18.61± 0.05 1.11± 0.07 0.065 3.0

32 13h25m25.s4 −43◦01′23.94 17.72± 0.02 17.77± 0.03 0.05± 0.05 0.067 2.7

33 13h25m25.s2 −43◦01′26.53 17.70± 0.03 18.33± 0.04 0.63± 0.07 0.067 3.2

34 13h25m31.s3 −43◦01′03.51 17.45± 0.02 20.09± 0.10 2.64± 0.12 0.067 3.6

35 13h25m19.s5 −43◦00′02.25 19.11± 0.04 20.92± 0.14 1.81± 0.18 0.067 2.8

36 13h25m26.s8 −42◦59′59.88 19.45± 0.06 20.69± 0.13 1.24± 0.19 0.068 3.1

37 13h25m20.s5 −43◦01′23.18 19.11± 0.04 20.48± 0.12 1.37± 0.16 0.068 2.8

38 13h25m21.s8 −43◦00′00.40 19.46± 0.04 21.05± 0.15 1.59± 0.19 0.070 2.9

39 13h25m26.s7 −43◦00′09.46 18.78± 0.09 19.67± 0.09 0.89± 0.18 0.071 2.4

40 13h25m16.s9 −43◦00′06.55 19.31± 0.04 21.29± 0.17 1.98± 0.21 0.072 2.6

41 13h25m20.s1 −43◦00′57.07 18.83± 0.04 18.97± 0.06 0.14± 0.10 0.073 2.9
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Table 3.1 – Continued

ID αJ2000 δJ2000 mH mI (I −H) ε re

42 13h25m18.s9 −43◦01′03.39 19.27± 0.04 20.04± 0.09 0.77± 0.13 0.074 3.3

43 13h25m18.s5 −43◦00′21.73 17.99± 0.03 18.53± 0.05 0.54± 0.08 0.075 2.9

44 13h25m19.s2 −43◦01′01.13 18.27± 0.03 19.48± 0.07 1.21± 0.10 0.075 3.0

45 13h25m18.s5 −43◦00′50.79 19.10± 0.04 20.12± 0.10 1.02± 0.14 0.077 2.6

46 13h25m19.s7 −43◦01′40.62 19.32± 0.06 19.54± 0.08 0.22± 0.14 0.077 2.7

47 13h25m27.s4 −42◦59′25.79 18.99± 0.05 19.34± 0.07 0.35± 0.12 0.078 3.8

48 13h25m27.s1 −43◦00′06.20 19.49± 0.08 20.03± 0.10 0.54± 0.18 0.080 2.6

49 13h25m24.s2 −43◦00′36.26 18.66± 0.06 19.87± 0.09 1.21± 0.15 0.082 2.8

50 13h25m18.s3 −43◦00′20.82 18.97± 0.03 19.66± 0.08 0.69± 0.11 0.083 3.2

51 13h25m23.s8 −43◦01′02.94 19.33± 0.05 21.54± 0.19 2.21± 0.24 0.083 3.3

52 13h25m18.s3 −42◦59′55.86 19.29± 0.04 21.20± 0.16 1.91± 0.20 0.085 2.7

53 13h25m26.s7 −42◦59′48.37 19.23± 0.05 19.18± 0.06 −0.05± 0.11 0.087 3.0

54 13h25m26.s8 −42◦59′58.91 19.16± 0.04 20.38± 0.11 1.22± 0.15 0.088 2.7

55 13h25m26.s3 −43◦00′01.74 19.36± 0.05 21.04± 0.16 1.68± 0.21 0.089 2.6

56 13h25m27.s7 −43◦00′09.12 19.33± 0.05 20.42± 0.12 1.09± 0.17 0.090 2.7

57 13h25m30.s3 −43◦00′22.44 18.78± 0.04 19.59± 0.08 0.81± 0.12 0.090 2.9

58 13h25m17.s2 −43◦00′00.53 19.30± 0.04 21.14± 0.16 1.84± 0.20 0.091 2.5

59 13h25m29.s4 −43◦00′02.62 18.48± 0.04 18.19± 0.04 −0.29± 0.08 0.093 2.7

60 13h25m20.s9 −43◦00′27.23 19.19± 0.04 21.33± 0.17 2.14± 0.22 0.094 2.6

61 13h25m22.s6 −43◦00′41.17 18.37± 0.03 18.75± 0.05 0.38± 0.08 0.095 2.5

62 13h25m26.s3 −43◦00′11.37 19.01± 0.06 20.89± 0.17 1.88± 0.23 0.096 2.6

63 13h25m20.s8 −43◦00′40.35 18.80± 0.05 21.28± 0.17 2.47± 0.21 0.096 2.9

64 13h25m22.s1 −43◦00′55.75 19.11± 0.04 20.84± 0.14 1.73± 0.18 0.096 3.3

65 13h25m28.s9 −43◦00′04.91 19.34± 0.05 20.62± 0.13 1.28± 0.18 0.097 3.1

66 13h25m25.s4 −43◦00′22.58 18.67± 0.04 18.66± 0.05 −0.01± 0.09 0.099 3.0

67 13h25m29.s9 −43◦01′06.18 18.92± 0.06 20.93± 0.18 2.00± 0.24 0.104 2.9

68 13h25m18.s9 −43◦01′05.85 19.16± 0.05 20.26± 0.11 1.10± 0.16 0.105 3.0

69 13h25m26.s8 −43◦00′11.96 19.46± 0.07 20.58± 0.13 1.12± 0.20 0.106 2.7

70 13h25m31.s5 −43◦00′58.81 19.27± 0.04 20.48± 0.12 1.21± 0.16 0.106 2.9

71 13h25m27.s2 −43◦00′45.18 18.41± 0.07 20.15± 0.11 1.74± 0.18 0.107 3.3

72 13h25m23.s9 −43◦01′19.12 19.30± 0.05 20.56± 0.12 1.26± 0.17 0.107 3.1

73 13h25m26.s1 −43◦00′30.48 19.06± 0.09 19.92± 0.10 0.86± 0.19 0.111 2.7

74 13h25m26.s3 −43◦00′04.17 19.30± 0.06 20.98± 0.15 1.67± 0.21 0.114 2.5

75 13h25m26.s7 −43◦00′09.95 16.57± 0.01 16.61± 0.02 0.04± 0.03 0.112 3.2

76 13h25m24.s8 −43◦00′01.90 17.75± 0.02 19.56± 0.08 1.80± 0.10 0.116 3.1

77 13h25m26.s9 −43◦00′10.43 19.20± 0.10 21.55± 0.27 2.34± 0.36 0.116 2.4

78 13h25m24.s6 −43◦00′29.57 19.19± 0.05 20.51± 0.12 1.32± 0.17 0.117 2.7

79 13h25m20.s7 −42◦59′53.97 18.75± 0.03 20.47± 0.11 1.72± 0.14 0.119 3.3

80 13h25m26.s5 −43◦00′08.88 18.64± 0.06 19.07± 0.06 0.43± 0.12 0.121 2.6

81 13h25m24.s7 −43◦01′01.09 19.10± 0.12 20.57± 0.13 1.47± 0.25 0.122 2.8

82 13h25m26.s0 −42◦59′48.74 18.59± 0.03 18.17± 0.04 −0.42± 0.07 0.123 3.0

83 13h25m29.s8 −43◦00′18.15 19.28± 0.05 19.79± 0.09 0.51± 0.14 0.131 3.4
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Table 3.1 – Continued

ID αJ2000 δJ2000 mH mI (I −H) ε re

84 13h25m27.s2 −43◦00′27.47 19.42± 0.08 19.48± 0.07 0.06± 0.15 0.133 2.8

85 13h25m29.s8 −43◦01′14.21 18.65± 0.06 19.89± 0.10 1.24± 0.15 0.135 2.9

86 13h25m25.s1 −43◦00′00.10 19.29± 0.04 20.81± 0.14 1.52± 0.18 0.135 3.0

87 13h25m28.s3 −43◦00′09.60 18.47± 0.03 19.37± 0.07 0.90± 0.10 0.138 2.8

88 13h25m29.s3 −43◦00′13.94 19.20± 0.04 19.80± 0.09 0.60± 0.13 0.138 3.1

89 13h25m24.s6 −43◦01′03.92 18.60± 0.10 19.74± 0.09 1.13± 0.19 0.138 2.8

90 13h25m18.s2 −43◦00′37.92 19.38± 0.04 19.67± 0.08 0.29± 0.12 0.140 3.2

91 13h25m22.s7 −43◦00′42.48 19.05± 0.07 20.23± 0.11 1.18± 0.18 0.140 2.6

92 13h25m22.s7 −43◦00′42.58 19.41± 0.08 21.79± 0.25 2.38± 0.33 0.140 2.8

93 13h25m22.s7 −43◦00′42.56 19.00± 0.06 20.38± 0.12 1.38± 0.18 0.141 2.7

94 13h25m17.s6 −43◦00′31.16 19.37± 0.05 21.87± 0.23 2.50± 0.28 0.142 3.2

95 13h25m24.s2 −43◦00′35.17 18.84± 0.04 20.30± 0.11 1.46± 0.15 0.142 3.0

96 13h25m19.s3 −43◦00′37.16 19.32± 0.04 19.62± 0.08 0.30± 0.12 0.143 2.2

97 13h25m26.s7 −43◦00′06.24 18.87± 0.04 19.11± 0.06 0.24± 0.10 0.144 3.1

98 13h25m21.s8 −43◦01′22.55 19.47± 0.06 20.76± 0.14 1.29± 0.20 0.146 2.7

99 13h25m23.s4 −43◦00′36.53 19.31± 0.09 20.46± 0.12 1.15± 0.21 0.147 2.6

100 13h25m17.s8 −43◦00′37.47 19.32± 0.05 19.78± 0.08 0.46± 0.13 0.151 2.8

101 13h25m18.s9 −43◦00′11.96 18.91± 0.04 20.94± 0.14 2.03± 0.19 0.154 2.7

102 13h25m27.s2 −43◦00′09.64 19.38± 0.10 20.54± 0.13 1.17± 0.23 0.155 3.0

103 13h25m17.s9 −43◦00′25.54 19.29± 0.05 20.54± 0.12 1.25± 0.17 0.157 3.0

104 13h25m24.s6 −43◦00′17.17 19.22± 0.05 22.11± 0.28 2.89± 0.33 0.157 3.2

105 13h25m25.s6 −43◦01′01.03 18.93± 0.09 19.65± 0.09 0.72± 0.18 0.157 3.0

106 13h25m25.s6 −43◦00′51.04 18.87± 0.08 20.12± 0.11 1.25± 0.19 0.158 2.7

107 13h25m22.s5 −43◦00′36.95 19.32± 0.11 19.63± 0.08 0.31± 0.19 0.159 2.2

108 13h25m20.s6 −43◦00′50.26 18.62± 0.03 19.31± 0.07 0.69± 0.10 0.159 3.9

109 13h25m21.s2 −43◦00′35.41 16.57± 0.01 16.61± 0.02 0.04± 0.03 0.162 3.2

110 13h25m21.s2 −43◦00′35.41 19.10± 0.08 21.40± 0.19 2.30± 0.27 0.162 3.2

111 13h25m22.s6 −43◦00′45.90 19.35± 0.06 22.24± 0.27 2.89± 0.34 0.164 2.8

112 13h25m27.s5 −43◦00′10.01 17.16± 0.02 17.40± 0.03 0.24± 0.04 0.165 3.4

113 13h25m27.s5 −43◦00′09.98 17.67± 0.03 19.33± 0.07 1.66± 0.10 0.165 3.5

114 13h25m27.s7 −43◦00′16.06 19.17± 0.09 20.67± 0.14 1.50± 0.23 0.166 2.7

115 13h25m24.s3 −43◦01′34.12 19.19± 0.06 20.84± 0.15 1.66± 0.21 0.171 2.8

116 13h25m21.s1 −43◦00′33.08 18.55± 0.04 19.33± 0.07 0.78± 0.11 0.173 3.3

117 13h25m26.s0 −43◦00′07.42 19.22± 0.07 20.35± 0.11 1.13± 0.18 0.176 2.9

118 13h25m25.s3 −43◦00′32.76 19.19± 0.07 20.70± 0.13 1.54± 0.20 0.178 3.1

119 13h25m23.s9 −43◦01′20.54 18.97± 0.05 19.88± 0.09 0.91± 0.14 0.179 2.7

120 13h25m26.s1 −43◦00′48.84 17.98± 0.02 17.79± 0.03 −0.19± 0.05 0.180 3.1

121 13h25m21.s4 −43◦00′40.75 18.96± 0.05 21.70± 0.22 2.71± 0.27 0.185 2.7

122 13h25m27.s9 −43◦00′14.50 18.43± 0.03 19.34± 0.07 0.91± 0.10 0.189 3.3

123 13h25m20.s7 −43◦00′55.10 18.50± 0.03 19.45± 0.07 0.95± 0.10 0.193 3.2

124 13h25m26.s4 −43◦00′11.35 19.13± 0.05 20.16± 0.10 1.03± 0.15 0.204 3.1

125 13h25m28.s5 −43◦00′20.94 19.01± 0.07 20.02± 0.11 1.01± 0.18 0.204 3.2
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ID αJ2000 δJ2000 mH mI (I −H) ε re

126 13h25m24.s1 −43◦00′36.37 19.36± 0.05 21.05± 0.17 1.69± 0.22 0.214 3.2

127 13h25m26.s6 −43◦00′11.22 19.06± 0.07 20.06± 0.11 1.00± 0.18 0.221 3.1

128 13h25m23.s5 −43◦01′15.40 18.99± 0.05 19.88± 0.09 0.89± 0.14 0.222 3.3

129 13h25m21.s8 −43◦01′21.44 19.30± 0.09 20.06± 0.10 0.76± 0.19 0.223 2.8

130 13h25m26.s0 −43◦00′09.99 19.32± 0.05 20.87± 0.15 1.55± 0.20 0.224 2.6

131 13h25m28.s3 −43◦00′38.07 19.18± 0.08 21.17± 0.17 1.99± 0.24 0.224 3.1

132 13h25m24.s6 −43◦00′57.14 18.95± 0.08 20.75± 0.14 1.80± 0.22 0.224 2.6

133 13h25m26.s3 −43◦00′07.03 19.46± 0.08 20.44± 0.12 0.98± 0.20 0.225 2.8

134 13h25m27.s1 −43◦00′34.31 18.79± 0.06 19.03± 0.06 0.24± 0.12 0.225 2.9

135 13h25m17.s0 −42◦59′59.93 19.36± 0.05 21.34± 0.17 1.98± 0.22 0.225 2.4

136 13h25m27.s1 −43◦00′09.63 18.72± 0.06 19.53± 0.08 0.81± 0.14 0.229 2.9

137 13h25m18.s9 −43◦00′32.11 18.97± 0.04 20.05± 0.10 1.08± 0.14 0.236 3.2

138 13h25m26.s6 −43◦00′07.65 18.03± 0.03 17.54± 0.03 −0.49± 0.06 0.237 3.6

139 13h25m25.s4 −43◦00′50.53 19.24± 0.17 21.07± 0.20 1.84± 0.37 0.248 3.5

140 13h25m26.s7 −43◦00′12.39 19.07± 0.11 21.11± 0.20 2.04± 0.31 0.253 2.8

141 13h25m22.s5 −43◦00′36.30 18.92± 0.04 20.55± 0.12 1.63± 0.16 0.253 2.6

142 13h25m23.s2 −43◦00′16.35 19.49± 0.07 21.09± 0.16 1.61± 0.23 0.262 2.8

143 13h25m20.s8 −43◦00′28.98 19.25± 0.06 22.01± 0.26 2.76± 0.32 0.263 3.4

144 13h25m21.s8 −43◦00′43.96 19.40± 0.07 22.27± 0.28 2.86± 0.35 0.267 3.7

145 13h25m23.s9 −43◦00′32.69 18.52± 0.03 19.52± 0.08 1.00± 0.11 0.272 2.8

146 13h25m23.s2 −43◦00′58.07 17.52± 0.02 18.23± 0.04 0.71± 0.06 0.272 2.8

147 13h25m28.s4 −43◦00′16.72 17.24± 0.02 18.01± 0.04 0.77± 0.06 0.273 3.4

148 13h25m18.s1 −43◦00′13.36 18.68± 0.04 20.18± 0.10 1.50± 0.14 0.275 3.0

149 13h25m26.s5 −43◦00′09.72 18.37± 0.05 19.28± 0.07 0.91± 0.12 0.289 3.2

150 13h25m24.s3 −43◦00′34.88 18.96± 0.08 20.57± 0.12 1.61± 0.20 0.297 3.1

151 13h25m23.s0 −43◦00′38.72 19.14± 0.11 21.05± 0.16 1.91± 0.27 0.305 3.1

152 13h25m28.s1 −43◦00′04.73 19.21± 0.10 20.33± 0.11 1.12± 0.21 0.306 3.4

153 13h25m22.s2 −43◦00′36.76 18.86± 0.06 19.92± 0.09 1.06± 0.15 0.317 2.7

154 13h25m28.s0 −43◦00′16.17 17.99± 0.03 18.46± 0.05 0.47± 0.08 0.325 3.5

155 13h25m24.s3 −43◦01′02.98 19.14± 0.09 20.41± 0.12 1.27± 0.21 0.326 2.8

156 13h25m26.s0 −43◦00′54.80 18.85± 0.14 19.98± 0.11 1.13± 0.24 0.337 3.1

157 13h25m22.s9 −43◦00′33.23 19.40± 0.06 21.01± 0.15 1.61± 0.22 0.342 3.3

158 13h25m22.s4 −43◦00′37.48 18.98± 0.06 20.59± 0.13 1.61± 0.19 0.354 2.9

159 13h25m22.s3 −43◦00′30.92 19.18± 0.11 21.58± 0.21 2.40± 0.31 0.391 3.3

160 13h25m27.s9 −43◦00′15.19 18.31± 0.05 18.97± 0.06 0.66± 0.11 0.396 2.9

Cluster ID: 75 and 138 are known star clusters Sersic 13-S and Sersic 13-N, respectively.
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3.3 Results

3.3.1 Colour Distribution

The detection and selection procedure described in § 3.2 yield a sample of 160 star

cluster candidates. However, it is unknown whether any of the star clusters in this

sample have formed from tidal interactions occurring at the centre of NGC 5128

or if they are pre-existing GCs with ages of a few billion years. Fortunately, the

use of SPS models along with information from earlier studies in the literature can

help constrain the age of these star cluster candidates.

Earlier surveys suggest that GCs approximately 5′ away from the centre and neb-

ulae in the dust lane have metallicities ranging between −0.33 ≤ [Fe/H] ≤ 0

(Eckart et al. 1990; Peng et al. 2002; Woodley et al. 2005). Furthermore, studies

by Quillen et al. (1993) and Peng et al. (2002) suggest the merger event com-

menced between 200 - 300 Myrs ago. This age range can be used as an upper

limit for the ages of any newly formed star clusters, and the metallicity range can

be used to contain its chemical abundance. These two parameters can be used as

constraints in SPS models to provide a colour range expected from star clusters

formed from the merger.

Applying these metallicity values and upper age limit to SPS models produced

by Maraston (2007) gave I −H colours < 1.2 for star clusters younger than 250

Myrs. Moreover, both metallicity values have the same I − H colour for an age

of 250 Myrs, and show little variation at younger ages (see Figure 3.4). Figure

3.5 shows a colour-magnitude diagram (CMD) and colour distribution of the star

cluster candidates. The blue and red shaded regions represent candidates with

ages younger and older than 250 Myrs, respectively. The blue candidates have a

mean colour 〈I −H〉 = 0.6±0.1 and the red candidates have 〈I −H〉 = 1.8±0.1.

The total candidate sample has a mean 〈I −H〉 = 1.2± 0.1, corresponding to an

age of ∼ 250 Myrs.

However, it is important to note the affects of extinction on these observed colours.

As discussed in § 3.2.2, the extinction due to the dust lane can redden cluster

candidate colours by I − H = 1.08. Therefore, cluster candidates in our sample

may be bluer than observed. This implies that red cluster candidates in our
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Figure 3.4: Variation of I − H colour for Fe/H = −0.33 and Fe/H = Z�.
SPS models by Maraston (2007) were adopted for this study. An upper age limit
of 250 Myrs was adopted for newly formed star clusters based on the merger
time of NGC 5128. Both metallicities have an I −H colour ∼ 1.2 at this upper
age limit. However, I − H colours obtained from our cluster candidates may
also suffer from extinction due to the dust lane. As an example, I −H colours
at AV = 1 and AV = 2 for these two metallicities are plotted to show the affects
of extinction.

sample may be younger than observed due to high levels of extinction. The affects

of extinction by the dust lane will be discussed further in § 3.4.

It is worth noting that, based on the non-linearity of the model colours as a

function of age, star clusters with colours of I − H ≥ 1.3 can have several ages.

However, the models show that only star clusters younger than 250 Myrs can

produce colours of I − H < 1.2. From the sample of 160 star cluster candidates

56% showed colours corresponding to ages < 250 Myrs.

3.3.2 Luminosity Function

The luminosity function varies for star clusters as they evolve, with newly formed

star clusters in mergers and starburst galaxies showing a magnitude distribution

well fit by a power-law function of dN /dL ∼ Lα where α ≈ -2 (Whitmore et al.

1999; Larsen 2002), while old globular clusters have a luminosity function well

described by a Gaussian function with a peak magnitude of MV = −7.4 and
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Figure 3.5: Colours of star cluster candidates in NGC 5128. Top: Colour-
magnitude diagram of star cluster candidates. The dashed green lines indicate
the applied colour cuts of −0.6 < (I − H)0 < 3.1. Cluster candidates with
colours of I−H < 1.2 are shown in blue, while the red region represents cluster
candidates with colours exceeding I −H > 1.2. From the total cluster sample,
90 cluster candidates have colours corresponding to ages < 250 Myrs. Bottom:
Colour distribution of star cluster candidates using the same colour scheme as
the above diagram. Blue candidates have a mean 〈I −H〉 = 0.6 ± 0.1 and the
red candidates have 〈I −H〉 = 1.8 ± 0.1. The total candidate sample has a
mean 〈I −H〉 = 1.2± 0.1.
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σ = 1.3 mag (Harris, 1991). It is interesting to see how the luminosity function of

our star cluster candidate sample in NGC 5128 behaves. SPS models have shown

that 56% of candidates in our sample are relatively young with ages less than 250

Myrs. Hence, this sample of cluster candidates should show a luminosity function

similar to a power-law function if they are truly young star clusters similar to

those found in other merging galaxies.

The luminosity function for the entire star cluster sample obtained in this study is

shown in Figure 3.6. The distribution of these star clusters is similar to that of a

power-law distribution. Fitting this sample to a single power-law function yields a

slope of α = −2.04±0.15. However, since this sample consists of newly formed star

clusters as well as progenitor clusters with ages greater than the merger time, this

power-law fit does not give a true representation of just the luminosity function for

the newly formed star clusters. Removing red cluster candidates from the sample

and refitting to a power-law provides a slope of α = −1.94± 0.15. Both slopes are

identical within errors.

These slopes are in agreement to those observed from star cluster populations in

other galaxy mergers. While the population of super star clusters in the Antennae

galaxies has a steeper slope of α = −2.35 ± 0.03 (Whitmore et al., 2010), other

star cluster populations from older galaxy mergers such as NGC 3256 and NGC

7252 have shallower slopes of α ≈ −1.8 (Zepf et al. 1999; Miller et al. 1997). In

general, star cluster populations in galaxy mergers and starburst galaxies cover a

broad range of slopes, usually lying between -1.7 and -2.4 (Whitmore, 2003, 2000),

in agreement with the slopes provided here.

Figure 3.6 also shows a Gaussian fit to the red (I − H > 1.3) cluster candidate

population. A mean apparent magnitude of µ = 19.0± 0.1 and dispersion σ = 0.4

is derived from the Gaussian fit. A magnitude turnover of mH = 19.0 provides

a distance modulus of m −M = 28.3, which is in general agreement with other

moduli values determined for NGC 5128 (e.g., Harris et al. 2010). The total

GC population can be determined using the Gaussian nature of the GCLF. An

upper magnitude limit of mH = 19.5 only includes 82% of the total GC population.

Under the assumption that the 70 red cluster candidates in our sample with colours

corresponding to ages exceeding 250 Myrs represent this percentage, the total GC

population in the WFC3 frames is NTot
GC = 85.
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Figure 3.6: Luminosity function of star cluster candidates in the central 3′

region of NGC 5128. Top: Best fit power-law plots of the total candidate sam-
ple (black histogram) and newly formed star cluster candidates (blue hatched
histogram). Both histograms were fit with a power-law of the form dN /dL ∼
Lα. The total candidate population is best fit with a slope of α = −2.04± 0.15
(red dot-dashed line), and the younger candidate population is best fit with
α = −1.94 ± 0.15 (green dashed line). Bottom: magnitude distribution of the
older candidate population (red hatched histogram) and the total candidate
population (black histogram). A gaussian fit to the older candidate population
provides a mean apparent magnitude of µ = 19.0 ± 0.1 and σ = 0.4 (green
dashed line).
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3.3.3 Half-Light Radii of Young and Old Candidates

Sizes of GCs in NGC 5128 has been studied extensively. Of note, Harris et al.

(2006) and Gómez and Woodley (2007) found that GCs with smaller diameters

tend to be found closer to the galactic centre, and these smaller clusters are redder

in appearance and more metal-rich than the larger GCs (Geisler et al., 2008).

Furthermore, van den Bergh (2008) suggest there is a week trend for brighter GCs

to be rounder than fainter ones. Many of these studies were taken at distances of

Rgal > 5′ from the centre of NGC 5128 in order to avoid the difficulty of subtracting

the background galaxy light from the centre due to the complexity of the dust lane.

Therefore, it is interesting to see if the same trends can be observed for GCs in

the inner 3′ region of NGC 5128.

Half-light radii for our star cluster candidates were determined using the ISHAPE

routine, which is implemented in the data reduction package BAOLAB (Larsen,

1999). ISHAPE convolves a user provided PSF with an analytic elliptical profile

for a range of sizes until the best fit between the observed light profile and model

profile is obtained. Standard PSF files were generated using the PSF task in

the DAOPHOT package and stellar objects in the WFC3 frames. A King profile

(King, 1962) with a concentration parameter of 30 has been used for several cluster

surveys and was adopted here (e.g., Mengel et al. 2008; Bastian et al. 2009).

Figure 3.7 shows the distribution of ellipticity ε, and half-light radii re, for the

candidate sample obtained in § 3.3.1 and how these parameters vary with mag-

nitude and galactocentric distance. The colour scheme in this figure separates

the candidates based on their I −H colour. Red denotes candidates with colours

of I − H > 1.3 and blue denotes candidates with colours of I − H < 1.2. The

relationships observed by Gómez and Woodley (2007) and van den Bergh (2008)

for re and ε are also plotted in Figure 3.7.

The red clusters and blue clusters show an average size of 〈re〉 = 3.0 ± 0.3 pc,

slightly smaller than the average GC radii of 4 pc observed at Rgal > 5′ by Harris

et al. (2006) and Geisler et al. (2007) but in agreement with their findings that

smaller clusters are located closer to the galactic centre. Both red and blue pop-

ulations have an average ellipticity of 〈ε〉 = 0.12 ± 0.01. These candidates are

flatter than GCs observed by Rejkuba (2001) and Harris et al. (2006) which have

a mean value of 〈ε〉 = 0.07± 0.01 and 〈ε〉 = 0.08± 0.01, respectively. Simulations

by Akiyama (1991) have shown that star clusters become rounder with age due
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to gravothermal contraction in the inner regions of these clusters and the tidal

stripping of stars in the outer regions. Therefore, since the young (< 250 Myr)

clusters in our sample have not evolved as much as the old (3 - 5 Gyr) GCs ob-

served by Rejkuba (2001) and Harris et al. (2006), they are expected to be flatter.

This may also explain the high ε values of the red cluster population. Many of

these red cluster candidates may be young blue star clusters suffering from high

extinction. A significant presence of young star clusters will result in a higher

average ellipticity for the red cluster population.

The travelling median plots in Figure 3.7 show no correlation of the ellipticity of

blue and red clusters to increase with either magnitude or galactocentric distance.

There is a weak trend of cluster size to increase with H band apparent magnitude,

more so for the red candidate population. However, neither population show any

correlation between size and galactocentric distance.

The lack of correlation between ellipticity and magnitude/galactocentric distance

could be due to three reasons: (1) removal of some progenitor GCs after sub-

traction of galaxy light from the H band frame, (2) tidal interactions due to the

merger that may have disrupted some progenitor GCs, (3) There was no initial

intrinsic correlation between these parameters in the central region of NGC 5128.

To test if progenitor GCs were removed during the galaxy light subtraction proce-

dure, the task IRAF/MKOBJECTS was used to apply 100 artificial star clusters

of varying magnitudes, ellipticities and distances from the galactic centre to the H

band frame before the galaxy light subtraction procedure described in § 3.2.1. A

magnitude range of 14.5 < mH < 19.5 was applied to these artificial star clusters.

Ellipticities ranged between ε = 0 - 0.3, as observed by van den Bergh (2008), and

galactocentric distances ranged between 0 - 2′. Artificial GCs were distributed to

increase in ellipticity with decreasing magnitude and increasing galactocentric dis-

tance. Galaxy light was then subtracted using the procedure described in § 3.2.1,

and artificial GCs were detected using the selection procedure described in § 3.2.2.

A total of 92 artificial star clusters were retrieved from our selection procedure.

Moreover, these artificial clusters retained the input distribution of increasing

ellipticity with increasing magnitude/galactocentric distance. This result suggests

the lack of correlation between ellipticity and magnitude/galactocentric distance

in our sample of star cluster candidates is not due to the galaxy light subtraction

procedure applied in § 3.2.1. Instead the lack of correlation suggests there was
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Figure 3.7: Physical properties of star cluster candidates. Top: Variation of
apparent magnitude with star cluster ε (left) and re (right). Blue circles/lines
represent candidates with ages < 250 Myrs, while red circles/lines represent
ages > 250 Myrs for all panels. The lower line plots show the travelling median
values for ε and re. Shaded blue and red regions mark ±1σ error of the mean.
The black dashed line represents the best-line fit by van den Bergh (2008) to
their GC sample. Middle: Same as top but now showing how the galactocentric
distance of these candidates vary with their ε and re. The black dashed line
represents a power-law of the form re = c(Rgal)

α derived by Gómez and Woodley
(2007), where c = 2.76 and α = 0.26. Bottom: Distribution of ε and re values
plotted as histograms.
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no initial correlation between these parameters or tidal interactions around NGC

5128 have distrupted this correlation.

It is difficult to distinguish between these two scenarios. If tidal interactions

between the elliptical galaxy and the dust lane are responsible for the lack of cor-

relation between ellipticity and magnitude/galactocentric distance, then pockets

of star forming regions may have been produced throughout the central region of

NGC 5128. Tidal interactions may have also altered the location of some of the

initial population of GCs in the centre. Hence, any initial relationship between star

cluster size and galactocentric distance would have been disrupted. Furthermore,

a new population of star clusters are likely to be brighter than the progenitor GCs

and be of similar size (Gilbert and Graham 2007; Whitmore et al. 2010). Hence,

any initial correlation between magnitude and galactocentric distance will also

have been disrupted.

3.4 Discussion

Analysis of the central 3′ region of NGC 5128 has yielded a population of 160 star

cluster candidates, defined using colour and magnitude cuts, and ellipticity and

FWHM constraints. Under the assumption that cluster metallicities range between

−0.33 ≤ [Fe/H] ≤ 0, SPS models were used to determine ages of individual star

clusters in the sample based on their I − H colour. These models indicate that

star clusters with colours of I −H < 1.2 have ages less than 250 Myrs, and could

have been formed from the tidal interactions taking place at the centre of NGC

5128 due to the recent merger event, which is estimated to have an age between 2

- 8×108 years (Malin et al. 1983; Sparke 1996; Peng et al. 2002).

Approximately 56% of the candidates in this sample show bluer colours than

I −H = 1.2, and therefore could be newly formed star clusters produced by the

tidal interactions. Furthermore, 63 candidates showed colours corresponding to

ages greater than 200 Myrs. If these blue candidates are indeed star clusters then

they have likely survived the early stages of cluster evolution, where stellar winds

and tidal shocks play a pivotal role in star cluster disruption, and may evolve into

bound GCs (Lada and Lada 2003; Kruijssen 2012). However, our sample of cluster

candidates may be heavily reddened due to the dust lane, which has an extinction

ranging between AV = 0 - 3 mag (Simpson and Meadows, 1998). Therefore bluer
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Figure 3.8: Distribution of star cluster candidates in NGC 5128. Our cluster
sample is overlaid on a HST/WFC3 mosaic. Blue circles represent star clusters
with colours of I −H < 1.2 and red circles represent star clusters with colours
of I −H > 1.3. The cyan dashed box covers a region abundant in young star
clusters. This region is already known to contain two very young (< 6 Myr)
star clusters, Sersic 13-N and Sersic 13-S, both of which formed from a large HII
region known as Sersic 13 (Villegas et al., 2005). The yellow grid represents I−H
colours in different regions of the dust lane, measured using IRAF/POLYPHOT.
Redder regions in the grid may represent areas of high extinction. Cluster
candidates in red dust lane regions often have red (I−H > 1.3) colours. Hence,
these cluster candidates may be bluer than observed. There are also red regions
of the dust lane that contain blue (I − H < 1.2) cluster candidates. Both
cluster populations in these regions may be younger than observed due to the
high extinction levels present.

cluster candidates may represent low extinction windows in the dust lane, while

red cluster candidates may appear red due to high extinction.

In order to determine how extinction affects cluster candidate colours, the task

IRAF/POLYPHOT was used to measure I−H colours for different regions of the

dust lane. Redder regions in the dust lane will likely represent higher levels of

extinction. These colours were then compared to cluster candidate colours in the

same region to determine if a correlation exists. Figure 3.8 shows the distribution

of our cluster candidates and the varying colours of the dust lane. I −H colours
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obtained for different regions of the dust lane are labelled in green. There are

several red cluster candidates in our sample that are in regions of high extinction.

Hence, these candidates may be bluer and younger than observed in this survey.

However, this also applies to several blue cluster candidates that are also located

in regions of high extinction. Therefore, the ages derived in our survey can be

taken as upper limits for our cluster candidate sample.

The luminosity function of these bluer candidates provides indirect evidence for

the presence of newly formed star clusters in NGC 5128. Young (. 500 Myr) star

clusters in other galaxy mergers have luminosity functions well fit by a power-

law of the form dN /dL ∼ Lα where α ≈ -2 (Goudfrooij et al. 2001b; Larsen

2002; Mengel et al. 2005). Both the bluer candidate population and total sample

luminosity functions are well fit by this power-law and have slopes of α ≈ -2.

However, neither the bluer candidate population or the total candidate sample

show a bend in their luminosity function, a feature that has been observed by

Gieles et al. (2006a) for young star clusters in M51, NGC 6946 and the Antennae.

Gieles et al. (2006a) conclude a break should appear in the power-law luminosity

function of young star clusters due to their truncating mass function. Furthermore,

they find the cluster luminosity function is better described by a double power-

law fit or Schechter function. A possible reason to explain why this bend is not

observed from the star cluster sample presented here is likely due to statistics. The

bend observed by Gieles et al. (2006a) occurs at MV ≈ −10, which corresponds to

a H band apparent magnitude of mH ∼ 15. None of the candidates in the NGC

5128 cluster sample extend to this bright magnitude, hence no bend is observed

(see Figure 3.6). Gieles et al. (2006a) find a similar reason for the absence of this

bend in the luminosity function from star clusters in the Magellanic Clouds and

NGC 5236, which are better described by a single power-law fit.

Many of the blue star cluster candidates appear ∼ 600 parsecs north of the centre

of NGC 5128 (see Figure 3.8). These star clusters may have formed from the giant

HII cloud inhabiting that region, known as Sersic 13. Two of these star cluster

candidates have already been confirmed as bona fide star clusters and are located

in the northern and southern region of Sersic 13, respectively (Minniti et al. 2004;

Villegas et al. 2005). Known as Sersic 13-N and Sersic 13-S, spectral surveys of

these two star clusters by Minniti et al. (2004) have shown the presence of Wolf-

Rayet stars in both clusters, indicating a young age of a few Myrs. Photometric

analysis by Villegas et al. (2005) suggest these star clusters have ages between 3.9
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Target Our Survey Villegas et al. (2005)
I −H ε re (pc) ε re (pc)

Sersic 13-N −0.49± 0.06 0.24± 0.01 3.2± 0.3 0.23 3.5
Sersic 13-S 0.04± 0.03 0.11± 0.01 3.6± 0.3 0.09 3.9

Blue sample 0.52± 0.14 0.12± 0.01 3.0± 0.3

Table 3.2: Comparison between star cluster properties from this survey and
those obtained by Villegas et al. (2005).

- 5.9 Myrs. Both surveys report Sersic 13-S to be older than Sersic 13-N, with the

latter showing bluer colours and the presence of nebular emission lines.

The I−H colours obtained from these two star clusters provide an age of less than

1 Myr for Sersic 13-N and ∼ 2 Myrs the Sersic 13-S cluster. However, the SPS

models used in this survey do not include nebular emission, which is important

at very young ages. Therefore, the ages derived in our study for Sersic 13-N and

Sersic 13-S can only be taken as estimates. Sersic 13-N is the bluest cluster in the

candidate sample with a colour of I −H = −0.49 ± 0.06 while Sersic 13-S has a

redder colour of I −H = 0.04 ± 0.03, appearing slightly brighter in the H band.

Villegas et al. (2005) suggest that Sersic 13-S has a redder appearance possibly

because it is further away from us than Sersic 13-N and its light is passing through

a larger amount of gas and is more significantly scattered. While it is possible

for Sersic 13-S to be further away than Sersic 13-N, neither I band or H band

frames show any dust regions obscuring the light from either of these star clusters.

Furthermore, Minniti et al. (2004) observe stronger Wolf-Rayet features in Sersic

13-S compared to Sersic 13-N, suggesting a larger number of Wolf-Rayet stars in

Sersic 13-S than Sersic 13-N. Stellar winds from these massive stars will have likely

expelled any gas from Sersic 13-S that was unresolved in the I and H band frames

(Boily and Kroupa, 2003).

The presence of two bona fide star clusters in the sample presented here allow

comparisons to be made with the remaining star cluster candidates. Table 3.2 lists

the parameters determined for the Sersic star clusters in the literature compared

to the values derived for them from our investigation, and values derived for the

remaining candidate sample.

Slightly smaller values for size were obtained in this survey compared to those by

Villegas et al. (2005). The difference in size is possibly due to their frames having

a slightly better spatial resolution of 0.1′′/pixel compared to the 0.13′′/pixel H

band frame used in our survey. Ellipticities of εS13N = 0.24 ± 0.01 and εS13S =
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0.11± 0.01 were also obtained in our study and are in agreement with those from

Villegas et al. (2005). The other blue star cluster candidates have a mean size of

〈re〉 = 3.0 ± 0.3 pc and mean ellipticity 〈ε〉 = 0.12 ± 0.01, although peaking at

ε = 0.06. The difference in mean and peak ellipticity values suggest that while the

majority of objects are quite round, there are a number of elongated star clusters

in the candidate sample. There is no correlation between cluster age and ellipticity

however, as the values listed in Table 3.1 show the candidate I −H colour varies

randomly with ε.

The sizes of the blue candidates are somewhat smaller than those observed from

young star clusters in other mergers of similar age such as NGC 3921 and NGC

7252, both of which have star clusters with average sizes ∼ 5 - 7 pc (Schweizer

et al. 1996; Bastian et al. 2013c). However, the sizes of these blue candidates are

in good agreement with the average size of GCs in the Galaxy, which have a mean

value of 〈re〉 = 3 pc (Djorgovski, 1993). In essence, any star cluster with ≥ 104

stars, and re ≤ 10 pc is likely to be bound if it has an age 10 - 20 core-crossing

times, tcr (Schweizer et al., 2004). Given that the blue candidate sample have

sizes similar to GCs in the Galaxy, one can assume that they have similar crossing

times of tcr ∼ few Myrs (Meylan and Heggie, 1997). As mentioned earlier, 63 blue

candidates show colours corresponding to ages greater than 200 Myrs and so have

ages exceeding 50 tcr. Hence, these candidates are likely bound.

3.4.1 Formation vs Destruction of Star Clusters

An important open question in the evolution of star cluster populations is whether

tidal interactions between merging galaxies destroy more star clusters than are

formed. Simulations by Kruijssen et al. (2012) show that the dynamical heating

of star clusters by tidal shocks, which are about an order of magnitude stronger in

merging galaxies than in isolated galaxies, is sufficient to destroy star clusters at

a higher rate than new clusters are being formed. Thus, the total number of star

clusters in a galaxy merger may actually decrease due to the merging process.

Tidal shocks in high gas density environments are known to have a disruptive effect

on star clusters (e.g., Gieles et al. 2006c). However, the destruction rate of star

clusters decreases with increasing cluster mass and density (Spitzer 1987; Lamers

et al. 2005), hence low-mass star clusters are preferentially disrupted while the

brightest and therefore most massive star clusters are least affected by disruption.
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This implies that the effects of star cluster disruption may largely go unnoticed

in observations due to observational selection effects which tend to sample the

brightest star clusters.

The star cluster sample presented here can be used to determine a very crude

estimate of how disruptive tidal interactions in NGC 5128 may have been to the

progenitor GC population at the centre. By comparing the number of detected star

clusters to those expected from an extrapolation of the old GC cluster population

at larger galactocentric radii, one can determine whether the effect of tidal shocks

due to the merger in NGC 5128 has destroyed more star clusters than it has

formed.

The radial distribution of GCs in isolated galaxies approximately follow a power-

law profile of the form n ∼ R−α, where n is the number of GCs at a radius R from

the galactic centre (Harris et al., 2004). The value of α roughly correlates with

galaxy luminosity in the sense that luminous elliptical galaxies show shallower

values of α than spirals (Harris 1993; Kaisler et al. 1996; Woodworth and Harris

2000). Photometric studies of GCs in NGC 5128 by Harris et al. (2004) and Harris

et al. (2006) found the radial distribution to follow a power-law with α ∼ 2.

Harris et al. (2006) used this trend to determine a crude estimate of the GC

population within 3′ of the centre of NGC 5128 in their HST/ACS V band frame,

finding a population of 190±14 GCs. Unlike the survey presented here, Harris et al.

(2006) observed GCs to the faint end of the standard GCLF. They also applied

similar selection criteria to those presented in § 3.2.2, with the exception of a

colour constraint of −0.6 < (I −H) < 3.1. This colour constraint had little affect

on our candidate sample once they passed the other selection criteria, removing

only 2 objects from the candidate sample. Hence, a GC value of Nexp = 190± 14

can be adopted as the number of GCs expected in the WFC3 frames used here.

From the sample of star cluster candidates obtained in § 3.2.2, 90 showed colours

corresponding to ages younger than the estimated merger time, while the remain-

ing 70 candidates may be progenitor GCs. However, as shown in § 3.3.2, the

applied magnitude constraint did not sample old GCs at the faint end of the

GCLF, and detected only 82% of the total GC population. The total old GC pop-

ulation in the WFC3 frames is NTot
GC = 85, giving a total sample of Nobs = 175±14

star clusters present at the centre of NGC 5128. Hence, the observed population

accounts for 90% of the expected population.
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It is possible that some star clusters were also subtracted with the galaxy light due

to over subtraction. To test the plausibility of this query, 190 artificial clusters

with similar parameters to the detected cluster sample were randomly distributed

on the raw H band frame. The galaxy light subtraction method from § 3.2.1 was

then performed on this frame, and the detection and selection methods discussed

in § 3.2.2 were then applied. 176 artificial clusters were retrieved from the galaxy

light subtracted H band frame. Hence, 14 star clusters are added to the observed

sample to account for loss due to the applied galaxy light subtraction method,

giving a total observed sample of 189 ± 14. This suggests our observed cluster

population can account for the expected cluster population. Therefore, in contrast

to simulations by Kruijssen et al. (2012), our results suggest that tidal interactions

do not destroy more star clusters than they produce. Furthermore, given that the

extinction in some parts of the dust lane may be as high as AV = 7 (Schreier

et al., 1996), the centre of NGC 5128 may harbour more star clusters than were

observed in our survey.

3.5 Conclusion

High spatial resolution images of the central 3′ region of NGC 5128 were obtained

using the Wide Field Camera 3 (WFC3) on board the HST to investigate whether

the tidal interactions due to the merger have produced a new population of star

clusters. A sample of 160 star cluster candidates were detected based on magnitude

and colour cuts, and physical parameters expected from star clusters.

• SPS models indicate that 56% of these star cluster candidates are younger

than 250 Myrs, based on their I − H colours. The youngest of these blue

candidates have ages between 1 - 10 Myrs, and are found around Sersic

13, a giant HII cloud known for producing at least 2 young (1 - 6 Myr)

star clusters (Minniti et al., 2004). The abundance of these blue candidates

supports the possibility that tidal interactions from the merger may have

produced an array of new star clusters. Indirect evidence further supporting

this possibility comes from the power-law luminosity function of these blue

candidates, which is typically observed from young star cluster populations.

• These star cluster candidates are not as large as young star clusters in other

mergers of similar age, such as NGC 3921 and NGC 7252, which have average
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sizes between 5 - 7 pc (i.e., twice as large as seen in NGC 5128). It is possible

that the smaller sizes observed here are due to lower gas pressures involved.

• Our observed cluster population is in rough agreement with the total GC

population expected at the centre of NGC 5128. We suspect more star clus-

ters may be present at the centre but were not observed in our survey due to

the high extinction affects of the dust lane. Our findings are in disagreement

with simulations by Kruijssen et al. (2012) which show that tidal shocks in

mergers destroy more star clusters than they form. A comparison between

observed and expected star cluster populations in other galaxy mergers are

required to shed light on this debate.



Chapter 4
The Antennae: NGC 4038/4039

4.1 Introduction

The Antennae (Figure 4.1) consists of two disturbed spiral galaxies (NGC 4038 /

NGC 4039) and is one of the youngest and closest examples of a pair of merging

disk galaxies in the Toomre (1977) sequence. Dynamical models estimate a time

lapse of roughly 200 Myrs since the last pericentre passage (Barnes, 1988), which

is also when the tidal tails formed (Whitmore et al., 1999). Models suggest that

the merger will be complete within ∼ 100 Myrs (Mihos et al., 1993). The merging

process has produced a high global star formation rate for the Antennae, estimated

to be 20 M� yr−1 (Zhang et al., 2001).

HST observations of the Antennae by Whitmore and Schweizer (1995) and Whit-

more et al. (1999) led to the discovery of a large population of compact star clus-

ters, often referred to as super star clusters (SSCs), with a variety of ages. Since

then the Antennae has been observed in virtually all bands (e.g., Wilson et al. 2000;

Mengel et al. 2005; Hibbard et al. 2005; Fabbiano et al. 2003). Nearly 8000 star

clusters were identified by Whitmore and Schweizer (1995) using HST/WFPC2,

the faintest and reddest of which were revealed to be bright near-infrared and mid-

infrared emitters, and contain the youngest stars (Wang et al. 2004; Brandl et al.

2005; Snijders et al. 2006). Indeed, many of the star clusters are embedded in

dust/gas clouds, making near-infrared observations particularly powerful. Near-

infrared broad-band imaging by Mengel et al. (2005) identified over a thousand

young star clusters.

71
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The age distribution of the star cluster population in the Antennae can be loosely

divided into four groups: < 20 Myr, ∼ 100 Myr, ∼ 500 Myr, and a population of

possible progenitor globular clusters exceeding ages of 1 Gyr, indicating multiple

periods of star formation since the merging process began (Whitmore et al., 1999).

Furthermore, the clusters formed recently from the merger are seen to follow a

power-law luminosity function of the form dN /dL ∼ Lα where α ≈ -2 and have a

truncated power-law mass function of the form dN /dM ∼Mβ exp
(
− M

Mc

)
where

β ≈ -2 and Mc & 106 M� (Gieles et al. 2006b; Bastian 2008; Whitmore et al.

2010).

Many of the above studies relied on photometric data, with relatively few using

spectroscopic analysis. While observationally time intensive, spectroscopic surveys

are extremely powerful as they provide far more information about the properties

of a star cluster than photometric data can provide. Hence, the survey presented in

this chapter uses near-infrared spectroscopic data from the recently commissioned

KMOS Multi-object Integral Field Spectrometer at the ESO Very Large Telescope

(VLT) (Sharples et al., 2010, 2013). This instrument comprises of 24 arms which

can be positioned so as to cover almost any combination of objects within a 7.2′

patrol field. Each arm is an integral field unit (IFU) with a field of view of

2.8′′×2.8′′ and a sampling of 0.2′′/pixel. KMOS is designed so that 8 IFU arms are

fed into a single spectrograph and have their light dispersed onto a single detector.

Thus, in total KMOS consists of 3 spectrographs and 3 detectors. KMOS observes

a wavelength range of 0.8 - 2.5µm, which is divided into 5 gratings: IZ, YJ, H,

K, and HK. The spectral resolution provided by KMOS is ∼ 3000 depending

on the grating being observed. Table 4.2 provides further information of the

capabilities of KMOS. The multiple IFUs of KMOS enable many star clusters

to be observed simultaneously, thus improving the efficiency of the spectroscopic

survey. Observations in the near-infrared also permit coverage of areas of high

extinction in the Antennae, which are obscured in the optical.

A spectroscopic survey of a sample of 47 star clusters was taken over a 12 night

period during the commissioning phase of KMOS between January and April 2013.

Spectra were taken in the YJ, H, K, and HK bands with intermediate spectral

resolution (∼ 2000 - 3800; see Table 4.2 for further information). Whitmore et al.

(2010) divided the Antennae galaxies into 18 star-forming knots, of which 16 were

observed in the study presented here.
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There has been some debate in the literature about the distance to the Antennae.

Under the assumption that Ho = 72 kms−1Mpc−1, the recession velocity of the

merger provides a distance of 19.2 Mpc (Whitmore et al., 1999). However, distance

measurements using the tip of the red giant branch have suggested a much closer

distance of 13.3 Mpc (Saviane et al., 2008), while measurements using the Type

Ia supernova 2007sr have given a distance of 22.3 Mpc (Schweizer et al., 2008).

A distance of 19.2 Mpc is adopted for the work presented here as it is the most

commonly used distance in the literature and provides a direct comparison between

results.

The star cluster sample and data reduction procedures are introduced in § 4.2.

Stellar population synthesis models used for analysis and derived cluster properties

are presented in § 4.3. Implications from these derived properties are discussed in

§ 4.4, and conclusions follow in § 4.5.

4.2 Data Reduction

4.2.1 Cluster Catalogue

The star clusters studied in this survey were selected from catalogues produced

from earlier near-infrared spectral observations of star clusters in the Antennae

(Gilbert and Graham 2007; Christopher 2008; Greissl et al. 2010), as well as optical

spectral observations (Bastian et al., 2009) and optical photometric observations

(Whitmore et al., 1999, 2010). Previous spectroscopic surveys of Antennae star

clusters have generally focused on small samples of only a few clusters observed

with high (λ/δλ > 7500) spectral resolution, or low (λ/δλ ∼ 1500) resolution ob-

servations of many (> 20) clusters. While high resolution spectroscopy of several

star clusters provides detailed spectra, it does not provide a complete census of

the star-forming regions in the Antennae. This is critical for understanding the

formation and evolution of young massive star clusters in galaxy mergers. Obser-

vations of a large sample of star clusters throughout the star-forming regions of

the Antennae will give a better insight into their properties, such as age, mass,

metallicity, and how they vary with location. The work presented here consists

of medium (λ/δλ ∼ 2000 - 3800) resolution spectroscopy of a large sample of star

clusters located throughout the major star-forming regions in the Antennae. This
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Figure 4.2: Absolute K band magnitude distribution of star cluster targets in
the Antennae. The average magnitude of our sample is MK = −15 mag.

sample will give a direct comparison between variation in cluster properties with

environment, and therefore help evaluate how star clusters form and evolve within

a galaxy merger.

An initial sample of 84 star cluster candidates was compiled from the litera-

ture. For the sake of comparison, star clusters previously observed with NIR

spectroscopy were then prioritised. Star clusters with optical spectra were given

medium priority, while those with only photometric data were given lowest pri-

ority. The KMOS arms were then allocated using this prioritised catalogue and

evenly distributed throughout the star-forming regions in the Antennae. This se-

lection criteria produced a final sample of 47 star clusters for which near-infrared

spectra were obtained. 26 star clusters were observed in the H, K and HK gratings,

and 30 were observed in the YJ grating. 9 star clusters were observed in all these

gratings. Target IDs and their basic parameters are given in Table 4.1.

Figure 4.3 shows the pointings of each of the 47 clusters in the sample overlaid

on top of a HST/WFC3 frame of the Antennae in the F110W and F160W bands

(Whitmore et al., 2010). Star clusters are colour-coded based on the bands in
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Figure 4.3: KMOS cluster targets in the Antennae. A total of 47 clusters
were observed using KMOS. 26 star clusters were observed in the H, K and
HK gratings, and 30 were observed in the YJ grating. The green circles in this
figure represent star clusters observed with the YJ grating, and the red circles
represent those observed with the H, K, and HK gratings. 9 star clusters were
observed in all these gratings and are shown as the blue circles. A single KMOS
IFU coverage is shown by the black box.

which they were observed. Green clusters have been observed in the YJ band,

and red clusters have been in the H and K bands. The blue clusters have been

observed in both bands. The spatial coverage of a single KMOS IFU (2.8′′× 2.8′′)

is also shown in this figure, represented by the black box. As shown in Figure 4.3,

the cluster sample is well distributed throughout the Antennae.
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Target Other names αJ2000 δJ2000 mK Observation band
Antennae 12h01m53.s40 −18◦52′25′′ 7.2

S1 B111 12h01m53.s27 −18◦51′37.′′46 19.9∗ H,K,HK
S2 B130 12h01m55.s27 −18◦51′37.′′07 19.1∗ H,K,HK
S3 B299 12h01m52.s35 −18◦53′18.′′70 18.4∗ YJ
S4 B324 12h01m51.s93 −18◦52′30.′′40 18.6∗ H,K,HK
S5 B352 12h01m52.s91 −18◦52′08.′′92 17.2∗ YJ
S6 B367 12h01m54.s63 −18◦52′11.′′32 18.4∗ YJ,H,K,HK
S7 C14, B270 12h01m53.s24 −18◦53′06.′′09 16.0 YJ
S8 C17 12h01m53.s35 −18◦53′05.′′51 16.1 YJ,H,K,HK
S9 C41 12h01m51.s25 −18◦52′34.′′08 16.1 H,K,HK
S10 C49 12h01m51.s06 −18◦52′29.′′34 15.5 YJ
S11 C54 12h01m51.s79 −18◦52′26.′′43 15.8 YJ
S12 C55 12h01m51.s90 −18◦52′26.′′71 15.8 YJ
S13 C61 12h01m50.s46 −18◦52′21.′′98 15.0 YJ
S14 C62 12h01m52.s10 −18◦52′20.′′88 16.0 H,K,HK
S15 C63 12h01m50.s41 −18◦52′20.′′86 15.1 YJ,H,K,HK
S16 C65 12h01m52.s24 −18◦52′19.′′04 16.0 H,K,HK
S17 C68 12h01m50.s31 −18◦52′19.′′56 16.1 YJ,H,K,HK
S18 C82, W36731 12h01m55.s89 −18◦52′11.′′41 14.9 YJ,H,K,HK
S19 C85 12h01m55.s94 −18◦52′10.′′72 14.9 YJ,H,K,HK
S20 C87 12h01m52.s97 −18◦52′11.′′71 15.1 H,K,HK
S21 C88, B343 12h01m50.s40 −18◦52′05.′′27 15.5 YJ,H,K,HK
S22 C90 12h01m50.s50 −18◦52′04.′′17 15.7 YJ,H,K,HK
S23 C97, W46102 12h01m53.s14 −18◦51′54.′′93 15.5 H,K,HK
S24 C108 12h01m51.s29 −18◦51′43.′′61 14.7 YJ
S25 C109 12h01m51.s16 −18◦51′42.′′64 16.3 YJ,H,K,HK
S26 GB, C19, W15466, G89/90 12h01m54.s54 −18◦53′03.′′21 14.5 YJ
S27 GB1, C15, W14612 12h01m54.s93 −18◦53′05.′′83 14.7 H,K,HK
S28 GC, C26, W18848 12h01m54.s73 −18◦52′51.′′31 15.2 H,K,HK
S29 GD, C29, W19330 12h01m55.s32 −18◦52′49.′′33 15.4 H,K,HK
S30 GE2, C48, W25439 12h01m55.s21 −18◦52′29.′′77 15.6 YJ
S31 GE3, C42, W24126 12h01m54.s78 −18◦52′33.′′07 17.1 H,K,HK
S32 GE4, W28435 12h01m55.s40 −18◦52′24.′′24 15.7 H,K,HK
S33 GE5, W29516 12h01m55.s53 −18◦52′22.′′56 15.3 H,K,HK
S34 GF 12h01m55.s33 −18◦52′17.′′87 15.9 YJ
S35 GF1 12h01m55.s19 −18◦52′15.′′80 15.7 H,K,HK
S36 W11721 12h01m54.s95 −18◦53′14.′′48 17.0 YJ
S37 W15398 12h01m54.s43 −18◦53′03.′′62 16.8 YJ
S38 W21464 12h01m55.s04 −18◦52′41.′′00 17.7 YJ
S39 W22079 12h01m56.s28 −18◦52′39.′′02 17.7 YJ
S40 W28556 12h01m53.s02 −18◦52′24.′′07 16.8 H,K,HK
S41 W29090 12h01m55.s53 −18◦52′22.′′23 17.5 YJ
S42 W30673 12h01m56.s10 −18◦52′20.′′81 17.8 YJ
S43 W31216 12h01m56.s13 −18◦52′19.′′97 17.9 YJ
S44 W33331 12h01m55.s09 −18◦52′16.′′78 16.7 YJ
S45 W40436 12h01m55.s29 −18◦52′05.′′65 17.8 H,K,HK
S46 W45889 12h01m54.s20 −18◦51′55.′′30 17.3 YJ
S47 W50277 12h01m54.s80 −18◦51′46.′′92 17.2 YJ

Table 4.1: Basic parameters for Antennae star clusters. Targets were selected
from the literature. Target names beginning with ‘B’ are from Bastian et al.
(2009), those beginning with ‘C’ are from Christopher (2008), ‘G’ are from
Gilbert and Graham (2007), and ‘W’ are from Whitmore et al. (2010). Target
GB, also known as G89/90, was observed by Greissl et al. (2010). Cluster
coordinates are taken from the HST/WFC3 world coordinate system. The fifth
column gives the apparent K band magnitudes for these clusters which were also
taken from the aforementioned literature. However, apparent magnitudes with
an asterisk superscript were converted from the I band using spectral model fits
from Starburst99 stellar population synthesis models. The last column presents
the wavebands each cluster was observed in.
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4.2.2 Spectral Observations

Spectra were obtained at medium (∼ 3400 - 3800) resolution for the H, K, and

YJ gratings provided by KMOS. Spectra were also taken in the HK observing

mode, which has a lower spectral resolution of λ/δλ ∼ 2000. 26 star clusters

were observed in the H, K, and HK bands, and 30 clusters in the YJ observing

band (1.03 - 1.34µm). Table 4.2 provides a summary of the observation dates and

exposure times.

The KMOS Arm Allocator software (KARMA) was used to allocate arms to indi-

vidual targets (Wegner and Muschielok, 2008). Cluster coordinates were uploaded

to the software and arms were assigned using a combination of built-in allocation

algorithms and manual allocation to star cluster targets. Figure 4.4 shows an

example of the KARMA graphical interface during arm allocation for the H, K

and HK observations. The observation mode for all bands was set to Free-dither,

which moved the telescope between two positions while keeping the arm positions

fixed. This allowed the arms to switch between star cluster targets and a nearby

sky background position (typically 20′′ away from cluster targets). The switch

between cluster target and sky positions typically occurred after 5 - 20 minutes

of target observation. This ensured that reliable sky background measurements

were available for data reduction. In addition, the Free-dither mode moved the

IFUs around the cluster targets and background positions in a pre-defined dither

pattern. These small offsets (2.7′′) ensured different pixels on the IFU array were

used for the same target, which is particularly useful for improving flat fielding of

faint sources.

Of the 24 available KMOS IFUs, arms 11, 13 and 22 were fixed on regions devoid

of star clusters and bright objects for the H, K and HK observations. Arms 1, 11,

20 and 23 were also fixed at similar positions for YJ observations. These arms

were used to improve sky subtraction by making simultaneous observations of the

local background.
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Figure 4.4: Selecting star clusters in the Antennae galaxies using KARMA for
H, K and HK observing modes. Crosses represent star clusters targeted for these
observations, diamonds represent reference stars used to align the telescope and
instrument, and squares represent all sky observations. The blue and green arms
represent the top and bottom layers of the KMOS IFUs, respectively. Each IFU
has a spatial coverage of 2.8′′×2.8′′, which corresponds to an area of ∼ 0.07 kpc2

at the distance of the Antennae. The 24 small images on the right show the
coverage of each IFU. The background image is a HST/WFC3 F110W/F160W
image with a spatial resolution of 0.′′1. The smaller images on the right are
therefore not representative of the typical VLT near-infrared seeing of FWHM
∼ 0.′′7.
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4.2.3 Processing KMOS Datasets

A single KMOS integration produces three data frames stacked in three extensions

of a single file, each of which are 2048× 2048 pixels in size. Each frame/extension

represents data recorded from one near-infrared detector. KMOS consists of three

detectors, with 8 IFUs assigned to each detector. Each IFU consists of 14 slices,

with approximately 14 detector pixels across each slice. Figure 4.5 shows the

typical appearance of one of these raw datasets.

Each observation night in Table 4.2 typically consists of half a dozen KMOS in-

tegrations as the Free-dither mode switched the IFUs between object and sky

positions multiple times throughout a single night. Calibration frames, namely

dark, flatfield, arc and standard star frames, were taken before and after each sci-

ence observation. These also consisted of several KMOS integrations at different

instrument rotator angles to minimise flexure effects.

Figure 4.5: Illustrative layout of KMOS raw dataset. Top: H band images
of arc lines from all three detectors, illustrating how data are arranged on the
detectors. The curved black lines across each detector are the arc lines. There
are 8 IFUs across each detector or 112 slices. The wavelength axis is in the
vertical direction, with longer wavelengths at the top and shorter wavelengths
at the bottom. The horizontal axis denotes spatial position. Bottom: Closer
inspection of a section of one image. Each IFU is divided into 14 slitlets across
the spatial axis. Each slitlet covers approximately 14 pixels.
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4.2.3.1 Processing Calibration Frames

Recipes from the ESO SPARK data reduction package (Davies et al., 2013) were

used to process these raw frames. Calibration of the KMOS datasets can be sum-

marized as three procedures: (1) correct variations in pixel gain on each detector

and spatial variations in throughput of the instrument (i.e., flat-fielding); (2) map

each measured value on the detector to a spatial/spectral location in a recon-

structed cube; (3) correct for spectral variations in atmospheric and instrument

transmission, and apply a flux calibration.

Flat-fielding is a two-step procedure. First, raw dark frames were used to identify

hot pixels. This was achieved using the kmo dark recipe, which outputs a bad

pixel mask for any flagged bad pixels and a mean dark frame and noise map. The

second phase utilised the kmo flat recipe to identify cold pixels in the raw flatfield

frames based on their low flux. This recipe output a bad pixel mask combining

the bad pixels identified from both dark and flatfield frames, as well as a mean

flatfield frame and noise map.

In addition to the bad pixels file and mean flatfield frames, the kmo flat recipe

produced a set of x and y calibration frames. These are used to assign a spatial

location to each measured value on the detector, and are used in conjunction

with raw arc frames and a reference arc lines file to produce a spectral calibration

frame using the recipe kmo wave cal. Arc frames are obtained using observations

of Argon or Neon wavelength calibration lamps. kmo wave cal produces a spectral

calibration frame by first searching for known emission lines from these elements

using the list of reference arc lines already provided, and then fitting a polynomial

function to these lines along the dispersion direction. During this calibration stage,

kmo wave cal treats each slitlet independently in order to limit the order of the

fit along the spatial axis and to avoid problems that may arise due to possible

discrete shifts between the slitlets.

The final calibration requirements for data reduction were to correct for absorp-

tion in the spectra due to the Earth’s atmosphere and apply a flux calibration.

As is common for near-infrared spectroscopy, the same standard stars are used for

both telluric correction and flux calibration. Standard star frames are processed

by kmo std star until a reconstructed cube is available. The spatial/spectral cali-

bration frames produced earlier are used here to produce a reconstructed cube. A

1D integrated spectrum is then extracted from this cube and corrected for stellar
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features, either by using a solar spectrum or fitting out the most common lines,

in order to produce a telluric spectrum. An atmospheric model is used to guide

the line fitting, since some stellar lines are blended with atmospheric lines. The

telluric spectrum is then divided by the effective temperature of the standard star

and normalised, yielding a telluric correction frame. The kmo std star routine also

applies flux calibration by determining a zeropoint for each IFU using the magni-

tude of the standard star and the total flux within the field of view of each IFU.

The zeropoint, which is written into the header of the processed files, is defined

as magnitude = zeropoint− 2.5log10(counts/second).

4.2.3.2 Processing Science Frames

The standard monolithic pipeline recipe kmo sci red was called to process all sci-

ence frames for a given night in Table 4.2. This recipe intakes a set of science

frames (frames that observed objects and frames that observed the sky) together

with calibration frames produced from the procedure described in § 4.2.3.1. The

kmo sci red recipe first selects a calibration angle that best matches the dataset.

It then identifies which IFUs observed an object and which IFUs observed the sky.

For each object frame, kmo sci red then assigns a sky frame that is taken closest

in time to that object frame. Depending on the observing sequence during obser-

vation, some nights in Table 4.2 consist of more object frames than sky frames.

For these cases, a single sky frame is assigned to multiple object frames.

Once a calibration angle is selected and object-sky pairings assigned, kmo sci red

begins processing the science frames. This recipe applies the following procedure

to reduce the data: subtract the sky frame from the object frame, divide the

result by the flatfield, reconstruct the cubes, divide out the telluric spectrum,

align the cubes, and finally combine them. However, because each IFU may have

to be treated differently, the recipe processes one IFU at a time. The resulting

output from kmo sci red is a set of combined data cubes, one for each IFU, and

an associated noise cube. Figure 4.6 shows a typical data cube and extracted

spectrum from the YJ band.
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4.2.3.3 Enhanced OH Subtraction

Due to the significant presence of OH night sky emission lines in the near-infrared,

an additional subtraction step was performed following the recipe of Davies (2007).

The kmo sci red routine extracted a 1D spectrum for each target and sky cube and

determined the location of bright OH lines using a reference OH line file. It then

scaled the OH lines in the sky spectrum to match the object spectrum and sub-

tracted them. The resulting target cube showed reduced OH line contamination.

Figure 4.7 shows the spectrum for a typical star cluster before and after sky sub-

traction, and then after this enhanced OH subtraction procedure.

4.2.4 Quality of Output Data Cubes

A concern when combining all the science frames from an observation night is

whether there will be any deterioration in quality of the output spectra due to

instrumental shifts. This can be tested by comparing the combined data cubes to

a single cube from one science frame. Figure 4.8 shows a comparison between the

spectra obtained from a single data cube and combined data cube in the K band

from night 27-03-2013. Data from this night is particularly interesting because the

observation consists of six object frames and only one sky frame. The time between

an object frame and sky frame is up to 25 minutes for this night. Therefore, the

sky subtraction procedure may not have worked as well for these frames. If this is

the case, the resultant combined data cube may have a lower signal-to-noise ratio

than a single cube produced from an object frame taken at a closer time to the

sky frame.

Inspecting the two spectra in Figure 4.8, one can see the single cube spectrum

contains several P-Cygni residuals that are absent in the combined cube spectra.

These are likely due to a combination of cosmic rays and instrumental flexure,

and have been removed during the combining procedure. A comparison between

the S/N of the two spectra show an average increase of ∼ 10% for the combined

data cube. S/N values were estimated by measuring the strength of the brightest

emission lines in both spectra relative to their continua. A 10% - 20% increase in

S/N is typically what is observed from all the combined cubes.

A common result when combining object cubes is that they are not perfectly

stacked on top of each other. This is due to subtle changes in the positions of the
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targets on the IFUs between each KMOS integration. The variation in the spatial

positions of each object is at most 2 pixels, and causes minimal (∼ 5%) loss in S/N

for the combined cubes. Figure 4.9 shows a combined cube that is not perfectly

stacked.
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4.2.5 Combining Datasets from Different Nights

Given the results from kmo sci red, which combined data for each target IFU

from all KMOS integrations for a given night, the next task was to combine all

target data across the different nights to improve S/N. However, similar concerns

raised when combining frames from a single observation night are also valid here,

particularly will combining different sets of data cubes improve the S/N to the level

expected and not deteriorate the quality of the output spectra. In some cases the

data cubes were taken 2 months apart, therefore obtaining a lower observed S/N

than expected when combining cubes is a valid concern. An additional problem

when combining cubes from different nights is the shifts in the spatial position

of each cube. As shown in Figure 4.9 combining data cubes from a single night

does not produce perfectly stacked cubes. This is due to subtle changes in IFU

position during each KMOS integration. While there was minimal (∼ 5%) loss in

S/N when combining data cubes from a single night, the S/N in the spectra may

be much lower than expected when combining target cubes from different nights.

Thus, to check for quality loss, S/N values obtained from spectra of combined

nights were compared to expected S/N values and to S/N values of spectra from

single nights. Furthermore, two methods were adopted to combine spectra from

different nights. The first method was to combine individual data cubes using

Figure 4.8: Comparison between spectra from single and combined data cubes.
Combining the spectra for one night produced a spectra that typically had a
10% - 20% increase in S/N compared to the individual spectra.
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Figure 4.9: The above image shows a result often seen when combining cubes.
Due to subtle changes in the IFU positions when moving between object and
sky coordinates, the kmo sci red routine is unable to stack data cubes perfectly
on top of each other.

the task IRAF/IMCOMBINE and extract the spectrum from the combined cube.

The second method was to extract the spectrum from each individual target cube

and combine the spectra. Both methods used a median routine to combine data.

Products from both methods were compared with each other for loss in S/N as

well as to spectra from single observation nights and the expected S/N.

As an example, comparative results from combining target data for the K band

are shown in Figure 4.10. This example shows the combined spectra for nights

23/01/2013, 25/03/2013 and 27/03/2013, using the two methods mentioned. In

addition, the spectra from each night are plotted. Combining the spectra using

either method was seen to increase the S/N of the spectra by ∼ 20% compared to

the S/N of spectra from individual nights. The difference between the observed

and expected S/N is ∼ 5%. Furthermore, lines produced from dormant pixels (e.g.,

cosmic rays) in the spectrum of individual nights were removed in the combined

spectra due to the median routine. There is no difference in the S/N between

the combined data cubes method and the combined spectra method. The spectra

from both methods are identical, therefore either method can be used to combine

the data from different observation nights.
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4.3 Results

4.3.1 Stellar Population Synthesis

Our sample is composed of bright (MK < −12) near-infrared star clusters across

the Antennae that have already been identified as bona fide star clusters from ear-

lier surveys in the literature. The spectra obtained for the sample of star clusters

in Table 4.1 contain numerous absorption and emission lines that give insight into

their physical properties. Stellar population synthesis (SPS) models are commonly

used to help determine these properties. SPS models simulate the temporal evolu-

tion of star clusters by using assumptions about their age, chemical composition,

star formation history and initial mass function (IMF). Synthetic spectra from

these models can be compared to measurements of the observed spectra of star

clusters to determine their physical properties. The following sections will discuss

the SPS models used in this study, lines measured from observed spectra, and

properties derived for each of the star clusters in Table 4.1.

4.3.1.1 Starburst99

A number of SPS models can be found in the literature (e.g., Leitherer et al. 1999;

Bruzual and Charlot 2003; Maraston 2007). Starburst991 (Leitherer et al., 1999) is

adopted for this study primarily because of its widespread use in the study of star

clusters, particularly for those in the Antennae (e.g., Christopher 2008; Bastian

et al. 2009).

Starburst99 uses stellar evolutionary models from the Geneva and Padova groups

(Schaerer et al. 1993; Vázquez and Leitherer 2005), and model atmospheres from

Lejeune et al. (1997). Padova tracks were adopted for this study as they provide

more accurate models for clusters older than 108 years, which may exist in our star

cluster sample (Whitmore et al., 1999). Starburst99 provides models for a range

of metallicities, initial mass functions (IMF), and star formation modes.

Christopher (2008) and Bastian et al. (2009) have measured metallicities for 133

star clusters with ages ranging between 3 - 630 Myrs around the Antennae using

several line indices. As listed in Table 4.1, 31 star clusters in our sample have been

1http://www.stsci.edu/science/starburst99/docs/default.htm
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previously analysed in their work. From their metallicity measurements, Christo-

pher (2008) and Bastian et al. (2009) conclude that the Antennae star clusters

have an average metallicity that is approximately solar. Therefore, solar metal-

licity is adopted for our SPS models. Furthermore, earlier work in the literature

assumes a Kroupa IMF for modelling the Antennae star clusters (Larsen 2004b;

Mengel et al. 2008; Bastian et al. 2009), hence a Kroupa IMF is adopted. However,

utilising either a Salpeter IMF or Kroupa IMF causes no discernible difference in

modelling star clusters in this survey as both IMFs are nearly identical in their dis-

tributions of high mass stars, which contribute the most light observed from young

star clusters in the Antennae galaxies (Mengel et al. 2005; Kornei and McCrady

2009).

Starburst99 offers two star formation profiles: an instantaneous burst of star for-

mation and a continuous star formation at a fixed rate. Several studies in the lit-

erature suggest an instantaneous burst provides a more accurate profile of the An-

tennae star clusters, notably because star clusters are typically very small (Reff ∼
few parsec) and very concentrated, hence star formation is effectively instanta-

neous across a star cluster (Mengel et al. 2005; Bastian et al. 2009). Therefore, an

instantaneous burst is adopted for this study. Lastly, an upper age limit for the

models was set to 500 Myrs as previous work on ages for star clusters in the An-

tennae merger show ages less than 500 Myrs (Whitmore et al. 1999; Christopher

2008).

4.3.2 Equivalent Widths

Several diagnostic lines are used in this study to derive physical parameters for the

Antennae star clusters. Equivalent width (EW) measurements of two hydrogen

recombination lines (Paβ and Brγ) and two CO bandheads (CO 2-0 at 2.29µm and

CO 6-3 at 1.62µm) from star cluster targets were compared with Starburst99 model

results to derive ages and masses for our star cluster sample. EWs from molecular

hydrogen and iron emission lines were also measured to derive line ratios and

supernova rates. The following subsections describe each of the diagnostic lines

used in this survey and results obtained from their measurements.
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4.3.2.1 Hydrogen Emission Lines

Hydrogen recombination lines are formed in ionized gas associated with sources

having strong Lyman continuum, such as HII regions created by young, hot O- and

B-type stars (de Grijs et al., 2004). Due to the rapid evolution of these massive

stars, star clusters with these recombination lines are likely to have ages of < 6

Myrs (de Grijs et al. 2004; Kornei and McCrady 2009). 18 star clusters in this

survey show Brγ emission in their K band spectra, and 21 star clusters show Paβ

and Paγ emission lines in their YJ band spectra. These indicate the presence of

young, massive stellar populations in these star clusters. Since high-mass stars

evolve more rapidly than low-mass stars the strength of the Brγ line will vary

over time as the output of UV photons from O- and B-type stars declines sharply

after 5 Myrs (Leitherer et al., 1999). Therefore, the strength of the Brγ emission

line, quantified by its EW, is a powerful indicator of cluster age. Furthermore,

since both the Brγ line flux and continuum level increase with cluster mass, the

EW is relatively insensitive to mass. Using EWs also has the advantage of being

relatively insensitive to reddening. Paschen emission lines are also useful probes of

cluster age and are generally stronger than Brackett emission lines (Sellgren and

Smith, 1992). The only other notable difference between these lines is that the

Paschen series are less sensitive to temperature changes than the Brackett series

(Cidale et al., 2000).

EWs were extracted for all emission and absorption lines in the observed spectra

using the SPLAT-VO2 spectral analysis tool (Castro-Neves and Draper, 2014).

Table 4.3 lists the measured EWs.

4.3.2.2 Helium Emission Lines

HeI (1.08µm) emission is detected in 20 star clusters in the YJ band. It is often

used as a probe for dense star forming regions such as HII regions and young star

clusters, and also coincides with CO clouds around young star clusters (Lums-

den and Puxley 1996; Clark et al. 2013). Temperatures in excess of ∼ 104 K

are required to produce this emission line, hence it is thought to be the product

of massive O- and B-type stars, possibly due to UV photoionisation (Kwan and

2http://star-www.dur.ac.uk/ pdraper/splat/sun243.htx/sun243.html
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Fischer 2011; Clark et al. 2013). HeI emission is comparable in strength to hydro-

gen recombination lines in the YJ band for massive stars, hence it is very bright

and easy to identify in our star cluster sample. Moreover, the YJ band spectral

resolution of λ/δλ = 3400 ensures that the HeI emission line in the YJ band is

not blended with the nearby Paγ emission line in the spectra of the star clusters

observed.

HeI (2.06µm) emission is also detected from 7 star clusters. This line is often

associated with stellar winds from Wolf-Rayet stars as well as O- and B-type stars,

and requires similar temperatures to the HeI (1.08µm) emission line for production

Figer et al. 1997; Homeier et al. 2003). Measurements of HeI (2.06µm) emission

is usually subject to large errors due to its close coincidence with an atmospheric

line within the strong telluric CO2 band falling in this spectral range (Armand

et al., 1996). Fortunately, the spectral resolution in the K band (λ/δλ = 3800) is

sufficient to separate these two lines and allow accurate measurements of the HeI

(2.06µm) line. As with the hydrogen recombination lines, HeI EWs were extracted

using SPLAT-VO and measurements are listed in Table 4.3.

4.3.2.3 Molecular Hydrogen Emission Lines

The H2 1–0S(1) emission line at 2.12µm is observed in the spectra of 13 star clus-

ters. H2 emission lines are often used as tracers for star cluster outflows (Hodapp

and Davis 2002; Eislöffel et al. 2003). These emission lines can be excited by either

thermal shocks or UV photoionisation, and trace energy that is being dissipated

and radiated away from cloud complexes associated with star clusters (Hanson

et al. 2002; Herrera et al. 2012). H2 emission is generally observed away from the

brightest regions of star clusters, where hydrogen recombination lines such as Brγ

are located (Dale et al., 2004). Table 4.3 lists line strengths measured from H2

1–0S(1) for the 13 star clusters.

4.3.2.4 Iron Emission Lines

FeII emission is detected in the spectra of 21 star clusters. Of these, 13 show FeII

(1.26µm) emission in the YJ band, and 11 show FeII (1.64µm) emission in the H

band. Of the 9 star clusters that were observed in all four bands, S6, S8 and S22

showed both FeII (1.26µm) and FeII (1.64µm) in their spectra. 5 of the remaining



Chapter 4. The Antennae: NGC 4038/4039 96

6 star clusters showed neither emission line in their spectra. S21 showed only FeII

(1.64µm).

Both emission lines share the same upper atomic level and have an intrinsic line

ratio of FeII λ1.26/λ1.64 = 1.36 (Nussbaumer and Storey, 1988). FeII line emission

originates through two different mechanisms: (1) strong, compact FeII emission

originates in partially ionized zones or shock-excited gas produced by supernovae

(SNe); (2) diffuse, spatially extended FeII emission is associated with galactic

super winds from active galactic nuclei (AGNs; Thompson 1995; Baldwin et al.

2004). Strong FeII emission requires both the destruction of dust grains, which

contain a large fraction of interstellar iron, and large transition zones between HII

regions and HI regions (Oliva et al., 1989). Hence, FeII emission is thought to be

produced from thermal shock excitation (Vanzi and Rieke 1997; Alonso-Herrero

et al. 2003). FeII emission reaches maximum luminosity when the expansion of

a supernova remnant (SNR) becomes radiative after its initial adiabatic phase

(Lumsden and Puxley 1995; Morel et al. 2002). This occurs ∼ 104 years after a

supernova explosion, when radiative cooling occurs on shorter timescales than the

dynamical timescale. Hence, strong FeII emission lines are not only useful tracers

of SNRs but can also help set constraints on the star formation history of a galaxy

(e.g., de Grijs et al. 2004).

Furthermore, strong FeII emission can be used to classify two groups of SNRs: a

young core-collapse SNR in dense circumstellar medium and a middle-aged SNR

interacting with molecular clouds (Koo, 2014). SNRs from the latter group show

bright H2 1-0S(1) emission at 2.12µm, suggesting that both atomic and molecular

shocks are prevalent in these SNRs. In our sample, 10 of the 11 star clusters that

show FeII emission in the H band also show H2 emission in their spectra. Table

4.3 lists EWs measured from both FeII emission lines for 21 star clusters.

4.3.2.5 CO Absorption Bandheads

CO absorption bandheads in the near-infrared are common features in the spectra

of red supergiants, which first appear in star clusters with ages exceeding ∼ 7 Myrs

(Davies et al. 2010; Gazak et al. 2013). The strength of these bandheads tend to

increase with reduced effective temperature, such that they only appear in stars

cooler than early K giants, and reach maximum strength in mid-late M supergiants

(Kleinmann and Hall 1986; Origlia et al. 1993). Instantaneous burst models from
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Starburst99 show the strength of CO bandheads in star clusters gradually declines

over 100 Myrs after reaching peak strength at ∼ 12 Myrs (Origlia et al., 1993). In

particular, Starburst99 models the temporal evolution of two CO bandheads: CO

6-3 which occurs at 1.62µm, and CO 2-0 which occurs at 2.29µm. Both absorption

features are the strongest CO bandheads in the H and K band, respectively.

EWs were measured for both bandheads in our cluster sample using SPLAT-

VO. The CO 2-0 bandhead is the most common of the two absorption features

in our star cluster sample appearing in the K band spectra of 14 star clusters,

whilst the CO 6-3 bandhead appears in the H band spectra of 7 star clusters

and is generally weaker than the CO 2-0 bandhead for star clusters showing both

absorption features. Christopher (2008) note that both CO bandhead EWs can

be reduced by non-stellar continuum emission from hot dust, but also state that

contamination from dust emission in the Antennae clusters is quite small in the

H and K bands. Therefore, the extracted EWs for both bandheads can be viewed

as lower limits.
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4.3.3 Extinction Estimates

Varying densities of gas and dust around the Antennae are likely to have produced

variable extinction across the entire system. Photometric work by Whitmore and

Schweizer (1995) and Whitmore et al. (1999) compare colour-colour diagrams of

Antennae star clusters to population synthesis models and estimate an optical ex-

tinction of AV = 0−3 mag around the Antennae. They find the highest extinction

occurs in the overlapping region between the two progenitor galaxies. Kassin et al.

(2003) concur with this from their photometric surveys, and find a peak extinction

of AV = 3 mag around the overlap region and an average reddening of AV = 1

throughout the Antennae.

However, both surveys were taken at optical wavelengths which is unlikely to

penetrate the largest gas and dust concentrations in the overlap region. Near-

infrared photometry was performed by Mengel et al. (2005) for star clusters around

the Antennae, including star clusters in the overlap region that are obscured in

the optical. They conclude the extinction varies between AV = 0− 10 around the

Antennae, and the heaviest reddening occurs in the overlap region. Furthermore,

they find that reddening drops with cluster age, which is consistent with the

theory that star clusters form in very dense and dust-enshrouded cocoons which

they blow free of after 8 - 10 Myrs. Near-infrared spectroscopic work by Gilbert

and Graham (2007) derive AV = 10 for the youngest star clusters in the overlap

region, in agreement with the extinction results by Mengel et al. (2005).

The large spatial distribution of our star cluster sample provides the opportunity

to further determine how extinction varies throughout the Antennae. Since our

survey is taken in the near-infrared, we can also determine good measurements of

extinction around the overlap region and other gas and dust-enshrouded regions

around the Antennae.

In order to determine extinction using spectroscopy, it is necessary to identify

emission lines with fixed intrinsic intensity ratios and compare the observed ratios

from star clusters to these intrinsic line ratios. Any deviation of the observed

ratio to the intrinsic line ratio will indicate the degree of extinction. The best line

pair to use in our sample is Paβ and Paγ, which has an intrinsic line ratio of 1.80,

assuming Case B recombination and an electron temperature of 104 K (Osterbrock,

1989). The Paβ and Brγ line pair is also useful in the near-infrared, and has

a ratio of 5.89 over a wide range of physical conditions (Hummer and Storey
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ID Paβ/Paγ Paβ/Brγ FeII1.26/FeII1.64 AV

(Mag)
S5 2.99 2.0
S6 2.63 2.15 3.34 1.9
S7 2.42 1.1
S8 2.53 1.48 1.89 1.5
S10 2.51 1.3
S11 2.34 1.0
S12 3.11 2.2
S13 2.64 1.5
S15 2.71 1.6
S17 2.62 2.57 1.4
S21 2.89 1.63 2.89 2.1
S22 3.83 1.45 2.02 1.8
S24 3.49 2.7
S25 2.50 2.7
S26 2.94 2.0
S30 2.79 1.8
S34 2.18 0.8
S37 2.71 1.6
S38 3.47 2.6
S39 2.64 1.5

Table 4.4: Extinction values for star clusters around the Antennae. Ex-
tinction measurements were determined by comparing Paβ/Paγ, Paβ/Brγ and
FeII1.26/FeII1.64 line ratios observed from our star cluster sample to their intrin-
sic ratios. These lines have intrinsic line ratios of Paβ/Paγ = 1.80 (Osterbrock,
1989), Paβ/Brγ = 5.89 (Hummer and Storey 1987; Osterbrock 1989) , and
FeII1.26/FeII1.64 = 1.36 (Nussbaumer and Storey, 1988).

1987; Osterbrock 1989). FeII emission can be used as an alternative to hydrogen

recombination lines to measure extinction, particularly the FeII1.26/FeII1.64 ratio,

where both FeII emission lines share the same upper level with an intrinsic ratio

of 1.36 (Nussbaumer and Storey, 1988).

Extinction values were determined for 20 star clusters in our sample using Paβ/Paγ

line ratios. Extinction values for 5 of these clusters were also calculated using

Paβ/Brγ and FeII1.26/FeII1.64 line ratios. Derived extinctions for these star clusters

are listed in Table 4.4. Extinction was calculated using the the empirical extinction

relation determined by Calzetti et al. (1994):

A(λ) = κ(λ)E(B − V ) (4.1)

where A(λ) is the extinction in magnitudes at wavelength λ, κ(λ) is the value of

the attenuation curve at wavelength λ, and E(B − V ) is the broadband colour

excess which can be expressed as:

E(B − V ) =
2.5

κ(λ2)− κ(λ1)
× log10

[
(F1/F2)obs
(F1/F2)int

]
(4.2)
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Figure 4.12: Variation of extinction around the Antennae. Extinction was
calculated using Paβ/Paγ, Paβ/Brγ and FeII1.26/FeII1.64 line ratios. Green
objects have AV < 2 mag and red objects have AV > 2 mag. The heaviest
reddening is located in the overlap region and north-west of NGC 4038. Both
regions have extinction values of AV ∼ 2.5 mag. The lowest extinction is located
south-west of NGC 4038, which has an average extinction of AV ∼ 1.5 mag.

Here, (F1/F2)obs and (F1/F2)int denote the observed and intrinsic line ratios

for wavelengths λ1 and λ2. The values for κ(λ1) and κ(λ2) are taken from the

attenuation curve proposed by Calzetti (1997) and Calzetti et al. (2000). Once the

broadband colour excess is determined, the optical extinction AV can be calculated

using Equation 4.1. Optical attenuation is most commonly determined at λV =

0.55µm in the literature, where κ(V ) = 4.05 (Momcheva et al., 2013). Hence,

optical extinction was calculated at λV = 0.55µm in our analysis.

Derived optical extinctions are listed in Table 4.4. The mean extinction of our

sample is AV = 1.8 mag with a maximum extinction of AV = 2.7 mag. Figure

4.12 shows how extinction varies around the Antennae. The heaviest reddening

is located in the overlapping region between NGC 4038/39 and the region north-

west of NGC 4038. The lowest extinction is located in the region south-west to

the centre of NGC 4038.
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4.3.4 Star Cluster Ages

Determining the age distribution of the Antennae star clusters is crucial to un-

derstanding how star clusters formed and will evolve in a galaxy merger. Ages

can be derived by comparing EW measurements from § 4.3.2 with synthetic EWs

from Starburst99 models. Starburst99 provides synthetic EWs for Paβ and Brγ

recombination lines as well as measurements of the CO 2-0 and CO 6-3 band-

heads. Figure 4.13 show how these model EWs vary as a function of age. The

strength of Paβ and Brγ emission lines decrease sharply with age until 10 Myrs,

presumably due the decline of massive OB stars as a star cluster evolves. The CO

bandheads behave in a more complex manner to the hydrogen recombination lines

in that their EWs fluctuate as a function of age. Both CO bandheads show peaks

in their EW at ∼ 7 Myrs and ∼ 10 Myrs and ∼ 140 Myrs. Therefore, a single CO

bandhead EW value can represent more than one age in the model spectra.

Ages were derived by interpolating the measured EWs from the star cluster sample

with model EWs from Starburst99. Determining ages for Paβ and Brγ emission

lines was fairly straight forward as a single EW measurement corresponded to a

single age. However, for the CO bandheads, the fluctuation of the model EW

distribution with age meant that some EW measurements from the star clusters

gave multiple ages. For these few cases, all possible ages were recorded. In several

cases, the cluster age was determined using more than one line. In this case, the

average age was taken between all derived ages. Ages derived from multiple lines

typically differed by 1 Myr from each other.

Table 4.5 lists the ages determined from our star cluster sample. Ages were de-

rived for 38 of the 47 star clusters in our sample. The remaining 9 star clusters

have no absorption/emission features in their spectra, therefore ages could not be

derived for these star clusters. Regarding the 38 star clusters that have absorp-

tion/emission features in their spectra, the age of 14 of these star clusters were

derived using more than one absorption/emission line.

S27 has the youngest age in this sample with an age of 3.6± 0.1 Myrs, whilst the

oldest age is estimated for S18 which has an age of 8.4 ± 0.4 Myrs. A compari-

son between the spectra of a few of the youngest and oldest star clusters in the

Antennae sample are shown in Figure 4.11. The older (> 8 Myr) clusters show

an absence of strong recombination lines that are frequently seen in the younger

clusters. This indicates the absence of massive OB stars in these star clusters,
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which is expected since these stars have a lifetime of less than 6 Myrs (de Grijs

et al. 2004; Kornei and McCrady 2009). Furthermore, the youngest (< 5 Myr)

star clusters in this sample are absent of CO absorption in their spectra which

indicates that RSGs have yet to populate these star clusters.

Figure 4.14 shows the age distribution of the star clusters throughout the Anten-

nae. The youngest star clusters in this sample are concentrated in the overlapping

region between the two galaxies, particularly in the southern part of the overlap

region. The star clusters here are typically less than 6 Myrs old. The oldest star

clusters are generally clumped in a region south-east of the core of NGC 4038. The

ages here are in excess of 8 Myrs. There is not a large variation in age between the

youngest and oldest star clusters, however the younger ages in the southern part

of the overlap region suggests there is a higher rate of recent cluster formation

present in that region.
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Target Paβ Brγ CO 6-3 CO 2-0 Mean Age Mass Literature Age Literature Mass
(Myrs) (Myrs) (Myrs) (Myrs) (Myrs) (×105M�) (Myrs) (×105M�)

S1
S2
S3
S4 6.2±0.3 5.5±0.1 5.9±0.3 1.1±0.1 3.2-6.8 0.8-3.2
S5 5.7±0.1 5.7±0.1 3.6±0.2 <6.8 2.5-10.0
S6 5.4±0.1 5.8±0.2 5.6±0.6 1.6±0.3 3.2-6.8 0.8-3.2
S7 6.5±0.3 6.5±0.3 7.8±0.2 9.0-10.3 2.3-3.2
S8 6.4±0.2 6.7±0.2 8.2±0.2 7.1±0.3 6.6±0.1 8.9-9.3 2.7-2.9
S9 7.7±0.6 7.7±0.6 5.7±1.0 8.9-9.3 2.7-3.0
S10 6.4±0.2 6.4±0.2 12.7±0.2 9.6-10.0 4.0-4.3
S11 7.0±0.5 7.0±0.5 8.5±0.5 9.2-9.7 3.1-3.4
S12 5.2±0.1 5.2±0.1 17.6±1.7 7.4-8.3 5.2-7.2
S13 5.4±0.1 5.4±0.1 31.1±3.1 8.4-8.8 8.8-10.0
S14 6.2±0.2 6.2±0.2 8.1±0.2 6.4-7.2
S15 5.5±0.1 5.5±0.1 26.6±2.8 8.4-9.2 7.1-9.5
S16 6.1±0.2 6.1±0.2 8.1±0.3 8.0-8.8 3.6-5.0
S17 5.8±0.2 6.6±0.3 7.0±1.4 8.4±0.2 7.0±0.8 6.9±0.8 8.4-8.8 3.6-3.8
S18 8.5±0.4 8.3±0.2 8.4±0.4 14.0±1.9 4.7-6.6 5.1-5.7
S19 8.4±0.1 8.4±0.1 14.0±0.5 5.2-7.0 5.0-5.2
S20 7.7±0.8 8.2±1.4 7.9±1.6 14.0±3.7 8.6-9.0 7.8-8.8
S21 6.0±0.3 6.4±0.2 6.2±0.4 12.9±0.8 8.3-9.1 5.2-7.0
S22 5.8±0.2 6.0±0.2 5.9±0.3 11.2±1.5 8.7-9.2 4.1-4.7
S23 7.6±1.1 7.1±1.6 7.4±1.9 10.8±5.2 3.5-6.7 2.0-2.1
S24 7.3±0.2 7.3±0.2 22.6±0.7 8.7-9.6 3.4-4.4
S25 6.4±0.2 7.0±0.2 8.3±1.2 8.2±1.4 7.5±1.1 5.6±1.1 10.3-10.5 1.6-1.7
S26 5.3±0.1 5.3±0.1 54.4±5.4 3.4 50.0
S27 3.6±0.1 3.6±0.1 50.0±3.1 3.5 42.3
S28 5.5±0.2 7.1±1.4 6.3±1.4 16.1±3.6 5.7 41.3
S29 5.0±0.1 5.0±0.1 31.3±2.4 3.9 19.3
S30 6.6±0.2 6.6±0.2 10.8±0.2 6.8 4.1
S31 5.7±0.2 5.7±0.2 3.3±0.5 6.9 0.7
S32 5.5±0.2 7.0±1.4 6.3±1.4 10.1±2.6 6.6 6.5
S33 5.5±0.2 5.5±0.2 21.3±4.4 6.2 26.0
S34 8.0±0.5 8.0±0.5 6.2±1.1 6.5 7.4
S35 7.2±1.4 8.7±0.3 8.0±1.4 7.4±2.0 6.3 14.7
S36
S37 6.0±0.1 6.0±0.1 4.0±0.1 47.9 12.0
S38 5.0±0.1 5.0±0.1 3.9±0.3 204.1 16.0
S39 5.8±0.1 5.8±0.1 1.7±0.1 5.8 1.1
S40 7.0±1.3 7.0±1.3 3.7±1.0 32.3 6.6
S41
S42
S43
S44 7.4±1.3 7.6±1.4 7.5±1.9 3.3±1.4 102.3 9.4
S45 8.0±1.3 8.0±1.3 1.3±0.4 145.5 8.0
S46
S47

Table 4.5: Ages and masses derived for star clusters. Age estimates from more
than one line were averaged. Mean ages were used to derive cluster masses using
the procedure described in § 4.3.5. Measurements from the literature are shown
for comparison. These literature measurements are taken from Gilbert and
Graham (2007), Christopher (2008), Bastian et al. (2009), and Whitmore et al.
(2010).
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4.3.5 Star Cluster Masses

The cluster mass is a crucial parameter in determining whether a star cluster will

evolve into a bound star cluster or dissolve into an open cluster. Generally star

clusters with masses exceeding 105M� tend to survive the numerous disruption

mechanisms that occur during star cluster evolution and remain bound (Bastian

et al. 2009; Portegies Zwart et al. 2010). However this depends heavily on the clus-

ter environment and how intense tidal forces are (Lada and Lada 2003; Kruijssen

et al. 2012).

The most direct method of measuring the mass of a star cluster is by determining

its dynamical mass using the virial theorem (Spitzer, 1987):

M = 10
rhpσ

2
r

G
(4.3)

Here rhp is the projected half-light radius (in parsec), σr is 1D line-of-sight velocity

(in kms−1), and G is Newton’s gravitational constant. Hence, the half-light radii

and 1D velocity are the only observable quantities required to determine a star

clusters dynamical mass.

At a distance of 19.2 Mpc for the Antennae galaxies, a typical star cluster size (half-

light radius) of rhp = 5 pc (Larsen 2004a; Gilbert and Graham 2007) corresponds

to an angular size of 0.′′05. This angular size is just resolvable using high resolution

images from the HST, such as those in Figure 4.3 and Figure 4.14.

Star clusters exhibit velocity dispersions ranging between σr = 10 - 30 kms−1(Larsen

et al. 2006; Gilbert and Graham 2007), which at the distance of the Antennae (19.2

Mpc) requires spectral resolutions of λ/δλ ∼ 7000 or higher to resolve. KMOS

provides intermediate spectral resolution (∼ 2000 - 3800), which is insufficient to

resolve the expected velocity dispersion from star clusters in the Antennae. There-

fore, the virial theorem cannot be used to determine masses for our star cluster

sample.

An alternative approach is to calculate photometric masses for our sample. This

procedure requires the near-infrared magnitudes and age estimates of these star

clusters, which are given in Table 4.1 and Table 4.5, respectively. These parameters

can then be compared with the Starburst99 models to estimate the masses for these

star clusters.
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As discussed in § 4.3.1.1, Starburst99 has been used to model the temporal evolu-

tion of star clusters in the Antennae galaxies. These models assume a star cluster

mass of MSB99 = 106M�. The cluster mass of an observed star cluster can then

be determined using the relation:

LSC
LSB99

=
MSC

MSB99

(4.4)

where LSC and MSC are luminosity and mass of a star cluster, and LSB99 is

the predicted luminosity from Starburst99. Converting Equation 4.4 to absolute

magnitude and rearranging for observed star cluster mass gives:

MSC −MSB99 = −2.5log10

( MSC

MSB99

)
(4.5)

MSC =MSB99 × 10−0.4((mSC−DM)−MSB99) (4.6)

where MSC and MSB99 are the absolute star cluster magnitude and the Starburst99

model absolute magnitude respectively, mSC is the apparent star cluster magni-

tude, and DM is the observed distance modulus of the Antennae galaxies, taken

to be 31.41 (Whitmore et al., 1999).

Ages derived in § 4.3.4 were used to determine the predicted absolute K band

magnitude of each star cluster in the sample. These values were then inserted into

Equation 4.6 along with the observed apparent K band magnitudes of the cluster

sample to determine the mass of each star cluster. Table 4.5 lists the derived

masses. All 38 star clusters with derived ages have masses exceeding 105M�, and

17 of these have masses exceeding 106M�. The mass distribution of these star

clusters is similar to their age distribution, in the sense that the most massive

star clusters are located in the southern overlap region and the least massive star

clusters are found south-east of the nucleus of NGC 4038 (see Figure 4.14).
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Figure 4.14: Top: Spatial distribution of star cluster sample with age. Blue
objects have ages less than 5 Myrs, green objects have ages between 5 - 7 Myrs,
and red objects have ages exceeding 7 Myrs. Bottom: Spatial distribution of
the star cluster sample with mass. Star clusters labelled in red have masses
≤ 105M�, green star clusters have masses between 1 − 2 × 106M�, and star
clusters labelled in blue have masses exceeding 2 × 106M�. Black contours
represent a CO intensity map from Wilson et al. (2000).
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Figure 4.15: Comparison between derived ages and masses with those in the
literature (see Table 4.5). The mass distribution of our sample as a function of
age is plotted in red, and the same distribution from the literature is plotted in
blue. The dashed lines represent best-fit lines to our distribution (red) and the
literature distribution (blue). Clusters S7 - S25 have older ages in the literature
due to different model parameters used by Christopher (2008), hence the older
ages at lower masses for the literature distribution compared to our observed
distribution. Both distributions show cluster mass decreasing with increasing
age.
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4.3.6 Metallicity Estimates

The analyses in § 4.3.4 and § 4.3.5 assume solar metallicities for the Antennae star

cluster models. In this section we attempt to test this assumption by determining

star cluster metallicities from metallic lines observed in the spectra of our star

cluster sample.

Metallicity is closely linked to the effects of star formation in a galaxy, most no-

tably the chemical enrichment of young stellar populations within a galaxy and its

interstellar medium. Understanding variations in metallicity over ranges of galac-

tic mass, redshifts and different environments is crucial in constraining theories

of galaxy formation and chemical evolution. Metallicity investigations are mostly

performed using spectroscopic observations. Emission lines from HII regions have

often been used to estimate metallicity in star forming regions. Typical analysis

methods use fluxes from the strongest forbidden lines relative to Hβ to produce

empirical metallicity calibrations (Kewley and Ellison 2008; Bresolin et al. 2009).

However, these calibrations are subject to systematic uncertainties due to varia-

tions in metallicity in selected HII region samples. This often leads to several com-

monly used empirical calibrations yielding varying and often conflicting metallicity

measurements for the same sources (Kewley and Ellison 2008; Kudritzki 2010).

An alternative approach is to analyse the spectra from blue supergiants, which

avoids the uncertain calibrations associated with the “strong line” HII region

method. Blue supergiants have become particularly powerful tracers of chemical

abundances out to distances of ∼ 7 Mpc via low resolution optical spectroscopy

(Bresolin et al. 2006; Kudritzki et al. 2013). Blue supergiants are generally ob-

served at optical wavelengths. However their descendants, red supergiants (RSGs),

are extremely bright in the near-infrared, emitting luminosities of ∼ 106 L/L�

(Humphreys and Davidson, 1979). RSGs have very short lifetimes of ∼ 50 Myrs

and dominate the near-infrared light in a star forming region ∼ 10 Myrs after the

formation of the first massive stars.

Extracting chemical abundances from RSG spectra is rather challenging since their

cool atmospheres contain molecular material that fill their spectra with literally

thousands of strong molecular lines, many of which overlap and blend with metallic

lines (Davies et al., 2010). Sufficiently high spectral resolution of λ/δλ ∼ 17,000

is required to separate molecular lines from metallic lines. This high resolution is

very difficult to achieve with high S/N at 100 Mpc distances. However, molecular
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lines from RSGs are considerably reduced in number and strength in the J band.

Here, the most prominent features are metallic lines of FeI and the α-elements MgI,

SiI and TiI. Therefore, considerably lower spectral resolutions of λ/δλ ∼ 1800 can

be used in the J band to extract chemical abundances from RSGs (Gazak et al.,

2014).

Metallic lines from RSGs could in principle be used to find the chemical abundance

of star clusters in the Antennae. Unfortunately, many of the star clusters in our

sample have ages < 10 Myrs and while metallic lines are seen in 5 star clusters

in the YJ band, their S/N is too low to extract chemical abundances. To bypass

this issue, the YJ band spectra of all the star clusters with ages between 7 - 10

Myrs are combined to increase the S/N of the metallic lines. Figure 4.16 shows the

resultant combined spectrum. The averaging procedure increased the S/N of the

metallic lines to > 80 per resolution element, which is sufficient to derive chemical

abundances using this method (B. Davies priv. comm.).

The technique proposed by Davies et al. (2010), which compares observed spectra

to synthetic spectra, is adopted here to derive a metallicity for the average Anten-

nae cluster spectra. Metallicity calculations were kindly performed by Ben Davies,

whom we express our sincerest gratitude. Synthetic spectra with metallicities rang-

ing between −1.0 < [Z] < 0.4 were computed using 1D local thermal equilibrium

(LTE) MARCS model atmospheres (Gustafsson et al., 2008), and were calculated

in non-local thermal equilibrium (NLTE) for FeI, SiI and TiI using atomic models

described by Bergemann et al. (2012, 2013). These lines are crucial in determin-

ing chemical abundances in the J band. MgI lines are ignored as sufficient atomic

data for NLTE corrections are not available (B. Davies priv. comm.). Prior to

fitting synthetic spectra to the observed spectrum, the spectral resolution of the

synthetic spectra was degraded to the resolution of the observed spectrum using

a gaussian convolution kernel.

Synthetic spectra with metallicities ranging between−1.0 < [Z]< 0.4 were fitted to

the observed spectrum and best-fit values for effective temperature (Teff ), surface

gravity (log g), and microturbulence (ξ) were derived. Synthetic spectra providing

unphysical values of log g (-0.5 < log g > 0.5) were eliminated. Reduced χ2 values

were determined for the remaining fits. The synthetic spectrum with the lowest

reduced χ2 was determined to be the best-fit spectrum, and is shown in Figure

4.16. Parameters derived from the best-fit spectrum are listed in Table 4.6. Figure
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Figure 4.17: Best-fit model parameters (Teff , log g, ξ) as a function of metal-
licity is shown here. Blue triangles represent derived model parameters. The
bottom plot shows reduced χ2 values for each fit, which are also represented
by blue triangles. Synthetic spectra with unphysical values of surface gravity,
outside the range -0.5 < log g < 0.5 (grey shaded region), were ignored. A
metallicity of [Z] = −0.14± 0.20 was computed from the best-fit spectrum after
correcting for dilution of RSG spectral lines.
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Teff ∆Teff log g ∆log g ξ ∆ ξ Z ∆Z λ/δλ ∆(λ/δλ)
3890 80 0.17 0.59 1.0 0.5 -0.14 0.20 2893 130

Table 4.6: Derived parameters from best-fit spectrum. The derived metallicity
was corrected by +0.05 dex to account for dilution of RSG spectral lines by the
other stars in a star cluster. The degraded resolution of synthetic spectra is
listed in the final two columns.

4.17 shows the best-fit model parameters (Teff , log g, ξ) as a function of metallicity

and a reduced χ2 for each fit.

A metallicity of [Z] = −0.19 ± 0.20 was computed from the best-fit spectrum.

However, this required a correction of +0.05 dex for dilution of RSG spectral lines

by the other stars in a star cluster (B. Davies priv. comm.). A corrected metallicity

of [Z] = −0.14± 0.20 was obtained for our combined spectrum, and is consistent

with solar metallicity. The large error is due to the low S/N of the spectrum, even

after combining several observed spectra. Earlier surveys have also found solar

metallicities for star clusters in the Antennae (Mengel et al. 2005; Christopher

2008; Bastian et al. 2009). Therefore, the metallicity results from our star cluster

sample are consistent with the literature. However, J band spectral surveys of

Antennae star clusters with ages exceeding 10 Myrs are required to compute a

more accurate metallicity for the Antennae star clusters.

4.3.7 Observed Line Intensities and Ratios

As discussed in § 4.3.2, several different mechanisms are responsible for the emis-

sion lines observed in our star cluster sample. Hence, these emission lines can

be used as tracers of the physical conditions (temperature, density) of the inter-

stellar medium. Figures 4.19 and 4.20 show intensity maps of star clusters with

several bright emission lines in their spectra. In some cases the peak intensity of

the observed emission lines vary in location from one another, indicating varying

physical conditions within the star cluster. Peak intensities from the HeI emis-

sion lines correlate well with peak intensities of hydrogen recombination lines (see

Figure 4.19 and Figure 4.20). These lines are generally produced from UV pho-

toionisation of gas due to the presence of massive OB stars (Vanzi and Rieke 1997;

Alonso-Herrero et al. 2003). Hence, these intensities map the location of the most

massive stars in a star cluster.
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Vibrationally excited H2 emission arises from photoionisation of gas from massive

stars or thermal shocks from SNe or stellar winds (Dale et al. 2004; Rosenberg

et al. 2012). Unlike HeI or Brγ emission, H2 emission does not originate in HII

regions but in the surrounding molecular gas (Hanson et al., 2002). Clusters S17

and S28 show a variance in the location of H2 emission compared to HeI and

Brγ emission (see Figure 4.20), suggesting that H2 emission occurs away from

HII regions. However, this variance in location is not always observed in our

sample as illustrated from intensity maps of S29, where H2 emission occurs in

the same location as HeI and Brγ emission. The location of H2 emission does

correlate somewhat with FeII emission (see Figure 4.20). FeII lines at 1.26µm and

1.64µm are also produced from strong thermal shocks associated with SNRs (de

Grijs et al., 2004). Therefore, the correlation in location between the two emission

types suggests that the H2 emission may be produced from thermal shocks from

SNRs.

Line ratios can give further information into the environment and star formation

history of a star cluster. As mentioned earlier, FeII emission is thought to be

due to SN activity and so is an indicator of past star formation. Whereas, Paβ

and Brγ emission are produced from massive OB stars, and therefore primarily

measure current star formation rates. Hence, [FeII/Paβ] and [FeII/Brγ] line ratios

can be interpreted as indicators of the maturity of star clusters. Moreover, FeII -

hydrogen line ratios and the [H2/Brγ] line ratio can be used to determine whether

the local environment is dominated by thermal shock excitation from SNRs or UV

destruction (Larkin et al. 1998; de Grijs et al. 2004). These line ratios also have

the advantage that they are relatively insensitive to extinction (Dale et al. 2004;

Koo 2014).

Figure 4.18 shows how the measured line ratios vary with age of our star cluster

sample. The [FeII/Paβ] and [FeII/Brγ] line ratios increase with age. This possibly

indicates that star formation is decreasing with increasing age. Furthermore, these

line ratios reach a maximum of [FeII/Paβ] = 0.4 and [FeII/Brγ] = 0.7. Low

values like these have been observed in HII regions, such as Orion, where hydrogen

recombination lines are much stronger than FeII emission lines (Mouri et al. 2000;

Koo 2014). The [H2/Brγ] line ratio also increases almost linearly with age. The

maximum line ratio observed here is [H2/Brγ] = 0.7, which is typical for HII regions

(Larkin et al., 1998). However, the steady increase of all three line ratios with
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Figure 4.18: Top-Left: Dots represent [Paβ/Paγ] line ratios obtained from
our star cluster sample in the YJ band. The red line represents the best fit
to the observed ratios. Bottom-Left: Same as top-left but now for [FeII/Paβ]
line ratios. Top-Right: Same layout as top-left but now for [H2/Brγ] line ratios
measured from star clusters in the K band. Bottom-Right: Same as top-right but
now for [FeII/Brγ] line ratios, where FeII emission was measured in the H band.
Line ratios from nuclear and HII regions in star forming galaxies, measured by
Dale et al. (2004), are plotted in black for comparison. Errors for these line
ratios are plotted where available.

age suggests that thermal shock excitation from SNRs is becoming increasingly

important in ionising gas within a star cluster as it evolves.

In addition to these line ratios, Figure 4.18 shows how [Paβ/Paγ] line ratio varies as

a function of age. Large [Paβ/Paγ] line ratios require high excitation temperatures,

hence the observed linear decrease of this line ratio with age possibly represents

a decrease in temperature within a star cluster as it evolves (Kwan and Fischer,

2011). Massive OB stars are responsible for ionising gas that produce strong

hydrogen recombination lines. Therefore, this decrease in temperature is likely

due to the decline of massive OB stars in star clusters as they evolve.
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4.3.8 Star Cluster Radial Velocities

Heliocentric corrected radial velocities were derived from the brightest emission

lines in the spectra of our star cluster sample, which were usually the Paβ and

Brγ hydrogen recombination lines. The centre of these emission lines were mea-

sured using SPLAT-VO. These were then compared to rest frame wavelengths to

determine radial velocities for each of the star clusters. Velocity measurements are

listed in Table 4.7. Star clusters in the southern overlap region are observed or-

biting the Antennae with the lowest radial velocities. The highest radial velocities

are observed near the cores of the progenitor disk galaxies.

Target VRad VRad(HI) ∆VRad

kms−1 kms−1 kms−1

S4 1661±18 1690 -29
S5 1647±30 1640 7
S6 1621±16 1630 -9
S7 1697±24 1715 -18
S8 1659±36 1690 -31
S9 1671±18 1710 -39
S10 1687±26 1700 -13
S11 1662±18 1685 -23
S12 1664±27 1685 -21
S13 1663±23 1680 -17
S14 1680±17 1670 10
S15 1658±22 1675 -17
S16 1653±21 1665 -12
S17 1636±29 1675 -39
S20 1591±25 1605 -14
S21 1614±23 1630 -16
S22 1607±13 1630 -23
S24 1553±23 1565 -12
S25 1539±26 1560 -21
S26 1478±19 1490 -12
S27 1510±13 1490 20
S28 1411±13 1470 -59
S29 1424±18 1470 -46
S30 1566±30 1560 6
S31 1643±19 1620 23
S32 1596±21 1580 16
S33 1607±27 1580 27
S34 1624±24 1620 4
S37 1476±15 1490 -14
S38 1571±23 1560 11
S39∗ 1463±21 1515 -52

Table 4.7: Radial velocities of star clusters, corrected for the heliocentric
motion of the Earth. Radial velocities were determined from Paβ and Brγ
emission lines. HI velocities from Hibbard et al. (2001) are shown for compari-
son. Their measurements indicate that HI maps the rotation of the progenitor
spirals. Many HI velocities are within 3σ of measured radial velocities for star
clusters at the same location. This suggests that star clusters in our sample are
associated with one of the progenitor disks. Asterisks represent clusters with
no HI radial velocity measurements at the same location. HI radial velocities
for these locations were determined by extrapolating from the nearest HI radial
velocity measurement.
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4.3.9 Supernova Rates

As discussed in § 4.3.2.4, the supernova rate can give insight into the star formation

history of a galaxy. Supernovae (SNe) produce bright, compact FeII line emission

in the near-infrared via thermal shock excitation of dust grains in large transition

zones between HII and HI regions (Vanzi and Rieke 1997; de Grijs et al. 2004).

This FeII emission can still be observed ∼ 104 years after a SN explosion, making

it a useful probe of supernova rates. Determining the supernova rate for each

star cluster with FeII emission in its spectra will help understand how recent star

formation varies throughout the Antennae galaxies.

FeII emission is detected in the spectra of 21 star clusters in our sample, 13 show

FeII (1.26µm) emission and 11 show FeII (1.64µm) emission. In addition to this

spectroscopic data, HST/WFC3 narrow band images centred at FeII (1.64µm)

emission are available. Hence, both photometric and spectroscopic observations

are used to determine supernova rates around the Antennae galaxies. Values

recorded from either emission line are interchangeable as these lines share the

same upper atomic level and have an intrinsic line ratio of FeII λ1.26/λ1.64 = 1.36

(Nussbaumer and Storey, 1988).

The relationship between supernova rate and FeII proposed by Rosenberg et al.

(2012) is adopted for this study. Rosenberg et al. (2012) determined supernova

rates for a dozen starburst galaxies by first measuring Brγ equivalent widths from

their starburst galaxy sample. Equivalent width measurements were then input

to the Starburst99 model to determine supernova rates. Rosenberg et al. (2012)

then attempted to determine a correlation between FeII (1.64µm) luminosities

from these starburst galaxies and their supernova rates. From their pixel-pixel

analysis of ESO/SINFONI data cubes of starburst galaxies, Rosenberg et al. (2012)

found a strong linear relationship between the FeII (1.26µm) emission line and the

supernova rate, which can be expressed in the form:

log
SNrate

yr−1pc−2
= 1.01× log

FeII1.26

ergs−1pc−2
− 41.17 (4.7)

where FeII1.26 is the FeII luminosity density per squared parsec, and the two

constants are results from linear regression fits to supernova rate and FeII emission

data from several galaxies.
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Figure 4.21: Comparison between photometric supernova rates (blue trian-
gles) and spectroscopic supernova rates (red squares) for measured FeII1.64 lumi-
nosities. 11 star clusters in our sample have both spectroscopic and photometric
H band data, and enabled a direct comparison between FeII luminosity and su-
pernova rate. Both photometric and spectroscopic supernova rates are seen to
increase gradually with FeII luminosity, even if one excludes the most luminous
cluster (S27) in the plot.

Spectroscopic and photometric luminosities were determined for star clusters with

either FeII1.26 or FeII1.64 line emission in their spectra. Measurements were taken

in a 0.5′′ radius around each star cluster. Many of these star clusters were only

observed in one of the two bands where FeII emission is present, hence the lu-

minosity of only one FeII emission line was determined for these star clusters.

Luminosities for the remaining FeII emission line was calculated using the con-

version factor of FeII λ1.26/λ1.64 = 1.36 (Nussbaumer and Storey, 1988). The

supernova rate of each star cluster was then calculated using Equation 4.7 and the

measured photometric and spectroscopic luminosities.

Table 4.8 lists the calculated supernova rates and FeII luminosities and Figure 4.22

shows how the supernova rate varies throughout the Antennae galaxies. The high-

est supernova rates are generally located in the southern overlap region. Cluster
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S27 in particular has the highest supernova rate in the entire star cluster sam-

ple with a supernova rate of ∼ 0.6 yr−1 measured from spectroscopy. The lowest

supernova rates are located south and south-east of the centre of NGC 4038. In

these regions the supernova rate is generally on the order of 10−3 yr−1.
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Figure 4.22: Variation of supernova rate across the Antennae. Supernova
rates calculated from spectroscopy using the FeII1.26 emission line are shown in
the top diagram, and supernova rates calculated using the FeII1.64 emission line
are shown in the bottom diagram. Star clusters labelled in red have supernova
rates of ∼ 0.001 yr−1, green star clusters have supernova rates ∼ 0.01 yr−1, and
blue star clusters have supernova rates on the order of 0.1 yr−1. The youngest
and most massive star clusters in our sample have the highest supernova rates.



Chapter 4. The Antennae: NGC 4038/4039 127

4.4 Discussion

4.4.1 Spatial Distribution of Antennae Star Clusters

As shown in § 4.3.4 and § 4.3.5, the ages and masses of star clusters in the Antennae

system are observed to vary with position in the merger. An inverse correlation is

found between age and mass in that the star cluster mass in our sample decreases

with increasing age. Moreover, the most massive and youngest star clusters are

located in the southern overlap region, and the oldest and least massive star clus-

ters are located in the region south-east of the core of NGC 4038. Therefore, the

local environment within the Antennae must vary, particularly between these two

regions.

The young ages in the southern overlap region can be explained by the large

concentration of molecular gas that occupies the same area. CO observations by

Stanford et al. (1990) identified three large concentrations of molecular gas, one

in each of the two nuclei and a third, more massive concentration in the overlap

region (see Figure 4.14). Furthermore, over half of the total CO emission from the

Antennae comes from this southern overlap region (Wilson et al., 2000). Strong

[NeIII]/[NeII] ratios measured from the southern overlap region suggest that much

of this molecular gas is likely being used to fuel star formation (Wilson et al. 2000;

Wilson et al. 2003). This is apparent from the initial star cluster catalogue recorded

from the Antennae by Whitmore and Schweizer (1995) where approximately 90%

of the star clusters in this catalogue are located in the southern overlap region.

Therefore, given the large abundance of molecular gas in the southern overlap

region, new star clusters are likely to be continuously forming in this region, giving

rise to the young ages observed there. Also, this large abundance of gas implies

there is more material to form high mass (≥ 105M�) star clusters.

In contrast to the southern overlap region, there is very little molecular gas as-

sociated with the region south-east of the core of NGC 4038, where the oldest

and least massive star clusters are found. It is possible that all the molecular gas

initially present in this region has already been used to form star clusters, hence

there is insufficient gas available to produce a new generation of star clusters as

young as those in the southern overlap region. The low mass of these star clusters

suggests there was less molecular gas (or perhaps less dense) available to form

from, compared to the southern overlap region.
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In addition to hosting the youngest and most massive star clusters, the southern

overlap region also has the highest supernova rate observed in the Antennae. The

high supernova rate in this region is unsurprising given that many of the star

clusters in this region have emission lines characteristic of massive OB stars. The

abundance of massive OB stars here were likely formed from the large supply of

molecular gas. As the supernova rate is an indicator of the star formation rate, the

high supernova rate in the southern overlap region confirms that the star formation

rate there is also very high. Stanford et al. (1990) speculate that the star formation

rate in this region may be as high as ∼ 5M� yr−1, implying that all the molecular

gas in the southern overlap region (∼ 1 × 109 M�) will be exhausted in ∼ 200

Myrs.

The lowest supernova rates are observed in the regions south and south-east of

the centre of NGC 4038. The low supernova rate observed south of NGC 4038 is

surprising as this region shows strong CO emission and therefore is abundant in

molecular gas (Wilson et al., 2000). Hence, this region should be an active site of

star formation and SNe (Wilson et al., 2003). The low supernova rates observed

could be due to the number of molecular gas clouds present in this region. Unlike

the southern overlap region, where there are 4 - 5 giant molecular gas clouds in

close proximity to one another, the region south of NGC 4038 has only one isolated

molecular gas cloud. The gas clouds in the southern overlap region are possibly

colliding with each other and producing massive OB stars in their boundary layers

(Wilson et al., 2000), however no such collisions are taking place south of the centre

of NGC 4038. Hence, this would reduce the star formation rate and supernova

rate in this region.

4.4.2 Comparison with Previous Antennae Surveys

As mentioned in § 4.2.1, all star clusters observed in this survey have prior ob-

servations at optical or near-infrared wavelengths. Therefore, it is interesting to

compare results from this study with those in the literature. The star clusters in

our sample are relatively constrained in age (3 - 10 Myrs) compared with earlier

surveys (e.g., Whitmore et al. 1999; Bastian et al. 2009). This is primarily due to

a selection bias in our sample as star clusters that are bright in the K band were

selected for this survey. The K band luminosity of star clusters generally peaks at

ages less than 10 Myrs and there are few clusters with bright K band magnitudes
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at older ages (Mengel et al., 2005), hence the young mean age of our star cluster

sample.

Eight star clusters observed in this survey were also observed by Bastian et al.

(2009) using optical spectroscopy. However, useful KMOS spectra were only avail-

able for 5 of these star clusters: S4, S5, S6, S7, and S21. The remaining star

clusters, S1, S2 and S3, showed no absorption/emission features in their near-

infrared spectra. Bastian et al. (2009) suggest S1 and S2 have ages between 80 -

250 Myrs, and S3 has an age of ∼ 20 Myrs. Given these ages, these star clusters

will have no emission lines in their spectra. Furthermore, S1 and S2 are unlikely

to have strong CO bandheads since these absorption lines peak at 12 Myrs due to

the presence of RSGs, and will have likely become indistinguishable from the con-

tinuum at the ages of these star clusters (Gazak et al., 2013). B299 may have CO

absorption bands in the H and K bands, however this cluster was only observed

in the YJ band where no CO bandheads are present. Ages and masses derived for

S4, S5, and S6 are in agreement with measurements from Bastian et al. (2009).

Moreover, the presence of hydrogen recombination lines and helium lines in the

spectra of these star clusters confirms the presence of massive OB stars.

Based on the age distribution of our sample (shown in Figure 4.14), star clusters

in the Antennae do not form in isolation, but rather as parts of extended star-

forming regions. This is in agreement with Zhang et al. (2001) and Bastian et al.

(2006) who suggest that star clusters do not form stochastically, but are part of

an extended hierarchy of star formation. An example of an extended star forming

region is the southern overlap region, which harbours the youngest star clusters

in our sample. The star clusters observed in this region were also observed by

Gilbert and Graham (2007) using high resolution spectroscopy in the K band.

Their calculated ages and masses are in general agreement with those from this

survey, although they derive somewhat younger ages for S26 and S29 (see Table

4.5).

S26 (Figure 4.23) has also been observed by Greissl et al. (2010) and is a partic-

ularly interesting target due to the absorption and emission in its near-infrared

spectra. Greissl et al. (2010) found CO absorption bands in the H and K band

spectra of S26 along with strong hydrogen recombination lines. This is unusual

since CO bandheads appear in star clusters ∼ 7 - 12 Myrs old and are due to

RSGs, whereas hydrogen recombination lines are from OB stars and indicate an

age less than 6 Myrs for a star cluster. Greissl et al. (2010) conclude that S26 is



Chapter 4. The Antennae: NGC 4038/4039 130

Figure 4.23: Cluster S26 has shown spectral features consistent with two
stellar age groups. Spectra of this cluster shows hydrogen recombination lines
that are produced from OB stars (< 6 Myrs old) and CO bandheads produced
from RSGs (which appear ∼ 7 - 12 Myrs after the birth of a cluster). Greissl
et al. (2010) suggest that S26 is a cluster of clusters as it is surrounded by
fainter sources. They conclude that S26 is at least two separate clusters with
an age spread of 6 - 18 Myrs and mass ratio Mold/Myoung < 0.2. One of the
surrounding sources is S37 (white dashed circle) which may have branched away
from S26 at an earlier time.

in fact two separate star clusters with an age spread of 6 - 18 Myrs and mass ratio

Mold/Myoung < 0.2. Furthermore, Gilbert and Graham (2007) suggest that S26

may actually be a cluster of clusters as it is surrounded by fainter sources. S26

is known to have a neighbouring star cluster, S37. Given the similar age between

these two star clusters, it is possible that S37 branched away from S26 during its

early stages of evolution. Unfortunately, S26 was only observed in the YJ band in

this study, hence CO bandheads were not detected. However, several star clusters

in this survey have absorption and emission lines in their spectra, the brightest

of which is S28. Similar to S26, this star cluster is also surrounded by fainter

objects, and therefore may also be a cluster of clusters. However, if S28 is indeed

a single cluster then the presence of both hydrogen recombination lines and CO
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bandheads may indicate that star formation within this cluster is ongoing rather

than a single burst.

A number of theories have tried to explain the presence of both these spectral

features using the scenario of multiple star formation episodes within a star cluster

(e.g., D’Ercole et al. 2008; Conroy and Spergel 2011). However, these theories

require sufficiently high masses (> 106 M�) for star clusters after formation, and

a sufficient gas abundance to fuel multiple episodes of star formation. Neither

of these parameters are observed in Galactic and extragalactic young massive

clusters, implying that multiple star formation theories have some drawbacks.

Bastian et al. (2013b) have proposed an alternative theory that invokes binary

stars. They suggest that the high stellar densities of young GCs imply that Wolf-

Rayet stars in binary systems would have a longer lifetime and inhabit a star

cluster during the same periods as RSGs. Such a star cluster will therefore consist

of both hydrogen recombination lines and CO bandheads. Studies of Westerlund

1, a young massive cluster in the Galaxy, are in agreement with this theory. The

model proposed by Bastian et al. (2013b) will need further verifications in future

work, but for now illustrates that star cluster formation may have proceeded in a

way that is consistent with the known physics of young massive cluster formation.

4.4.3 Comparison with Star Clusters in other Major Merg-

ers

The results from our Antennae sample can be compared to star clusters in other

major mergers. NGC 3256 is classified as an intermediate-stage merger in Toomre’s

list of nearby merging systems (Toomre, 1977) and is in a more advanced merger

state than the Antennae galaxies (Trancho et al., 2007b). Photometric surveys

by Zepf et al. (1999) indicate the presence of 1000 possible star clusters. The

brightest of these have been observed spectroscopically by Trancho et al. (2007a)

and several cluster parameters have been derived. Given that star clusters in the

Antennae sample presented here were also selected based on their brightness, a

comparison can be made between the brightest star clusters in these two galaxy

mergers. Both mergers consist of star clusters with masses exceeding 106M�, and

the average star cluster mass in both samples is 1 × 106M�. The most massive

star cluster in each galaxy is also very similar, having masses of ∼ 5× 106M�.
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The similarity in cluster mass between these two mergers is quite remarkable

considering NGC 3256 has significantly more molecular gas than the Antennae

(2× 1010M� compared to 5× 109M�: Casoli et al. 1991; Zepf et al. 1999; Wilson

et al. 2000) and a higher star formation rate (33 M� yr−1 compared to 20 M�

yr−1: Zhang et al. 2001; Knierman et al. 2003). Moreover, the star formation rate

in the Antennae is likely to increase substantially as the nuclei of NGC 4038/39

merge (Cox et al. 2006; Hopkins et al. 2009). Considering there is a tight relation

between the most massive star cluster in a galaxy and its star formation rate

(Larsen, 2004b), an increase in star formation may well lead to the Antennae

producing star clusters with masses exceeding 107M�, such as those found in

NGC 7252 where the nuclei of the progenitor galaxies have merged (Schweizer and

Seitzer, 1998). The same increase in cluster mass is also likely to occur in NGC

3256, however the larger abundance of molecular gas in NGC 3256 may fuel the

formation of more massive star clusters than the Antennae will produce.

Currently there are no supernova rates from individual star clusters in mergers

available for comparison. However, supernova rates recorded from the Antennae

galaxies can be compared to supernova rates from the large sample of starburst

galaxies observed by Rosenberg et al. (2012). Based on measurements of Brγ

emission, star forming regions around the centre of these starburst galaxies have

ages between 6 - 7 Myrs and so are comparable to the ages of the Antennae

star clusters. Furthermore, their sample includes star forming regions in NGC

520 which is thought to be a galaxy merger between a gas-rich spiral and a gas-

poor spiral that began merging ∼ 300 Myrs ago (Stanford and Balcells, 1991).

Therefore, the age of this merger is comparable to the age of the Antennae merger.

The supernova rates measured by Rosenberg et al. (2012) are listed in Table 4.9.

From our sample, 14 star clusters with measured supernova rates have ages be-

tween 6 - 7 Myrs. With the exception of S28, which has a supernova rate of ∼ 0.1

yr−1, the remaining star clusters have supernova rates between 10−2 − 10−3 yr−1.

All of these supernova rates are similar to rates measured for half of the starburst

galaxy sample studied by Rosenberg et al. (2012). The supernova rate of S28 in

particular is comparable to the supernova rate of NGC 520, which has a supernova

rate of ∼ 0.3 yr−1. Furthermore, the Antennae star clusters younger than 6 Myrs

have supernova rates between 0.1 - 0.6 yr−1, which is comparable to the highest

supernova rates recorded from this starburst galaxy sample. Considering that the

supernova rate correlates with star formation rate, the supernova rates from the
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Galaxy Age SNrate
(Myr) (10−2yr−1)

Arp 220 6.8 70
NGC 520 6.6 30
NGC 1084 7.3 0.9
NGC 1614 6.4 90
NGC 1792 7.9 0.7
NGC 1808 6.9 6
NGC 3628 6.9 1
NGC 4536 6.7 30
NGC 6240 7.7 360
NGC 7552 6.7 30
NGC 7632 7.0 3

Table 4.9: Supernova Rates measured from nearby starburst galaxies by
Rosenberg et al. (2012). Ages are measured from high star forming regions
within these starburst galaxies.

Antennae star clusters indicate that the star formation rate in this merger is very

high compared to many starburst galaxies.

4.4.4 Are Star Clusters associated with the Antennae Galaxy

Disks?

Radial velocities for our star cluster sample were calculated in section § 4.3.8.

These can be compared to HI observations of the Antennae galaxies by Hibbard

et al. (2001). In their survey they derived velocity maps for extended regions

around the Antennae galaxies. These HI maps clearly show the rotation of the

progenitor spirals. Therefore, any significant difference between the star cluster

radial velocities and the HI velocities at a particular location may indicate that the

star clusters are not associated with the galactic disks. Bastian et al. (2009) found

three star clusters in their sample have radial velocities significantly different to

the HI velocity maps, indicating that there are some Antennae star clusters that

are not associated with either disks.

Figure 4.24 and Table 4.7 show a comparison between radial velocities of our star

cluster sample, measured using either Paβ or Brγ emission, and the HI velocities

measured by Hibbard et al. (2001). All star clusters in our sample follow the HI

rotation, and are therefore associated with one of the progenitor disks. S39 does

not have any HI radial velocity measurements for comparison. However, its radial
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velocity is similar to the radial velocities of the surrounding star clusters in our

sample, which are all likely associated with the progenitor disks. Therefore, S39

is also likely associated with one of the progenitor disks.

This result is unsurprising given the ages of the star clusters in our sample. Star

clusters only a few Myrs old are generally found forming within the progenitor

disks of galaxy mergers (e.g., Trancho et al. 2007a). However, star clusters may

become part of the halo cluster population of the merger remnant as they evolve.

This has been observed by Bastian et al. (2009) for some of the older (∼ few

hundred Myrs) star clusters in the Antennae. Moreover, this is observed for older

merger remnants like NGC 3921 (Schweizer et al., 2004) and NGC 7252 (Schweizer

and Seitzer, 1998) where the progenitor disks have been completely disrupted. The

orbits of star clusters in these galaxy mergers are dominated by random motions

rather than disk rotation. Therefore, while the star clusters in our sample are

currently associated with the progenitor disks of the Antennae, they may form the

halo cluster population of this merger as it evolves.

4.4.5 Outflows from Star Clusters

Gas outflows are often observed from massive (106M�) star clusters that are a

few Myrs old (Hodapp and Davis 2002; Eislöffel et al. 2003). These outflows are

due to stellar winds from massive OB stars and SN explosions that accelerate the

local gas to high enough velocities to escape the star cluster volume (Tenorio-

Tagle et al., 2005). There is reason to believe that some of the star clusters in

the Antennae galaxies may also have outflows. Gilbert and Graham (2007) find

that several clusters in their sample have HII velocity dispersions exceeding the

escape velocity of the star cluster, suggesting the gas within these star clusters has

adequate energy to escape the cluster’s potential well.

Outflows can often be traced by shock-excited H2 emission as they leave the dense

cores of star clusters (Hodapp and Davis, 2002). A particularly useful emission

line is the H2 1-0S(1) line occurring at 2.12µm (Eislöffel et al., 2003). Thirteen

star clusters in our sample have this emission line in their spectra (see Table

4.3). Furthermore, intensity maps of these clusters show H2 1-0S(1) emission lines

structured as lobes and filaments that are located away from the centre of the star

cluster where the HII regions are present. However, it is unknown whether the

observed H2 emission is shock excited or excited by UV florescence. Excitation
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Figure 4.24: Top: HI maps of the Antennae produced by Hibbard et al. (2001).
The variation in colour around the Antennae represents the variation in radial
velocity of HI. Bottom: HI contours superimposed on a K band image (Hibbard
et al. 2001; Figure 9) and overplotted with radial velocities measured from star
clusters in our sample.
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by the latter process does not trace outflows. Therefore, it is unclear if these star

clusters have outflows. Fortunately, H2 line ratios can be used to differentiate

between excitation by thermal shocks and UV photoionisation (Hanson et al.,

2002). Four star clusters in our sample have strong H2 1-0S(0) emission at 2.22µm

along with H2 1-0S(1) emission. These are S27, S28, S29, and S31, all of which

have been observed by Gilbert and Graham (2007) and are suggested to have

outflows.

H2 1-0S(0)/ H2 1-0S(1) line ratios from these stars clusters range between 0.4 - 0.5.

This range is typically observed from photodissociation regions (PDRs) formed by

UV photons (Hanson et al., 2002). Shock excited H2 emission have lower values,

generally between 0.1 - 0.2. Therefore, these star clusters may not have outflows.

However, VLT/SINFONI surveys show that S28 and S29 are located near deeply

embedded H2 sources (Herrera et al., 2012). H2 line ratios from these sources range

between 0.1 - 0.2, indicating H2 emission is being powered by shock excitation.

Therefore, these sources may be newly formed star clusters that have outflows

that are breaking through the dense cores of these clusters and shock-exciting the

surrounding molecular gas.

4.5 Conclusion

Near-infrared spectra of star clusters in the Antennae galaxies have been observed

using the KMOS Multi-object Integral Field Spectrometer of the ESO VLT. Bright

(Mk < -12) star clusters with near-infrared spectroscopic data or optical photo-

metric/spectroscopic data were selected for this survey. A total sample of 47 star

clusters were observed: 26 star clusters were observed in the H, K, and HK bands,

and 30 were observed in the YJ band.

• The clusters in this survey generally have ages between 3 - 10 Myrs. These

are very young compared to some clusters found in the Antennae that have

typical ages of ∼ 200 Myrs. However, our sample is biased to the brightest

clusters in the near-infrared, and therefore contains some of the youngest

clusters in the Antennae. The derived ages are in agreement with earlier

optical and near-infrared measurements for the same clusters.
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• The youngest star clusters are located in the southern overlap region. This

is also the same location where the most massive star clusters in our sample

are found. The southern overlap region is also abundant in molecular gas

(mass ∼ 109M�) which is thought to be fuelling the formation of massive

star clusters. The high supernova rate calculated for the star clusters located

in this region confirms that the southern overlap region is a hotbed for star

formation in the Antennae. Given the abundance of molecular gas available

for star formation, the southern overlap region may continue to host the

youngest and most massive star clusters in the Antennae for the next few

hundred Myrs.

• The metallicity of the star clusters, derived from red supergiant dominated

spectral features, is consistent with solar abundance to within ± 0.2 dex.

This is in agreement with metallicities derived from earlier surveys. However,

further observations of these features are required to better constrain the

metallicity of star clusters around the Antennae. Given the photometric

masses estimated for these star clusters, many of them may survive past the

current early, violent periods of star cluster evolution and evolve into old

(Gyr) star clusters.

• The kinematics of all the star clusters in our sample suggest an association

with one of the two disk galaxies involved in the merger. A similar result

is found for the merger NGC 3256, which is similar in age to the Antennae

although at a more advanced stage of merging. However, older mergers like

NGC 7252 are dominated by clusters orbiting in a random motion rather

than disk rotation. This implies that galaxy mergers form the majority of

their star clusters in disks, and their orbits become randomized as the merger

evolves.

• Several star clusters in our sample contain spectral features expected from

both massive OB stars and RSGs, the brightest of which is cluster S28. Based

on our results, it is unclear whether S28 is a single star cluster or a group

of clusters. If S28 is indeed a single star cluster then the peculiar spectral

features may be explained by invoking longer lifetimes of Wolf-Rayet stars

in stellar binaries, as suggested by Bastian et al. (2013b).

• Based on the above results, we suggest three points for future surveys of the

Antennae star clusters. Firstly, star clusters with ages ∼ 12 Myrs should be
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observed in the YJ band. Not only will this give a better constraint on the

metallicity than what we have provided, it may also indicate how metallicity

varies throughout the Antennae star cluster population, particularly if there

is any difference in metallicity between the southern overlap region and other

regions of the Antennae. Secondly, radial velocities of star clusters with ages

closer to the time of the last pericentre passage (∼ 200 Myrs ago) should be

investigated. Given that we have established that the youngest star clusters

prominently form in the disks, it will be interesting to see if the older star

clusters have evolved to form part of the halo cluster population of the

merger. Finally, given that at least two star clusters in our sample (S26

and S28) may be multiple clusters, it would be interesting to compare these

to other similar star clusters in the Antennae to better understand how

they form and evolve. Star cluster #79 from Christopher (2008) (knot S in

Whitmore et al. 2010) is an ideal target to observe for comparison as high

resolution HST images show it has an unusually large size and morphology

compared to other star clusters in the Antennae and may well be a complex

of clusters.
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NGC 1487

5.1 Introduction

NGC 1487 is described as a peculiar late-type galaxy (Sersic 1968; Agüero 1971).

The main features of this galaxy are characterised by four bright condensations in

the central region (see Figure 5.1) and two faint asymmetric tails extending out to

∼ 13 kpc from the galactic centre. These bright condensations have spectral char-

acteristics typical of HII regions (Aguero and Paolantonio, 1997), which suggest

the presence of massive OB stars and relatively recent (∼ 5 Myrs) star forma-

tion in these condensations. Equivalent width measurements from emission lines

in these condensations indicate star formation rates higher than typically found

in galaxy mergers, and the morphological structure of NGC 1487 suggests this

galaxy is the product of a merger process between two late-type galaxies (Aguero

and Paolantonio, 1997).

All four condensations are further examined by Lee and Lee (2005), who identify

more than 500 star cluster candidates in their two-colour photometric analysis of

NGC 1487 using HST/WFPC2 data. They conclude that these star cluster candi-

dates are likely to have been produced from tidal interactions occurring between

the two late-type galaxies involved in this merger. Furthermore, from their photo-

metric analysis they propose that the merging process may have occurred ∼ 500

Myrs ago. The brightest 3 star cluster candidates in the catalogue produced by

Lee and Lee (2005) have been further investigated by Mengel et al. (2008) using

139
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NGC 1487
αJ2000 03h55m46s
δJ2000 −42◦22′05′′

MV -18.32
czhel 711 ± 15 kms−1

D 10.0 ± 0.2 Mpc
Scale 46 pc arcsec−1

Table 5.1: Basic parameters of NGC 1487 taken from Aguero and Paolantonio
(1997). Hubble constant is taken as H0 = 71 kms−1Mpc−1.

near-infrared spectroscopy surveys with VLT/ISAAC. They confirm these candi-

dates are bona fide star clusters and find absorption features typically observed

from red supergiants (RSGs) in all three star clusters, which implies an age of ≈
10 Myrs. This young age also implies that these star clusters may have survived

the early, violent phases of star cluster evolution, where stellar winds from mas-

sive OB stars and supernova explosions are continually removing gas from the star

cluster and causing it to dissolve (Portegies Zwart et al., 2010). The magnitudes

of these star clusters are generally quite faint when compared to those in other

mergers like the Antennae (Whitmore et al., 2010). Furthermore, NGC 1487 is

quite a faint galaxy merger, having a total magnitude of MK = −20.4 which is

comparable to the LMC (Micheva et al., 2013).

Given the large abundance of star cluster candidates, NGC 1487 presents an op-

portunity to expand our understanding of star cluster formation and evolution in

merging galaxies. In this study, we present photometric and spectroscopic analysis

of the brightest star clusters in NGC 1487. The star cluster sample observed in

this survey is introduced in § 5.2 along with the photometric and spectroscopic

data used. Properties derived for these star clusters are presented in § 5.3. Impli-

cations of our findings are discussed in § 5.4 and conclusions from our survey are

presented in § 5.5.

5.2 Data Reduction

5.2.1 Photometric Data

HST Wide Field Planetary Camera 2 (WFPC2) and Advanced Camera for Sur-

veys/High Resolution Channel (ACS/HRC) images of NGC 1487 were acquired
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Figure 5.1: HST/WFPC2 mosaic of the central region of NGC 1487. The
size of this image is 2.0′ × 1.7′. Each of the four condensations discussed in
§ 5.1 are labelled here. Condensations are numbered according to the catalogue
produced by Aguero and Paolantonio (1997). The dashed box represents the
field of view (29′′ × 26′′) of the ACS/HRC frame used for this work.

as part of Proposal-ID 5396 (PI: S. Zepf) and 9473 (PI:W. Vacca), respectively.

WFPC2 frames were taken in the F450W and F814W filters, and HRC frames

were taken in the F435W band. Reduced images from the HST pipeline are

used for both sets of data. WFPC2 frames are centred at αJ2000 = 03h55m45.s3,

δJ2000 = −42◦22′10′′ and the HRC frames are centred at αJ2000 = 03h55m45.s2,

δJ2000 = −42◦22′15′′. The spatial resolution of the WFPC2 frames and HRC

frames are 0.1′′/pixel and 0.03′′/pixel, respectively. At the adopted distance of

10.0 ± 0.2 Mpc for NGC 1487 (Lee and Lee, 2005), 1 parsec corresponds to an

angular size of 0.′′02. Given that massive star clusters have an average size of ∼
5 pc (Schweizer et al. 1996; Bastian et al. 2013c), the spatial resolution of both

frames should be sufficient to resolve the star cluster population in NGC 1487.

Galactic reddening values of AF435W and AF450W = 0.043, and AF814W = 0.018

were used throughout this investigation (Schlafly and Finkbeiner, 2011). Total

integration times for each HST frame are listed in Table 5.2.
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5.2.2 Spectroscopic Data

Spectroscopic surveys were taken in the near-infrared in order to penetrate through

dense clouds that enshroud star clusters at young (∼ few Myr) ages. Spectroscopy

was performed with KMOS at VLT-ANTU on 16/11/13. Observations were taken

in the HK bandpass at a spectral resolution of λ/δλ ∼ 2000. The total wave-

length coverage in the HK band is 1.5 - 2.4µm. KMOS arms were allocated to

individual targets using the KMOS Arm Allocator software (KARMA) (Wegner

and Muschielok, 2008). The observing pattern was set to object-sky-object-sky,

and the observing mode was set to Free-dither. Three IFUs (one for each KMOS

detector) were fixed on regions devoid of star clusters and bright objects while 19

IFUs observed star cluster targets. The three sky observing IFUs were used to

improve sky subtraction. IFUs #2 and #13 were unavailable for use. Raw frames

from both science and calibration observations were processed using recipes from

the ESO SPARK data reduction kit (Davies et al., 2013). Reduced science data

cubes for each star cluster target were produced using the standard monolithic

pipeline available in SPARK. The total exposure time for each target is listed in

Table 5.2 and a mosaic of the collapsed cubes is shown in Figure 5.3.

5.2.3 Star Cluster Catalogue

Few surveys have been made of star clusters in NGC 1487. From the limited stud-

ies in the literature, Lee and Lee (2005) have used HST/WFPC2 images of NGC

1487 to detect 560 star cluster candidates around the system over an apparent

magnitude range of 18.5 < B < 24. Furthermore, three of these candidates are

confirmed as bona fide star clusters through near-infrared spectroscopy (Mengel

et al., 2008). The brightest star cluster candidates (B < 22 mag) from the cata-

logue produced by Lee and Lee (2005) are selected for this survey. The catalogue

produced by Lee and Lee (2005) is generally confined to the centre of NGC 1487,

and primarily focus on the four condensations. Star clusters may exist outside this

central region and possibly in the tidal tails as seen in other galaxy mergers (e.g.,

Whitmore et al. 1999; Trancho et al. 2007b). Therefore, HST frames presented in

§ 5.2.1 were used in our survey to identify additional star cluster candidates beyond

∼ 1′ from the centre of NGC 1487. SExtractor (Bertin and Arnouts, 1996) was

used to identify star cluster candidates based on colour, magnitude and ellipticity

values. Objects with colours B-I < 0.5, magnitudes of B < 22 mag, and ellipticity
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Target Other Names αJ2000 δJ2000 KMOS Integration time/s HST Integration time/s
F435W F450W F814W

SC1 4 03h55m45.s23 −42◦22′12.′′56 300 1540 3600 3200
SC2 14 03h55m45.s37 −42◦22′13.′′06 300 1540 3600 3200
SC3 24 03h55m45.s26 −42◦22′13.′′96 300 1540 3600 3200
SC4 54 03h55m46.s19 −42◦22′17.′′76 300 1540 3600 3200
SC5 80 03h55m44.s67 −42◦22′02.′′66 300 1540 3600 3200
SC6 135 03h55m42.s56 −42◦21′52.′′66 300 1540 3600 3200
SC7 149 03h55m44.s33 −42◦21′49.′′06 300 1540 3600 3200
SC8 157 03h55m44.s41 −42◦21′35.′′06 300 1540 3600 3200
SC9 435/436 03h55m47.s25 −42◦22′04.′′36 300 1540 3600 3200

Table 5.2: Coordinates and integration times for star clusters observed in
NGC 1487. The second column represents the IDs used in Lee and Lee (2005).

values ε < 0.4 were deemed as possible star cluster candidates. These constraints

are based on properties of star clusters in several merging galaxies (e.g., Whitmore

et al. 1999; Goudfrooij et al. 2001a; Rejkuba 2001).

The brightest star cluster candidates catalogued by Lee and Lee (2005) are concen-

trated in two condensations, both ∼ 3′′ × 3′′ in size, near the centre of NGC 1487

(see Figure 5.1). Generally, star cluster candidates in these regions are separated

by ∼ 0.5′′ from each other. This level of crowding is problematic when perform-

ing spectroscopy. KMOS IFUs have a spatial coverage of 2.8′′ × 2.8′′, which is

comparable in size to either of these concentrated regions. Therefore, to prevent

collision between pick-off arms, only one IFU arm can be allocated to any of these

regions. This implies that the allocated IFUs will sample multiple star cluster

candidates (see Figure 5.3 for example), however not all star cluster candidates in

these regions will be observed.

The final star cluster catalogue used for photometry and spectroscopy is listed in

Table 5.2. As shown in Figure 5.2, this sample is biased towards the brightest

star cluster candidates in NGC 1487. 10 of the 19 star cluster candidates observed

using KMOS proved too faint to observe and were not analysed in this survey.

Furthermore, star cluster candidates detected using SExtractor are generally two

magnitudes fainter than the brightest candidates around the centre of NGC 1487.

Therefore, star cluster candidates located at galactocentric distances beyond ∼ 1′

were not observed in this preliminary survey.
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Figure 5.2: Luminosity function of star clusters in NGC 1487. The green
histogram represents absolute magnitudes from the sample of star cluster can-
didates catalogued by Lee and Lee (2005) and candidates identified from our
survey using SExtractor. Apparent magnitudes from these two samples were
converted to the K band using spectral model fits from Starburst99 stellar pop-
ulation synthesis models, assuming solar metallicity with an instantaneous burst
and a Kroupa IMF. The red histogram represents star cluster candidates that
were selected for spectroscopy from our initial star cluster sample. The purple
histogram represents star clusters that showed absorption/emission features in
their spectra, and were therefore analysed in this chapter.



Chapter 5. NGC 1487 145

F
ig
u
r
e
5
.3
:

C
ol

la
p

se
d

co
n
ti

n
u
u

m
cu

b
es

of
ou

r
st

ar
cl

u
st

er
sa

m
p

le
.

E
m

is
si

on
an

d
ab

so
rp

ti
on

fe
at

u
re

s
w

er
e

av
oi

d
ed

w
h

en
p

ro
d

u
ci

n
g

th
es

e
im

ag
es

u
si

n
g

th
e
km

o
m
a
ke

im
a
ge

re
ci

p
e

fr
om

th
e

E
S

O
S
P
A
R
K

d
at

a
re

d
u

ct
io

n
p

ac
ka

ge
(D

av
ie

s
et

al
.,

20
13

).
S

C
1,

S
C

2
an

d
S

C
3

w
er

e
a
ll

o
b

se
rv

ed
w

it
h

th
e

sa
m

e
IF

U
d

u
e

to
th

ei
r

cl
os

e
p

ro
x
im

it
y

w
it

h
ea

ch
ot

h
er

.
H

en
ce

,
th

ey
al

l
ap

p
ea

r
in

a
si

n
gl

e
cu

b
e.



Chapter 5. NGC 1487 146

5.3 Results

5.3.1 Ages

Star cluster ages in NGC 1487 can be used to trace the star formation activity

associated with this galaxy merger. Ages were derived for the star cluster sam-

ple in Table 5.2 by comparing observed CO 2-0 bandhead equivalent widths to

synthetic equivalent widths from Starburst99 models (Leitherer et al., 1999) for a

variety of ages. The CO 2-0 bandhead is a characteristic feature in the spectra

of red supergiants, which first appear in star clusters with ages exceeding ∼ 7

Myrs (Davies et al. 2010; Gazak et al. 2013). Stellar population synthesis models

show that the strength of the CO 2-0 bandhead peaks around 12 Myrs after the

formation of a star cluster, and then gradually declines over the next 100 Myrs

(Origlia et al., 1993). However, it is worth noting that CO bandhead equivalent

widths can be reduced by non-stellar continuum emission from hot dust. There-

fore, the extracted equivalent widths for the CO 2-0 bandheads can be viewed as

lower limits.

In addition to the CO 2-0 bandhead, 4 star clusters have Brγ emission lines in their

spectra. Figure 5.4 shows typical output spectra from our star cluster sample.

Equivalent widths from these observed emission lines were also compared with

synthetic equivalent widths from Starburst99 models to determine ages for these

4 star clusters.

Solar metallicity and a Kroupa IMF were adopted for Starburst99 models. These

parameters have typically been used for other galaxy mergers such as the Antennae

galaxies (Larsen 2004b; Christopher 2008). Furthermore, the star formation profile

was set to an instantaneous burst of star formation. Star clusters are typically

very small (Reff ∼ few parsec) and very concentrated, hence star formation is

effectively instantaneous across a star cluster (Mengel et al. 2005; Bastian et al.

2009).

Table 5.3 lists the ages determined for our star cluster sample. With the exceptions

of SC5 and SC8, the age range of our sample is tightly constrained around ∼ 7

Myrs, suggesting the majority of star clusters in our sample formed around the

same time. The age distribution of these star clusters around NGC 1487 is shown

in Figure 5.5. Excluding SC5 and SC8, there is no significant variance of cluster
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Target Brγ Age CO 2-0 Age Mean Age Mass REFF RKing ε czhel MK

(Myrs) (Myrs) (Myrs) (×106M�) (pc) (pc) kms−1

SC1 6.0±0.3 9.0±0.8 7.5±0.7 0.6±0.1 1.2±0.4 1.1±0.3 0.8 696±16 -12.8
SC2 9.0±0.8 9.0±0.8 0.7±0.1 2.1±0.2 1.8±0.6 0.8 882±140 -13.1
SC3 6.3±0.4 7.7±1.3 7.0±1.2 1.5±0.5 2.9±0.4 2.8±0.2 0.7 848±44 -13.8
SC4 7.0±1.2 7.0±1.2 0.3±0.1 1.7±0.3 1.7±0.5 0.3 988±38 -11.1
SC5 16.7±8.6 16.7±8.6 0.4±0.1 2.4±0.2 2.1±0.4 0.8 697±99 -12.0
SC6 6.9±1.4 6.9±1.4 0.2±0.1 2.3±0.3 1.9±0.4 0.7 863±147 -10.9
SC7 5.6±0.1 7.5±1.4 6.6±1.2 0.2±0.1 1.6±0.4 1.2±0.3 0.8 693±40 -11.2
SC8 103.4±97.8 103.4±97.8 3.6±2.6 3.8±0.3 3.5±1.0 0.8 964±113 -12.9
SC9 5.7±0.1 7.5±1.5 6.6±1.3 0.7±0.2 5.7±1.0 5.4±0.8 0.9 811±13 -13.1

Table 5.3: Ages, masses, and radial velocities calculated for our sample using
Brγ and CO 2-0 lines are presented here. The size and ellipticity of each star
cluster was determined using the ISHAPE routine in the data reduction package
BAOLAB (Larsen, 1999). Magnitudes were taken from Lee and Lee (2005) and
Mengel et al. (2008), and assume a distance modulus of m −M = 30 and a
foreground reddening of AK = 0.004 (Schlafly and Finkbeiner, 2011).

age with location in NGC 1487. Star clusters located in the condensation regions

show similar ages to those in less dense regions. Given the large errors of SC5 and

SC8, both these clusters may be of similar age to the rest of our sample.

5.3.2 Masses

Derived ages from § 5.3.1 were used in tandem with stellar population synthe-

sis models to estimate the photometric masses of star clusters in our sample.

Starburst99 models were used here. Model parameters were set to an instanta-

neous burst, Kroupa IMF, solar metallicity and age limit of 500 Myrs. Ages from

§ 5.3.1 were used to determine the expected K band magnitudes for our star clus-

ter sample. These were then compared to the observed K band magnitudes to

determine photometric masses. Starburst99 models assume a star cluster mass of

MSB99 = 106 M�. Photometric masses for our star cluster sample were deter-

mined by scaling this model mass to the ratio of the observed and expected K

band magnitudes.

The derived masses are listed in Table 5.3, and Figure 5.5 shows how star cluster

mass varies across NGC 1487. Unlike the age distribution, there is some correlation

of star cluster mass with location in NGC 1487. The most massive star clusters

are generally located near the condensation regions. The exception to this is SC5,

which has a relatively low mass of ∼ 3 × 105 M� and is located in condensation

C1 (see Figure 5.1). The largest star clusters in our sample are SC3 and SC8,

with masses of ∼ 2 × 106 M� and ∼ 4 × 106 M� respectively. Unlike SC3, SC8

is located in an isolated region away from any condensation region. From Table
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5.3 and Figure 5.5, one can see that star clusters evolving in isolated regions tend

to have low masses of ∼ 3 × 105 M�. This suggests that possibly more gas was

available to form SC8 than for other isolated star clusters. However, HI or CO

observations of NGC 1487 are required to understand the gas distribution around

the merger and confirm this hypothesis.

Inspection of the HST frames available suggest that SC2 and SC9 in our sample

may be blended sources. Both star clusters are in close proximity to a neighbouring

star cluster. SC9 in particular cannot be distinguished into two separate clusters

in the WFPC2 frames, but has been suggested in earlier surveys to consist of two

separate star clusters in close proximity Lee and Lee (2005). Given the blending

effects of these clusters, the ages and masses derived from SC2 and SC9 may

represent average values between multiple star clusters.

5.3.3 Radial Velocities

Table 5.3 lists radial velocities for our star cluster sample, corrected for the helio-

centric motion of the Earth. These were derived using the CO 2-0 bandhead, which

appears in the spectra of all observed star clusters, and Brγ emission lines where

available. SPLAT-VO (Castro-Neves and Draper, 2014) was used to measure the

centre of these features in the spectra of each star cluster. These central values

were then compared to the rest frame wavelengths of CO 2-0 and Brγ respectively,

to determine radial velocities. The difference between radial velocities measured

for a star cluster using both CO 2-0 and Brγ features was typically between 50 -

100 kms−1.

Figure 5.5 shows the radial velocity distribution of these star clusters. Our sample

shows no systematic rotation velocity around NGC 1487, in agreement with Aguero

and Paolantonio (1997) from their radial velocity measurements. Furthermore, the

radial velocity of several star clusters in our sample suggest they may no longer be

associated with this merger. The radial velocity of NGC 1487, as listed in Table

5.1, is ∼ 711 ± 15 kms−1(Aguero and Paolantonio, 1997). Several star clusters

in our sample have radial velocities that are offset by approximately a hundred

kms−1from the mean radial velocity of NGC 1487. Whether these radial velocity

offsets are sufficient to escape NGC 1487 or not can be determined by comparing

with the escape velocity of NGC 1487. The total mass of NGC 1487 is 2 × 1010

M� and the size of the merger is Rhp ∼ 4 kpc (Vorontsov-Vel’Yaminov 1987;
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Figure 5.5: Top-Left: Age distribution of star cluster sample in NGC 1487.
Yellow objects have ages less than 7 Myrs, green objects have ages between
7 - 8 Myrs, and red objects have ages exceeding 8 Myrs. Top-Right: Mass
distribution of the star cluster sample in NGC 1487. Star clusters labelled
in red have masses less than 0.5 × 106M�, green star clusters have masses
between 0.5 − 1.0 × 106M�, and star clusters labelled in yellow have masses
exceeding 1× 106M�. Bottom: Radial velocity distribution of our star cluster
sample, corrected for the heliocentric motion of the Earth. NGC 1487 has a
measured radial velocity of ∼ 711 ± 15 kms−1(Aguero and Paolantonio, 1997).
Red represents star clusters with czhel< 850 kms−1and yellow represents star
clusters with czhel> 850 kms−1.
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Aguero and Paolantonio 1997; Micheva et al. 2013). These two parameters give

an escape velocity of νesc ∼ 200 kms−1from the centre of NGC 1487. However,

the star clusters in our sample are generally located around 0.5′ from the centre.

Taking this distance into account gives an escape velocity of νesc ∼ 150 kms−1.

Some star clusters, such as SC4 and SC8, have radial velocity offsets that exceed

this escape velocity. Therefore, it is possible that some star clusters may no longer

be bound to NGC 1487.

5.3.4 Sizes and Ellipticities

Star cluster sizes and ellipticities were measured from the ACS/HRC frame and

WFPC2 frames. Given the higher spatial resolution of the ACS/HRC frames,

WFPC2 frames were only used for star clusters that were not covered by the

ACS/HRC field of view. These parameters were determined using the ISHAPE

routine, which is implemented in the data reduction package BAOLAB (Larsen,

1999). ISHAPE convolves a user provided PSF with an analytic elliptical profile

for a range of sizes until the best fit between the observed light profile and model

profile is obtained. Standard PSF files were generated using the PSF task in the

DAOPHOT package and stellar objects in the ACS/HRC and WFPC2 frames.

Best fits were obtained using both an Elson, Fall, and Freeman (EFF) profile

(Elson et al., 1987) and King profile (King, 1962). A power-law index of 2.5 and

concentration parameter of 30 were adopted for the EFF profile and King profile,

respectively. These parameters were used in earlier surveys of NGC 1487 and for

star clusters in other galaxy mergers (Mengel et al. 2008; Bastian et al. 2009), and

therefore provide a direct comparison between results.

Derived sizes and ellipticities for our star cluster sample using both profile fits

are listed in Table 5.3. Figure 5.6 shows a comparison between sizes obtained

for EFF profile fits and King profile fits. These profile fits generally give values

consistent with one another, although the King profile tends to provide slightly

smaller effective radii than the EFF profile fits. Our sample has a size range of

Rhp = 1 - 6 pc, which is typical for young star clusters (Larsen 2004a; Lee et al.

2005). Star clusters located in the condensation regions are slightly larger (by ∼
1 pc) than those in isolated regions. SC9 is the largest star cluster in our sample,

with a size of Rhp ∼ 6 pc. However, this target has been proposed to be two

star clusters in close contact by Lee and Lee (2005), which may explain the large
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Figure 5.6: Comparison between sizes obtained for EFF profile fits and King
profile fits for our star cluster sample. Both profiles give similar sizes to each
other. Black dashes represent the best fit line to this plot, and has a gradient
of α = 1.

size of this object. There is no significant difference between the ellipticity of star

clusters in condensation regions and isolated regions. Both locations consist of

star clusters with ellipticities ranging between 0.7 < ε < 0.8.

5.4 Discussion

5.4.1 Spatial Distribution around NGC 1487

Ages and masses of our NGC 1487 star cluster sample were determined in § 5.3.1

and § 5.3.2, respectively. These results imply that while most of the star clusters in

our sample have an age of ∼ 7 Myrs, there is a variation of star cluster mass around

NGC 1487, particularly between the condensation regions and isolated regions.

Generally star clusters in these condensations are at least twice as massive as those

in isolated regions. The larger star cluster masses observed in the condensations

is expected due to the abundance of gas available in these regions. Aguero and

Paolantonio (1997) note that each condensation has spectral features characteristic
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of HII regions, which is likely produced from many of the star cluster candidates

observed by Lee and Lee (2005). However, it is surprising that these condensations

do not harbour younger populations of star clusters compared to the isolated

regions. Given there is an abundant supply of gas available in these condensations

to produce star clusters with masses ∼ 106M�, one would expect a higher star

formation rate in these regions compared to isolated regions as observed in other

mergers such as the Antennae (Wilson et al. 2000; Zhang et al. 2001; Gilbert and

Graham 2007). A higher star formation rate would imply that star clusters in

these condensations should be younger than those in regions of lower density if

star formation around NGC 1487 is continuous rather than the product of a single

burst of star formation. However, in the case of a single burst of star formation

throughout NGC 1487, the star formation rate will not affect the age of a star

cluster as all star clusters around NGC 1487 would have formed at roughly the

same time. The fact that there is no age difference between most star clusters in

the condensation and isolated regions implies that a single burst of star formation

occurred throughout NGC 1487 around 7 Myrs ago.

Our results also show a range of ages and masses of star clusters in each conden-

sation, particularly when comparing C1 to the other condensations. SC5, the only

star cluster observed in condensation C1, is approximately half the mass and twice

the age of star clusters in the other condensations. Considering our observations

were biased to the brightest star clusters in NGC 1487, SC5 is likely the most

massive star cluster in C1 (Elmegreen and Efremov 1997; Larsen 2002). The older

age of SC5 compared to star clusters in other condensations may imply that C1

was the first condensation to form. Furthermore, considering that star cluster

surveys in the literature often show a correlation between star cluster mass and

environmental gas density (Jog and Solomon 1992; Elmegreen and Efremov 1997),

the low mass of SC5 suggests that C1 is less dense than the other condensations.

5.4.2 Comparison with Previous Surveys in NGC 1487

The results presented in § 5.3 confirm the presence of star clusters in the three

brightest condensation regions as proposed by Aguero and Paolantonio (1997).

However, star clusters are not located only in these regions but are spread around

NGC 1487. Mengel et al. (2008) made spectral observations in the K band of two

star clusters in our sample, SC2 and SC3. Both surveys detect CO 2-0 bandheads
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Our Survey Mengel et al. (2008)
Target Age (Myrs) Mphot(106M�) Rhp (pc) ε Age (Myrs) Mdyn(106M�) Rhp (pc) ε
SC2 9.0±0.8 0.7±0.1 2.0±0.2 0.8 8.5±0.5 0.6±0.2 2.1±0.2 0.8
SC3 7.0±1.2 1.5±0.5 2.9±0.5 0.7 8.4±0.5 1.2±0.6 2.8±0.5 0.8

Table 5.4: Comparison between star cluster properties determined in our
survey and Mengel et al. (2008). SC2 and SC3 were observed in both surveys.
Ages, masses, sizes and ellipticities obtained from both surveys are in agreement
with each other.

in the spectra of these star clusters. The derived ages and masses for these star

clusters from both surveys are in agreement with one another (see Table 5.4). Sim-

ilarly, the observed sizes for these star clusters from both surveys are in agreement

with each other.

5.4.3 Star Cluster SC8

A star cluster that has been neglected thus far, but is particularly interesting, is

SC8. This object is comfortably the most massive star cluster in our sample, with

a mass ∼ 4 × 106M�. Given our selection bias of observing the brightest star

clusters in NGC 1487 and the luminosity-mass relation, SC8 is possibly the most

massive star cluster in NGC 1487. It is also the largest star cluster in our sample,

with a size of Rhp ∼ 4 pc. The age of this star cluster suggests it has survived

the early violent periods of star cluster evolution and may evolve to become a

globular cluster (Portegies Zwart et al. 2010; Longmore et al. 2014). Furthermore,

it is likely that SC8 formed as a result tidal interactions from the galaxy merger,

as its age is less than the 500 Myr age of NGC 1487 (Lee and Lee, 2005). The

large mass of SC8 along with its relatively isolated location in NGC 1487 increase

the probability of this star cluster remaining bound as it evolves (Lada and Lada

2003; Kruijssen et al. 2012). Given that this target has a radial velocity offset

exceeding the escape velocity of NGC 1487, SC8 may no longer be bound to the

merger.

SC8 is comparable in mass to the brightest star clusters in the Antennae (Gilbert

and Graham 2007; Christopher 2008). The Antennae hosts ∼ 8000 star clusters,

the brightest of which have masses between 106 − 107M�. However, these star

clusters are also quite young (< 10 Myrs) and it is unclear whether they will remain

bound as they evolve. Given the larger error in its age, SC8 may be a young (<

10 Myrs) star cluster or a star cluster in a more advanced stage of evolution.

Regardless, its relatively isolated location and large mass increase the likelihood



Chapter 5. NGC 1487 155

of SC8 remaining bound, and therefore an interesting target for observing and

understanding the evolution of young massive star clusters into old (several Gyr)

globular clusters.

5.4.4 Comparison with other Galaxy Mergers

The merger between the two late-type spiral galaxies in NGC 1487 is thought to

have taken place ∼ 500 Myrs ago, and the system is therefore in an early stage

of evolution (Aguero and Paolantonio, 1997). The Antennae and NGC 3256 are

galaxy mergers of similar age to NGC 1487 and host well over 1000 star clusters

each that can be compared to star clusters around NGC 1487 (Whitmore et al.

1999; Trancho et al. 2007b). Our star cluster sample has masses comparable to

star clusters found in both the Antennae and NGC 3256, which range between

105 − 107M� (Gilbert and Graham 2007; Trancho et al. 2007a). However, the

sizes of star clusters observed in NGC 1487 are smaller than those of the same

luminosity in either NGC 3256 or the Antennae, which typically show sizes of

Rhp ∼ 7 pc (Zepf et al. 1999; Bastian et al. 2009). Furthermore, NGC 3256 and

the Antennae host star clusters that are up to three orders of magnitude brighter

than those found in NGC 1487 (Zepf et al. 1999; Christopher 2008). The smaller

sizes and fainter magnitudes of star clusters in NGC 1487 suggests there is less gas

available to produce star clusters here than in the Antennae and NGC 3256. This

implies that the proposed late-type spiral progenitors of NGC 1487 may have had

a lower gas content than NGC 3256 and the Antennae.

Further evidence for the lower abundance of gas in NGC 1487 compared to the

other two mergers can be seen from a comparison between the masses of star

clusters in all three galaxy mergers. The majority of star clusters in our NGC

1487 sample have an age ∼ 7 Myrs and mass ∼ 105 M�. However, star clusters

of the same age in both the Antennae galaxies and NGC 3256 have masses of

the order of ∼ 106 M� (Trancho et al. 2007a; Christopher 2008). The difference

in observed cluster mass may be due to a low star formation rate in NGC 1487

compared to the Antennae galaxies and NGC 3256. This lower star formation rate

may likely result from a low gas content in NGC 1487. This star formation rate is

expected to increase as NGC 1487 evolves (Cox et al. 2006; Hopkins et al. 2009).

Therefore, NGC 1487 may produce more massive star clusters as it completes the

merging process. However, if NGC 1487 does indeed have a lower gas content than
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NGC 3256 or the Antennae, it is unlikely to produce more massive star clusters

than either of these two mergers.

5.5 Conclusion

Star clusters in the galaxy merger NGC 1487 have been studied using a near-

infrared spectral survey from KMOS and a photometric survey with HST/ACS.

A total of 9 star clusters were observed and analysed in our investigation.

• The age distribution of star clusters around NGC 1487 is fairly uniform

and suggests an instantaneous burst of star formation occurred in the past

10 Myrs. Masses derived for our sample are comparable to masses of star

clusters in other major mergers of similar age, and also show a correlation

with the densest regions of NGC 1487, such that the most massive star

clusters are located in the densest regions. This is typically what is observed

in other galaxy mergers, such as the Antennae, and is further evidence that

the most massive star clusters form in dense, highly pressurised environments

(Jog and Solomon 1992; Elmegreen and Efremov 1997).

• Radial velocity measurements suggest that most of the star clusters in our

sample are likely bound to NGC 1487. However, some star clusters such as

SC4 and SC8 have velocities exceeding the escape velocity of NGC 1487.

Therefore these star clusters may no longer be bound to this merger, sug-

gesting that NGC 1487 may have insufficient mass to retain star clusters

produced after merging commenced. However, this scenario is uncertain

given the large errors of our radial velocity measurements. Our star cluster

sample shows no systematic circular motion consistent with either disk of

the proposed spiral progenitors. It is unclear whether star clusters at larger

radii from the galactic centre are forming the halo population of NGC 1487,

as is currently occurring in other mergers such as the Antennae and NGC

3256 (see Chapter 4).

• Star cluster SC8 is a particularly interesting target for further investigation.

Its age suggests that it may have been one of the earliest star clusters to form

as a result of the galaxy merger and may have survived the early chaotic

period of star cluster evolution. It is also one of the largest and brightest
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star clusters in NGC 1487 and therefore easily identifiable. This star cluster

can be studied in more detail and compared to other star clusters of similar

ages, such as those in NGC 7252, to better understand how star clusters

produced from tidal interactions in merging galaxies may evolve to several

Gyr-old globular clusters.

• The star clusters in our sample generally have a median size of Rhp ∼ 2

pc, while those in NGC 3256 and the Antennae have sizes ∼ 7 pc. The

larger star cluster sizes in the latter galaxy mergers compared to those in

NGC 1487 may be due to a greater abundance of gas in NGC 3256 and

the Antennae. An abundant gas supply has likely fuelled the formation of

larger star clusters in NGC 3256 and the Antennae than those observed in

NGC 1487. This may be indicative of a more general correlation between

star cluster size and the abundance of gas to fuel star formation. Further

surveys of the gas content and distribution around NGC 1487 and other

galaxy mergers of varying size are required to verify this theory.
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Conclusion

6.1 Summary of Surveys

In this thesis we have analysed star clusters formed in galaxy mergers for a range

of evolutionary states using both photometric and spectroscopic observations. In

Chapter 2 and Chapter 3 we use HST photometric observations to analyse star

cluster candidates in HCG 90 and NGC 5128. We identified star cluster candidates

that are a few hundred Myrs old and have likely survived the early chaotic periods

of star cluster formation (Lada and Lada 2003; Kruijssen 2012). If these candidates

are indeed star clusters, they are likely to remain bound and evolve into Gyr-old

globular clusters. Furthermore, star cluster candidates younger than 10 Myrs

were identified in both HCG 90 and NGC 5128. This suggests that a burst of

star formation has recently occurred in both systems. Whether these star cluster

candidates remain bound as they evolve is unclear as they are still in the ‘infant

mortality’ stage of star cluster evolution. We find a deficit in the cluster population

of HCG 90 and attribute this to stripping of star clusters from their host galaxies

due to ongoing tidal interactions. We observe no deficit in the cluster population of

NGC 5128. Neither observation shows agreement with galaxy merger simulations

by Kruijssen et al. (2012) which suggest tidal interactions in galaxy mergers destroy

more star clusters than they form.

In Chapter 4 and Chapter 5 we use near-infrared spectroscopic observations from

the recently commissioned KMOS instrument on board the VLT to analyse star

clusters around the Antennae and NGC 1487. Both systems are major mergers

158
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between two spiral galaxies. Nearly all star clusters observed in either galaxy

merger are less than 10 Myrs old, with some star clusters having ages less than 5

Myrs. Unlike the majority of star cluster candidates discussed in Chapter 2 and

Chapter 3 , our sample of star clusters in the Antennae and NGC 1487 have not

evolved past the turbulent ‘infant mortality’ stage of star cluster evolution, hence

it is unclear if they will remain bound as they evolve. Furthermore, the young

ages of these star clusters suggest that both the Antennae and NGC 1487 have

had a relatively recent burst of star formation.

The following sections will discuss the major findings from these observations and

their implications. This chapter will then conclude with suggestions for possible

future work that may lead on from the studies presented in this thesis.

6.2 Cluster Formation vs Destruction in Galaxy

Mergers

In Chapter 2 and Chapter 3 we observed the cluster population around NGC

7174/76 and NGC 5128, and compared them to calculated values of the expected

cluster population for both systems. We estimate a deficit in the number of clusters

observed in NGC 7174/76 compared to what is expected, based on cluster specific

frequency values. The lower cluster population observed in NGC 7174/76 could

be due to the tidal interactions occurring around the merger. Kruijssen et al.

(2012) suggest that tidal interactions around galaxy mergers may disrupt more star

clusters than they produce. Their simulations show that the dynamical heating

of star clusters by tidal shocks, which are about an order of magnitude stronger

in merging galaxies than in isolated galaxies, is sufficient to destroy star clusters

at a higher rate than new clusters are being formed. This could explain the low

cluster population in NGC 7174/76. However, there is an alternative and simpler

scenario to explain the observed cluster population. A bright diffuse intragroup

light is apparent around HCG 90, which is likely the product of tidal stripping from

the extended halos of the central three interacting galaxies (White et al., 2003).

Given that globular clusters have spatially extended distributions around these

galaxy types (Brodie and Strader, 2006), it is possible that many globular clusters

were also stripped from their parent galaxies to form the intragroup light. This

would then result in parent galaxies with a low cluster population, as is observed
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for NGC 7174/76, and an intragroup light with a high cluster population. Based

on the specific frequency of the intragroup light, this scenario provides a more

likely explanation for the low cluster population in NGC 7174/76 than the cluster

disruption scenario. Moreover, our observations of the cluster population in NGC

5128 are in disagreement with the Kruijssen et al. (2012) merger simulations.

We find no deficit in the observed cluster population at the centre of NGC 5128,

suggesting that tidal interactions have not destroyed more clusters than produced.

However, the simulations by Kruijssen et al. (2012) model major mergers between

gas-rich spiral galaxies, similar to the Antennae. Both NGC 7174/76 and NGC

5128 consist of tidal interactions between a spiral and elliptical galaxy. Further-

more, NGC 5128 is only a minor merger. Gas-rich spiral-spiral collisions like the

Antennae or NGC 3256 are likely to have stronger tidal interactions than observed

in NGC 7174/76 and NGC 5128. Therefore, perhaps tidal interactions are more

disruptive in gas-rich major mergers and produce a lower cluster population than

expected. Observations of the entire cluster population in a major merger between

two gas-rich spiral galaxies are required to determine if this is indeed the case.

6.3 Star Clusters Forming the Merger Halo

From their spectral observations of the Antennae, Bastian et al. (2009) observed

three star clusters that have radial velocities significantly offset from disk rotation

of either progenitor spiral. They determined this difference by comparing radial

velocities of star clusters with HI velocities in the same location. These HI radial

velocities map the rotation of the progenitor spirals in the Antennae. The velocity

offsets of these three star clusters suggests that they may be forming the halo

cluster population of the Antennae. These three star clusters are typically a few

hundred Myrs old, and were probably formed after the first pericentre passage

between the two progenitor galaxies. In Chapter 4 we compared radial velocities

from our Antennae star cluster sample to HI velocities to determine if they were

still associated with either of the progenitor disks. Our sample of Antennae star

clusters are a few Myrs old. We determined that our cluster sample is likely still

associated with the disks of the progenitor galaxies. Our results, combined with

Bastian et al. (2009), suggest that the Antennae star clusters are experiencing an

evolutionary process whereby they are initially located in gas-rich environments

such as the progenitor disks and then gradually evolve away from the disks to form
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the halo cluster population of the merger (assuming these clusters remain bound).

This is expected if young massive star clusters do indeed evolve into old globular

clusters.

This is observed in older merger remnants like NGC 3921 (Schweizer et al., 2004)

and NGC 7252 (Schweizer and Seitzer, 1998) where star clusters formed from these

galaxy mergers have orbits dominated by random motion rather than disk rotation.

Unlike the Antennae, NGC 3921 and NGC 7252 have likely evolved enough to fully

disrupt their progenitor disks and merge the progenitor nuclei. Therefore, given

that there is no longer a disk for star clusters to orbit, it is natural for star clusters

to acquire random orbital motions around these merger remnants. In the case of

the Antennae however, the progenitor disks are still relatively intact. The fact

that some star clusters are showing ‘halo kinematics’ in the Antennae suggests

that the halo cluster population of a merger remnant may begin to form before

the progenitor nuclei coalesce. It is unclear if star clusters in NGC 1487 are also

populating the halo. Clusters SC4 and SC8 from our NGC 1487 sample have radial

velocities exceeding the escape velocity of NGC 1487. However, velocity maps of

the gas around NGC 1487 are required to determine if our sample of star clusters

are associated with either progenitor disk. Nevertheless, further surveys of star

clusters with ages closer to the time of the last pericentre passage of their host

merger are required to determine how and when star clusters begin forming the

halo cluster population of their host merger remnant.

6.4 Correlation between Cluster Size and Gas

Abundance

In Chapter 3 and Chapter 5 we observed star cluster sizes (reff ) that are smaller

than those observed in other mergers but comparable to sizes observed for GCs in

the Galaxy. Star clusters that likely formed from tidal interactions in NGC 5128

and NGC 1487 have an average size of reff ∼ 3 pc in both systems. This is similar

to the median 3 pc size observed for GCs in the Milky Way (Djorgovski, 1993).

However, mergers like NGC 3921 and NGC 7252 have considerably larger clusters

with sizes between 5 - 7 pc (Schweizer et al. 1996; Bastian et al. 2013c). Also,

clusters in the Antennae have an average size of reff ∼ 6 pc (Mengel et al. 2008;

Bastian et al. 2009). Given that the clusters observed in NGC 5128 have similar
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ages to those in NGC 3921 and NGC 7252, it is unlikely that the difference in

size is related to age. Clusters observed in NGC 1487 and the Antennae also have

similar ages but different effective radii. Moreover, we find no correlation between

cluster mass and cluster size. Both the Antennae and NGC 1487 have different

average cluster sizes for a given mass. In Chapter 3 and Chapter 5 we concluded

the smaller observed cluster sizes in these mergers compared to other mergers was

due to a difference in gas abundance. However, while the gas mass of NGC 1487 is

unknown, NGC 5128, NGC 7252 and the Antennae each have gas masses around

109 M� (Israel 1998; Hibbard et al. 1994; Wilson et al. 2000). This suggests that

gas abundance is unlikely to be responsible for the varying cluster size between

these mergers. Murray (2009) extensively studied young star cluster sizes for a

range of masses. They find no correlation between cluster size and mass between

104 − 106 M�. However, they do find an increase in cluster size with mass for

star clusters with masses ≥ 106 M�. They contribute this to a balance between

accretion powered radiation pressure and gravity when the clusters formed, and

determine a mass-radius relation of rcl ∼ M
3/5
cl . Bastian et al. (2013c) also find

evidence supporting a mass-radius relation for clusters ≥ 106 M� in their NGC

7252 sample. Nevertheless, studies of young star clusters with masses between

104− 106 M� are required to understand why no mass-radius relation is observed

for these masses.

6.5 Clusters Forming within Clusters

Several star clusters in our Antennae sample have spectral features consistent with

the presence of both OB stars and RSG stars. OB stars evolve rapidly and are

typically present in star clusters less than ∼ 6 Myrs old. RSGs begin to dominate

the near-infrared spectra of star clusters older than ∼ 7 Myrs. The fact that both

stellar types are observed in several Antennae clusters suggests two possibilities:

(1) these clusters exhibit multiple episodes of star formation, as suggested for

many Galactic GCs; (2) these clusters have formed from the merger of at least

two star clusters, both of which have different ages to each other.

Multiple bursts of star formation in young (< 1 Gyr) massive star clusters has been

suggested as an explanation for chemical abundance variations observed within

Galactic GCs. A number of theories have been proposed to explain the chemical
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and photometric anomalies observed in Galactic GCs, albeit under the assump-

tion of sufficiently high masses (> 106 M�) for the clusters after formation (e.g.,

Decressin et al. 2007; D’Ercole et al. 2008; de Mink et al. 2009). These theories

predict that a second epoch of star formation should occur within a cluster be-

tween 5 - 500 Myrs after the first generation forms. Therefore, the spectra of star

clusters younger than 500 Myrs should have a combination of features expected

from both young and old stellar populations. However, Bastian et al. (2013a) find

no evidence of ongoing star formation in their cluster sample. They observed spec-

tra and colour-magnitude diagrams of 130 Galactic and extragalactic young (10 -

1000 Myrs) massive clusters and rule out the possibility of ongoing star formation

lasting hundreds of Myrs within a cluster, and state that a near instantaneous

formation of a secondary population within an existing first generation is unlikely.

Nevertheless, our Antennae cluster sample does agree with some predictions from

multiple population models, as they have masses exceeding 106 M� and consist

of at least two stellar age groups. However, the time between the first and second

generation of stars in these clusters is ∼ 1 Myr which is much shorter than the 5

Myr lower limit time period predicted by these models.

An alternative theory to explain the stellar population observed in our Antennae

clusters is the merging between two star clusters of different ages. Binary star

clusters have been observed in the Antennae (Peacock et al., 2013) and NGC

3256 (Bastian et al., 2013a). Cluster S1 from our Antennae sample was studied

in detail at optical wavelengths by Peacock et al. (2013). From their GMOS

spectra, Peacock et al. (2013) determined that S1 harbours two stellar populations

with ages of 8 Myrs and 80 Myrs, respectively. However, upon closer inspection

with high resolution HST images, they determined S1 is composed of an 80 Myr

old cluster and a nearby HII region which is 8 Myrs old. These sources were

simply indistinguishable in the GMOS spectra. Furthermore, Peacock et al. (2013)

suggest that the small velocity difference between the two sources implies they will

coalesce in the near future. This coalescence could produce a cluster with multiple

stellar populations similar to Galactic GCs. Cluster T661 (Trancho et al., 2007a)

in the ongoing galactic merger NGC 3256 shows a similar spectrum at optical

wavelengths to S1 and may also be a binary cluster (Bastian et al., 2013a). Given

the locations (southern overlap region) and unusual morphologies of the Antennae

star clusters in our sample that show multiple stellar populations, it is likely

they are the product of binary star clusters. High resolution images in the near-

infrared are desirable to determine whether these clusters can be separated into
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more clusters, as optical HST images suffer from high extinction in these regions.

6.6 Future Work

The discovery of young massive star clusters in galaxy mergers as well as quiescent

galaxies over the last few dacades has led to the conclusion that a significant

fraction of star formation in the local universe occurs in clustered environments.

Therefore, studying the formation and evolution of star clusters, including the

dynamical processes they encounter, is of critical importance in both stellar and

galactic astrophysics. Observing star clusters during the first few hundred Myrs

of their lifetime is vital in understanding why the vast majority of star clusters

disperse in the early stages of their evolution, and what conditions are required for

young star clusters to evolve into bound Gyr-old globular clusters. Merging and

interacting systems often host large numbers of recently formed star clusters and

are ideal targets to study and understand the properties of massive star clusters.

In this thesis, we observed four merging systems at various evolutionary states

and attempted to contribute more knowledge on the formation and evolution of

star clusters in merging galaxies. Having drawn conclusions from each of these

surveys we list here future work that can be performed in these merging systems

as well as other galaxy mergers that may help better understand the formation

and evolution of star clusters.

• Entire star cluster populations in gas-rich galaxy mergers must be investi-

gated to determine if tidal shocks during galaxy mergers destroy more star

clusters than they produce. Simulations by Kruijssen et al. (2012) suggest

this is the case. However, observations of spiral and elliptical mergers in this

thesis disagree with their simulations. Further surveys of the total cluster

populations in other galaxy mergers are required to determine if simula-

tions by Kruijssen et al. (2012) provide an accurate representation of star

formation in merging galaxies.

• One conclusion drawn from our spectral survey of star clusters in the An-

tennae is that some star clusters may be the product of merging between

multiple clusters. Several young star clusters in other galaxy mergers agree

with this scenario. Other star clusters in the Antennae, such as star cluster

#79 from Christopher (2008) (knot S in Whitmore et al. 2010) may shed
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more light on this topic. Star cluster #79 has an unusually large size and

morphology compared to other star clusters in the Antennae and may well

be a complex of clusters. Moreover, it is located in a region of relatively

low extinction compared to other regions around the Antennae, and can be

observed at optical wavelengths as well as in the near-infrared.

• Future surveys of galaxy mergers should study the radii of star clusters with

masses between 104−106M�. Murray (2009) and Bastian et al. (2013c) find

a mass-radius relation for clusters exceeding 1 × 106 M�. Remarkably, no

mass-radius relation is observed for clusters less than 106 M�. Given that

most star clusters observed in galaxy mergers have masses between 104−106

M�, it is vital to understand why no relation is observed for these masses.

• We recommend observations of star clusters with ages closer to the time of

the last pericentre passage of their host merger. Radial velocity measure-

ments of star clusters in the Antennae suggest that some star clusters may

be forming the halo cluster population of the galaxy merger (Bastian et al.,

2009). This may also be the case for some star clusters in NGC 1487, which

is of similar age to the Antennae. Observations of NGC 3256, a merger of

similar age to the Antennae and NGC 1487, also show some star clusters

no longer associated with the disks of either galaxy involved in the merger

remnant. Moreover, most star clusters in older galaxy mergers like NGC

3921 (Schweizer et al., 2004) and NGC 7252 (Schweizer and Seitzer, 1998),

have no orbital motion associated with disk rotation. Therefore, it is clear

that star clusters formed from a galaxy merger begin to form the halo clus-

ter population of a merger as it evolves. Understanding how and when this

occurs may require observations of star clusters formed around the last peri-

centre passage of their host merger. Depending on the age of the merger,

some of these star clusters may have evolved off the disks of either parent

galaxy, as seen for some star clusters in the Antennae and NGC 3256.
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Sivakoff, G. R., and West, M. J. The ACS Virgo Cluster Survey. X. Half-Light



Bibliography 180

Radii of Globular Clusters in Early-Type Galaxies: Environmental Dependen-

cies and a Standard Ruler for Distance Estimation. ApJ, 634:1002–1019, De-

cember 2005. doi: 10.1086/497092.
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Woodley, K. A. and Gómez, M. The Globular Cluster System of NGC 5128:

Ages, Metallicities, Kinematics and Structural Parameters. PASA, 27:379–389,

October 2010. doi: 10.1071/AS09059.

Woodley, K. A.; Harris, W. E., and Harris, G. L. H. Radial Velocities of Newly

Discovered Globular Clusters in NGC 5128. AJ, 129:2654–2662, June 2005. doi:

10.1086/430189.
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